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FOREWORD 

This volume contains the summaries of the papers presented at the 2nd International 
Conference for PhD Students in Civil Engineering and Architecture-CE-PhD 2014 “Building 
the Community of Young Researchers” (www.cephd.ro) held in Cluj-Napoca from 10-13 
December 2014. The conference has been organized by the Technical University of Cluj-
Napoca Romania in partnership with Academy of Technical Sciences of Romania and SEnS 
Group. In the companion memory stick are enclosed the full length papers presented at this 
edition of the conference. 

 
CE-PhD 2014 with strong emphasis on participation from PhD students and supervisors 
involved in PhD civil engineering and architecture research programs, provide the forum for 
academics, young researchers and practitioners to discuss and review latest developments in 
the broad area of civil engineering and architecture. Young researchers in civil engineering 
who are writing their PhD thesis will be able to make presentations of their work-in-progress 
and discuss it with other students and experts working in the same field. 
 
This conference conceive to give students help and advice, to promote the new scientific 
generation in civil engineering and architecture and to develop stronger and more organized 
relationships between universities, national and international research funding agencies and 
the new researcher generations, respectively. The conference will provide PhD students with 
an opportunity to: 

Present their ongoing research work and future research projects in a relaxed and 
supportive environment; 
Receive feedback and suggestions from peers and experienced community members; 
Discuss concerns about research, supervision, the job market and other issues; 
Network with peers and future colleagues. 
 

During the CE-PhD 2014 PhD students and community members will have the opportunity to 
attend several keynote presentations. We are very gratefully to Prof. Katrin Beyer (Ecole 
Plolytechnique Federale de Lausane, Switzerland); Prof. Alessandro Flora (University of 
Naples, Italy); Prof. Alen Harapin (University of Split, Croatia); Prof. Dan Stematiu 
(Academy of Technical Sciences of Romania); Dr. Alexandru Cabuz (Romanian Institute of 
Science and Technology) and Prof. Lubica Vitkova (Slovak University of Technology, 
Slovakia) for their keynote lectures that helped to enhance the conference program. 
 
This book and the companion memory stick comprise a number of excellent scientific papers, 
which present advanced approaches to modern research problems in the fields of Civil 
Engineering and Architecture. The conference has attracted 121 full papers covering the broad 
field of civil engineering and architecture. The final program and proceedings feature 91 
successful peer-reviewed full papers that are grouped in the following main sections: 

Structural analysis and design 
Geotechnical and hydrotechnical engineering 
Building materials 
Energy efficient, sustainable buildings and building services 
Architecture and urban planning 
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The Editors are very grateful to all authors for their valuable contribution and to the Members 
of the International Scientific Advisory Committee, as well as other colleagues, for their help 
in reviewing the papers published in this book. The Editors are very grateful to Mr. Mihai 
Selariu and Mr. Rares Oarga for all theirs administrative and organisational skills in 
organizing this conference.  
 
It is also important to emphasise that the editorial board of the Acta Technica Napocensis: 
Civil Engineering & Architecture journal (http://constructii.utcluj.ro/ActaCivilEng) attending 
the conference will select several papers presented in this conference proceedings for further 
peer-review and publication in a special issue of the journal together with the keynote papers 
presented during the conference highlighting the best papers selected from this conference.  
 
We are warmly welcome you to the second edition of the conference in December 2014 and 
we do hope to see you again in the coming years, and meet new colleagues, share new ideas, 
and grow together! 
 
 
The Editors 
Cluj-Napoca, December 2014 
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System Identification for Simple Structure 

 
 

Milan Sokol1, Michal Venglár*1 

 

1 Slovak University of Technology, Faculty of Civil Engineering. Radlinského 11, SK-813 68, Bratislava, 
Slovakia 

 
Abstract 

Primary object of the paper is to check a simple method for determining the changes (decrease or 
increase) in stiffness. The beginning of the work is aimed to review structural health monitoring in 
aspect on application vibration based methods - natural frequencies, modehapes. The experimental 
model was made from wood and plaster boards, 4 m long and supports were alternatively 
considered. The modal analysis was made in finite element software ANSYS and this results were a 
base for measurements. Accelerations were measured at 6 points along the experimental bridge in 
two cases. In either case data for solid and damaged model were acquired. For simpler modelling 
of the damage simulation a stiffener on the main beam was added or taken away. Identification of 
the damage by application of direct stiffness calculation method was prepared in Microsoft Excel. 
Vertical vibrations (the first 3 vertical mode shapes – simple supported beam with/ without damage 
and beam with 3 supports with/ without damage) were analysed and so changes in stiffness could 
be detected. The best identification was acquired in case of the simple supported beam (1st

modeshape). 

Keywords: dynamics, modal analysis, system identification, experimental model, direct stiffness 
derivation method,  
 
 
1. Introduction 
 
Nowadays, the system identification of structures gets ahead because of increasing demands on 
safety and reduction of maintenance costs. Another reasons are that many bridges are obsolete and 
need for their recovery. In many cases, lack of long-lasting maintenance or periodic inspection can 
result in necessity of later expensive complete reconstruction. Structural health monitoring can help 
to avoid this situation. Because of that the paper is devoted to monitoring of bridge structure – 
experimental model. 
 
 
2. Preparation 

Preparation of FE model is standard procedure of structural health monitoring in accordance to 
contemporary literature [1]. A simple finite-element beam model was prepared. Numerical model 
was created in the ANSYS 12.0 software and eigenmodes and eigenfrequencies were analysed. In 
addition experimental model in scale 1:118 was constructed (Figure 1). Our task was also to design 
and tune suitable software for National Instruments (NI) CompactRIO device and the virtual 
instrument NI DAQ Assistant. 
                                                           
* Corresponding author: Tel./ Fax.: +421-944-288099 
E-mail address: michal.venglar@stuba.sk 
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2.1 Direct stiffness calculation 

System identification is based on the fundamental principle from the literature Maeck and De 
Roeck [2] or [3].  Dynamic analysis should be focused on determination of stiffness characteristics 
(torsional and bending) of every cross section of the structure. Due to the changes in stiffness along 
the length of the structure a deterioration of the structure can be identified. Modeshapes and natural 
frequencies are obtained experimentally, then they are used in calculation of curvature of the beam 
small partitions and so the bending stiffness (EI) could be calculated proportional to the bending 
moment (M) in the i-th cross section, and inversely proportional to the curvature (second derivative 
of bending mode b). In accordance with this, the equation can be written: 
 
           Eq. (1)  

2.2 Experimental model 

Experimental model was made from wood and plaster boards. Wooden boards (4000x100x20 mm) 
were used for the main beam and the deck was made of the three plasterboard layers. The deck was 
300 mm wide and 37.5 mm high. The model was 4 metres long and bridge supports are considered 
alternatively for two measured cases. It is possible to change the bridge supports from simply 
supported beam to continuous beam with 2 spans.  The cross-section of experimental model is 
shown in Figure 1. 
 

 
 

Figure 1. Experimental model. 
 
 
3. Measurements 

Device NI CompactRIO 9074 with 2 input/output modules NI 9234 was used for high-accuracy 
measurements of accelerations. In our case there was a possibility to measure maximum 8 channels. 
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We were able to measure frequencies between 0.5 and 200 Hz and accelerations +/- 4.9 m*s-2 in 
combination with the use of modules NI 9234 and accelerometers PCB Piezotronics 393B31. 
During the measurements the temperature reached 17°C and relative humidity about 62%. Finally 
there were taken 108 records of 3 seconds length. The first case was the simple supported beam and 
the second one the model with 2 spans. In either 
case data for solid and damaged model were 
acquired. For simpler modelling of the damage 
simulation a stiffener (Fig. 3) on the main beam was 
added or taken away. Acceleration was measured at 
6 points along the experimental bridge. Analysis of 
the measurement data (Fig. 2) were used for 
identifying of vertical modeshapes. Analysis 
consisted of 3 steps: 

Spectrum analysis 
Data filtering 
Extraction of values for one given time 

 
 

 
 

Figure 2. Data of measurements. 
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4. Identification of damage 

Theoretical hypothesis to identify the damage was outlined in Chapter 2.1. A simple programme in 
Excel VBA was prepared to easy calculation of the beam elements stiffness (EIi) by using a loop 
until the bending modes acquired from the testing correspond to the appropriate bending modes 
calculated in ANSYS. The desired state was achieved by introducing an auxiliary error. The 
auxiliary error was defined as the sum of differences between the desired and calculated 
displacements at node points of each element in the programme Excel VBA. 
The baseline moment of inertia I=1.91E-05 m4 was applied to the programme and was labelled with 
green in figure 3. Blue colour was used for changed moment of inertia (Changed I) which was the 
result of several hundred iterations on the beam with different stiffnesses. The different stiffnesses 
were applied at every 1/200 of the total length. Also modeshapes without changed stiffness of the 
beam were recalculated with the program – original moment of inertia of the beam is marked red. 
The beginning of the location of the stiffness change is indicated by a black dashed double line. In 
the first case of the simple supported beam there were identified changes in the stiffnesses in case of 
the first, second and fourth vertical modeshapes, respectively. 
 

 
 

Figure 3. Identification of the changed moment of inertia (I). 

The two span beam was also investigated and there were also identified changes in stiffness (Fig. 
4). The programme was able to identify only the first two mode shapes. The 3rd modeshape was not 
measured, because the frequency 430.2 Hz, respectively 432.6 Hz were outside the measurement 
range of accelerometers. Because of that it was only considered as it was calculated in ANSYS. The 
3rd modeshape was not successfully identified with sufficient accuracy as the other cases which 
were investigated in the work. 
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Figure 4. Identification of the changed moment of inertia (I) – 2 span beam. 
 

 
5. Conclusions 

During the measurements it was found that the number of accelerometers (6) was not sufficient on 
the experimental model. It was signified especially at higher modeshapes. An appropriate solution 
would be if we could use greater number of accelerometers along the bridge, but they were not 
available in this phase of research. The second option is to use the smoothed approximation 
functions according to [4], whose particular derivations can be done in the next phases of the 
research. Due to the small number of accelerometers the numerical model of ANSYS was capable 
to describe only 7 simulated cases and the results had different accuracy. The accuracy depends 
mainly on:  

position of damage (stiffener) on the beam  
distance of modeshape zero points 
distances between damage (stiffener) and supports  

In each case it was evident that identification between the original model and the model with 
damage (with stiffener) was clear and logic. The calibration programme was not able to assess 
inaccuracies that arose near of the zero vibration points in case of higher modeshapes. 
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Abstract 

Upon outbreak of fire, gas temperature in fire compartment evolves in stochastic manner. Heat 
energy is transferred from fluid – air by convection and radiation to surfaces with lower 
temperature, i.e., to structural elements and boundary elements of the fire compartment, and further 
through the element by conduction. That way temeperature in elements increase. Thereby, 
mechanical properties of steel are reduced and should be treated as such in analysis.
In this paper a comparative analysis of behavior of axially compressed steel elements (HE-A profile 
and squared hollow profile) in fire conditions was performed. Comparison was conducted 
according to the following criteria: development of temperature in elements and reduction of load 
bearing capacity with temperature increase. Temperature development was obtained analitically, 
based on the standard logarithmic curve, after EN 1993-1-2, as well as numerically, using the 
Finite Element Method. In terms of load bearing capacity, calculation was performed using EN 
1993-1-2. Results indicate that no significant differences occur in behavior of these profiles in fire 
conditions, and that, as well as in normal conditions, it is more convenient to use squared hollow 
profiles, as more resistant to the loss of stability. 
 
Keywords: Fire, Eurocode, Standard logarithmic curve, High temperature 
 
 
1. Introduction 

Over the last few decades design of objects resistant to fire actions is experiencing very intensive 
development. New methods for analysis have been developed, based on realistic behavior of objects 
in case of fire outbreak (performance-based design), which takes into account realistic conditions 
during the fire (properties of fire sectors, ventilation conditions, type of fuel), as well as actual 
response of structures subjected to high temperature. Such approach overcame classic method, 
where, according to fire resistance required by standards,  element dimensions and potential 
thckness of fireproof materials are chosen based on fire resistance of elements determined in 
advance – prescriptive approach. Fire resistance of elements was determined by experimental 
testing in standard testing furnace (standard ISO-834), with controlled temperature increment 
according to standard logarithmic curve. Calculation is based on properties of steel at ambient 
temperature, and required fire resistance of structure is achieved by encasement with certain layer 
of fire insulation, unlike contemporary method which implies use of analytic methods for 
determining fire resistance, considering variation of steel properties with temperature rise [1]. By 
using contemporary method, required thickness of fireproof materials can be significantly 
decreased, increasing that way the rationality and cost effectiveness of the structure. However, due 
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to the fact that large database exists with determined fire resistance of elements, conventional 
method is, to a certain degree, retained in contemporary European technical regulations. 
 
Upon outbreak of fire, gas temperature in fire compartment develops in stochastic manner. Heat 
energy is transferred from fluid – air by convection and radiation to surfaces with lower 
temperature, i.e. structural elements and boundary elements of fire compartment (floors, ceilings, 
walls). Although heat transfer is treated by special field of science, results of that analysis is 
important for engineers, because it provides ammount of heat which acts on the unit area of surface 
– heat flux, which represents input data - loading of the structure. Based on such input data, it is 
possible to evaluate temperature development in the element, which represents the basis for further 
mechanical analysis. Hence, new approach treat fire action as a hazardeous action and it is 
introduced in structural analysis. European standards [2] classify fire action as accidental, 
considering probability and frequency of appearance of such actions during the service life of the 
object. Analysis is based on limit state, and limit criteria that structure or its part need to meet are in 
the strength domain, in the temperature domain, or in the time domain. 
 
Taking everything afore mentioned into account, in this paper comparative analysis of behavior of 
axially compressed steel elements was performed. Considered elements were HE-A profile and 
squared hollow profile. Comparison was conducted by the following criteria: development of 
temperature in elements and reduction of load bearing capacity with temperature increase. 
Temperature development was obtained analitically, based on the standard logarithmic curve [3], as 
well as numerically, using the Finite Element Method, and ANSYS software, which provides 
opportunity of solving thermal problems, among others. In terms of load bearing capacity, 
calculation was performed using [3]. It is assumed that elements are located inside the fire 
compartment, being that way exposed to fire on all four sides.  
 
 
2. Steel properties at high temperatures 

Analysis of behavior of structural elements in fire conditions comprises of  two categories: thermal 
and mechanical analysis. With the intention of as realistic analyzing of problem as possible, it is 
hence neccessary to know the thermal as well as the mechanical properties of steel at high 
temperatures. Steel is classified as non-combustible and non-burning material, but its properties are 
significantly reduced at high temperatures. They were obtained based on the experimental testing 
[4], and they are included in European standards for steel [3]. 
 
2.1 Thermal properties of steel at high temperatures 
 
Thermal properties that are significant for the conducted analysis comprise of: specific heat, 
thermal conduction and emissivity. 
 
Specific heat represents amount of heat Q necessary to change the temperature of the body unit 
mass m for T=1°C. Expression for obtaining specific heat states: 
 

Qc
m T

   J
kg K

                     Eq. (1) 

 
Figure 1 represents temperature dependent specific heat, obtained from expressions given in [3]. In 
temperature range of 700-800 °C a sharp increase of the necessary heat occurs, due to crystal phase 

 12



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
change of the steel. Recommendations that can be found in literature [5] state that for simple 
calculation models approximate value of 600 J/kgK can be used, since it provides accurate 
solutions.
 

            
 

   Figure 1. Variation of specific heat of steel                 Figure 2. Variation of thermal conductivity 
                  with temperature.                                     of steel with temperature. 
 
Thermal conductivity represents amount of heat Q transferred during the time t through distance L 
in direction perpendicular to cross-section area S with temperature difference of t:
 

Q L
t S t

  W
m K

               Eq. (2) 

 
Steel is characterized by high thermal conductivity, but with temperature increasing thermal 
conductivity coefficient decreases, which is presented by curve on Figure 2. For simple calculation 
models it is recommended to use coefficicient of thermal conductivity as a constant value of 
45W/mK. 
 
In case of elements heated only from one side (when elements are located on fire compartment 
boundary) temperature of steel on the opposite, unexposed side will, due to the high thermal 
conductivity of steel, in short period of time reach the same temperature as on the fire exposed side. 
For that reason, small thermal gradient across the cross-section can be neglected, and uniform 
temperature across the cross section assumption can be made. As a consequence, no bending occurs 
in elements due to the different temperatures on opposite edges, but only longitudinal deflections 
occurs (elongation).  
 
Emissivity is the ability of the material to emit thermal energy through radiation, and it is defined 
as the ratio of the radiation emitted by the surface of the material to the radiation emitted by an ideal 
black body at the same temperature. Value of the emissivity is in range of 0 to 1. According to 
recommendations given in [3], emissivity of steel is taken as 0.7, while emissivity of fire is 1. 
 
2.2 Mechanical properties of steel at high temperatures 

Structural analysis requires knowing of the stress-strain diagram for steel at various temperatures 
(Figure 3), as well as variation of the yield limit and the modulus of elasticity with temperature 
(Figure 4). From the curve ky,  in Figure 4, it is obvious that steel at the temperature of  600 °C 
loses approximately 50 % of its load-bearing capacity, and the temperature of 1200 °C was taken as 
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the limit at which steel completely loses its load bearing capability.  

 

   
 

Figure 3. Stress-strain diagram of steel      Figure 4. Reduction factors for mechanical 
                at high temperatures.           properties of steel 

 
Density of steel is taken as the constant value of 7850 kg/m3 during the fire exposure, too. 
 

3. Development of temperature in steel elements 

Fire compartment is a room or a set of rooms limited with elements (walls, celing, floor and doors) 
which have fire resistance required by standards, i.e., it is assumed that in required period of time 
fire will be kept within the fire compartment.  
Development of gas temperature inside the fire compartment can be obtained using nominal time–
temperature curves (standard logarithmic curve) or using natural fire models [2]. Although standard 
logarithmic curve does not correspond to real fire curve, it is retained in European standards for its 
simplicity and because of the large database with fire resistance of elements obtained using that 
same curve. It resulted from the necessity for controlled conditions in testing furnace, which will be 
used repeatedly for every element tested. Although such curves do not simulate real fire conditions, 
they are convenient for wide practical usage. More realistic view of fire is obtained using natural 
fire models. European standards for fire classify fire models as simplified and advanced models. 
For simplified models uniform temperature distribution in the compartment through time is 
assumed, as well as for nominal curves, but additionally the following parameters are considered: 
ventilation conditions, specific fire load and thermal properties of materials used for boundary 
elements of fire compartment. Furthermore, cooling phase is taken into account. These fire 
conditions are described using parametric curves. On the other side, advanced models (one zone, 
two zone, Computational Fluid Dynamic - CFD models), evaluate temperature development in fire 
compartment fully in time and space dependent manner. CFD models require application of 
software developed for that purpose. One such software is Fire Dynamics Simulator [6]. Analysis 
conducted in the paper is limited only to standard logarithmic curve, based on which development 
of temperature in elements with time is evaluated.  

Based on everything mentioned in this chapter, temperature development in steel elements (HEA 
profile and squared hollow profile) were obtained, due to the high temperatures exposure. Curves 
are obtained using two approaches: analytic, based on expressions given in [3], and numeric, using 
the Finite Element Method (FEM), and ANSYS software. For the analysis, profiles with nearly the 
same cross-section area were chosen: HEA 240, with cross-section area of A=76.80 cm2, and 
squared hollow profile with cross-section area of A=74.71cm2. Analogue to supporting boundary 
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conditions in static analysis, in thermal analysis boundary conditions represent initial value of 
temperature of the gas in the fire compartment and on the surfaces of the elements when the fire 
starts. In this case both values are taken as T0=Tm0=20 °C. Standard logarithmic curve is defined by 
expression (3): 
 

logg 1020 345 8t 1               Eq. (3) 
 
3.1 Analytic evaluation of temperature development  in steel elements according to EN1993-1-2 
 
Expression for determining temperature increment in unprotected steel element in time interval t 
[3]  states: 
 

m
a,t sh net,d

a a

A / Vk h t
c

h tt dh d                    Eq. (4) 

 
Section factor Am/V represents ratio between the surface area of the member per unit length Am and 
the volume of the member per unit length V. For considered elements section factors are: 
 

- for HE-A profile:           Am/V=178,24 
- for squared hollow profile:          Am/V=107,08. 

 
These values indicate that, with nearly the same volume per unit length, HE-A profiles have slightly 
higher value of the surface area per unit length directly exposed to fire. However, shadow effect 
takes into account surfaces of the elements that are not directly exposed to fire, but are slightly 
sheltered, which is the case with jagged profiles, such are I or HE-A profiles, while for squared 
hollow profiles that effect doesn’t exist. Value of the correction factor for the shadow effect for I 
and similar profiles is obtained from expression (5), while for squared hollow profiles value of the 
factor is 1. 
 

m b
sh

m

A / V
k 0.9

A / V
                 Eq.(5) 

 
[Am/V]b    - box value of the section factor [1/m]. 
ksh=0,62   - for HE-A profile 
ksh=1        - for squared hollow profile 
 

                                          
 

Figure 5 – Section factor for a) HE-A profile and b) squared hollow profile 
 

By multiplying section factors for both elements with shaddow effect factor ksh, approximately the 
same values are obtained (ksh,HE-A=110,50  ksh,[]=107.08). Considering the fact that remaining 
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parameters in expression (4) are the same in both cases, it can be concluded that temperature 
increment for both profiles during the time interval t will be nearly the same. 
Heat flux hnet,d comprises of the components of heat flux due to convection hnet,c and due to radiation 
hnet,r, and represents amount of heat energy that acts on the unit area of the material surface. 
Time interval t is, based on the recommendation given in [3], taken as 5 s. Based on expression 
(4), using tabular processing of data in Microsoft Excel, temperature was evaluated for the first 60 
min upon outbreak of fire. Further, obtained results will be presented in the form of time–
temperature curves.  
Time-temperature curves for the gas in fire compartment and in the steel elements are presented 
simultaneously on Figure 6-a. Time-temperature curves for the HE-A profiles, taking the shadow 
effect into account and neglecting it, are presented on Figure 6-b. Comparison of results for specific 
heat taken as a variable and as a constant value according to recommendations given in [5], is 
presented on Figure 6-c.  
 

 
 

a)                                             b)                                                     c)        
 
Figure 6 – a) Temperature development in elements; b) influence of the shadow effect;  
                  c) Influence of specific heat  
 
3.2 Numerical evaluation of temperature development  in steel elements 
 
Numerical calculation of steel temperature evolution was conducted using FEM and ANSYS 
software, which is convenient for analyzing of thermal problems. For modeling, ‘shell’ finite 
element was used, suitable for simulating conduction through element thickness, as well as in-plane 
thermal conduction. Material properties are entered as temperature dependent, as it was explained in 
Section 2. 
 

                                       
    a)                             b) 

 
Figure 7 – Element temperatures after 60 min exposure: a) HE-A profile ; b) [] profile 
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    a)                                                  b)  

 
Figure 8 – Time-temperature curves for elements: a) HE-A profile; b) [] profile 

 
Element temperatures after 60 min of exposure to fire are presented on Figure 7. Temperature 
development through time is presented on Figure 8. 
 
 
4. Structural analysis of behavior of columns 

Thermal analysis, which provides time-temperature curve for steel elements, combined with 
structural analysis, which provides critical temperature of steel, as a result provide fire resistance of 
an element [1]. In this section, one of the criteria mentioned in the first section will be analyzed – 
criteria of the strength limit state. Eurocode 3 provides methods for determining design resistance of 
elements in fire conditions, depending on the stress state in the elements themselves. For elements 
subjected to compression, for cross-section classes 1, 2, and 3, design buckling resistance in fire 
conditions is determined by: 
 

, , , , ,/b fi t Rd y y M fiN A k f                              Eq. (6) 
 

For considered elements, dependence of the load bearing capacity from temperature was obtained 
using expression (6), Figure 9. Based on this curve, load bearing capacity after the time period 
representing the fire resistance required by standards is determined, and it is compared with the 
design value for actions in fire conditions. 
 

 
 

Figure 9 – Reduction of load bearing capacity of an element with temperature increment 

 17



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
5. Review of the results and conclusions 
 
Based on the analysis conducted in the paper, a few conclusions and recommendations for practical 
application can be obtained. From the curve in Figure 7, it can be concluded that, by taking the 
shadow effect into account for jagged profiles, lower increment of temperature is obtained, which 
influences on the rationality of the structure, while by neglecting it, more conservative solutions are 
obtained. From the curve in Figure 8 it is obvious that no significant differences occur if specific 
heat is taken as the constant value and as a variable, except in the region of 700-800 °C, when 
structural phase change occurs. However, for practical application this deviation does not have 
influence on final results, so the authors have the opinion that such approximation is justified. 
Time-temperature curves for both profiles are matching (Figure 6-a), which is verified by numerical 
results (Figure 8). Furthermore, from Figure 9 it can be seen that curves are approximately parallel, 
i.e., percentual loss of the load bearing capacity is the same in both cases, which is directly 
dependent only on mechanical properties reduction, and not on the profile type. 
 
It can be concluded that in terms of thermal and structural analysis, choice between the two 
considered profiles does not have influence on rationality of the structure. Hence, as well as in 
normal conditions, squared hollow profiles can be characterized as more convenient for compressed 
members, due to the higher resistance to the loss of stability.  
 
This paper is limited only to nominal time-temperature curves for gas in fire compartment, which 
are more convenient for practical usage. More realistic overview of fire conditions can be obtained 
by using of natural fire models. Thus, temperature development in elements could be more 
precisely determined, which can be subject for further investigation in this field.   
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Abstract 

In this paper the means of assessment of the global behaviour of the structures for both lateral and 
gravity loads, are first discussed - static nonlinear analysis and damage indices. Then a numerical 
example is presented. A finite element models of a simple reinforced concrete frame structure under 
strengthening, is created, using ANSYS software program. The model is solved, using nonlinear 
analysis, for different rates of initial preloading with gravity loads. The initial loading of the 
original structure is taken into account, using the birth and death technique. The obtained results 
are compared using damage indices for gravity load and base shear force-top displacement curves 
for lateral load. Based on these comparisons, some general conclusions are given. Simplified 
procedures for the accounting for the influence of the initial preloading are suggested.  

Keywords: static nonlinear analysis, damage index, ANSYS, slab strengthening 
 
 
1. Introduction 

In the process of the design of strengthening of existing buildings with reinforced concrete 
structure, a number of relevant factors, such as the interface slip between existing and strengthening 
material or the initial preloading of the original structure, are often neglected, due to their 
complexity. While in the design of individual elements these factors can be accounted for indirectly 
by monolithic coefficients, such simplified methods are not suggested in most current codes, like 
[4]. Further more, the influence of the slabs on the global behaviour of the structures, is usually 
idealised with constrains on the floor level. The proper modelling of the slabs is essential when 
preloading effects are to be accounted for, as they, along with the beams, are the most sensitive 
elements for preloading with gravity loads. 
The preloading of the original parts of the structure is very important for the overall behavior of the 
strengthened elements: there is a very significant difference between strengthening a loaded and 
unloaded element [2]. If the strengthened element is considered not loaded before the interventions 
take place, the whole section (existing and strengthening parts alike) would start working from 
unstrained unstressed state. In reality, the existing elements would have been loaded at the very 
least by their own self-weight, and usually not just it. So they start thier work as a apart of the 
strengthened element with some deformation and usually cracks accumulated in them. Thus, the 
stiffness of the existing parts of the structure would be generally lower then the stiffness of the 
strengthening parts. Of course, the added load after the strengthening would be with as much lower 
values, as are higher the values of the initial loading. This means that while the high values of initial 
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loading lead to lower stiffness of the strengthened parts of the element, it may lead to a higher 
stiffness of its strengthening parts at a considered limit state, then low values of preloading. 
Therefore, the final stiffness of the strengthened elements, and accordingly the global stiffness of 
the structure, would depend on the correlation of the stiffness of the strengthening and existing 
parts. This aspect of the influence of initial gravity loading is slightly addressed in the literature. 
Usually only its effects on the element itself (on local level) is the focus of relevant researches. That 
is way only the change of the global behaviour of the structure for different initial gravity loading is 
considered in this paper. 
 
 
2. Assessment of the global behaviour of structures 
 
There are a few ways of assessing the global behaviour of a structure: static or dynamic nonlinear 
analysis, fault trees, damage indices, etc. The choice of analysis method depends on the available 
resources (time, technical equipment and skill), the objective and stage of the research, the existing 
input data and its authenticity and other factors.  
In this research the influence of the initial loading before strengthening is considered. The structure 
is assumed subjected to gravity load, as well as to lateral loads. Obviously, the initial loading, 
which is the load, acting at the time of the strengthening, for most structures would be gravity load 
only. This could be the self-weight of the structure, some of the nonstructural elements and finishes, 
and some of the service loads.  
For gravity load, the suitable assessment methods are limited. Most researches and codes, 
concerning global assessment of structures, are focused on the effects of seismic action or general 
lateral load. As the quasi-permanent gravity load is the one that is acting throughout the entire life 
of the building, it is important to assess the overall behaviour of the structure under it. The best way 
to do is through the relative displacements of the relevant elements. To receive one generalised 
result, which can serve as a base for the assessment, those should be averaged. Thus, a damage 
index can be introduced: 

1 1

1

1        

n n
lim, j lim, j

j j
j jj j

d n

j
j

l d l d
.k .k

l d l d
i

nk
           Eq. (1) 

where: 
di  is the damage index for the assessment of existing structures under gravity load; 

j
l d  is the relative displacement (design length/displacement ratio) of the jth element; 

lim, j
l d  is the limit value of the relative displacement of the jth element; 

jk  is the importance factor of the jth element. 
It should be noted that most expressions for damage indices are based on dissipated energy, as well 
as the displacement of the elements [5], [6]. In this case, however, such approach would be 
inappropriate, due to the nature of the applied load. 
Because of the presence of a subjective parameter in Eq.(1) (the importance factor), the limitation 
of damage index is also subjective. However, the following limit values for rough assessment are 
proposed: 

0 5di ,  the structure is capable of bearing the loads under consideration; 
0 5di ,  detailed assessment of the structure and its individual elements is recommended 

and if needed - retrofitting; 
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0 8di ,  a large number of structural elements have suffered deflections larger than the 
permissible limit, or close to it; some elements may be in danger of damage; any additional 
load or action should be considered endangering the structural safety of the building. 

The values of this damage index can be greater than 1 in the case of existing building, as it is not 
impossible for the existing elements to have suffered large deflections, indeed larger than the 
theoretical limit, prior to the strengthening. In this case a retrofitting strategy should target the 
reversal of the deflections (for example, through post tensioning) or, if the structural safety is not 
affected, their consequences (damage of nonstructural elements, aesthetics, etc.). 
For lateral load, a very suitable tool for global assessment is the base shear force - top displacement 
curves, obtained by static nonlinear analysis. This approach is better than the damage index one, as 
it reflects the actual behaviour of the structure, while the damage index only expresses 
mathematically the average condition of the individual elements. Furthermore, when seismic load is 
concerned, it is usually necessary to provide hysteretic curves for all the elements to obtain a 
damage index. Alternatively, the dissipated energy can be calculated by specialised software 
programs. 
 
 
3. Numerical example 

3.1 Finite element model definition 

To assess the possible influence of initial preloading on the global behaviour of existing reinforced 
concrete frame structures under strengthening, a numerical example is presented. A simple one-
storey structure is considered, consisting of a rectangular slab, supported by four beam and four 
columns. The dimensions are according to Fig. 1. The height of the structure is 340cm. 
The materials used for the structure are: concrete - grade C12/15; steel - tensile strength grade 
400Mpa. The slab is considered strengthened with additional reinforced concrete layer with 
thickness 4cm at the top. In addition to the self-weight of the structure, the slab is loaded with 
3kN/m2 quasi-permanent load. Part of this load (from 0% to 100%) is to be applied before the 
strengthening, and the rest - after it. 
Finite element program ANSYS is used for the modelling and analysis of the structure. Specialised 
finite element type SOLID65 is used for the 3-D modeling of the solids (the elements of the 
structure are modelled with their volumes) with reinforcing bars (rebar). The solid is capable of 
cracking in tension and crushing in compression. The solid capability of the element is used to 
model the concrete while the rebar capability is used for modelling of the reinforcement behavior. 
Each finite element is defined by eight nodes having three degrees of freedom at each node: 
translations in the nodal x, y, and z directions. Up to three different rebar specifications are defined, 
accounting for both longitudinal and transverse reinforcement. The most important aspect of this 
element is the treatment of nonlinear material properties. The concrete is capable of cracking (in 
three orthogonal directions), crushing, plastic deformation, and creep. The rebar are capable of 
tension and compression, but not shear. They are also capable of plastic deformation and creep.  
The stress-strain relationships used are according to Fig. 2. The material properties are input 
through CivilFEM according to [3]. The reinforcements are accounted for by the real constants of 
the concrete elements ( Fig. 3). 
Obviously, the model of the as-built structure is solved without any preloading. The model of the 
strengthened structure, however, is solved in 5 different variants: ones without preloading ("no 
B&D" Model case and four times with preloading, varying its value (Table 1). 
In all the cases the structure is analysed also for lateral load, which is applied at the beam-column 
joint at x-direction. 
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Figure 1. Plan of the assessed structure (as-built). 
 

 
 

Figure 2. Stress-strain relationship of a) concrete; b) steel. 
 

 
 

Figure 3. Finite element model and real constants: a) as-built structure; b) strengthened structure. 
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Table 1. Definition of analysed model cases and their gravity loads 

Model name as-built g g+1 g+2 g+3 noB&D 
Self-weight of the existing slab, [kN/m2] 2,5 2,5 2,5 2,5 2,5 3,5 

Additional preloading, [kN/m2] 3,0 - 1,0 2,0 3,0 3,0 
Self-weight of the strengthening layer, [kN/m2] - 1,0 1,0 1,0 1,0 - 

Additional quasi-permanent load, [kN/m2] - 3,0 2,0 1,0 - - 
Total preloading 100% 38,5% 53,8% 69,2% 84,6% 0% 

 
3.2 Finite element analysis 

To account for the initial loading of the existing structure, an ANSYS feature could be used namely 
the element birth and death [1,2]. To achieve the "element death" effect, the ANSYS program does 
not actually remove "killed" elements. Instead, it deactivates them by multiplying their stiffness (or 
conductivity, or other analogous quantity) by a severe reduction factor.  
Element loads associated with deactivated elements are zeroed out of the load vector, however, they 
still appear in element-load lists. Similarly, mass, damping, specific heat, and other such effects are 
set to zero for deactivated elements. The mass and energy of deactivated elements are not included 
in the summations over the model. An element's strain is also set to zero as soon as that element is 
killed.  
In like manner, when elements are "born", they are not actually added to the model; they are simply 
reactivated. All elements must be created while building the model, including those to be “killed” at 
the first load step.  
When an element is reactivated, its stiffness, mass, element loads, etc. return to their full original 
values. Elements are reactivated with no record of strain history.  
In the case of strengthening of a structure, the strengthening elements should be “killed” at first. 
The set of load steps (initial loading) is solved. Then the strengthening elements are reactivated and 
the second set of load steps (loads applied after strengthening) is solved. 
For the cases with preloading, three load steps are solved. For the first load step the elements 
associated with the strengthening layer of the slab are “killed”. The required initial uniform load is 
applied on the top area of the slab. A static nonlinear analysis is performed. The Newton-Raphson 
method with initial stiffness is used. After solving the first load step the “killed” elements are 
reactivated. For the second load step the rest of the gravity load is applied and again static nonlinear 
analysis is performed. In the third load step, the lateral load is applied. Analysis run until reaching 
the ultimate load, which is considered to be the load, after which there is a descending branch of the 
"base shear force-top displacement" diagram. 
For the cases without preloading only two load steps are solved - first for gravity and then for 
lateral load. No birth and death feature is used. 

3.3 Results 

The obtained midspan displacements d for all the horizontal elements in the structure (slab and four 
beams) are shown in Table 2. The design length of the elements is adopted as follows: for the slab 
and the beams at x-direction - 450cm; for the beams at z-direction - 615cm. The limit value of the 
design length/displacement ratio is 250, in accordance with [3]. The importance factor of the slab is 
determined to be 80% of the importance factor of the beams. Thus, considering that the sum of 
importance factors should be equal to the number of elements (see Eq.(1)), kj of the slab is 
calculated to be 0,8333, and for the beams - 1,0417. The calculated damage indices are presented in 
Fig. 4, in dependence of the total preloading. As expected, the smaller the value of the initial load 
is, the smaller the displacement of the slab and the damage index is. The connection, however, is 
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not linear, due to the nonlinear behaviour of the concrete. 
The resultant "base shear forces-top displacement" diagrams, obtained by the nonlinear static 
analysis for the full (gravity and lateral) load, are shown in Fig. 5. The corresponding ultimate 
values are summarized in Table 3 and Fig. 6. The results show that the value of the initial load has 
little effect on the ultimate base shear force. For the ultimate displacement, however, this is not the 
case. It would depend on the membrane stiffness of the slab. The most favorable results in the case 
when the initial preloading is (in this particular case) in the range 50-70%. However, this results 
may vary with the thickness of the strengthening layer, because that would change the contribution 
of that layer to the total membrane stiffness. 
 
Table 2. Damage indices for gravity load 

Model name as-built no B&D g g+1 g+2 g+3
Total preloading 100% 0% 38,5% 53,8% 69,2% 84,6% 

d
Slab 42,4 14,3 19,1 22,0 30,7 47,9 

Beams at x-direction 2,9 2,9 3,4 3,4 3,4 3,3 
Beams at z-direction 5,5 6,5 6,9 7,0 7,0 6,4 

l/d
Slab 106 315 236 204 146 94 

Beams at x-direction 1561 1556 1318 1317 1337 1361 
Beams at z-direction 1114 946 892 876 885 969 

id
absolute 0,553 0,309 0,373 0,402 0,480 0,628 

relative (to as-built) - -44,1% -32,6% -27,3% -13,2% 13,5% 
 

 
 

Figure 4. "Total-preloading-Damage index" diagram for gravity load. 
 

Table 3. Results from the nonlinear static analysis for lateral loads 
Model name as-built no B&D g g+1 g+2 g+3

Total preloading 100% 0% 38,5% 53,8% 69,2% 84,6% 
Ultimate base 

shear force 
absolute, [kN] 75,39 77,32 73,88 76,85 77,31 73,91 

relative to as-built - 2,6% -2,0% 1,9% 2,5% -2,0% 
Ultimate top 
displacement 

absolute, [mm] 88,57 76,59 55,11 79,72 69,18 45,63 
relative to as-built - -13,5% -37,8% -10,0% -21,9% -48,5% 
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Figure 5. "Base shear force - top displacement" diagrams of the different model cases. 
 

 
 

Figure 6. Chart of the ultimate base shear forces and top displacements in dependence of the total 
preloading of the structure. 

 
 
4. Conclusions 

This paper addresses the influence of initial gravity loading on the global behavior under lateral 
loading of RC frame structures. A damage index for the assessment of the general behaviour of the 
structure for gravity loads is introduced (Eq.(1)). A numerical example is solved in order to quantify 
the said influence for the considered case. The following general conclusions and 
recommendations, based on the analysis of the results may be given: 

The initial preloading with gravity loads of RC frame structures may have significant 
influence not only on its general behaviour for such loads, but also for lateral actions. 
The damage index for gravity loads increases nonlinearly with increasing the values of the 
initial load. This means that large preloading should be avoided in all cases, else the 
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strengthening of the structure may proof to be ineffective.  
The effects of the preloading may be assessed, using sophisticated analysis, like the 
described above. If this is not possible, the approximate formula for the calculation of the 
displacement of the horizontal elements, suggested in [2], may be used. 
For lateral loads, if more exact analysis is not possible, the results from normal pushover 
analysis of the strengthened structure without any preloading can still be used. The ultimate 
displacement can be reduced with 20% to 30%, given that reasonable values of the initial 
load are assured. The ultimate base shear force may not be corrected, as the effect of the 
initial gravity load on it is not that significant.  
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Abstract 
 
Compared to commonly applied methods, a better estimation of probable intensities of historical 
seismic events can be achieved by probabilistic seismic analysis of structures damage due to 
seismic events. The method usually requires analysing historical data on the damage and behavior 
of several structures, in order to evaluate and identify critical points and probable collapse modes 
that could lead to the described damage. As a case study, preliminary analysis of the Zsámbék late 
Romanesque church, in Hungary, which collapsed due to Komárom earthquake in 1763 is here 
discussed. A 3D finite element (FE) macro-model was built from descriptions and expected 
behaviour of the structure, and validated through sensitivity analysis. The critical points are 
identified through modal response spectra analysis (following EC8-1) and comparing the results 
with the described damage and other research works on this topic. Using the main stresses and 
displacements and a step-by-step collapse simulation the probable collapse modes are evaluated. 
The results support the development of an advanced non-linear numerical model characterizing 
some of the structural elements’ specific behavior, allowing a better account for future estimations 
of the intensity of Komárom earthquake. 

Keywords: Historical seismic events. Historical buildings. Zsámbék’s premonstratensian church. 
FEM modelling. Modal response spectra analysis. 
 
 
1. Introduction
 
Nowadays for civil and design purposes security to seismic hazard can be achieved using EC8 
recommendations, the no-collapse and the damage limitation requirements [1]. These general 
criteria connect a reference probability of exceedance (10% in 10 or 50 years) for a hypothetical 
seismic event (return period of 475 or 95 years) to an expected structural safety and good structural 
response. Hereinafter two paths can be taken: either we resort to available seismic data performing 
a time-history analysis or to the seismic hazard maps and find appropriate peak ground acceleration 
to proceed to equivalent force, modal response spectrum or even a pushover analysis. These 
methodologies are quite appropriate to modern needs, but what if the analysed structure is a 
historical structure? 
These questions appear to lead to simpler methods, which are sometimes conservative, rely on 
seismic hazard maps, or even taking account for a wide data spectra (geological, geophysical, 
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geotechnical, and paleo, historical and instrumental earthquakes data) and a demanding 
methodology, as in [2] significant uncertainties remain, its relevancy to historical architecture is low 
and the behavior of real structures is totally neglected. Therefore the reliability of design resorting 
to seismic intensities is often challenged. Hence, appears the idea that the determination of seismic 
intensities should require a stochastic method with the analysis of real structures. The methodology 
is known and enables the probabilistic estimation of the magnitude of historical earthquakes [3]. For 
that matter it’s usually required to analyse historical data on the damage and behavior of several 
structures, evaluate and identify critical points, collapse modes that could lead to the described 
damage, and a reliable numerical model of the structure under analysis. An early approach to this 
methodology is here explored. As a historical earthquake is addressed the analysis of historical 
structures is required. In this paper a case study is presented regarding the modelling and analysis of 
the Zsámbék late Romanesque church, collapsed due to Komárom earthquake in 1763. Its ruinous 
state can be seen in figure 1: 
 

 
Figure 1. Zsámbék church’s (a) western and (b) northern views (09/06/2014). 

 
Masonry buildings, in which carved natural stone connected by mortar constitute their structural 
elements, such as walls, arches and vaults, are very suited to resist vertical loading with low local 
stress levels [4], but the same doesn’t happen when subjected to horizontal loads, creating bending 
in the walls and columns and tension in elements with low tensile strength. In these structures all 
elements contribute to load bearing capacity this fact creates two main difficulties for a reliable 
analysis: any slight settlement, due to ground motion or local failure will cause the change of the 
equilibrium configuration of the structure [4] affecting the material resistance and the structure 
equilibrium; and it becomes very difficult to resort to quantitative simplified mechanical models or 
analysis methods to resistance and behaviour assessment. The difficulty to gather experimental data 
from the actual structure non-destructively is also an obstacle. Vignoli & Betti state 
that“monumental historical buildings are by definition buildings that is difficult to reduce to any 
standard structural scheme because of the uncertainties that affect the structural behaviour and 
mechanical properties” [5]. Thus, both static and dynamic analysis of historical masonry structures 
should resort to modelling strategies using reliable historical data as structure descriptions, 
damaging events, interventions and construction technology, important aspects on the generation of 
the numerical model [6, 7]. 
This paper addresses the problem of modelling, seismic analysis and damage description of historic 
buildings with scope on Zsámbék premonstratensian church. A description of the structure before 
the collapse is presented followed by a brief description of the main interventions, modal response 
spectra analysis and a step-by-step collapse simulation. 
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2. The case study
 
2.1 Description of the case study 
 
The church under study is located in Zsámbék (Pest County, Hungary) and it was originally built 
for the Prémontré order in the 20’s of the 13th century [8, 9]. It follows a typical basilica layout: one 
central nave, two lateral aisles, two towers on the facade and triple apse (fig. 2). It approximate 
dimensions are: length of 36m, width of 20m, wall and towers height of 17m and 35,5m. The walls 
thickness varies from 0,90m to 1,75m. The main central nave is about 27m long and 6,50m wide 
and two lateral minor aisles are 5,50m wide. The central nave ends in an octahedral apse and the 
aisles end in lateral in minor circular apses in the north-eastern wall. 
 

 
Figure 2. Floor plan of Zsámbék’s church plan before the Ottoman occupation (reconstruction). 

 
It’s still a begging question whether or not the previous figure represents the structure that fallen in 
1763 due to Komárom earthquake, if the monastery was in service or if a side entrance and cloister 
with star shaped ribbed vaults existed. According to a report of Miklós Jankovics from the 
beginning of the 19th century, he had been altar server in the monastery church in 1790 [10]. On the 
contrary, the premonstratensian monk O. Fényi, has found few signs of mass or liturgical action in 
the monastery church after the expulsion of the Turks in 1686, and deliberately initiated degrading 
activity resulted stone material for the new parish church after 1749 [11]. The only eyewitness of 
the demolition caused by the 1763 earthquake on the monastery church was the local priest 
Kummer who has only reported on the collapse of the northern octagonal pyramidal spire and does 
not mention the collapse of the north wall of the nave - as this would then certainly not stood [11]. 
To unlock these sporadic controversial data additional resources would be needed, so it is 
reasonable to assume that the church was in the middle of the 18th century partially damaged, but 
some recovery was estimated as usable. Thus despite some lack on information about the actual 
structure a structural model can be built assuming some symmetries and simplifications: the 
thickness of the walls can be assumed to be those of the figure; the same goes for the columns, 
arches, vault ribs and other overall dimensions. 
 
2.2 General damage description 
 
Overall dimensions given it’s important to individuate damage descriptions associating them to 
damaging events. The following table resumes some important events in the church’s history: 
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Table 1. Brief chronology of the interventions in Zsámbék church (from [8,9]). 

Dates Relevant Events 
1220’s Beginning of Construction. 

1258 Finished construction. Probably not 100%, for the construction work in fault was completed in the 
following years. 

1475-80 Significant reconstruction. 
From late 
17th cent. Zsámbék is property of the Zichy family 

1749-52 New baroque parish church built in the village; Reconstruction of the ruin ordered by Márton Bíró in 1754. 
1763 Collapse of parts of the monastery church due to Komárom earthquake. 
1848 Parish priest György Gózon fought for the reconstruction without any result. 
1855 Karl Weiss reports on the ruin but with no effect. 
1870 New priest tries to gather money to support its reconstruction. 
1880 György Klösz takes 8 photos and the restoration is discussed due to a report of the consistence of ruin. 

1882 Two engineers, Gusztáv Zsigmondy and Antal Khuen analyzed he ruin and propose to reniew the northern 
tower, which reveals static problems. 

1889 István Möller intervenes to protect the ruin. 
1935-39 Géza Lux intervention and renewal. 

1957 Collapse of the entry hall vaulting (rebuilt later). 
1958 Collapse of the stairs (rebuilt later). 
1962 A lightning stroke the western tower (rebuilt in 1963) so two lightning rods were added to both towers. 

1960’s Plans on how to definitely intervene in the ruin so that it can be protected and usable. 
 
It can be added that much of the destruction and material losses are attributed to human causes and 
environmental degradation: stones were taken either by particulars around 1749 or to rebuild the 
new parish church after the 1763’s earthquake and lack of protection against frost-defrost cycles [8, 
9]. So far it can be said that its collapse consisted on the collapse of the vaulting system in the 
central nave and lateral aisles and on the collapse of the NW central nave and aisles walls. 
 
 
3. Analysis methodology
 
3.1 Structural behaviour and numerical modelling 
 
The general schema in which the structure of a medieval vaulted church functions can be analogous 
to modern reticular structures: vaults (as plates) and some walls load the arches and ribs 
(resembling beams) which in turn load the columns and other walls. The main goal is, after all, 
spanning space in the nave and aisles. It can be added that the central nave’s walls can be laterally 
unstable, for which one shall resort to buttresses or dormants or even to transversal walls to assure 
stability. 
 

 
Figure 3. Top view on the 3D Finite Elements macro-model: a) top, b) lateral and (b) frontal views. 
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When subjected to an earthquake the lateral resistant elements are walls and dormants helped by the 
rigidity of the arches and vaults intersecting edges and by the diagonal ribs. From the static 
analysis, with low compression values, to the dynamic analysis it is expected to have increased 
stress values, with the appearance of significant tensile stresses. 
Geometric and numerical modelling was carried out using a macro-modeling strategy [6, 7] in four 
major phases of increasing complexity: 2D modeling of resisting structural elements; 3D composed 
model of shell elements with openings; simulation of the vault rigidity using horizontal shell 
elements; simulation of the vault rigidity by modelling the vault ribs plus assigning horizontal rigid 
diaphragms between the ribs and the arches. The last step results in a 3D macro-model (fig. 3) in 
which the structure works as a whole: when the ground motion accelerates the structure from NW, 
the arches, walls and buttresses will not resist independently, thanks to the diagonal ribs rigidity 
will be added to the structure allowing the arches, vaults and ribs to work all together. Besides the 
usual reductions some other assumptions are required to build an initial geometric model, such as 
symmetry, regularity and continuity. After building the linear elastic finite elements numerical 
model it requires to be validated so we can assume to be stable for the applied material parameters. 
 
3.2 Sensitivity analysis and mechanic properties 
 
A sensitivity analysis was ran from which the variation of the maximum stresses and displacements 
was evaluated dependent on the variation of Young modulus ( ), Poisson’s ratio ( ) and density 
( Ø). The adopted values follow limestone and sandstone wall and stone test specimens in [12]: 
 
Table 2. Relative values for the variation of the maximum stresses and displacements. 

L  ¿L L ¿Œ Œ ¿@ @ 
’ 3488 to 1770 49,3% 49,7% 94,0% 
 0,33 to 0,09 72,7% 11,6% 5,3% 
Ø 2570 to 1600 37,7% 59,3% 53,3% 

 
The young modulus and the density variation seems to largely affect the main stresses and 
displacements, but for the Poisson’s ratio a 72,7% variation caused a minimal variation. As 
expected, young modulus seems to largely affect displacements and the density both stresses and 
displacements. Furthermore the stability of critical points location with parameters and mesh size 
variation can be observed, and mechanic parameters for the shell elements can be chosen within 
values if do not exceed those tested in the sensitivity analysis. The following values can be taken: 

 of 18 kN/m2, ’  of 2800 MPa, Œ of 0,50 MPa and  equals to 0,20. 
 
 
4. Structural and Seismic Analysis
 
4.1 Critical Points ID 
 
To identify the critical points maximum stresses and displacements where analyzed in the 3D 
macro-model. As can be seen (fig. 4a), the absolute value of the maximum stress far exceed the 
ultimate stress of 0,50 MPa, although, the structure didn’t collapse in these points. Exception goes 
to the maximum stresses in the NW tower, where we can see (fig. 1a) that some intervention was 
required. 
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Figure 4. Critical stresses on the (a) facade, (b) back walls and (c) displacements on the tower walls. 
 
An explanation can be the difference in slenderness of the towers compared with the nave and 
aisles. These two parts act separately as for the first bending is clearly dominant and in the second 
probably shear is dominant, and as suggests fig. 4b, maximum displacements can be expected in the 
towers’ top. As the structure is excited those parts behave differently and stresses appear in their 
connection edges. This result is typical [7]. It must be added though that the arches and vaulting 
system in the central nave and lateral aisles has a dynamic on its own. Appearing critical points in 
some arches and vault ribs, not only in parts connected or close to the towers, but also in the last 
buttresses and back wall (fig. 5). 
 

  
Figure 5. Smaller critical stresses on (a) back wall, buttress and (b) arches and vaults. 

 
4.2 Collapse Step-by-step Simulation 
 
The main purpose of this collapse procedure is model validation, as a valid and reliable model 
would show as the critical points the damaged parts of the structure now in ruin. Therefore an 
evolving procedure in which the critical points signal the damaged parts successively being 
eliminated from the rest of the model should provide at least some insights (despite non taken 
nonlinearities) on the important elements that could led to the actual state of ruin. These are the 
steps description: 
 
Table 3. Step-by-step simulation procedure. 

Step no. Step Procedure / Collapsed element 
1 NW and SE towers 
2 Rigid diaphragms release on the vaulting system 
3 2nd vault in the NW aisle 
4 2nd and 3rd vaults of the central nave 
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5 3rd wall panel of the NW aisle 
6 4th and 5th vaults of the central nave 
7 1st, 3rd and 4th vaults of the NW aisle 
8 1st vault of the central nave 
9 2nd arch of the central nave 
10 3rd and 4th arches of the central nave 
11 NW 1st wall panel of the central nave 
12 2nd and 3rd buttresses and arches of the NW aisle 
13 4th wall panel of the NW aisle 
14 Central nave’s 4th panel NW wall 
15 2nd and 3rd panels and 2nd, 3rd and 4th arches of the central nave NW wall 
16 NW part of the central nave apse’s wall 
17 5th buttress and respective arch of the NW aisle’s wall 

 
As stop criteria for the procedure it was used the apparent ruinous state of nowadays structure. The 
remaining structure, or ruin, in a practical sense, can be concluded to be very similar to the 
following model’s result (fig. 6), where some critical points can still be seen to appear in intervened 
spots, like the corner of the back wall and some buttresses tops. 
 

Figure 6. Final result of the step-by-step procedure. 
 
As the verifiable collapse of NW aisle’s wall (fig. 1) should be explained, it was thought to be 
essential to add a new wall perpendicular to the NW aisle’s wall in the middle of the 3rd panel wall. 
It pretends to model the influence of a perpendicular wall of the monastery and cloister (see fig. 2). 
Commenting this methodology it must be added that the procedure present in table 4 couldn’t be 
dealt with without some ambiguities, for it required some charity as principle to be performed. 
Sometimes, from a certain quantity of critical points that successively appeared during the 
procedure, it was necessary to eliminate some parts that were known to be the collapsed ones in 
detriment of others that today still stay. Therefore this procedure can be said not to be an exact 
methodology, but rather a simplified inquiry procedure in which the evaluation of the numerical 
model accompanies the comparison with the remaining ruin. 
 
 
5. Conclusions
 
Despite the simplified nature of the 3D macro-model the location of maximum stresses and 
displacements identified as critical points is typical and coherent with an intuitive interpretation of 
the structural behavior of the case study. That’s probably the reason why a collapse step-by-step 
simulation could be drawn to a certain level from which the characterization of the non-linear 
properties of the masonry would be essential. As it is this 3D linear elastic model can explain part 
of the damage in the church, but not all. However the collapse procedure allows the conclusion that 
the existence of an early monastery with vaulted cloister could have been influential for the 
collapse. 
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There are obvious uncertainties to take into account, although the results suggest that a more 
developed/detailed historical survey shall provide a good basis for the development of an advanced 
non-linear numerical model, one that characterizes the specific behavior of some of its structural 
elements. The description of the local priest about the demolition of the monastery church and some 
other descriptions about the structural damages of the new baroque parish church [10, 11] Zsámbék 
would deserve more attention for a future correlation research between damage survey, damage 
modelling and intensity estimations. To make a better account for future estimations of the intensity 
of Komárom earthquake it’s important to match the damage descriptions of the different studied 
structures with the respective numerical model’s results, as they would be more reliable models. 
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Abstract 

The paper presents the conclusions of the study regarding the early reinforced concrete system 
Hennebique for ribbed slabs, beams and pillars use at Ullmann Palace and at several other 
buildings in Oradea city, Romania. The comparative study, highlights the differences between the 
initial design of the reinforced concrete structure, according to the Hungarian regulations in use in 
1912 and the design according to the present regulations of the EC2, regarding simplifying 
assumptions for calculation, safety factors and the areas of reinforcement required. 
The studied building was evaluated in the initial state, as a new construction in order to better 
understand the structural performance and to establish the possible causes of degradation that are 
to be expected in the present day. Following the original static calculations of the Ullmann Palace 
from 1912, a comparative study between the results obtain with the Allowable Resistance Method 
and the Limit State Analysis was realized in order to determine the safety reserves regarding the 
areas of reinforcement, the internal tensions and possible deformations.  
The conclusions of the study contributes to the structural analysis and risk assessment of the 
structural assembly of the early reinforced concrete structures built in Transylvania. 

Keywords: Hennebique reinforcing system, early reinforced concrete structures.  
 
 
1. Level of knowledge of reinforced concrete behavior 

Assessment of scientific literature in the field of reinforced concrete in the late XIX and early XX 
century, which includes national standards, experiments on reinforced concrete structures, 
magazines, brochures and invention patents of concrete reinforcement systems can determine the 
level of knowledge regarding the behavior of reinforced concrete. In order to protect human lives, 
following the occurrence of structural collapses caused by errors in design and construction, as 
experiments and recording technologies evolved, after 1903 national standards, specifications and 
material’s allowable resistance and methods of calculation on reinforced concrete structures were 
published. 
 
In 1899, P.Christophe has elaborated a calculation method based on reinforced concrete  allowable 
resistance, which estimates a linear-elastic behavior for the equivalent concrete homogeneous 
material. The method was adopted by German design regulations from 1904 and the French 
standards in 1906. In the initial design of the studied building, the load-bearing structural elements 
were sized according to the methodology of calculation established by the Hungarian Society of 

                                                 
1 Email: adurghi@yahoo.com, 0754060037. 
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Engineers and Architects in 1907 imposed as a law in Hungary and Transylvania, at the beginning 
of the XX century. The Hungarian standard was written according to the Prussian and Austrian 
government regulations and coincides with the Allowable Resistance Method used in Romania. 
After 1950, the Allowable Resistance Method of calculation is replaced with the Breaking Method 
of calculation, and since 1963 is replaced with the Limit State Analysis used today. 
 
 
2. Structural conformation and material caracteristics 
 
Ullmann Palace from Oradea is made of mansonry diaphragms and reinforced concrete slabs. The 
interior space functions of the studied building is as follows: ground floor: commercial and 
wholesale retail, wholesale storehouse, offices, hostel and residential apartments (Qu= 500÷1000 
kg/m2); upper floors: hostel and residential apartments (Qu= 300 kg/m2). On the ground floor, in 
order to open the interior commercial space, reinforced concrete frames consiting of main beams 
and pillars, were inserted. The floor over the basement is made of concrete ribbed slabs with 
Hennebique reinforcing systems Fig 1-left, while the upper floors are made of concrete Monier 
reinforced slabs, with self-bearing reinforcement Fig 1-right. 

 

 
 

Figure 1. Hennebique and Monier reinforcing sistem for ribbed slabs.[1] 

The mechanical and resistance characteristics of the materials were evaluated theoretically 
considering the allowable resistance value set by the Hungarian Society of Engineers and Architects 
Regulation from 1907. The concrete design allowable resistance value is equivalent with the 
modern concrete label C12/15<fck=18 N/mm2<C16/20. Specifications of the Hungarian Regulation 
stipulates that only soft steel, equivalent to OB37 fyk=3600 kg/cm2, can be used for reinforcement 
bars.  The security reserve for concrete of 36% and for steel of 67% compared to the present 
standard are ment to cover the material resistance variations, the unregulated water/cement ratio, 
reinforcement systems deficiencies etc. 

3. Design of the concrete slab 

The live load associated with the ground floor slab, according to SR EN 1991-1-1:2004 for the 
office areas is 250 kg/m2, and for the commercial areas is 400÷500 kg/m2. Applying the safety 
factor for dead loads (1.35) and live loads (1.50) rezultas the design value of 1290 kg/m2, is 30% 
higher than the initial static calculus design value of 900 kg/m2, of which the live load is 500 kg/m.2  
 
The slab is considered simply supported on the boundary, with 1.60 m distance between ribs. As 
calculated according to Allowable Resistance Method, for a concrete compressive resistance 
reduced at 80% (35 kg/cm2)  the slab height is 9 cm, considering a concrete covering of 2 cm. For T 

                                                 
2 Valoarea de 1290 kg/m2 corespunde incarcarii totale de calcul la SLU pentru functiunea de spatii comerciale. 
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shaped sections subjected to bending, applying the safety factor for steel different from S500, the 
slab hight obtained is 9 cm, as in the real situation. 
 
The slab reinforcement area (Ø8/125 mm) resulted according to the Allowable Resistance Method 
is 62% higher than the reinforcement area calculated according to Limit State Analysis (Ø8/200 
mm). In the original static calculus from 1912, there are no informations regarding the slab’s 
distribution reinforcement area, but the blueprint plans of F.Hennebique company map out that the 
distribution reinforcement of Ø6/250 mm, amount that provides the minimum distribution 
reinforcemnt area given by the Eurocode 2 (EC2). According to the blueprints of "Commercial Hall 
Garden Oradea" designed by dr.Zielinski Szilard, half of the reinforcement area from beam span is 
lifted on the support. Although the area of reinforcement for the support was not calculated 
explicitly it provides a reserve of 45% taking on the support negative bending moment, ensuring 
continuity of the plate over the ribs. 
 

 
 

Figure 2. Detail of Hennebique reinforced ribbed slab, designed by dr. Zielinski Szilard, 
 Budapest, 1910.[2] 

 
Table 1: Checking the slab in the Limit State of Service. 

Limit state studied 1912 
[kg/cm2] 

EC2 
[kg/cm2] 

Safety reserve 
in regard to EC2 

Concrete unit stress 40.20 31.64 +21% 
Reinforcemnt unit stress 1190 437.75 +63% 
Opening cracks of 0.2 mm - - +70% 
Sagging  - - +93.7 % 
 
 
4. Design of the reinforced concrete rib 
 
The design load value considered of 900kg/m2 is that from the initial calculus, neglecting the own 
weight of the rib (+2%). According to the German and Hungarian Regulation, the effective design 
width of the slab is 2.02 m, with 18% higher than the width calculated by EC2 considering the 
effective length of the support. The calculated hight of the rib is: according to F.Hennebique 
comoany is 1/18÷1/14 of the span [4] (38÷43 cm); in the initial calculus from 1912 the hight is 
determined depending on the bending moment value (29 cm); and the current standard EC2 sets the 
geometric dimensions depending on  stiffness condition h/b=1.5÷2.0 (40 cm). 

 
For the distance between ribs of 1.75 m, rib span of 6.08 m and transverse dimensions of 20x40 cm, 
in the static calculul from 1912 the amount of reinforcement obtained is 24.80 cm2, for which are 
estimated two possible cases: one row reinforcment with 2Ø40 mm or two rows reinforcement with 
4Ø28 mm. Designing with the Limit State Analysis an area of reinforcement with 30% lower was 
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obtained, estimated as follows: one row reinforcement with 2Ø34 mm or two rows reinforcement 
with 4Ø25 mm. 
 

 
Figure 3.Detail of rib reinforcement, de dr. Zielinski Szilard in anul 1910.[2] 

Figure 4. Detail of transverse reinforcement with open stirrups, Hennebique type. 
 
Studying the rib blueprints of "Commercial Hall Garden Oradea" can be observed that the four bars 
reinforcement arranged in two rows is a common situation, in the calculations was considered the 
worst case scenario of reinforcement with 4Ø28 mm arranged in one row, in order to determine the 
influence of liability reduction on the minimum anchoring length of reinforcement bars of 30Ø and 
unit liability stress. For the rib width of 20 cm, the concrete covering thickness of 1.6 cm meets the 
European Standard from 1909 (1.5 cm), but does not meet the current standard EC2 (2.8 cm). For 
the span reinforcement, the effective length of anchorage of 85 cm is 20% shorter than the 
minimum necessary anchorage length of the inferior longitudinal reinforcement, taking into account 
the low gripp conditions. For the support reinforcement, exceeding with 6% the required length 
determined by EC2 is made possible by the good liability conditions (only half of the bars from the 
span are lifted on the support). The value of the allowable liability stress established by the 
Hungarian Regulation has a safety reserve of 34% over the unit liability stress determined by EC2, 
is enough to cover the design and construction errors due to breaching the minimun thickness of the 
concrete covering around the reinforcement bars and insuficient anchoring length.  

 
Rib transverse reinforment for taking the shear force is done with open stirrups, featurea of 
Hennebique reinforcement systems, made according to Hungarian Regulation from round shape 
Ø8mm bars. If consider a stirrup with two arms shearded, the area of reinforcement calculated in 
the initial calculus (7.4 cm2), is coresponding to minimun 7 stirrups at arithmetic progression 
calculated distances of 10, 15, 20, 25, 30, 35, 40, 40… until the middle of the span. The resulted 
shear reinforcement area calculated by EC2 is Ø8/250 mm and 18% lower than the reinforcement 
area calculated in the initial calculus from 1912. By arranging stirrups at arithmetical progression 
calculated distances, the reinforcement is design to take more shear force than the compressed 
diagonals. In determining the shear bearing capacity of the rib, Fig.5, the variation of distances 
between stirrups and the input of vertical and inclined bars. T’sig  diagram showes the safety reserve 
on shear force given by the shear reinforcement. 
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Figure 5. Shear bearing capacity of the rib. 
 
To check the length of the areas in which the stirrups will be placed at the determined distance, the 
intersection between the design shear force diagram and the shear bearing diagram of the section 
with no specific shear reinforcement. The distance of 1.28 m measured from the support, which 
requires shear reinforcement is 9% shorter than the effective length of 1.40 m, obtained by 
arranging the stirrups at distances that respect the calculated arithmetic progression.  
 
Table 2: Checking the rib in the Limit State of Service. 

Limit state studied 1912 
[kg/cm2] 

EC2 
[kg/cm2] 

Safety reserve 
in regard to EC2 

Concrete unit stress 45 247.4 
-550% 

Creeping will be taken 
 into account  

Reinforcement unit stress 
with 2Ø10 upper constructive  
reinforcement 

1126.95 1549.1 +18% 

Opening cracks of 0.2 mm - - +328% 
Sagging  - - +91 % 
 
 
5. Design of the central frame  – main beam 

On the main beam of the concrete reinforced frame at the ground floor level the loads were as 
following: the wall panels from the upper levels, chimneys and associated floor loads, Fig. 6. Sizing 
the main beam reinforcemnt area in the limit state is performed for the initial design loads of 41 200 
kg/m (1912). 
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Figure 6. Main beam loads.                                                       Figure 7. Shear reinforcement of the  
                                                                                                            main beam, near the support. 

 
In the initial sizing the main beam geometry was imposed as a square section 75x75 cm, Fig.7, 
although the scaling relations give a much greater height of 112 cm. Considering the beam (with 
four spans of 4.15 m) continuous over supports, due to large width of the column of 75x80 cm, 
filled with mansonry up to 75x140 cm, am monolithic beam-column conection, according to EC2 
the value of the bending moment can be reduced at the face of the support and the maximum 
negative bending moment can be redistributed. In the initial static calculus, the maximum value of 
the bending moment at the middle of the span determined by considering the beam simply 
supported in all spans (90 600 kgm) is 52% lower than the value of the bending moment in the fisrt 
span determined by the Limit State Analysis (190 314 kgm) and 16% lower for the intermediate 
spans (108 457 kgm).  
Doubts regarding the need for doble reinforcing the main beam in the span section and the 
posibility that the area determined in the initial calculus is reffering to the support sections, 
althought they were sized with the value of the span bending moment, were elucidated after the 
Limit State Analysis. In this regard, the moust economic sizing of the main beam was studied, along 
with the compound effect of the Monier reinforced concrete slab (fisrt floor slab) and the 
reinforcement area needed. The results are presented in Tab 3 si Tab.4. 

Table 3: Checking of  main beam reinforcement in span 1. 
 
 
 
 
 
 
 
 
 
 
Table 4:Checking of beam reinforcement 75x75cm.  

 Inferior 
[cm2] 

Superior 
[cm2] 

Span 1 178.52 1.14 
Support B - 63.97 
Span 2 80.82 - 
Support C - 14.16 
(1912)Span  1.38 84.00 

Dimension of 
section  

Simple/Double reinforcement [cm2] 
Inferior 

reinforcement Superior reinforcement 

75x75 cm 288.0 - 
75x75 cm 288.0 - 
60x30 cm 109.67 58.59 
75x40 cm 178.58 - 
75x50 cm 387.52 - 
75x60 cm 338.97 - 
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For the area of reinforcement resulted from the initial static calculus was estimated the number of 
bars as following: simple reinforcement of the span with 7Ø40 lower bars and 2Ø14 constructive 
upper bars; double reinforcement of the support with 5Ø40 lower bars and 4Ø14+4Ø40 upper bars. 
 

 
 

Figure 8. Shear bearing diagram of the main beam, near the support A. 
 

Checking the shear bearing of the main beam reveals the arranging of 12 stirrups spaced at 
arithmetic progression calculated distances as follows: 7x10,15, 20, 25, 30, 35, 40 covering the 
distance of 1.55 m measured from the support. In case of main beams, the shear reinforcement of a 
section in made with interior stirrups, one for each longitudinal bar, oriented uppward for the lower 
bars and oriented downwards for the upper bars, Fig.7. Due to the large height of the beam is 
necessary to provide structural reinforcement with minimum 2Ø10 on the vertical sides, linked with 
clips. In the shear bearing diagram, Fig.8, T’sig,beton diagram showes the safety reserve given by the 
compressed concrete diagonals and T’sig diagram showes the safety reserve given by the vertical 
and inclined reinforcement. 

 
The particularity of the shear reinforcement system with 8 stirrups is the increased rigidity of 
transverse sections that prevent the torsioning of the concrete element in a much higher proportion 
than the case of double stirrups shear reinforced sections. By providing constructive reinforcement 
stirrups of 2Ø10 on the vertical sides, main beam torsional check reveals that the reinforcement 
solution assures the absorbtion of the torsion moment in the section. 
 
 
6. Design of the central frame - column 

In the initial static calculus from 1912 the author points out that the column with the dimensions of 
75x80 cm was design according to the Hungarian Society of Engineers and Architect Regulation, 
and is considered to be stressed only by pure compression. In this case, checking of the column is 
done only at the compressive stress generated by the loads appplyed at the upper end (230 000 kg) 
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withought taking into account the own weight of the column. Although from the architectural 
blueprints we cannot obtain informations regarding the continuity of the reinforced concrete column 
from the ground floor to the basement, where it has to be fixed into izolated pillar foundations, the 
column will be considered fixed at the lower end and jointed at the upper end. Thus the whole free 
height of the column (H=4.60 m) will be considered buckling length. 
 

 
 

Figure 9. Detail of column Reinforcement: existent case (1912) si fictiv case (EC2). 
 
From the buckling check according to the relation H/b>15 from the initial static calculus results that 
the column only needs constructive longitudinal reinforcement bars 4Ø22 mm, arranged in the 
corners of the section and stirrups Ø8/300 mm, Fig. 9-left. According to the current Limit State 
Analysis, considering the geometric imperfections that generate excentric oblique compression and 
the seismic nature of the zone, the column needs to be reinforced constructively with minimum 
8Ø14 mm and two interior stirrups Ø8/300 mm, Fig.9-right. 
 
 
8. Conclusions 
 
The over reinforcing of the slab obtain by the Allowable Resistance Method can alter the behavior 
of concrete in the breacking process at the limit of state II of deformations, leading to concrete 
plasticizing before the creeping of the reinforcement. Designing of the rib registers a reinforcement 
area with 30% higher than that of the Limit State Analysis, but in the limit state of service, the 
concrete unit stress exceeds the limit allowed by the EC2 and the reinforcement begins to creep. 
Providing the section with constructive reinforced bars of 2Ø10 mm ensures the redistribution of 
stresses and the reduction of unit stress in the reinforcement. 

 
From the assessment of bending moments of the main continuous beam by Limit State Analysis, 
higher values than the case of simply supported beam, but after reducing the bending moments over 
the support, comparatively values are obtained. The insuficient area of reinforcement in the first 
span is an issue that must be investigated further, in order to determine the presence of pillars 
embedded in the walls. Finally, the constructive reinforcement 4Ø22 mm of the column design to 
be stresses only by pure compression ensures the taking efforts, but does not meet the seismic 
conformation demand, been needed minimum  8 Ø14mm. 
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Abstract 

This study explains how a test stand was designed and constructed in order to analyze the seismic 
induced fire performance of a steel bolted connection between a steel beam and a steel column in 
real scale. The behavior of these real scale steel connections is studied in a post earthquake fire.  
In order to simulate a seismic action on a beam to column steel connection which is a part of a 
building structure, a testing procedure for cyclic loads was developed according to European 
Convention for Constructional Steelwork. The Technical Committee 1 – Structural Safety and 
Loadings “has suggested a testing procedure for assessing the behavior of structural steel 
subassemblages under cyclic loads”. This procedure is put in work in a test stand.
The stand was constructed at the Technical University of Cluj-Napoca, Faculty of Civil 
Engineering Testing Laboratory and consisted in a steel structure facility for monotonic and cyclic 
action.
The fire experiment facility was made by constructing an oven made up by reflective thermo-bricks 
with a gas fire burner. Various types of loading histories will be idealized in cyclic tests to evaluate 
the resistance-deformation characteristics of the connections. After the specimens will be subjected 
to cyclic loads they will also be heated in the oven at 300oC, 400oC, 500oC, 600oC respectively and 
subjected to monotonic load.

Keywords: Beam-to-column connections, testing procedure, cyclic loads, fire resistance of joints, 
steel section, fire action 
 
 
1. Description and number of specimens 

The specimen that will be subjected to this programme of testing is a steel beam-to-column bolted 
connection. The scale in which the specimens are constructed is the real scale: the column is 3.0m 
high and the cantilever beam has a length of 2.0m (see Figure 1.1. below). A total number of 12 
specimens were constructed with the financial and technical support of some Romanian companies. 
The type of the material used is structural steel S235JR. There are 12 M20 bolts for each connection 
having the length of 70mm (see Figure 2). The column is stiffened by 15mm and 20mm steel plates. 
The execution detail is presented in Figure 1.b. 
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Figure 1. a. Overall dimension of specimen 

 

 
Figure 1. 1. Specimen subjected to testing programme – construction detail 

 

 
 

Figure 2. 1. Construction detail of the bolted connection 
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2. Testing procedure 

The European Convention for Structural Steelwork (ECCS) – Technical Committee 1- Structural 
Safety and Loadings provided a testing procedure for assessing the behavior of structural steel 
subassemblages under cyclic loads [4]. 
The testing procedures includes 2 preliminary classical monotonic displacement increase tests: first 
test: the increases are on a tensioned range defined as positive; the second test is on a compressed 
range defined as negative. From these 2 tests we compute Fy

+, ey
+, Fy

-, ey
-. We extracted the 

definition of the values mentioned before as follows: (see Figure 3 below). 
 

 
 

Figure 3: Definition of Fy
 and ey [4] 

 
The third test contains 4 cycles in the ey

+ - ey
- interval and 3 cycles the 2ey

+ - 2ey
- interval. (see 

Figure 4): 

 
 

Figure 4: Third test [4] 
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3. Test stand and the oven – description and photos 
 
3.1. Steel structure of the stand  
 
The main idea when designing the test stand was to assure that the realized links are according to 
the links that are going to be used in the numerical simulation: the beam-to-column connection has 
to be fixed in order not to permit rotations of the ensemble and also not to permit displacements in a 
direction normal to the plane formed by the axes of the beam and of the column. The construction 
detail is presented in Figure 5: 
 

 
 

Figure 5: Test stand: front view and upper view respectively 
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Figure 6: Photos of preparation of the stand for first test 
 

3.2 Construction of the oven 
 
In the following figure one may see the execution detail of the oven (Figure 7). It is placed such in a 
way to provide the gas flame exactly on the connection. The material is: reflective thermo bricks. 

 
 

Figure 7: Position detail of the oven 
 
The reinforced concrete top of the oven was designed in order to resist the action of fire: it is made 
of two plates protected by reflective thermo bricks of 12.5cm thickness. The plate itself has a 
thickness of 20cm like in the construction detail below: (see Figure 8.1) 
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Figure 8.1: Section through the reinforced concrete top of the oven 
 
The concrete used when making the tops of the oven is of class C20/25 and we used about 140 of 
reinforcement PC52 diameter 8 and 10. (see below Figure) The plates were precast and put on site 
with the help of the crane. (see Figure 9) The final total dimension of the top is 165x150cm. 
 

 
 

Figure 8.2: Cast and reinforcement plan of the top of the oven 
 

        
 

Figure 9: The oven: front view photo 
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4. Equipment 
 
The equipment we use for room temperature tests is: HBM - Quantum C - MX 1615 + software 
Catman and for the heat tests GOM – Aramis optical system.The loads are applied by 2 presses and 
the magnitude of the forces and displacement is measured by specific devices. 
The burner is of type Weishaupt which works on metan gas. (see Figure 10) It may provide 150kW 
but we suppose we’ll use half of its power. 

 
Figure 10: Gas burner for the oven 

5. Conclusions 

At the stage of the writing of this work, the author already tested the stand by making the first 7 
experiments. The stand proved it was very well designed and put on site, because the author got 
good results from the equipment. The results were in accordance with the author’s previously made 
numerical simulations and also with results from other experiments performed by other authors and 
with ECCS document [4]. Every part of the stand is an original and personal creation of the author. 
The steel elements were especially designed for the tested specimen (sections and dimensions of 
elements of the stand structure) and for the prior calculated expected forces. The way to test the 
specimen, the position of the specimen and the way to introduce cyclic action on the connection 
with the help of two presses controlled by a displacement translator at the free end of the beam, is 
an original contribution of the author. The oven was designed around the tested connection, was 
removable and made up of bricks built without binder. The concrete top was also removable and re-
used after each changing of the specimen. The gas burner was equipped with a special fan to protect 
it from the heat inside the oven when stopping the burn and performing the mechanical pressure on 
the beam. 
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Abstract 

To achieve the proposed objectives a case study was developed on composite frames, with fully 
encased steel-concrete composite columns and steel beams. The case study included five types of 
structures, with two, six, eight, ten and twelve levels made with three types of composite columns. 
The composite columns have different types of steel contribution ratios: low, medium and high. The 
floor plan was the same for all composite frames used in the case study. The level height was also 
the same for all stories and composite frames. To evaluate the seismic performances on the studied 
composite frames were performed pushover analysis, using the following parameters which control 
the chosen seismic zone: peak ground acceleration equal to 0.32g and the corner period equal to 
1.6s.

Keywords: composite frames, fully encased steel-concrete columns, pushover analysis 
 
 
1. Introduction 

The paper proposes to investigate the performances of composite frames made with fully encased 
steel-concrete composite columns and steel beams under seismic loading. The parameters chosen 
for the case study were the height of the structures and the steel contribution ratio for the composite 
columns: low, medium and high. Pushover analysis was performed on the analyzed frames using 
the FineLg finite element program [4]. The numerical model used was developed at Technical 
University of Cluj-Napoca, in 2013 [1]. The numerical model was validated supplementary with 
different experimental results taken from the international literature [2].
 
 
2. Numerical model 

The numerical model used was developed in 2013 [1] in FineLg, a finite element program 
implemented at Liège University, ArGenCo department. The finite element used was a classic beam 
element for concrete plane frames with steel reinforcement and embedded beams, as shown in Fig. 
1a. The numerical laws used for the materials are presented in Fig. 1b and c for both steel and 
concrete. The numerical model was calibrated and validated supplementary by different 
experimental results [2], taken form the international literature. The experimental tests performed 
by A. Mirza, V. Hyttinen and E. Hyttinen in 1996 included 16 specimens, as shown in Fig. 2a. The 
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failure loads consisted of concentric axial load Nu and a pair of transverse loads Vu acting 
simultaneously on pin-ended specimens, as shown in Fig. 2b.  The ratio of the cross-sectional area 
of structural steel to the overall concrete cross section was 4.2%. The materials used for the 
composite columns were: normal concrete with strength between 31÷34.2 MPa, structural steel with 
yield strength between 293.4÷311.2 MPa and reinforcing steel with yield strength between 565-634 
MPa. 
 

a b 

 

c 

 
Figure 1. Finite element (a), material law for steel (b) and concrete (c) 

 

a 

 
 

b 
 

Figure 2. Cross section of tested specimens (a) and testing loading (b) 
 
The validation was realized by comparing the force-displacement curves obtained experimentally 
with the ones obtained numerically. In Fig. 3a and Fig. 3b are presented the experimental and 
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numerical curves for the tested specimens, RHB-4 and RHB-4A. With blue line are presented the 
experimental curves and with red line the numerically obtained ones. The difference between 
experimental and numerical values was 0÷15%. 
 

a b 
 

Figure 3. Validation of the numerical model for column RHB-4(a) and RHB-4A (b) 
 
 
3. Case study 

The case study included five types of composite frames, with two, six, eight, ten and twelve levels, 
as showed in Fig 4b. The composite frames had the same floor level as showed in Fig. 4 (two 
openings of 7.00 m in transversal direction and five openings of 6.00 m in longitudinal direction) 
and the level height was the same for all levels, 3.40 m. 
 

           a b

Figure 4. Floor level (a) and transversal frames (b) 
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The considered loads in the pushover analysis were: permanent load 6.50 kN/m2 and live loads 3.00 
kN/m2. The chosen seismic zone was the one corresponding to a peak ground acceleration of 0.32 g 
and a corner period of 1.6 s. After a predesign analysis performed in Axis VM software were 
chosen IPE 550 profiles for the steel beams and the following materials: C40/50 concrete, S355 
steel for the structural steel profiles embedded in concrete and S500 steel for the longitudinal 
reinforcement. For each type of structure were chosen three types of composite columns. The 
difference between the columns was the structural steel ratio: low, medium and high. Table 1 
presents all the characteristic of the composite columns used in the analysis. The names of the 
structures have the following meaning: for example 6L2: 6 represents the number of levels, L 
comes from levels and the last number (2) represents the structural steel ratio chosen (1 for low, 2 
for medium and 3 for high).  

Table 1: Characteristics of composite columns 
Type of 
structure 

Floor Column section 
[mm x mm] 

Embedded profile Longitudinal 
reinforcement 

Structural 
steel ratio [ ] 

2L1 all 390x400 HEA 200  16Ø16 0.288 
2L2 all 350x360 HEM 140  16Ø14 0.439 
2L3 all 350x360 160x150x18x28  16Ø14  0.506 
6L1 all 500x590  HEA 400   14Ø22  0.32 
6L2 all  490x510  HEM 260  14Ø20  0.543 
6L3 all 450x460  260x250x25x40  14Ø18   0.610 
8L1 1-4 520x900  HEAA 500   20Ø25  0.253 

5-8 520X670 HEAA 400 20Ø20 0.291 
8L2 1-4 520x770 HEA 450  20Ø22 0.349 

5-8 520x570 HEA 360 20Ø20 0.368 
8L3 1-4 510x580 HEM 340  16Ø20 0.582 

5-8 470x490 HEM 260 16Ø18 0.550 
10L1 1-5 500x980 HEAA 700  20Ø25 0.315 

6-10 500x670 HEAA 400 20Ø20 0.297 
10L2 1-5 500x840 HEA 650  20Ø22 0.415 

6-10 500x550 HEA 360 20Ø18 0.389 
10L3 1-5 510x680 HEM 450  16Ø22 0.553 

6-10 470x490 HEM 260 16Ø18 0.550 
12L1 1-4 600x2000 HEAA 1000  30Ø32 0.215 

5-8 500x1600 HEAA 700 30Ø28 0.209 
9-12 500x670 HEAA 400 20Ø20 0.297 

12L2 1-4 520x1650 HEB 1000  26Ø28 0.361 
5-8 520x1200 HEB 700 26Ø25 0.370 

9-12 500x550 HEA 360 20Ø18 0.389 
12L3 1-4 520x1150 HE 900x466  22Ø25 0.559 

5-8 520x850 HE 600x399 22Ø22 0.595 
9-12 470x490 HEM 260 16Ø18 0.550 

In the predesign stage, all recommendations from P100-1/2006 [3] were considered. The ductility 
class chosen was H, with a q behavior factor equal to 6.5. The floor mass was concentrated in 
nodes, at the floor level. The seismic lateral forces had a triangular distribution. To study the 
seismic performances of composite frames pushover analysis were performed [4] for all structures 
presented previously. The monitored parameters were the global pushover curve and the evolution 
of interstorey drift at all levels. 
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4. Pushover analysis 

In Fig. 5 are presented the results of the pushover analysis for the two storeys structures. The results 
for all studied frames are presented centralized in Table 2. Fig. 5a, 5b and 5c represent the global 
pushover curve for 2L1 structure (a), 2L2 structure (b) and 2L3 structure (c). Fig. 5d, 5e and 5f 
represent the evolution of displacement of interstorey drift at all levels for 2L1 structure (d), 2L2 
structure (e) and 2L3 structure (f).  
 

a b c 

d e f 
 

Figure 5. Pushover analysis results for the two levels frames 
 
With a black vertical line is marked the interstorey drift limitation of 0.008h/ , where h represents 
the height of the structure and  is the is the reduction factor which takes into account the lower 
return period of the seismic action associated with the damage limitation requirement. The 0.008 
value corresponds to buildings having non-structural elements or brittle materials attached to the 
structure, according to the seismic norm P100/1-2006 [3]. With purple line is represented the 
interstorey drift limitation of 2.5%, FEMA 356-2000 [5] criteria for Life Safety. Table 2 presents 
the displacement and corresponding force for 0.008h criteria [3], 2.5% drift limitation according to 
FEMA 356-2000 [5] and the values at concrete failure, when cu2 reaches 3.5‰ value. The last 
column of Table 2 presents the corresponding force when p reaches 35mrad value [3], where p 
represents the rotation capacity of the plastic hinge region.  
 
Table 2: Results of pushover analysis on studied frames 

Type of 
structure 

0.008h/  2.50% Concrete failure 35 mrad 
corresponding 

force 
[kN] 

Fb 
[kN] 

dc 
  [m] 

Fb 
[kN] 

dc 
  [m] 

Fb 
[kN] 

dc 
  [m] 

2L1 676 0.046 804 0.112 934 0.067 - 
2L2 610 0.049 804 0.121 858 0.082 - 
2L3 616 0.050 891 0.131 891 0.113 - 
6L1 744 0.112 1443 0.307 1480 0.369 - 
6L2 733 0.115 1267 0.314 1351 0.374 - 
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6L3 660 0.116 1193 0.324 1244 0.377 - 
8L1 859 0.151 1531 0.375 1754 0.555 1677 
8L2 773 0.155 1329 0.385 1516 0.630 1488 
8L3 739 0.158 1252 0.411 1417 0.687 1375 
10L1 724 0.155 1355 0.464 1644 0.911 1547 
10L2 711 0.175 1330 0.482 1580 0.975 1393 
10L3 753 0.195 1281 0.549 1496 1.078 1348 
12L1 678 0.198 1400 0.541 2068 1.501 1764 
12L2 672 0.213 1284 0.578 1867 1.567 1565 
12L3 653 0.219 1221 0.623 1707 1.700 1372 

 
As can be seen in Table 2 the two and six storeys structures did not achieved a minimum rotation 
capacity of the plastic hinge region of 35 mrad, necessary to design the structure in class H. From 
the eight level structures the analyzed frames reached a superior rotation capacity of the plastic 
hinge region, 37 mrad for 8L1 structure to 69 mrad for 12L3 structure. 
 
 
5. Conclusions 

Composite frames realized with steel beams and fully encased steel concrete composite columns 
can be a very efficient solution for structures situated in medium or high seismic zone. From the 
case study realized the most important conclusions that can be drawn are: the use of a medium steel 
contribution ratio offers sufficient ductility, and also efficient cross section, it is not recommended 
to design a small structure (1-6 levels) in H ductility class, because it is very difficult to reach 
enough rotation capacity (all two and six levels studied frames did not reach the minimum value 
recommended by the seismic norms [3]. 
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Abstract 

The current paper presents various analytical models suitable for the evaluation of hybrid beam 
deflections, ranging from simple to complex expressions, which can be applied in common design 
practice. The formulations are based primarily on the Euler-Bernoulli composite beam theory and 
on the Stüssi–Granholm–Newmark–Pleshkov interlayer slip model, completed by shear deflection 
contributions based on the Timoshenko beam theory. The analytical expressions rely on the degree 
of shear interaction and connection stiffness, and can be independent of the loading and supporting 
conditions. The theoretical models were validated successfully against experimental data found in 
literature. Conclusions are drawn concerning the recommended formulations for use in practice.  

Keywords: FRP profile; hybrid beam; deflection; partial interaction; composite action; interlayer 
slip; analytical study; composite materials; flexural behavior. 
 
 
1. Introduction 

The past three decades have witnessed a continuous increase in the use of composite materials in 
infrastructure and building projects. Currently there is a wide array of composite shapes and 
corresponding construction technologies varying from laminates, reinforcement bars and textile 
fabrics to structural pultruded profiles.  
Researchers have recently combined pultruded FRP profiles (PFRPs) with a more traditional 
material, reinforced concrete (RC), to obtain new hybrid types of elements with superior strength 
and stiffness characteristics [1]. As these hybrid structural elements span greater lengths their 
behavior starts to be governed not by their ultimate capacity but by service state limitations such as 
admissible deflections. 
Major design codes such as Eurocode 4 or AISC 360-10 take into consideration the degree of shear 
interaction in the evaluation of flexural deflections for beams, but only from the perspective of the 
capacity of installed connectors. However, even in hybrid beams with a sufficient number of 
connectors, larger deflections than predicted were observed during experimental trials which were 
later imputed to the flexibility of the connection system [2]. 
Hence, this study proposes a simplified analytical method for evaluating the deflections of hybrid 
PFRP-RC beams under short-term loading, in both complete and partial interaction conditions. The 
method is based on the Euler-Bernoulli composite beam theory, Timoshenko beam theory and 
elastic partial interaction theory. It can be applied indifferent to the loading and supporting 
conditions.  
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2. Analytical models 
 
The two following sections present analytical expressions for evaluating deflections under complete 
or partial shear interaction conditions for a hybrid beam model comprised of an I-shaped profile and 
a rectangular reinforced concrete slab. The formulations can be extended to other prismatic cross-
section geometries which possess a vertical axis of symmetry. Calculation hypotheses are listed 
together with generally valid or specific case equations. The evaluation of deflections is performed 
under the elastic range of the beam’s constitutive materials. 
 
2.1 Complete shear interaction 
 
The elastic analysis of the PFRP-RC hybrid beam is performed assuming the following hypotheses: 
the whole width of the concrete slab is effective; there is no longitudinal slippage between the 
concrete slab and the PFRP profile; there is no vertical separation between the concrete slab and the 
PFRP profile; and the Euler-Bernoulli hypothesis is valid. 
 
Since the ratio between the longitudinal elastic modulus and the shear modulus of the composite is 
relatively low, a hybrid beam is susceptible to a significant increase in deflection due to shear 
deformations, a trait especially true for stockier members. Therefore, the elastic curve that describes 
the deflected shape of a hybrid element is based on the Timoshenko beam theory, and is a function 
of its flexural rigidity, denoted , and transverse shear rigidity, . The solution for the total 
deflection  with appropriate boundary conditions leads to the general expression as a sum of 
the deflection due to bending deformation  and the deflection due to shear deformation 

, at a position  along the beam: 
 

 Eq. (1) 
 
where  and  are functions that depend on loading and boundary conditions. For 
determinate beams, simply supported over a span distance , loaded with a concentrated force  at 
their midspan, as shown in Fig. 3, the functions are equal to: 
 

 

 

 
Figure 3. Case example of a 3-point bended 

simply supported hybrid beam. 
 

 

For composite members with complete shear interaction, the flexural rigidity  can be computed 
from the following relation: 
 

 Eq. (2) 
 
where  is the flexural rigidity when no connection is present (no shear 
interaction), , and  is the distance between the centroids of 
the cross-sections of the two materials,  and . 
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After cracking of the concrete slab occurs, a reduced flexural rigidity of the slab should be obtained 
by taking into account only the concrete area working under compression. 
As for composite steel-concrete beams, it is assumed that the concrete slab does not contribute 
greatly to shear capacity and therefore it is considered, in a conservative approach, that only the 
web of the profile carries the shear load. For homogeneous pultruded shapes, having the same 
properties in the flanges and webs of the profile, the transverse shear rigidity can be approximated 
as: 
 

 Eq. (3) 
 
The approximation presented above is best suited for analytical design because often times the 
calculation of the shear coefficient  is cumbersome even for simple cross-sections of profiles. 
 
2.1 Partial shear interaction 
 
An approximate static analysis and design procedure based on the Stussi-Granholm-Newmark-
Pleshkov model is presented for the partial composite action theory of Euler-Bernoulli beams with 
interlayer slip. The analytical procedure can be used for hybrid beams that have various load 
arrangements and supporting conditions, and it is based on the following hypotheses: discrete 
connections are replaced by a linearly elastic medium, for situations in which forces on connectors 
do not exceed about half their ultimate strength; shear at the interface is proportional to slip; the 
PFRP profile and concrete slab have the same curvature and rotation at the same section; material 
behavior of PFRP and concrete is linear elastic; reinforcement bars in the slab don’t provide vertical 
shear resistance and concrete tension capacity is neglected. 
Because of the numerous factors which influence the determination of the shear connector modulus, 
obtaining a simple but reliable design formulation presents difficulties. Where data from 
experimental tests is unavailable various studies propose empirical expressions to be used such as 
the one in [3] for steel-concrete composite beams with steel studs: 
 

- L
2 º

@ :rsx F rr rs yB ;
 Eq. (5) 

 
where 2 º is the maximum capacity of a connector, @ its diameter, and B represents the concrete 
slab’s compressive strength. 
The suggested method in this study for determining the bending deflection of hybrid beams with 
partial interaction is based on calculating a reduced, effective flexural rigidity ’+  and hence an 
increased effective bending deflection S  using a proposed dimensionless parameter denoted  
which reflects the influence of the connection’s flexibility over the structural response of the 
element, by affecting the complete flexural rigidity ’+ and complete bending deflection S :T;. 
 

’+ L
’+

sE
 Eq. (6) 

 
S :T;L S :T;fi:sE ; 

Eq. (7) 

 
One of the advantages of using this type of formulations in design is, besides its simplicity, the fact 
that the results are not sensitive to load type and supporting conditions and thus the expressions can 
be regarded as generally valid. The effects of partial interaction over shear deflection contributions 
are not treated herein, considering only the case of shear rigid connections. 
The differential equations [4] which govern the flexural behavior of a hybrid beam with slip 
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occurring at the interface are: 
 

 Eq. (8) 

 

 
Eq. (9) 

 
where  is the longitudinal spacing of the connectors, and  is obtained from: 
 

 Eq. (10) 

 
Exact solutions to differential Eq. (8) and (9) can be obtained by considering appropriate boundary 
conditions for specific cases, where at certain coordinates along the beam the deflection, slope or 
curvature have a known value. For the case exemplified in Fig. 3, a simply supported 3-point 
bended hybrid beam, the exact solution determined is: 
 

 Eq. (11) 

 
Correspondingly, the expression for the exact dimensionless parameter  was obtained from Eqs. 
(7) and (11), where  represents the relative longitudinal coordinate: 
 

 Eq. (12) 

 
Simplified expressions for calculating the effective bending deflection of various types of 
composite members with partial interaction have been suggested by different authors. By applying 
the proposed method from the current study, their expressions were converted to the dimensionless 
parameter  from Eq. (6) and (7). 
 
For steel-concrete composite beams, Nie and Cai [2] proposed after various simplifications the 
following generalized formulation which was argued to be close to the response of the uniformly 
loaded beam case: 
 

 Eq. (13) 

 
For the same type of composite element, Wang [5] suggested in his study a different expression 
which actually represents the exact solution for the maximum deflection of a simply supported 
beam under uniform loading conditions, considering partial interaction. From his results it was 
possible to compute: 
 

 Eq. (14) 

 
Girhammar [6] proposed a different method in his work which focuses on composite timber-
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concrete beams with incomplete shear connection. His studies aimed to adjust the so called 
“Gamma method” offered in Annex B of Eurocode 5 – Design of timber structures, by adding two 
parameters  and  which take into consideration the effective beam length of the problem, under 
partial and complete shear transfer mechanisms. The same author investigated the differences 
between buckling coefficients  and  and concluded that with the exception of the pinned-
clamped supporting case the two are practically identical and that for a simply supported composite 
beam . In fact, the expression provided in Eurocode 5 represents the exact solution 
of the flexural rigidity of a simply supported beam with a sinusoidal load distribution. Using Eq. (6) 
and (7), the dimensionless parameter obtained is: 
 

 Eq. (15) 

 

3. Parametric study 
 
In what follows a comparative analysis has been made in order to emphasize the differences 
between the exact formulation for effective bending deflection and the previous simplified 
expressions provided by varying key parameters of the equations. The dimensionless parameter  
which characterizes the influence of the partial composite action in a hybrid beam’s equation of 
deflection is notably dependent on two other dimensionless factors: the composite action parameter 

 and the relative bending stiffness parameter represented by the ratio . Since the ratio is 
independent of the connections flexibility a constant value was set to 2.5 for the rest of the 
comparative analysis. The value represents an average of ratios obtained from experimental data 
found in literature for GFRP-RC hybrid beams with mechanical connections. Figure 5 plots the 
variation of the ratio between the effective and maximum complete bending deflection 

 in function of relative longitudinal coordinates , for the symmetric static 
case illustrated in Fig. 3. Values are plotted considering full composite action and low partial 
interaction with  (exact and simplified formulations). 

 
 

Figure 5. Variation of complete and partial relative deflections to relative coordinates. 
 

As expected, a flexible connection between the two composing materials produces greater 
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deflections than considering complete interaction, with  larger than unity. Simplified Eqs. (14) and 
(15) lead to closer values of the exact term  than Eq. (13) for . 
To better distinguish the advantages of one method over the other or the eventual errors that a 
simplified calculation can produce, Fig. 6 charts, for three partial interaction situations, the variation 
of  in function of relative longitudinal coordinates . It is noticed that as the connection’s 
stiffness increases, the greater the , the three simplified formulation merge with the response of 
the exact solution. For low interaction cases, in this specific scenario, the variation of  is smaller 
than 5% with respect to the constant values of  and . 
 

 
 

Figure 6. Variation of partial interaction parameter  to relative coordinates. 

4. Validation of models 
 
In the last part of the investigation the analytical models were validated against experimental data 
found in literature [1,7]. Ultimate limit capacities were evaluated using the relations suggested in 
[8].  
Using the relations provided in section 2 the main parameters of partial interaction presented in    
Table 2 were computed for each specimen. Values for  were obtained from the exact solution and 
simplified Eq. (15) which best fitted the response for the calculation of maximum deflection of each 
specimen. 
 
Table 2: Parameters of partial interaction for hybrid beam specimens 

Specimen (%) 
HB1 2.50 9.65 0.87 0.153 0.144 -5.9% 
HB3 2.54 3.73 0.61 0.636 0.639 +0.5% 
B7 2.92 7.73 0.79 0.282 0.272 -3.5% 

Data for  suggests that the hybrid beams had a low to medium degree of composite action. The 
stiffness ratios indicate a reduction of complete flexural stiffness of 13 to 39%. The difference  
between the exact and simplified method of determining  is negligible and therefore the 
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approximate result was used in the remaining operations. 
 
So as to isolate the dependency of a hybrid beam’s maximum deflection to the connection’s 
flexibility, in what follows the shear stiffness was calculated from an equivalent elastic finite 
element model of the specimen with complete shear interaction. 
The maximum deflections of the hybrid beams were obtained at the Ultimate Limit State (ULS), 
using Eqs. (1), (2) and (7) and then compared to the experimental data reported in the studies.  
Table 3 summarizes the experimental values  and , the analytical values considering 
complete interaction , partial interaction values  , ,  with ,  where  is 
determined from either FEM analyses or Eq. (4); and the corresponding percentile differences 
versus the experimental data. 
 
Table 3: Maximum total deflections considering various hypotheses at ULS 

Specimen FEXP
(kN)

EXP
(mm)

CO
(mm)

EX
(mm)

G
(mm)

WEB
(mm)

CO
(%)

EX
(%)

G
(%)

WEB
(%)

HB1 181.0 92.81 78.91 86.76 86.27 86.27 -15.0% -6.5% -7.0% -7.0% 
HB3 296.0 20.98 11.21 18.47 18.49 25.62 -46.6% -12.0% -11.9% +22.1% 
B7 70.9 70.38 52.85 61.29 60.84 63.57 -24.9% -12.9% -13.6% -9.7% 

 
As seen from Table 3 and Fig. 9 and 10, the proposed method predicts fairly well the maximum 
deflections for the hybrid beams under investigation, both at the Ultimate Limit State and at 50% of 
it. Results considering partial interaction provide higher accuracy in comparison with the evaluated 
deflections under complete interaction. At ULS slightly lower values were obtained due to the fact 
that concrete has a profound nonlinear response closer to its maximum strength. The analysis also 
reveals that considering only the shear stiffness of the profile’s web, obtained deflections are on the 
safety side of the design, but a bit further from the experimental data. 
 

  

 
Figure 9. Analytic deflection  versus 

experimental deflection , at maximum 
capacity (ULS). 

 
Figure 10. Analytic deflection  versus 

experimental deflection , at 50% of the 
maximum capacity. 
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5. Conclusions 

The current study examined various analytical models suitable for the evaluation of PFRP-RC 
hybrid beam deflections which can be applied in common design practice. Partial interaction effects 
were also taken into account in function of the connection’s flexibility, expressed through a 
dimensionless parameter. The advantage of the proposed method is the fact that it can be applied 
independent of the loading and supporting conditions and in an easy and direct manner. After a 
parametric study the closest approximate solution to the exact method was chosen and validated 
successfully against experimental data found in literature. The study demonstrated also that even in 
hybrid beams with a complete degree of shear interaction, slip effects should not be neglected as 
they can lead to substantially higher deflections and reduced flexural stiffness. 
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Abstract 

AmQuake program for seismic assessment of masonry buildings is performed according to 
Eurocode 8 and 6 using pushover analysis and equivalent frame method. In addition, the program 
supports also a static analysis of masonry building according to Eurocode 6. One example will be 
given with the comparison of results with AmQuake and with classic methods.
Seismic ground motion is tridimensional. Whereas the response of the structure to vertical 
components of seismic ground motion does not usually induce action effects critical to the stability 
of masonry structure, horizontal inertia forces induce both in-plane and out-of-plane forces which 
should resisted by structural walls. Forces acting in the direction orthogonal to the plane of the 
walls are proportional to the distributed mass of the walls and acceleration induced in the building.  

Keywords: masonry, earthquake, software program, walls, mortar 
 
 
1. Analysis of masonry structures by classic methods 

Brick still is one of the most versatile building materials with plentiful and continued history. 
Masonry construction is obtained by laying masonry units by hand, in a large variety of 
arrangements and size, with solid or hollowed units.  Though such a simple method to build we 
have to take in consideration the complexity of masonry construction world-wide, due to the fact 
that masonry is an inhomogeneous material, anisotropic and characterized by inelastic behavior, 
even for low levels of stress. The reinforced grouted masonry constructions are considered the 
earthquake-resistant buildings. Structural walls which are the basic resisting element to seismic 
loads must be appropriate design and detailed to withstand inelastic deformation and to dissipate 
energy.  
There are some basic principles that should always be considered when designing an earthquake-
resistant masonry structure: 

- Structural simplicity and regularity  (uniformity, symmetry); 
- Rigid floor diaphragm; 
- Adequate foundation; 
- Redundancy (robustness).   

The procedure for designing the earthquake effects are: 
- Linear static analysis; 
- Linear dynamic analysis; 
- Non-linear static analysis; 
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- Non-linear dynamic analysis, which is not justified for this type of structures. 
Linear static analysis is done with equivalent forces associated with fundamental vibration spectra 
and earthquake is modelled by elastic spectrum, the case that is studied in this article. 
According to the results of earthquake damage analysis and subsequent experiments, three types of 
mechanism and failure modes define the seismic behaviour of structural masonry walls when 
subjected to in-plane seismic loads. The mechanisms depend on geometry of the wall (height/width 
ratio) and quality of materials, but also on boundary restrains and loads acting on the wall. (fig.1)   
It is not simple to model the non-elastic, non-homogeneous and anisotropic character of masonry by 
calculation. The prediction of lateral load-bearing capacity and deformability of masonry walls is 
usually based on the analogy with reinforced concrete structural elements. [1] 

 
Fig. 1. Typical failure modes of masonry walls, subjected to in-plane seismic load. 

 
An example for analysis one simple structure, one story, is given below with Fig. 2. 
Input data for the example are: 

- one story simple (unreinforced) masonry building, hstory=3.00 m; 
- residential house – class III of importance; 
- ground acceleration ag = 0.20g; 
- category I for masonry units with fb=10 N/mm2, group 2 with 50% vertical hollows; 
- mortar type M10 (G- made by recipe, prepared on site); type control – normal; 
- rigid floor diaphragm; 
- structural system is cellular; 
-  

 
Fig. 2. – -Plan of the analyzed building 
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1.1 Partial safety factor M can be chosen from table 8.13 from P100-1-2013 
 

M = 1.9 (for seismic situation);  
fd = fk/ M ; fk = 4.50 N/mm2 (CR-6-2013, tab. 4.2b); fd = 2.37 N/mm2 
where fd – the design compressive strength of masonry 
      fk- the characteristic compressive strength of masonry 

 
1.2 Calculation of own weight of the building (see table 1 and table 2) 

Surface of the building: S = 95.79 m2 
Surface of the floor (between walls): Sfloor = 79.85 m2 
Surface of the walls (in plane): Swalls = S- Sfloor; S walls = 15.94 m2 
Surface of the walls in elevation: 

- walls with t=30 cm: 96.10 m2; walls with t=25 cm: 47.65 m2 
Weight can be exactly calculated or taken from table C.2/CR6-2013: 

- walls with t=30 cm: w=3.75 kN/m2; walls with t=25 cm: w=3.275 kN/m2 
 
Table 1 

Walls with t=30 cm Walls with t=25 cm Total weight 
Swalls w Wwalls Swalls w Wwalls Wwalls Wwalls/S 
m2 t/m2 t m2 t/m2 t t t/m2 

96.10 0.375 36.04 47.65 0.3275 15.61 51.65 0.54 
 
Designed load on the floor for calculation of compressive axial forces in walls for seismic situation 
is: Pfloor, earthquake = N (Gfloor) +  Q              Eq. (1)  
where  is a factor for grouping loads and for residential buildings =0.3. 
Wfloor=6.4 kN/m2; Q = 1.5 kN/m2; Pfloor, earthquake = 6.4+0.3x1.5 = 6.85 kN/m2 
 
Table 2 

Wwalls Wfloor Wtotal Wtotal/S 
t t t t/m2 

51.65 54.7 106.35 1.11 
 
1.3 Calculation of masses subjected to seismic action 

The mass modeling for buildings with one story [2] 
 

Fig. 3. – Mass modeling  
 
 M=0.25· mwall · hwall +Mroof              Eq. (2) 
 
1.4 Calculation of seismic static equivalent force 

Design base shear force: Fb = c ·Wtotal            Eq. (3) 
 where  c = I · ( o ·  · /q) ·ag/g            Eq. (4) 
and  c – the global seismic coefficient; 

I – the importance factor; I=1.0 based on Eurocode 8 
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 o – the maximum normalized spectral value assumed constant between TB and Tc; o=2.50 
  – reduction factor;  = 1.0 based on P100-1-2013 
  – the damping correction coefficient with reference value 0.88 for 8% viscous damping 
 q – behavior factor; q=1.5 based on P100-1-2013 
  c=1.0· (2.5·1.0·0.88/1.5) ·0.20=0.29 

Fb=0.29·106.35=31 t 
Plane models for seismic design 
The building has geometric and structural regularity, it is symmetrical on plan and in elevation on 
both principal axes and so we can do calculation with seismic static equivalent forces using two 
plane models. (Fig. 4) 
 

 
 

Fig. 4. – Plane models for building design 
 

Verification of density for structural walls 
p=100·S (T),(L)/S (%)          (eq. 5) 
Transversal: ST1+…+T9=6.18 m2; p=6.45 % 
Longitudinal: SL1+…+L6=6.48 m2; p=6.76 % 
These percentages meet the requirements from table 8.8 – P100-1-2013.  
Verification of coefficient 

 – represent the ratio between the length of hollows and length of fills of the wall on each direction 
Transversal: 
Axis 1: lfills=6.8 m, lhollows=3.5 m, =0.514<1  
Axis 2: lfills=7.8 m, lhollows=2.5 m, =0.320<0.35  
Axis 3: lfills=7.3 m, lhollows=3.0 m, =0.410<1  
Longitudinal: 
Axis A: lfills=7.3 m, lhollows=2.0 m, =0.270<1  
Axis B: lfills=7.8 m, lhollows=1.5 m, =0.190<0.35  
Axis C: lfills=7.8 m, lhollows=1.5 m, =0190<1  
These percentages ratios meet the requirements from table 8.11 – P100-1-2013.  
Distribution of base shear force between structural walls 
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From the methods that we can use is independent cantilever method which distribute base shear 
force between structural walls using the criteria of equality of total lateral movements (translation 
and assembly torsion) to every wall, at the top of the building. 
Coordinates of weight center of the floor is: XCW=9.30/2=4.65 m; YCW=10.30/2=5.15 m 
Calculation of lateral rigidity and rigidity center [2]:      

           
                 Eq. (6) 
where Kg – relative rigidity of the wall from one story; 

 t – thickness of the wall; 
 p – shape factor; 
 xi, yi – coordinates of the wall in ratio with XOY system 
Transversal (parallel with axis OY): 

 
Table 3 

t lw Kg xi xi Kg
(m) (m) (m) (m) (mp)

T1 0.30 1.50 2.00 0.0214 0.15 0.0032
T2 0.30 3.90 0.77 0.1086 0.15 0.0163
T3 0.30 1.40 2.14 0.0184 0.15 0.0028
T4 0.25 2.00 1.50 0.0317 5.65 0.1794
T5 0.25 2.98 1.01 0.0617 5.65 0.3487
T6 0.25 2.83 1.06 0.0570 5.65 0.3222
T7 0.30 2.40 1.25 0.0526 9.15 0.4813
T8 0.30 3.50 0.86 0.0937 9.15 0.8575
T9 0.30 1.40 2.14 0.0184 9.15 0.1687

0.4637 2.3801

Elem. p

 
 

Kg (T) =0.464 m;    xi Kg (T) =2.380 m2 
Position of rigidity center XCR= xi Kg (T)/ Kg (T) =2.380/0.464=5.129 m 
Longitudinal (parallel with axis OX): 
 
Table 4 

t lw Kg yi yi Kg
(m) (m) (m) (m) (mp)

L1 0.30 1.50 2.00 0.0214 0.15 0.0032
L2 0.30 5.80 0.52 0.1775 0.15 0.0266
L3 0.25 0.50 6.00 0.0011 0.15 0.0002
L4 0.25 7.30 0.41 0.1920 5.65 1.0846
L5 0.30 1.50 2.00 0.0214 5.65 0.1211
L6 0.30 6.30 0.48 0.1952 5.65 1.1031

0.6086 2.3388

Elem. p

Error! Not a valid link.  
Kg (L) =0.609 m;    yi Kg (L) =2.339 m2 

Position of rigidity center YCR= yi Kg (L)/ Kg (L) =2.339/0.609=3.841 m 
Torsion rigidity: 
KJR= [ Kgi (T) · (XCR-xi)2+ Kgi (L) · (YCR-yi)2]           Eq. (7) 
From tables we have : XCR= 5.129 m;  YCR=3.841 m 
 
 

 69



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro 
 

Table 5Error! Not a valid link. 
Kg(T) xi Xcr-xi Kg(T)x(Xcr-xi) Kg(L) yi Ycr-yi Kg(L)x(Ycr-yi)
m m m mc m m m mc

T1 0.0214 0.15 4.979 0.531 L1 0.0214 0.15 3.691 0.292
T2 0.1086 0.15 4.979 2.692 L2 0.1775 0.15 3.691 2.418
T3 0.0184 0.15 4.979 0.457 L3 0.0011 0.15 3.691 0.015
T4 0.0317 5.65 0.521 0.009 L4 0.1920 5.65 1.809 0.628
T5 0.0617 5.65 0.521 0.017 L5 0.0214 5.65 1.809 0.070
T6 0.0570 5.65 0.521 0.015 L6 0.1952 5.65 1.809 0.639
T7 0.0526 9.15 4.021 0.851 0.6086 4.062
T8 0.0937 9.15 4.021 1.515
T9 0.0184 9.15 4.021 0.298

0.4637 6.385

Elem. Elem.

 
 
KJR=6.385+4.062=10.447 m3 

Distribution of shear base force [2]: 
Translation component is:  
 

    Eq. (8), Eq. (9) 
Rotation component is: 

       Eq. (10), Eq. (11)
  
 
Structural eccentricity for rigidity center: 
e0x= |XCR-XCW|=|5.129-4.650|=0.479 m 0.48 m 
e0y= |YCR-YCW|=|3.841-5.150|=1.309 m 1.31 m 
Accidently eccentricity: 
eax=±0.05x9.30=±0.465 m 
eay=±0.05x10.30=±0.515 m 
Total eccentricities: 
ex,max= e0x+ eax=0.48+0.465=0.95 m 
ex,min= e0x- eax=0.48-0.465=0.02 m 
ey,max= e0y+ eay=1.31+0.515=1.83 m 
ey,min= e0y- eay=1.31-0.515=0.80 m 
Moments of torsion: 
Mtr=Fb·ex (seismic force on Y direction) 

Mtr,x.max=31·0.95=29.45 tm;    Mtr,x.min=31·0.02=0.62 tm 
Mtr=Fb·ey (seismic force on X direction) 

Mtr,y.max=31·1.83=56.73 tm;    Mtr,y.min=31·0.80=24.80 tm 
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Table 6 – Shear force on Y direction 

Kg(T) Fi(tr) Xcr-xi Kg(T)x(Xcr-xi) Fi (rot) Fi (tot)
m t m mp t t

T1 0.0214 0.046 1.433 4.979 0.107 0.301 1.733
T2 0.1086 0.234 7.259 4.979 0.541 1.524 8.783
T3 0.0184 0.040 1.233 4.979 0.092 0.259 1.492
T4 0.0317 0.068 2.122 -0.521 -0.017 -0.047 2.076
T5 0.0617 0.133 4.126 -0.521 -0.032 -0.091 4.035
T6 0.0570 0.123 3.813 -0.521 -0.030 -0.084 3.729
T7 0.0526 0.113 3.517 -4.021 -0.212 -0.596 2.920
T8 0.0937 0.202 6.265 -4.021 -0.377 -1.062 5.203
T9 0.0184 0.040 1.233 -4.021 -0.074 -0.209 1.024

0.4637 -0.002

Elem. Kg(T)/  
Kg(T)

 
 

Table 7 – Shear force on X direction 
Kg(L) Fi(tr) Ycr-yi Kg(L)x(Ycr-yi) Fi (rot) Fi (tot)
m t m mc t t

L1 0.0214 0.0352 1.091 3.691 0.079 0.429 1.521
L2 0.1775 0.2916 9.041 3.691 0.655 3.558 12.599
L3 0.0011 0.0018 0.054 3.691 0.004 0.021 0.076
L4 0.1920 0.3154 9.778 -1.809 -0.347 -1.886 7.892
L5 0.0214 0.0352 1.091 -1.809 -0.039 -0.211 0.881
L6 0.1952 0.3208 9.944 -1.809 -0.353 -1.918 8.026

0.6086 -0.001

Elem. Kg(L)/  
Kg(L)

 
 

 
2. Analysis of masonry structures by AmQuake 
 
Amquake is a software program for seismic assessment of masonry buildings. The program 
includes national specifics as they are defined in corresponding annexes to EC6 and EC8 for the 
supported countries. In addition the program supports Romanian standards P100 and CR6. The 
national specific parameters for various formulas implemented in the program are defined by the 
national coefficient table. 
The main principles of the equivalent frame method lies in modeling all structural elements by 1D 
beam elements only. It applies for both vertical and horizontal elements like vertical bearing walls, 
horizontal bond/ring beams, door / window top heads and so on. The next important assumption is 
that in-plane stiffness of all ceiling slabs is infinite, whilst their out-of plane stiffness is negligible. 
The solution is of predictor-corrector type. The predictor is based on purely linear elastic solution, 
whereas the corrector is nonlinear and obeys recommendations of Eurocode 6: Design of masonry 
structures. Similar approach is used for reinforced concrete elements, but is based on Eurocode 2. 
A typical model consist of a number of bearing walls, walls with windows, RC rings, ceilings. With 
exception of ceilings, these are modeled by vertical or horizontal beam elements. Vertical elements 
are used to model bearing walls, while horizontal elements are used for parapet and lintel parts of 
walls with windows. The beams are typically placed to coincide with the axis of the corresponding 
(original) 3D solid element. Now, the question is how to interconnect the created beam elements, so 
that they behavior is close to behavior of the original structure. In AmQuake, this is done by special 
boundary conditions developed to mutually connect beams and nodes. It is called RigidLink. This 
RigidLink shall respect kinematic constraints. The building analyzed above was also designed by 
AmQuake. 
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Fig. 6 - Results 

 
 
 
 

 
 
 
 
 
 
 
 
 
 

3. Conclusions 
 
In the case of masonry structures, there is usually no need for sophisticated non-linear dynamic 
analyses to be carried out for seismic resistance verification. Because of the regularity and 
simplicity of the typical masonry structure, an equivalent static analysis will provide reliable 
information regarding the safety of the building under consideration against expected seismic loads. 
It is also not necessary that, because of the tri-dimensional nature of seismic ground motion, 
complex spatial mathematical models are used to model the response of masonry buildings to 
earthquakes. In normal cases, the verification of the seismic resistance of the structure in two 
orthogonal directions will be appropriate. [1] 
In order to obtain reliable information on the seismic resistance of the building, the structural model 
used for the seismic resistance verification should be capable of representing the basic features of 
the behavior of both the entire system and individual structural elements.  
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Abstract 
 
Given the important active seismic area in which Ia i municipality is situated, information about 
the seismicity of this region is required. This paper provides an assessment of the Peak Ground 
Acceleration (PGA) and Modified Mercalli Intensity (MMI) values for Iasi region. The seismic 
hazard curve for Ia i municipality has been drawn, depending on MMI values which may be 
recorded in this region. PGA and MMI values were correlated by using different approaches. 
Moreover, the MMI values which may be registered in Ia i region, in case of 7.5, 8 and 8.5 moment 
magnitude earthquakes were computed for each approach. The approached subject represents a 
starting point for the seismic resilience improvement in case of Iasi municipality, in a world in 
which the interest for resilience is continuously increasing, due to the imminence of disastrous 
events. 

Keywords: seismic area, Peak Ground Acceleration, Modified Mercalli Intensity, hazard, 
magnitude, seismic resilience 
 
 
1. Vrancea seismic region. Seismic waves’ directivity toward North–Eastern 
Romania 
 
Throughout history, the region found in the Danube River’s inferior basin (nowadays Romania) was 
shaken by some of the largest earthquakes ever registered in Europe. In some cases, the released 
energy was so large that the resulted shock wave was felt at distances of thousands of kilometers, 
reaching Moscow (Russia) or Cairo (Egypt). The damages caused by these earthquakes have 
outlined the need of in-depth analysis in what concerns the seismic hazard specific for this region, 
as well as the need to suggest solutions to reduce the possible negative effects. 
 
Among the seismic areas found in Romania, Vrancea is, by far, the most important one. Its 
importance is given by the quantity of focal energy released, by the size of the affected area and by 
the epicenters’ persistent and concentrated character [1], in a narrow area of only 20x60 km2. 

 
In what concerns the focal mechanisms of the intermediate depth major earthquakes, it has been 
observed that their rupture plane has a NE – SW orientation [2]. This rupture under a certain plane 
leads to a preferential directivity of the seismic wave, following the Foc ani – Ia i – Chi in u  and/ 
or Bucure ti – Zimnicea – Sofia direction. The maximum seismic intensity distribution map, 
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presented in Figure 1, represents a confirmation of the idea presented above, the lines of equal 
intensity having an elongated shape on the NE – SW direction.  
 

 
 

Figure 1. Maximum seismic intensity distribution for the 1940 (Mw = 7.4) and 1977 (Mw = 7.4) 
Vrancea earthquakes [2] 

 
Figure 1 emphasizes that Iasi municipality is situated in a high seismic region, which leads to the 
necessity of analyzing the seismic hazard for this area and of suggesting solutions for losses 
mitigation. Although for the 1977 earthquake, the above figure presents a higher intensity registered 
in Muntenia, after several research works it has been established that some earthquakes can be felt 
stronger in Moldova, depending on focal depth and the seismic energy focusing. Table 1 lists some 
of the biggest earthquakes occurred in Vrancea beginning with the XVIIIth century, which had a 
clear directivity towards Moldova, according to M rmureanu et al. (2010) [2] and historical 
recordings [3]. 
 
Table 1. Major earthquakes with a clear directivity towards Moldova, beginning with the XVIIIth 
century 
No.
crt. 

Data Latitude 
( deg ) 

Longitude 
( deg ) 

Depth 
( km ) 

Magnitude Moment  
Mw

1. 1738/06/11 45.70N 26.60E 130.00 7.70 
2. 1802/10/26 45.70N 26.60E 150.00 7.90 
3. 1829/11/26 45.80N 26.60E 150.00 7.30 
4. 1940/11/10 45.80N 26.70E 150.00 7.70 
5. 1986/08/30 45.52N 26.49E 131.40 7.10 

 
Throughout history, references were made concerning material or life losses following seismic 
events, and with their help, researchers are able now to estimate the intensities, then the magnitudes 
which could have been registered. Considering that the earthquakes’ history is large, compared to 
the small number of instrumental recordings, the extraordinary importance of the old writings 
referring to seismic events becomes evident.  
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2. Peak Ground Acceleration Values Specific for Ia i Region
 
The information upon which the seismic codes were built is related to past occurrences. Analyzing 
them is crucial in understanding earthquakes for a specific region, in forecasting them and 
conceiving hazard maps. The seismic hazard level is defined by the Peak Ground Acceleration 
(PGA), determined for a mean period of recurrence of seismic events. According to the new seismic 
code P100/2013 [4], the design PGA specific for Ia i region is illustrated in Eq. (1): 
 
 0.25ga g   Eq. (1) 
considering a mean period of recurrence of 225 years and 20 % probability of overpassing it in 50 
years.  
 
The most devastating earthquake, the one from March 1977, was recorded entirely only by one 
instrument found at the basement of the Building Research Institute (INCERC), in Bucharest. 
However, using this record in other areas, like Ia i municipality, leads to inaccurate results. In order 
to determine the earthquake effect and the type of ground motion in Ia i region, attenuation 
relationships are used. They estimate the ground motion of an earthquake of a certain magnitude at 
different distances. 
 
For Moldova, and thus Ia i region, using the Joyner-Boore model (1997) [5], Lungu et al. (1997) 
[6] proposed the attenuation relation shown in Eq. (2): 
 
 ln 4.601 0.929 1.03 ln 0.008PGA M R h   Eq. (2) 
where: PGA is the maximum peak ground acceleration at the site, M is the earthquake magnitude 
on Richter scale, R is the hypo-central distance to the site, h is the focal depth in km,  is modeled 
as a random variable of zero mean and the standard deviation ln PGA , considered to be for 
Moldova region ln 0.465PGA . 
 
The relationships given in Lungu et al. (1997) [6] use the Gutenberg-Richter magnitude. The 
conversion between the moment magnitude Mw  and the Gutenberg-Richter magnitude GRM  is 
determined by applying Eq. (3) [7]: 

 1 (M 0.36)
1.09GR wM   Eq. (3) 

By applying Eq. (2) and Eq. (3) and considering the epicentral information for the 1977, 1986 and 
1990 earthquakes, given by the Romanian National Institute of Earth Physics (INFP), the values of 
the PGA have been computed for Ia i area, in each of these three cases, and are given in Table 2. 
 
Table 2. Peak Ground Acceleration values of Romania’s major earthquakes for Ia i area 
Earthquake 

from: 
Moment 

Magnitude 
(Mw)

Magnitude 
Gutenberg-

Richter 
(MGR)

Focal 
depth 

h
(km) 

Epicentral 
distance 

to the site 
D (km)

Hypo-
central 

distance to 
the site R

(km) 

PGA
(cm/s2)

PGA
(g) 

Considering 
standard 
deviation 
PGA (g) 

04.03.1977 7.4 7.2 94 167.6 192.16 163.02 0.17 0.26 
30.08.1986 7.1 6.9 131.4 201.4 240.47 74.65 0.08 0.12 
30.05.1990 6.9 6.7 91 157.8 182.16 116.15 0.12 0.19 
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By analyzing the existing data, INFP conceived PGA Maps for all recorded earthquakes, including 
the ones mentioned above. The PGA values for Ia i region, given by INFP for the 1977, 1986 and 
1990 earthquakes are approximated in Table 3. For comparison, in Table 3 are added also the PGA 
values obtained by using Eq. (2). 

 
Table 3. Comparison between the PGA values obtained by using Lungu et al. relationship and the 
ones given by INFP 

Date Moment 
Magnitude 

Depth (km) PGA according 
to INFP(g) 

Computed 
PGA (g) 

Considering 
standard deviation 

PGA (g) 
04.03.1977 7.4 94.00 0.14 0.17 0.26 
30.08.1986 7.1 131.40 0.06 0.08 0.12 
30.05.1990 6.9 91.00 0.08 0.12 0.19 

 
As it can be observed, the PGA values given by INFP [1] are comparable to those obtained by using 
Lungu et al. [6] attenuation relation, presented in Eq. (2). The difference may appear because the 
authors (Lungu et al., 1997) deduced a relation for the entire Moldova region, whereas the area of 
interest, in case of the present research work, is represented only by Ia i municipality. Lungu et al. 
computed a mean value for each coefficient, the results being slightly affected for Ia i area. 

 
On the other hand, when the standard deviation ln PGA   is taken into account, the PGA values 
are considerable higher than the ones given by INFP. One of the general rules for attenuation 
models is that the standard deviation should be as small as possible. However, the value 0.465 of 
the standard deviation obtained by Lungu et al. for Moldova region is relatively large (usually, the 
standard deviation ranging between 0.15 and 0.30), leading to unsatisfactory results. 
For analyzing the effect of major earthquakes upon Ia i region, PGA values were computed in 
Table 4 using Lungu et al. attenuation formula, given in Eq. (2). The magnitudes on Richter scale 
that were considered in the computation are 7.5, 8 and 8.5. Because the focal depth has a major 
importance in the earthquake’s effect upon an area, three values are considered: 90 km, 130 km and 
170 km. These values were chosen based on the earthquakes’ frequency (90 km, 130 km), the last 
value of 170 km representing the approximate depth below which the earthquakes’ frequency and 
magnitude decrease substantially. The epicentral distance to the site is considered to be an average 
value of 170 km. 
 
Table 4. Peak Ground Acceleration values for Ia i region, in case of extreme events 

Magnitude 
Gutenberg-

Richter (MGR)

Focal depth h
(km) 

Epicentral 
distance to the 

site D (km) 

Hypo-central 
distance to the 

site R (km) 

ln PGA PGA 
(cm/s2)

PGA
(g) 

7.5
90 170.0 192.35 5.43 228.47 0.23 
130 170.0 214.01 5.00 148.64 0.15 
170 170.0 240.42 4.56 95.74 0.10 

8
90 170.0 192.35 5.90 363.54 0.37 
130 170.0 214.01 5.47 236.51 0.24 
170 170.0 240.42 5.03 152.35 0.16 

8.5
90 170.0 192.35 6.36 578.47 0.59 
130 170.0 214.01 5.93 376.34 0.38 
170 170.0 240.42 5.49 242.42 0.25 
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3. Modified Mercalli Intensity Values Specific for Ia i Region
 
A small number of earthquake recordings exist in comparison with the large number of earthquakes 
that shook the ground throughout centuries. However, people experiences and the effects of a 
certain earthquake can be found written in old documents and, using a macroseismic intensity scale, 
it is possible to deduce the severity of the ground shaking. By considering the shaking severity level 
which may occur in a certain area, hazard maps can be drawn and measures can be taken in order to 
diminish the amount of damage as much as possible. The Modified Mercalli Intensity Scale (MMI) 
is the most used scale when describing the severity of the ground shaking, by using non-
instrumental observations. It is composed of 12 increasing levels, from I (not felt) to XII (total 
destruction). 
 
In order to establish the seismic intensity that may be felt in Ia i municipality in case of extreme 
seismic events, the intensity attenuation function of Sponheuer (1960) based on Kovesligethy 
(1907) was utilized, it being described by Eq. (4) [8]: 
 
 . 3log( / ) 1.3 ( )site epicI I r h r h   Eq. (4) 
where: siteI  is the seismic intensity felt at the site, .epicI  - the epicentral intensity, r – the hypocentral 
distance (km), h – the depth (km) and  - the absorption coefficient. Ardeleanu et al. (2005) [8] 
considers the absorption coefficient , in case of Romania, to be 0.002 km-1. 
 
The values of the seismic intensity at the epicenter can be evaluated by using an approximate 
relation between Gutenberg-Richter scale and MMI scale, given in Table 5 [9], when the 
Gutenberg-Richter magnitude is known. 
 
Table 5 Comparison between Gutenberg-Richter and Modified Mercalli Intensity scale [9] 

Intensity I II III IV V VI VII VIII IX X XI XII 
Magnitude 1-2 2-3 3-4 4 4-5 5-6 6 6-7 7 7-8 8 >8 

 
Table 6 presents the seismic intensity values, in case of major events, obtained for Ia i municipality 
by applying Sponheuer’s (1960) attenuation function. An average epicentral distance of 170 km 
was considered in the computation, as well as a medium depth of 130 km. 
 
Table 6. Seismic intensity values on MMI scale, specific for Ia i region, in case of major 
earthquakes 
Gutenberg-

Richter 
Magnitude 

Seismic 
intensity on 

MMI scale felt 
at epicenter 

Hypocentral 
distance r

(km)

Depth
h (km) 

Absorption 
coefficient 

(km-1)

Seismic 
intensity felt 

at the site 

Seismic 
intensity on 

MMI scale felt 
at the site 

7.5 X 214.01 130 0.002 9.1 IX 
8 XI 214.01 130 0.002 10.1 X 

8.5 XII 214.01 130 0.002 11.1 XI 

 
Ardeleanu et al. (2005) [8] calculated the seismic hazard from all source zones, for Vrancea events 
of intermediate depth, in case of different recurrence periods recommended by EUROCODE 8 [10] 
(95, 475 and 10000 years).  In addition, Leydecker et al. (2008) [11] computed the seismic hazard 
values, considering all source zones, for recurrence periods of 2475 and 4975 years. By extracting 
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the seismic intensity values specific for Ia i municipality from the hazard data set given in [8] and 
[11], the seismic hazard curve specific for Ia i municipality is drawn in Figure 2. 
 

 
Figure 2. Seismic Hazard Curve for Ia i municipality 

 
 
4. Correlation between Peak Ground Acceleration (PGA) and Modified Mercalli 
Intensity (MMI) 
 
During the last decades, attempts have been made to develop analytical correlation formulations 
between the traditional earthquake intensity and the physical parameters of ground motion, 
especially PGA. The damages produced by the seismic activity are seen from the intensity point of 
view, and the intensity is closely linked to PGA value. The main problem in obtaining a correlation 
between these two scales is that MMI scale is based on subjective observations, whereas PGA deals 
only with instruments (objective analysis). A relationship between MMI and PGA succeeds in 
connecting directly the damages produced by the earthquake with the registered ground 
acceleration. 
 
Wald et el. (1999) [12] developed regression relationships between MMI, mmI , and PGA, for a 
limited range of Modified Mercalli intensities mmV I VIII , as described by Eq. (5): 
 
 3.66log( ) 1.66mmI PGA   Eq. (2) 
Because the seismic database, when conducting this research, did not contain enough information 
on lower intensity value earthquakes ( mmI IV  ), an estimation of this intensity was computed and 
it is presented in Eq. (6): 
 
 2.20log( ) 1.00mmI PGA   Eq. (3) 
Trifunac & Brady (1975) [13] developed also a conversion relation between MMI and PGA, 
described by Eq. (7): 
 
 (1/ 0.3) (log( 980) 0.014)MMI PGA   Eq. (4) 
where PGA value is in g (gravitational acceleration, cm/sec2).  
 
In addition, the HAZUS software (FEMA, 1999) methodology, represented in Table 7, gives an 
approximate relation between MMI and PGA [14]. 
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Table 7. MMI to PGA Conversion Table, according to HAZUS software 
MMI IV V VI VII VIII IX X XI XII 

PGA (g) 0.02 0.055 0.12 0.21 0.36 0.53 0.71 0.86 1.15 
Atanasiu, G.M. & Leon, F. (2007) [14], considering the values given in Table 7, deduced an 
empirical relation for PGA as a function of MMI by regression. The regression formula using 
quadratic fit is presented in Eq. (8): 
 20.1123 0.0801 0.0138PGA MMI MMI   Eq. (8) 
Based on Table 4 and considering the conversion relations presented in Eq. (5), Eq. (6), Eq. (7) and 
Eq. (8), an analysis of the earthquake’s impact upon people and the environment in Ia i region, in 
case of important seismic events, is done. It is presented in Table 8. 
 
Table 8. MMI values obtained for Ia i region in case of major seismic events 

Modified Mercalli Intensity Values

Local 
Magnitud

e

Focal depth 
h (km) 

Epicentra
l distance 

R (km) 

PGA 
(cm/s2)

PGA
(g)

Wald et al. 
(1999) 

Trifunac & 
Brady 
(1975) 

HAZUS 
software 
(FEMA, 

1999) 

7.5
90 170 228.47 0.23 7.0 7.8 7.0 

130 170 148.64 0.15 6.3 7.2 6.2 
170 170 95.74 0.1 5.6 6.6 5.6 

8
90 170 363.54 0.37 7.7 8.5 8.1 

130 170 236.51 0.24 7.0 7.9 7.1 
170 170 152.35 0.16 6.3 7.2 6.3 

8.5
90 170 578.47 0.59 8.4 9.2 9.5 

130 170 376.34 0.38 7.8 8.5 8.2 
170 170 242.42 0.25 7.1 7.9 7.2 

 
As it can be observed from the above table, the results obtained are: for 7.5 magnitude – VII-VIII 
level on MMI scale, for 8 magnitude – VIII-IX level and for 8.5 magnitude – VIII-IX and even X 
level for shallow earthquakes. Also, comparing the results, a large similarity becomes evident 
between the HAZUS software values and Wald et al. (1999) results. 
 
 
5. Conclusions 
 
This paper describes the existing seismicity in Iasi municipality, along with a general overview on 
North-Eastern Romania. The focus of this study was not only to make a resume of the already 
known information on this subject, but also to obtain new data that could be used in future studies. 
In this regard, Peak Ground Acceleration values, as well as Modified Mercalli Intensity values 
characteristic for Iasi municipality were computed for different moment magnitude earthquakes. 
For obtaining more accurate results, different approaches were used when computing the Modified 
Mercalli Intensity values. Being situated in a high seismicity area, there is an imperious need of 
evaluating the seismic risk in Ia i municipality, the purpose for which the seismic hazard curve was 
conceived. In this concern, measures could be taken in the future in order to diminish the disastrous 
effects of such a phenomenon and increase seismic resilience. 
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Abstract 

The objective of the contribution is to present in a comparative manner the effectiveness of seismic 
protection by passive tuned mass damper (PTMD) and by added linear viscous damping. Adopted 
methodology consists of comparing a set of seismic response components – expressed in energy 
terms - computed for several multistory steel structures equipped, alternatively, with PTMD systems 
and added viscous damping, respectively. Seismic responses are expressed in energy terms and 
involve two energy components: seismic input energy Ei and energy absorption capacity Ed.
Presented numerical results are associated to a set of two structures (ten and fifteen stories) acted 
upon by two recorded earthquakes. The two energy components are computed in two cases of 
seismic protection equipment: added mass (varying from 2% to 10% of the mass of the structure) 
and added viscous damping (fraction of critical damping varying from 2% to 10%). To emphasize 
the effectiveness of seismic protection, two energy criteria are proposed: the amount of stored 
energy (Ei - Ed) and the ratio Ed / Ei. Relevant comments and concluding remarks are inferred. 

Keywords: added mass, added damping, seismic response, energy state. 
 
 
1. Introduction 

Seismic protection via passive technologies has become a common practice in both, structural 
design activity and structural erection. Demanding requirements of seismic design provisions can 
no longer be fulfilled by ignoring such equipment as passive tuned mass damper (PTMD) or added 
(viscous) damping.  The option for one or for the other seismic protection technique has to be 
decided by the structural engineer during the conceiving component of his design activity. 
Therefore, a simple and versatile analytical instrument is needed to direct the decision towards the 
most effective seismic protection technology associated to both, the structure and the seismic 
specificity of its location. Static state (stress resultants and unit stresses), kinematical state 
(displacements and deformations) and stability state have been and still are the usual landmarks in 
assessing the effectiveness of the structural system itself and of the adopted seismic protection 
technique. More than two decades ago, ductility state has been added through design provisions [1, 
2]. The four states are considered adequate to fulfill the requirements of seismic design of 
structures. Recently, energy approach to seismic response proved to be a simple but versatile 
method to complete the mechanical state of a structure seismically acted upon [3, 4]. No matter how 
accurate static, kinematic, stability and ductility states are computed, they pay a high price to the 
seismic phenomenon itself. Indeed, all these states substitute the dynamic phenomenon induced by 
seismic action by fixed values of behavioral parameters (maximum allowed values of unit stresses, 
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maximum allowed values of relative story displacements, post elastic mechanism, etc.). More, the 
usual involved parameters express an instant state and do not take into account time variation and 
their cumulative effects. Neither do they take into account the dynamic specificity of seismic action.  
Present contribution proposes an energy state that may supplement the traditional mechanical state. 
Energy state is, indeed, capable of expressing the dynamic / seismic aspect of both, seismic action 
and structural behavior [5, 6]. Energy – a scalar amount – synthetizes several aspects of structural 
behavior: stiffness, mass, damping, vibratory motion. And it is a cumulative quantity along the 
entire time interval of seismic action. The contribution proposes an energy approach to seismic 
response of steel multistory structures equipped with passive seismic protection via added mass and 
added damping. Presented numerical results refer to a proposed technique to equate the effect of 
added mass by the more popular effect of added linear viscous damping.  The two criteria employed 
in the proposed equivalence involve the amount of seismic input energy Ei and the energy 
absorption capacity Ed. Computation methodology consists of seismic analyses of multistory steel 
planar frames acted upon by two recorded accelerograms. Obtained results are presented in a 
graphical comparative manner that emphasizes the simplicity and versatility of proposed 
equivalence. A minimal extract of references joins the contribution.    
 
 
2. Analyzed structures, loadings and computed parameters 
2.1 Analyzed structures 

The two analyzed structures (ten and fifteen stories) have been designed according to Romanian 
seismic code provisions [7] and Eurocod [8, 9], response spectrum approach and fulfils both, the 
ULS and SLS limits. The structures considered for the study are multistory steel planar frames 
located in a highly seismically area of Romania (peak ground acceleration ag of 0.24·g, control 
period Tc of 1.6s). Three classes of structures are taken into account in present study: reference 
structures - seismically unprotected - (mentioned further as REF), seismically protected via passive 
added mass (PTMD) (Fig. 1) and seismically protected via added viscous damping. General and 
sectional geometry is the same in both situations: seismically unprotected and seismically protected 
frame. An inherent level of 2% fraction of critical viscous damping has been taken into account. 
Added mass md stands for 2% to 10% of the total mass m of the structure. PTMD system is located 
at the top level of the reference structures for the best control of the first mode of vibration. 
Optimum  stiffness  coefficient  of  elastic  connection kd and damping coefficient cd of the PTMD 
connection to  the  structure  are computed according to Sadek, 1997 [10]. Fraction of critical 
damping  is varying from 2% to 10% for structures equipped with added linear viscous damping. 
 
2.2 Loadings 
 
Recorded (INCERC Bucharest accelerogram, March 4, 1977, Romania) seismic action of Vrancea 
source (maximum acceleration of 0.2·g, predominant period Tc = 1.16s) and recorded (Yarimca 
accelerogram, August 17, 1999, Turkey) seismic action of Kocaeli source (maximum acceleration 
of 0.35·g, predominant period Tc = 1.40s) constitute applied loadings in the time – history analyses 
conducted in the presence of gravitational loading. 
 
2.3 Computed parameters 

Computed parameters of analyzed structures include: fundamental periods of vibrations (Table 1), 
time variations of seismic input energy Ei, time variations of energy absorption capacity of the 
structure Ed, the amount of stored energy (Ei - Ed) and the ratio Ed / Ei. 
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Figure 1. Analyzed structures equipped with added mass. 
 
Relevant conclusions can be inferred by taking into account the periods (associated to fundamental 
modes of vibration) of analyzed structures (Table 1). 
 
Table 1: Fundamental periods of vibrations [s] 

Primary structure
REF PTMD 2% PTMD  4% PTMD 6% PTMD 8% PTMD 10%

10 levels 1.47 1.67 1.77 1.85 1.92 1.99
15 levels 1.75 2.00 2.13 2.24 2.34 2.43

Analyzed structure Structures equipped with  PTMD

 
 
PTMD system influence the seismic response by changing the dynamic characteristics of the 
equipped structures comparing to the reference ones. It is noted that fundamental period T1 expands 
with increasing of added mass (Table 1, Fig. 2 and Fig. 3).  
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Figure 2. T1 for ten levels structure.  Figure 3. T1 for fifteen levels structure.  
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3. Numerical results 
 
Energy approach of seismic behavior requires the computation of several components of energy 
amounts associated to seismicity of the location and analyzed structures. Seismic input energy Ei 
and absorption capacity of the structure Ed during entire duration of seismic action are presented 
below, in a comparative manner, for reference structures.  
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   Figure 4. Ten levels structure – Vrancea ‘77.            Figure 5. Ten levels structure – Kocaeli ‘99. 
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Figure 6. Fifteen levels structure – Vrancea ‘77.      Figure 7. Fifteen levels structure – Kocaeli ‘99. 

 
Numerical results confirm the dependency of the structural response to the seismicity of the site. 
Equipping a dynamic system with TMD device is an efficient technique in controlling the 
vibrations of the vibratory machines. Use of PTMD systems in construction field instead may 
encounter some resistance knowing that a structure equipped this way is transformed into a 
mechanism. On the other hand, the level of damping of a structure - expressed as the fraction of 
critical damping  - is a simple and versatile tool for recognizing the effectiveness of other seismic 
protection systems. Simplicity of modeling linear viscous damping in seismic analysis is generated 
by the associated mathematical model (linear differential equation with constant coefficients) and 
by the numerical values of the fraction of critical damping. In this way, linear viscous damping 
model has become a benchmark for evaluation of effectiveness of seismic protection by dampers. 
Equivalence effect (seismic response reduction) of a damper or the whole set of dampers a structure 
is equipped with is a solved problem [11, 12]. Present contribution proposes energy-based 
assessment of the effect of added mass (seismic response reduction) by a linear viscous damping 
level. Through numerical analysis and results presented in a graphical manner the effect of 
equipping rank (expressed by the ratio  = md/m  md is the PTMD mass and m is the total mass of 
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the structure) is compared with the effect of added damping (expressed by the fraction of critical 
damping ). The biggest attraction for the equivalence criterion is the top lateral displacement of the 
analyzed structures. In this study, the author proposes two conditions of equivalence based on 
energy criteria: 
1. The amount of stored energy (Ei - Ed)  generating the vibratory motion. The lower is the energy 
amount (Ei - Ed), the lower will be the mechanical state of vibration of the structure. 
2. The ratio Ed / Ei. The closer is the value of the ratio Ed / Ei to 1 (one), the higher is the absorption 
capacity of the structure, and, in this way, the seismic performance of the structure is improved. 
Whatever the option, it is actually about the energy absorption capacity of the structure. The higher 
is the absorption capacity, the more significantly is the efficiency of seismic protection (added mass 
versus added damping, in this case). 
The following section presents numerical results for the two analyzed structures: ten levels structure 
(Fig. 8 ÷ Fig. 11) and fifteen levels structure (Fig. 12 ÷ Fig. 15) subjected to Vrancea 1977 and 
Kocaeli 1999 earthquakes. 

PTMD system versus added damping for ten levels structure 
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Figure 8. (Ei - Ed) – Vrancea 1977.   Figure 9.  Ed / Ei – Vrancea 1977. 
 

It is noticed that increased added damping effect is much profound, in this case, than the effect of 
increased added mass for both energy criteria proposed in this study. A level of PTMD equipment 
with   4% gives the same seismic energy absorption capability to the structure as an added 
damping defined by the fraction of critical damping   4%. Though, equipping the structure with a 
passive added mass up to 4% is more effective (provides a higher capacity to absorb seismic 
energy) than added viscous damping. 
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Figure 10. (Ei - Ed) – Kocaeli 1999.   Figure 11.  Ed / Ei – Kocaeli 1999. 
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In the case of Kocaeli ’99 seismic action, PTMD system is more efficient than added damping for 
the entire studied range because the predominant period of this earthquake is closer to the 
fundamental period of vibration of equipped structure. 

PTMD versus added damping for fifteen levels structure 
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Figure 12. (Ei - Ed) – Vrancea 1977.   Figure 13.  Ed / Ei – Vrancea 1977. 
 

It is observed that for a small fraction of critical damping or added mass ( ,   4%) PTMD system 
is more efficient, respectively stored energy (Ei - Ed) is smaller and the ratio Ed / Ei is higher for 
equipped structure. For the rest of the interval, added damping is more effective. 
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Figure 14. (Ei - Ed) – Kocaeli 1999.   Figure 15.  Ed / Ei – Kocaeli 1999. 

Once again - as in the case of ten levels structure, for Kocaeli ’99 seismic action, adding damping to 
the structure by both, increasing the fraction of critical damping  and by equipping the structure 
with PTMD system, leads to significant decreases in the values of analyzed parameters, but their 
maximum values are lower for structure equipped with added mass for the entire studied interval. In 
Fig. 14 values tend to be closer at the end of the interval because the reduction of stored energy is 
more pronounced with increasing the fraction of critical damping. 
For both analyzed structures subjected to Vrancea '77 earthquake, PTMD system is more effective 
for small values of the fraction of critical damping , respectively, added mass  (up to approx. 4%). 
But for Kocaeli ’99 earthquake, PTMD seismic protection equipment is more effective than 
increased structural damping for the entire studied range ( ,  = 2 ÷ 10%) and for both equivalence 
criteria. Here are only two examples that demonstrate the simplicity and versatility of the use of 
equivalence criterion proposed in the present study.  
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4. Conclusions 

Energy approach to seismic response of multistory steel structures – the objective of this 
contribution – is studied and applied to a set of structures equipped with PTMD system and added 
damping. Author considers that the equivalence of the two passive protection systems can be a 
useful tool in the design phase of multistory structures located in seismic areas. Furthermore, a 
study to economic efficiency of passive added mass versus added linear viscous damping is needed. 
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Abstract 

This paper presents a numerical model for time-history seismic response of buildings with 
maximum 20 stories equipped with different devices for seismic damping and drift limitation. This 
model is able to simulate 5 different models of hysteresis which are used to describe non-
linear hysteretic systems of seismic dampers: Maxwell, Kelvin-Voigt, Bouc-Wen, Zener and Taylor 
devices. The computer program of the mathematical model, implemented using Matlab/Simulink 
platform, allows different types of positioning the dampers in 5 different configurations: chevron, 
diagonal and three other new configurations[1]. The program permits to control these 
configurations by modifying the angle of the braces and it draws 3D graphics in order to optimize 
the configuration parameters. This computer program is useful in comparison of the damping 
efficiency of buildings for different types and positions of seismic dampers used for equipping a 
building structure. This study permits to optimize the features of dampers used for efficiently protect 
different buildings during earthquakes.  

Keywords: Bouc-Wen method, Hysteresis, Seismic dampers, viscous dampers, MATLAB 
 
 
1. Introduction 

For protecting the building during earthquakes we must use seismic dampers which are useful to 
dissipate the seismic energy through a hysteresis phenomenon. They are different types of seismic 
dampers with different types of hysteresis curves.
In order to simulate the building behavior during seism we have to simulate the nonlinearity of the 
hysteresis curve which corresponds to specific seismic dampers. This hysteresis simulation is 
difficult to implement in common software used in seism simulation which use Finite Element 
Method, because these software have a limited number of link elements to simulate the dampers. 
Taking into account this aspect for our study it was necessary to create a computational model for 
the seismic response of a building structure equipped with different types of seismic dampers on 
each level of the building. This model was intended to be very flexible in order to allow the user to 
specify different models of hysteresis on each story and different seism accelerograms for program 
input. 
The form of hysteresis curve can be introduced in the computational model by the hysteresis 
mathematical relation between the damping force and the velocity or displacement within the 
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seismic damper used. The 5 models of hysteresis used by our computer program are: Maxwell, 
Kelvin-Voigt, Zener, Bouc-Wen, Taylor devices. 
The most difficult task in this process is to find a mathematical model for the curve of hysteresis for 
new dampers which is determined by experimental studies. 
 
 
2. Problem formulation 

This computational model allows the simulation of a very large variety of hysteresis curves which 
describe the real behaviour of nonlinear devices with high capacity of energy dissipation. 
The building structure is modeled by means of an oscillating system with n translation degrees of 
freedom, distributed vertically at each floor, in which are concentrated the Mi masses of the half 
levels which bind to that floor. The damping forces developed by the dampers are Fi and they are 
considered in the motion equations. Fi damping forces are determined using the mathematical 
relation of the hysteresis [2] related to the type of dampers used. 
The motion equations of this structure, according to relative displacements from foundation soil 
through which the dynamic action is transferred, ,...1, nixi  

are: 
 

guiMnFnxnxnknxnxncnxnM

niguiMiFixixik
ixixiciFixixikixixicixiM

guMFxxk
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00011

011001001000

     Eq. (1) 

 
In its matrix form the system becomes: 
 

guMXKXCXM
.....

}1]{[}]{[}]{[}]{[     Eq. (2) 
 
where the matrix of the mass [M] is diagonal, and the rigidity matrix has the form of a diagonal 
band and  gu is soil acceleration. 
Damping matrix has a diagonal shape as the masses matrix. The vector of unknowns {X} it consists 
of relative displacements at the level of each node. 
Fi damping forces are depending on the configuration type. In Fig. 1 are presented configurations 3 
and 4 and the Eq. (3) and Eq. (4) the forces transmitted to the structure [1]. 
 

  
 

Figure 1. Configuration 3 and configuration 4 of dampers 
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The system of equations is determined by this program which is made in Delphi language and they 
are transmitted to MATLAB / Simulink in order to be resolved. 
After solving the system of equations we obtain the relative displacements corresponding to the 
excitation, which in our case is an accelerogram. 
 
 
3. Software user interface 

This software is modifying the user interface according to the type of damper used. The 
computational model was implemented with Delphi programming language. The application allows 
the user to choose the model of hysteresis curve for the dampers used for protecting the structure. 
 

 
 

Figure 2. GenEcAm user interface 
 

As it can see in Fig. 2 the user interface allows the setting of: the mass, the period and the structural 
damping for each story. After choosing the type of damper, the section corresponding to the 
parameters of the damper chosen it is modified. They are requested the number of dampers for each 
level and the multiplication factors for the forces and for the displacements. The multiplication 
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factor is depending on the type of the configuration chosen by the user. 

 
 

Figure 3. 2d models of a building equipped with dampers in 5 different configurations 
 

 
 

Figure 4. User interface for setting the multiplication factor 
 
For configurations c), d) and e) from Fig. 3 we can use the user interface presented in Fig. 4. in 
order to modify the angles Theta1 and Theta2. The user interface from Fig. 4 allows the user to 
determine the variation for force and displacement multiplication factors by choosing the option 
ThetaMax. 
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Figure 5. Modification of Theta1 and Theta2 for configuration c) 
 

 
 

Figure 6. The variation of multiplication factor of forces and displacements with value of Theta1 
 

 
 

Figure 7. The variation of displacement multiplication factor with Theta1 and Theta2 

Force 

Displacement 
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The final results of the program are the relative displacements on every level of the building. In the 
following figure are presented the drifts of the story no. 3 of a building with 10 levels subjected to a 
seism simulated with an artificial accelerogram (PGA = 0.3g, T = 1 s) applied at the base of the 
building. We have used for comparison Taylor devices dampers (C = 20000 kNs/m,  = 1) and 
Romanian SERB C-194 dampers [3] which can be modeled with Bouc-Wen hysteresis. 
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Figure 8. Story 3 drift during earthquake – Taylor dampers (left), Romanian SERB dampers (right) 
 
We can observe that the maximal drifts in both cases are similar but using Romanian SERB 
dampers has the advantage of 5 times lower costs.  
 
 
4. Conclusion 

The program GenEcAm made by the author is very flexible allowing the user to change for a 
specific building structure, the types of dampers used, in order to determine the optimal 
configurations and types of dampers which are the most appropriate for that building structure. 
GenEcAm can determine the optimal parameters of each damper for each level of the building, in 
order to increase the efficiency of the damping system designed for that specific building 
For the building analyzed the difference between the performances of Taylor dampers and SERB 
dampers are between 2% and 4%, which is very good for Romanian SERB dampers performances. 
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Abstract 

This paper presents the Bouc-Wen model of hysteresis applied in the process of hysteresis 
simulation of buckling restrain braces (BRB dampers) and new romanian SERB dampers used in 
equipping the buildings at supra-structure and in foundation in order to dissipate the seismic 
energy. In the paper are presented three types of hysteresis which can not be easily simulated with 
the link elements in the usual software programs for buildings seismic analysis. For SERB 
romanian dampers we present the hysteresis curves obtained by experiments and F.E.M. analyses 
made by the author. The Bouc-Wen model of these three types of dampers is useful in order to 
simulate the behavior of buildings equipped with these dampers during earthquakes using by 
example, GenEcAm software, a program made by the author.  

Keywords: Bouc-Wen method, Hysteresis, Seismic dampers, BRB dampers, SERB dampers 
 
 
1. Introduction 

The most advantageous method for protecting the building during earthquakes is by using seismic 
dampers which can be positioned in the foundation or at supra-structure. The most common choice 
is structural passive control systems which have been developed in the past years and they include 
seismic isolation systems and energy dissipation systems. Among those systems we find friction 
dampers, metallic dampers, visco-elastic dampers and viscous dampers which have different types 
of hysteresis curves. 
The commercial software programs which are currently used for simulating the behavior of a 
building equipped with isolation and damping systems use the link elements to simulate these 
systems. These link elements can simulate a wide range of hysteresis curves but BRB dampers and 
SERB romanian dampers have some special shapes of hysteresis which can not be easily simulated 
with link elements. 
BRB dampers have been studied by researchers from around the world and we can easily find the 
hysteresis curves determined by experiments and F.E.M. simulation. Some researchers have 
modeled the BRB hysteresis curves using Bouc-Wen model but we have used this model in our 
GenEcAm software in order to simulate buildings equipped with damping and isolation systems 
which have Bouc-Wen hysteresis type. 
SERB dampers have been invented by CITON Bucharest PhD. Eng. Viorel Serban and they were 
analyzed only by few Romanian researchers. SERB dampers have never been simulated with 
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F.E.M. in order to determine the numerical hysteresis curve. 
 
 
2. F.E.M. studies of SERB dampers 

SERB dampers are friction dampers which use metallic components in contact with friction. In this 
paper we present two types of SERB dampers, one destined for supra-structure and another destined 
to work in foundation in parallel with the isolation system.  
The components of these two new dampers were modeled in Ansys software using 3d finite 
elements and contact friction finite elements. The load case for these 3d FEM models is the axial 
force, which is used for elongating then compressing the damper in the same cycle. 
The load case for all three models consists of: phase 1 – action of the central resorts for tensioning 
the group of metallic discs; phase 2 – compressing the damper with the axial force increasing from 
0 to testing value in 15 seconds; phase 3 - elongating the damper with the axial force increasing 
from 0 to testing value in 15 seconds. 
Between phase 2 and phase 3 we have an intermediate phase which decrease the compressing force 
to 0 kN in 15 seconds. 
SERB dampers for supra-structures which was modeled in Ansys program is SERB 194 C type. In 
the folowing figures are presented the deformations and the equivalent stresses in different phases 
of the loading cycle. 
 

  
 

Figure 1. Von Mises stresses [MPa] compression (left) and elongation (right) F= 1000kN (section) 
 

  
 

Figure 2. Oy displacements [mm] compression (left) and elongation (right) F= 1000kN (section) 
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Figure 3. Elongation F= 500kN Von Misses stresses [MPa] (left), Oy displacements [mm] (right) 
 

  
 

Figure 4. Elongation F= 750kN Von Misses stresses [MPa] (left), Oy displacements [mm] (right) 
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Figure 5. Hysteresis curve for SERB C-194 damper 
 

We can observe that the hysteresis has special shape which cannot be simulated with usual damping 
models: Maxwell, Kelvin-Voigt, Zener, etc. These shapes are very useful for drift limitation 
because the damping force is increasing fast with displacements.  
For these types of dampers it is recommended to use Bouc-Wen damping model in order to obtain 
the mathematical relation for the hysteresis graphics. 
In order to validate the results of these F.E.M. studies we have done several experimental studies on 
SERB dampers which are presented in Fig. 5 (the right part). 

F.E.M. hysteresis 

Experimental  hysteresis 
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SERB dampers SERB TEL-150 is destined to work in foundation in parallel with the isolation 
system was modeled in Ansys program. In the folowing figures are presented the deformations and 
the equivalent stresses in different phases of the loading cycle. 
 

  
 

Figure 6. Mesh model of SERB damper (left), Ox displacements [mm] – central position (right) 
 

  
 

Figure 7. Oy displacements [mm] beginning position (right), ending position (left) 
 

  
 

Figure 8. Von Misses stresses [MPa] beginning position (right), ending position (left) 
 
For the metallic friction parts of the dampers we have used special steel with special mechanical 
features. The friction between parts was simulated using contact elements surface to surface with 
friction coefficient =0.3 for friction without lubrification.  
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With the data obtained with Ansys program we have determined the hysteresis curve of SERB 
TEL-150 damper which is presented in Fig. 9. The curve has a butterfly shape which is very useful 
in the building foundation damping system. 
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Figure 9. Hysteresis curve for SERB TEL-150 damper 
 
The experimental testing was realized by the author at IMSAR Bucharest laboratory on a special 
testing machine which acts on the damper with cycles of compression and elongation forces with 
low velocity (static regime). The damper has metallic components in contact and the friction 
phenomenon during earthquakes is without lubrication. That is the reason why we have tested this 
damper with static compression and elongation forces. The results are the same in both cases. 
 
 
3. Bouc-Wen model for BRB and SERB dampers 
 
The general model of Bouc-Wen hysteresis is: 
 

d
zzA

dz
n )]sgn([ '

  Eq. (1) 

 
where: A, , , n are the parameters which controls the magnitude and shape of hysteresis curve, z( ) 
where z is the damping force and  is the damper displacement. 
Using  =  +  and n = 1 we find the following parameters to approximate the first experimental 
hysteresis curve: A = 0.1,  = -3.5,  = 1.6. The theoretical hysteresis is presented in Fig. 10 (left). 
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Figure 10. Bouc-Wen model of hysteresis for SERB C-194 (left) and SERB TEL-150 (right) 
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For the second damper SERB TEL-150 it is recommended to use the modified Bouc-Wen model 
(papillon model). In this case the mathematical relation used for SERB TEL-150 hysteresis curve is: 
 

d
zA

dz )sgn(   Eq. (2) 

 
For the fitting of experimental hysteresis curve of SERB TEL-150 we have found the parameters A 
= -6,  = 6.5. In this case the theoretical hysteresis is presented in Fig. 10. 
 

  
 

Figure 11. Bouc-Wen model of hysteresis for approximating BRB dampers hysteresis 
 
The BRB dampers have a well known hysteresis curve which can be modeled with Bouc-Wen 
model defined by Eq. 1. In Fig. 11 are presented the hysteresis curves for BRB dampers obtained 
with Bouc-Wen model, having the following parameters: A = 5,  = 1,  = 4. 
 
 
4. Conclusion 

The Bouc-Wen model is very well suited for modeling the hysteresis curves of BRB dampers and 
new romanian dampers SERB C-194 (for supra-structure) and SERB TEL-150 (for foundations). 
These hysteresis shapes are difficult to simulate using link elements in commercial software 
programs and for that reason the author has designed GenEcAm software in order to determine the 
behavior of buildings equipped with different types of dampers and special shapes of hysteresis. 
SERB dampers were modeled for the first time with F.E.M. using Ansys program and the numerical 
hysteresis curves obtained are very similar to the author experimental hysteresis curves. 
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Abstract 

Steel-concrete composite road bridges have become very competitive for medium and large 
openings along with the development of the quality and characteristics of the materials and the 
development and improvement of methods and computer engineering. The development of 
manufacturing technologies and installation also played an important role. The current 
construction method used for a two-girder bridge is incremental launching a metal deck. The 
opening launch can reach up to 140 meters, webs may reach up to 4.5 meters high and are in 
general longitudinally stiffened. The objective of this paper is to present the justification of webs 
resistance to local buckling during the launch of main girders for a steel-concrete composite road 
bridge. The structure is a three spans continuous beam (40-60-40). During the launch, section in 
span is situated provisional at internal support and thus the risk of instability of the web under the 
simultaneous action of vertical load in the plane of the web (the bearing reaction) and the bending 
moment (the weight of the deck console) can occur. Details regarding that matter can be found in 
SR EN 1993 part 1-5 section 6 which treats resintance to transverse forces of the webs with or 
without longitudinal stiffeners. The article gives an exemple of a web without longitudinal 
stiffeners. The interaction is treated with Section 7 of the same European Standard. 
Since 2010, our country has been embracing the new European Standard design rules and 
according to that, the paper enables understanding application and justification to launch main 
girders for a steel-concrete composite two-girder road bridge. 
 
Keywords: bridge, steel, launch, buckling, justification, Eurocode 
 
 
1. Structure used for numerical application 
 
The chosen bridge has a three-spans continuous beam (40 m, 60 m, 40 m) consisting of two steel 
beams in cooperation with a concrete slab. The bridge has two traffic lines of 3.90 m wide, 2.00 m 
wide footways for pedestrians and protective equipment for each side. Every main girder has a 
constant depth of 2400 mm height and the variations in thickness of the upper and lower flanges 
ranges towards the inside of the girder. Lower flange width is 800 mm, and the width of the upper 
flange is 500 mm. The cross-section of the concrete slab is symmetrical in relation to the axis of the 
bridge. It has a thickness of 0.40 m near the main beam and 0.30 m in the field. The total width of 
the slab is 12.40 m and the distance between the axes of the main girders is 7.00 m.The two main 
girders are connected by transverse cross-bracing disposed of every 4.00 m. 
When the metal deck is launched the section in span is provisionally situated on the support. The 
simultaneous action of transverse loads (support reaction) and bending moment due to self weight 
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of the deck in console may lead to increased risk of web instability. 
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Figure 1. Cross-section 
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Figure 2. Structural steel distribution for a main girder 

 
 
2. Principle of justification [1, 2] 

2.1. Resistance to transverse forces

The design resistance to transverse forces should be determined according to SR EN 1993-1-5, 
section 6. 
The load is applied as follows: 
a) through the flange and resisted by shear forces in the web (Type (a), Fig. 3) – incremental 
launching situation; 
b) through one flange and transferred through the web directly to the other flange (Type (b), Fig. 3); 
c) through one flange adjacent to an unstiffened end (Type (c), Fig. 3). 
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Figure 3. Buckling coefficients for different types of load application, [1, pg. 26] 
 
For webs without longitudinal stiffeners, Fk  should be obtained from Fig. 3, and for webs with 
longitudinal stiffeners it may be taken as: 

s
w

F a
b

a
h

k 21.044.526 1
2

   Eq. (1) 

The length of stiff bearing ss  on the flange should be taken as the distance over which the applied 
load is effectively distributed at a slope of 1:1, but should not be taken as larger than wh . 
 

 
 

Figure 4. Length of stiff bearing, [1, pg. 27] 
 

The yielding mechanism appears by formation of four plastic joints in the charged flange. [2] 
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Figure 5. The yielding mechanism, [2, pg. 8] 
 
For unstiffened or stiffened webs the design resistance to local buckling under transverse forces 
should be taken as:  

1M

weffyw
Rd

tLf
F       Eq. (2)

where: wt  is the thickness of the web; ywf  is the yield strength of the web; and the effective length 
for resistance to transverse forces should be determined from: 

yFeff lL        Eq. (3) 
The reduction factor due to local buckling F  should be obtained from: 
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F        Eq. (4) 

where: 
cr

ywwy
F F

ftl
         Eq. (5) 
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EkF
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9.0          Eq. (6) 

The effective loaded length yl  should be calculated as follows:  

2112 mmtsl fsy      Eq. (7) 

wyw

fyf

tf
bf

m1        Eq. (8) 

2

2 02.0
f

w

t
h

m  if 5.0F    Eq. (9) 

02m   if 5.0F  
The verification should be performed as follows: 

1

1

2

M

weffyw

Ed

tLf
F       Eq. (10) 

where: EdF  is the design transverse force; effL  is the effective length for resistance to transverse 
forces, Eq. (3); wt  is the thickness of the plate. 
 
2.2. Interaction
 
If the grider is subjected to a concentrated transverse force in combination with bending and axial 
force, the resistance should be verified ussing the following interaction expresion: 

4180 12 ..       Eq. (11) 
where: 2  is obtaned from Eq. (10) and 1  is calculated according SR EN 1993-1-5, section 4.6. 
 
 
3. Justification to launch main girders 
 
3.1. Geometry and actions
 

- weight of the metallic deck (one girder)   526.ga kN/m 
- weight of the nose (”avant-bec”)    130bG kN 
- the bending moment      150011PM kNm 
- the shear force       4361PT kN 
- maximum bearing reaction P1 during launch   8271PV kN 
- maximum arrow      610.f m 
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Figure 6. Launching and girder section before reaching the P2 
 
3.2. Incremental launching system [2]
 
Incremental launching systems may be of different types. The figure below shows two types of 
systems. 
 

Chair system – concentrated force  Skate system – uniform distributed loads 

 
 

Figure 7. Different incremental launching systems [2, pg. 4] 
 
Checking is made under each chair and skate with equivalent ss . 
 
3.3 Justification of main girders before reaching the P2 
 
3.3.1 The design resistance to transverse forces for unstiffened web
 
This verification is done using Eq. (2) to Eq. (10) and the coefficient Fk  should be obtained from 
Fig. 4, type (a). 
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- buckling coefficient   66626
2

.
a
hk w

F  

- critical force    437990
3

w
Fcr h

tEk.F kN 

- effective loaded length  341112 21 mmtsl fisy mm 

84381 .
tf
bf

m
wyw

fiyf  

3929020
2

2 .
t
h.m

fi

w  available if 50.F  

According to SR EN 1993-1-5, 6.3(1), ss  should not be taken as larger than wh , and then 
2300ss mm (see Fig. 6). 

- concentrated force   23537ywwyy ftlF kN 

- the relative slenderness  50322 ..
F
F

cr

y
F   calcul 2m  available 

- the reduction factor   122050 ..
F

F  

- resistance to local buckling under transverse forces 4615
1M

yF
Rd

F
F kN 

- design transverse forces  8271PEd VF kN 

VERIFICATION: 11802 .
F
F

Rd

Ed  OK 

 
3.3.2 The design resistance to transverse forces, bending moment and axial force for unstiffened 
web 

Determining the cross-section Class (SR EN 1993-1-1, Table 5.2) 
- upper flange  Class 1 

- lower flange in compresion: 4379506
2

..
t
tb

t
c

fi

wfi  Class 1 

- the web is in tension in its upper part and in compression in its lower part. The position of 
the Plastic Neutral Axis is determined as follows: 

design plastic resistance of the upper flange: 906
0

.
fA

F
M

yffs
fs MN 

design plastic resistance of the lower steel flange; 0816
0

.
fA

F
M

yffi
fi MN 

design plastic resistance of the web; 8715
0

.
fA

F
M

yww
w MN 

Where 20000fsA mm2 (upper steel flange area), 48000fiA mm2 (lower steel flange area), 
46000wA mm2 (steel web area), 335yff N/mm2 (yield strength of the structural steel according 
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to SR EN 10025-2:2004), 345ywf N/mm2 (yield strength of the structural steel according to SR 
EN 10025-2:2004), 0010 .M  (partial factor for resistance of structural steel according to SR EN 
1993-2, 6.1 i Tabel 6.1). 
Writing the moment equilibrium with regards to the Plastic Neutral Axis deduces: 

1815
2 yww

tstiw

ft
FFFx mm  and 210.

h
xh

w

w  

Stresses in the web due the girder self-weigth and ”avant-bec”: 
214.sup,s  N/mm2 

140.inf,s  N/mm2 
531.  

160162115
w

w

t
h   web in Class 3  the cross-section is in Class 3 

VERIFICATION: 1420

0

1 .f

M

yf

inf,s   OK 

4152080 12 ...  OK 
 
 
4. Conclusions 
 
The incremental launching method may offer advantages for bridge construction over deep valleys, 
water crossing with steep slopes, or environmentally protected regions. The advantages include 
creating minimal disturbance to surroundings, providing a more concentrated work area for 
superstructure assembly, and possibly increased worker safety given the improved erection 
environment. The incremental launching method involves assembly of the bridge superstructure on 
one side of an obstacle to be crossed, and then movement (or launching) of the superstructure 
longitudinally into its final position. [8] 
This case study offer information about the incremental launching method and design according 
Eurocodes. Structural steel distribution for a main girder is made considering the result of resistance 
checks and assembly technology. The length of nose (”avant-bec”) must be chosen so that the 
section of the steel beam, provisionally situated on the support before reaching the P2, is able to 
uptake the efforts due to launching.  
Since 2010, our country was aligned to the new Eurocode design rules and unfortunately there are 
no articles or works in our country presenting calculations according it. Based on the new demands 
and requirements, this paper allows understanding the application and implementation of Eurocode 
in Romania. 
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Abstract 

The paper presents the numerical pretesting of bolted extended end plate connections with 
haunches from European experimental project European pre-QUALified steel JOINTS. Design 
codes require that seismic performance of beam-to-column connections in steel moment resisting 
frames be demonstrated experimentally. A solution to this problem is the prequalification of 
connections typical in the design practice. The use of prequalified steel joints is a common practice 
in United States and Japan, but absent at the European level. The project will carry out extensive 
numerical and experimental testes. The project EQUALJOINTS aims to propose relevant provisions 
for the next version of EN 1998-1. 
Research will be responsible for standardizing the design and implementation procedure of steel 
joints according to different geometrical and mechanical parameters. The project will conduct a 
comprehensive experimental program based on theoretical analysis and numerical aimed at 
standardizing connections to be easily used by designers in practical applications. The models will 
be used to perform parametric studies on the selected nodes to extend the experimental results. The 
results of experimental and numerical tests will come in a database of pre-qualified connections 
To establish the experimental programs were analysed several parameters of joints typology. 
Existing experimental results were used to calibrate the numerical model for materials and for 
preloaded bolts. Also for choice of specimen for the experimental tests was considered several 
parameters in numerical analysis. Influence of members size was considered for three sections of 
IPE European profiles. Influence of haunch geometry was analysed for two values of 30° and 45° 
angle and clear span – to – depth ratio. 

Keywords: preloaded bolts, haunch, plastic hinge, overstrength factor, plastic strain. 
 

1. Introduction 

The current paper presents a set of numerical simulations conducted at the Politehnica University of 
Timisoara in the framework of the research project European pre – Qualified steel JOINTS. 
Consequently, a numerical pretesting program was developed and carried out for the evaluation of 
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bolted extended end plate connections with haunches under seismic action. This type of connections 
are used in Moment Resisting Frames (MRF) so the connections must be full – strength and rigid.  
 
 
2. Experimental Program 

The aim of the experimental program is to evaluate the behaviour of bolted connections with 
haunches under cyclic and monotonic loading. For this purpose a set of 6 parameters was establish 
to be analysed as fallow: influence of members size was considered for three sections of IPE 
European profiles, influence of haunch geometry, influence of panel zone strength, clear span to 
depth ratio, lateral restraints and influence of bolt configurations. The experimental program is 
summarized in Table 1. The joints are selected from MRF structures with members made from IPE 
sections for beams and HEB sections for columns and the quality of the material is Mild Carbon 
Steel S355. In this type of structures dissipative members are beams and non - dissipative members 
are columns. In this case the connection must remain in elastic range.
There are three groups of specimens described as follow:  
Group1: Single sided joint, full – strength and rigid connection, shallow haunch (30° angle), strong 
web panel 
Group2: Single sided joint, full – strength and rigid connection, steep haunch (45° angle), strong 
web panel 
Group3: Double sided joint, dull – strength and semi – rigid connection, shallow haunch (30° 
angle), and balanced web panel. 
All joints are made from S355 steel grade, with the exception of two beams made from S460 steel 
grade, used for joints with strong beam. Group 1 and Group2 serve for qualifying two alternative 
haunch geometries (lower and upper limit of reasonable haunch angle) for considered range of 
beam size. Group three investigates joints with balanced panel zone strength, but which are semi – 
rigid connections. 
 
 
Table 1. Experimental program 

G
r. Beam/column depth 

1 2 3 

1 

EH1-TS-30/ 
IPE360-HEB280 

EH2-TS-30/ 
IPE450-HEB340 

EH3-TS-30/ 
IPE600-HEB500 

   

2 

EH1-TS-45/ 
IPE360-HEB280 

EH2-TS-45/ 
IPE450-HEB340 

EH3-TS-45/ 
IPE600-HEB500 

   

3 EH1-XB-30/ 
IPE360-HEB340 

EH2-XB-30/ 
IPE450-HEB500 
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3. Design Procedure 

For design of this type of connections a set of assumptions were made to take in account the 
uncertainties regarding the plastic hinge locations, material overstrength, weld procedure, type of 
bolts, and manufacturing issues. Plastic hinge location: after a few simulations consider 
imperfections and local buckling the location of plastic hinge were considered at the end of the 
haunch. This results also from a set of experimental data from [2]. It is noted that in procedure was 
introduced an coefficient sh = (fy+fu) / (2*fy)  1,20 - factor to account for the peak connection 
strength acc. to [3]. Design procedure is describe as follow in Table 2.
 
Table 2. Design procedure for haunched connections 
Plastic capacity of the beam: 
Mpl,Rd=Wpl,beam * fy,beam
Where: Mpl,Rd - plastic capacity of the beam; Wpl,beam - plastic modulus of the 
beam; fy,beam - specified minimum yield stress of the yielding element; M0=1,00 - 
partial safety factor according [5].  
The value of expected bending moment at the face of the column: 
Mj,Ed= sh * ov * (Mpl,Rd + VEd * Sh)
Where: Mj,Ed - expected maximum moment at the column face; sh=1,20 - factor 
to account for the peak connection strength acc. to [3]; ov=1,25 - is the material 
overstrength factor; VEd - shear force at the plastic hinge; Sh - distance from the 
face of the column to the plastic hinge.  
The beam end including the haunch and the beam section: 
Mj,Ed/Mbh,Rd 1,00
Where: Mbh,Rd - is the plastic moment resistance of the double T section 
composed from the beam top flange, haunch flange and beam-haunch web, 
neglecting the bottom beam flange; 
In order to take account for possible material overstrength in beam with respect 
to the one in haunch, the haunch flange thickness was then increased by. 

ov=1,25. 
 

Column web panel zone: 
Vwp,Ed / Vwp,Rd  1,00
Where: Vwp,Ed – shear force acting in the panel zone; Vwp,Rd was determined 
according to [1]. However, when calculating the strength and stiffness of column 
web panel, its shear area was determined as the sum of column shear area, 
contribution of transverse stiffeners and column flanges, and full area of 
additional web plates. 
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Verification of the beam – column moment ratio 
MRc  1,30 MRb

Where: MRc – is the sum of plastic capacities of the column; MRb – is the sum 
of the plastic capacities of the beam. 

 

The connection shall be designed according to [1] using component method for the procedure. 
According pre – test numerical simulations the analytical procedure has been adjusted in order to 
achieve the capacity of the connections. 
 
 
4. Pre-test numerical simulations 

Pre – test numerical simulations aimed to offer an accurate prediction of the behaviour of the joints 
in order to avoid unacceptable failure during the experimental tests process and to validate the 
analytical procedure. The material model for steel profiles, steel plates and preloaded bolts was 
calibrating according UPT data from past projects. T – Stub models were used to obtain the model 
for preloaded bolts and for steel elements. Below in Figure. 1 are presented the chart with the force 
– displacement curves for the T – Stub calibrated model. From the chart it is observed that initial 
stiffness is the same for experimental and numerical. Between 2 and 6 mm the capacity of the 
experimental T-stub is greater than numerical one. Final capacity is about the same with a deviation 
of 3%. With the curves obtained from this stage, were performed analysis on a set of joints 
according to the experimental program describe previously in Table 1. This are pre – test 
simulations and the real material used in specimens is unknown at this time, so the final models will 
be calibrated on the real material, after the tests on the specimens and the real behaviour of the 
connections. 
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Figure 1. Force – displacement curve for calibrated model 

For preloaded procedure a uniaxial wire element was used. The wire was coupled with the head of 
the bolt and the interior surface of the nut. In this element was introduced a force according to [6]. 
The nominal diameter of the bolt was reduced with 11% to take in account the thread zone. A 
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potential problem was observed if the threat zone interfere with the edge of end plate or column 
flange so to avoid the contact between the end of the threat zone and this parts washers was 
modelled. For the head, nut and washers was used a different material that have not plastic 
deformations. In figures bellow are presented the mesh for the component of the bolt. 
 
 
4.1. Influence of member size 

For study the influence of member size a number of three sections was considered both for beam 
and for the columns. For the beam was study IPE360, IPE450 and IPE600. All beams are class I for 
elements subjected to bending moment. A series of analyses were performed in order to assess the 
response of the joints in sagging and hogging bending moment. It can be seen that in some cases 
local buckling takes place at the flange of the beam and so the curvature of moment –rotation have 
a decrease. The internal energy of the models was correlated with the external energy so the 
accuracy of the analyses was very good. No imperfections were defined and the out of plane system 
was modelled by shell elements, according to [7] and [5]. In Figure 2 are presented the results in 
terms of moment rotation curves. 
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Figure 2. Influence of member size 

In Figure 3 below are presented the deformed shape for sagging bending moment considering the 
influence of member size. It is being noted that in all cases the plastic hinge location is next to the 
haunch at an unknown distance. Only from experimental test the real position of the plastic hinge 
will be determinate. For numerical simulations is necessary to model imperfection in order to 
achieve the real behaviour of the beam in the plastic region. For this stage plastic hinge location 
was considered at the end of the haunch. However the [3] provides that the distance between plastic 
hinge and safety zone, that include the haunch, is at the half of beam depth. 
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Figure 3. PEEQ deformation in the plastic hinge 
 
4.2. Influence of Haunch Geometry 

The influence of haunch geometry is regarded to the stiffness of the connection because the lever 
arm increases also the stiffness of the connection increase. This geometry has an issue regarding the 
position of the bolt row between the haunch flange and the bottom flange of the beam. In this case 
the distribution of the forces in the bolts is not so good and the end plate in bending has plastic 
deformations. In  Figure 4 is  presented the geometry for EH2TS30 and EH2TS45. It is observed 
that the bending moment capacity is lower for haunch geometry of 45°. 
 

 
 

Figure 4. Influence of haunch geometry 
 
4.3. Clear span to Depth Ratio 
 
The aim of this study is to assess the effect of beam clear span to depth ratio in joints. Beam length 
was taken according to the beam clear span to depth ratio of 3, 5, 7, and 9. Only upward 
displacement was applied corresponds to a magnitude of 0,1 rad rotation on the tip of the beam in 
all models. In Figure 5 is presented the results. For lower ratio we observed a higher level of 
bending moment to the face of the column, because at the end of the haunch the bending moment is 
the same for each case, but the level of shear force is higher for short beams, therefore the bending 
moment at the face of the column is higher for this case. 
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Figure 5. Influence for the face of the column 

In Figure 5 it is shown that for a ratio of 3 and 5, the plastic hinge location is in the safety zone. In 
this case the shear force is very higher and the beam and haunch failure mechanism is due to the 
shear effects in that region. 
 

4.4. Influence of preloaded bolts 

The aim of this study is to observe the differences between normal bolts and preloaded bolts in 
terms of Moment – rotation curves, PEEQ deformations and level of Stress in the bolts for both 
cases. In Figure 6 are presented the influence of preloaded bolts in terms of Moment - rotation 
curves for EH3TS30 model. 
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Figure 6. Influence of preloaded bolts in moment capacities 
 
From the chart we can observed that the for the preloaded bolts occurs a strength degradation at a 
lower level of moment connection. 
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5. Conclusions 

The current presented the outcomes of an extensive pre-test numerical investigation program 
carried out with the aim to validate the design procedure for bolted beam-to-column connections 
with haunches. For this purpose a set of parameters presented in this paper were analysed. 
The results from the pre-test numerical simulations were shown for some of the investigated beam-
to-column joint assemblies, considering mainly the overall response (moment-rotation curve, failure 
mechanism). Accordingly, plastic deformations occurred in the beam close to the end of the haunch. 
Future research activities are related to the experimental investigations of joint assemblies, 
calibration of numerical models and extension of experimental program with a parametric study. 
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Abstract 

The paper gives report and summation of a research carried out by the author on the field of 
composite integral abutment bridge structures focusing on the effects of different building methods 
and support stiffnesses. The data of the analyzed bridge are based on a real design of a single-span 
haunched steel-concrete composite beam superstructure with fixed end connection to the reinforced 
concrete abutments. Using Hungarian construction experiences we assumed different casting 
situations and examined the building of the bridge by running additional calculations. The paper 
also deals with the estimation of the superstructure final shape, the determination of the cracked 
concrete length and the utilization of the structural steel due to different support stiffnesses. The 
results presented below may help engineers to select the appropriate solution from the design 
alternatives. 
 
Keywords: composite bridge, integral abutment bridge, casting order, bridge camber, cracked zone 
 
 
1. Introduction 

At the end of the past millennium the design and construction of composite bridges stopped almost 
for a decade in Hungary. That was the result of the bad experiences of the eighties when in case of 
continuous structures, despite the prestressing over the supports and the moving of supports, the 
required final shape of the bridges could not be reached. It happened while such structures proved 
to be economical in their own category in foreign countries. However, there was a need for a 
breakthrough in the field of design also there [1]. 
In 2001 there was a breakthrough when a new composite bridge over the second largest river of 
Hungary on motorway M3 was opened to traffic. Following this the composite bridges came back 
to the design desks and lots of that kind were built also on motorway M0, M1, M6 etc. 
Meanwhile the foreign composite bridge designers started to turn to the integral abutment bridges 
that can be built very economically not at least because in these cases the expansion joints and 
bearings can be omitted significantly improving the durability of the structures [2, 3]. 
Despite several papers and researches carried out on the field of integral abutment bridges [2, 3] and 
the casting sequences of composite bridges [6, 7, 8, 9, 10] no article has dealt with one span integral 
composite bridge in the aspect how the abutment stiffness and the order of casting affects the final 
vertical alignment of the structure. 
In this paper a composite integral abutment bridge is examined that was originally designed by the 
Hungarian Specialterv Ltd. [4]. The aim is to analyze the various construction methods and their 
effects on the final structure as we did it in 2008 for a continuous multi-span composite beam 
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bridge [5]. 
 
 
2. Preparing for the calculations 
 
2.1 Properties of the analyzed bridge 
 
The basis of the calculation was a single-span integral abutment bridge with steel-concrete 
composite superstructure. The main girders were two I profile sections with varying heights 
(increasing toward the abutments from about 1.1 m to 2.0 m). The width of the carriageway was 
6 m and consists of two lanes. The average depth of the reinforced concrete deck was 220 mm. The 
main span is nearly 50 m. Two rows of piles and the reinforced deck continuing as an abutment 
wall provided the fix support for the superstructure. 

 

 
 

Figure 1. The lateral view and longitudinal section of the bridge analyzed 
 
2.2 Assumptions and simplifications 
 
During the analyses the same structural steel distribution (originally designed) was used to make 
possible the comparison of utilization of the different cases. The original design (Fig. 1) was 
simplified: straight vertical alignment, constant deck depth and rounded geometrical data (e.g. 48 m 
span) were used. The same material distribution was always taken into account except the case of 
deck reinforcement. The amount of steel bars was doubled where cracking of the deck was 
considered. 
 
2.3 Determination of support stiffness to be examined 
 
As one of the main scopes of this research was finding the effects of the different support fixations, 
we had to calculate the range of support stiffnesses worth taking into consideration to get 
distinguishable results. First the parameters for the longitudinal support and the support against 
rotation were separated. Applying the usual rigidity for one of them the other one was changed in 
steps and the vertical deflections of the midspan at t=0 (when the bridge is opened to traffic) and 
t=inf. (the end of the expected lifetime) were noted. The results due to changing rotational fixation 
and varying longitudinal support are shown in Fig. 2 and 3. 
 

 118



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
In Fig. 2 it can be seen that with modifying the rotational fixation from zero to “infinite” rigidity the 
deflection of the structure decreased as expected. Toward the higher stiffnesses the effects of the 
slow deformations get negligible. The approximate rigidity of the superstructure had been 
calculated before (thick black dashed vertical line) and here we tried to find values to examine as 
proportion of it (horizontally placed thick dots). 
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Figure 2. The midspan deflections depending on the rotational resistance of the end supports 
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Figure 3. The midspan deflections depending on the longitudinal resistance of the end support 
 

In Fig. 3 the effect of the changing longitudinal support stiffness is shown depending on the 
deflection while the rotational fixation is the same. It is very interesting that in this case the higher 
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stiffness did not result in smaller deflection regarding the creep and shrinkage. Additionally the 
curves change relative positions. Further study may require on this and the close intersection of the 
curves and the line whether that is accidental or not. However the range of the deflections is so 
small that could be neglected in our calculation. 

3. Result of the analyses of the integral bridge 
 
3.1 Initial data 
 
For computing the selected variants described below the program RM Bridge V8i of Bentley 
Systems Inc. was used. Continuous bars for each main girder built up our model. The program used 
displacement method for calculating internal forces and FEM analysis for cross-sectional values 
(properties and stresses). 
 
The intervals between casts of concrete sections were taken as 14 days. The steel structure was 
considered as if it had been put onto the supports as a single one (e.g. by assembling on 
scaffolding). Loads were the same in every case. Of course, influences of creep and shrinkage were 
also taken into account. Each concreting section was considered so that it hardened at the same 
time, thus placing the concrete within one section had no significance in the calculations. 
 
We considered the deck cracked where the stresses due to uncracked analysis for SLS combination 
(included the relevant traffic loads) exceeded a certain limit. After eliminating those concrete zones 
a recalculation (cracked version) was made. Where cracked, the deck plate had a reinforcement of 
1.8%, and was 0.9% for the rest. Although calculations were made according to (harmonized) 
Hungarian Standards, it did not make such differences with respect to other standards (e.g. 
EUROCODE), which would cause the conclusions drawn to be false. The deflections and camber 
lines belonged to all permanent loads while the steel stresses referred to ULS combination (included 
the relevant traffic loads). 
 
3.2 Construction variants of the integral bridge 
 
As far as the concrete casting sections were concerned the whole deck length was divided into three 
parts (Fig. 4) and only their orders were changed during the analyses. Keeping the longitudinal 
sequence of the sections (left end, middle, right end), numbers were assigned to them representing 
their casting order in time. 
 

 21 3

 
 

Figure 4. Notation of the place of the casting sections 
 

In this manner there were three kind of building methods defined (depending on the cast of 
concrete): 1-1-1 “all in one”, 1-3-2 “ends first”, 2-1-3 “middle first”, 1-2-3 “pass along”. In each 
case four stiffnesses (against end rotation) were considered relatively to the superstructure bending 
stiffness (sstru): sstru/100, sstru/10 sstru, sstru×10 (see 2.3 and Table 1.). This resulted in 
16 variants and almost all of them were doubled when cracking of the concrete occurred according 
to the calculations. 
 

 120



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
 
3.3 Results of calculations 
 
First of all it is noted that no theoretical justifications of the following findings and conclusions 
have been done yet, so no results are reasoned. Here and now we only restrict to sharing facts 
concentrating on giving a correct summary of our work. 
 
Table 1: Results of the computed variants 

 

 
 
In Table 1 the main outcomes of our computer analyses are collected. They characterized the final 
state of the bridge and the conditions of the variants having been calculated, in particular:  

support stiffness - sstru/100 sstru/10 sstru sstru×10 sstru/100 sstru/10 sstru sstru×10
cracked at t=0 - no no no yes no no yes yes

cracked at t=inf. - no no yes yes no yes yes yes
expected cracked length [%] - - 7% 29% - 7% 29% 43%
initial uncracked deflection [mm] 190 160 120 100 180 150 100 70
final uncracked deflection [mm] 220 190 140 110 220 190 110 80
effect of C+S (uncracked) [mm] 30 30 20 10 40 40 10 10
initial cracked deflection [mm] - - 120 110 - 160 110 90
final cracked deflection [mm] - - 140 120 - 190 130 110
effect of C+S (cracked) [mm] - - 20 10 - 30 20 20
maximum of deflections [mm] 220 190 140 120 220 190 130 110

difference in deflections due to crack [mm] 0 0 0 10 0 0 20 30
uncertainty in deflection [mm] 30 30 20 20 40 40 30 40

steel utilization: midspan, bottom fibre [%] 56% 67% 88% 97% 58% 68% 90% 100%
steel utilization: midspan, top fibre [%] 100% 90% 69% 62% 100% 89% 65% 58%
steel utilization: end, bottom fibre [%] 100% 94% 95% 95% 98% 91% 89% 91%

steel utilization: end, top fibre [%] 11% 23% 84% 100% 1% 30% 66% 86%
overall steel utilization [%] 81% 81% 96% 100% 78% 82% 87% 93%

all in one ends firstcast order 1-1-1 1-3-2

support stiffness - sstru/100 sstru/10 sstru sstru×10 sstru/100 sstru/10 sstru sstru×10
cracked at t=0 - no no yes yes no no yes yes

cracked at t=inf. - no no yes yes no yes yes yes
expected cracked length [%] - - 15% 49% - 4% 25% 49%
initial uncracked deflection [mm] 180 160 120 100 180 160 110 80
final uncracked deflection [mm] 210 190 130 110 210 190 120 90
effect of C+S (uncracked) [mm] 30 30 10 10 30 30 10 10
initial cracked deflection [mm] - - 120 110 - 160 110 100
final cracked deflection [mm] - - 140 120 - 190 130 120
effect of C+S (cracked) [mm] - - 20 10 - 30 20 20
maximum of deflections [mm] 210 190 140 120 210 190 130 120

difference in deflections due to crack [mm] 0 0 10 10 0 0 10 30
uncertainty in deflection [mm] 30 30 20 20 30 30 20 40

steel utilization: midspan, bottom fibre [%] 59% 69% 88% 97% 58% 68% 89% 99%
steel utilization: midspan, top fibre [%] 96% 87% 69% 64% 99% 88% 68% 60%
steel utilization: end, bottom fibre [%] 97% 93% 94% 95% 98% 93% 93% 94%

steel utilization: end, top fibre [%] 11% 22% 82% 99% 11% 30% 81% 98%
overall steel utilization [%] 79% 79% 95% 100% 80% 83% 94% 98%

1-2-3
middle first pass alongcast order 2-1-3
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 the occurrence and time when cracks form,  
 the percentage of the whole deck length expected to crack,  
 the deflections calculated for uncracked and cracked state including the values at the beginning 

and at the end of lifetime and the effect of the slow deformation (creep and shrinkage),  
 the range of these last numbers as it is very important in the aspect that how easily the 

expected final shape of the structure could be reached,  
 the relative utilization of the given (unchanged) steel distribution. 

 
At the bottom of Table 1 the maximum stress values for the variants are collected and are given in 
percentage by comparing the values of other variants to them. The reason why we did it was 
because the specific values might be disturbing in some cases (e.g. when stress limit was exceeded) 
while their significance in the aspect of the study was only that they represented a basis for 
comparison. In the designations "t=0” stands for the date when the bridge is opened to traffic, 
whereas "inf.” designates the end of the expected lifetime. The values are also shown for the 
structure considered to be free of cracking (uncracked) because it must be remembered that always 
the extreme value of parameters are used in the calculations, and in reality the tests show better 
results. So during the designing the uncracked variants must also be considered. 
 
The most important aspect of designing composite bridges is to specify such a camber line for the 
steel structure, which is able to ensure that during the entire lifetime the bridge should not go by any 
means, below the designed vertical alignment and should only arise above it to an extent, which is 
inevitably necessary only. Additionally, the calculation of both the development and extent of 
cracking and the effect of creep and shrinkage have considerable uncertainties due to the standard 
deviations and the uncertainty of parameters. In case of a bridge, regarding the camber line, the 
difference among camber values due to the four extreme cases (t=0 & uncracked, t=0 & cracked, 
t=inf. & uncracked, t=inf. & cracked) can amount to 1/1000 of the span. A row for such results, 
showing the extents of this kind of uncertainties were also prepared in Table 1. It can be seen that  
the maximum value is 40 mm here. 
 
 
4. Conclusions 
 
In this paper a single span integral composite bridge was analyzed considering both the different 
casting sequences and the various support stiffnesses. The calculation of such a complex situation is 
quite unique, while separately the topic of the concreting order of composite bridges [6, 7, 8, 9, 10] 
and the integral abutment bridges [2, 3] are thoroughly discussed. 
 
According to the analyses carried out it can be seen that a stronger end fixation against rotation 
resulted in smaller deflections but longer cracked concrete zones. 
 
If the casting of the girder ends is done together with the rest or starts at the ends, then the 
calculation of the final shape (or camber) of the structure can be more accurate. One of the most 
important finding is that in these cases it seems that the cracking of the concrete reduces the 
uncertainty of the camber line prediction. However, the deflections are higher, but not in a 
significant way considering all the four versions. It is also found that the effect of the length of the 
cracked zone and the casting order on the possibility to determine the final shape is quite small. 
Similarly, there is little relationship between the forming of cracks and the deflections caused by the 
slow deformations (creep and shrinkage). 
 
It can be concluded from the results that the influence of the different casting orders on the camber 
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is not considerable and thus the stiffening effect of the hardening concrete (within a casting section) 
can be neglected during the calculation of an integral bridge. 
 
As expected, the steel amount is the least when the concreting starts from the ends of the 
superstructure. 
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Abstract 

This paper presents a new technique for derivation of stability functions and equivalent nodal loads 
of a general non-prismatic beam-column element by combining the Maxwell-Mohr method with the 
power series approach. Considering the bending moment as a primary unknown in the second-
order differential equation of equilibrium of the non-prismatic beam-column element, the flexibility 
coefficients are derived including the effects of axial force and initial geometric imperfections. In 
order to solve the governing second-order differential equation of equilibrium with variable 
coefficients a computer program has been developed using MATLAB software. This computer 
program has been used to study the variation of elastic stability functions and to evaluate the 
critical axial load for non-prismatic elements. 

Keywords: tapered members, stability functions, critical axial load, initial geometric imperfections.  
 
 
1. Introduction and research significance 

Non-prismatic members have been commonly used in the steel construction industry because of 
their structural efficiency, since the cross section could be optimized. In order to evaluate the elastic 
stability functions and buckling loads for uniformly tapered beam–column elements, several 
methods based on polynomial series approach have been developed [1], [2], [3]. Tapered beam-
column studied by many researchers is an idealized model. In reality, regardless of the quality of 
the manufacturing process, steel profiles develop imperfections which could affect the stability of 
the structure and may cause premature collapse [4]. In order to obtain a structural response closer to 
reality, the effect of these imperfections on the behavior of tapered beams has been studied by 
several researchers [5]. Most of these techniques are based on finite element method that require 
very fine-grained modelling and becomes impractical to the structural engineer. This paper presents 
a new technique for the derivation of stability functions and equivalent nodal loads of a general 
non-prismatic beam-column element, including the effects of axial force and initial geometric 
imperfections, by combining the Maxwell-Mohr method with the power series approach. Several 
computational examples are given to assess the accuracy, efficiency, robustness and time saving of 
the proposed method. The studies show excellent agreement to those obtained with finite element 
methods but with much less computational effort. 
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2. Mathematical formulation  

Considering a non-prismatic beam-column element, with variable flexural rigidity EI( ), =x/L, 
with the rigid body modes removed, subjected to distributed loads (as seen in Fig. 1), the 
equilibrium equation, including the effects of axial force and initial geometric imperfections, can be 
expressed as: 

q
dx
dP

xEI
xMP

dx
xMd

2

2

2

2

)(
)()(  (1) 

A power series approach has been used for solving the above second-order de erential equation of 
equilibrium for the Bernoulli–Euler beam-column element. By applying this approach the second-
order bending moment can be determined in any section along the member length (as a function of 
x), and then the flexibility coefficients are derived using Maxwell- Mohr method: 

L

ij dx
xEI

xmxMF
0 )(

)()(
(2) 

Where: Fij is defined as the rotation at the end “i” caused by the application of a unit moment at the    
end “j”, M(x) is the bending moment in a current section produced by the external loads and m(x) is 
the bending moment in a current section caused by the application of a unit moment at the end “j” 
and L represents the length of the member.  After the stiffness matrix is evaluated by inverting the 
flexibility matrix, the recovering of the stability functions for non-prismatic beam-column element 
is possible. 
 

 
 

Figure 1. Member forces and deformations in natural coordinate system of a tapered beam–column 
member. 

 
In the present paper, the geometric imperfection is modelled as a half-sine curve, as shown in 
Figure 2. Therefore, the total deformation along the element length has the following expression: 
 

Myy (3) 
where yM and  are the deformations produced by the external forces and initial geometric 
imperfections respectively. 
 

 
 

Figure 2. A beam-column element with initial geometric imperfection. 
 

Assuming the following expansion for the sinus function:  

L
xLf y sin  

Lf y  
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the deformation caused by the initial geometric imperfections can be accounted for in the 
equilibrium differential equation using the following equation: 

0n

n

n L
xqLyf (5) 

2.1 Derivation of general expression for bending moment of a tapered beam-column 

Introducing a new non-dimensional variable =x/L , the Equation (1) can be rewritten as: 
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To solve the differential equation (6), power series approach has been used, making the following 
notations: 
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where n, mn are constants and NTF is the number of terms in the polynomial function. 
Differentiating Eq.  (7b)  and substituting Eq. (7) into Eq.  (6),  we have: 

NTF

n

n
n

NTF

n

n
n

NTF

n

n
ny

NTF

n

n
n

NTF

n

n
n

NTF

n

n
n qLqLPfmPLmnn

0

2

00

2

0

2

0
2

0
)1)(2( (8) 

After the multiplication of the two series in the rst term, Eq. (8) can be rewritten as follows:  
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Applying the  principle  that  the  factors  at  two  sides  of  Eq. (9)  for  the  same exponent   
should be equal, we have: 
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(10b) 
Rewriting Eq. (10b), we have the following recurrence relation: 
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Using Eq. (11), the general solutions of Eq.  (9)  can  be obtained  explicitly  in  terms  of  three  
constants (m0, m1, m2) and four polynomial functions )(),(),(),( *

3
*
2

*
1 mqMMM  as follows: 
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Using Eq. (7b) and (11), the general expression for bending moment of a tapered beam-column can 
be written as follows: 
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where the following notations have been introduced: 
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Using Eq. (12) and (13), we can determine the following functions: 
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In order to evaluate m0, m1, m2, the following conditions are imposed: 
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After rearranging we have: 
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where the following notations have been introduced: 
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Hence, the bending moment for a general non-prismatic beam-column element has the following 
expression: 
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2.2 Derivation of exact stability functions and equivalent nodal loads vector of a general non-
prismatic beam–column member
 
Using the Maxwell-Mohr formulation (see. Eq. (2)), the flexibility coefficients can be expressed as 
in Eq. (20) or in a condensed form in Eq. (21). 
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To produce the deformational-stiffness relation, Eq. (21) is inverted as follows: 
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where 
2221

1211)0(

ss
ss

L
EI

k (23) 

is the element stiffness matrix of the tapered beam-column element without rigid body modes with 
the stability functions s11, s12, s21, s22; I(0) is the moment of inertia about the strong axis of the 
transversal section at node “i”. 
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 is  the equivalent load vector.  

The axial stiffness of the element can be derived, separately, as: 
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3. Numerical examples 

Based on the analysis algorithm just described, a computer program has been developed using 
MATLAB software, to study the variation of elastic stability functions and to evaluate the critical 
axial load for non-prismatic elements. In order to check the accuracy, ef ciency and robustness of 
the present method, several numerical examples are given and the results obtained from the 
proposed model show excellent agreement to those of FEM. 
 

 
 

Figure 3. Non-prismatic I-shaped cantilever beam-column element. 
 
3.1 Critical axial load for a cantilever beam-column element 
 
A tapered beam-column with an I-shaped section, as shown in Fig. 3, is studied. The modulus of 
elasticity is assumed 206 GPa. The exact formulation of inertia moment and area of the cross-
section at location x are obtained as follows ( mmD 4002 ;  mmD 2001 ): 
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Figure 4. Tapered I-shaped cantilever beam. Axial load – lateral displacement curve. (a) bending in 
the plane of maximum rigidity, (b) bending in the plane of minimum rigidity 

 
In order to evaluate the critical axial load for each inertia axis, three types of analysis have been 
performed. For the first analysis, finite element software Abaqus was chosen, where four  node  
shell  element  S4R  has been  employed  for  modelling  the  beam, using a 10mm  mesh size. To 
recover the full load factor – lateral displacement curve, a static Riks analysis is chosen. The 
following two are 2nd order elastic analysis and were employed in the program developed by the 
author (EPASS). The load step considered in the analysis was 0.1P. The global geometrical effects 
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are taken into account in the analysis by updating at each load increment the nodes of the structure, 
the element forces and the rotation matrix Rb and, also, by considering the geometric stiffness 
matrix. One set of analysis was run using the proposed method for solving the differential equations 
of equilibrium, considering only one element/member with 10 integration points and 10 terms in the 
polynomial function. In the last set of analysis, the tapered beam-column was divided into 5, 10 and 
100 prismatic elements and the stability functions proposed by Chen & Lui [7] were used to 
account for the geometrical nonlinear local effects.  
 
All the results have been summarized in Fig. 4. As it can be seen, if it is chosen to divide the beam-
column into prismatic elements, in order to achieve the desired accuracy a number of minimum 100 
elements/ member is required. This method, despite its simplicity, is computational expensive. 
Unlike this method, if the proposed model is used, one element/member is sufficient to obtain 
comparable results, with much less computational effort. It can be seen that the results obtained 
with EPASS are in a good agreement with those obtained with finite element software Abaqus. In 
order to evaluate the critical axial force, Abaqus completed the analysis in 500 variable steps in 
101.73 minutes. On the other hand, EPASS finalized the analysis in 1814 constant steps, in 355.12 
seconds. Is worth mentioning the efficiency of the proposed model in terms of computation time, 
using a single finite element/bar EPASS gives comparable results (differences below 3%) with 
Static Riks analysis, which needed 26400 S4R finite elements. 
 
3.2 Stability functions for tapered circular beam–column

A tapered circular beam-column, as shown in Fig. 5, was previously analysed by [2] (under 
compressive or tensile forces) and [6] (under compressive force only). Al-Sarraf [6] and Al-Sadder 
[2] studied the variation of the elastic stability functions, for tapered members with di erent cross-
sectional types, against large axial load parameter BEB PP }/ . In the present study, the variation of 
the elastic stability functions in respect with the axial load parameter ( 1B  ) has been studied.

 
Figure 5. Tapered circular beam–column. 

 
The results are plotted for various end depth ratios (DR) in Fig. 6. As it can be seen, the solutions 
obtained by the present method (power series) converges very fast, to achieve adequate precision, 
the proposed approach requires only nine terms to be taken in the power series. 
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Figure 6. Relative errors in stability functions for di erent end depth ratios
 
 
4. Conclusions 

A new computer method has been developed for the derivation of stability functions and equivalent 
nodal loads of a general non-prismatic beam-column element. The proposed approach combine the 
power series approach, used for solving the second-order differential equation of equilibrium, with 
the Maxwell-Mohr method to compute the flexibility coefficients of the Euler-Bernoulli beam-
column element in the presence of initial geometric imperfections and axial load. Several examples 
are presented to check the accuracy, ef ciency and robustness of the present method and the studies 
show that the proposed method converges very fast and give excellent results compared to those 
obtain with FEM. In order to achieve adequate precision, the proposed approach requires only nine 
terms in the power series. 
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Abstract 

This paper is based on the study of alternatives to determine the best hanger arrangement for a 
road tied-arch bridge. In this paper are analyzed several hanger configurations. For each case it 
was performed a first order static analysis, using load models according to EN 1991-2. The 
analysis was performed with an automatic calculation program for structures, thus determining the 
strain and state of efforts in each case studied. Following preliminary dimensioning of sections we 
need to determine the optimum hanger configuration which is the most economical. The question 
that comes when designing a tied arch bridge considering all the financial constraints is: How does 
the number of hangers and their angle influence the distribution of efforts in tied-arch bridges? 

Keywords: Tied-arch bridge, hangers, efforts, tension. 
 
 
1. Introduction 

One of the main feature of the arch bridge is the transmition of external forces to arch ends. 
When arches are situated under the deck, these external forces are transmitted directly to the land, 
imposing land with high load capacity and high costs of foundations. Tied-arch bridges, use the 
deck to take the role as the tension member taking the forces generated in the ends. In general, arch 
bridges are suitable for openings between 70-200 meters distance range where other type of bridges  
require large sections or other support systems such as stay cables.  

The most common functions for determining the arch shape are the parabola and catenary 
arc. For concrete arches, where self weight is the determining factor, the best solution is to define a 
catenary arch. For steel arches where superimposed dead loads are determinants it is recommended 
to define a parabolic arch. 
 The large number of possibilities that can be adopted in arch bridges, such as bridges with 
the deck above, underneath or in between the arches, offers designers the possibility to adapt to the 
conditions imposed by landscape. Is an efficient solution for crossing medium spans.  

This paper aims to identify the optimal arrangements of hangers for a tied arch bridge with 
respect to all the variables such as: efforts in arches, ties and hangers.  

Depending on the inclination of hangers, tied arch bridges are classified as: 
With vertical hangers 

With inclined hangers 
Depending on the stiffness of the suspensions can be: 

With rigid hangers 
                                                           
Vlad Mihai: Tel./ Fax.: +40 747 608 995 
E-mail address: v.mihai88@gmail.com 
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With elastic hangers 
 The tied arch bridges appear in different hanger layouts. The general layout of the hangers 

have been greatly improved with the development of modern computing technology. Understanding 
of the behavior of structures with large number of static indeterminacy was conditioned by the 
development of computers. Three main layouts are presented further: The Langer system, the 
Nielsen Sistem and the Network configuration system. 

Langer system requires a deck with high rigidity, who plays the role of a tie for the flexible 
arches. The deck is suspended by vertical hangers.  

 
 

Nielsen system consists of a single rigid beam, reinforced with a system of hangers. In this 
system, the hangers are inclined and work as a variable-section truss with rigid bottom 
“flange”. Nielsen system, patented by Danish engineer Octavius F. Nielsen in 1926, was 
used in the construction of over 60 bridges at that time. 

 
 

The network of inclined hangers is an improved version of the Nielsen system, with the 
exception that in this case the hangers cross each other at least once. This  arrangement of 
the hangers determine very slender structures and thus reduced material consumption. 
Inclined hanger network system was patented by Professor Per Tveit from Norway in the 
1950s, from the study of the distribution of bending moment bridges Nielsen system. 

 
 

 
The purpose of this paper is to investigate the influence of different  hanger arrangements 

using three-dimensional finite element models. For this study the goal was to determine the most 
suitable solution for a road bridge over the Somes river , with a span of 100 meters, consisting of 
two inclined steel arches, located on a road with two traffic lanes, subjected to medium traffic.  

Defining parameters to identify the most effective hanger arrangement requires a complex 
process that involves several variables such as cost, aesthetics, efficiency and some of the local 
constraints imposed by landscape. Regarding hangers, the demanding criterion is to reduce the 
number of the compressed hangers and to reduce the maximum axial force in them. 

 

Figure. 1. Tied arch bridge with Langer configuration of hangers 

Figure. 2. Tied arch bridge with Nielsen configuration of hangers 

Figure. 3. Tied arch bridge with network configuration of hangers 
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2. Case study 

The case study is a road bridge with a span of 100 meters, consisting of two circular hollow 
section steel arches with a height of 17 meters, inclined inward 15 degrees after tie beam axis, 
connected by circular hollow section tie-beams (Fig. 4).The slenderness of the arch f/l=0.17. Tie 
beams are transversaly connected by means of steel double T section crossbeams positioned at a 
equal distantance of 5  meters and arches are connected by circular hollow sections bracings. An 
reinforced concrete top slab linked by elastic connectors to the crossbeams completes the composite 
deck as shown in Fig. 5. 

Hangers were modeled as rigid truss elements to evaluate the first order effects , so that in 
cases where hangers appear relaxed, they actually supposed to axial compression. Both links at the 
top with arches, and bottom with tie beams are pinned in fork connectors (Fig. 6). Each hanger is 
applied an initial unit pretension force. Conditioned by vertical movement of the deck, the tension 
must be adjusted properly after aplying the superimposed loads.  

 

 
 
 

 
 
 
 Figure. 5. Main Span Cross Section 

Figure. 4. Main Span General Layout 
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2.1 First order structural analysis
 
 The bridge was modeled in the finite element analysis software Midas Civil, with all the 
elements defined as General Beam elements with the exeception of hangers which were modeled as 
truss members. The model was created as a spatial structure.  

In this analysis were considered all the loads acording to EN 1991-2 such as selfweight, 
superimposed dead loads, wind, braking force, vehicle impact force. For the moving load analysis 
were considered loading models according to EN 1991-2. The first model is the Load Model 1 with 
the tandem system changing its position throughout all crossbeams that constitute the deck and the 
uniformed distribued load (UDL) placed throughout the entire bridge deck. The second model 
consideret is Load Model 2, and the third model consideret is Load Model 4.  
 In Fig. 7 is shown that the closer the hangers are to the arch ends, the lower the tension . In 
this configuration there aren’t any relaxed hangers which mean a well optimized angle of 
inclination for the hangers. The tension in hangers are between 1013 kN and 621 kN in the Ultimate 
Limit State analysis 

 
 
 
 As we can see in Fig. 8,  the transvers bending moments are considerably higher than arches 
or tie beams bending moments. This indicate a good distribution of efforts along the arches and tie 
beams, which are mostly subjected to compression and tension. The maximum bending moment in 
the arch in Ultimate Limit State analysis is only 765 kNm. The tie beams are subjected to higher 
bending moments than the arches, with a maximum of 1545 kNm. The bending moments in cross 
beams are more than three times higher than bending moments in arches with a maximum of 2487 
kNm. 

Figure. 6. Fork connector 

Figure. 7. Axial force in hangers in Ultimate Limit State analysis 
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 In Fig. 9 shows that compression is uniformly distributed along the arches an tension is also 
uniformly distributed along the tie beams. Small variations can be seen determined by the distance 
between the anchor location of the hangers. The maximum compression in arches in Ultimate Limit 
State is 9510 kN and the maximum tension in tie beams is 7930 kN. 

    
  
 
 The maximum displacement in Service Limit State is 0.126 centimeters, value which is 
under the recommended by EUROCODE  ratio  L/750. 

Figure. 8. Bending moments in Ultimate Limit State analysis 

Figure. 9. Axial force in Ultimate Limit State analysis 
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2.2 Data analysis

In the network tied system the inclined hangers cross each other at least twice. In general 
this type of arrangement lead to lower consumption of materials and slender structures.  In Langer 
system the assimetric load produce considerable deformations in both arches and tie beams ,while 
using the inclined system with variable slope, cosiderable deformations only occur in the tie beam 
which means a this system provides a better distribution of efforts in the arch.  

Favorable behavior of this system is due to the rigidity of the network of hangers .The 
transverse bending moments determined are greater than the longitudinal bending. 

This method follows the same concept as the Nielsen system. Unlike constant inclination 
system, in this system the slope of each hanger is variable by a linear function.  

An optimization of the "wheel spokes" is documented and Schanack Brunn, who concluded 
that if every hanger decomposes in two hangers and the resultant hanger forces is orientated toward 
the center of the circle determined by the arch radius. The only variable involved is the angle 
between adjacent hangers at their intersection.  

Some case studies studied by Per Tveit  and offered relevant results helping designers to 
understand better this type of structure and made possible  an easier approach to designing a 
network tied arch bridge.  

Maximum axial force in the arch tends to be smaller as the inclination is greater. Bending 
moment results from the analysis show that the more inclined hangers, the smaller the bending 
moment. 

The hanger angle variation does not appear to significantly influence the tie beam axial 
force and bending moments along the beam decreases with increasing angle.  

Comparing to a vertical hangers system, in this configuration we get a 30% lighter structure.  
 

Figure. 10. Displacements in Ultimate Limit State analysis 
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Figure. 11. Axial force  variation in hangers  in 
inclined hanger system with variable slope 

depending on the angle variation 

Figure. Error! No text of specified style in 
document.12. Number of relaxed hangers in 
inclined hanger system with variable slope 

d di th l i ti

Figure. Error! No text of specified style in 
document.14. Bending moment  variation in tie 
beam  in inclined hanger system with variable 

Figure. Error! No text of specified style in 
document.13 Bending moment  variation in 
arch  in inclined hanger system with variable 

Figure. Error! No text of specified style in 
document.15. Axial force  variation in arch  in 

inclined hanger system with variable slope 
depending on the angle variation 

Figure. Error! No text of specified style in 
document.16. Axial force  variation in tie beam  

in inclined hanger system with variable slope 
depending on the angle variation 
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3. Conclusions 
 

In this study, for the opening of 100 m, it can be seen more effective the network system 
with inclined hangers than the vertical hanger system. This system provides a better structural 
efficiency compared to the configuration with vertical hangers.  

Following the analysis we can draw the following conclusions:  
The lowest tension in hangersis obtained in vertical hanger configuration. However, this 

configuration shows large arch bending and tie beams moments.  
The system with inclined hangers is the best solution for this case study. In this 

configuration we get the lowest compression and bending moments in beams arches and tie. 
Maximum tension of hangers not only affects the ultimate limit state, but play a role in 

resistance to fatigue, thus a fatigue analysis should be performed.  
Buckling length of arch varies depending on the number and position of the hangers. A 

comprehensive analysis of the phenomenon should be performed to optimize structural buckling of 
the bridge. 
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Abstract 

This paper presents a synthesis of the typical damages recorded in reinforced concrete frames and 
masonry infills after recent earthquakes. The behavior and failure modes of the infill walls are of 
great importance, especially since no clear recommendations are provided in the current design 
codes for the performance of these types of walls. In the present time, masonry infill walls are 
considered to be non-structural building elements, while the seismic behavior of reinforced 
concrete frame structures having these type of walls, indicated a structural behavior of the infills. 
Several proposals for the improvement of the out-of-plane behavior of infill walls are presented in 
this paper. The investigation of these solutions can lead to the development of innovative systems of 
masonry infills, and can also provide viable consolidation measures for existing buildings. 

Keywords: masonry infill, seismic behavior, out-of-plane, damages, consolidation measures 
 
 
1. Introduction 
 
Masonry infill walls in reinforced concrete frames are widespread in many countries. The use of 
veneer walls for the enclosure of reinforced concrete frames represents also a current trend. This 
practice is derived from the evolution of the traditional building technique, based on masonry walls. 
At the beginning of the XXth century, the use of reinforced concrete for the bearing elements of 
structures underwent an exceptional growth, transforming the infill walls into surface elements of 
negligible volume, mass and stiffness in comparison to traditional masonry walls. This evolution 
unveiled a series of drawbacks related to the structural conformation, and suitable solutions are yet 
to be found, which should comply with code requirements related to performance, safety, aesthetics 
and design. These problems are pronounced when the non-structural elements, which are the infill 
walls, are subjected to actions which make them behave in a structural manner, like earthquakes 
strong winds, settlements, etc.  
The INSYSME European research program studies the behavior of these types of walls and is 
searching for a solution to enhance their behavior and to fill in the gaps which are in the current 
guidelines and design codes [1]. 
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2. Damages recorded in reinforced concrete frames with masonry infills 

Recent seismic activities revealed that a lot of structures having masonry infills recorded an 
extensive amount of damage. These walls can detach from the structure and collapse, due to a 
combination of in-plane and out-of-plane demand, as it can be seen in figure 1. The out-of-plane 
failure of the enclosure walls, are dangerous, causing fatalities and large economic loss, as it was 
the case for the L’Aquila, Italy earthquake from 2009, which had a magnitude of 6.3 on the Richter 
scale [2]. Widespread extensive damage of the masonry infills and partition walls caused the 
highest losses in reinforced concrete buildings. A detailed analysis was carried out after the seismic 
event in order to evaluate the repair costs for the clay units of the infill walls, equipment and 
interior finishing [3]. This analysis pointed out the fact that the costs related to the enclosure walls 
repair, even in a severe earthquake, can be more relevant than the cost related purely to structural 
interventions [4]. Such is the case of veneer walls which are susceptible to cracks and failures in 
case of poor detailing of the connection to the reinforced concrete bearing structure, figure 2. 

 
 

Figure 1. Examples of in-plane and out-of-plane seismic damage to clay unit masonry infill walls. 
 

 
 

Figure 2. Examples of in-plane and out-of-plane seismic damage to clay unit masonry veneers. 
 
Figure 3 presents the failure of the masonry infill and veneer wall of a relatively new building, after 
the earthquake from L’Aquila. Poor constructive detailing can lead to damages in buildings which 
were constructed previous to modern seismic design codes, but even in newly constructed 
buildings, thus a call for the development of new and improved systems is necessary. Examples of 
in-plane and combined in-plane and out-of-plane damages can also be observed in newly 
constructed buildings from Emilia, Italy, after the 6.0 magnitude earthquake from 2012 [5], as it can 
be seen in figure 4. 
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Figure 3. Typical damage of infill wall after the L’Aquila, Italy earthquake. 
 

 

Figure 4. Masonry inill and veneer damage after the earthquake from Emilia, Italy. 
 
The 2011 earthquake from Van, Turkey had a magnitude of 7.1 on Richter scale [6] and 
demonstrated the highly variable nature of the seismic damage to the infill walls in reinforced 
concrete frame buildings. In some cases, the infill walls had a major contribution in the overall 
behavior of the building, influencing its strength and ultimately preventing an early collapse. In 
other situations, the masonry infills detached from the structure, as it can be seen in figure 5, due to 
combined in-plane and out-of-plane solicitations, proving a dangerous failure mode for the 
occupants.  
 

 
 

Figure 5. In-plane and out-of-plane failure of masonry infills after the Van, Turkey earthquake. 
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2.1 Behavior of masonry infills subjected to seismic actions 
 
Regarding the behavior of the non-structural masonry infills, it has to be underlined that they prove 
inadequate performance under serviceability states [7], and with no clear design regulations, they 
present unpredictable ultimate limit state behavior which can ultimately lead to the element or 
structure collapse. The damages of these types of walls are responsible for a considerable 
percentage of the recorded damages in buildings.  Recent studies have shown that one of the 
reported causes of damage is the short support of the external walls on the concrete slabs, in the 
case of slender veneer enclosures designed to ensure a good thermal insulation of the building [8]. 
This aspect can lead to severe cracking or even collapse of the veneer walls. Another factor 
influencing the behavior of these walls is represented by the lack of detailing provided in the design 
procedure, and together with the poor workmanship can have unfavorable results in the case of 
seismic activities [9]. The Romanian seismic design code [10] states that the interaction between the 
masonry infill and the frame structure can only be accounted for if there can be identified a set of 
compressed diagonals in the masonry infill. This is particularly difficult to identify due to the 
uncertainties based on the actual execution and collaboration between the structural and non-
structural elements. A set of unfavorable effects are suggested to be taken into account, which are 
related to the modification of the behavior factor q and the introduction of local effects in the frame 
structure, due to the presence of the infill wall. These effects are to be countered only by some 
constructive detailing related to the strengthening of the frame structure. In the design code for 
masonry structures from Romania [11], the resistance of an infill masonry panel is given by the 
smallest of three failure modes of the masonry panel, as it can be seen in figure 6, corresponding to 
rupture due to shear sliding in the horizontal joint (figure 6a), cracking along compressed diagonal 
(figure 6b) and crushing of the compressed diagonal at the corners (figure 6c). All these failure 
modes do not account for the degree of interaction between the infill and frame structure. 
 

 
 

Figure 6. Failure modes of the infill wall panel 
 
 
3. Consolidation measures 
 
Within the INSYSME research program [1] there are sought out new and improved methods for the 
construction, design and calculation of infill walls, for new buildings. Another direction related to 
the behavior of these walls is represented by the consolidation of the existing structures having infill 
and veneer walls. Within the “Politehnica” University of Timisoara, at the Faculty of Civil 
Engineering there are studies ongoing related to the improvement of the out-of-plane behavior of 
masonry infill walls [12]. In collaboration with student architects and PhD students from the Civil 
Engineering Faculty, a set of consolidation measures were proposed. Among the proposed 
solutions, one refers to an exterior consolidation with steel profiles of the building frame [13]. This 
method is generally used and accepted for the retrofit of damaged buildings. In order to satisfy the 
lighting, energy consumption and aesthetical requirements, the solution is based on a concept of 
sustainability. This consolidation measure aims to consolidate the building frame and masonry infill 
panels, in order to avoid out-of-plane failure. Energy efficiency for the building represents another 

a) b) c) 
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advantage of this solution. As it can be seen in figure 7, a four layer curtain wall system constitutes 
a support for the existing veneer wall. 
 

 
 

Figure 7. Proposal of a 4 layer exterior consolidation method 
 
The first layer has small reservoirs for cleaning the façade and provides shade during periods with 
sun exposure, while the second layer represents the fixing layer made of steel profiles. The third 
layer has perforated steel profiles which protect the building from external actions. The forth layer 
is given by the steel structure used for strengthening the existing building on both in-plane and out-
of-plane directions. This system could increase the rigidity of the structure, limiting the 
degradations and providing a seismic protection. The ease of construction, without affecting inside 
activities could represent another benefit factor, together with the enhancement of the architectural 
expressivity of the building. 
Another direction for the improvement of the out-of-plane behavior of infill walls is given by the 
exterior application of a thermo-insulation system, as in the case of new buildings. The study of the 
influence of this system will be performed within the Civil Engineering Faculty from Timisoara, as 
a PhD thesis which will be part of the INSYSME research program [1]. 
The construction of an experimental stand was necessary in order to perform the proposed 
investigations. As it can be seen in figure 8, the size of the stand can allow full scale tests on 
masonry walls and also it could facilitate a parameterization in function of the maximum span of 
the infill wall.  
 

 
 

Figure 8. Design and construction of the experimental stand 
 

Since a large amount of new buildings are constructed having a thermo-insulation system applied to 
the exterior façade, the influence of the glass fiber mesh from this system is going to be studied, as 
well as various consolidation measures using technologies already available on the market, such as 
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a GeoSteel grid [14] covering the cracks and Helifix bars in the mortar joints [15]. Another 
innovative solution will be to study the influence of a mesh of polypropylene bands on the exterior 
surface of the infill wall, being subjected to a cyclic out-of-plane force. A benefit factor of these 
proposed solutions is given by the fact that the ongoing activities inside the buildings are not 
affected by the interventions at the exterior veneers.  
Tests will be performed on 5 sets of infill walls, in three stages:  
(a) First stage –  first wall (MW1) will represent the reference specimen, second wall (MW2) will 

have a 10 cm thermo-insulation system applied;   
(b) Second stage – third wall (MW3) will have a 20 cm thermo-insulation system applied, fourth 

wall (MW4) will be a consolidated version of (MW1) using GeoSteel grid mesh and Helifi bars 
in the mortar joints, figure 9; 

(c) Third stage – the influence of a mesh of polypropylene bands will be studied on the fifth wall 
specimen (MW5). 

The first reference wall will be constructed according to the current design provisions, using 
ceramic blocks with vertical openings, using horizontal mortar joints of 12mm. The thermo-
insulation system of the second and third masonry wall specimens will be installed as per 
producer’s requirements [16] regarding the materials used and technology of application. The 
technology used for the fourth wall specimen is presented in figure 9 and refers to a mesh of steel 
fibers applied together with an adhesive to the damaged surface of the masonry wall. This 
application will cover the cracks developed in the wall, without affecting the overall rigidity of the 
wall, while ensuring a good load transfer. The Helifix bars will be introduced in the horizontal 
mortar joints and covered with an adhesive substance, thus restoring the continuity of the damaged 
mortar joint. For the wall panel consolidated using a polypropylene band mesh, previous studies 
were carried out on structural walls made of unreinforced masonry [17] and tests revealed a 
considerable improvement of the out-of-plane behavior of the walls, as it can be seen in figure 10. 
This mesh of polypropylene bands is fitted to the surface of the masonry wall, by means of steel 
connectors which ensures a tight connection between the two materials and can be later covered 
with plaster which improves the aesthetical factor. The loading protocol for these wall specimens 
will be performed in accordance with ECCS provisions, having the reference value ey multiples and 
submultiples of the bending resistance of the masonry. All tests will be performed in displacement 
control, see figure 11, and will have the following values: ±ey/4, ±2ey/4, ±3ey/4, ±ey, ±2ey, ±4ey, 
±6ey.  
 

 
 

Figure 9. Technology of application of the consolidating materials 
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Figure 10. Failure patterns of the tested masonry wallets and out-of-plane load variation [17] 
 

  

Figure 11. Testing procedure and loading protocol 
 
 
4. Conclusions 
 
In this paper, there was performed a synthesis of the recorded damages in reinforced concrete frame 
structures with masonry infills after recent earthquakes. From this synthesis it was observed that 
damages can occur in buildings which were constructed prior to modern seismic design codes, but 
also in newly constructed ones. The authors proposed some intervention measures which aim to 
improve the overall out-of-plane behavior of the masonry infill walls. These proposals have the 
advantage that they do not affect the ongoing activities in the buildings chosen to be retrofitted, and 
they prove to be an inexpensive solution for an otherwise expensive problem. In order to improve 
the seismic behavior of reinforced concrete frames with masonry infills, the proposed solutions 
offer a degree of sustainability to the addressed problem, preventing the overturning of the walls. 
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Abstract 
 
This paper presents an efficient computer method for nonlinear inelastic analysis of steel-concrete 
composite beams with partial shear connection. The proposed formulation is intended to model the 
geometrically nonlinear inelastic behaviour of composite frame elements using only one element 
per physical member. The behaviour model accounts for material inelasticity, gradual yielding is 
described through basic equilibrium, compatibility and material nonlinear constitutive equations. 
Tangent flexural rigidity of cross-section is derived and then using the flexibility approach the 
elasto-plastic tangent stiffness matrix is developed. The proposed nonlinear analysis formulation 
has been implemented in a general nonlinear static purpose computer program, NEFCAD. A 
computational example is given to validate the effectiveness of the proposed method and the 
reliability of the code by comparing the results predicted by NEFCAD with those given by the 
ABAQUS software and other results retrieved from the open literature. 
 
Keywords: Advanced inelastic analysis; Composite beams; Partial shear connection; Distributed 
plasticity; Finite element modelling. 
 
1. Introduction and research significance 
 
Composite systems have seen widespread use in recent decades due to multiple benefits that occur 
by combining the individual mechanical properties of the component materials, steel and concrete. 
The structural steel has high strength and ductility in tension, while the concrete has high stiffness 
and robustness in compression. The composite action between the concrete slab and the steel beam 
is achieved trough mechanical connectors such as shear studs. The resulted composite beam 
provides an increase of the rigidity, strength and the ultimate moment capacity of the composite 
beam, compared with the independent use of each material. An important aspect in the structural 
behaviour of steel-concrete composite beams is represented by the level of connection between the 
concrete slab and steel beam, which is defined as the ratio between the shear connection capacity 
provided by the studs and the weakest component capacity (concrete slab or steel beam). If the 
disposed number of shear connectors at the steel-concrete interface of the composite beam is lower 
than the number that provides full shear connection, then the stiffness and ultimate capacity 
decreases, while the ductility of the composite beam may be enhanced [1]. In recent years, have 
witnessed significant advances in nonlinear inelastic analysis methods for steel-concrete composite 
beams with full and partial shear connection. There currently exist several methods and computer 
programs concerning the nonlinear inelastic analysis that calculate strength limit states of composite 
beams. The nonlinear inelastic analysis methods can be categorized in two types as follows. For the 
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first type, finite element commercial packages are employed to model the steel beam and the 
concrete slab, as well as the connection between them [1-3]. These models require very fine-grained 
modelling that is often impractical to the structural engineer. Generally the steel beam is modelled 
with shell elements, while for the concrete slab, shell or solid elements are used. The commercial 
finite element libraries contain discrete connectors that are able to describe the shear studs 
behaviour. For the second type, the line elements approach in conjunction with either distributed or 
concentrated plasticity models, have been devoted to the development of nonlinear analysis tools 
for composite beams with full and partial shear connection, that provides desirable balance between 
accuracy and computational efficiency [4-6]. 
 
The present work attempts to develop accurate yet computational efficient tools for the nonlinear 
inelastic analysis of composite steel-concrete beams, fulfilling the practical and advanced analysis 
requirements. Essentially, nonlinear inelastic analysis employed herein uses the accuracy of the 
fiber elements approach for inelastic analysis and address its efficiency and modelling shortcomings 
both to element level, through the use of only one element to model the entire length of the beam, 
and to cross-sectional level through the use of path integral approach to numerical integration of the 
cross-sectional nonlinear characteristics. 
 
 
2. Formulation of the proposed analysis method 
 
The following assumptions are adopted in the formulation of analytical model: (1) Plane section 
remain plane after flexural deformation; (2) Partial shear connection is taken into account 
considering the concept of the degree of shear connection (3) Partial shear connection is uniformly 
distributed along the member and the connectors are considered to be ductile (4) Warping and 
cross-section distortion are not considered; (5) Torsional buckling do not occur; (6) Small strain but 
arbitrarily large displacements and rotations are considered; (7) Shear deformations are taken into 
account on the element stiffness but are neglected in the plastic constitutive relationships.  
 

 
Figure 1. (a) Composite beam cross-section; (b) Stress-strain relationships for concrete in 

compression. 
 
The cross-section may assume any shape with multiple polygonal or circular openings. The 
constitutive relation to model the concrete under compression is represented by a combination of a 
second-degree parabola (for ascending part) and a straight line (for descending part), as depicted in 
Fig. 1.b, where   represents the degree of confinement in the concrete. Multi-linear elastic-plastic 
stress-strain relationships, both in tension and in compression, are assumed for the structural steel 
and the conventional reinforcing bars. The proposed approach is based on the most refined type of 
second order inelastic analysis, distributed plasticity model, where elasto-plastic behaviour is 
modelled accounting for spread-of plasticity effect in sections and along the element. The above 
assumptions allow the formulation details to be considered on two distinct levels, namely, the cross-
sectional level and the member longitudinal axis level. Thus the nonlinear inelastic response of a 
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beam-column element can be computed as a weighted sum of the inelastic response of a discrete 
number of cross-sections that are located at the numerical integration scheme points.  
 
2.1. Elasto-plastic analysis of cross-section 
 
Consider the cross-section subjected to the action of the external bending moment (M), and axial 
force (N) as shown in Fig. 1.a. The origin of the reference axis is considered in the geometric 
centroid of the structural steel. Under the above assumptions the resultant strain distribution 
corresponding to the curvature  and the axial strain 0 can be expressed in a linear form as: 

ry0  (1) 
where r represents the initial deformation produced by residual stresses, and is taken into account 
in above equation for the structural steel. The equilibrium is satisfied when the external forces (N, 
M) are equal to the internal ones. These conditions can be represented mathematically in terms of 
the following nonlinear system of equations as: 

0
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where steelN int and concreteNint represents the internal axial forces in steel profile and concrete slab 
respectively. Similarly steelM int  and concreteM int  represents the internal bending moment in steel profile 
and concrete slab respectively. The degree of shear connection is given by the parameter . The 
above system can be represented as:  
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where T
0X and in which  4 Æ represent the unknowns and the surface integral is extended 

over steel (As) and concrete areas (Ac). The above system can be solved numerically using, for 
instance, the load-controlled Newton method and taking into account the fact that the stresses are 
implicit functions of the axial strain and curvatures through the resultant strain distribution given by 
the Eq. (1). Tangent flexural rigidities for major axis bending under conditions of constant axial 
load are evaluated by inverting the cross-section tangent stiffness matrix, imposing the condition of 
constant axial load to obtain a flexural flexibility matrix and inverting this to find the tangent 
flexural rigidities [4]: 
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evaluation of internal resultant efforts and tangent stiffness matrix coefficients of the section can be 
evaluated in terms of boundary integral. 
 
2.2 Flexibility based derivation. Member analysis
 
Flexibility-based method is used to formulate the distributed plasticity model of a 2D frame element 
(6 DOF) under the above assumptions. An element is represented by several cross sections (i.e. 
stations) that are located at the numerical integration scheme points. The spread of inelastic zones 
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within an element is captured considering the variable section flexural EIz and axial EA rigidity 
along the member length, depending on the bending moment and axial force level, cross-sectional 
shape and nonlinear constitutive relationships as already described. Non-linear analysis by the 
stiffness method requires incremental loading, i.e. the inelastic behaviour is approximated by a 
series of elastic analysis. The element incremental flexibility matrix fr which relates the end 
displacements to the actions rs  can be derived directly from energetic principles. Assuming elastic 
behaviour within a load increment, and no coupling of axial and flexural responses at the section 
level, the increment of the strain energy W can be written as follows, including the additional 
shear and torsional deformations: 
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in which the bending moments and shear forces are given by the following equations, supposing 
that the element is subjected to uniform distributed loads qy(z):
 

 (7) 

Using the second theorem of Castigliano the relationship between incremental deformations and 
efforts can be readily calculated and partitioned as follows: 
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(8) 

or in a condensed form: 
rrrr sfu  (9) 

where fr represents the incremental flexibility matrix of the beam-column element without rigid 
body modes and r is a term resulting from loading actions, GAy is the constant shear rigidity along 
local y-axis, G is the shear moduli of the steel, and Ay is the shear resisting area of steel beam 
assumes in this paper as the area of the web for I sections. It is important to note that the effects of 
the shear deformations are taken into account both in the tangent stiffness matrix coefficients and 
equivalent nodal loads. To produce the deformational-stiffness relation, the Eq. (9) is inverted, 
resulting the following deformational-stiffness equation: 

rrrr quks  (10) 
where the vector rq is the equivalent load vector, whereas kr represents the instantaneous element 
stiffness matrix of the beam-column element without rigid body modes, determined by matrix 
inversion of the flexural matrix fr. The resulting element stiffness matrix is a 3x3 matrix. To include 
rigid body modes, the stiffness matrix is pre and post multiplied by a transformation matrix to result 
in the required 6x6 matrix [4]. The geometrical nonlinear effects for each element are taken into 
account in the present analysis, in a beam column approach, by the use of the inelastic stability 
stiffness functions and updating at each load increment the length, axial force and the flexural 
rigidity about of each principal axes of the element. The element force fields are described by the 
second order transfer matrix as function of the nodal element forces [4]. In order to trace the 
equilibrium path, for proportionally and non-proportionally applied loads, the proposed model has 
been implemented in a simple incremental matrix structural-analysis program. In this approach the 
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simple Euler stepping algorithm is used in conjunction with constant work-load increments. Using 
an updated Lagrangian formulation (UL) the nonlinear geometrical effects are considered updating 
the element forces and geometry configurations at each load increment. The natural deformation 
approach rigid body qualified
adopted for the element force recovery and the web plane vector approach is effectively used to 
update the frame element coordinates [4].  
 
 
3. Advanced finite element modelling of composite beams 

With the development of high-powered computers, together with finite element software and user 
friendly graphical interfaces, finite element analysis has become a popular choice for steel frame 
structures, even though sometimes the computational efforts may become large. In this study, the 
advanced numerical simulation is conducted with ABAQUS v.6.11 [7] software, which is one of the 
most used commercial finite element package for nonlinear analysis of structures. 
 
3.1 Element type and mesh 
 
A numerical model considering a combination of 3-D solid elements (for concrete volumes), shell 
elements for steel elements and linear truss elements for reinforcing has been developed. Eight-
node brick elements with reduced integration, C3D8R, are picked from element library to model the 
concrete slabs. For the structural steel, the general purpose S4R shell element is selected, because 
they can provide robust and accurate solutions in all loading conditions to both thin and thick shell 
problems. S4R is a quadrilateral stress-displacement shell element with four nodes and six degrees 
of freedom per node. The reinforcing bars are modelled as two-node three-dimensional linear truss 
elements, T3D2, which are connected to the concrete matrix with the *Embedded option. For 
modelling the connection between steel beam and concrete slab, connector elements CONN3D2 are 
chosen from the software library. Each connector element includes one translational basic 
connection component (*CARTESIAN) and one rotational basic connection component (*ALIGN). 
For the two in-plane translational directions the relative behaviour is defined by a constitutive law 
in terms of force and displacement. This law is obtained from push-out tests on shear studs, or it can 

 are not available. Mesh studies have 
indicated that mesh dimensions aspect ratio close to 1.0 and an average size of 50 mm provides 
accurate results.  
 
3.2 Material modelling 
 
The structural steel is modelled as an elastic-plastic material with yielding plateau beyond the 
elastic behaviour, using the classical metal plasticity model which is available within ABAQUS 
software. The stress-strain law is symmetrical in tension and compression. The strain-hardening 

, as mentioned in [1]: 

 (11) 

where  is the hardening modulus,  represents the strain that corresponds to hardening onset. 
Elastic  plastic  linear hardening behaviour is assumed for reinforcing bars with tangent modulus 
taken as  [2], where  represents the elastic modulus. The constitutive relation to model 
the concrete under compression is taken as shown in Fig. 1.b. The elastic portion of the constitutive 

 is 
modelled using the damaged plasticity model implemented in ABAQUS software. The tensile 
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strength of concrete is assumed as 1/10 of its compressive strength. 
 
3.3 Load application and analysis type 
 
The analysed beam is subjected to a concentrated load, which is applied incrementally. The 
analyses are conducted with the nonlinear static Riks procedure in order to obtain the ultimate load 
capacity of the beam. The Riks method uses the load magnitude as an additional unknown. 
Therefore, another quantity must be used to measure the progress of the solution. ABAQUS uses 
the arc  length approach along the static equilibrium path load  displacement space. This 
approach provides solutions regardless of whether the response is stable or unstable [7]. In order to 
establish the ultimate load capacity two failure criteria were considered. One corresponds to 
crushing of concrete in compression which is assumed that occur when the ultimate strain is 
reached, and the other one, to failure of the most heavily loaded stud.  
 
 
4. Computational example 

The proposed numerical model is validated by comparisons against Chapman and Balakrishnan [8] 
experimental tests on E1 simply supported composite beam, as well as against the results predicted 
by ABAQUS software and those published by other authors [1]. The geometry and section 
properties of the analyzed beam are depicted in Fig. 2 and the material properties were considered 
as in [1, 8]. 

 
Figure 2. Simply supported beam layout [1]. 

 
The mid-span deflection vs. applied load comparative curves is plotted in Fig. 3. 
 

 
Figure 3. Load - deflection curve for simply supported composite beam 
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As it can be seen the behaviour of the composite beam predicted by the proposed analysis 
procedure and the finite element model described in Section 3 is in close agreement with that of 
experimental test. Fig. 3 indicates that the proposed model successfully predicts the elastic part 
stiffness and the ultimate load capacity of the composite beam, while a slightly stiffer behaviour is 
observed on the first part of the post-elastic portion of the curve. This fact is because the partial 
shear connection influence is included in analysis in a pragmatic manner, as described in Section 
2.1. The results are also consistent with those published by Queiroz et al. [1] and El-Lobody & Lam 
[3], in which the nonlinear behaviour of connectors is explicitly modelled by using fibre finite 
elements. The effectiveness of the proposed procedure is further assessed by varying the degree of 
shear connection and comparing the predicted curves with those obtained with more complex finite 
element analysis, as shown in Fig. 4. As it can be seen the present method accurately predicts the 
nonlinear behaviour and ultimate load capacity.  

Figure 4. Load - deflection curve for different degrees of shear connection 
 

Moreover, the reliability of the code is verified at cross sectional level by comparing the plastic 
moment capacity at different degrees of shear connection with that calculated with the ultimate 
loads predicted by ABAQUS software, taken as mentioned in Section 3.3. 
 

 
Figure 5. Relation between plastic resistance moments - degree of shear connection 
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Furthermore, the obtained results are compared with the plastic moments calculated using the EC 4 
[9] provisions. Need to be mentioned that here, the structural steel is modelled as an elastic-
perfectly plastic material and the EC 4 neglect the effect of reinforcement in compression and the 
tensile strength of concrete. Fig. 5 shows that the results obtained with the proposed method are in 
good agreement with those predicted with ABAQUS software and the EC 4 provisions are quite 
conservative. 
 
 
5. Conclusions 

This paper presents a reliable and robust nonlinear inelastic analysis method for steel-concrete 
composite beams with partial shear connection. The proposed model is based on the most refined 
type of second order inelastic analysis, the plastic zone analysis. Gradual yielding is described 
through basic equilibrium, compatibility and material nonlinear constitutive equations and path 
integral approach is applied to numerical integration of the cross-sectional nonlinear characteristics. 
The proposed analysis can practically account for major factors influencing nonlinear steel-concrete 
composite beams behaviour: gradual and distributed yielding, stress-strain relationships for concrete 
in compression and tension, shear deformations, partial interaction with computational efficiency 
and the necessary degree of accuracy, using only element per member. 
 
The model has been implemented in a simple incremental matrix structural analysis program and 
has been verified by comparing the predicted results with the established ones available in 
published literature and those obtained with ABAQUS software as described in this paper, where 
the nonlinear behaviour of shear studs was explicitly included in the analysis. The studies show that 
the proposed analysis compares very well to experimental and finite element solution with much 
less computational effort. The proposed software is presented as an efficient, reliable tool, ready to 
be implemented into design practice for advanced analysis of steel-concrete composite beams. 
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Abstract 

Road signs are high elevated structures with wind pressure most important load. The geometrically 
shape studied in this present work is a triangle, made from three rectangular panels with all the 
same dimensions, at the top. The mast of the structure isn’t studied in detail, only the pressure 
variation on the rectangular panels is analyzed. The Romanian design code on wind action does 
have guidelines for isolated vertical rectangular elevated panels, but not for complex shapes in 
which the turbulent flow of air can have a negative effect on the total pressure force. Three 
separately load cases - directions of wind load - were considered in numerical model.    

Keywords: wind load, rectangular panel, turbulence, drag force, CFD 
 
 
1. Introduction  

From geometrically point of view, rectangular shapes are the most often used form of shapes for 
road signs. The growing demand for larger dimensions of panels increase the area exposed to the 
wind loads, by companies, in their desire to promote their products or to highlight their brand name. 
For the structure design, metal is the recommended material to use. Back to back thin signs with 
open sides and parallel or at a slight angle, are the most used in our days. Studies for force and 
torsion values at those types of structures have been done by Smith et al. [1] with a full scale model. 
Same studies were done earlier in [2] by the same group of researchers including a V-shape sign at 
angles values of 10 and 30 degrees. A more complex study was done by Letchford in [3] into 
rectangular shapes of signs with the variation of aspect ratio and porosity. Drag and normal 
coefficients variations were determined. Shademani et al. [4] has done an extensive study for an 
equilateral triangular obstacle using Finite Volume Model, in a compressible flow for different 
values of Reynolds number (Re). The ranges of values are starting from 1.4 up to 38.03. The low 
values of Re are for laminar flow regime, so no turbulence flow is targeted. Flow fields patterns for 
different Re values are revealed, up to critical value of Re=38.03.  
The three vertical bounded panels situated at the top of the structure, form a equal-sided triangle. 
This configuration isn’t a very common one; in the latest years had emerged on the sign boarding 
industry. The drag forces and normal forces values for these type of structures are not fully detailed 
in the current Romanian design codes. Values of drag coefficients can be found in the Eurocode 1- 
SR EN 1991-1-4 and CR-1-1-4-2012 – the national standard of wind loading; for rectangular panels 
in wind loading conditions. The structure proposed to be analyzed in this present work is more 
complex. It`s not our objective to fully analyze the entire structure, but only to determine the values 
for drag forces due to the wind pressure on the panels. The large area of wind loading determine a 
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very high Reynolds number, in order of 106. Thus, a turbulent model approach is used. 
Wind load parameters for bluff bodies are the main interest in structural design branch. Vortexes 
that appear in the wake of bluff body turbulence are determined by de Reynolds number who 
defines a fluid flow around an obstacle. The geometrically particularities of a bluff body also 
influence the total drag or pressure coefficients, even if they are in small dimensions, so a full 3D 
numerical model is imperative to use whenever is possible to do so, regarding the computational 
capabilities.    
 
 
2. Governing equations of fluid dynamics. 
 
For Computational Fluid Dynamics there are tree fundamental physical principles: the mass is 
conserved, the energy is conserved and the Newton`s second law of motion. The government 
equations can be obtained starting from fundamental principles and the final results can take many 
different mathematical forms [5]. The final result is the same, only the mathematical behavior of the 
equations is different.  
The mass conservation equation is a partial differential equation of the continuity equation: 
 

 Eq. (1) 

 
For incompressible flows: 
 

 Eq. (2) 
 
where the operator  is defined by: 
 

@T
E F

@

@U
E V

@

@V
 Eq. (3) 

 
Conservation of momentum equation is: 
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E &fǐ &G L Fˇ E J 6̌ & Eq. (4) 

 
In Eq. (4), Ø is the fluid density, R& is the velocity vector, L are the pressure forces,  represent the 
viscosity of the fluid, thus 6 R& represent the viscous forces. The N-S equations (4) are almost 
impossible to apply, directly to the above form, a numerical integrations to achieve the values of 
unknown variables R& and L. So, a different approach is needed. A number of two methods are used 
to resolve the mathematical problem: the Finite Volume Method (FVM) and the Finite Element 
Method (FEM). It is most common to use FEM for simple, easier numerical models. The two 
methods are successfully used for coupled problems where Lagrangian and Eulerian models are 
coupled (CEL). 
In the domain of turbulence modeling are four models that can be used. The first is the Reynolds 
Average Navier-Stokes (RANS) in the base entry of computational resolved problems. It`s the 
cheapest from computational cost. It is used in cases of Navier-Stokes (N-S) common equations 
solving, for scaled models and for simpler applications on industry. The Large Eddy Simulation 
(LES) is more expensive from computational costs point of view, but it solves eddies base 

 158



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro
 
problems. Hybrid formulations bring more resolved scale of turbulences. The last and the most 
expensive in computational costs is the Direct Numerical Simulation (DNS). The DNS is not 
always possible to apply because it requires powerful systems to numerically integrate the N-S 
equations. It can return answers to any turbulent flow, but the mesh size required it has to be very 
fine and that increase substantially the computational costs.   
 
2.1 Numerical model  
 
A numerical model has been analyzed in Abaqus CAE using Large Eddy Simulation (LES) 
equation turbulence model [6]. The general dimensions and the boundary conditions of the 
numerical model are represented in Fig. 1   
 

 
Figure 1. Numerical model scheme - boundary conditions. 

 
From other studies, considered benchmarks for this present paper, a very large domain is defined 
for a fair analysis of the model. Thus, the length of edges are 8 and 16 times, respectively, larger 
than the panel length. In elevation, the panel has a height of 5m and the studied domain was 
considered to be 3 times higher; 5m above and 5m below the panel edges. Thus, the velocity vector 
has nonzero components in all three dimensions. 
The general dimensions of one panel from the structure are highlighted in Fig. 2. The thickness of 
the vertical panel was considered 10 cm. 
 

 
Figure 2. Dimensions of a vertical panel – a) side view;  b) top view  

 159



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro
 
Starting from the triangular assembly of the panels, a number of three possible load cases can be 
consider, showed in Fig. 3.   
 

 
 

Figure 3.  Load cases depending on wind directions.  
 
In the numerical model a FC3D4 - 4 node fluid tetrahedron type element was used for the fluid flow 
domain simulation. 
 
2.2 Drag forces  
 
The values of velocity needed for the numerical model have been evaluated according to Romanian 
design code CR-1-1-4-2012. It was considered that the velocity distribution on the panel height is 
constant. Depending on the location of the structure a series of coefficients are determined. The 
value of the main average velocity was 0.7679 m/s. From this value a total drag force was evaluated 
in the numerical model. The total analysis time was considered 120 seconds. A pressure distribution 
on the 3D panel is showed in Fig. 4 in the step time at 120 s:  
 

 
Figure 4. Pressure distribution from load case 1.  
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The geometrical symmetry on the normal direction of the frontal panel is the main reason for the 
uniform pressure distribution. In the panel`s corners, the pressures have lower values in comparison 
to the midspan of panel edge, due to the vortices that are forming in those areas. 
The complex velocity, pressure vector and the vorticity field inside the equilateral triangle formed 
by the three vertical panels is very hard to determine accurately. It depends, in very much, by the 
geometry and the position of the second structural elements that connect the panels to the main 
mast. A velocity magnitude vector inside the panels, through a vertical cut plane in the midspan and 
a top view, are showed in Fig. 5.  
 

 
 

Figure 5.  Velocity field inside and top view from load case 1.  
 
To study the vortexes that arise inside the panels assembly is indeed a complex model. The results 
of this present paper are based on the simplified model, without the secondary elements that are 
located in the top of the structure. 
In the three cases analyzed in the numerical model, the total drag forces values were extracted. In 
Fig. 4 is the comparison between these values, in every case load 
 

 
 

Figure 5.  Total drag force variation in the three load cases.  
 
From the variation of the average values of the total drag force, we can conclude that the wind 
direction is not the most important issue in this analysis. This derives from the reversal flow 
direction of the fluid inside the panels assembly, where the total pressure values is alternating from 
positive pressures to negative pressures values.  
According to the Romanian design codes of wind loads on structures, a total drag force was 
evaluated and the result was 78.644 kN. This value is determined only by the design code 
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regulations in which only for a single vertical rectangular solid panel with no permeability is 
highlighted.  
In the present case, this value of total drag wind force is a higher than the results from the numerical 
simulation model.  
 
 
5. Conclusions 

Starting from the load cases, without any preliminary results, the first load case seems that is the 
most important and it should be the case with very high values of the drag forces. Thus, the last load 
case, which is more aerodynamic, should provide the smallest values of drag forces. 
This is not happening because inside the panels, the movement of the fluid is highly turbulent and 
the vortex field is very dense. The uniform values of the total drag forces are due to those vortices. 
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Abstract 

Precast reinforced concrete large panel buildings are known as a structural system which can 
provide a good earthquake performance and are easy to construct. Research on this type of system 
was continuously performed, some of the directions being focused on panel openings and/or cut-
outs. Initial architectural aspects considered that openings in walls must be as few as possible, as 
small as possible and as symmetric as possible. But, due to comfort requirements, architectural 
reasons or access necessities, cut-outs were performed in walls. An experimental program was 
developed by the authors in order to investigate the behavior of precast reinforced concrete wall 
panels. Among the main research interests it can be mentioned the seismic performance, weakening 
effects, strain analysis, numerical assessment, structural rehabilitation using FRPs and cost 
evaluation. The analyzed specimens were solid walls, solid walls with door cut-outs, walls with 
initial door openings, walls with initial window openings, walls with door enlargements and walls 
with window enlargements. Since a large number of specimens is necessary in order to study the 
variation of different parameters involved in this research, and considering that good reliable data 
can be provided using numerical analysis, walls having different characteristics can be further 
easily modeled and investigated. The present paper presents a numerical assessment of walls with 
door and window enlargements, partly supported by experimental evidence. The authors intend to 
establish a relationship between the specific performance and the opening ratios, considering that 
the strength and stiffness performance ratios are the complement of the peripheral ratio. Also a 
shear strength and stiffness expression is presented, estimating the response characteristics of the 
precast reinforced concrete reference walls, weakened by different cut-outs. The effect of the FRP 
strengthening systems on the seismic response of the cut-out weakened members can also be further 
evaluated. Considering the large variety of available strengthening systems and the theoretical and 
numerical assessments, the seismic response modifications can be established and evaluated.  

Keywords: numerical assessment, weakening, precast, reinforced concrete, wall 
 
 
1. Introduction 

Based on the fact that a good seismic behavior was observed in the case of precast reinforced 
concrete panel buildings and as a large number of these structures have already 50 years of 
existence during which some have suffered interventions, interest was shown through research 
along years. Among researchers, Fintel has investigated and reported on many earthquakes between 
1960÷1990, in which concrete structures were involved [1, 2]. Other research presented by Demeter 
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[3], Wang et al. [4], Carrillo and Alcocer [5], Nagy-György et al. [6], Guan et al. [7], Doh and 
Fragomeni [8], Warashina et al. [9], Taleb and Kono [10] investigated reinforced concrete walls 
with openings. An experimental program was developed at the Politehnica University Timisoara in 
which 17 specimens with/without openings, called precast reinforced concrete wall panels 
(PRCWP), were proposed and laboratory tested, and were presented in detail in [3, 11, 12, 13, 14]. 
Only three of these specimens bring experimental evidence to the current paper, focused on the 
evaluation of the weakening caused by cut-out openings. 
 
 
2. Experimental program 

The part of experimental program presented here comprises three near-full scale (1:1.2) elements, 
denoted PRCWP (10÷12). The involved specimens are: PRCWP (10-L1/L3-T) - specimen having 
an initial narrow window opening and enlarged to a wide window opening (L1/L3); PRCWP (11-
L1-T) - specimen having a small window opening (L1); and PRCWP (12-E1-T) - specimen having 
a narrow door opening (E1). The T suffix comes from the testing in as-built condition (without 
strengthening). Additional data related to the opening type are given in Table 1. The experimental 
wall panel dimensions were: 2150 mm height, 2750 mm width and 100 mm thickness. A number of 
three additional specimens were involved numerically in the current analysis in order to evaluate 
the weakening caused by cut-outs. The numerical specimens have intermediate door and window 
opening dimensions, and a wide door opening. Figure 1 shows the layout of the analyzed 
specimens. Material tests were performed on concrete for the experimental specimens, resulting a 
C16/20 concrete class for PRCWP (10, 11) and C25/30 for PRCWP (12). Tests were performed 
also on steel, their measured properties were given in [11]. During the experimental tests, the 
specimens were set between a foundation beam and a loading beam. The wall panels were tested 
under quasi-static reversed cyclic lateral loading - displacement controlled, with two cycles per 
drift. Additional vertical loads were applied in order to simulate the gravity loading condition and to 
restrain the rotation of the wall specimens. Pressure transducers (P), displacement transducers (D) 
and strain gauges placed on steel rebars were used to monitor the behavior of the experimental 
specimens. Detailed data related to the testing methodology and test set-up is given in [11].   
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Figure 1. Wall panel specimen’s layout. 
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Table 1: Investigated specimens opening data. 

PRCWP E1/E3 narrow door opening / wide door opening 
(E1/E3)

1750 x 1800 no

PRCWP E1 narrow door opening (E1) 750 x 1800 yes

PRCWP E1/E2 narrow door opening / medium door opening 
(E1/E2)

1250 x 1800 no

PRCWP L1/L2 small window opening / medium window 
opening (L1/L2)

1250 x 1000 no

PRCWP L1/L3 small window opening / wide window 
opening (L1/L3)

1750 x 1000 yes

Element designation As-built / cut-out opening type Opening dimensions 
b x h [mm]

Experimental 
evidence

PRCWP L1 small window opening (L1) 750 x 1000 yes

 

3. Numerical analysis 

A numerical analysis was performed for the investigated specimens in order to predict the behavior 
and shear response. Atena 2D software was used for modelling the elements. Most parameters 
introduced were according to Atena software recommendations [15, 16], like the constitutive 
models for concrete and reinforcement, the mesh type, monitoring points. A monotonic type of 
loading was applied by prescribing a horizontal displacement in constant increments of 0.2 mm. 
The drift and reaction force were recorded using two monitoring points.   

4. Force-drift ratio response 

The behavior of the experimental and numerical specimens is shown in Figure 2 as load-drift ratio 
curves. The basic results of the investigated wall panels are presented in Table 2. According to the 
obtained results it can be observed that a good agreement was obtained between the numerical 
analysis and the experimental tests of the precast reinforced concrete wall panels. It is also obvious 
the reduction in lateral resistance, proportional to the opening dimension increase. 
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Figure 2. Load – drift ratio curves 
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As the experimental wall panels were tested under quasi-static reversed cyclic lateral loading - 
displacement controlled, and the numerical specimens were modeled with a monotonic type of 
loading, for the comparison of the results it was computed the envelope curve of the experimental 
specimens. The envelope curve was computed taking into account the average value among two 
cycles at the same drift ratio value. 
 
Table 2. Basic results of the investigated specimens. 

Experimental Numerical Experimental Numerical Experimental Numerical

Experimental Numerical Experimental Numerical Experimental Numerical

- 271.46

Drift level corresponding to the 
maximum lateral load [%]

0.49 0.66 - 0.43 - 0.72

Maximum lateral load        
imposed [kN]

650.1 606.4 - 366.7

0.50 0.78

Element
PRCWP (E1) PRCWP (E1/E2) PRCWP (E1/E3)

Drift level corresponding to the 
maximum lateral load [%]

0.50 0.55 - 0.76

Element
PRCWP (L1) PRCWP (L1/L2) PRCWP (L1/L3)

Maximum lateral load        
imposed [kN]

606.5 510.2 - 451.3 311.5 332.1

5. Weakening effect 

According to AIJ standards (AIJ 1999, AIJ 2010), the ultimate shear strength of a structural wall 
with opening shall be computed by multiplying the shear strength of the structural wall without 
opening with a reduction factor, on the condition that the opening ratio is less than 0.4 [11]. Taleb et 
al [10] proved that the shear strength of specimens can be estimated by combining the shear 
strength of structural walls without openings, estimated using truss and arch mechanism equation 
and Ono’s reduction factor. The authors claim that this method can be applied for structural walls 
having the opening ratio up to 0.46. The following equations were derived from the AIJ 1999 
recommendation (quoted in [3, 10]): 

(R)weak = (R)sound · p                                                                                                                       (5.1) 
 
where (R)weak is the response characteristic of the weakened structural member in terms of shear 
resistance, initial stiffness or energy dissipation rate; (R)sound is the response characteristic of the 
sound (solid) wall in terms of shear resistance, initial stiffness or energy dissipation rate; and p is 
the performance ratio, given by: 
 

p = 1 –                                                                                                                                         (5.2) 
 
The opening ratio  is given by: 
 

               (5.3)

where P is the peripheral ratio, Ao and Aw is the in-plane area of the opening and the as-built wall, 
respectively. The performance ratio indicates the response characteristic of the weakened element 
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normalized to the corresponding characteristic of the sound (as-built) reference. Expressions (5.1) 
to (5.3) were derived from the AIJ 1999 recommendations, quoted in [10]. In the present 
investigation, the above equation was verified for two peripheral ratios greater than the upper limit 
given in the AIJ standard, namely for 0.44 and 0.63. Table 3 summarizes the response characteristic 
of the investigated specimens, where Rr stands for response ratio. The experimental and numerical 
response ratio was obtained by dividing the response of the weakened member to the response of 
the sound (as-built) wall. The experimental and numerical results regarding the weakening effect of 
the door and window cut-outs on the seismic response of the as-built reference wall, in terms of 
strength are presented in Figure 3. The complementarity between the performance ratio and the cut-
out ratio is represented by the dashed line joining the unities of the two axes [3]. According to 
Figure 3, one can see that there is experimental evidence on the complementarity between the 
strength performance and opening ratios.  
 
Table 3. Response characteristic in terms of shear resistance 

[kN] [kN] [kN] [kN] [kN] [kN] [%] [%] [%] [%]
510,2 606,5 0,0 0,0 1,0 0,00 0,00 0,00
451,3 - 418,5 352,0 0,31 0,69 - 0,88
332,1 323 339,6 285,7 0,44 0,56 0,53 0,65
606,4 650,1 0,0 0,0 1,0 0,00 0,00 0,00
366,7 - 364,1 339,6 0,44 0,56 - 0,60
271,5 - 240,5 224,4 0,63 0,37 - 0,45
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Figure 3. The weakening effect of the cut-outs on the seismic response. 
 
 
5. Conclusions 

This paper presents the numerical analysis results obtained for six precast reinforced concrete wall 
panels, among which a number of three specimens bring experimental evidence. The experimental 
specimens were tested under simulated seismic conditions. Reasonably accurate numerical 
simulations were developed, using a monotonic type of loading. The main conclusions derived from 
this study are as follows: 
 
-The numerical analysis presented in this paper shows that no sophisticated models are necessary to 
predict the results in terms of maximum lateral load and displacements. It is obvious the reduction 
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in lateral resistance, proportional to the opening dimension increase. 
-The weakening effect of the cut-out openings was found to be in agreement with the predictions 
provided by the AIJ equation, even if this was extended to higher peripheral ratio values.  
-The complementarity relationship between the strength performance and opening ratios was also 
shown in this paper, supported also with experimental evidence. 
 
Further studies and tests related to the strengthening of elements using various opening types, 
dimensions and strengthening strategies are in progress. The studies aim to establish the seismic 
behaviour of the wall panels with different cut-out openings and investigate the most efficient 
solutions of strengthening under seismic actions.  
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Abstract 

Since roof wide beam-column joints have not been investigated experimentally or numerically, this 
paper presents numerical investigation of roof interior and exterior wide beam-column joints. Two 
numerical models were made based on experimental tests of interior wide beam-column joints 
tested at the Building and Housing Research Center of Iran. The finite element models were verified 
by the experimental results. Based on these validated numerical models, interior and exterior wide 
beam-column joints at roof level designed in accordance with ACI318-11 and ACI-ASCE 352 
recommendations were modeled. An extensive parametric study was undertaken using these models. 
Results showed that transverse beam had a significant effect on roof interior wide beam-column 
joints behavior. But in exterior connections its influence was not great and only in high drift its 
effect was evident. Moreover, confining effect of transverse beams was mainly due to its 
longitudinal reinforcement. Because of low shear stresses in the wide beam plastic hinge region, 
the maximum allowable spacing of shear reinforcement in the plastic hinge region of roof wide 
beams could be relaxed. 

Keywords: Wide beam, Roof joint, Transverse beam, Explicit dynamic solver, Damage plasticity, 
Inverted U-shaped stirrup 
 
 
1. Introduction 

Using wide beams has many advantageous such as their low height reduces the whole building 
height with no reduction of ceiling height that embarks on more number of stories. Due to 
insufficient information about the seismic behavior of wide beam-column joints, use of these 
connections as the lateral load resisting system in seismic regions had been banned. But in recent 
two decades vast investigations on this type of connections have been performed and it was proved 
experimentally that the wide beam connections when designed with suitable parameters perform 
well in resisting seismic loads [1-3]. In addition to experimental investigations, numerical studies of 
wide beam-column joints were done and the effects of some parameters on joint behavior were 
studied [4,5]. Moreover, knee joints were tested under quasi-static loading which had discontinues 
column and their behavior was studied [6,7]. Numerical investigation of beam-column joints were 
performed by various finite element codes such as DIANA, ABAQUS, MASA, etc [4,5,8,9]. In all 
these investigations, numerical models were validated by experimental studies. Parametric studies 
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were performed on these verified models to evaluate the effect of various parameters. It is reported 
that the problem of numerical non-convergence usually occurs when static solver is employed to 
simulate the fracture mechanism. Also when explicit dynamic solver is used the complete fracture 
simulations were conducted but huge computation resources were required for complicated joint 
models [9]. 
Moreover, a research program compared the behavior of an RC frame following three different 
methods i.e. analytical method (moment distribution), software like STAAD PRO (matrix method 
of analysis) and software like ABAQUS (3D FEM analysis). They concluded that in a designing 
process, beams and columns must be designed based on the results of ABAQUS due to its 
economical and safe design [10]. 
In order to understand the behavior of wide beam-column joints, an experimental research had 
recently been carried out by Issa et al. [11]. Numerical simulation models were calibrated using 
these wide beam-column joint tests data. These numerical models were the base of creating new 
models for roof wide beam-column joints which have not been investigated yet. Parametric studies 
were performed on roof joints to develop more effective joint details and the influence of some 
parameters such as transverse beams became clear. To overcome the problem of convergence, 
explicit dynamic solver was employed. 
  
 
2. A brief summary of the interior wide beam-column joint tests 

To calibrate numerical simulation models, data of beam-column joint tests should be used. Two 
interior wide beam-column joints from a residential building were selected. In the building, wide 
beams spanned in one direction supported the slab and in the perpendicular direction, transverse 
wide beams were provided. All these beams had the same depth (300mm) to have a uniform depth 
floor system. The specimens were terminated at their mid-span and mid-story height. These points 
are the inflection points of the bending moment diagram under lateral and gravity loading. The 
longitudinal reinforcements of the transverse beams were used to have the beneficial effect of the 
transverse beams in confining the joint. The only difference between specimen IWB1 and IWB2 
was that the longitudinal reinforcements of the transverse beams were restrained in one end and two 
ends, respectively. Details of the experiments can be found elsewhere [11]. 
 
 
3. Numerical simulation 
 
3.1 Material properties and finite element modeling 
 
In this study, damaged plasticity model was used for concrete. In order to define uniaxial tension 
and compression behavior of concrete, Maekawa et al. constitutive models for tension stiffening 
and compression were used [12]. Moreover, metal plasticity model was used for reinforcement and 
simplified trilinear model was utilized for them. 
Beams and columns were modeled with solid element and the wire element was used for bars. The 
wire elements were embedded to the solid elements to have bonding between concrete and 
reinforcement. During the analysis procedure, lateral monotonic loading was applied on column tip 
using displacement control. 
 
3.2. Validation of finite element models 

Experimental and numerical story shear force versus tip column displacement are presented in Fig. 
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1, which gives good agreement in terms of initial stiffness, strength and ductility. 
 

  
(a) (b) 

 
Fig. 1: Load-displacement response of specimens IWB1 and IWB2 

 

4. Simulation of roof wide beam-column joints 

4.1. Prototype building and description of simulated specimens 

Prototype structure representing a residential building was designed in accordance with ACI318-11 
which was located in high seismic risk region (SDC D). The height of each story was 2.8 m and the 
span length was 5 m c/c. Wide beams were spanned in the interior frames and conventional beams 
were used in the perimeter of the structure. This configuration has the advantages of using both 
wide beams to gain lower building height and conventional beams to increase the structural 
stiffness. One-way joists slabs carried by the beams were considered as stiff horizontal diaphragms. 
One interior and one exterior beam-column joints were selected from roof level of the prototype 
building. The specimens were terminated at their mid-span and mid-story height. These joints were 
designed in accordance with ACI318-11 and ACI352R-02 requirements. Roof interior wide beam-
column (RIWB-C) joint had wide beams in both directions. The cross section of all beams was 
800×300 mm and the longitudinal reinforcements of the wide beams were comprised of 6T14 on 
top and 2T14 plus 4T12 on bottom of the beam. 2T14 of the top and 2T14 of the bottom bars were 
placed inside the column core, indicating anchorage of 33.3% for the top and 40.1% for the bottom 
bars, respectively. Roof exterior wide beam-column (REWB-C) joint had a wide beam in main 
direction that was the same as RIWB-C joint. 2T14 of the top and 2T14 of the bottom bars were 
anchored in the column core. Two conventional beams with 400×500 mm cross section were used 
as transverse beams and the longitudinal reinforcements of these beams were comprised of 2T14 
and 2T16 on top and 4T12 on bottom of the beams. Columns had cross section of 400×400 mm in 
both of the specimens. They were uniformly reinforced as required by ACI-ASCE 352 by using 
12T20 bars.  
For exterior wide beam-column connection, transverse beam should be designed to resist the full 
equilibrium torsion from the beam bars anchored in the spandrel beam. Hence, the distance between 
stirrups of the transverse beams decreased and 6T14 were added to two vertical sides of the section 
to resist torsion. Moreover, where terminating beam bars are the nearest longitudinal reinforcement 
to the free horizontal face of a joint with a discontinuing column, they should be enclosed with 
vertical stirrups [13]. Thus, two inverted U-shaped stirrup sets were used. Two hoop sets were used 
as horizontal joint shear reinforcement in the specimens. Each set consisted of three rectangular 
hoops which led to four legs in each direction. The transverse reinforcement for the columns 
outside the joint was provided by sets of hoops similar to those used in the joint. Fig. 2 illustrates 
details of RIWB-C and REWB-C specimens. 
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Fig. 2: Dimensions and reinforcing details of; (a,b) RIWB-C and (c,d) REWB-C specimens 

4.2. Finite element modeling and parametric study of roof joints 

The designed specimens were modeled numerically and lateral monotonic loading was applied on 
column tip using displacement control. The procedure of modeling these specimens was similar to 
IWB specimens. The column was pinned at the bottom and the beam ends were pinned horizontally 
and restrained vertically. Steel bars with yield strength of 400MPa and 300MPa were used for 
longitudinal and transverse reinforcement, respectively. Concrete compressive strength was 
assumed 25 MPa. 

4.2.1. Roof interior wide beam-column joints (RIWB-C) 
  

In this part of investigation, five specimens were modeled as illustrated in table 1. 
 
Table 1: Features of five specimens 

with transverse beams RIWB-C1 
without transverse beams RIWB-C2 
without transverse beams, with design recommendations suggested by Quintero-Febres RIWB-C3 
without stirrups of the transverse beams RIWB-C4 
with transverse beams, with increasing the distance between transverse reinforcement of the wide beams in the 
plastic hinge region RIWB-C5 

 
Initially, RIWB-C1 specimen was modeled with transverse beams. Tension damage of this 
specimen is illustrated in Fig. 3. Tension damage was in the portion of the beam near the joint. No 
degradation of strength was observed up to 5% drift, because ductile flexural mechanism was 

(a) (b) 

(c) (d) 
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occurred due to design philosophy embodied in ACI318 and ACI-ASCE 352 requirements. 

 
 

Fig.3: Tension damage of RIWB-C1 specimen 
 
To investigate the effect of transverse beams on roof joint behavior, previous joint was analyzed 
without transverse beams (RIWB-C2). Results showed that the strength and stiffness of the joint 
decreased by eliminating these elements. Comparing RIWB-C1 and RIWB-C2 shows that the 
transverse beams had a great influence on performance of the joint by confining the joint. 
Transverse wide beams also confined a portion of the main beam and moved plastic hinge to a 
distance away from the joint face because it was wider than the column and its longitudinal 
reinforcement in the outside portion of the beam interlocked with longitudinal bars of the main 
beam. 
RIWB-C3 is a specimen that design recommendations suggested by Quintero-Febres were applied 
to RIWB-C2. After performing experimental investigation on interior wide beam-column joints, 
Quintero-Febres proposed that the portion of the wide beam outside the column core should be 
confined with closed hoops. These hoops should be placed around the outer and innermost beam 
longitudinal reinforcement at the sides of the column [14]. It was observed that the results were 
very similar to that of RIWB-C2 and this configuration of additional transverse reinforcement in 
outside portion of the wide beam did not confine the roof joint. 
Also, transverse beams were modeled in RIWB-C4. The only difference between RIWB-C1 and 
RIWB-C4 was that the stirrups of the transverse beams were not included in RIWB-C4. Story shear 
force-displacement curve (Fig. 4) showed that the strength in RIWB-C4 was a little lower than 
RIWB-C1. There was not a significant difference between the results of these two specimens. 
Therefore, it was concluded that the longitudinal reinforcement of the transverse beams played an 
important role in confining the column core. 
Based on experimental investigations, some researchers such as Quintero-Febres suggested that the 
spacing of shear reinforcement in the plastic hinge region of interior wide beams could be larger 
than the spacing of stirrups in conventional beams. Because shear stresses in the plastic hinge 
region of interior wide beams was low in those experiments. They proposed a maximum spacing 
equal to d/2 in the plastic hinge region of interior wide beams [14]. In RIWB-C5 the distance 
between transverse reinforcements of the wide beams in the plastic hinge region increased to d/2. 
Results of analysis showed that there was not a significant difference between RIWB-C1 and 
RIWB-C5 in strength, stiffness and ductility. Therefore, this suggestion also could be used for roof 
interior wide beams. Fig. 4 illustrates story shear force versus displacement of all these five roof 
interior wide beam-column joints. 
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Fig. 4: Story shear force versus displacement curves of roof interior wide beam-column joints 

 
4.2.2. Roof exterior wide beam-column joints (REWB-C) 

Table 2 shows the differences between eight models investigated in this section. 
Table 2: Features of eight specimens 
REWB-C1 with transverse beams, with U-shaped stirrups 
REWB-C2 with transverse beams, without U-shaped stirrups 
REWB-C3 without transverse beams, with U-shaped stirrups 
REWB-C4 without transverse beams, without U-shaped stirrups 
REWB-C5 without stirrups of the transverse beams, without U-shaped stirrups 
REWB-C6 with transverse beams, with U-shaped stirrups, with increasing the distance between transverse reinforcements 

of the wide beam in the plastic hinge region 
REWB-C7 without torsional longitudinal reinforcements of the transverse beams, with U-shaped stirrups 
REWB-C8 without stirrups and torsional longitudinal reinforcement of the transverse beams, without U-shaped stirrups 
 
REWB-C1was modeled with longitudinal and transverse reinforcements. In this specimen 
monotonic loading was applied toward interior frame (west to east). 
In a research on knee joints, the joints were confined with vertical inverted U-shaped stirrups. In 
that study a majority of the specimens were designed to have a joint failure. Results of the 
experiments showed that U-shaped stirrups did not significantly affect the joint shear capacity, but 
the specimens experienced less deterioration in load carrying capacity and stiffness during 
subsequent cycles at the same lateral drift. These vertical joint stirrups may not initially improve 
joint performance but at large deformations their influence was significant on strength and ductility 
[15]. In REWB-C2 inverted U-shaped stirrups were eliminated to compare the results with REWB-
C1. It was observed that inverted U-shaped stirrups did not have obvious effect on joint behavior 
when the joint was designed to have plastic hinge mechanism rather than joint failure.  
To investigate the influence of transverse beams on joint behavior, transverse beams were 
eliminated in REWB-C3. It was observed that the behavior of the joint did not have a great 
difference compared to REWB-C1 till 6.7% drift. But as was seen in section 4.2.1, transverse 
beams had a great effect on roof interior wide beam-column joints. In that case, the transverse 
beams were wider than the column and in addition to confine the column core by their longitudinal 
bars that passed through the joint; they confined the joint by their longitudinal bars that passed 
outside the column core in a portion of the main beam adjacent to the joint. But in REWB-C3, 
transverse beams were conventional beams. It is worth mentioning that the strength and stiffness of 
the joint decreased in large story drift.  
In REWB-C4 transverse beams and also inverted U-shaped stirrups were eliminated from the 
model. It was observed that the results were similar to REWB-C3.Therefore, in the model without 
transverse beams, U-shaped stirrups again did not have a significant influence on joint behavior. 
Transverse beams were modeled in REWB-C5. But stirrups of transverse beams were not included 
in the model to have the effect of longitudinal reinforcement of the transverse beams on confining 
the column core. U-shaped stirrups were also eliminated. Story shear force-displacement curves of 
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REWB-C1 and REWB-C5 were similar.  
Then, REWB-C1 was used and the distance between transverse reinforcement of the wide beam in 
the plastic hinge region increased to d/2 (REWB-C6). Results showed that there was not a 
significant difference between REWB-C1 and REWB-C6 in strength, stiffness and ductility. 
Therefore, the maximum allowable spacing of shear reinforcement in the plastic hinge region of 
exterior wide beam could be relaxed because of its low shear stresses. 
Torsional longitudinal reinforcement of the transverse beams i.e. 6T14 which were added to the 
vertical sides of the transverse beams was eliminated from the model of REWB-C7. Responses of 
REWB-C1 and REWB-C7 were very similar and confinement of the joint was mainly due to 
longitudinal reinforcements of the transverse beams which were needed for flexure. 
At last, REWB-C8 which was the consensus of previous specimens was made. In this model 
stirrups and torsional longitudinal reinforcements of the transverse beams and also inverted U-
shaped stirrups of the joint were eliminated from the model of REWB-C1. Results were similar to 
REWB-C1 in strength, stiffness and ductility. Fig. 5 illustrates story shear force versus 
displacement of these eight roof exterior wide beam-column joints. 
 

Fig. 5: Story shear force versus displacement curves of roof exterior wide beam-column joints 
 
5. Summary and conclusions 

A series of numerical models was made to investigate the behavior of roof wide beam-column 
joints. Explicit dynamic solver was used to conduct numerical simulations. Finite element models 
were validated with experimental results for joints with continuous column. Then, new models were 
produced for roof wide beam-column joints based on validated models. Parametric studies have 
been conducted on numerical roof models. The conclusions are as follows:  

1. Reasonable building designs can be achieved by combining wide beams in interior frames 
and conventional beams in the perimeter of the building. This structural system has benefits 
of both wide beam and conventional beam systems. Lower story height, more number of 
stories and thus a reduced cost are benefits of wide and shallow beams and stiffer structure 
and smaller columns are affects of conventional beams. 

2. In roof interior wide beam-column joints, transverse beams (which are wide beams) had a 
great effect on joint operation by confining the column core. But in roof exterior wide beam-
column joints, transverse beams (which are conventional beams) could have a good effect 
on joint operation especially in high drift. In low drift, they did not have any significant 
effect on joint behavior. 

3. Confinement of the column core was mainly done by longitudinal reinforcement of the 
transverse beams rather than their stirrups.  

4. In roof exterior connections, confinement of the joint was mainly due to flexural 
longitudinal reinforcement of the transverse beams not torsional ones. 
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5. Inverted U-shaped stirrups for roof exterior beam-column joints introduced in ACI-
ASCE352, did not have a significant effect in confining the joint in the case of wide beam. 

6. Shear stresses in the wide beam plastic hinge region were very low in roof interior and 
exterior connections, therefore the maximum allowable spacing of shear reinforcement in 
the plastic hinge region of wide beams could be relaxed. 
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Abstract 

The paper summarizes the state of the art on application of cold-formed steel structural solutions 
for low and medium rise buildings and future studies for a new approach of cold-formed steel 
structure configuration. Various experimental testing provide new information for structure 
analysis and full understanding of lightweight system response in seismic conditions. Previous 
experimental tests provide information on the behaviour of different types of shear wall and failure 
modes of wall braces and for design of light-gauge portal frames is important to account for 
connection flexibility.
Main objective of future studies is to consider a dual structure with portal frames and shear walls, 
and analyze how we can create a performant configuration to obtain a cost efficient and 
sustainable solution. 

Keywords: Cold formed steel, shear wall panel system, portal framing system, experimental study, 
safety, durability, sustainability. 
 
 
1. Introduction 

Cold formed steel structures have a  progressive technology based on experimental studies, which 
confirms the theory or establish new fundamental bases for different approaches.             
A great interest was found in USA and Canada, with the experince of Wei-Wen Yu Center for Cold 
Formed Steel, USA, brings together the technical resources of researches, steel producers, to obtain 
an improvement of cold formed steel design and construction. 
A wide-spread applicability of CFS has to be mentioned : comercial, educational and residential 
buildings, industrial structures and aircraft storehouse, using one-storey or multi-storey structures. 
From the structural design point of view, cold-formed steel members can be classified into two 
major types: (1) shear wall panel system and (2) portal framing system. 
The main consideration in design is the type of system that is chosen, which indicates how 
structural behaviour can be achived and how we can obtain an appropriate design. For a better 
accuracy in real response of cold formed steel structures, due to some evaluation of structural 
response in elastic range, semi-rigid behaviour of bolted joints, there are necessary experimental 
studies.  
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Beside structural and mechanical parameters, there is a major interes in environment impact of this 
type of structures, beeing allready eco-friendly by using recycling material and short time to 
assemble/disassemble the structure. 
 
 
2. State of the art: structural systems and implementation  

2.1. Shear Wall panel system  

Most common applications of CFS structures are single story residential buildings, but there are 
several examples of multi-storied applications using CFS as structural elements with shear wall 
panels, floor and roof panels. 
Cold formed steel structures are an increasing choice in low to medium rise structures such as 
schools, shopping malls, box stores, stacked row houses, hotels, assisted care residencies and office 
buildings (Fig.1). Cold formed steel solution is used in the wall, floor and roof assemblies in 
buildings from one to six stories in height. [1]

   

Figure.1: CFS structure- residential building (Canada) (source: www.cssbi.ca), Dallas USA (source: 
www.buildings.com ), CFS catholic church-USA (source: www.designandbuildwithmetal.com )  

 
Shear wall panel system consists of cold-formed profiles, bracing system, sheatingboards , fasteners 
and insulation. In a structural system, shear wall panel  is designed  to carry wind and seismic loads, 
the applied loads are transfered to the wall as to a diaphragm. The flexibility/rigidity of a diaphragm 
affects the distribution of lateral forces to the vertical components of the lateral force resisting 
system in a structure. 
The walls are braced to resist horizontal loading, and bracing may be in the form of integral K or W 
bracing using C sections or X bracing using flat strip. 

 For light steel panel system, floors are supported by walls and so these details are the most 
important in terms of stability and robustness. The walls are braced to provide the overall 
stability of the building. 

 Connections in light steel panel system are generally made by self-drilling, connections 
should be designed to act in shear rather than tension as pull-out resistances are lower than 
(typically half of) shear resistances. 

 For robustness purposes, additional ties in the form of straps may be required, particularly 
when SHS posts are incorporated in light steel walls. [2] 

American NEHRP recommendation (FEMA 450) [3] specifies that the pull-out resistance of screws 
shall not be used to resist seismic load because it doesn't allow the straps to develop their full tensile 
capacity which is vital for the system's ductile performance in high seismic events. Also diagonal 
brace and stud or chord supporting brace force shall be anchored such that bottom and top tracks are 
not required to resist uplift forces by bending of the track or track web. Both flanges of studs shall 
be braced to prevent lateral torsional buckling. 
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2.1.1 Experimental Studies 
 
Multiple experimental programs were designed to provide information on the behaviour of different 
types of shear wall and failure modes of walls brace. Full scale experimental testing provide new 
information for structure analysis and full understanding of lightweight system response in seismic 
conditions.  
Shake table tests of CFS shear wall was completed by CFS-NEES(National Science Foundation 
funded Network for Earthquake Engineering Simulation) at the University of Buffalo, to determin 
the performance based on seismic design of a multi Story Cold-Formed Steel Structures. 
The component-scale testing serves the dual purpose of (a) providing information necessary for 
developing computational models, both high fidelity and reduced-order models appropriate for 
time history analysis and (b) provides direct experimental information on components and 
subsystems that comprise the full-scale building thus enabling improved system identification. [4]  
Designed archetype building consisting of a two-story cold-formed steel frame, together with type I 
OSB sheathed shear walls and diaphragms as the major lateral force resisting system, is the focus of 
the CFS-NEES project. The building is assumed to be sited in Orange County, California, and is 
shown how the building behaves under a magnitude 6.9 earthquake.[4] 
 

 
 

Figure 2. Shift in long and short direction first mode period through construction phases (a –LFRS 
and gravity steel only, b – ext. sheathed, c – inside face of ext. sheathed w/gypsum, d – interior non-

structural walls & stairs, e – exterior DensGlass sheathed) [5] 
 
The structure was constructed and tested in more phases, to provide information for  each phase and 
to obtain a  response closer to  real situation for  a better understanding of seismic behavior.(Fig.2) 
In design were considered: shear walls, hold down, shear anchors, diaphragms, exterior gravity 
walls, mass distribution, interior walls and stairs. 
The first (Phase 1) had the complete lateral force resisting system sheathed, but otherwise all other 
gravity framing as bare steel. The Phase 2 testing examined the change in building response as a 
function of construction elements: gypsum, interior non-structural. 
Under seismic testing both the Phase 1 and Phase 2e buildings experienced minimal drift and 
returned to straight after excitation. [5] 
This full scale testing provides the first look at the full system effect for buildings framed from 
cold-formed steel and it is significant across the board: the building is stiffer and stronger than 
engineering designs suggest; the building responds as a system, not as a set of uncoupled shear 
walls; and the gravity system contributes to the lateral response.[5] 
Other experimental studies have been made in :Europe, Asia, Australia, but at a smaller scale or just 
some parts of a structure for local analysis. The studies include: cold-formed roof truss system, buit-
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up cold formed steel section, composite beams, different typology of joists, shear wall panels and 
diagonal strap bracing. Wall panel system is mostly used in United States of America, Canada, 
Australia and UK(Europe). 
Floor solution: The floor panels consist of cold-formed floor and ceiling joists and deck (dry: load-
bearing boards or wet: concrete or composite). The roof panels are rafters or trusses with typically 
sheeting cladding. 
 
2.2 Framing system 

This system is developed and applied on the analogy of the typical industrial building structure and 
consist of cold-formed primary frame, secondary columns and beams, bracing system and cold-
formed sheeting cladding; for multi-storied buildings intermediate floor beams are installed.(Fig. 3)  
The key elements of this system are (i) the main frame built up from cold-formed sections and (ii) 
the floor system with compatible structural arrangement with the frame.  
Floor system is the same presented for the shear wall solution: dry or wet, but as structural elements 
there is a beam grid that absorbs all gravitational forces.[ 6]  
 

     
a.     b.     c. 

Figure 3. Framing systems exemple: a.Mongolia (source: http://mmcengineer.com/Mongolia),   
b.USA (source: http://blueskybuildingsystems.com),  c. Europe (source: http://www.appware.co.uk) 
 
Joint performance influences the global response of frames, which are usualy considered semi-rigid, 
but the caracterization of this bolted joints can be certified by full-scale tests under seismic loading. 
Experimental tests and predictions were made by D.V. Ungureanu habilitation thesis [7] in order to 
asses the influence of conection stiffness and post-buckling resistance. 
As analytical prediction of design capacity, three methods were proposed to estimate the ultimate 
resistance at the edge of bracket-to-rafter lap (e.g. the first local buckling location) of that section 
under design loads, i.e.:  

 the effective width model, based on EN1993-1-3 procedure;  
 the plastic model, based on the local plastic mechanism;  
 the interactive model, which considers the coupling effect between web crippling, at the 

edge of the bracket-to-member lap, and the bearing in the bolt holes in flanges. [7]  
 
2.2.1 Experimental studies 
 
Various experimental studies has been done, in the last two decades, on the cyclic behavior of the 
joints, including : resistance, rigidity, ductility and how the joint configuration influence the global 
behavior of the structure. 
The goal is to achive an applicable solution, with controllable parametres that allows us to predict 
the behavior of the joint, but also  of the connecting elements (colums,beams). 
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Most experimental studies refer only to some parts of a frame,  bolted joints or composite beam or 
coloumn, but there are also studies that analise the whole behavior of a frame, which gives us an  
realistic overview. 
Cold formed steel portal frames are most commonly used in Europe for industrial tehnology, this 
fact influences the large number of studies carried out here. Pith-roof joints, eaves joints were 
studied to evaluate their  rigidity, strength and ductility, under lateral  loading and how stress 
influences the local and distorsional buckling. 
Experimental tests emphasize the bearing work of bolts associated with elastic-plastic elongation of 
bolt-holes is by far the most important component controlling the stiffness and capacity of such type 
of connections. All these studies provided evidence of the crucial importance of joint performance 
on the global response of frames, which are semi-rigid and in almost all cases with partial strength. 
[8] 
The connection with both flange and web bolts, studied in [7], is semi-rigid but full-resistant. Therefore 
design of light-gauge portal frames need to account for connection flexibility. The critical section for 
usual frames is at the edge of lap between the connecting bracket and rafter. [7] 
Other studies also endorse the assumption of semi-rigid joints and the partial strength of joint. It has 
been shown that frames designed with the assumption of rigid joints and full joint 
strength to satisfy the gravity load case can potentially be unsafe by as much as 60%. [9] 

 

        
 

Figure 4. Full scale test- Portal frame [10] 
 

An experimental program was carried out at Technical University of Timisoara by Nagy Z.et. al 
[10] (Figure 4), it is assumed that  an realistic global behavior of a structure can be acquired usign 
initial rigidity of moment-rotation characteristics, moment capacity and  joint post–elastic response. 
The test results indicate that cold formed structures using bolted back-to-back built-up C section, 
are defined by a loss of resistance after fist local buckling of elements. [10]  

    
 

    Figure 5. Romania examples of cold formed steel structures - framing system 
(source: http://www.revistaconstructiilor.eu , http://www.spatiulconstruit.ro ) 

  
 

 182



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro    
 

 

3. Research guidelines for structural safety, durability, sustainability and further 
studies 

In social-economics terms, under environment principle for a sustainable development, there are 
some performance criteria for buildings: safety, functionality, technical and economic performance 
linked to reasonable cost, rational management of natural resources and negative effects to 
environment. [11] 
Safety can be achieved regarding fundamental design specifications for a structural system and can 
be defined as the probability of structural yielding or preserving structural functionality. Structural 
safety of lightweight cold-formed steel building depends on good understanding of secondary 
elements (lateral force resisting systems LRFS) behaviour. [11]     
Design solution, material quality, project implementation and exploitation conditions, are 
conductive to determine structural durability.      
Sustainability presumes efficient design of cost effective and environment eco-friendly solution. 
Natural resources are limited, we cannot afford to neglect this important fact, so is essential to 
design a structure that can be re-used, recycled and can reduce environmental impact. Industries 
are fast growing, sometimes interfere with changes like: location, utility type and these aspects 
require flexible structures that can be assembled, re-assembled and need short time for construction. 
A similar direction can be remarked in residential estate, where are a large number of demands that 
need to be resolved fast, with decent budget and cold formed steel structures can be a sustainable 
solution.            
Low rise multi-storied cold formed steel structures will be further studied in a different design 
solution, considering a dual structure with portal frames and shear walls, with the main objective of 
this research: an analyze how we can create a performant configuration to obtain a cost efficient and 
sustainable solution.           
Shear walls solution will be discussed, how we can create diaphragm effect using diagonal bracing, 
thus this system will be able to resist to lateral forces. Portal frames configuration depends whether 
if we choose cold formed steel section or hot rolled square section, anyway the system will have 
main and secondary beams that will be part of the floor system.     
Dry floor system is a convenient solution if the structure has to be re-assembled, has low weight 
and the whole assembly will result a lower load beside a mix solution using concrete,  the seismic 
load beside a mixed solution using concrete,  the seismic mass induced will be kept to minimum 
value. 

4. Conclusions 

The purpose of this paper was a review of previous studies of experimental testing and the main 
facts that where concluded in design approach. As structural solution in further studies we intend to 
consider an associated configuration between shear wall panels and portal frames system, based on 
the experimental tests that were made for each individual system.  
Sustainability is a major interest that will lead the direction of the structural design, but in the same 
time we have to provide a safe and durable solution. 
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Abstract 

Over the time there were recorded a serious of devastating earthquakes in many parts of the world. 
Following these earthquakes have been extensive studies on the behavior of the structures with 
shear walls. It was found that the main failures that occurred in buildings were due to shape in plan 
and elevation (wall thickness variations in height), size and positioning of the shear wall oppenings, 
soil characteristics and reinforcement used in structural walls. In this article will be presented 
various failure modes of structures with shear walls, and some examples of buildings in which were 
produced. 

Keywords: shear walls, failure modes, structural analysis, seismic loads.  

1. Introduction  

Most buildings located in countries with high seismic risk, such as Canada, Turkey, Chile, 
Romania, Colombia, Italy have as structural resistant system based on shear walls. These types of 
structures have been used in urban areas since the 1960’s for medium and tall buildings, between 4 
and 35 levels. Usually in these structures shear walls are symmetricaly placed, except those 
buildings in which the lower levels are used for commercial space, requiring big spaces between 
structural elements [1]. These walls are specially reinforced according to the design codes, to resist 
efforts combinations of shear, bending moment and axial load, produced by the movement of the 
building during an earthquake. [2] 
 

 
 

Figure 1. The main important shear wall failures 
 

Over the time there were recorded a serious of devastating earthquakes in many parts of the world. 
Following these earthquakes have been extensive studies on the behavior of these types of 
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structures, thus improving design codes. It was found that the main failures that occurred in 
buildings were due to shape in plan and elevation of the building (wall thickness variations in 
height), size and positioning of the shear walls oppenings, soil characteristics and reinforcement 
used in structural walls. But there are still many types of shear wall failures that have been 
discovered from the research of the earthquakes, many of them not yet understood, are only on the 
beginning of the research [3].  
 
Because of this, failure mode analysis, plays an important role. This analysis provides valubale 
information about the failure of the structures, which is important, both in their design and in the 
stiffness verification.This article presents different failure modes of shear walls and examples of 
them which occurs in different buildings after the devastating earthquakes. 

2. Causes that led to the shear walls failure under the influence of seismic loads. 
 

These errors were generally caused by the defective design and analysis of the structures which 
consists in conception and analysis errors.  
 
The conception errors refer to structural irregularities in plan and in elevation due to sophisticated 
design of the buildings which led to thinner shear walls, reinforced with a minimum reinforcement 
and loaded with a large axial force. These walls are reinforced to resist bending moment but not 
shear force, the reinforcement bars crushed due to tension and compression efforts that were 
submitted, resulting in irreparable failure of the walls.  
 
The analysis errors, as will be detailed below, which produce the failure of shear walls were most of 
them due to lack of evaluation of structural response at shear force. It was not taken into account the 
shear inelastic behaviour. In practice, only few international codes consider the shear inelastic 
magnification such as, Eurocode 8 and the codes of New Zealand. Because this phenomenon was 
ignored, there are doubts about the resistance of structural shear walls at shear force, even in newly 
designed buildings. [12] 

 
 

3. Types of shear wall failures 
 

The investigations which were carried out on the affected buildings by earthquakes, have shown 
that shear walls have developed different mechanisms of failures including: 

3.1 Shear wall failure due to concrete crushing and buckling of the longitudinal bars. 
 
 Initially appeared at the boundaries of the walls, but in some cases were propagated on the the 
entire length of the wall. They are caused by high concentration of effort on those areas. Failure 
usually occurs on a low height of the walls equal to one to three times the wall thinckess, based on 
several causes such as: the small thickness of the shear wall raportated to its height, non existent 
hoops or large spacing between them (about 200mm) correlated with 90o hooks, and large distance 
between the horizontal and vertical bars reinforcement (about 200mm). Crushing of the concrete 
cover leads to a reduction in wall thickness by 25%, the 90-degree hooks used to anchor transverse 
reinforcement at wall boundaries are susceptible to opening, beeing unable to provide stability to 
the vertical bars, thereby contribuing to the buckling of vertical reinforcement. [9] 
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Figure 2. Shear wall failure due to buckling of the longitudinal bars, in the Chile’s earthquake [8] 
[9] 

 
Further it will be presented a building where structural walls failed because the crushing of the 
concrete and buckling of the vertical reinforcement bars. Centro Mayor building has a length of 
45m and a width of 17m, with 17 levels above ground and two underground levels. Structural walls 
have a thickness of 200mm.  
 

        
 

Figure 3. Centro Mayor building, plan-level and the damage caused in structural walls [10] 

 

     
                                                           a)                               b) 

Figure 4. Typical wall failure due to: a) crushing of concrete and buckling of reinforcement bars, b) 
shear force [10], [5] 

 
Most damages occurred in east-west direction of the structure, at the walls of the two underground 
levels and in the second and third level above the ground, where were located concentration of 
tension and compression efforts, especially in T or L shaped walls, usualy with irregular geometric 
shape. Another reason that lead to the failure of shear walls was, non existence of confinement 
reinforcement, the lack of hoops at the boundary of the walls correlated with 90 degrees hooks, or 
large spaces between them, and also the large distances between horizontal and vertical 
reinforcement bars. [10] High effort concentrations occurred especially in shear walls with T, L 
form and less in the rectangular shape. One cause could be, the irregular propagation of tension and 
compression efforts in the two ends of the walls. When seismic load acts from left to right, the web 
is in tension and the flange in compresion, the position of the neutral axis is located near the 
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compression flange, which leads to lower compressive stresses in flange and high tensile stresses in 
web taken by the reinforcement bars. If the horizontal force is acting from the right to the left, the 
flange of the wall is in tension and web is in compression, the neutral axis position is mooved away 
from the flange, as shown in the figure above, therefore the compressive stress is higher in this case 
and it is taken by the concrete from the web area.  
 

        
 

Figure 5. The deflection shape of a T wall and a rectangular wall, subjected to a horizontal force [9] 
 

Due to the development of tensile stresses in the end of the web, followed by high compression 
stresses in the same end when the horizontal load changes its direction, the reinforcement bars 
buckles and crush. In the case of rectangular walls, the distribution of the tension and compression 
stresses in both ends of the walls is uniform,  thus leading to lower concentration of stresses in the 
wall. It was also shown that tension and compression stresses that developed in rectangular 
structural walls are smaller than those developed in T or irregular shear wall shapes, indicating that 
under the same conditions of reinforcement and loading, structural walls of T shape are more likely 
to failure than rectangular shear walls. [8]  
Another building in which were highlighted such structural failures is located in the city of Rio 
Petrohue Vina del Mar, Chile. It consists of 17 floors with one basement. In concrete structural 
walls the hoops at the boundaries with 90 degrees hooks, were distributed with large spacing 
between them, which during the earthquake opened, thus causing the walls failure. [5] 
 

    
a)                                          b)                                                   c) 

Figure 6. a) Rio Petrohue building, b) failure of the wall end; c) failure of the coupling beams [5] 
 
Another failure of the structural walls of this building was observed in the basement, where the joint 
between T walls and beams failed, the most affected areas were those of the boundaries. In these 
walls, the hoops had 90 degrees hooks and there were not found ties between hoops and horizontal 
and vertical reinforcement bars. [5] 
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Figure 7. Shear wall failure in the basement  [5] 

3.2 Shear wall failure due shear force.  
 
The causes that lead to shear wall failures could be: low percentage of longitudinal and transversal 
reinforcement, structural irregularities of the buildings, rigidity variations in the elevation of the 
structures (wall thickness variations in the height of the building), areas where were large 
concentrations of efforts. [9]  
 

    
                                           a) L’Aquila, Italy [4]                b) Santiago, Chile [9] 
 

Figure 8. Structural shear walls failure: a) shear walls; b) shear walls with oppenings 
 

Shear walls subjected to shear force are the structural elements that have a lower shear strength than 
flexural strength. These walls are characterized by low ductility. Shear wall failure mechanism is 
characterized by the appearance of cracks in the  diagonal at 45o, caused by tension and 
compression stresses under the combination of vertical and horizontal loads. Shear stresses are 
taken over by the horizontal reinforcement. Most of the failures occured in tension diagonal due to 
insufficient horizontal reinforcement. Few failures were registered in compressed  diagonal, as 
shown in the figure below. 
 

        
 
                              a) Santiago, Chile [9]            b) Van, Turkey [6]         c) Santiago, Chile [10] 

 
Figure 9. Structural walls failure due to shear force: a) in tension diagonal; b) in tension and 

compression diagonal c) due to inappropriate reinforcement of the joint between shear wall and 
coupling beam 

 
Therefore it can be concluded that it is necessary to take into acount in the structural analysis the 
shear nonlinear behavior of the walls. Also were reveald failures at the boundary of structural walls 
due to large compression stresses, caused first of all by forcing the structural system beyond its 
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practical limits admitted. When this limit was respected structural walls had an appropriate behavior 
and were only few failures of the walls and all of them were in tension diagonal. Only few 
international codes consider the inelastic deformation of shear force, like Eurocode 8 and the codes 
of New Zealand. In EC 8 is specified that shear force obtained from elastic analysis has to be 
increased by a factor  to obtain shear design force Ved. Recent studies performed by Rejec et al. 
(2011) have confirmed that due to the higher modes of vibration and large deformations of bending, 
inelastic shear values can develop much higher values than those prescribed by the Eurocodes. 
Because the amplifications of shear force were ignored, there are doubts about the shear strength of 
structural walls even in newly designed buildings. [4]  
A building in which were located this type of failure in structural walls is Torre O'Higgins, 
composed of 21 floors and two basement levels. Structural system consists of shear walls positioned 
in the west side, and on the other sides the system is formed of columns and beams. 
 

       
                             a)                                  b) 
 

Figure 10. a)  East side of the building, and partial collapse of level 12; b) the failure of coupling 
beams [10] 

 
The building has a number of structural irregularities at various levels such as 2,5,7,9,12 and 16. 
Unlike other buildings structural failure does not occur at lower levels, but in this case occurs at the 
12 level, where there is a significant reduction of the surface plane, causing a significant variation 
of stiffness. Partial collapse of the level has sloped and entailed higher levels, causing significant 
degradation of the coupling beams. [10] 
 
3.3 Failure of shear walls due to loss of lateral stability.  
 
Wall buckling generally occurs at the end of the walls where the strain due to tension and 
compression stresses are very large. Wall buckling is often associated with its slenderness (ratio 
between height and thickness of the wall is greater), but in some cases it may be influenced by the 
appearance of an additional stress due to a large load applied in the opposite end of the wall. [9] 
 

    
 

Figure 11. Shear wall failure due to loss of local stability in earthquake Christchurch, New Zealand 
[6] [9] 

 
An example of building where was seen this type of failures is Alto Huerto, which has 15 floors 
above ground and two underground levels. It was built in 2009 and the structural system consists of 
shear walls with a thickness of 200mm, and a height of 2.55m level.  
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                                                  a) first level                b) curent level 
 

Figure 12. Alto Huerto building [9] 
 

As you can see below there are a large number of vertical discontinuities in which concernes the 
location of shear walls in the building, which leads to concentrated stresses at lower levels thus 
producing shear wall failures. In this case most of the shear walls failed due to loss of lateral 
stability in the basement and first floor. Lateral buckling of slender walls is due to the cross section, 
where the buckling of the vertical bars reach the limit of elasticity (yields) one before the other. 
Large compression strains leads to the crushing of concrete cover having as a result a smaller wall 
thickness, that deforms easier under the influence of tension and compression stresses, leading to 
loss of lateral stability of the wall . [9] 
 

                      
                                                 a)                                                 b) 
 

Figure 13. a) Elevation of a wall of the building; b) lateral buckling and crushing concrete of the 
structural wall [9] 

 
In this building the wall from line N is the most affected. It has a T shape and is 2 meters retired 
from the face of the building in the first levels as shown in Fig. 15. The wall failed first due to the 
compression stresses, than the affected section lost lateral stability. A second wall shown on line K, 
is positioned close to the wall on the line N and has the same configuration in vertical plane as the 
wall from line N and subject to the same loads, but this wall suffered less damage, due to its form in 
plane wich is  rectangular. [9] 
 
3.4 Failure of the structural walls due to soil settlements, cyclic loads of tension and compression
and the fatigue of structural walls that were undergoing during the seismic movement, causing 
crushing of concrete and buckling of the bars.
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Figure 14. Failure of the shear wall due to soil settlements in Chilean earthquake [3] 
 
An example of a building where were met this type of failure is Plaza del Rio, located in the city of 
Concepción, Chile and consists of two wings, L-shaped, separated by a seismic joint, with 13 levels 
[10]. The walls have a thickness of 150mm and plates 130mm. 
 

                              
    a)                                                    b) 

 
Figure 15. a) Plaza del Rio building, plan view and elevation; b) the first two levels of the building, 

the colors indicate the degree of damage in walls, for example red means total collapse [10] 
 

Southern wing of this structure was the most affected due to soil settlement, structural 
discontinuities and a flexible groundfloor, thus causing tensile stresses in reinforcement bars and 
compression stresses in the concrete, leading to concrete crushing, buckling of the bars and finally 
the loss of lateral stability of the walls. Most affected were the walls in the form of Z and T. 
Another reason that contributed to the loss of stiffness of the shear walls, was the lack of the 
confinement reinforcement at the boundaries and intersections of the walls. [10] [9] 

 

              
a) 
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b) 
 

Figure 16. Failure of the shear wall because of: a) tension and compression stresses; b) structural 
discontinuites [9 ] [10] 

 
Another building that suffered failures of structural walls was Alto Rio, whose structure consists of 
15 levels and two basement levels. It was the only building that had a height of more than three 
levels and totally collapsed during the earthquake. [10] 
 

   
 

Figure 17. Alto Rio building before and after the collaps [10] 
 
It was a modern structure, typical in Chile, with thin structural walls and low reinforcement, which 
supports concrete slabs without intermediary beams, with many openings and structural 
discontinuities. The walls had a thickness of 200mm, L and T shapes, many of them were retired 
from outside of the building at the first two levels. 
 

     
                                       a)                                                                         b) 
 

Figure 18. a) Alto Rio’s current level; b) vertical discontinuitie of a shear wall [9] 
 
One of the causes that led to the collapse of the building are the boundaries of the structural walls in 
the basement and ground floor levels considered critical zones, they failed due to long movement of 
the soil and the appearance of the fatigue in structural members. Due to high compression stresses, 
the concrete cover crushed and the reinforcement bars buckled, after which has extendet throughout 
the entire length of the wall due to the action of successive cycles of loading and unloading applied 
to the wall. The collapse is determined by the weight of the building and the structural response of 
the walls subjected to axial loads, bending moments and shear forces under the action of the seismic 
load. [10] [9] 
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Besides these factors mentioned above there are others who are not as well known and studied, but 
have a great influence on the behavior of structures during earthquake. Among them the soil and the 
velocity of the seismic waves that propagates into the structure. Due to the weight of the buildings, 
soil properties, acceleration and frequency of the seismic waves changes, buildings becoming a 
secondary seismic energy source. [3] 

4. Conclusions 
 
In this paper are presented and analyzed the most frequently encountered failure modes of shear 
wall structures subjected to seismic loads, based on the failures of the structures in seismic areas. It 
can be observed from what has been presented, that the failure modes of shear wall structures are 
influence by a series of important factors. One of this factors is the analysis which can provide 
valuable informations about the failure of the shear walls. Unfortunately in the most cases, the 
modeling approaches used for slender structural walls do not capture adequately the strength loss 
due to buckling of reinforcement and the nonlinear shear-flexure interaction, leading to an 
inadequate shear wall structure analysis. Another factor which influenced the walls behaviour, was 
the absence of wall boundary detailing, which led to concrete cover spalling, followed by 
longitudinal boundary bar buckling and concrete crushing. In the last years the newer structures, are 
dominated by a new arhitectural system containing structural iregularities, which is another factor 
that led to the shear wall failures, besides that, the number of stories is increased, moving the 
average building of 15 stories to about 25 floors, which resulted in higher axial loads. Because the 
walls were thin, typically 15–20 cm thick, any spalling of cover concrete (about 2 cm on each side) 
resulted in an important reduction in the wall thickness, along with the capability to sustain an 
important axial load. A combination of large axial loads, relatively large lateral wall displacement 
due to the earthquake, and poor wall boundary detailing, besides wall discontinuities at the failure 
zone, have contributed to the shear wall failures. To avoid in future this kind of shear wall damages 
it is necesary to make additional experimental studies to better characterize these types of failures, 
particularly for the thin walls, by establishing a damage limitation, for example the axial load, 
which is one of the potential precursors of the damage. 
Another issue that was presented and deserves further study by the researchers, is that it has been 
shown that the behavior of rectangular concrete walls subjected to seismic loads is more effective 
than of the form T, L, or other geometrical irregular shapes. 
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Abstract 

The paper presents a proof of concept of a nondestructive structural health monitoring (SHM) 
system for wire ropes. In the context of using wire ropes as bearing structures for bridges, in 
mining installations or as main transport elements for aerial tramways, gondola lifts, chairlifts and 
cableways, it is of utmost importance to guarantee the safety of human lives and goods. Proper 
maintenance at regular intervals is not enough. Civil infrastructure and transport structures based 
on wire ropes should benefit from permanent SHM. In this context, the authors propose and 
describe an integrated SHM system for wire ropes based on automated visual inspection that is 
performed through image processing. In addition, wireless sensor network (WSN) nodes are used to 
supply operational and environmental information for aiding the visual identification of wire rope 
degradations, damage and failures. In the final part of the paper, several test scenarios are 
presented and the interpretation of the results from a qualitative viewpoint is performed. Finally, 
information concerning the performance of the experimental SHM system related to false positive 
and false negative rates during wire rope damage and failure detection is presented. 

Keywords: wire rope, structural health monitoring, damage, corrosion, image processing 
 
 
1. Introduction 

Nondestructive SHM of wire rope implies the use of a set of monitoring techniques which do not 
induce behavioral changes, deteriorations or damage to the monitored structure. The purpose of 
monitoring is on one hand to detect the presence of any degradation of structural elements and their 
location and on the other hand to determine the effects of these degradations on the structural 
response. 
The contents of the paper are organized as described below. In the second section a list of wire rope 
deteriorations, defects and failures are briefly presented. In addition, examples of deterioration 
scenarios are depicted. In the third section the architecture of the nondestructive SHM system is 
illustrated along with a brief description of each component. In the fourth section an overview of 
the main image processing techniques employed to detect external corrosion degradation in digital 
images is supplied. In the fifth section experimental results are presented along with a performance 
analysis. Conclusions are presented in section six. 
 
2. Wire rope deteriorations 

In order to perform accurate SHM of wire ropes it is necessary to establish the set of degradations 
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that develop in wire ropes. According to the literature, the most common types of degradations are: 

1. Corrosion [1], [2], [3],    
a. internal to the wire rope (Fig. 1a), 
b. external to the wire rope (Fig 1b), 

2. Abrasion [4], [5] (Fig. 2), 
3. Broken wires (Fig. 3a,b) [6], [7] , 
4. Cross-sectional wear of wires (Fig. 4) [6], 
5. Wire peening (Fig. 4) [6], 
6. Loss of metallic cross-sectional area – LMA (Fig. 5), [8], 
7. Local deformations (Fig. 6), [7], 
8. Strand fractures (Fig. 7), [9], [10], 
9. Core fractures [9], 
10. Multi strand wire rope “bird-cages” [6] [9]. 

                     
      
 Figure 1. Corrosion a)  internal  b) external                                        Figure 2. Abrasion 

            
 
Figure 3. Broken wires a) due to excessive use b) due to fatigue         Figure 4. Wear and peening 

   
 
Figure 5. LMA                            Figure 6. Local deformation       Figure 7. Strand fracture 

The degree of magnitude of degradations 1 – 6, is encoded in the software applications of the SHM 
using several increasing classes of severity. The first severity class corresponds to a negligible 
influence of the degradation on the structural health and the classes increase gradually to the highest 
severity class which calls for the immediate change of the degraded wire rope section. The 
classification of an image as belonging to a certain severity class is performed based on fuzzy logic 
reasoning. For each of the 6 degradations, the SHM system is responsible with: detecting with a 
high certainty degree the existence of the degradation, detecting the location of the degradation 
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along the length of wire rope, establishing the severity class and predicting the evolution of the 
degradation over time [11]. 
In the case of degradations 7 – 10, these are critical degradations that imply suspending the use of 
the affected wire ropes and of the service of the structure. Wire ropes subject to such degradations 
need to be immediately replaced. For these degradations, the SHM system is responsible with 
detecting with a high certainty degree the existence of the degradation and the location of the 
degradation in the length of wire rope [11]. 
 
 
3. SHM system architecture 
 
The main idea of the SHM system was to build a system capable of acquiring in situ visual 
information about the structural wire rope along with information concerning operational and 
environmental conditions. The first concepts concerning the system’s design were presented in [12]. 
The architecture of the SHM system is composed of several hardware and software application 
components. The physical location of the system’s components is divided between the location of 
the structure subject to monitoring and a second location which can be located anywhere with the 
condition that there exists an Internet connection and a PC or a laptop. From the logical division 
point of view, the general architecture of the SHM system is presented in Fig. 8. 
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Figure 8. SHM system architecture 
 

One data acquisition component is composed of two types of data acquisition devices. On one hand 
there is a set of at least two digital cameras wired to a PoE (Power over Ethernet) capable network 
switch with wireless access point capabilities. The cameras are linear pushbroom cameras and they 
acquire a single pixel line of the image of the wire rope at moment in time. The functioning 
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principle and detailed structure of the camera technology are widely presented in [13]. On the other 
hand a set of WSN nodes are installed on the structure in order to obtain environmental information 
concerning temperature, humidity and information about operational loads, displacements and 
accelerations. 
One setup of a data acquisition component was used while conducting a SHM experiment for 
chairlift’s carrier wire ropes monitoring. The cameras were mounted on a special tubular rack on a 
pillar in the vicinity of carrier rollers. The setup of the cameras is illustrated in Fig. 9. 

 
Figure 9. Camera setup for carrier wire rope visual monitoring 

 
The idea behind the setup of two cameras is to allow the SHM data acquisition system to obtain 
simultaneously images of the two hemispheres of the cable. The monitored carrier cable travels at a 
constant velocity, while the camera’s focal axis is oriented perpendicular to the wire rope’s axis.  
In the case of monitoring suspension bridge cables, the camera system needs to be mounted on a 
mobile robot similar to the one presented in [14]. WSN nodes are to be mounted at locations on the 
structure approved by a structural engineer. In the case of transport structures, the points of interest 
are the pillars. In the case of suspension bridges, the points of interest are anchorage areas, cable 
saddles on top of the piers and zones below the bridge deck. 
Data filtering and aggregation components include two types of elements. First, there are hardware 
circuits responsible for conditioning the sensor’s output signals. In this way, the noise induced by 
operational and environmental factors is eliminated. Second, in the software application, image 
noise is removed by using image filtering algorithms. Image noise is present in the digital images 
acquired by the cameras in the form of distortions, blurring or white pixels caused by the vibrations 
of structural elements, poor illumination conditions or the presence of dust on the camera casing in 
the zone of the lenses. 
The main advantages of using the filtering component are SNR (signal to noise ratio) improvement 
and increased data accuracy. The data aggregation component is responsible for performing the 
time synchronization and matching of different sources of data. For example data is supplied in 
parallel by imaging devices and WSN nodes and has to be combined and arranged with respect to 
time and location. This will provide increased certainty to the monitoring assessments. 
The data communication subsystem is based on two communication technologies. On one hand, 
wired communication occurs between digital image acquisition components and the control and 
image processing module. On the other hand, wireless communication takes place between the 
WSN nodes and other architectural components. 
Even though, wired communication presents inherent disadvantages, such as the costs of wire 
installations, the negative visual impact on the structure or a certain amount of disruption in the 
structure’s functioning during installation, it still complies with the restrictions induced by digital 
image data. Image data has three main features that need to be guaranteed by the communication 
system: high volume of data transmissions (due to image resolution and size), reliable transmission 
and constant high speed data transmission. 
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Wired communication has a data transfer rate of 1Gbps over consecutive distances of 100 meters. 
In addition the wired communication medium is also carrying voltage in order to supply power to 
the digital cameras. 
In the case of the WSN nodes, wireless communication occurs between the mesh of nodes and the 
wireless access point embedded in the network switch. In addition, nodes are capable of 3G/GPRS 
communication over a mobile telecommunication networks. 
The control and image processing modules are responsible for: 

1. constructing the 3D (tridimensional) model of wire cables subject to monitoring,  
2. applying image processing algorithms to image data in order to extract meaningful features 

from image data for further deterioration detection, 
3. storing and retrieving models and features in/from the database modules.  

An additional functionality provided by these modules is control and configuration of modules 
downstream and upstream in the architecture, as depicted in Fig. 8.  
The deterioration detection and structural assessment subsystems are responsible for: 

1. defining the discriminant features of wire rope deteriorations and defects based on an 
extensive set of training images of certified deteriorations and defects, 

2. applying pattern recognition on new images of wire ropes.  
New images are acquired in situ during the operation of the structure. These subsystems make 
extensive use of fuzzy-logic reasoning and information from the database modules. Detailed 
information concerning the features of these subsystems is supplied in section 4 of the paper. 
Results presentation modules are software modules with a graphical user interface that display the 
results of the monitoring on different devices. Results of the structural health assessment can be 
viewed on a PC, notebook or on a handheld mobile device like a smartphone or a tablet computer. 
 
 
4. Image processing techniques 

Each type of degradation presented in section 2 of the paper exhibits a set of features that identify 
the presence of the degradation in a digital image. The first phase, previous to applying any 
detection algorithms on the wire rope images, was to identify the features of interest. The authors 
present a single example for the first type of degradation, external corrosion, because the 
methodology is similar to the rest of the degradations.  
Based on the studies in [15] and [16] two categories of corrosion features were identified in order to 
be able to separate the images of interest in two set of classes. The first set of classes consisted of 
classes that encompassed externally corroded wire rope images and the second set of classes 
included images of wire ropes that were corrosion-free. 
The first feature category mentioned above is comprised of texture attributes that are used to 
identify the degree of roughness of wire rope surfaces. A set of 5 texture attributes were computed. 
These were: contrast, correlation, angular moment (also known as energy), homogeneity and 
entropy. These attributes are computed based on the GLCM (Gray Level Co-occurrence matrix). 
The second feature category is comprised of color attributes. Statistically, corroded surfaces have 
color frequencies included between yellow color wavelength and red color wavelength. The best 
color model that describes color attributes for corrosion detection is the HSI (Hue Saturation 
Intensity) model because it is the model most similar to how the human eye perceives color. 
First, for each HIS channel the corresponding histogram is computed, next, based on histograms, 
color attributes are computed using statistical moments of order 1 to 4. The meaning of each 
statistical moment is the following: the first moment points out where each individual color lies in 
the HSI color model space, the second moment supplies information about the spread of the color 
distribution, the third moment measures the asymmetry of data around the sample mean and shows 
when HIS values lie towards the maximum or the minimum of the scale of values [17] and the 
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fourth computes flat areas and peaks of color distribution. 
After extracting both texture attributes and color attributes, they are encoded as features and are 
stored in the degradations database. The next phase was to perform discriminant analysis based on 
the stored texture and color features. The authors used principal component analysis PCA for 
multiple channels in order to extract corrosion information hidden in the features data set. Each 
image pixel was described as a vector x having three components H, S and I. The image can be 
considered a set of N data points of the type of x. According to the decomposition presented in [18], 
the three components for the original image were sorted in accordance with their lowering 
eigenvalues. 
A transformation was applied on the possibly uncorrelated variables from the data points set and 
they became a new orthogonal space of uncorrelated random variables called principal components. 
This led to the retrieval of intrinsic information conveyed by the set on N data points (the image). 
The relation between the original correlated data points set and the uncorrelated set is described by 
Eq. 1: 
 , Eq. (1) 
 
where: 

 - new and uncorrelated features derived from vector x 
 - possibly correlated vector 
 - transformation matrix composed of the orthonormal eigenvectors of x 
 - mean of the  N points set 

 
Fisher Linear Discriminant Analysis (FLDA) presented in [19] and [18] is subsequently performed 
on the uncorrelated data set in order to perform the classification process. FLDA uses a set of 
corroded sample images called the training set. Using a predictor based on Bayes optimal solution 
discriminant analysis is able to cast images from other sets than the training set into one of the 
corrosion-affected or corrosion-free image classes. 
 
 
5. Experimental results 
 
During the experiments on several batches of images containing both corroded and corrosion-free 
samples of wire ropes, the authors first sought to evaluate the qualitative analysis of the 
classification results. In terms of classification error, the software application was run on a set of 30 
images containing in the first case – 25 images, second case – 20 images, third case – 15 images, 
fourth case 10 – images  of corroded wire ropes.  
The detection results are presented in Table 1. 
 
Table 1. Qualitative results of corrosion detection on a set of 40 images 

 Corrosion 
detection in 
#images 

Falsely classified 
as corroded in 
#images 

Falsely classified as 
corrosion-free in 
#images 

Absolute corrosion 
detection accuracy 
(in %) 

Case 1 21/25 2 6 76% 
Case 2 17/20 3 6 70% 
Case 3 13/15 2 4 73,33% 
Case 4 8/10 0 2 80% 

Visual results depicting the localization of the exterior corroded surface of a wire rope sample are 
presented in Fig.10. In addition to corrosion, the wire rope sample exhibits mud and other 

 201



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro   
 
substances on the surface which could cause the system to report larger areas affected by corrosion. 

     

 
Figure 10.  a) Test image    b) Green colored corrosion affected areas 

 
The accuracy of detection is around 70 % of the total area affected by corrosion and it is pointed out 
by the image processing software with the green color. Only locations where the intensity of the 
corrosion is above a negligible threshold level are colored. 
 
6. Conclusions 

Over the past 3 years, the authors managed to develop a proof of concept system for the SHM of 
wire ropes based on automated visual inspection. Currently, the majority of visual inspections of 
wire ropes are performed by maintenance personnel and state authority’s personnel. 
The purpose of the SHM system is to replace the human expert that had to be physically present on 
different types of wire rope based structures at periodic interval of time to perform visual inspection 
of wire ropes. This set of actions placed the human expert in zones along the structure that were 
difficult to access and sometimes posed danger to his life. 
The SHM system is capable of performing with a good level of accuracy the detection of a set of 
wire rope degradations both from the point of view of the location and from the point of view of the 
magnitude of the degradation. In the paper, a complete overview was presented for the experimental 
results concerning the detection of exterior wire rope corrosion. From the methodology and 
integration points of view, the functioning principle is similar for the rest of the degradations. 
The authors consider that the another advantage of employing such a system on structures based on 
wire ropes is that the monitoring can be performed in a continuous manner if the necessary energy 
sources exist in situ and if a high speed communication infrastructure is present. 
Future developments to the system include the improvement of the detection levels, both from a 
qualitative and quantitative point of view. Once the accuracy of the detections increases to a level 
appropriate for autonomous monitoring the research activity will be focused on the development of 
additional modules capable of predicting the evolution of degradations and damage over short to 
medium periods of time. 
Another future development consists of improving the capabilities of the WSN nodes, from the data 
acquisition components, with sensors capable of supplying accurate vibration and acceleration data. 
This would be useful in order to perform afterwards dynamic structural analysis. Steps have already 
been taken in this direction, at least from the theoretical point of view in [20]. 
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Abstract 

This paper presents the determination of dynamic characteristics of a structural model to be tested 
on the shaking table of the Faculty of Civil Engineering and Building Services from “Gheorghe 
Asachi” Technical University of Iasi. 
The experimental model is a steel structure with an opening of 1.4 m, a span of 1 m and a height of 
3.3 m. The structure is seismic isolated with a multi-stage system made up of four layers of 
elastomeric bearings. 
The seismic analysis of base isolated structural model was achieved for various fundamental 
vibration period of the isolation system in SAP2000 program. The structure was subjected to 
seismic actions corresponding to artificial accelerograms compatible with the elastic response 
spectrum for the horizontal components of ground acceleration in areas characterized by the 
corner period Tc=0.7s. The seismic actions applied to the structure were scaled to different 
amplitudes of the accelerations in order to study the behavior of the structure under various 
earthquake actions. 
Following the numerical analysis of the structural model, it was found that for fundamental 
vibration period of the isolation system longer than 1.5s, the effect of seismic actions for each 
accelerogram was reduced. 

Keywords: base isolation, elastomeric bearings, numerical analysis, artificial accelerogram, time 
history analysis. 
 
 
1. Introduction 

The real response of structures under seismic actions is obtained by time history analysis at 
different recorded or artificial accelerograms, scaled to the maximum acceleration of site [1]. 
Time history for seismic isolation system can be done with any program that has implemented this 
type of analysis. There are some specialized programs that have implemented the seismic isolation, 
so the elastomeric bearings properties are inserted directly. 
A large fundamental period of vibration implies a low horizontal stiffness of the isolation system. 
Reducing the horizontal stiffness leads to reduced cross section and increasing the height bearings. 
Sometimes high bearings may cause stability loss. At the same time, there is a risk that the bearing 
displacement to be beyond the allowed limits, which makes vertical load may no longer be taken by 
bearings, Fig. 1. 
A solution related to buckling is the multi-stage system that provides a stable behavior at high 
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lateral displacements compared to conventional bearings with the same volume of elastomer [2], 
Fig. 2. 
 

a) b) c)  
 

Figure 1. a) Elastomeric bearing b) the active area, c) stability loss. 
 

 
 

Figure 2. The multi-stage elastomeric bearings displacement. 
 
This paper presents the response identification of a structural model to be tested on the shaking 
table. The aim of this paper is to study the structure behavior, with different stiffness of the isolation 
system, under different seismic actions corresponding to artificial accelerograms compatible with 
the elastic response spectrum for the horizontal components of ground acceleration in areas 
characterized by the corner period Tc=0.7s, according P100-2013 [1]. 
 
 
2. Experimental model 
 

 
 

Figure 3. The structural model on the shaking table. 
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The experimental model fixed on the ANCO R250-3123 shaking table of the Faculty of Civil 
Engineering and Building Services of Iasi is presented in Fig. 3. 
The experimental model is a steel structure (P+2E) with an opening of 1.4 m, a span of 1 m and a 
height of 3.3 m. The columns and beams of the structure are made of INP 80 steel profiles. The 
structural model is recessed at the base. 
In the case of seismic isolation, an additional weight using UNP 260 steel profiles was introduced at 
the base of the structure. 
The structural model will be unidirectional tested in the opening direction and braced on the other 
direction. 
 
 
3. Action generation 

According to standards, a minimum number of three accelerograms is required to determine the 
response of the structural model under seismic action [1, 3]. 
In 1976, Dario A. Gasparini and Erik H. Vanmarke have developed one of the most used methods 
to generate the accelerograms. The program generates actions based on the design spectrum [4]. 
Artificial accelerograms are obtained by generating a signal, composed of sinusoids with different 
amplitudes and frequencies, whose response spectrum is compatible with a target response 
spectrum, generally an elastic response spectrum according to standards. 
The program ANCO SPECTIME was used to generate accelerograms compatible with the elastic 
response spectrum for the horizontal components of ground acceleration in areas characterized by 
the corner period Tc=0.7s. The imposed elastic response spectrum and the resulted response 
spectrum can be seen in Fig. 4. 
 

 
 

Figure 4. The imposed response spectrum and the resulted response spectrum. 
 

 
 

Figure 5. A – increasing zone, B – maximum accelerations zone, C – decreasing zone. 
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The action is generated on three zones (A, B, C) which may have different durations, Fig. 5. 
Three artificial accelerograms were generated with a duration of 45 seconds, 2250 steps at equal 
time intervals of 0.02 seconds, with A and C zones equal to 5, 10 and 8 seconds. 
The accelerograms, the Fourier transform (transformation from the time domain to the frequency 
domain) and the power spectral density (the energy grouped by frequency areas) are presented in 
Figs. 6, .., 14. 
 

 
 

Figure 6. Artificial accelerogram 1. 
 

 
 

Figure 7. Fourier transform for artificial accelerogram 1. 
 

 
 

Figure 8. Power spectral density for artificial accelerogram 1. 
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Figure 9. Artificial accelerogram 2. 
 

 
 

Figure 10. Fourier transform for artificial accelerogram 2. 
 

 
 

Figure 11. Power spectral density for artificial accelerogram 2. 
 

 
 

Figure 12. Artificial accelerogram 3. 
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Figure 13. Fourier transform for artificial accelerogram 3. 
 

 
 

Figure 14. Power spectral density for artificial accelerogram 3. 
 
 
4. Numerical analysis 

The seismic actions applied to the structure were scaled to different amplitudes of accelerations: 
0.2g, 0.3g and 0.4g, in order to study the structure behavior under various earthquake actions. 
Structural modeling was performed in SAP2000 program. Following modal analysis of the fixed 
base structure, a fundamental vibration period of 0.25 seconds was obtained. 
The seismic analysis of base isolated structure model was carried out for the following fundamental 
periods of vibration: 0.5s, 1s, 1.5s, 2s and 2.5s. 
In most structural analysis programs, mathematical models that describe the mechanical properties 
of elastomeric bearings used in the design of seismic base isolation system are implemented. The 
properties of elastomeric bearings were defined with a Rubber Isolator link provided in SAP2000 
program. 
The displacement and acceleration values at each level of the isolated structure are approximately 
equal; the structure has a rigid body displacement. 
The displacements (d1,d2,d3) and accelerations (a1, a2, a3) recorded at each level of the structure, 
obtained for all three accelerograms scaled to 0.2g, are presented in Tables 1, 2, 3. 
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Table 1: Results of the accelerogram 1 

 T=0.25 [s] T=0.5 [s] T=1 [s] T=1.5 [s] T=2 [s] T=2.5 [s] 
d1 [cm] 0.076 0.616 10.55 13.5 18 26.34 
d2 [cm] 0.144 0.616 10.55 13.5 18 26.34 
d3 [cm] 0.189 0.616 10.55 13.5 18 26.34 
a1 [m/s2] 1.456 3.473 4.854 3.289 3.006 2.869 
a2 [m/s2] 2.546 3.473 4.854 3.289 3.006 2.869 
a3 [m/s2] 3.271 3.473 4.854 3.289 3.006 2.869 

Table 2: Results of the accelerogram 2 
 T=0.25 [s] T=0.5 [s] T=1 [s] T=1.5 [s] T=2 [s] T=2.5 [s] 

d1 [cm] 0.086 0.69 11.37 15.14 18.78 24.01 
d2 [cm] 0.163 0.69 11.37 15.14 18.78 24.01 
d3 [cm] 0.214 0.69 11.37 15.14 18.78 24.01 
a1 [m/s2] 1.516 4.127 5.327 3.583 2.674 2.355 
a2 [m/s2] 2.794 4.127 5.327 3.583 2.674 2.355 
a3 [m/s2] 3.836 4.127 5.327 3.583 2.674 2.355 

Table 3: Results of the accelerogram 3 
 T=0.25 [s] T=0.5 [s] T=1 [s] T=1.5 [s] T=2 [s] T=2.5 [s] 

d1 [cm] 0.077 0.68 9.115 17.96 23.63 25.82 
d2 [cm] 0.142 0.68 9.115 17.96 23.63 25.82 
d3 [cm] 0.184 0.68 9.115 17.96 23.63 25.82 
a1 [m/s2] 1.58 3.785 4.147 4.147 3.199 2.98 
a2 [m/s2] 3.294 3.785 4.147 4.147 3.199 2.98 
a3 [m/s2] 4.597 3.785 4.147 4.147 3.199 2.98 

The displacements and accelerations recorded at the top floor of the structure, obtained for the 
accelerograms scaled to 0.2g, 0.3g and 0.4g, depending on the fundamental vibration periods of the 
isolation system, are presented in Figs. 15, 16. 
 

 
 

Figure 15. Ground accelerations vs. displacements recorded at the top floor of the structure. 
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Figure 16. Ground accelerations vs. accelerations recorded at the top floor of the structure. 
 
 
5. Conclusions 

This paper presents the response identification of a structural model to be tested on the shaking 
table of the Faculty of Civil Engineering and Building Services of Iasi. 
After applying the artificial seismic actions, the displacements and accelerations at each level of the 
structure were obtained. 
The effect of seismic actions was reduced for fundamental vibration period of the isolation system 
above 1.5seconds for each accelerogram. 
With the increasing of the fundamental vibration period of the isolation system (for Tiz 3Tf, where 
Tf is the fundamental vibration period of the fixed base structure), the displacements at each level of 
the structure increase and the accelerations at each level of the structure decrease. 
The displacement and acceleration values at each level of the isolated structure are approximately 
equal; the structure has a rigid body displacement. 
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Abstract 

Over-roofing systems have achieved larger and larger popularity in the last decade, becoming one 
of the top solutions preferred by construction engineers, not only for enlarging the existing living 
space of the present building stock, but also for its refurbishment by reducing the amount of 
materials and work on site. Furthermore, steel-intensive solutions are the ideal systems for over-
roofing these existing large precast concrete panel buildings due to their lightness, reversibility and 
clean sites. Also, they can adapt to existing structural systems and several structural typologies can 
be thought. Thus, the scope of this paper is to present three types of over-roofing structural 
solutions based on intensive use of steel elements: a) hot rolled steel; b) rectangular hollow 
sections; c) cold-formed steel sections. Moreover, a numerical modelling analysis was considered 
for all three types of over-roofing column-base connections, both as rigid or semi-rigid connection, 
in order to determine the optimum solution. 

Keywords: existing residential buildings, large precast reinforced concrete panels, over-roofing, 
light steel structure, rigid or semi-rigid connections, FEM, numerical modelling. 
 
 
1. Overview of existing building stock in Romania 
 
According to The National Institute of Statistics on March 18th 2002, 4.234.173 households were 
built in the urban area, from which 3.021.122 households in blocks of flats. From these, 81.964 
units (blocks) are made out of large precast reinforced concrete panels (see Figure 1) [1]. These 
large prefabricated blocks were built in three main periods, i.e.: (a) 1962-1975; (b) 1975-1982; (c) 
1982-1989 [2]. 
Furthermore, referring to the current status of residential areas, some major urban dysfunctions can 
be pointed out: (1) lack of green spaces and parking; (2) lack of concern for the maintenance of 
overall building-facades, cornices, balconies; (3) non-unitary rehabilitation interventions (the attic) 
of the assemblies; (4) abusive extensions of buildings at ground level; (5) the interior reduced 
surfaces of the flats and poor space partitioning (see Figure 2). 
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Figure 1. Residential building stock in Romania 
 

  
 

Figure 2. Major urban dysfunctions in Romania 
 
 
2. Why over-roofing solutions? 

The structural renovation of existing buildings takes various forms: adapting the internal space, 
creating additional floors; and remodelling the facades and roof. Renovation includes improvement 
of weather-tightness and thermal insulation. The techniques known as ‘over-cladding’ and ‘over-
roofing’ create a new building envelope, and dramatically improve the quality and usefulness of the 
building. Steel construction is often the only solution to complex renovation problems, as it 
combines the benefits of lightweight components, flexibility in planning, long span capabilities, 
robustness and durability, with economy and speed of construction on site [3]. Considering this 
situation, the refurbishment of buildings by adding a usable living space level has become an usual 
method of enlarging the existing space worldwide (see Figure 3).  
 

  
 

Figure 3. Over-roofing and over-cladding renovations: (a) Italy; (b) Newport City homes [4] 
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Although in Romania, in the last decade, a lot of standards and guidelines concerning the structural, 
technological and energetic efficiency for these interventions have been elaborated, some aspects 
regarding urban planning and exterior aesthetics of new-added storeys have been ignored when 
applied in reality. Therefore, in present context, there is a large variety of geometries, volumes and 
aesthetics for the over-roofings and over-claddings even in the boundaries of the same 
neighbourhood, degrading the overall visual image. Also, the main errors pointed out in the 
execution of these over-roofings can be divided in two categories: the first regards the bearings and 
anchorage of the over-roofing system to the buildings structure of resistance, while the second is 
related to the actual structural errors. 
 
 
3. Steel solutions for over-roofing 

The proposed solution for over-roofing was considered for the block typology E744.R (built in the 
period 1962-1975), a representative typology for these large prefabricated blocks, with a great 
appliance not only in Timisoara, but in the entire country. The building was verified according to 
present standards, proving to be resistant to all loading conditions and different refurbishment 
strategies were considered for enlarging the interior living space, in earlier papers [2]. These studies 
showed that, by removing the top thermal insulation layers from the terrace, the adding of a 
supplementary over-roofing floor would not affect the concrete structure’s resistance or stability. 
Thus, steel was the material chosen for this over-roofing study, due to its lightness, reversibility and 
clean site.  
The over-roofing system was analysed by using the finite element program ETABS 9.7. The 
following geometry was considered: 3 m height, 9.6 m span and 7 longitudinal frames of varying 
lengths between 4.2-3.3 m. In order to have a homogenous aspect, the spans and interior 
compartments of the building were preserved (see Figure 4). 
 

 
Figure 4. Over-roofing (3D view) 

 
The over-roofing was designed in accordance with the following standards: (1) EN 1990-1-1-2004 
"Design code. Basis of structural design"; (2) EN 1991-1-1-2004 "Design code. Evaluation of load 
actions on structures"; (3) EN 1993-1-1-2004 "Design of steel structures"; (4) EN 1998-1-1-2004 
"Design of structures for earthquake resistance". For the seismic analysis of the over-roofing 
system, the design gravitational acceleration specific to the region of Timisoara was chosen, ag = 
0.20g and a behaviour factor q = 1, specific to non-dissipative structures. 
Three types of solutions of over-roofing based on intensive use of steel were chosen: (a) Over-
roofing solution based on the use of hot-rolled profiles (IPE beams and HEB columns); (b) Over-
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roofing solution based on the use of rectangular hollow sections; (c) Over-roofing solution based on 
the use of cold-formed sections. 
Regarding the base connection, pinned/semi-rigid and rigid solutions were taken into account for all 
of the 3 cases. In the first case scenario (a), the hot-rolled HEB profile is connected to the concrete 
slab through 2 rectangular steel plates, a smaller one with similar dimensions to the profile, welded 
over a larger one at the base. The first plate is connected to the base plate by two rows of bolts, 
placed along the web of the profile, while the second plate anchors the column to the last floor 
concrete slab through 4 bolts placed in its corners as it is shown in Figure 5a. In the third case 
scenario (see Figure 5b), the columns are also connected to the base concrete slab through a 
rectangular steel plate, but in this case a lateral connection was needed for proper stability. Thus, a 
U profile was placed between the two cold-formed C profiles. The connection is done by bolts, both 
laterally as well as at the base. The wall covering is placed on the attic and supported by a cold-
formed C profile pier framework. In all three cases, the column-base connection is strengthened by 
an angle profile placed under the last floor slab and connected to the steel plates above by a row of 
two bolts, and respectively to the last floor wall also by two bolts (see Figure 5). The second case 
scenario, the rectangular hollow tube was not presented as it is a connection more or less as the first 
case scenario. 
 

        
(a) 

      
(b) 

 
Figure 5. Column-base connection details case 1 and case 3 respectively 

 
 
4. Numerical analysis 

In order to prove the efficiency of the base connections chosen for the study, a numerical simulation 
was done using FE software ABAQUS 6.7 [5]. Three cases were considered, in semi-rigid and rigid 
solution as presented in Figure 6. 
SHELL Element of S4R type, with 4 nodes, reduced integration, 6 DOF per node was used only for 
modelling the cold-formed sections in the third case scenario, while for the other sections, in all 
cases scenarios only BRICK Element of C3D8R type, with 8 nodes, reduced integration, 6 DOF per 
node, was used 
The general contact between elements was chosen as “All with self”, with HARD CONTACT on 
the normal direction and without friction on the transversal direction. Some constraints were also 
imposed in order to simulate the welding contact between plates. 
A maximum lateral displacement load of 200 mm was imposed on the column in order to obtain the 
maximum stresses of the connections and the force-displacement curves. The analysis used was 
nonlinear using dynamic explicit steps as quasi-static. 
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a) Semi-rigid hot-rolled profile 

 
b) Semi-rigid rectangular hollow section 

 
c) Semi-rigid cold-formed section 

 
d) Rigid hot-rolled profile 

 
e) Rigid rectangular hollow section 

 
f) Rigid cold-formed section 

 
Figure 6: Semi-rigid and rigid base connections 

 
The first numerical model (see Figure 6a) is a semi-rigid connection with two base plates, 
connected with two groups of bolts, i.e. M16 and M20. The column is a hot-rolled HEB180 profile. 
The first plate is welded on the contour to the base plate connection and the bolts that make the 
connection with the column are countersunk bolts. The entire connection is linked to the existing 
building through a base plate of 390 mm length and a thickness of 25 mm and through angle 
profiles. For the rigid connection (see Figure 6b), the detail is simplified by eliminating the 
intermediate base plates and the countersunk bolts, only that the welded plates and the countersunk 
bolts were eliminated and, supplementary stiffeners of 150 mm height and 10 mm thickness were 
added. 
The second numerical model (see Figure 6b and 6e) is also analysed as semi-rigid and rigid 
connection, but with only one base plate. The column is a rectangular hollow section 220 220 8 
mm. The dimensions of the base plate are 460 420 25 mm. The bolts and angle profiles are of the 
same dimensions as the previous case; only the bolts’ distance being adapted to the new conditions. 
The rigid connection follows the same pattern as the previous case. 
The third numerical model (see Figure 6c and 6f) is also analysed in both cases, as semi-rigid and 
rigid connection, with one bottom plate. The column is a cold-formed section of two back to back 
C-profiles of 300 mm height and a 2 mm thickness. Two rows of M16 bolts were used along the 
web. The geometrical characteristics of the base plate and the angle profiles are the same as for the 
previous case. Additionally, a metallic box section of 6 mm thickness and 150 mm height was 
placed between the two sections of the column in order to improve the capacity of connection. For 
the rigid connection, extra stiffeners and supplementary bolts were added to connect the flanges of 
the profiles. 
The steel material used in the connection was presumed to be elastic perfect plastic. Also, the 
concrete was input elastic perfect plastic features as seen in Figure 7 [6]. The option used to 
simulate concrete plasticity was Concrete Damaged Plasticity. 
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Figure 7. Elastic-plastic model of concrete [6] 
 
The following results were obtained: (1) the first three connections were modelled as semi-rigid but 
present mostly a pinned behaviour; (2) the performance of the three case scenarios was obtained 
under lateral loading; (3) after numerical analysis the load transfer mechanism was identified; (4) 
the weak components were pointed out, which are presumed to yield first; (5) plastic efforts and 
deformations were obtained; (6) the maximum stresses for the semi-rigid hot-rolled connection was 
reported in the countersunk bolts; (7) the welded plate of the semi-rigid hot-rolled profile presents a 
slight plastic deformation (see Figure 8a); (8) the maximum stresses of the rectangular hollow 
section connection was noticed in the bolts and on the corresponding holes (see Figure 8b); (9) the 
maximum stresses for the cold-formed connection was reported in the upper flange of the section on 
the direction of loading, but also in the holes of the web (see Figure 8c); (10) for the third case 
scenario (rigid solution), the plastic stresses achieve maximum in the web height; moreover, the 
phenomenon of crippling occurs in the upper flange (see Figure 8f). 
 

 
a) Semi-rigid hot-rolled profile 

 
b) Semi-rigid rectangular hollow section 

 
c) Semi-rigid cold-formed section 

 
d) Rigid hot-rolled profile 

 
e) Rigid rectangular hollow section 

 
f) Rigid cold-formed section 

 
Figure 8. Plastic strains in the semi-rigid and rigid based connections 

 
The concrete floors did not reach plasticity, not even in full loading conditions; the stresses are still 
in the elastic range, presenting only local effects at bolt-hole interaction zone (see Figure 9). 
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Figure 9. Strains in concrete on bolt hole 
 

The following force-displacement curves were obtained for each case scenario: 
 

a)  b)  c)  

d)  e)  f)  
 

Figure 10. Force-displacement curves in semi-rigid and rigid based connections 
 

The above force-strain curves show the following partial conclusions: (1) the results show no 
significant results after the threshold of 150 mm, the elements entering in failure; thus, the load 
imposed to the columns initially should be reduced; (2) as expected the maximum yield capacity 
was obtained in the second case scenario (the rectangular hollow section connection), for both semi-
rigid and rigid solutions(see Figure 10b and 10e); (3) the first and third case scenarios present 
almost the same capacity, in both semi-rigid and rigid solutions, with the difference that the hot-
rolled profile connection presents a higher ductility than the cold-formed section (in rigid solution), 
which can only behave well in the elastic domain, as expected for a class 4 section (typical 
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behaviour); (4) the semi-rigid solutions present, as expected, smaller loading capacities, but the 
intention of using theses solution was to minimise the work on site, which was not confirmed; (5) 
the stress level on the existing concrete floors and the additional walls are small and do not 
introduce supplementary stresses over the existing capacity. 
The scope of the numerical program is a better understanding of the behaviour of the six types of 
node connections and to find the optimum solution for a base connection for this kind of over-
roofing systems that will not bring additional efforts to the existing concrete panel building. This 
numerical study is actually a process of finding the optimum solution and it will be followed by a 
process of parametric study, and last but not least laboratories study of these kinds of connections. 
 
 
5. Conclusions 

The study presented in this paper shows the possibilities of connecting the over-roofing to the 
existing buildings by using steel-intensive solutions. The numerical analyses show the following: 
(1) steel-intensive solutions are ideal systems for over-roofing the existing large precast concrete 
panel buildings due to their lightness, reversibility and clean sites; also, they can adapt to existing 
structural systems and several structural typologies can be thought; (2) the numerical program 
shows that all types of connections presented in semi-rigid and rigid solutions can withstand a 
considerable amount of loading before failing; (3) however the main concern remains to minimise 
the structural intervention on the existing concrete structure. Finally, supplementary numerical 
analyses and experimental work will be done in order to validate the proposed solutions. 
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Abstract 
Artificial neural networks are defined as systems that solve complex problems for which doesn’t 
exist sequential algorithms, only examples of solutions, and it’s generate their own rules of learning
from examples. Over the years in all areas of Civil Engineering were undertaken specific 
researches addressing various problems using artificial neural networks with varying degrees of 
success. Were studied problems in the field of building materials behaviour, geotechnical 
engineering and structural engineering, structural identification and control, heat transfer 
problems, transport infrastructure issues, management and technology in construction and 
installation issues. 

Keywords: artificial neural networks, structural computing, forecast, estimation, material 
characteristics  
 
 
1. Introduction 
 
Artificial intelligence is a multidisciplinary field which has been created from the necessity to a 
deeper study of the possibility to create human behaviours. A system designed based on artificial 
intelligence must be able to store information, to apply those information to solve problems and 
learn new information through experiences. 
 
The brain learns from experiences. In studies so far, it shows that the brain store the information as 
models. A neural network is an artificial representation of the human brain that tries to imitate his 
learning process. The term "artificial" means that the neural networks are implemented in computer 
programs that are able to handle many values for the calculations required along the learning 
process. This area does not use traditional programming but involves massively parallel networking 
and training of these networks to solve specific problems. In comparison to traditional computing 
systems based on neural networks learn examples, they have a distributed associative memory, have 
a high tolerance for errors, recognize patterns and have greater synthetic capacity. 
 
Using neural networks has many advantages but also some disadvantages.  
Among the advantages we can highlight: solving complex problems for which doesn’t existe an 
sequential algorithms, only examples of solutions; the ability to adapt to a changing environment; 
deterioration of some neurons does not involve a steep deterioration in performance, but degrades 
network performance; opportunity to work with imprecise data; ability to modify the internal 
structure in order to perform the desired action; generates its own rules of learned examples; are 
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used to model the nonlinear systems; creating a well-trained neural networks lead to the removal 
experimental phase; inexpensive and fast to a slow and expensive program structural analysis; may 
be used for real-time applications; ability to approximate a nonlinear continuous function with the 
desired degree of accuracy; easily modeled neural networks multivariable systems (due to the large 
number of inputs and outputs).  
Among the disadvantages noted are: the learning process is complicated because of the difficulty in 
choosing the training set, is lengthy depending on the training’s method and the training set size and 
requires very efficient computing means; for training it takes a very large data volume; establish 
training base is a difficult operation, it must cover all the search satisfactory solution.  
 
Worldwide neural networks have been used in every field of engineering to study various 
phenomena. In Romania, it has been studied so far in electronics, automation, cybernetics, 
chemistry, but has been rarely used in the behaviour’s simulation of different engineering structures 
subjected to various types of actions. 
 
The first articles on the neural networks’s application in Civil Engineering emerged in 1989, when 
I. Flood presented in the proceedings of the 6th International Symposium on Automation and 
Robotics in Construction from the Austin paper "A Neural Network Approach to the Sequencing of 
Construction Tasks". First item on the application of neural networks in structural engineering 
appeared in the journal “Microcomputers in Civil Engineerring” in 1989 by Adeli and Yeh 
"Perceptron learning in engineering design", which presented application in engineering design of a 
machine learning model based on a concept of internal control parameters and perceptron. The 
study was done to a metal frame in order to design it. 
Over the years in all areas of Civil Engineering were undertaken various research addressing using 
artificial neural networks for solving problems with varying degrees of success. 
 
 
2. Neural networks applied in engineering 

2.1. Study the behaviour of building materials  

The construction used materials or mixtures of materials with heterogeneous behaviour in the 
structure, which is difficult to establish a formula applies to various cases encountered. 
 
Using neural networks were made forecasting the compressive strength of concrete according to 
different mixtures of concrete (Kim, 2005), the various of materials properties and ultrasonic 
measurements (Lorenzi, 1997 Tapkin et all, 2006), the slump of concrete compressive strength and 
high performance (Öztas et al, 2006) or the value of the ultimate shear force in concrete beams 
(Frohnsdoff, 2001), the value of ultimate strength (Pu, 2006) and other features material, such as 
elastic modulus, Poisson's ratio, ultimate strength, yield strength (Pandya and Shah, 2014). 
 
Studies have been conducted on the estimated slump of concrete using specific properties of the 
concrete’s components (Jain, 2008) or the fresh concrete’s consistency on the compaction test 
results (Gonzales, 2006). Ghaboussi and Jung (2001) described the stress-strain relationship in 
concrete and applied to an analysis of its in-time behaviour. The proposed model has the ability of 
any model describing the rate dependent material loading. 
 
Other studies have made assessments of the time degradation of oil-well cement, the effect of 
carbonation on concrete corrosion (Clifton, 2001), textile’s usage in reinforced concrete (Fraitag, 
2009) and properties determination of the composite materials (Lingaraju and Ramji, 2011; Carlone 
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et all., 2014; Samanta et all., 2014). Also, using neural networks can perform behaviour’s 
simulation of reinforced concrete at different ages and can help by macro calculating to model of 
the reinforcement-concrete’s interface (Unger, 2009). 
 
2.2. Structural engineering 

An important benefit of the approach with neural networks in structural engineering is that it 
provides a mechanism model includes factors that are poorly understood in how it affects the 
system. 
 
Regarding the concrete’s behaviour by using neural networks (NN) have been studied a number of 
issues such as job forecasting failure and maximum amount moments simply supported rectangular 
plate subjected to concentrated loads somewhere on the plate (Adeli and Park, 1995), the design of 
a beam with a rectangular section of reinforced concrete is known valve tensile strength, thickness 
and width of the beam, the cost and size of the torque meter (Mukherjee and Deshpande, 1995), 
predict the shear strength of the reinforced concrete rectangular beam according to the length / 
height of the beam, the concrete strength, reinforcement, thickness and width of the beam (Abdalla, 
2007). 
 
NN are used for reinforced concrete structures, steel structures, and not least for composite 
structures. Xu (2001) propose a technique in order to detect cracks in anisotropic laminated plates 
with an adaptive MLP model; Su and Ye (2005) propose monitoring of composite structures “in 
service”, according to damage assessment based on Lamb wave propagation; Ganesh (2006 ) 
evaluates the “m” and “k” parameters of longitudinal shear force at composite floors; Kumar (2008) 
performs the vibration’s control of spherical structures made of composite material thin-walled; 
Tsompanakis (2008) identifies a beam cracks and a composite plate and performs an seismic 
probabilistic analysis of a metal frame structure. Rehabilitation methods were analysed in laminated 
composite structures (Lopes 2010) or concrete poles with steel rods (Jørgensen et all., 2013). 
Regarding monitoring using neural networks was studied problem of identifying and localizing 
possible imperfections of curtain wall systems (Efstathiades, 2007), and monitoring the structural 
status through changes induced by damages of Ritz vector (Lam, 2006). 
 
Among the issues on the behaviour of steel elements studied with neural networks are: modeling the 
nonlinear behavior of steel structures and studying in the boundary domain using a neural network 
model in which neurons (from input and output layers) are multiplied with logarithmic and 
exponential neurons (Zeh, 1998), analysis of XT tubular joints subjected to three different types of 
axial tests (Chiew, 2001), forecasting the load of structural elements of steel profiles cold 
compressed formats (El-Kassas, 2002), forecasting of flexure and initial stiffness for beam-column 
elements joint using a supervised learning backpropagation algorithm (de Lima, 2005), nonlinear 
modeling of beam-column joints based on inelastic hysteretic model (Yun, 2007), the dynamic 
response, during time, of an eight-story structure of steel frames subjected to seismic actions 
(Ahmadi, 2008); estimation of seismic response to different types of structures (Jeng and Mo, 
2004). 
 
Structural elements behaviour with NN has been addressed in their studies by Hegazy,1998; Hung 
and Jan, 1999; Maru and Nagpal, 2004; Cevik and Guzelbey, 2007; Safe, 2008 and Möller et all., 
2008; Jorgensen et all., 2013; Garzon-Roca et all, 2013, obtaining structural response simulations of 
various actions on them and a structural evaluation obtained by Yasarer and Najar, 2014.  
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Considering the NN ability to approximate functions and to recognise patterns in diagnosis of 
structural damage cause them to be considered a good method of diagnosis. In 1992 Wu, Ghaboussi 
and Garrett presents a structural damage detection system using backpropagation algorithm and its 
ability to recognize patterns and extent of the damage location recognition of individual elements by 
measuring the frequency spectrum of a frame structure damaged at 3 levels of rigid floors. The 
problem of fault detection and evaluation of the structural elements has been addressed over time by 
many other researchers Szewczyk and Hajela, 1994; Ju Liu, 2010; de Lautour and Omenzetterb, 
2008; Hadzima-Nyarko, 2011 Yam, 2003; Chen, 2003; Tam, 2004; Yuen, 2006; Pidaparti, 2007; 
Masri, 2000; Lee, 2005; Lee and Kim, 2007; Mehrjoo, 2008. 
 
The identification of the damaged structures can be achieved with neural networks: through 
detection of the structural defects presence of the dynamic response data in simple structures 
(Ceravolo, 1995), the location of the damages based by changes in the vibrational modes (Garcia, 
1997), by the identification’s method of a single cracks in the vibrating bar based on knowledge of 
the fault-induced change in a natural frequency pair (Morassut, 2001), by altering the dynamic 
properties (its values and proper modes of vibration) in order to find the damage (Ni, 2002), using 
stress and displacements to recognize potential faults by comparing the response to undamaged 
structure (Maity, Saha, 2004), by locating cracks and their size based on modal frequencies (Suresh, 
2004), by a method of damages assessment in beams prestressed by the natural frequency 
measurements (Jeyasehar, Sumangala, 2006), by detecting the failure of the place and the size of 
input beams using the Fourier coefficients of the proper modes of vibration (Pawar 2007), through a 
variation of the technique smart structural system parameter and fault detection using simulations 
(Saadat, 2007); a method of identifying damage to steel frames connected by welding subjected to 
seismic actions using frequencies and vibration modes (Zapico and Gonzalez, 2008). 
 
For an dynamic mandantory analysis of a secure design in terms of seismic protection, it developed 
a method of generating accelerograms through clever integration between NN and wavelets (Sirca 
and Adeli, 2004). Regarding the analysis of seismic actions with NN, are made several forecasting 
of the parameters for generating artificial accelerograms (Bento, 2000), there was studied ground’s   
movements in order to test constructions for which was used accelerograms of 1,000 different 
earthquakes in a sufficiently reduced region of California (Vassileva, 2001), it was assessed the 
level of safety of the structural system in case of future earthquakes (Chakraverty, 2006), was 
investigated for predicting the magnitude of the largest seismic event in the future based on the 
analysis of eight mathematically computed parameters known as seismicity indicators  (Panakkat 
and Adeli 2007), the maximum ground acceleration (PGA) and vertical directions EW, NS, by 
comparing the results of three types of NN obtained based on data from 95 records in 15 moves 
seismic between 1999-2000 (Gunaydin, 2008). Reyes et all (2012) shows a system based on neural 
networks forecast earthquakes in Chile makes an area with a high seismic activity, Moustra et all 
(2011) were made prognosis of earthquakes using time series magnitude data or Seismic Electric 
Signals; Adeli (2009) presents a probabilistic neural network for earthquake prediction. Calabrese 
(2013) used artificial neural network to implement, in order to find the unknown nonlinear seismic 
and geotechnical input data versus the expected performance of the facility. NN has successfully 
used for deriving fragility curves of the considered structures. 
 
Neural networks also could be used for problems optimization in structures: Ouarghi and Krarti, 
2006; Kim, 2007; Alan, 2007; Vishnu Nambiar, 2014 or reliability of construction Shazanfar 2007. 
Joining NN with finite element analysis Khan, Topping, 1997; Topping, 1998; Sziveri, 1999; 
Hurtado, 2002; Lu and Tu, 2004 led to a more explicite finite element analysis, optimization of 
structural responses. 
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2.3. Structural identification and control problems 

Studies in this area have attracted strong interest; NN is considered a powerful tool for identifying 
structural nonlinear dynamical systems (Marsi, 1993; Zun and Bahng, 2000; Hung and Loh, 2001; 
Ni (2002); Sirca and Adeli, 2012; Facchini et all., 2014). Xu proposes a new method to NN in 3 
steps, based on a method of identifying structural parameters - stiffness and damping coefficients 
(2004), a structural model updating methodology by the direct use of free vibration acceleration 
time without extracting eigenvalues (2006) and a direct parametric identification program (2007). 
 
The active control of structures has been an active area of research. Mukherjee (1997) predicted 
modes of vibration of the frame structures with different numbers of levels. Bani-Hani and 
Ghaboussi (1998) analyses the nonlinear structural control using NN by simulations on a 3 levels 
metal frame considering inelastic behaviour. Problems on the structures control were studied by 
Valla, 2000.2001; Narasimhan, 2008; Liuta et all, 2000; Kim, 2008, 2009; Xia, 2003. Yang (2006) 
presents an NN for identification and vibration suppression of a building structure with active mass 
damper, achieving reductions of vibration up to 70 or 80%. Lin (2006) introduced a concept of 
smart structures with an active control system by using fiber Bragg sensor grids and NN to build a 
system similar to a model of human thinking. 
 
2.4. Heat transfer problems in civil engineering 

Thermal comfort, air flow distribution and air quality in a particular area are the solutions 
addressing the issues investigated using NN studies, which has made significant improvements in 
this area. Using NN can be predicted energy required for a building (Yang, 2005), operating 
performance of heat exchanger in the real system of mechanical ventilation and air conditioning 
(Hu, 2005), air quality simulation methods based on data from long periods (annual) and shorter 
time periods (daily), (Rashad, 2008), the maximum concentration of ozone O3 in a specific day in a 
metropolitan area (Garcia, 2008), atmospheric constituents in time periods in a metropolitan area 
(Ibarra-Berastegi, 2008). 
Malinowski (2006) has studied the process of air infiltration in residential and determining the 
possibility of minimizing the energy consumption using artificial neural networks. (Barai, 2007), 
reducing the strength of reinforced concrete columns subjected to high temperatures, and Hozjan 
(2007) discloses an alternative to mechanical modeling of the behaviour of metal frames exposed to 
high temperatures, based on a series of stress-strain curves experimentally realized for different 
temperature’s levels. Tosun and Dincer (2010) determined the thickness of a wall of a building, 
taking into account the heat loss. 
 
2.5. Geotechnical Engineering 

The problem situations of geotechnical engineering are characterized by uncertainties on design 
values of geotechnical indices with significant impact. In most cases, successful resolution of 
problems depends on the knowledge and experience of experts. Artificial neural networks are 
suitable for modeling the complex behaviour of most materials in geotechnical engineering (soil 
types and their associations in complex stratigraphic profiles), which by their nature, show a wide 
variety. NN modeling capacity, as well as the ability to learn from experience, give neural networks 
modeling superiority over traditional methods because there is no need to make assumptions about 
the fundamental rules governing problem we have. 
 
Due to the inhomogeneous soil, modeling with neural networks can be a solution for solving many 
problems in geotechnical engineering. So, many studies have been conducted to track the soil’s 
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behaviour and finding their characteristics (Ellis, 1995; Ghaboussi, 1998; Penumadu, 1997, 1999; 
Zhu, 1998; Basheer and Najjar (1995) and Najjar et al (1996)) or investigation and evaluation of 
swelling soils (Najjar (1996); Erzin (2007).  
 
Basma (2004) investigates the feasibility of using NN for modeling the complex relationship 
between geotechnical indices, loading conditions and its potential failure. Slope stability is studied 
by Sakellariou (2005), Samui (2006), Shangguan (2009) which estimates the parameters of 
geotechnical slope stability and geometric using several types of neural networks: backpropagation, 
probabilistic neural networks and generalized regression. Das (2011) do more research on slope 
stability, its classification and prognosis of safety factor, or piles behaviour and soil-pile interaction 
in various cases and actions. Also, the piles behaviour has been studied by Ahmad, 2007; Nasseri, 
2014 Assessing the potential for liquefaction of soils was approached in 1997 Agrawal, Cham 
(1997), Bourdeau, bar (2002) and Chibbasti Khozaghi (2007), Juang and Chen (1999), Hanna 
(2007), Rahman (2010), Khozaghi i Chibbasti (2007). Were made using neural networks modeling 
of soil-foundation interaction Provenzano, 2003; Pala et all, 2008. 
 
2.6. Transportation 

Some of the infrastructure issues solved with neural network consists of: identifying traffic 
problems to improve its fluency (Zhang, 1997), an advanced decision support system for 
management actual traffic in areas where are sites in working (Jiang and Adeli, 2004), training a 
network to detect the end of the row of cars in the area and display a message upstream motorway 
(Adeli and Hooshdar, 2004), detecting incidents on highway traffic to improve transport system 
(Adeli, 2005), analysis of road infrastructure based on nondestructive measurements with 
deflectometer (Goktepe, 2006), predict cracks in flexible road structures (Owusu-Ababio, 1998), 
creating a mathematical model to predict the viscosity of the asphalt binder (Specht, 2007), 
compiling a model for weather-risk pavement (Manik, 2008), predicting dynamic modulus of hot 
mix asphalt (Ceylan, 2008), determination of the Asphalt Concrete (AC) moduli and subgrade 
moduli of airfield pavement based on measurements with Heavy Weight Deflectometer 
(Gapalakrishnan, 2008). 

2.7. Construction Technology and Management 

Among the issues addressed in this area include: an estimate of the cost of buildings (Moselhut, 
1991), a model for finding labour productivity in construction (Sonmez, 1998), a forecast revenue 
of disputes in construction (Arditi, 1998), a method of organization of the site (Yhang, 2002), an 
estimate of the acceptability of new technologies (Chao, 2002), a cost estimate to forecast 
residential preliminary cost estimate (Kim, 2005). 
 
Neural networks established between the quantities / costs of concrete / formwork, which are 
necessary for the structural elements of tall buildings using high performance concrete and design 
variables with hybrid and hierarchical strategies (Fang, Froese, 1999). Adeli and Senouci (2001) 
propose a mathematical formulation rules for cost optimization of construction projects, and Wang 
(2011) has a research to predict the life casualties related to several factors in an earthquake related 
to several factors. 

2.8. Building services issues 

Various studies were conducted using NN such as mathematical simulation models for analyzing 
water distribution networks, state prediction pipes underground infrastructure to control risk, 
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identifying segments cracked pipe condition assessment based on time, study on the rehabilitation 
networks water, creating a metamodel optimum water distribution system, including water quality 
assurance. 
 
 
3. Conclusions 

From studies conducted in over two decades, there is a strong interest in using neural networks in 
solving problems in civil engineering, and demonstrated their usefulness for problems in building 
work. Neural networks do not replace conventional methods of calculation, but are complementary. 
They come with good modeling in areas where traditional approaches (finite elements, finite 
differences a.s.o.) require large computing resources or time to solve problems. Artificial neural 
networks give very good solutions, direct mapping of nonlinear problems which include more 
independent variables, a class of common engineering problems. It provides solutions with greater 
accuracy than alternative modeling techniques and requires fewer requirements for modeling, in 
terms of knowledge represented shape function. 
 
A promising trend in approach to solve problems of artificial intelligence tools is that it could 
combine several tools: neural networks, genetic algorithms, expert systems, a.s.o., with classical 
methods of analysis and calculation of area. 
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Abstract 

The content of the article refers to the analysis of the stress in the steel slabs with holes of rectangular shape. 
Geometry and loads are fixed elements and attached holes geometric parameters (shapes, sizes). Results of 
the analysis, obtained using FEM, is focused on mapping and stresses distributions, depending on the 
geometric parameters set. The analysis concerns rectangular tape with rectangular holes subjected to axial 
force. In the following analysis of the slab are provided rectangular holes with circular or straight joints. In 
these cases, the benchmark of comparison using results from rectangular holes in the slab without joints. It 
also makes a comparative analysis of circular joints and connections with infinite radius of curvature 
(chamfered joints). Some remarks and conclusions for the effective design of the elements are concluded the 
paper. 

Keywords: stress concentration, finite element method, circular joints, joints 
 
 

1. Introduction  
The paper porpuse is to investigate the steel plates with holes of rectanular shape subjected to axial 
force found widespread practical applications in various fields of engineering. High stress due to 
discontinuity or abrupt change in geometry is known as stress concentration and mostly found at the 
edges of discontinuity. Most of the strength analyses involving stress concentration factor (SCF) are 
based on the conditions of infinite-width/diameter plate because closed form stress distributions are 
available. For the design of plate with a hole, accurate knowledge of stresses and SCF at the edge of 
hole under in plane loading are required. This research work can provide structure engineers a 
simple and efficient way to estimate the effect of SCF and its mitigation in plate structures made of 
isotropic and orthotropic materials. 
Non-uniform distribution of stress in the vicinity of a discontinuity occurs a local tension. By noting 
with max the maximum stress of the discontinuity, is defined as the stress concentration factor, k, 
the ratio: 

            
where  is the normal stress in a point that would occur in the absence of discontinuity.  
Stress  can be determined analytically or experimentally. In the first case, k is called 
analytical or calculated concentration factor, in the second case, the factor obtained is denoted by 

kE and call it experimental or actual concentration factor. 

2. Analysis description of rectangular holes in steel plates    

2.1.The plate with rectangular holes provided with circular joints.  
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Analysis of circular joints on the state of stress in the elastic tape will perform on a plate thickness t 
= 1, the form in the XY plane is shown in Figure 1. To simulate the loading of the tape at  
we chose a length of  so that local stress should be limited central area  (according 
to the principle of S. Venant). We focused out attention on the study of stress concentration aspects 
for a square located in central position with  size and having different circular radius joints 
between its sides. 
Geometric modeling is characterized by the following parameters: 

 the ratio between the size of the hole and the width of the tape (d/h) 
  the ratio between the size of circular radius joints and the size of the hole  (f(r)/d) 
  the hole placement is situated on the tape central position. 

The unit thickness tape was loaded at   (Figure 1) with constant stress of  (
 simulating axial load N at  

Figure 1. 
Geometric characteristic of the plate. 

 
Four dimensions were chosen for the circular radius joints (f = 0.1 d, 0.2 d, 0.3d, 0), for the five 
cases previously analyzed with different rectangular hole dimensions (d / h = 0.1, d / h = 0.2, d / h = 
0.3, d / h = 0.5, d / h = .75). Thus the 20 cases of analysis results, are presented in Table 3.4. 
 
Table 1. Different square holes dimension and circular joints. 

 (circular joints) 
    

  0,01 0,02 0,03 0 
 0,02 0,04 0,06 0 
 0,03 0,06 0,09 0 
 0,05 0,1 0,15 0 
 0,075 0,15 0,225 0 

 
Exemplifying the variation of circular radius joints of the tapes with ratio d/h = 0.5 are shown in 
Figure 2.  

                     
a)   ;                                        b)                                                        

Figure 2. Variation of circular radius joints dimensions. 
 
Figure 2. is exemplified how the stress distribution   in the elastic tape with rectangular holes 
having four different variations of circular radius joints, with the ratio d/h = 0.5 loaded with axial 
uniform distributed force. 

 

            
a) Map of stresses , for  ;                     b)   Map of stresses , for  ;   
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Figure 3. Stress distribution 

Table 2.  Values of stresses in the elastic tape subjected to stretching for different circular radius 
joints between the sides of the hole.

 

 
Figure 4. Variation of stress concentration factor k. 

2.2.The plate with rectangular holes  provided with chamfered joints.  
Analysis of chamfered joints on the state of stress in the elastic tape will perform on a plate 

thickness t = 1, the form in the XY plane is shown in Figure 3.To simulate the loading of the tape at 
L G» we chose a length of L w so that local stress should be limited central area ’ t 

(according to the principle of S. Venant ).The attention was focused on the study of  stress 

 
Values of stresses in the elastic tape subjected to stretching for different circular radius joints between the sides of the hole 

 
  
    

=a/h =d/h =c/h =z/h =I/h3 max(Mpa) nom(Mpa) k

.D .c .B .A .D .c .B .A A B C D
0,75 f = 

0 
0,125 0,75 0,125 0,5 0,185 3,67 10,5 10,5 3,67 1,000 1,000 1,000 1,000 3,67 10,50 10,50 3,67 

f = 
0,1 

0,125 0,75 0,125 0,5 0,185 3,21 5,6 5,6 3,21 1,000 1,000 1,000 1,000 3,21 5,60 5,60 3,21 

f = 
0,2 

0,125 0,75 0,125 0,5 0,185 3,15 4,54 4,54 3,15 1,000 1,000 1,000 1,000 3,15 4,54 4,54 3,15 

f = 
0,3 

0,125 0,75 0,125 0,5 0,185 2,87 4,38 4,38 2,87 1,000 1,000 1,000 1,000 2,87 4,38 4,38 2,87 

0,5 f = 
0 

0,25 0,5 0,25 0,5 0,344 1,63 6,35 6,35 1,63 1,000 1,000 1,000 1,000 1,63 6,35 6,35 1,63 

f = 
0,1 

0,25 0,5 0,25 0,5 0,344 1,49 3,83 3,83 1,49 1,000 1,000 1,000 1,000 1,49 3,83 3,83 1,49 

f = 
0,2 

0,25 0,5 0,25 0,5 0,344 1,34 3,42 3,42 1,34 1,000 1,000 1,000 1,000 1,34 3,42 3,42 1,34 

f = 
0,3 

0,25 0,5 0,25 0,5 0,344 1,19 3,24 3,24 1,19 1,000 1,000 1,000 1,000 1,19 3,24 3,24 1,19 

0,3 f = 
0 

0,35 0,3 0,35 0,5 0,482 1,1 5,23 5,23 1,1 1,000 1,000 1,000 1,000 1,10 5,23 5,23 1,10 

f = 
0,1 

0,35 0,3 0,35 0,5 0,482 1,07 3,58 3,58 1,07 1,000 1,000 1,000 1,000 1,07 3,58 3,58 1,07 

f = 
0,2 

0,35 0,3 0,35 0,5 0,482 1,02 3,1 3,1 1,02 1,000 1,000 1,000 1,000 1,02 3,10 3,10 1,02 

f = 
0,3 

0,35 0,3 0,35 0,5 0,482 0,98 2,62 2,62 0,98 1,000 1,000 1,000 1,000 0,98 2,62 2,62 0,98 

0,2 f = 
0 

0,4 0,2 0,4 0,5 0,555 1,01 5,01 5,01 1,01 1,000 1,000 1,000 1,000 1,01 5,01 5,01 1,01 

f = 
0,1 

0,4 0,2 0,4 0,5 0,555 1 3,48 3,48 1 1,000 1,000 1,000 1,000 1,00 3,48 3,48 1,00 

f = 
0,2 

0,4 0,2 0,4 0,5 0,555 0,99 2,97 2,97 0,99 1,000 1,000 1,000 1,000 0,99 2,97 2,97 0,99 

f = 
0,3 

0,4 0,2 0,4 0,5 0,555 0,98 2,54 2,54 0,98 1,000 1,000 1,000 1,000 0,98 2,54 2,54 0,98 

0,1 f = 
0 

0,45 0,1 0,045 0,5 0,631 1 3,25 3,25 1 1,000 1,000 1,000 1,000 1,00 3,25 3,25 1,00 

f = 
0,1 

0,45 0,1 0,045 0,5 0,631 1 2,88 2,88 1 1,000 1,000 1,000 1,000 1,00 2,88 2,88 1,00 

f = 
0,2 

0,45 0,1 0,045 0,5 0,631 1 2,65 2,65 1 1,000 1,000 1,000 1,000 1,00 2,65 2,65 1,00 

f = 
0,3 

0,45 0,1 0,045 0,5 0,631 0,99 2,24 2,24 0,99 1,000 1,000 1,000 1,000 0,99 2,24 2,24 0,99 

 232



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro
 

 

concentration aspects for a square located in central position with  size and having different 
circular radius joints between its sides.Geometric modeling made for the following parameters: 
-  the ratio between the size of the hole and the width of the tape (d/h) 
-  the ratio between the size of the chamfer joints and the size of the hole  (f(r)/d) 
-  the hole placement is situated on the tape central position. 
 
The unit thickness tape was loaded at    (Figure 5) with constant stress of         (

 simulating axial load N at ). 
 

 
Figure 5. Geometric characteristic of elastic tape. 

 
Different dimensions were chosen for the chamfer joints (f = 0.1 d, 0.2 d, 0.3d, 0), for the 

five cases previously analyzed with different rectangular hole dimensions (d / h = 0.1, d / h = 0.2, d 
/ h = 0.3, d / h = 0.5, d / h = .75). Thus the 20 cases of analysis results, are presented in Table 3. 

 
Table 3. Different square holes dimension and circular joints 

 (chamfered joitns) 
    

  0,01 0,02 0,03 0 
 0,02 0,04 0,06 0 
 0,03 0,06 0,09 0 
 0,05 0,1 0,15 0 
 0,075 0,15 0,225 0 

 
Exemplifying the variation of chamfered joints of the tapes with ratio d/h = 0.5 are shown in 

Figure 6.  
 

                                        
                 ;                                                    b)                                                        

Figure 6. Variation of chamfered joints dimensions. 
 

Stress distributin showned in figure 7 is  in the plates with rectangular holes having four different 
variations of chamfer joints, with the ratio d / h = 0.5 loaded with axial uniform distributed force. 
 

 
a) Map of stresses , for b

f
L rw ;  B L r 

Figure 7. Stress distribution for  
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Table 4. Values of stresses in the elastic tape subjected to stretching for different chamfered joints 

between the sides of the hole. 
 

 

 

Figure 8. Variation of stress concentration factor k. 
 
In Figure 8 we can see the influence of rectangular hole dimensions and chamfered joints on the 
values of k. From the graph we deduce a considerable influence of chamfered joints size on 
coefficient k in all studied cases. It can also be observed that the relation between size of 
rectangular holes and stress values is proportional. 
 

2.3.Comparation between circular joints and chamfered joints in case of rectangular holes. 
 

The values of k for central hole size d / h = 0.75 for both circular joints and chamfered joints. 
Note that the maximum values for k is when f = 0. k values are higher in the case of chamfered 

 
Values of stresses in the elastic tape subjected to stretching for different chamfered joints between the sides of the hole 

 
  
  
  

=a/h =d/h =c/h =z/h =I/h3 max(Mpa) nom(Mpa) k

.D .c .B .A .D .c .B .A A B C D

0,75 f = 0 0,125 0,75 0,125 0,5 0,185 3,67 10,5 10,5 3,67 1,000 1,000 1,000 1,000 3,67 10,50 10,50 3,67 

f = 0,1d 0,125 0,75 0,125 0,5 0,185 3,17 6,3 6,3 3,17 1,000 1,000 1,000 1,000 3,17 6,30 6,30 3,17 

f = 0,2d 0,125 0,75 0,125 0,5 0,185 2,85 5,78 5,78 2,85 1,000 1,000 1,000 1,000 2,85 5,78 5,78 2,85 

f = 0,3d 0,125 0,75 0,125 0,5 0,185 2,46 5,53 5,53 2,46 1,000 1,000 1,000 1,000 2,46 5,53 5,53 2,46 

0,5 f = 0 0,25 0,5 0,25 0,5 0,344 1,63 6,35 6,35 1,61 1,000 1,000 1,000 1,000 1,63 6,35 6,35 1,61 

f = 0,1 0,25 0,5 0,25 0,5 0,344 1,47 5,35 5,35 1,47 1,000 1,000 1,000 1,000 1,47 5,35 5,35 1,47 

f = 0,2 0,25 0,5 0,25 0,5 0,344 1,27 4,42 4,42 1,27 1,000 1,000 1,000 1,000 1,27 4,42 4,42 1,27 

f = 0,3 0,25 0,5 0,25 0,5 0,344 1,01 4,16 4,16 1,01 1,000 1,000 1,000 1,000 1,01 4,16 4,16 1,01 

0,3 f = 0 0,35 0,3 0,35 0,5 0,482 1,1 5,23 5,23 1,1 1,000 1,000 1,000 1,000 1,10 5,23 5,23 1,10 

f = 0,1 0,35 0,3 0,35 0,5 0,482 1,05 4,69 4,69 1,05 1,000 1,000 1,000 1,000 1,05 4,69 4,69 1,05 

f = 0,2 0,35 0,3 0,35 0,5 0,482 1 4,24 4,24 1 1,000 1,000 1,000 1,000 1,00 4,24 4,24 1,00 

f = 0,3 0,35 0,3 0,35 0,5 0,482 0,96 3,81 3,81 0,96 1,000 1,000 1,000 1,000 0,96 3,81 3,81 0,96 

0,2 f = 0 0,4 0,2 0,4 0,5 0,555 1,01 5,01 5,01 1,01 1,000 1,000 1,000 1,000 1,01 5,01 5,01 1,01 

f = 0,1 0,4 0,2 0,4 0,5 0,555 1 4,51 4,51 1 1,000 1,000 1,000 1,000 1,00 4,51 4,51 1,00 

f = 0,2 0,4 0,2 0,4 0,5 0,555 0,99 3,74 3,74 0,99 1,000 1,000 1,000 1,000 0,99 3,74 3,74 0,99 

f = 0,3 0,4 0,2 0,4 0,5 0,555 0,97 3,68 3,68 0,97 1,000 1,000 1,000 1,000 0,97 3,68 3,68 0,97 

0,1 f = 0 0,45 0,1 0,045 0,5 0,631 1 4,25 4,25 1 1,000 1,000 1,000 1,000 1,00 4,25 4,25 1,00 

f = 0,1 0,45 0,1 0,045 0,5 0,631 1 3,63 3,63 1 1,000 1,000 1,000 1,000 1,00 3,63 3,63 1,00 

f = 0,2 0,45 0,1 0,045 0,5 0,631 0,99 3,59 3,59 0,99 1,000 1,000 1,000 1,000 0,99 3,59 3,59 0,99 

f = 0,3 0,45 0,1 0,045 0,5 0,631 0,99 3,57 3,57 0,99 1,000 1,000 1,000 1,000 0,99 3,57 3,57 0,99 
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joints than in the case of circular joints with values of k lower with 12,5%  in the case of chamfer 
joints for f = 0.1d, 27,3% for f = 0.2d and 26,26% for f = 0.3d. Note in both cases a decrease k 
coefficient around rectangular holes with increasing size of the joint dimension. In this case we 
observe a sharp decrease in the coefficient k with the use of joints (either chamfered or circular 
joints). This reveals that the use of a certain type of joins leads to reduced stress around rectangular 
holes. 

      
Figure 9. k values for d/h = 0.75                                 Figure 10. k values for d/h = 0.50 
 

For chamfered joints and circular joints we can find in Figure 10 are showing the values of 
k for central hole size d / h = 0.50. Note that the maximum values for k is when f = 0. k values 

are higher in the case of chamfered joints than in the case of circular joints with values of k lower 
with 39,69%  in the case of chamfer joints for f = 0.1d, 29,24% for f = 0.2d and 28,40% for f = 
0.3d. Note in both cases a decrease k coefficient around rectangular holes with increasing size of 
the joint dimension. 
 

 
Figure 11. k values for d/h = 0.30                               Figure 12. k values for d/h = 0.20 

 
 
The maximum values for k is when f = 0 and are showned in Figure 11 for central hole size d / h = 
0.30 for both circular joints and chamfered joints. Values for k are higher in the case of chamfered 
joints than in the case of circular joints with values of k lower with 31,01%  in the case of chamfer 
joints for f = 0.1d, 42,50% for f = 0.2d and 45,42% for f = 0.3d. In both cases a decrease k 
coefficient around rectangular holes with increasing size of the joint dimension. 
For central holes are showned in Figure 12 the values of k for central hole size d / h = 0.20 for both 
circular joints and chamfered joints. Note that the maximum values for k is when f = 0. k values 
are higher in the case of chamfered joints than in the case of circular joints with values of k lower 
with 29,60%  in the case of chamfer joints for f = 0.1d, 25,93% for f = 0.2d and 44,86% for f = 
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0.3d. Note in both cases a decrease k coefficient around rectangular holes with increasing size of 
the joint dimension. 
 
 

3. Conclusion 
 
In all the cases studied, we observe that it is more advantageous to use circular joints between the 
sides of rectangular holes because we obtain lower stress values around them. Sometimes there are 
considerable differences between values of the stresses for the two types of joints, as shown in the 
previous graphs. For all dimensions studied we obtained  lower stress values along with increasing 
the joint dimension in both cases. 
From the graphs we deduce a considerable influence of chamfered joints size on coefficient k in 
all studied cases. It can also be observed that the relation between size of rectangular holes and 
stress values is proportional. 
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Abstract 

The main objective of this research work consists in development of a complete software tool which 
may perform a thermal and mechanical analysis of composite structures subjected to fire using 
finite element method for thermal analysis, analytical methods for material properties and a new 
incremental iterative method for obtaining inelastic response of arbitrary composite steel-concrete 
cross-sections by drawing the monotonic and cyclic moment-curvature diagrams. 

Keywords: thermal analysis, thermal conductivity, composite structures, finite element method, 
mesh generation, transient analysis, numerical analysis 
 
 
1. Introduction 

In general, fire safety is a severe design criteria especially for composite structures. Although,  
design techniques provide relative rudimentary techniques to ensure an imposed fire safety level by 
satisfying some prescriptive requirements regarding to minimum member dimensions, minimum 
concrete cover or different fire protection solutions. Most of the cases, empirically determined 
solutions, these are presented in design codes and are using a tabular analysis based on standard fire 
curves[3],[4]. 
 
However, engineers and new design codes are moving towards performance based design. In this 
respect, the fire design process will be conducted in a manner affected by a temperature-dependent 
analysis for different required performance scenarios. This last approach provides a more cost 
effective, closer to reality and predictive offering multiple solutions for selected accidental actions. 
Moreover, performance based design will allow everyone to better understand the structural 
response in fire conditions, asset a structure mechanical state after a fire or to choose a series of 
safety measures. 
 
Relevant experimental studies are usually hard to implement, time consuming and relative 
expensive. Moreover they provide limited overview, according to the tested structural assembly and 
experimental conditions (test space, measuring equipment and so on). This are some of the reasons 
why researchers are trying to develop numerical analysis toll so designers will be able to asset the 
structural response from a fire scenario in an accurate and time affective manner. Usually this tools 
should allow users to perform the fire scenario analysis, the heat transfer analysis and assessment 
and finally the mechanical response analysis [10],[12],[14]. 
                                                           
* Corresponding author: Tel./ Fax.:0751 551 492 
E-mail address: Mihai.selariu@mecon.utcluj.ro 

 237



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro   
 
 
Exposure of composite structures to elevated temperatures during a fire leads to significantly 
changes in the strength and stiffness of steel and concrete. For this software tools to be efficient and 
accurate, a temperature dependent stress-strain relationships for concrete and steel subjected to fire 
actions are thus needed. Furthermore, many other physical characteristics of materials undergo 
changes during heating process ( ex. thermal properties). In this fire design process there are a few 
numerical models that simulate thermal and mechanical behaviors of concrete and steel. Finite 
difference and finite element methods are used for thermal assessment. The mechanical response is 
then evaluated, with  the modified stress-strain relationships, either using traditional sectional 
analysis or finite element method. 
 
We proposed to develop a complete software tool which may perform a thermal and mechanical 
analysis of composite structures subjected to fire using finite element method for thermal analysis, 
analytical methods for material properties and a new incremental iterative method for obtaining 
inelastic response of arbitrary composite steel-concrete cross-sections by drawing the monotonic 
and cyclic moment-curvature diagrams. 
 
 
2. Heat transfer 

There are three basic mechanics of heat transfer, namely conduction, convection and radiation. [2]. 
While all three mechanisms are of greate importance, in many fire scenarios conduction and 
convection are of greter influence in changing the thermal state of structural elements. However, 
radiation is of greate importance in case of large fuel beds, but it takes a much more sophisticated 
analysis, involving fire dynamics analyses, and so the subject is not detailed in this paper. 
 
In some cases, the heat transfer problem is formulated in a steady state manner ( ex. Thermal 
insulation of buildings), but if we are considering fire scenarios most of the cases are transient 
problems and require solutions of time-dependent partial differential equation. Finally, the system 
will move towards an equilibrium state. 
 
2.1 Mathematical formulation 

The governing heat transfer equation for transient heat conduction in an isotropic material is given 
as: 
                                                                             (1) 
 
where  is the thermal conductivity,  is the heat capacity,  is the temperature,  is the time and 

 is the heat source or heat flux. And this equation is completed by the ne that defins the boundary 
condition in convective heating process: 
 

                           (2) 
 
where  is the convection heat transfer coefficient,  is the ambient temperature, and  stands for 
the normal gradient to the wall. 
 
Using a matrix form the above equilibrium equation can be written as follows: 

                (3) 
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At element level, and 
 

                (4) 
Using global matrix.  and  represent the local and global conductivity matrix,  and  are 
the “mass matrix”,  and  are the temperature matrix which is time dependent, which are time 
dependent and  and  are the heat flux matrix. Using a fully implicit method, the relation between 
step 0 and 1, starting from equation …. Can be rewritten as follows: 
 

                (5) 
 

In order to obtain a quick solution for the equation system e are using a skyline storage technique 
along with Cholesky factorization method. Figure 2.1 presents a short overview on the solving 
algorithm[1]. 
 
 

 
 
 
 
 
 

  
 
 
 
 
 
 
 
 
 

Figure 1. Structure chart for fist-order time-dependent problems by implicit methods using 
assembly strategy[1] 

2.2 Physical properties of concrete at elevated temperatures 

Thermo-physical properties of concrete are used according to design specifications from SE EN 
1992-1-2-2006 [referinta eurocod beton] as follows: 
 
2.2.1. Concrete thermal expansion 

For siliceous aggregates: 
  if  

 if  
For limestone aggregates: 

  if  
 if  

 
2.2.2. Concrete specific heat 

 
 
 
 
 
 

Form the matrix  and factorise it 
 
 
 
 
 
 
 

For all elements 
 
 

 

Calculate the element matrices  and  and assemble into global 
conterparts  and  

For all time steps 
Calculate the vector  

Back substitute to give result  
Print results 

Let  
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For both tipe of aggregates 
 

ª : ;L {r r (J/kg K) if  tr (Q Q s rr ( 
?ª : ;L {r rE : F sr r; (J/kg K) if s rr (Q Q t rr ( 
?ª : ;L {r rE : F tr r; t (J/kg K) if t rr (Q Q v rr ( 
?ª : ;L s sr r (J/kg K) if v rr (Q Q s tr r ( 

 
2.2.3. Concrete density 

For both tipe of aggregates 
 
Ø: ;L Ø:tr (; if  tr (Q Q s sw ( 
Ø: ;L Ø:tr (;H :sF rrt: F ss w; zw; if s sw (Q Q t rr ( 
Ø: ;L Ø:tr (;H :r{zF rru: F tr r; tr r; if t rr (Q Q v rr ( 
Ø: ;L Ø:tr (;H :r{wF rry: F vr r; vr r; if v rr (Q Q s tr r ( 

 
2.2.4. Concrete thermal conductivity 

For both tipe of aggregate, the inferior limit for thermal conductivity is provided as follows: 
 

G: ;L suxF rsu x
54 4

E rr rw y@
54 4

A
6
 if  tr (Q Q s sw (                                     (6) 

 
2.3 Physical properties of steel at elevated temperatures 

Thermo-physical properties of concrete are used according to design specifications from SE EN 
1993-1-2-2006 [3] as follows: 
 
2.3.1. Steel thermal expansion 
 

: ;L st H sr?9 E rvH sr?< 6 F tvs xH sr?8  if tr (Q Q y wr ( 
: ;L ss H sr?6 if y wr (Q Q z xr ( 
: ;L t H sr?9 F xtH sr?7 if z xr (Q Q s tr r 

 
2.3.2. Steel specific heat 
 
?ª : ;L vt wE yyu H sr?5 F sx{ H sr?7 6 E tttH
sr?: 6 (J/kg K) 

if  tr (Q Q x rr ( 

?ª : ;L xx xE
5 74 4 6

;7 <?
 (J/kg K) if x rr (Q Q y uw ( 

?ª : ;L wv wE
5 ;< 6 4

?;7 5
(J/kg K) if uw (Q Q { rr ( 

?ª : ;L xw r (J/kg K) if { rr (Q Q s tr r ( 
 
2.3.2. Steel thermal conductivity 
 
G: ;L wvF uuuH sr?6  (W/mK) if  tr (Q Q z rr ( 
G: ;L tyu (W/mK) if  z rr (Q Q s tr r ( 

 240



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro   
 

 

3.Mechanical properties 

3.1 Stress-strain relationships for concrete at elevated temperature 

Recent studies[5],[6],[7],[8],[9] compare research results regarding stress-strain and strength values 
of different types of concrete. There is to be found that regarding concrete compressive strength, the 
most comprehensive model is the one proposed by Hertz [11], since it accounts the effect of 
aggregate type as follows: 

     (7)

With values for T coefficients ass follows: for siliceous aggregate , , 
, , for lightweight aggregate , , ,  

and for other  aggregate , , , . 

Vorbesc si despre f’c ? rezistenta la temperature normal ??

For concrete strain relationship at elevated temperature, same study [11] shows that Terro’s formula 
[12] provides good accuracy, accounting different compressive stress levels ( ): 

where 

 
By using these two models for predicting  and  Anderberg and Thelandersson [13] proposal 
for  formula is the most comprehensive as it implicit takes account of aggregate type. 
                                                                                            (8) 
For the compressive stress strain relationship we will use the proposal of Anderberg and 
Thelandersson [13] 
 

  if      (9) 
  if     (10) 

     (11) 

     (12)
For the tensile stress strain relationship a linear simplified formula, proposed by Li and Guo [15] 
provides suitable results: 

  if      (13) 

3.3 Stress strain relationships for structural steel and reinforcing bars 

Structural steel suffers a series of mechanical property changes during heating phases. Although, 
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unlike concrete, steel is an almost homogenous material so it’s easier to assess its behavior. Mainly, 
the characteristic strength will be affected by a temperature dependent reduction coefficient, 
provided in SR-EN-1993-1-2-2006 as follows: 
 
Table 1. Steel reduction factors for elevated temperatures 
 

 
For thea ease of incorporation in the finite element code, a direct evaluation of the reduced yield 
strength is needed. Lie [10] prediction is in good accordance with the Eurocode recommended 
curve for : 

     (14) 

 
 

4.Finite element analysis 

4.1 Element types 

In this stage of the research we are using 3 nodes triangular plane finite elements. Sections can be 
meshed considering different types of matterials ( concrete, structural steel, reinforcing bars)

4.2 Meshing technique 

The meshing procedure is conducted in regard with Delaunay triangulation method. In this stage, 
section details are stored (boundaries, holes, interfaces) and them used in the finite element 
algorithm for matrix assembleys.

4.3 Heat transfer analysis algorithm 

The finite element analysis is coded using FORTRAN and will provide one of the DLL-s used in 
coupled thermo-mechanical analysis software. The algorithm is simple and efficient, using variable 
allocable memory input and output data. 
 
 
 

Steel
temperature 

Reduction coefficient according to normal characteristic 
values for  and  at 

20 1.000 1.000 1.000 
100 1.000 1.000 1.000 
200 1.000 0.807 0.900 
300 1.000 0.613 0.800 
400 1.000 0.420 0.700 
500 0.780 0.360 0.600 
600 0.470 0.180 0.310 
700 0.230 0.075 0.130 
800 0.110 0.050 0.090 
900 0.060 0.0375 0.0675 

1000 0.040 0.0250 0.0450 
1100 0.020 0.0125 0.0225 
1200 0.000 0.000 0.000 
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5. Moment curvature (  analysis procedure with control in concrete 
compressive strain 

In order to determine the moment curvature diagrams of composite steel concrete cross-sections 
subjected to axial force and given bending moment ratio (tan( )=My/Mx) the incremental-iterative 
procedure, with the control of the solution of the nonlinear system of equations in concrete 

YES

Start

Input data: 
Contours, material, 

boundary conditions

Triangulation 

Setup: 
Global geometry, conductivity 
matrix, mass matrix, boundary 

condition matrix 

Factorise equations 

Solve equation system for time 

Print solution for time t

If step<step 
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If 
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End

NO
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compressive strain proposed by Chiorean [14] is used, starting from the following strain definition: 

     (15)
 
 
After a series of transformations, the equilibrium system to be solved is as follows[14]: 

 
                                                                                 (16) 

 
And 

                             (17) 

According to the Newton iterative method, the iterative changes of unknowns vector  can be 
written as: 

 
Where  is the tangent stiffness matrix and its coefficients are defined as partial derivate of  with 
respect to curvature. In this way with the extreme concrete fiber strain varying between 

 we can draw the complete moment-curvature diagram for a given bending moment’s ratio and 
given axial force [14]. 
 
 
6. Conclusions 
 
The implemented algorithm, together with the detailed stress-strain relationships for concrete, 
structural steel and reinforcement bars represent the essential part in a thermo-mechanical sectional 
coupled analysis of composite structures subjected to fire action. Further research aims to combine 
the thermal analysis module with a mechanical analysis module in a complete software solution that 
engineers shall use to evaluate the structural response under fire action. 
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Abstract 

This paper shows stress-strain analysis methodology of the tunnel excavation process and applying 
on two numerical examples from The Main project of hydrotechnical tunnel for hydropower plant 
Dabar in Bosnia and Herzegovina. In the begining, we perform analysis of the tunnel excavation 
using of the plane strain assumption of the problem. In tunnel, the stress field are changing when 
the tunnel face are close.  This stress distrubution can be analyzed in 2D model using FEM. In this 
analysis PAK-finite element program and nonlinear analysis are used. To accept underground 
pressure as consequence of tunnel excavation it has to install primary support (shotcrete, anchors 
or steel sets). Analysis of the primary support include determination of the support instalation time 
and type of support. In this phase we considered influence of underground water on tunnel 
excavation and primary support. In the next step, we perform analysis of stability and calculate 
safety factor in unsupported tunnel excavations. The method of Shear Strength Reduction is used. 

Keywords: tunnel excavation, finite element, stability, primary support, strength reduction 
 
 
1. Introduction 
 
This work offers a general methodology survey of the calculation of tunnel excavation and analysis 
of a primary support using specific examples of calculation profile from The Main project of the 
hydrotechnical tunnel for hydropower plant Dabar in Bosnia and Herzegovina.  
Chapter 2 offers survey on theoretic basics and the way of implementation of appropriate 
calculations. It particularly gives the survey of excavation and primary support analysis, then the 
analysis of water flow through ground, and analysis of global stability of unsupported tunnel 
excavations using 2D numerical analysis.  
In chapter 3 we display concrete calculation examples of the tunnel. Two calculation profiles are 
displayed, one profile describe rock mass with higher and another with lower mechanical features. 
Calculations are based on methodology described in previous chapter.  
The last chapter gives a general conclusion on methodology and on calculation profiles. 
 
 
2. Calculation methodology 

Stress-deformation analysis of tunnel excavation is generally a 3D issue, but it may be analyzed 
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using 2D models, indirectly also introducing 3D effects. Within this work stress deformation 
analysis passes through next calculations: analysis of the excavations and of primary supports, 
analysis of the fluid (water) flow through tunnel apperture, and analysis of global stability of 
unsupported tunnel excavation. 
 
2.1 General postulates on the state of the tension in tunnel excavations 
 
Rock masses are naturally strained and this primary tension states are one of the important features 
of the  ground. Primary tension state dominantly caused by gravitation, i.e. unit weight of rock and 
effect of the tectonics. When underground objects are built in rock masses, a new tension state is 
created, and it is called secondary tension state. Redistribution of primary tension state in rock 
masses is manifested while excavating an underground room. When the excavation is done, there’s 
always a new state of tension in the zone around the underground structure.  
Stress-deformation analysis of tunnel (as linear object whose only dimension is expressed in 
relation with the other two) is a 3D issue only during a short period of construction (effect of the 
front of the excavation), because ther tunnel during exploitation is in conditions of state of plane 
strain.  
Let’s observe the representative cross-section of the tunnel (cross section A-A on Fig. 1). We define 
the meaning „state of underground room“ as the state of tension, deformities and shifts in rock mass 
and construction, within observed cross-section. The state of the underground room is the time 
function and distance of the tunnel face from the cross-section observed. As the tunnel face 
approaches the cross-section observed, the deformities in the same cross-section increase. And there 
are two cases now. One is stabilization of of the shifts and their tendency towards the final values. 
In this case there’s a possibility not to install support if the shifts are low, and if they are higher, 
then the support construction should be made, and shift then reach some final value. Another case is 
when rock masses are of lower mechanical features then the cross section shift starts suddenly 
increasing when the tunnel face go over the cross section observed, and in that case a primary 
support is necessary in order to prevent demolition of the tunnel excavation. 
 

 
 

Figure 1. The state of the underground room as the time function and distance of the tunnel face 
from the cross-section observed 

 
2.2 Applying FEM for modelling of tunnel excavation in 2D-numerical analysis 
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The most common approach to the numeric solving of stress-deformation analysis of non-linnear 
continuum is the Finite element method (FEM). For the purposes of numeric analysis, a programme 
package PAK is used .  
To define mechanical features of rock masses, Hoek-Brown criterion is used.  
Previously described issue introduction of  3D effects during 2D numerical analysis was made using 
reduction method of primary tension state.  
Calculation analysis is based on the next: tunnel excavation is placed in primary tension state, then 
in increments with 10% reduction  decreasing of the values of the tension state up to the value of 0, 
which represent the situation when the tunnel face is distant from the profile observed.  
For every state of the tension in tunnel excavation, a solving tension-deformity problem is done,    
and it produces a characteristic line of the rock which represent the change of the shifts on tunnel 
excavation due to removal of tunnel face in profile observed. 
Based on characteristic line of the rock, we need to determine appropriate type of primary support, 
as well as the time when the support is being placed. It should be placed when the appropriate shifts 
already happened, i.e. when the tension around the tunnel is relaxed. To determine the moment in 
which to set up support is done using empirical connections given by Vlachopoulos and Diederichs  
in [2]. The support can be made of sprayed concrete and/or anchors and/or steel sets. 
 
2.3 Applying FEM for modelling interaction of solid and fluid 
 
This paper shows analysis of the fluid flow around the tunnel. This type of analysis is not typical for 
tunnels unless if there is influence of underground water. The hydro-technical tunnel which is 
considered in this paper passes through the environment with high level of underground water. 
During the year level of water is above the ground very often. In this case it is impossible to 
excavate tunnel. It can be done when the water drain through the tunnel excavation and it would 
affect fluid flow through the rock masses around the excavation. This process influences filtration 
forces which can induce collapse of tunnel. PAK-finite element program is used for this analysis. In 
the following text we show the equations which describe the interaction between the solid and fluid. 
Relation between total stress in material, effective stress and pore pressure is defined by next 
equation: 
 'ij ij ij p   Eq. (1) 
Where are: ij - total stress tensor, 'ij - effective stress tensor, p - hydrostatic pressure and ij  is 
Kronecker delta symbol. 
The equilibrium equation of the mixture is [3]: 
 , 0ij j i f i i

u w b
i

b
i f if i

u ww bu w bu w bw bw   Eq. (2) 

whtere are: iuiu  - acceleration of the solid part, iwiwi - relative acceleration of the fluid, ib - body forces 
per unit mass, f  and - density of the fluid and mixture respectively. 
The equilibrium equation of the fluid is written as: 

 , 0f i
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w
p R u b

n
iw
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i

iwii   Eq. (3) 

where are: iR  - viscous drag forces , n  - porosity of the solid . 
Flow conservation equation is defined as: 

 , 0i i ii

pw e
Q
p 0i i ii

p
iwi i Qii

peie 0pp   Eq. (4) 

Where are: - parameter ( 1 1t sK K ), ije - strain inkrement of the solid part, p - pore 
pressure, Q - compressibility of the fluid and solid. 
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Using the Eq. (2), Eq. (3) and Eq. (4) numerical forms of governing equations can be written in the 
matrix form [4]: 

 
1 2 1

1 2

2 3 2

0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0

EP

s s

T T

T

f f

M u C C u K G u f
p p G P G p

M C C G U fU U

EP GEPC C00001 22000
TG T0 0 00 0 00 0 00 0 0 10 0 00 0 00 0 0

G0TC CC C000T 00000000 0002 302 3000000000
  Eq. (5) 

Where are:u - displacement of the solid , p - pore pressure ,U - displacement of the fluid. 
Eq. (5) represent the general form of u p U  formulation for coupled system of solid and fluid. 
 
2.4 Applying FEM for analysis of global stability of tunnel excavation 
 
Analysis of global stability is based on the method of shear strength reduction (The Shear Strength 
Reduction) which allows the application of the finite element method and Hoek-Brown criterion of 
material (or other material model), determine the factor of safety of the rock mass . 
The SSR form of analysis involves the following steps: 

1. Reduction of the shear strength envelope by a factor F 
2. Determination of new strength model parameters that correspond to the reduced envelope 
3. Use of the new parameters in new stress-strain analysis on same model FE. 

This algorithm is incorporated into the PAK. 
 

 
 

Figure 2. Generalized Hoek-Brown criterion curve, and the resulting curve when the envelope is 
reduced by a factor F 

 
The safety is checked for the next situations:  

 Unsupported excavation without underground water 
 Unsupported excavation with influence of water flow  

Factor of safety is the highest value for the reduction factor F which is obtained by the tunnel 
excavation is stable. As a criterion for instability (occurrence of fracture) takes the situation when 
the numerical calculation can not converge to a solution. 
 
 
3. Applying described methodology for calculation of tunnel 

As examples of which was carried out described calculation methodology of tunnel excavation are 
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displayed two numerical examples from the main project of hydrotechnical tunnel for hydropower 
plant Dabar [6]. The first example applies to the rock masses with better mechanical characteristics, 
where primary support is not provided, and the second example is applies to the weak rock masses, 
where primary support is necessary. 
 
3.1 Numerical example 1 
 
Parameters of material which define rock mass in Example 1 are showed in the next table. On the 
Fig. 3 is showed characteristic curve of rock as defined in heading 2.2. The ground of elevation 
measuring from axis of tunnel is 130 m. The level of underground water is 35 m. 
 
Table 1. The parameters of material 

          
 

                                                                  Figure 3. Characteristic curve of rock in the first example 
 
In Fig. 3 we can see that maximum total displacement of top of tunnel excavation is 2,7 mm for 
case when the tunnel face is far from observed profile. Also we can see that total displacement tends 
asymptotically finally value, that means it doesn’t have any danger about collapse of tunnel 
excavation. 
Numerical factor value of global stability for unsupported excavation is: 1,56. 
Numerical factor value of global stability for unsupported excavation when it occurs filtration 
forces is: 1,45. 
The field of total displacement and flownet filtration forces are displayed in the next pictures: 
 

        
 

         Figure 4. Total displacment Figure 5. Flow net of filtration forces
 
Maximum total displacement of top of tunnel excavation when it occurs filtration forces is: 3,2. 
From all the observed previosly, we can conlude that there is no danger of collapse of tunnel 
excavation, so it is not necessary to install the computational support. 

GSI-Geological 
Strength Index 60 

Young's Modulus 
(MPa) 7500 

Poisson’s ratio 0,24 

Intact Compresive 
Strength (MPa) 50 

Intact Rock 
Constant mi 17 

Coefficient of 
permeability (m/s) 2x10-7 
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3.2 Numerical example 2 

Parameters of material which define rock mass in Example 2 are showed in the next table. On the 
Fig. 3 is showed characteristic curve of rock. The ground of elevation measuring from axis of tunnel 
is 65 m. The level of underground water is 36 m. 
 
Table 2. Parameters of material         

 
 

                                                           Figure 6. Characteristic curve of rock in the second example 
 
The Fig. 6 shows that the movement of the contour of the excavation does not tend final values as 
the internal pressure reduces, which indicates that during the removal of the tunnel face the 
movement of the contour of the excavation progressively increases and may lead to the collapse of 
the tunnel excavation unless primary support is performed. 
Maximum displacement, which is obtained in the last stage before the collapsse in the rock mass is 
about 15,0 mm (Fig. 6). 
In the presented analysis provided the global factor values of safety is less than 1. Rock mass is not 
able to achieve balance coating the outer ring, so that includes installation of the primary support 
immediately after the tunnel face passed the observed profile. 
Assume the characteristics of the primary support:  

 Shotcrete thickness 30 cm. 
Installation of primary support when the tunnel face passed the observed profile (at internal pressure 
of 60% in the numerical model). 
 

 
 

Figure 7. Total displacement top of tunnel excavation 
 

The Fig. 7 shows how to develop movement of tunnel excavation after installation of the primary 
support, which shows that after the installation of support, movement is stabilized and tends 

GSI-Geological 
Strength Index 35 

Young's Modulus 
(MPa) 1000 

Poisson’s ratio 0,29 

Intact Compresive 
Strengt (MPa) 35 

Intact Rock 
Constant mi 12 

Coefficient of 
permeability (m/s) 6,2x10-6 
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asymptotically to final value. Values of axial forces and bending moments are obtained for two 
situations as follows: 

1) The case where there is only the influence of undergorund pressure: 

The section of top of the tunnel: Axial force = 2204 kN  Moment bending=95,42 kNm 

2) The case where, despite the impact of undergorund pressure exist and influence of filtration 
forces acting on the structure. 

The following figure shows plots of the horizontal and vertical stresses in the concrete lining: 
 

            
 

Figure 8. Horizontal and vertical stresses in shotcrete 
 

Force values are obtained by integrating the stresses in the sections of tunnel lining. The greatest 
impacts occur at the top of the the tunnel: 
Axial force = 3061 kN  Bending Moment =108,25 kNm 
As described previously, when designing the concrete support and determining the reinforcement 
load combination causing both the filtration forces and the ground pressure should not be neglected. 
Determine the required reinforcement is done according to the applicable regulations for 
dimensioning, which is not the subject of this paper. 

4. Conclusions 

This paper described the methodology of calculation for tunnel excavation with examples from 
Main project of hydrotechnical tunnel for hydropower plant Dabar in Bosnia and Herzegovina. 
Tunnel excavation, water flow in rock masses, installation of primary support and analysis of global 
stability of unsupported tunnel excavation were considered. The methodology which is described in 
this paper is based on modern principels design tunnels in finite element method. The  interaction 
between the solid and fluid as coupled influence of solid and fluid was analyzed, because there is 
water flow through rock masses. This calculation is necessary since there is a high level of 
underground water which could influence collapse of tunnel excavation caused by the filtration 
forces which are additional load beside underground pressure on tunnel. Global stability analysis 
gives a general view of load-bearing reserve for  unsupported excavation, and engineers get a higher 
level of safety when they make decisions about primary support. This type of analysis which is 
performed here is based on strength reduction of material, commonly used for stability of slopes. 
We can apply these kind of analysis on tunnels where there is excavation in phases and strength 
reduction has to go through all phases of excavation. 
It should be noted that tunnels are more specific in structure analysis than other structures, because 
there are many independent parameters that are necessary for stress-strain analysis. These 
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parameters are based on various assumptions and experiences and small numerous in situ tests. 
Therefore, structural engineers have to analyse these structures with higher level of safety. 
The procedures and analysis displayed in this paper are opened for upgrade in the phase of building 
the structure, because in this phase the  information about measuring and mapping of ground will be 
available and it can be used for numerical models. Parameters of material, as the most important 
information, will be calibrated  and determined the parameters which correspond to the real 
behaviour of observed rock mass in situ. Finally, used primary support and determination of global 
stability of structure will be verified. 
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Abstract 

Soil - improvement technologies has become one of the useful solutions to increase the mechanical 
resistance and stiffness of soft soils, to achieve the required engineering specification so that 
structures can be placed safely without undergoing large settlements. In this paper there are 
described general aspects of soil improvement using deep soil mixing method (DSM), along with 
the materials and the technology used for this purpose. In particular, the discussed case history 
concerns the use of DSM to reduce the permeability and to increase the mechanical resistance of 
part of the Serchio river embankments (Lucca, Italy) in order to avoid possible hydraulic failures. 
The paper briefly reports the analyses of the existing embankments, the adopted (DSM) technology, 
showing the benefit of the soil improvement activities and the control undertaken to assess the 
quality of the treatment. 

Keywords: soil improvement, deep soil mixing, hydraulic failures, embankment stabilization 
 
 
1. Introduction 
 
Urban agglomeration development and related infrastructures often face the challenge of operating 
in difficult subsoil conditions. On the other hand it is necessary to realize “resilient” infrastructures 
or to improve the capacity of the existing earthworks. Soft soils are characterized by high 
compressibility, permeability and low shear strength that is not able to support foundation loads. 
Soil improvement has become one of the useful solutions to increase the mechanical resistance and 
stiffness of soft soils to achieve the required engineering properties and specification so that 
structures can be placed safely without undergoing large settlements (e.g. Cushman Dam 
rehabilitation project, WA, U.S.A, Trans-Tokyo Bay Tunnel DSM work, Use of DSM as in situ 
reinforcement, Foundation stabilization for a fuel tank in Singapore, Settlement control and 
embankment stabilization [1, 2]). 
 
 
2.Deep Soil Mixing method  
 
The original technique known internationally as the deep soil mixing method (DSM) has many 
advantages, this fact leading, especially in the last few years, to a substantially increase on global 
applicability. DSM was invented in Japan and Sweden [3]. The method helps to achieve significant 
improvement of mechanical and physical properties of the existing soil, which after mixing with 
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binders such as lime or cement becomes the so called soil-mix (or soil-cement). Mixing blades 
attached to a square steel pipe are rotated on the axis of the pipe and are driven into the ground. 
After the blades reach a firm soil layer, the stabilized soil material is injected through the pipe with 
highly compressed air into the soft soil during either the rotating penetration into or the rotating pull 
out of the ground [4]. (Figure 1)  
A chemical reaction between the agent and the water in the ground creates firm columns in the 
ground. The diameter, length and arrangement of the columns depend on project specifications. The 
design purpose for deep soil mixing is to produce a stabilized soil that interacts with the 
surrounding unstabilized soil. The applied load is partly carried by the columns and partly by the 
unstabilized soil between the columns [5] (Figure 2).  

 
Figure 1. Soil improvement - DSM  A) positioning and penetration, B) achieving the desired depth,  

C) withdrawing (feeding agent), D) completion of withdrawing (stabilized soil column) [6] 

 
Figure 2.  Load distribution in stabilized soil [7] 

Deep Soil Mixing has great applicability when ground improvement is part of a project, such as: 
groundwater control, excavation support, retaining walls, improvement of mechanical and physical 
properties of the soft soil, environmental remediation projects. 
Different arrangements of the column can be installed to improve soft soils, depending on needed 
specifications which are illustrated in Figure 3. 

 
 
 
 
 

 
 
 
 

Figure 3.  Column arrangements: a) singular; b) wall type; c) block type; d) grid type [7] 
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Quality control during execution in DSM is vital to make uniform improvement of the soil and to 
insert the needed amount of binder mixed uniformly over the entire depth of improvement. To 
obtain this purpose, the mixing units are equipped with automated computerized recording devices 
to monitor the real-time operating parameters such as depth of mixing tool, volume or weight of 
binder used, flow rate of grout, rotation speed and rate of penetration and withdrawal. 
There are two different mixing methods wet or dry, depending on soil and project specifications. 
The Wet method is more appropriate in soft clays, silts and fine grained sands with lower water 
content and in stratified ground conditions including soft and stiff or dense soil layers. The diameter 
of stabilized columns may vary from 40 to 250 cm, and the depth of treatment is up to 30 m.
The Dry method is more suitable for soft soils with very high moisture content. Also operations at 
low temperatures are possible. Stabilization of organic soils is more difficult and requires carefully 
tailored binders. Typical column diameter is 50 to 150 cm and the length is between 10 and 30m. 
The type of binder, the amount of binder added and curing time can directly affect the degree of 
improvement and are dependent to site specification. Different laboratory tests on existing soil are 
needed to select appropriate binder type. The laboratory tests evaluate the compressibility, 
permeability and shear strength of existing soil.
Generally, the materials most commonly used are cement, lime or a mixture of lime and cement. 
Tightness may be enhanced by adding various components to the binders, such as bentonite, while 
in organic soils mixes containing blast furnace slag or fly ash are used. Bending capacity of DSM 
elements can be increased with steel reinforcement inserted into fresh columns. 
The equipment has a single to eight vertical rotary shafts equipped at the lower part with blades. 
Either binder slurry (wet mixing) or binder powder (dry mixing) is injected into the soft ground 
with high pressure by the help of compressed air and is mixed with soil using rotary equipment. The 
site organization of the method consists of a DSM machine and the binder plant which consist of a 
generator, air compressor, an air tank, a binder silo, and a control room, as shown in Figure 4. 
 

Figure 4. DSM work equipment  
 

Advantages of Technology: DSM technology is based on improving natural soils so is design to 
match different types of ground requirements, eliminating excavation and replacement of the 
existing ground. The execution of work is performed with small equipment at deep depths, in a 
short time, without vibration and low noise level. Compared to other deep mixing methods like jet 
grouting, this method provides economic benefits. The use of non-toxic binders as soil additives, as 
well as reduced spoil volumes allow to position DSM as an environmentally friendly technology. 
Obtaining control over the diameters of the columns - mixture injection pressure 100 bar (Figure 
5.b) compared to Jet-grouting 400-600 bar. (Figure 5.a) 
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 a) Jet Grouting process under high pressure                      b) WDM low pressure process    

Figure 5.  Soil improvement equipment under pressure [8] 
 
 

3. Case study: The use of DSM to strengthen part of Serchio river 
embankments (Lucca district – Italy) 

 
The discussed case history concerns the use of Deep Soil Mixing method to reduce the permeability 
and to increase the mechanical resistance of part of the Serchio river embankments (Lucca District). 
This treatment was necessary in order to avoid possible hydraulic failures of this part of the river 
embankments. The case history concerns: the geotechnical characterization of the existing river 
embankment, the foundation soil as well as the material to be used for the earthwork, the adopted 
(DSM) technology, the description of the whole design intended for the reinforcement of the 
existing embankments, the analysis showing the benefit of the soil improvement activities, the 
control undertaken to assess the quality of the treatment. These activities were conducted in 
collaboration between the University of Pisa the technical staff of the Lucca District and specialized 
construction companies. 
The Serchio river embankment was built since the eighteenth century with materials taken directly 
from the riverbed, transported and compacted on the natural riverbanks. The embankment was used 
for the stream regulation under the flood conditions, the foundation being composed of soft 
sensitive clay with organic content. 
Over time, several hydro-meteorological events induced structural failures of the Serchio river 
embankments (Figure 6). Failure of (floodplain) river embankments is mainly due to internal 
erosion phenomena (piping) produced by seepage forces and it`s mechanical instability. (Figure 7)  
 

 
Figure 6. Part of the Serchio river embankments affected by floods. Lucca district, Dec 2009 [8] 
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Figure 7. Internal erosion phenomena [8] 

 
In order to minimize the risk of internal erosion (piping) the use of plastic diaphragm using Deep 
Soil Mixing method was recommended. The main purpose was to create a hydraulic barrier which 
contributes to the mechanical resistance of the embankment, without compromising the 
serviceability of the embankment. [9] 
Planning of soil mixing involves site investigations in order to establish land stratification. The 
following properties are important for the geotechnical characterization of the embankment: texture, 
(grain size, mineral content, density, water content), strength (compressibility, shear strength), 
porosity and permeability.  
The mechanical properties of the dam body materials and its foundation are shown in Table 1, 
which have been taken from the geotechnical site investigation (CPT) and laboratory results.  
Beside the compressibility, the discussed case study concerns the use of DSM to reduce the 
permeability and to obtain a value of the coefficient of permeability k = 10-8 m/s. 
 
Table 1. Mechanical properties of the dam body and foundation materials  
Nr. Depth 

[m] 
 

[kN/m3] 
sat 

[kN/m3] 

 c' 
[kPa] 

E 
[MPa] 

G0 
[MPa] 

K 
[m/s] 

Subsoil Profile 

1 4.5 18.5 19.2 32 0 12 15 4.5 E-06 Clay 
2 6 18.8 19.4 33 0 5 35 3.5 E-06 Soft sensitive clay 
3 12 20 20.8 35 - 50 60 5E-4 Fine sand 
4 7 19.5 20.2 45 0 2000 250 7.5 Sandy gravel 

 

 
Figure 8. Location of the site and extension in plan of the diaphragm [10] 
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The construction technology (Figure 9) consists of wet mechanical mixing, due to the soil 
conditions, fact that the binder is injected in the form of liquid mixture of cement, bentonite and 
water. 

 
Figure 9. WDM equipment, Lucca site, 2014 

 
Once the depth specified by the design is reached, the construction phase of DSM columns 
commences. Columns with outer diameter of 550 mm and a total length of 7m were installed using 
a single axis auger (Figure10). The cement slurry is continuously injected into the soil both during 
the penetration and the withdrawal phases of the auger, ensuring homogeneity, with an intensity of 
10bar. Due to the rotation of the auger, the cement slurry is mixed with the soil. Secant cement 
columns are arranged in order to ensure formation of a continuous (hydraulic barrier) wall. The 
sequence of construction is showed in Figure 11. 
Direct control of the diaphragm and the information on the water level obtained by a monitoring 
system installed inside the embankment has been used for such a purpose. 

                                                                                                                
       Figure 10. Cross-section of the cement column                   Figure 11. Sequence of construction  
     
A stability analysis for the improved embankment was made using Slide6.0 by Rocscience [11] 
software. Verification was made taking into account the partial coefficients necessary to induce 
safety from Italy. The mathematical simulation duration was 216 hours (9 days), displaying results 
at 12, 48, 72, 168 and 216 hours. The rainfall has been introduced with a constant value of 10 mm/h 
throughout the simulation.  
The results obtained have shown that the hydraulic permeability decreased in the column area and 
the infiltration curve has been lowered to a level that ensures stability of the embankment (Figure 
12). 
The value of the ground acceleration for the seismic area in which is framed Lucca district is
ag=0,148 m2/s. [12] 
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Figure 12. Stability analysis of reinforced embankments involving seepage at 216h, seismic action 

and riverside slope failure simulation (right), Slide6.0 by Rocscience [11] 
 

Piezocone penetration (CPTu) tests and permeability testing on soil samples were carried out on site 
at 60 days after the completion of the treatment. The CPTu procedure is capable of detecting 
discrete horizons that would normally be missed using conventional geotechnical investigation. 
Using piezocone tests, geotechnical data are received quickly (1h for 30m) and continuously, at low 
costs. CPTu results (Figure 13) were obtained from four different cross sections of the 
embankment, at 5m depth. 

  
Figure 13. CPTu  results [13] 

 

 
Figure 14. Treated soil columns - visual inspection, Lucca, 20 May 2014  

 
The results have shown that the permeability was reduced from an initial value of kititial=3x10-6 m/s 
to kfin=1x10-8 m/s and also the bearing capacity was increased from Qinitial=200 350 kPa to 
Qfin=360  400 kPa, thus achieving the proposed objective. 
 
 
4.Conclusions 
 
This paper gives a brief overview of soft soil improvement using deep soil mixing method (DSM), 
along with the materials and the technology used for this purpose. From the above discussion, one 
can draw the following conclusion: the original technique known internationally as the deep soil 
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mixing method (DSM) has many advantages, this fact leading, especially in the last few years, to a 
substantially increase on global applicability. Advantages of the construction method described in 
the paper can be summarized as follows: a) the serviceability of the existing embankment is not 
compromised by the construction of the diaphragm; b) the construction material (except the cement 
mix) is already in place and transportation of soil from or towards the construction site is not 
required (this is especially relevant in the case of contaminated soil); very low air and water 
pressures are used, technique free of vibrations; 
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Abstract 

Response spectrum (RS) is one of the best accepted tools for seismic analysis and design. In spite of 
its many improvements, almost 95 year old concept still does not recognize potential benefits of 
structural rocking, soil compliance and dissipation of energy through radiation. Accordingly, 
design practice often use numerical procedures based on the assumption of a fixed-base structure. 
Also, a common assumption is that introduction of soil-structure interaction (SSI) is beneficial on 
seismic response of structures since it elongates the fundamental periods. As a direct consequence 
of the RS shape defined in codes, elongated period may spuriously result in reduced inertia forces. 
Results of research considered shallow founded linear-elastic inverted pendulum systems, as 
equivalent systems for real structures, lying on soft soil are discussed. Also, this paper shows how 
the SSI affects the response of the pendulums and thus the shape of the RS. Soil was modeled as dry 
sand. Numerical modeling was done using an advanced non-linear soil model calibrated using 
geotechnical centrifuge. Ground motions recorded on the Balkan Peninsula were used in research. 

Keywords: response spectrum, shallow foundations, soft soil, soil-structure interaction, Eurocode 
 
 
1. Response spectrum: engineering tool that shapes economic and social aspects  

Proper design of earthquake resistant structures is of great importance for earthquake-prone areas. It 
is the key engineering tool which shapes both economic and social aspects during and after the 
earthquake. Till this day there are lots of different methods used for calculation of the earthquake 
resistant structures (e.g. [1], [2], [3]). Calculations according to Eurocode 8 [1] may be conducted 
using equivalent lateral force method, modal analysis using response spectrum (RS) and nonlinear 
static pushover analysis (N2 method), among other available methods. All the methods mentioned 
introduce RS and also they are most widely used methods in structural design and analyses (e.g. [4], 
[5], [6]). Also, it is known that RS is very important tool in preliminary calculations of important 
structures [7], such as nuclear facilities, hospitals, fire stations, etc. Normalized RS's (e.g. [1]) may 
also be used as a basis for generating of artificial earthquake motions (e.g. [8]). Reason for good 
acceptance of RS, as a tool for engineering practice, lies in its simple application, very small 
computational costs, relatively short calculation time and reasonable results for design. Moreover, 
the nature of dynamic problem is taken into account when using RS in calculations. Furthermore, 
calculation methods using RS have clear advantage over the other methods because their primary 
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use is for structures with pronounced lower modes of oscillation (e.g. [2], [7], [9], [3]). Lower 
modes of oscillation are more pronounced in small- and medium-rise buildings [2]. With that in 
mind, it is essential to point out that in the gross world fond of engineering structures there are more 
than 95 % of small- to medium-rise buildings, from which most of them are built on shallow 
foundations [5].  
 
Although RS is well accepted tool for analysis and design, there are certain issues arising even 
today. On this regards and in spite of its many improvements, almost 95 year old concept [7] still 
does not recognize potential benefits of structural rocking, soil compliance and, among others, 
dissipation of energy from the soil-structure system through radiation (e.g. [1]). 
 
Results of research considered shallow founded linear-elastic inverted pendulum systems, as 
equivalent systems for real structures, lying on soft soil are discussed. Also, this paper shows how 
the soil-structure interaction (SSI) affects the response of the pendulums and thus the shape of the 
RS. Soil was modeled as dry sand. Numerical modeling was conducted in state-of-the-art software 
using an advanced non-linear soil model calibrated at the University of Dundee using their 
geotechnical centrifuge. Ground motions recorded on the Balkan Peninsula were used in this 
research. 
 
 
2. Limitation and drawbacks of contemporary RS 
 
RS is graphical representation of maximum displacements, velocities or accelerations of family of 
damped linear single degree of freedom systems (inverted pendulums), attached rigidly to their base 
and subjected to vibration of stochastic nature (e.g. earthquake) (e.g. [9]). Figuratively speaking, 
normalized RS's (e.g. [1]) are developed using single degree of freedom systems with no foundation 
or soil, that is, they are rigidly fixed into their base while their foundations are represented by a 
single dot. On the other end, it is well known that those foundations that transmit loading into 
shallow layers of soil (e.g. raft foundation) during earthquake may provoke nonlinear behavior of 
soil (e.g. [10], [11]). This kind of nonlinearity can cause permanent deformations (settlement, 
rocking or sliding) at the foundation level but also significant damage to the superstructure. Also, it 
is clear that nonlinear behavior of soil resulted from earthquake shaking may act beneficially to the 
foundation-structure system, as a medium through which the earthquake energy is dissipated thus 
reducing earthquake action on the system [3]. The fact that RS's are constructed using fixed-base 
inverted pendulums indirectly suggests to engineering practice the use of fixed-base numerical 
models in general. Apart from neglecting foundation soil compliance, by assuming fixed-base 
conditions the ability of soil to dissipate earthquake energy through radiation and effects of rocking 
and sliding of shallow foundations on soil are also neglected. In other words, using fixed-base 
numerical models, soil-structure interaction (SSI) is neglected. Theoretically, only structures 
founded on solid rock may be considered as fixed-base [9]. Furthermore, analysis of fixed-base 
numerical models is conducted using RS which are devised form the earthquakes recorded on free-
field, though it is very clear that placing structures over free-field local soil conditions are changed 
which in turn may cause the change in input motion felt by the soil-structure system. 
 
The values of normalized RS are gradually decreasing with the increase of period [1], [12]. If this 
would always be the reality, neglecting the effects of SSI for structures on soft soil would result in 
conservative results, that is, the effects of SSI would always be beneficial  [4], [6]. United States of 
America guidelines and directives (e.g. [3], [12]) define coefficients for correction of RS with 
regards to the effects of SSI thus making the introduction of SSI effects easier into engineering 
practice. The following pages introduce few examples (Fig. 1) of extreme deviation of real 
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earthquake RS's from RS's defined in standards for design of structures for earthquake resistance 
(e.g. [1]). In reality, if the soil compliance would be taken into account, this would result in 
catastrophic scenario if the structures were analyzed and designed as a fixed-based. Many studies 
([4], [6], [7]) confirmed that the effects of SSI in the realm of the code based RS are misinterpret as 
unconditionally favorable. Beside mentioned, Gazetas pointed out [4] that the beneficial effects of 
SSI turned into dogma. For example, Eurocode 8 [13] states that the effects of SSI tend to be 
beneficial for the majority of usual building structures, since they reduce inertial forces on structural 
members.  
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Figure 1. Comparison of normalised and calculated RS for earthquakes recorded on soft soil in 
Balkan Peninsula [14a] 

 
Recent studies (e.g. [6], [14], [15]) showed that RS recorded on soft soil have more pronounced 
(sharp) peaks instead of the flat plateau (e.g. Fig. 1 and 2), common for code-based RS's [1]. Those 
peaks points out natural periods of oscillation of soil [6]. Placing structure over the soil, for which 
detailed analysis is not performed, may lead in overlapping of natural period of structure and natural 
period of soil. This overlapping in periods may result in catastrophic scenario if the earthquake with 
predominant period very close to the natural period of soil and structure occur at the bedrock 
(double resonance). The possibility of occurrence of double resonance in soil-structure systems has 
been stressed many times (e.g. [4], [6], [16]). Moreover, Gutenberg [16] highlighted almost 80 
years ago that in earthquake-prone areas periods of oscillation for structures should not overlap with 
periods of oscillation for foundation soil. 
 
 
3. Numerical models 

Parametric study was conducted using Plaxis2D [17]. In the following sections input parameters of 
ground motions are defined as well as two-dimensional numerical models of soil and structures.  
 
3.1 Input ground motions 
 
For the requirement of this study, two ground motions recorded on Balkan Peninsula (Fig. 2 and 
Table 1) were selected. Both ground motions selected were downloaded from the European Strong-
Motion Database [15]. Using the SeismoSignal software [18] ground motions were baseline 
corrected and filtered using fourth order Butterwort bandpass filter with limiting frequencies of 0.25 
and 25 Hz. By applying baseline correction on selected ground motions the spurious drift in 
displacement was removed. Tirana 1988 motion was selected due to interesting pulse-like shape 
(similar to Ricker pulse), with relatively broad frequency band. On the other hand, Banja Luka 1981 
motion has narrow frequency band at lower frequencies. There is a possibility that the pronounced 
peak of Tirana 1988 earthquake is a faux pass of the recording device. Both earthquakes were 
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recorded on solid rock. Records were scaled so their peak values would fit accelerations of 0.1g, 
0.3g i 0.5g. 
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Figure 2. Original input ground motion records: response spectrum at 5 % damping (left), Fourier 
amplitude (middle), acceleration time history (right) 

 
Table 1. Characteristics of the selected input motions 

Input ground motion: Banja Luka 1981 Tirana 1988 
Predominant period (s): 0.16 0.18 
Mean period (s): 0.40 0.25 
Arias intensity (m/s): 0.039 0.237 

 
3.2 Models of structures and foundation soil 

Linear, elastic numerical models of structures were defined as single degree of freedom systems 
(SDOF) (Table 2). All models have rigid shallow foundations of 10 m in width. In Table 2, T1 is 
natural period of oscillation of structure, T1,ssi is the natural period of oscillation of structure taking 
into account soil compliance, q is pressure on soil, FSv is the factor of safety for vertical static load 
according to Eurocode 7, Hgc is the height of centre of gravity of structure with regard to foundation 
center of gravity. Factors of safety FSv were calculated using SoFA software [19]. 
 
Table 2. Characteristics of the selected SDOF systems 

Model ID: M1 M2 M3 M4 M5 
T1,fix (s) 0.10 0.30 0.60 1.00 1.50 
T1,ssi (s) 0.28 0.56 1.00 1.67 2.00 
q (kPa) 70 100 100 170 170 
FSv 11.9 (8.8) 8.3 (6.2) 8.3 (6.2) 4.9 (3.6) 4.9 (3.6) 
Hgc (m) 3 6 6 12 12 

 
Nonlinear models of foundation soil are 10 m deep (Fig. 3) and modelled using dry HST95 
(Congleton) sand [20] with relative density IR = 55 %. This kind of soil profile, with average 
calculated velocity of shear waves of 188 m/s fits soil type E, according to Eurocode 8 [1]. 
Behavior of soil model is defined using HSsmall constitutive model [17]. Soil model consists of 
very fine finite elements so that the maximum frequency of 25 Hz may pass through mesh with 
minimum disturbance [21]. Conducted sensitivity studies governed the width of the soil model 
equal to 200 m. To avoid shear waves reflection within the soil model, absorbent boundaries were 
defined. Foundation interface elements [17] were defined on contact between foundation model and 
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model of soil.  
 

 
 

Figure 3. Schematic illustration of the numerical model in Plaxis2D. 
 
Virtual accelerometers were modeled (Fig. 3) in following points: C in the middle of foundation; F 
on free-field 50 m from point C; G at depth of 0.5 m beneath the point C.  
 
 
4. Results and discussion 

Results are presented with respect to parameters defining the shape of RS. Soil parameter S is 
calculated according to suggestion given by Rey et al. [22], while the pseudo-acceleration RS Sa(T) 
were computed using program SeismoSignal [18].  
 
It is well known that the free-field conditions in soil are different from the conditions of the same 
soil when structure is built across it. With that in mind, it is common to assume that the presence of 
structure may compact the soil beneath and thus influence the natural period of soil T0. Natural 
period of oscillation of soil is calculated using the lowest level of earthquake records described 
above aiming simulate micro tremor. This study showed (Fig. 4) that the pressure resulted from 
heavier structures (q = 100-170 kPa) reduces natural period of oscillations for 0.03 s (soil is stiffer 
that is, more compacted). On the other hand, period of oscillation of soil beneath relatively lighter 
buildings (q = 70 kPa) is elongated for 0.03 do 0.07 s. 
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Figure 4. Effect of overburden pressure on predominant period of foundation soil T0 
 

Furthermore, below heavier structures (FSv = 3.6-8.3) smaller soil amplification occur (Fig. 4), 
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which in turn may result in smaller inertia forces in structure. This advantage of SSI is recognized 
also by others (e.g. [4]). It is also noted that under lighter structures (FSv = 8.8-11.9) higher soil 
amplification occur which may result in higher costs. Soil parameter S defined in this study for free-
field is in good correspondence with soil parameter defined for type 1 RS and soil type E (S = 1.40), 
according to Eurocode 8 [1]. From Fig. 5 it may be noted that the soil parameter is a function of 
natural period of oscillation of structure. From the same figure one may recognize that there is a 
need for defining three different soil parameters, i.e. S1 for small periods (< 0.2 s), S2 for medium 
periods (0.2 - 1.0 s) and S3 for high period ( > 1.0 s). 
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Figure 5. Ratio of soil parameters for free-field and SSI as a function of fundamental period of 

oscilation of structures T1 
 
Furthermore, it is recognized that the foundation acts as a low-pass filter for frequencies smaller 
than 10 Hz included in free-field records (Fig. 6). This effect of foundation on input motion of the 
structure is also highlighted by other authors (e.g. [12]).  
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Figure 6. Normalized RS for motions recorded on footing centre (pt. C) and on free-field (pt. F) 
 

It is known that the effects of motion filtering due to foundation presence depend on the foundation 
dimensions, natural period of a structure and embedment [12]. Due to limited space for the paper, 
these effects are not discussed here in detail. 
Prominent rocking and sinking is noted for model M2 for which overlapped almost perfectly: 
natural period of soil T0, natural period of structure calculated for fixed-base conditions T1 and 
predominant period of input ground motion Tp. 
 
 
5. Conclusion 

Including the soil into numerical models for earthquake design of structures may give more realistic 
insight on behavior of overall soil-structure system and thus result in safer and more reliable 
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structures with regards to structures calculated using widely used fixed-base assumption. From the 
economic point of view, analyses and design methods using RS with SSI effects included would 
result in lower consumption of building material and thus cheaper structures. Procedures of 
averaging and smoothening of code-based RS accidentally and against principles of earthquake 
safety suppress the possibility of occurrence of resonance between soil and earthquakes. With the 
focus to reduce the earthquake risk in urban areas, the European standards for design of structures 
for earthquake resistance, among others, should explicitly limit building of structures with natural 
periods very close to natural periods of foundation soil. For this purpose, micronization with regards 
to the natural period of foundation soil would be required. This way the possibility of double 
resonance would be avoided, or better said, the coincidence of natural period of earthquake 
oscillation, structure and soil would be minimized, what in turn would result in safer structures.  
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Abstract 

The realistic modelling of pile foundations, behaving either as fully piled raft or combined pile-raft 
foundation is a complex process which generally requires the following steps: construction of soil 
model, analysis of a single pile for model calibration and, finally, the modelling of the entire 
foundation. This paper focus on the first three steps of the modelling process and is based on a case 
study, where a compressive pile load test has been performed for a recent infrastructure project. 
After the presentation of the geotechnical conditions and the load test, paper presents the modelling 
of a single pile using a number of analytical and numerical methods. A series of calibration stages 
are performed, using individual or correlated soil properties which are varied until modeling 
results match the measurement values. A comparison of the results is presented, in addition to a 
discussion about the calibration process and complexity of geotechnical investigations. 

Keywords: load test, calibration, soil parameters, modeling, correlations 
 
 
1. Introduction 

The design of pile foundations, as several other geotechnical structures, can be performed either 
based solely on the soil investigations or by a field test and calibration. The latter approach implies 
a more complex process, in which a preliminary design is first conducted, followed by a field test, 
interpretation of test results, calibration of the initial model and final design. 
 
In case of pile foundations, model calibration is usually conducted in cases where unusually large 
loads are applied or settlement-sensitive structures are present in the close proximity. The 
considerations are either of optimization of quantities (reliable field data leads to more efficient 
design) or the increase of safety level. 
 
The aim of the paper is to present the calibration process of a pile foundation numerical model 
based on a real-life project. The basis for the calculations is a static pile load test conducted on a 
foundation pile at a recent infrastructure project in Romania. First, the load test and its conclusion 
will be presented, after which the pile will be modelled using a number of methods, ranging from 
empirical to numerical. The modelling results will be compared to the field measurements and a 
calibration process will be performed by varying some of the more relevant soil properties. The 
paper will formulate conclusions regarding the calibration process, including recommendations on 
which soil properties are the most relevant for calibration. 
 
The paper is part of a larger research focusing on piled rafts, which includes numerical modeling. 
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For this purpose a calibrated numerical model is required, which is usually attempt by using a pile 
load test model. 
 
 
2. Geotechnical conditions and load test 
 
The test was carried out on a bored pile with d=1.08 m (diameter) and l=21.95 m (structural length). 
The piling technology is continuous flight auger (CFA). The upper level of the pile during testing 
was at 1.65 m below ground level. The soil lithology consists of three layers as presented Table 1. 
 
Table 1: Site lithology and geotechnical characteristics 

Parameter Fill Clayey silt with 
rock fragments 

Sandy clay, 
stiff to hard 

Depth (m) 0.0 – 0.5 0.5 – 4.0 4.0 – 25.0 
(kN/m3) 16 17.8 – 18.5 17.5 – 18.0 
E (kPa) - 11800 21450 

 (-) - 0.25 0.2 
 (°) - 14 17 

c (kPa) - 25 45 
Ic (-) - 0.76 0.70 – 0.98 

 
The load test was carried out in compression and until the preliminary service load of 3600 kN was 
reached. The settlement at maximum load was measured at 2.83 mm, while the residual settlement 
at unloading was 1.37 mm (Fig. 1). 
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Figure 1. Measured load-settlement diagram for pile load test 
 
The results of the load test indicate that the pile behaviour for compressive loads is situated in the 
quasi-linear domain and the ultimate load exceeds this value significantly. From a design 
perspective, the test confirms that the preliminary bearing capacity. Nevertheless, due to the lack of 
instrumentation, further conclusions regarding pile behaviour (measured or estimated ultimate 
capacity, mobilization of shaft friction and toe resistance) cannot be reached. 
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3. Analytic and numerical modelling of pile behaviour 
 
In this chapter the pile will be modelled using the following methods: 
- semi-empirical Frank & Zhao equations [1], [2] 
- Fleming’s analytic method [3] 
- Numerical method – Finite Element Method (FEM) (using software Plaxis 2D) 
 
2.1 Frank & Zhao equations 

The first method employed for pile analysis is a semi-empirical method based on the Frank & Zhao 
equations [1] widely used mainly in French practice. The method expresses the mobilization of 
shaft friction and toe resistance independently, through 2 trilinear diagrams, as is presented in Fig. 2 
below, with the shaft resistance (q) and toe resistance ( ) being represented on the vertical axis and 
the settlement (s) on the horizontal axis. The stiffnesses are represented by kq (toe) and kq (shaft). 
 

 
 

Figure 2. Frank & Zhao diagrams 
 
The method makes use of pressure meter results, which were unavailable for the load test presented 
here above, therefore for this example correlations were adopted from design norms [3] [4]. Where 
no correlations were possible, typical values were chosen from scientific literature. The calculation 
steps will be summarized below. 
 
First, the pressure meter modulus EM was obtained based on the available deformation modulus, E 
and on the derived oedometric modulus, M2-3 [4], [2]. Both used correlation factors depend solely 
on the soil type and properties. Similarly, the plastic limit pl (pressure corresponding to plastic 
failure in the pressure meter test) was estimated with the use of empirical correlations included in 
[2]; as a verification, the ratio EM/pl was checked against upper and lower limits [2] to verify if the 
estimation is realistic. The ratio was 12.29 for the silty layer (typical values 8-14) and 14.3 for the 
sandy clay (typical values 9-16), so in case of both layers the condition is verified. 
 
In the following steps, the ultimate pile capacity and the specific Frank & Zhao’s stiffnesses kq and 
k  were determined through a series of transformations and correlations [2]. Aside from soil 
properties, the piling technology also influenced the results. These parameters were introduced in 
the Frank & Zhao equations, which resulted in a load-displacement curve and a depth – effective 
unit skin friction diagram. For the purpose of this paper, the former diagram is relevant, which 
shows a settlement of 3.4 mm for the maximum test load (figure 3). 
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Figure 3. Frank & Zhao equations: load-displacement curve 

2.2 Fleming’s method 
 
The Fleming method is based on independent hyperbolic functions for shaft and toe resistance, as 
explained in [6] (see also figure 4). 
 

 
 

Figure 4. Hyperbolic functions for toe / shaft resistance [5] 
 
The required input information is pile geometry, ultimate shaft and toe capacity and 3 
dimensionless factors (Ms – shaft flexibility factor, Ks – base stiffness coefficient and Ke – shaft 
friction centroid), which all have a significance related to Fig. 4 (e.g. the shaft flexibility factor is 
the tangent of the angle of the hyperbolical function for the lateral resistance), but for real-life 
calculations can be estimated based on soil properties and piling technology, using empirical 
correlations as presented in [5]. The resulting load-displacement curve using this method is 
presented Figure 5.  
 
The shaft flexibility factor Ms resulted 0.20, as both layers were considered cohesive soils with an 
undrained shear strength in excess of 200 kPa. The base stiffness coefficient resulted 150 000, using 
the recommended 300 x cu, where cu was considered 500 kPa for the bottom layer. The third 
coefficient, the shaft friction centroid was chosen assigned the value 0.4, corresponding to the 
recommended value for uniform friction along pile length. 
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Figure 5. Frank Fleming’s method: load-displacement curve 
 
2.3 FEM - Plaxis 2D 

The last method studied for this paper is the Finite Element Method using Plaxis 2D software and 
an axisymmetric model. The soil and modelling details for this calculation are the following: model 
size 50x50 m, soil model Mohr-Coulomb, drained state, pile modelled as concrete beam with elastic 
properties, interface elements with =0° and c=[ultimate skin friction] continued 1 m below pile toe 
level (based on a recommendation from the Plaxis manual) and fine mesh. The resulting load-
displacement curve is shown on Fig. 6a, resulting a settlement of 17 mm at maximum design load. 
Fig. 6b displays the vertical displacements in the pile and the surrounding soil mass at failure point. 
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Figure 6. Plaxis 2D results 
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2.4 Comparisons 
 
On Fig. 7, all results, obtained using the 3 methods were superposed. Fig. 7a presents the curves for 
settlement range 0-50 mm in order to compare the entire pile behaviour, while fig. 7b restricts the 
diagrams to the settlement range 0-10 mm in order to evidentiate pile behaviour in the early load 
stages (quasi-elastic range). 
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7a. Entire pile behaviour   7b. Quasi-elastic range  

Figure 7. Superposition of load-settlement curves 

The two semi-empirical methods (Frank & Zhao equations and Fleming’s method) show good 
agreement with the load test (settlement at 3600 kN compared to measurements - Frank & Zhao: 
+21% and Fleming -5%) and show that the maximum test load is situated around the limit of the 
quasi-linear behaviour zone. The numerical calculation overpredicts the settlement by 6 times, 
which can be the result of one or more of the following phaenomena: 
- Mohr-Coulomb soil model generally tends to overestimate deformations; 
- For the deformation modulus was adopted directly the value given in the geotechnical study, 
which indicates low values for both layers intersected by the pile: 11 800 kPa for the clayey silt 
with rock fragments and 21 450 kPa for the sandy clay. These values were determined from 
laboratory oedometric tests, which suppose a more or less disturbed sample and testing in 
constrained conditions. Also the transformation of the oedometric modulus to deformation modulus 
contains certain uncertainties (typically on the conservative side). 
 
 
3. Model calibration 
 
For obtaining a model calibration, soil characteristics were varied, individually or in correlation to 
other parameters, in order to match the settlement with the field measurements at the maximum test 
load. 
 
3.1 Frank & Zhao equations 
 
For this method, the correlated deformation modulus (E) and plastic limit (pl) will be varied. The 
restrictions are the lower and upper limits for the EM/pl ratio (where EM is estimated based on E) 
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and pl values (limits based on soil consistency). Both E and pl were multiplied by 1.35 in order to 
calibrate settlement results. The initial and calibrated values for the soil parameters are: 
- clayey silt: Einitial = 11 800 kPa, Ecalibrated = 15 930 kPa, pl,initial = 1.2 MPa, pl,calibrated = 1.62 MPa; 
- sandy clay: Einitial = 21 450 kPa, Ecalibrated = 28 960 kPa, pl,initial = 1.5 MPa, pl,calibrated = 2.02 MPa; 
The deformation modulus values (both the initial and the calibrated) are smaller than the typical 
values found in literature (20-40 MPa), while the plastic limit values are realistic. The reason why 
computed settlements match the measurement values is that most of the input parameters were 
correlated from the plastic limit and not the deformation modulus. 
 
3.2 Fleming method 
 
The calculations used ultimate pile capacity, which is identical to that determined for the Frank & 
Zhao method. In order to calibrate the model, the same two parameters were varied (E and pl). In 
this case the initial settlement was 2.71 mm compared to the measured 2.83 mm, so the values of 
the two parameters were multiplied by 0.9 in order to match the measurement value. 
- clayey silt: Einitial = 11 800 kPa, Ecalibrated = 10 620 kPa, pl,initial = 1.2 MPa, pl,calibrated = 1.08 MPa; 
- sandy clay: Einitial = 21 450 kPa, Ecalibrated = 19 305 kPa, pl,initial = 1.5 MPa, pl,calibrated = 1.35 MPa; 
Since the values are similar to those presented in Chapt. 3.1, the same interpretations apply. 
 
3.3 Plaxis 2D 
 
The number of input and modelling details is larger in case of numerical modelling. Basically, the 
following means of calibration are the most realistic: 

- E and  
- Ø and c 
- Soil constitutive model 

 
First, the E and  parameters were varied. In order to match the measurement results, the 
deformation modulus values were multiplied by a factor of 5, and with minor adjustments 
performed on the Poisson's ratio: 
- clayey silt: Einitial = 11 800 kPa, Ecalibrated = 59 000 kPa, initial = 0.25 MPa, calibrated = 0.2 MPa; 
- sandy clay: Einitial = 21 450 kPa, Ecalibrated = 107 250 kPa, initial = 0.2 MPa, calibrated = 0.15 MPa; 
 
The increase of the shear resistance parameters  and c did not lead to a significant decrease of 
settlement, an increase of the cohesion value to 50 kPa for the silty layer (compared to 25 kPa in the 
geotechnical study) and 120 kPa for the clayey layer (compared to 45 kPa) only decreased 
settlements by 15%, which still remain 5.1 times higher than the measurement values. 
 
In this paper the third possibility (changing the constitutive model) was not explored due to  the 
lack of detailed geotechnical input data. 
 
 
4. Conclusions 
 
The calculations performed in this paper highlight the fact that the calibration of the calculation 
model using full-scale in-situ tests is an important stage of design in case of settlement-sensitive 
structures. Relying solely on preliminary geotechnical investigations can lead to large differences 
between assumed and real foundation behaviour, resulting either in an overly conservative or – in 
some cases – unsafe design. 
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Regarding the calibration process, the calculations reveal that the pile settlement for the range of 
relatively low pile loads (quasi-linear behaviour) is approximately indirectly proportional with the 
deformation modulus and the other parameters have a limited impact on settlement. 
 
Concerning the comparison of calculation methods, the calculations show that empirical or semi-
empirical methods predict with a satisfactory accuracy single pile settlements, since the values of 
empirical factors are computed based on reliable experience, while in case of numerical models 
detailed input information and model calibration is generally required in order to accurately predict 
long-term behaviour. In case of the studied load test, adopting a Mohr-Coulomb model using 
deformation modulus whose value was obtained from laboratory tests lead to an overprediction of 
the pile settlement by 6 times compared to the field measurement. 
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Abstract 

The proposal of using a geotechnical centrifuge for physical modelling of soil behavior in deep 
excavation in Warsaw conditions is presented in the paper. During deep excavation the raising of 
the bottom of the excavation is observed. The effect can result in soil settlements outside the 
excavation. Bottom raising is illustrated by the data obtained during the construction of the metro 
station in Warsaw. Due to the insufficient number of real measurements of bottom raising in 
Warsaw conditions, use of a physical models is proposed. The requirements of the apparatus and 
the method of preparation and conduct of the study is discussed. The results should allow to verify 
if the equations describing the bottom rising provided by foreign standards are proper for Warsaw 
conditions.

Keywords: deep excavation, diaphragm wall, ground movement, geotechnical centrifuge  
 
 
1. Introduction 

In the case of deep excavations the proper design of the casing is required. In order to reduce 
ground settlements in the vicinity of the excavation usually the diaphragm wall type of casing is 
used. The interaction between diaphragm wall and soil is quite complex. The backward analyzes [1] 
resulted in designation of the correct models of soils for Finite Element Method (FEM). In this 
study the main emphasis was put on the examination of the soil settlements behind the wall of the 
excavation. The aim of author’s PhD thesis is to analyze phenomena related to the behavior of the 
bottom of the excavation. Raising of the bottom of the excavation is mainly associated with two 
aspects: basal heave and soil displacement caused by the movement of the wall (Figure 1.). 
It is extremely important to take into account the local conditions and local soil properties. For this 
reason the theoretical simulation should be supported by the examination of physical models. 

 
Figure 1. Interaction between diaphragm wall and surrounding soil [2]: cantilever stage (left): prop 

installed at crest (middle); multi-propped stage (right). 
                                                           
*Sebastian Wilomski: +48 695 080 708 
sebastian.wilomski@gmail.com 
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2. Raising of the bottom of the excavation during the construction of the 
Warsaw metro station 

The issue can be explained on the basis of in situ test results, carried out during the construction of 
the A14 metro station in Warsaw. The station is located in the center of the city. This case can be 
considered as typical for Warsaw, in this area tertiary and quaternary Pliocene soils, disturbed 
glacitectonically, occur. The excavation was 14,6 m deep. The diaphragm walls were used for the 
support of the excavation walls. Total diaphragm wall length was 20,7 m, its thickness - 0,8 m and 
it was anchored in two levels. The excavation width L was 20 m (Figure 2a.). During construction, 
the bottom of the excavation was reached after 99 days and afterwards, foundation slab was made in 
20 days. Reading of ground benchmarks were made just before making the foundation slab. 
Analysis of construction and surface settlements in the vicinity of the excavation is presented in [1]. 
 
The Figure 2b shows the results of the raising of the excavation bottom based on the readings of the 
ground benchmarks. Ground benchmarks were placed near the middle of the excavation as well as 
close to the diaphragm wall. Observed raising of the bottom of excavation was significant – up to 
60 mm. Probably, if the bottom of the excavation had been allowed to freely relax for a longer time, 
the readings would be even greater. Due to the large value of raising, it seems necessary to:  

 Verify if empirical formulas provided by foreign standards (eg. by US standards [3]) are 
suitable for Warsaw conditions. 

 Validate values of the raising of the excavation bottom obtained from FEM simulation.  
A proposal of comprehensive research is presented below. The aim of the research is to verify the 
correctness of the FEM simulations and adequacy of empirical formulas used in other places, for 
the Warsaw conditions. 
 

    
 

Figure 2. Excavation bottom raising during construction of the station A14: location of ground 
benchmarks (left); results of ground benchmarks readings – raising of the bottom of the excavation 

(right). 

3. Research methodology 

During the excavation process, ground benchmarks are used rarely. Therefore, at present there is no 
sufficient data, allowing to precise the equation describing the phenomena of the raising of the 
excavation bottom. Due to the high costs of real scale models, in Warsaw studies allowing reaching 
a critical state or destructing test model never have been carried out. For this purpose, it is 
reasonable to conduct researches on physical small scale models. Unfortunately, in case of 
geotechnical investigations, scaling dimensions only does not give proper results - because it does 
not scale the density of the soil (see Table 1, column 3). 
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Table 1. Scaling - assumptions and the resulting dependence. 

Quantity Prototype wall Model wall 
1g 

Model wall 
ng 

Length 1 1/N 1/N 
Material self weight 1 1/N 1 
Self weight stress 1 1/N 1 
Strain 1 1 1 
Young's Modulus E 1 1/N 1 

 
No rescaling the density of the material can be compensated by rescaling (virtual increase) 
acceleration of gravity. This causes proper vertical stress increment with the scaled depth. With the 
increase of acceleration, many phenomena and parameters are changing (e.g. See Table 1, column 
4). A complex summary of all issues, related to modeling using geotechnical centrifuge and scaling 
laws, was presented by TC2 committee of ISSMGE [4]. 
 
An important advantage of the increase in acceleration is a reduction of time, in which the soil 
consolidation takes place. According to derivation (Eq. (1) - Eq. (5)) consolidation takes 1/n2 real 
time. This effect allows for much more rapid preparation for the testing sample. 
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To obtain value of acceleration that is required, a scaled model is driven in rotation, during which a 
so-called centrifugal acceleration becomes the new acceleration of gravity. Speed control allows 
controlling a centrifugal acceleration. The ratio of the acceleration of gravity determines scale of a 
model. 
 

L
K

e
            Eq. (6). 

where: 
g - Gravitational acceleration 
G- Centrifugal acceleration, new gravitational acceleration 
Experimental apparatus, which works in accordance with the described principle, is geotechnical 
centrifuge. The study proposed in section 5 would be an important contribution to the development 
of study methods of physical models in Poland. 
 
 
4. Geotechnical centrifuge 

4.1 Principle of operation
 
The principle of operation of centrifuges is described in [5], [6]. The characteristic size and 
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dimensions of the centrifuge, which will be useful hereinafter in the article, are shown in Figure 3. 
 

 
 

Figure 3. Geotechnical centrifuge dimensions, where: Rw - geotechnical centrifuge arm; R0 - 
distance between the center of rotation and the surface of the sample; Rn - arm which determines the 

value of the centrifugal force; R1- distance between the center of rotation and the bottom of the 
sample;  - rotation speed. 

 
4.2 Choice of parameters of the centrifuge and additional instrumentation 
 
To perform scaled model of the case described in chapter 2 it is necessary to: choose a geotechnical 
centrifuge with sufficiently large basket, which allows to execute the model in established scale, 
and achieve the required acceleration during the test. Value of acceleration depends on the 
rotational speed and the length of the arm of the centrifuge, according to the relationship: 
 

             Eq. (7). 
 
Accordingly, a large value of G can be obtained by increasing the length of the arm (which is 
problematic from construction side), or by increasing the rotational speed. Increasing the speed at 
the short arm is very efficient, because of the quadratic dependence of 2. However, it should be 
noticed, that the test model is not flat. If the height (h) of the model is significant, in comparison 
with the length of the centrifuge arm Rw, then the size of G will change significantly with the height 
of the sample. To calculate the G - acceleration is usually assumed that the end of the rotation 
radius falls within the model (recommended for third altitude [7]). In this case, in the closer to 
surface areas, understate stress can be observed, whereas above certain value – overestimated stress 
(Figure 5.). At a constant sample size - value of this kind of error decreases with the growth of the 
centrifuge arm, because the ratio h / R is decreasing (Figure 6.). 
 

              
 

Figure 5. Differences in stress [7].  Figure 6. Error variability depending on the arm size. 
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The equation used for calculating the vertical stresses in case of the constant force of gravity (Eq. 
(8)) is presented below.  Then an equation for the acceleration (gravitation), which is changing with 
the depth of the sample is derived (Eq. (9) - Eq. (11)).  
 
          Eq. (8) 
            Eq. (9) 
         Eq. (10) 

        Eq. (11) 
where: 

 - bulk density of soil 
Else indications in accordance with Figure 4. and Eq. 6. 
 
In Table 2. differences (in percent) between the force acting on the surface of a model (arm R0) and 
the force acting on the bottom of the model (arm R1) are presented. As well as the maximum 
difference (in percent) between value obtained by equations 8 and 11 in this range. For the purpose 
of the statement scale n = 100 sample height h = 0.3 m is assumed. 
 
Table 2. Variability depending on the centrifuge arm. 

The value of the centrifuge arm 1 m 2 m 4 m 6 m 
The difference in the centrifugal acceleration on the 
sample height 23,1% 13,0% 7,0% 4,8% 

Maximum difference between the values  and  4,5% 2,4% 1,2% 0,8% 
 
The disorder results may also be due to dimensions of the sample in other planes and the Coriolis 
Effect. On the basis of [6], these disturbances, comparing to the error caused by changes in the arm 
length, are negligibly small. 
 
Prior to the selection of geotechnical centrifuge, it is necessary to determine the errors resulting 
from the adopted scale model. This scale should be selected, taking into consideration such factors 
as, for example, size of grains. It is probable, that it will be advantageous to model the larger scale 
saddled with higher error (due to sample height), because it will simulate the phenomenon 
correctly. Selection of the correct scale of the model is so great an issue, that the author intends to 
raise it in the future paper. 
 
Next step, after determining the scale and parameters of the centrifuge, is to select proper 
instrumentation to simulate the process of the excavation. According to [2], simulation can be 
performed, as follows: 
- increasing centrifugal acceleration until failure, 
- draining of a heavy fluid, 
- removal of a bag of material from the excavation area, 
- an in-flight excavator. 
Advantages and disadvantages of these methods are described in [2]. 
 
4.3 Proposal of the research 

Intended test will simulate the real case described in point 2. It was decided to conduct research in 
homogeneous soil conditions, filling the basket by boulder clay. Then author intend to carry out a 
process of consolidation. For this purpose, on the basis of equation 5, it can be expected that the 
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consolidation will be 10 000 times faster than in reality. In addition, author plans to control the 
consolidation process by measuring the height of the sample and the sensor pits. 
In order to simulate the loading history (glacier) it is planned to load the terrain surface using a steel 
plate, covering the additional preconsolidation of ground. 
 
In order to model the diaphragm wall an aluminum plate with a thickness determined by the 
stiffness of the diaphragm wall from the real case will be used. Due to technical difficulties, it 
seems necessary to place the wall in the ground when a centrifuge is stopped. 
 
In centrifuge testing it is hard to model anchors, so in that case anchors will be replaced by props. 
Props will be simulated by actuators, which will be excited after excavation to the proper level.  
As it is suggested by [2], at the beginning of the study, the drainage heavy fluid method will be 
applied for simulation of the excavation process. This method was chosen because of its simplicity 
and accessibility. After verification of the results, more accurate studies are planned and the use of 
more complicated devices (eg. An in-flight excavator) will be considered. 
 
For the analyzed case - presented in Chapter 2, assumed scale model is n = 100 (the analysis depth 
value is equal to double depth of excavation, which in scale n = 100 gives the depth of 0.3 m).  
The most important elements and dimensions of the model are presented in Fig. 6 

 

 
 
 

Figure 6. Diagram of a research model. 
 

For such a scale variability of acceleration, changing samples with a depth was determined - for 
different sizes of the centrifuge arm. It was assumed that the received results should not differ by 
more than 2%. The minimum length of the arm (2.3m), for which the condition is satisfied, was 
determined iteratively. 
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Figure 7. Errors for the centrifuge arm 2,3 m. 
 
Measurements during the study will be made by numerous sensors (laser, accelerometers, etc.) 
placed in the model and observed by video cameras, using PIV (Particle Image Velocimetry) 
method. It is necessary to underline that issues related to the arrangement of sensors and methods of 
observation are extremely multi-faceted and complicated, and will be described in a separate paper.  
 
 
5. Conclusion 

Experiences gained during the construction of the Warsaw underground show that the phenomenon 
of the raising of the bottom of excavation is important and should be more deeply studied in order 
to better describe soil settlements outside the diaphragm wall. According to foreign laboratories 
reports the use of a special centrifuge is a good tool to perform physical tests on a model made in 
suitably reduced scale. Presented analysis indicate that scale n=100 and geotechnical centrifuge 
with arm longer than 2.3 m is sufficient for the preliminary study of the described case. 
 
The author emphasizes that the issues presented in the paper are only a small part of the problem 
associated with modeling in geotechnical centrifuge. Author intends to conduct further works 
related to physical modeling in geotechnical centrifuge and hopes to perform some tests in 
cooperation with researchers at foreigner universities. The author also believes that a laboratory 
equipped with geotechnical centrifuge will be built in Warsaw in  the near future. 
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Abstract 

This paper presents a testing program for Screwsol® piles subjected to a static vertical load and 
compares the measured results obtained from in situ testing to the computed values obtained in a 
design stage. There are presented theoretical methods for calculating the bearing capacity and 
settlement of a pile subjected to a vertical static load and how these methods could be applied to the 
piles executed by Screwsol® technology. In situ tests were performed according to the Romanian 
norm NP 045-2000, at N2 testing level. The results measured from in situ static load tests are 
compared to theoretical results obtained in design stage. In that way it can be determined which is 
the percentage of validation and which are the limitations of usual theoretical design methods 
applied in Screwsol® piles field. 

Keywords: Screwsol® piles, pile testing, settlement determination, bearing capacity of piles. 
 
 
1. Introduction 

Screwsol® piles are executed by a rotary displacement piling system. This type of execution system 
provides improved soil strength and load transfer to the surrounding ground of the pile. As the 
boring tool rotates, soil is displaced in lateral of the shaft resulting a localized zone with relative 
increased density and strength surrounding the pile. The strength and density increasing depends 
upon soil type and site conditions. Load transfer improving to the surrounding soil is achieved by an 
enhanced shaft capacity and end bearing capacity. The enhanced shaft capacity is realized through 
the concrete spiral threads that are created during drilling (Fig. 1).  

 
Figure 1. Screwsol® pile transversal section and lateral view. 

                                                           
* Corresponding author: Tel./ Fax.: +4 0747 130 520 
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This concrete spiral thread along the pile shaft facilitates the improved load transfer from pile core 
to soil, along the pile skin and is increasing the pile’s skin friction. In that way it is created an 
increased effective diameter/surface area (D2), at the end of the thick threads formed (Fig. 1).  
Regarding the components of a Screwsol® pile boring auger we mention the two major elements of 
the helical screw pile: pile shaft and helical plates. The shaft is usually made of a solid tubular steel 
bar on which are attached the helical plates. The dimensions of the plates (diameter, thickness) can 
vary from case to case (type of rig equipment). The final dimension of plate diameter and plate 
spacing will be provided by the design engineer. The traces of helical plates filled with concrete 
appear as a spiral thread surrounds the pile shaft. 
Regarding execution technique a starting idea is that the Screwsol® piling system adopts the 
benefits of the Continuous Flight Auger piling system with some specific particularities. In that way 
the main execution phases of Screwsol®  piling system corresponds to the main execution phases of 
Continuous Flight Auger piling system : drilling the pile hole, pouring concrete simultaneously with 
drilling auger retreat, and installing the reinforcement casing steel (Fig. 2). By adopting and 
adapting the Continuous Flight Auger (CFA) piling system, removes the risks associated with 
stability of the pile bore and thus the use of the system has become very effective and reliable. So 
the Screwsol® piling system may be considered as a mature piling system [8]. 
 

 
 

Figure 2. Main execution phases of Screwsol® piling system. 
 
Moreover, the bearing capacity of the pile is enhanced in soils due to the localized increased density 
of the soil during pile installation. Near that, a regular thread is formed around the pile shaft 
enhancing load transfer to the proximity pile soil and reduces quantities of the pile concrete core 
and reinforcement steel if it is required.  
Screwsol® piles are optimal for applications where is necessary to resist both tension and axial 
compression force. The main advantages of the Screwsol® piling system could be enumerated as 
follows: it can be installed using a standard instrumented CFA rig, the difference from CFA pile 
construction method is applied to the lift speed and rotation during the concreting phase; minimal 
spoil at surface, only spoil on the boring head, from depth, is brought to the surface resulting a 
significant advantage on contaminated sites; earthwork costs as soil disposal costs are minimized; 
concrete consumption is reduced when comparison is made with CFA pile solution; the density of 
the soil around the pile is increased and thus shaft friction and performance can be improved; the 
effective pile diameter is enhanced due to a regular spired thread being formed around the pile 
shaft; the installation of a Screwsol® pile causes practically no vibration, therefore installations near 
existing foundations or footings generally cause no problems; the productivity is increased. 
Beside the advantages of the Screwsol® piling system it is necessary to say that this system has also 
some limitations. In this idea Screwsol® piles are not suitable in locations where subsurface material 
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could damage the pile shaft or the helices. Because this type of piles has slender central shafts, 
buckling may occur in extremely soft soils which cannot exert sufficient lateral force (pressure) on 
the narrow shaft. The slender shafts also behave ineffective against large lateral loads or 
overturning moments [8]. 
 
 
2. Proposed theoretical methods for determination of Screwsol® pile bearing 
capacity subjected to axial compression loads 
 
According to theoretical hypothesis the bearing capacity of a Screwsol® pile is equal to the capacity 
of lateral cylindrical surface friction ( f) in addition to soil strength under the pile toe (pcap); (Fig. 4). 
The helices friction is determined by calculating the unit soil shear strength on the cylindrical 
surface and summing it to the whole lateral cylindrical surface determined by the external diameter 
of concrete threads (D2), (Fig. 3). 
The general relation for determining the Screwsol® pile bearing capacity can be written as [1]: 
 C s bR R R           Eq. (1) 
Where: CR - is the global pile bearing capacity (total resistance of the pile); sR - is the soil resistance 
on the lateral surface of the pile (soil lateral friction strength); bR - is the soil strength under the pile 
shaft (sub-base soil resistance). 

 
 

Figure 3. Screwsol® pile bearing capacity mobilizing 
 

In order to estimate a Screwsol® pile bearing capacity we have to follow two different approaches 
according to the major soil types: cohesive soils and non-cohesive soils (granular soils). 
 
2.1 Determination of Screwsol® pile bearing capacity in cohesive soils 
 
For cohesive soils, the resistance on the lateral surface of the pile (soil lateral friction) is [1, 4]: 
 s u LR c A           Eq. (2) 
Where: - is an adhesion factor (friction factor); uc - is the characteristic or averaged undisturbed 
undrained shear strength of the soil surrounding the pile, LA - is the lateral surface area on which the 
shear strength is mobilized (usually measured from the ground surface to the pile toe). 
Lateral surface area will be considered as a cylindrical area, given by exterior diameter of the 
concrete spire threads. We will assume that the soil enclosed by concrete threads is part of the pile 
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body. The spire threads are considered designed such that it will not fail under the action of shear 
stress occurred when the lateral friction is mobilized. Characteristic or averaged undisturbed 
undrained shear strength of the soil surrounding the pile ( uc ) will be considered equal to the 
undrained cohesion of saturated clays ( UC ).  
The soil strength under the pile shaft for cohesive soils (sub-base soil resistance) is [1, 4]: 
 b C ub bR N c A          Eq. (3) 
Where: CN - is the bearing capacity factor, equal to 9; ubc - is the soil characteristic undisturbed 
undrained shear strength at the pile toe; bA - is the cross-sectional area of pile toe. 
The cross-sectional area of pile toe will be considered the resulting concrete spiral threads exterior 
diameter. The soil characteristic undisturbed undrained shear strength at the pile toe ( ubc ) is equal 
to undrained cohesion of the soil ( UC ). Using Eq. (1), Eq. (2) and Eq. (3), the relation for 
Screwsol® pile bearing capacity for cohesive soils is: 
 C u LR c A C ub bN c A         Eq. (4) 
 
2.2 Determination of Screwsol® pile bearing capacity in non-cohesive soils (granular soils) 
 
For non-cohesive soils, the soil resistance on the lateral surface of the pile (soil lateral friction 
strength) is [1, 4]: 
 

 1 ( )
2s h LR tg A          Eq. (5) 

Where h  is lateral effective earth pressure considered at the pile base level: 
 

 0h v K           Eq. (6) 
Where: v  is the vertical effective earth pressure considered at the pile base level: 
 v H            Eq. (7) 
where  is soil effective volumetric weight and H  is the embedment depth of the pile, is the 
effective internal friction angle of the soil surrounding the pile; OCR  is over consolidation ratio 
and 0K is the lateral earth pressure ratio considered : 

 0 [1 sin( )]K OCR         Eq. (8) 
The soil strength under the pile shaft for non-cohesive soils (sub-base soil resistance) is [1, 4]: 
 b q v bR N A          Eq. (9) 
Where qN is a bearing capacity factor evaluated based on effective friction angle of the soil under 
the pile toe ( base ) [3].  
From Eq. (1), Eq. (5) to (9) results the relation for Screwsol® pile bearing capacity for non-cohesive 
soils: 

 1{ [1 sin( )] }
2C LR H OCR tg A q v bN H A    Eq. (10) 

2.3 Screwsol® pile settlement theoretical computation  
 
The settlement computation can be made for both type of soil surrounding the pile non-cohesive 
and cohesive considering next relation [4, 6]: 
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where:  is the pile head settlement; tP  - the applied load; L - the pile embedding depth; 

0/r br r ( 0r - the radius of pile shaft and br - the radius of pile base); /L bG G  ( LG  and bG  is 
shear modulus of soil at depth L and pile base respectively); /2 /L LG G ; /p LE G  (pile 

stiffness ratio); pE  - Young modulus of the pile material; 0( / ) 2 /L L r ; 

0ln 0.25 2.5 1 0.25 /s L r ; s - the Poisson`s ratio of the soil [4,6]. 

 
 
3. Static, in situ Screwsol® pile testing program 
 
For establishing a Screwsol® pile testing program we make references to Romanian norm NP-045-
2000, [2]. The norm presents the procedures to develop a pile testing program to determine the 
bearing capacity and the relation between static force applied and settlement occurred. Depending 
on the aim pursued and requirements imposed by pile testing program, there are established four 
quality levels (classes) of field testing program namely: N1 level, N2 level, N3 level, N4 level [2]. 
N2 testing program consists in tests carried out in the vicinity of the designed construction site to 
verify the implementation of pile technology in the local data field conditions and to determine the 
bearing capacity and load-displacement dependence in order to design pile foundations (Fig. 4). 
Regarding testing conditions, the implementation of the test, devices used for pile loading and 
settlement measurement, all this data are exposed and described by NP-045-2000 norm [2].  

 

 
Figure 4. Testing reports - Loading force versus settlement 

 
The tested piles in this case were part of a logistic center that was built in Romania near Iernut in 
Mures County. Four piles were tested up to the maximum load, which should represent 1.5 of the 
maximum compression design axial load. The dimensions of the piles are: embedded 
depth 12L m ; shaft diameter: 330 mm and helix diameter: 500mm. 
 
4. Comparison between analytical results and testing results 
 
4.1 Bearing capacity estimation for tested piles  
 
For determination of bearing capacity we used both typical approaches for cohesive soils and for 
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non-cohesive soils. It was necessary such combined approach because according to geotechnical 
report the piles go through both types cohesive and non-cohesive soil layers. Considering the 
computation assumptions it is necessary to mention that it was assumed a value equal to 1 to the 
adhesion factor (friction factor; ). In this way it is formed a contact surface through compacted 
surrounding soil and it is assumed that on this surface could be mobilized the whole soil cohesion. 
Also, for the non-cohesive layer it was assumed an over consolidation ratio equal to 1 because of 
lack of information delivered by geotechnical report. All the other parameters necessary to perform 
the calculus were delivered by the geotechnical report. The calculus was performed for every tested 
pile and the results are presented in the table below (Table 1): 
 
Table 1: Estimated bearing capacity of tested piles 

Tested Pile 
(in work indicative) 

C-4 C-18 D-22 D-28 

Bearing capacity [kN] 710.216 699.549 682.556 620.312 

4.2 Settlement computation for tested piles 
 
Estimation of settlement includes some simplification of terms used in Eq. (13). In that way, it is 
assumed a constant variation of LG  along the pile depth ( L ) (Fig. 5). Therefore the shear modulus 
of soil at depth L, is evaluated as a constant parameter [4, 5]: 

 
2(1 )

m
L

s

EG           Eq. (12) 

where: mE  is the averaged linear deformation modulus along the soil layers that surround the pile. 
The averaged linear deformation modulus of the soil is: 

 

n

i i
i

m n

i
i

E h
E

h
          Eq. (13) 

where: ih - is the thickness of soil layer (given by geotechnical report); iE - the linear deformation 
modulus of the soil from layer "i" and n  is the total number of layers which surround the pile (Fig. 
5).  
The shear modulus of soil at pile base bG  is considered equal to linear deformation modulus of the 
soil under the pile toe ( 2100000 /bE kN m ). By considering the previous assumptions, the 
estimated settlements for tested piles are shown in Table 2. These values are compared to measured 
values. 
 
Table 2: Estimated settlement (Sd) compared to measured settlement (Sm) 

Tested Pile 
(indicative) C-4 C-18 D-22 D-28 

Load [kN] Sd[mm] Sm[mm] Sd[mm] Sm[mm] Sd[mm] Sm[mm] Sd[mm] Sm[mm] 
250 0.937 0.14 0.973 0.285 0.913 0.328 1.035 0.28 
500 1.874 0.44 1.946 1.00 1.825 1.54 2.069 0.817 
750 2.812 0.98 2.919 1.802 2.738 2.522 3.104 1.482 
1000 3.749 1.363 3.892 2.738 3.651 3.667 4.138 2.295 
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Figure 5. Evaluation of soil shear modulus ( LG ) 
 
In addition to this it is necessary to mention that in calculus was considered the pile base diameter 
equal to Screwsol® pile shaft diameter and the shaft diameter was considered equal to Screwsol® 
pile helix diameter. The calculus was performed for every tested pile and for each pile at four load 
stages (250kN; 500kN; 750kN; 1000kN). The results obtained (Sd) are exposed near de measured 
values of settlement (Sm) in Table 2. There can be observed the differences that occur and the 
magnitude of the error between calculated values and measured values of Screwsol® piles 
settlement. 
 
 
5. Conclusions 

Regarding differences obtained between estimated settlement and measured settlement for a better 
view of the error it has been created a parameter [( ) / ] 100d m mdif S S S  in order to view the 
differential percentage of variation (Table 3). Besides this it has been created a graphic where is 
revealed the variation of settlement (estimated - measured) in function of load stage (Fig. 6).  
 
Table 3: Percentage differences between Sd and Sm 

Tested Pile C-4 C-18 D-22 D-28 
Load [kN] dif [%] dif [%] dif [%] dif [%] 

250 569,29 241,4 178,35 269,64 
500 325,91 94,6 18,51 153,24 
750 186,94 61,99 8,56 109,45 
1000 175,06 42,15 -0,44 80,31 

 

 
 

Figure 6. Percentage difference between Sd and Sm 
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Generally it could be observed a higher value of estimated settlement reported to its measured pair. 
This fact has an effect of a safety factor, but in the same time, it could be a reason of oversizing the 
Screwsol® pile and generates in that way an uneconomical design. In our opinion one of the facts 
that lead to big differences between measured and estimated settlement is the inappropriate 
choosing of deformation parameters. In fact the value of linear deformation modulus (E) was 
determined only by Oedometer tests and site tests are missing. Also the linear deformation modulus 
of marl varies from 80000 kN/m2 to 250000 kN/m2, because of local grit-stone insertions in the 
marl mass.  
A limitation of this calculus method is that the effect of increased density of the soil around the pile 
could not be surprised in the calculus algorithm. It is obvious that using this type of drilling 
technology the soil is pressed on the lateral sides of the bore hole and thus it is locally compacted. 
For a more exactly calculus method it is necessary to find a method that captures the effect of this 
phenomenon on the pile settlement. So, this is a future research direction regarding this field.   
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Abstract 

The knowledge of the thermal properties of soils was important in engineering design of the pipes 
for ground source heat pumps, for oil or hot water transport, and for designing the underground 
electric cables. The basis of this research was to assess the impact of thermal conductivity on the 
geothermal applications. The common method to reduce the heat loss from the pipes was by 
enlarging the insulation thickness around the pipe. A new approach could be the usage of a bedding 
material with superior thermal properties like Thermosand. The material originary from Austria 
presented very good thermal insulating characteristics of only =0.50 W/(m K) (dry). At the 
Institute for Soil Mechanics and Foundation Engineering at the Graz University of Technology 
laboratory investigations were conducted to determine how thermal conductivity was influenced by 
the variation of the density and of the water content. To perform the measurements, the value of the 
thermal conductivity  was determined with the instrument TK04 which provided a complex 
procedure with high accuracy for the half space linear probe method.  
 
Keywords: thermal properties, thermal conductivity, bedding material, Thermosand, density, water 
content, half space linear probe method 

 
1. Introduction 

Soil thermal properties are of great importance in many engineering projects, such as utilization and 
storage of ground heat, geothermal heat flow determinations and heat loss determinations for buried 
cables and pipelines, design of roads, airfields, or buildings in cold regions, in unfrozen ground. 
They measure the ability of a material to conduct thermal energy relative to its ability to store 
thermal energy. In a substance with high thermal diffusivity, heat moves rapidly through it because 
the substance conducts heat quickly relative to its volumetric heat capacity or “thermal bulk”. 
The thermal conductivity of soils and rocks are different. So, crystalline rocks such as granite or 
gneiss can conduct heat 2 or 3 times better than loose rocks (gravel or sand). 
It is possible to quantify the heat transfer processes in terms of appropriate rate equations. These 
equations may be used to compute the amount of energy being transferred per unit time. 
 
 
2. Impact of the thermal conductivity on geothermal applications 

“It is a well-known fact that the interior portions of the globe are very hot, the temperature rising, as 
observations show, with the approach to the center at the rate of approximate1°C for every hundred 
feet of depth… The superficial layers of the earth are at a temperature sufficiently high to evaporate 
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some extremely volatile substances, which we might use in our boilers instead of water”, affirmed 
Tesla in 1900 [1]. So, the vision of utilizing the earth’s internal heat for human use is not new. 
The geothermal energy requires no fuel; since it relies in the persistent flow of heat from earth’s 
interior, it can be tapped without recourse to a fuel supply infrastructure (Glassley, 2010 [1]).  
It can be used in diverse applications, as food processing, drying materials, agricultural activities 
and greenhouses, aquaculture, paper manufacturing, etc. 
Moreover, it can be used as a source of energy for heating, ventilating and air conditioning 
buildings using ground source heat pumps (GSHP).  
 
A Ground Source Heat Pump transforms the earth energy into useful energy to heat and cool 
buildings. It provides low temperature heat by extracting it from the ground or a body of water and 
provides cooling by reversing this process. 
 

 

Figure 1. Amplitude of seasonal soil temperature change as a function of depth below ground 
surface (Kempf & Schmidt, 2011 [2]). 

 
So, in conclusion, a shallow closed loops system must be designed with careful attention paid to the 
local soil properties and conditions. Use of a standard curve (as shown in Fig. 1) of thermal 
properties for generalized soil types is sufficient as a guide to estimate design parameters, but 
optimal performance will only be achieved by conducting a careful and thorough survey of soil 
thermal conductivity and variability. 
 
To determine the optimal diameter of the cables it is necessary to do a correct assessment of the 
thermal behavior of the soil. The thermal energy generated by the cables needs to be dissipated 
through the surrounding soil. Dissipation must be such as to maintain the safe operating temperature 
of cables that is compatible with the composite materials (Salata et al., 2013 [3]). 
The oil pipelines are designed with an insulant liner covering the pipe wall interior which helps to 
retards the cooling rate of the oil. From the design point of view, it is necessary to find the optimal 
insulation thickness, so the oil stays at its ideal temperature throughout the pipeline length and the 
need for heating stations is reduced or eliminated. The amount of heat loss via thermal conduction 
depends partly on the thermal resistances of the insulation, pipe wall, and soil layer. 
Beside buried cables and oil pipelines, it is also to be considered the importance of knowing the 
thermal properties of the soils in case of the heat loss of hot water through a pipeline. 
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3. Methods to determine the thermal conductivity 
 
3.1 The continuous line source in an infinite space 
 
Considering a homogenous, isotropic full space with a line source where the source is an ideal 
thermal conductor of infinite length, infinitesimal diameter and negligible heat capacity. It is 
supposed that the heat is generated at the rate q´ of a line parallel to the z-axis and through the point 
(x´, y´) and at the time t = 0, q´ = const, where q´ is the heat transfer rate per unit length. In this 
case, the expression of temperature in cylindrical coordinates becomes as follows in Eq. (1) (Erba , 
2001 [4]): 
 

    Eq. (1) 
 
Also the temperature distribution of the source is considered for large values of t (t ) as 
expressed by Eq. (2) (Erba , 2001 [4]): 
 

        Eq. (2) 
 
The approximate solution for long periods of time leads to a simple way to calculate the thermal 
conductivity of a medium, going from the time distribution of the temperature of the line source, as 
shown in the Fig. 2. 
 

 
 

Figure 2. The heating curve T for a constant heated line source (Erba , 2001 [4]). 
 
Fundamentally, there are enough two values for the source temperature measured on the linear 
domain of the heating curve, so that the thermal conductivity can be calculated (Erba , 2001 [4]). 
 
 

 298



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
3.2. Cylindrical source of heat 
 
Going forward by approximating the temperature of the source for large periods of time the heating 
curve can be expressed by Eq. (3) (Erba , 2001 [4]): 
 

       Eq. (3) 
 
Because a(t) for values of time t , tend to the real value of , is good to apply in the first 
approximation the most possible high value for t. The practical studies on a sample with known 
thermal conductivity showed that the calculated value of a(t) depends on the selection of the 
approximation intervals. This is the conventional method for determining the thermal conductivity. 
A new method, a special evaluation algorithm is based on the approximation of the heating curve in 
as many as possible subdomains. 
 
3.3. Determination of the thermal conductivity with half-space line source method 
 
The needle probe methods are very common und widely used in practice, but they present a 
decisive disadvantage: the probe needs to be inserted into the soil and it can cause disturbances in 
the structure of the material which also influence the properties of the soil. 
The half-space line source (HLQ) consists in the fact the needle probe is placed on the top of a 
Plexiglas probe. The advantage is that the heating element and the temperature sensor are protected 
against external influences. Going forward from the assumption that the probe thermal conductivity 
is much smaller than the one of the sample material, almost all the generated heat will be absorbed 
by the sample.  
 

4. Thermosand 

An innovative method to reduce the heat loss could be the use of a new bedding material, called 
Thermosand, originated in Austria. This overburden material consists mainly of silt and clay, but 
still had about 10% coal in its composition. Parts of the stocks have suffered a thermal conversion 
of these residues of coal, a process that resembles the burning of bricks at high temperature. So it 
was created a natural burned reddish material resembling clinker which is mined today and after 
crushing and sieving can be obtained the Thermosand with a grain size of 0-4 mm. 
The soil mechanical properties were determined at the Institute of Soil Mechanics and Foundation 
Engineering at the Technical University of Graz. This material shows that upon saturation, and at a 
Standard-Proctor compaction of DPr = 97%, the degree of saturation is between Sr = 61% and 84%. 
This is because isolated air voids within the grains (double porosity) exist, which give rise to 
excellent thermal insulating properties (Henoegl et al, 2009 [5]). 
Despite the same mechanical properties, the Thermosand has clearly better thermal conductivity 
values as the conventional quartz sand which makes him a better insulating material. 

5. Laboratory determinations 
 
The laboratory measurements were done at the Institute of Soil Mechanics and Foundation 
Engineering at the Technical University of Graz during March and June 2014. The measuring 
instrument used is the system TK04 from the German company TeKa based on the principle of the 
half space linear probe method. This instrument consists of the thermal probe (the half space line 
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source), a control unit and a PC for recording, evaluation and presentation of data. 
 
5.1. Measurement description 
 
A half-space source is placed in the top of the sample in one-sided contact with the material which 
requires a plane and smooth surface and then pressed together. The heating source placed in the 
Plexiglas material is connected to the instrument as shown in Fig. 3.  
 

 
 

Figure 3.  Measuring the thermal conductivity of a Thermosand sample. 
 
The thermal conductivity of the sample is calculated from the temperature rise with time registered 
by the probe. TK04 use an evaluation method which combines a complex approximation formula 
with techniques for detecting external disturbances. This yields to more accurate results, while 
disturbances in the data are detected by comparing the measured temperature curve to the 
theoretical curve form. This improves reliability significantly, because thermal conductivity 
measurements are very sensitive to sample preparation problems and instable measuring conditions. 
In case of the half-space probe, part of the heat generated during measuring penetrates into the 
probe body instead of the sample material. A correction method developed by TeKa uses the 
thermal parameters of probe and sample to automatically determine the effective amount of heat 
entering into the sample material (TeKa, 2011 [6]). 
The temperature at the place where the samples are positioned should be as constant as possible. Is 
recommended to put the sample and the probe in a thermally insulated container and moreover to 
avoid open windows, moving air, sun ray or radiators which could disturb the high resolution 
temperature measurements. 
At the Institute for Soil Mechanics and Foundation Engineering, Graz University of Technology 
was examined the thermal properties of Thermosand and how the variation of the density and of the 
humidity can affect the thermal conductivity. In this scope, there were prepared samples of the 
material with 3 different dry densities: d,1 = 1.25 g/cm3, d,2 = 1.40 g/cm3 and d,3 = 1.55 g/cm3. 
Further, for each dry density four different water contents, 5 M-%, 10 M-%, 15 M-% and 25 M-% 
were prepared and for each water content three samples were investigated. 
 
5.2. Evaluation of data 
 
As the thermal conductivity measurements are sensitive to factors such sample and probe geometry, 
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sample preparation, contact resistance between probe and sample, ambient temperature, it is 
important to evaluate the quality of each result, so that the disturbed results can be eliminated. 
Beside the automatic evaluation realized by TK04, a manual evaluation is available by use of 
TkGraph. In Fig. 4 is shown a results-diagram with a good solutions curve. This is a smooth 
asymptote, where all solutions are lined up to form a single, clearly discernible curve.  
 

 
 

Figure 4. Results-diagram for an undisturbed heating curve. 

5.3. Results 
 
The diagram displayed in Fig. 5 summarizes the results and shows the behaviour of the 
Thermosand’s thermal conductivity in relation to water content and density variation. As it can be 
observed, the distribution follows a pattern: by increasing density and humidity the thermal 
conductivity increases too. 
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Figure 5. Thermal conductivity of Thermosand in relation to water content and dry density. 

6. Conclusions 

Besides the material composition of the matrix grains, the pore filling also has an important 
influence on the effective thermal conductivity of a porous material. If the material is dry, the pores 
are filled with air and if it is completely saturated, they are typically filled with water. As the 
thermal conductivity of water (0.06 W/m ºK) is significantly higher than that of air (0.03 W/m ºK), 
the total thermal conductivity of the sample increases with moisture content. Therefore, the 
minimum value occurs if the sample is dry, the maximum value if it is saturated.  
The sand materials have a thermal conductivity higher than both water and air, so the total thermal 
conductivity of a porous sample is the higher, the lower the fraction of pore volume. Hence the 
thermal conductivity of a porous material increases the better it is compacted. 
Thermosand presents lower values of thermal conductivity compared to mean value of the thermal 
conductivity for quartz sand  = 2.70 W/m ºK. The lower the density and the humidity values are 
the lower is the thermal conductivity value of Thermosand. 
The results show that Thermosand presents low values for its thermal conductivity which makes it a 
good insulating material. This property is mostly due to its double porosity, which also explains 
why increasing density and humidity also affect slowly the thermal properties. 
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Abstract 

Living underground has a long history - caves were actually the first type of shelters that the early 
man was using. As the demand for new constructions rises still further, the cities and now 
countryside are eaten away by the sprawling suburban developments [2]. Building underground 
has a potential to start redressing this balance. This article describes a newly build semi buried art 
gallery in Cluj-Napoca, Romania. It follows the construction stages, both from structural and 
technological point of view, and gives some conclusions about the advantages and disadvantages of 
building underground. The structural system is composed of a series of reinforced concrete 
diaphragms and a reinforced concrete frame. From the structural analysis point of view the main 
load that acts on the structure comes from the earth thrust. In this regard, for a quicker and more 
precise calculation of the earth thrust a Matlab program was created that automatically gives the 
pressures acting on a given diaphragm. Another important aspect that will be presented in this 
paper is the energy efficiency problem, as it is a current issue all around the world.  

Keywords: semi buried structure, dual structural system, earth thrust, Manonobe-Okabe method, 
Matlab program, renewable energy sources 
 
 
1. Introduction  

In the past years the population has had an exponential growth and with it the need for human 
shelter has become a social problem. In this case, civil engineers and architects needed to come up 
with a solution for this intense development; thus, the birth of underground buildings. Actually 
living underground has a long history, the caves being the first type of shelters that the early man 
was using. But only now we realized that we need to go back and learn from the past, in order to 
advance in the future. 
Living underground can have both advantages and disadvantages. Some of the advantages worth 
mentioning include resistance to sever weather, a quiet living space, an unobtrusive presence in the 
surrounding landscape, and a nearly constant interior temperature due to the natural insulating 
properties of the surrounding earth. The greatest draw for most people is the energy efficiency 
sources and environmental friendliness of these underground dwellings. Especially when this is 
combined with renewable energy sources, energy cost can be greatly reduced. Also, usually, initial 
building costs are low, as underground building is largely subtractive rather than additive, but also 
because the natural materials displaced by the construction can be recycled as building materials. 
However, the underground buildings can have certain disadvantages as well. We can bring to 
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attention: the potential for flooding (in some cases may require special pumping systems to be 
installed), fewer natural light and also some people may have a phobia to enter such a building. 
 
 
2. Underground structure design 

2.1. Structural characteristics 

From lighting consideration most of the underground living structures are exposed on one side and 
built into a hill. This is also the case of the structure in discussion. The article describes a three story 
semi buried art gallery built in Cluj-Napoca, Romania. As previously stated, the structure is semi 
buried, meaning that it has three of the four facades buried in the ground, and one exposed to the 
exterior from lighting consideration. Thus, as a structural solution it has been chosen a dual system 
composed of a series reinforced concrete diaphragms and a reinforced concrete frame. The roof of 
the structure is also exposed to the exterior and it consists of a glass dome. This solution has been 
chosen by considering the fact that the final floor is the exhibition hall and it needs as much natural 
light as possible. Figure 1 shows the structural system of the building, including the steel trusses 
skeleton for the roof. 

 

 
 

Figure 1 Structural system of the building 

The structural elements are cast in place. Due to the special problem that the structure presents –
most of it is buried - a concrete with a class C25/30 additives for impermeability was needed. 
All structural elements were dimensioned according to Eurocode specifications. First, a 
predimensioning was made to establish the basic characteristics of the structural system, and 
further, through the structural analysis the correct dimensions were established. Figure 2 is a 
representation of the final form of the building, including finishing layers and frame and roof 
filling. Figure 3 shows the arrangement of the elements in the structure’s plan (first two stories’ 
architectural plan). 
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Figure 2 Final form of the building 

 
 
 
 
 

      

 
Figure 3 Ground floor and first floor plan 

 
Had it been for the simple structure with all the walls subjected to exterior environment actions, the 
solution would have been easier to find. However, in this case a special attention to the buried walls 
was needed. In order to avoid some of the problems that these types of structure have – danger of 
flooding, humidity etc. – the composition of the wall was made accordingly. Figure 4 shows the 
layers forming the wall. 
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Figure 4 Exterior wall layers 
 

For the exterior reinforced concrete diaphragm was chosen a thickness of 300mm, and interior 
200mm. 
As far as the filling of the frame structure is concerned, a system of curtain walls is used. The 
solution is chosen in order to increase the rate of natural light entering the building. 
Due to the large openings, the thickness of the slab is chosen to be 200 mm. However, this solution 
satisfies also a structural problem. The earth thrust acting on the diaphragms, consequently on the 
lateral of the slab, is large. Thus, a higher thickness ensures a better stability of the structure; the 
screw effect is ensured. 
The chosen solution for the foundation is a rafter. This was mainly chosen to simplify the execution 
process. A regular reinforced concrete slab could have been used. However, from constructive 
reasons, a series of reinforced concrete beams on the edge ought to be added. Thus, it is more 
economical and simpler to use the rafter solution. An elastic rafter with a thickness of 500 mm was 
chosen.  
The structure has a reinforced concrete frame composed of a series of columns and beam. The 
elements have a constant section. The beams are arranged only on the longitudinal direction of the 
building, the transversal direction being filled with reinforced concrete diaphragms. The beams 
have a constant section of 350x700mm. From the structural analysis the dimensions for the 
elements were chosen; on the height of the building columns have a section of 450x450mm.  
The roof consists of a glass dome that is resting on a series of steel trusses. The skeleton is made of 
prefabricated steel trusses, that will be mounted on the site and then it will be filled with glass. The 
solution is chosen from lighting consideration, however is has other advantages as well; due to the 
fact that the room is heated, on winter time the snow will not stay on the surface of the dome, thus a 
load is avoided. See Figure 1 for the steel trusses arrangement and Figure 2 for the final form, with 
glass included. 

2.2. Actions on the structure 

The main problems from the structural point of view were the ones dealing with the forces acting on 
the structure. First, the calculation of the permanent and variable actions was made according to 
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Eurocode specifications. However, due to the special placement of the building, the main actions 
taken into consideration for a standard analysis – wind action and seismic action – have a very 
small influence on this structure. Indeed the seismic action has an effect on this type of structures, 
yet a special solution for its calculation was used, and further explanations will be made later in the 
paper. As far as the wind action is considered, its action is beneficial in this case; the wind can act 
only on the exterior façade, the frame system of the structure, meaning that it will cancel itself with 
the earth thrust from acting on the back diaphragm. Thus, the main load acting on the structure is 
the earth thrust. 
The calculation of the earth thrust on the diaphragms of the structure was made by using Coulomb’s 
theory. However, for a more precise and fast calculation a Matlab program was developed in the 
calculation of the earth thrust (see 3). 
 
2.3 Analysis of the seismic action on buried structure 
 
Usually, in analysis, the seismic action it is taken into consideration from the ground level up to the 
last level of the structure, ignoring what is happening underground. However, regarding the nature 
of the building, it was considered that a calculation for the seismic action must be done.  
The effect of the ground motion on retaining walls and buried walls was first recognized by Okabe- 
in 1924 –and Manonobe- in 1929 –following the Kanto earthquake of 1923 [6]. The two of them 
developed afterwards a method for the calculation of the seismic action on this type of structures. In 
[6] it is explained the basic principles on which the method relives, however Prof. Anghel Stanciu 
in his book “Fundatii” describes specifically the calculus behind it. The method is called 
Manonobe-Okabe method and calculates the seismic action together with the earth thrust. It is based 
on Coulomb’s theory of static soil pressure and it is considered a pseudostatic method. 
In the calculation of the earth thrust, a seismic coefficient K.s is taken into account. This is 
represented by the ratio between the seismic acceleration and the gravitational acceleration [1]. 
                                                                      Ks = ag/g                                                              Eq. (1) 

Evidently, the coefficient is dependent on the seismicity degree of the area where the structure is 
placed [4] as shown in Table 1 bellow.  
 
Table 1: Values of the seismic coefficient Ks based on the degree of the seismic intensity [1]. 
Antiseismic 
protection degree 6 61/2 7 71/2 8 81/2 9 

Ks 0.007 0.09 0.12 0.16 0.20 0.26 0.32 
 
This coefficient is later introduced in the calculation of the active thrust coefficient – in Coulomb’s 
theory –and thus the influence of the seismic action is taken into account. The formulae to calculate 
the total earth pressure on a diaphragm is the following [6]: 
                                                            PAE = PA + PAE                                                           Eq. (2) 

This means that the total lateral pressure is the sum between the static earth pressure and the 
earthquake pressure.  
Where: PAE = total lateral earth pressure; PA = static earth pressure; PAE = earthquake pressure; 
 
 
3. Software for the calculation of the earth thrust 
 
In the desire to make the earth pressure calculation faster and more precise, a Matlab program was 
developed. In Figure 5 is found the graphical user interface attached to the program that calculates 
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the earth thrust according to Coulomb theory. The interface was created with the purpose of making 
this software user friendly. 
 

 
 

Figure 5 Initial interface 
 
On the left part of the window we find the general input fields. We can set up the buildings 
properties, as well as an opportunity to choose if the seismic activity has or does not have any 
influence on the calculus. If the user wants to take into consideration this activity, a field to choose 
from it is found. The calculation for the seismic action is based on Mononobe–Okabe theorem. In 
the middle upper part of the window we find the earth layer setup. The earth properties are imported 
from an excel sheet where we can include as many field as we want. 
There is the possibility of adding a layer of earth after viewing its properties, clear last selection or 
clear all selections. Figure 6 shows the interface after the user has chosen a layer from the database. 
 

 
Figure 6 Information about earth layers provided by the database 

If the user is choosing the calculation that includes the seismic activity, a new pannel will apper, 
which gives the opportuniy to choose the seismical coefficient, as a function of the antiseismic 
protection degree (see Table 1 and Figure 7). 
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Figure 7 Influence of the seismic activity 
 
After the Start button is pressed, the software will make the appropriate calculations, and a new 
panel with results will appear (Figure 8). 
 

 
 

Figure 8 Final form of the interface 

4. Energy efficiency solutions 

Today’s biggest issue around the world is the energy. Thus, every field of work tries to develop new 
solutions for improvement. Building underground is one of the best choices in this matter. The 
impact of extreme outdoor temperatures is moderate, so the interior remains at a relatively constant 
temperature, meaning less thermal insulation, less heating costs in the winter and less cooling costs 
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in the summer. Furthermore, for the current building a series of renewable energy sources were 
used, to reduce the energy costs. A creative idea was used for the interior lighting. In addition to the 
natural lighting coming from the curtain walls and the glass dome, a system of optical fiber cables 
and mirrors will transport the natural light in all the corners of the building [9]. The system 
capturing the daylight will be installed on the roof, and through a series of optical fibers it will be 
transported inside [8]. They will be arranged as a bundle, in such a way that at the end of the fibers 
the lights will have the form of a light bulb. These can be installed everywhere, the fibers can be 
hidden in the concrete wall, so no visible cables will disturb the expositions, and also they will 
ensure the proper lighting of the building. Another aspect that is discussed is the rain water. In order 
to prevent flooding, pumping systems are installed in the ground, around the structure. The water is 
then transported into the gallery’s circulation system, and can be used for utilities. 

5. Conclusions 

Building underground is the future in civil engineering field due to today’s necessities. It is 
important to have knowledge on this solution and, furthermore, to try to develop it so that the 
human comfort is not an issue. The integration of renewable energy sources and usage of eco-
friendly materials in the construction process is the new direction in the field. This paper tried to 
bring into the viewer’s attention some of the newest and most used solutions.  
Despite the criticism that exists regarding the Manonobe-Okabe method, it is yet widely used in 
geotechnical practice. More precise methods are still to be found and developed, thus the search 
should never stop. 
The engineering work is always a dependent of time. In this matter, softwares as the one described 
in this paper ought to be brought into attention, as it can replace a few hours’ work with a few 
minutes. A friendly interface for the simplicity of the user’s work is welcomed. 
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Abstract 

In this paper problems involving treatment application and injection in case of the new biological 
ground improvement method Biogrout are discussed. The method implies using microorganisms 
(called Sporosarcina Pasteurii) in order to induce a microbial carbonate precipitation to increase 
the strength and stiffness of cohesionless soils. This study describes the use of different injection 
methods and treatment solutions on cylindrical triaxial probes. As the presented procedures are 
discussed it is clear that mixing and injecting Biogrout solutions requires great attention in order to 
achieve significant results. The uniform distribution of carbonate precipitation after Biogrout 
treatment in the subsoil and premixing of various solutions is an actual and widely discussed 
problem. By composing and correctly applying these Biogrout treatments significant results can be 
achieved like the increase of shear strength and deformation modulus can be achieved in 
laboratory conditions.

Keywords: Biogrout, Microbial Carbonate Precipitation (MICP), Modulus of Elasticity, Triaxial 
compression test, Sporosarcina Pasteurii 
 
 
1. Introduction 

One of humanities greatest actual problem in the 21st century, which developed in the end of the 
20th century, is our natures pollution. Because of this concerning matter environment protection 
and studies related to development of environmental friendly technologies is becoming more and 
more important.  
This fact is also important in geotechnical engineering when considering recently widely used soil 
improvement technologies. These ground improvement methods not only have to be efficient but 
they have to be cost effective and environment friendly also. From the procedural point of view 
these methods can be mechanical or chemical-electrical.   
Soil improvement by mechanical methods rely on the change of the ratios between soils 
components (solid, void and water). This category of soil improvement is diverse, including surface 
and deep compactions, however they are expensive and high energy consuming. The other category 
of soil improvement involves the use of chemical solutions like cement, bitumen, sodium silicate, 
etc., however the manufacturing of these materials also consumes a lot of energy. This study 
presents a new experimental soil improvement method in geotechnics and the technology behind it 
called Biogrouting, based on a chemical reaction process with the name of Microbial Induced 
Carbonate Precipitation (MICP) catalyzed by an ureolytic bacteria.  
Calcium based MICP is a natural reaction process present in nature where microbial activity results 
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in carbonate precipitation in calcium saturated environments [1]. Precipitation of calcium carbonate, 
CaCO3, is moderated by four key parameters: concentration of calcium and carbonate, pH of the 
medium and the availability of reaction cores [2]. Precipitation of carbonates could be the outcome 
of different microbial processes, however the most often studied MICP is the hydrolysis of urea, 
enzymes of urea within a calcium-rich environment. Since this bacteria is chemoheterotrophic, 
which starts the chain reaction, it uses urea as a source of energy through hydrolysis, after which the 
results are CO2 and NH3, the secondary result of the chain reaction is ammonium chloride NH4Cl 
which is pollutant and has to be removed from the soil after applied Biogrout treatments: 
 

CO(NH2)2 + 2H2O  2NH+
4 + CO2-

3    Eq. (1) 
 

Ca2+ + CO2-
3  CaCO3      Eq. (2) 

 
2NH4

+ + 2Cl-  2NH4Cl      Eq. (3) 
 
Previous studies have shown that Sporosarcina Pasteurii (DSM 33, formerly called Bacillus 
Pasteurii) is the most optimal catalyzing bacteria for MICP, because it has the greatest ureolytic 
activity and is not pathogenic [3]. The hydrolysis of urea does not occur without the presence of the 
bacteria which contains the urea enzyme (Sporosarcina Pasteurii). After the presented chain of 
reactions a bonding material is formed between and on the sand particles. This bonding material is 
calcium carbonate CaCO3 where the source of calcium Ca2+ is calcium chloride. 
Considering the fact that in Transilvania several kinds of sandy subsoils are present, Biogrout can 
be a viable and environment friendly ground improvement or slope stabilization method in the 
future. 
 
 
2. Materials 

In this experiment Biogrout was used with a calcium basis. Components used for the process: 
bacteria, urea, calcium chloride, distilled water. The ureolytic microorganism used is: Sporosarcina 
pasteurii DSMZ 33.  
Urea is a commonly used fertilizer in agriculture, it is an organic compound with the chemical 
formula CO(NH2)2. It is a material in form of white grains, with the specific weight (T=20°C): 
0.72-0.77 t/m³ and it can be easily dissolved in water. It is a fertilizer used on soil surface by itself 
or in mix with other compounds being very efficient for long term vegetation. 
Calcium chloride is a salt of calcium and chlorine which behaves as a typical ionic halide and is 
solid at room temperature with the chemical formula CaCl2. The compound is most commonly used 
as nonskid with great success. 
The liquid used for bacteria cultivation and for injection is distilled water with a purity of 99,98%. 
The sand used for the experiments is from the village Feleacu, extracted near the ring road of Cluj 
Napoca [4]. It is a fine graded micaceous sand because of the presence of the mineral mica, with 
traces of gravel and silts, however its predominant mineral being quartz. The sand can be classified 
as mono and polymineral quartz sand. 
The cylindrical forms used for the experiment are of 50 x 100 mm dimensions which are 
compatible with the triaxial device used. 
 
 
3. Experimental part 

During the experiments two kinds of application methods of Biogrout treatment were used on the 
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triaxial probes: construction of sand probes then injection of bacterial and treatment (urea and 
calcium chloride) media and construction of sand probes in four steps and injection of bacterial 
media and fixation fluid step by step followed by application of treatment media. 
Using the first method the triaxial sand probes were constructed and the bacterial-treatment media 
with 1.5 M urea/CaCl2 was prepared. After premixing the bacterial and treatment solution ,because 
of the high ureolytic activity of the bacteria, the formation of white CaCO3 crystals was 
immediately observed. This phenomenon was continuous during the injection process and caused 
several difficulties. By this method the sand probes did not consolidate, only a few small localized 
cemented pieces were found in the sand body, however the result was a great amount of CaCO3 in 
the vessel in which the solutions were premixed. This proves the functionality and the great speed 
of the theoretical reactions of Biogrout. 
Because of the witnessed high ureolytic activity of the bacteria a separate injection of the bacterial 
media and treatments is necessary in order to induce crystallization in the sand body not before 
injection.   
With the second method mentioned earlier the triaxial sand probes were constructed in four steps 
(layers). After introducing a layer of sand in the cylinder forms the bacterial solution was injected 
with a volume approximately half of the pore volume (10ml/layer), then the treatment fluid was 
injected with the same volume. These operations were repeated and used for every probe. The 
treatment solution was poured, not injected in the probes to keep their structural integrity, another 
two times with an interval of 24 hours. The resulting probes showed cementation of the sand body 
so they were subjected to triaxial testing and showed significant improvement discussed in the 
following chapter. 
After obtaining promising results on the Biogrout treated probes another batch of probes were 
constructed. However instead of injecting the treatment solution after the bacterial media, a fixation 
fluid was used (containing 0,05 M CaCl2) from the literature [5,6], having the role of prefixing the 
bacteria on and between sand particles by a minor crystallization process preparing ideal injection 
conditions. On the other hand the drainage of the probes was improved using filters in order to 
improve injection effectiveness. 
The first treatment solution was poured on the probes two hours after construction and injection of 
bacterial media and fixation fluid. Another two solutions were poured with an interval of 24 hours. 
The resulting probes also showed cementation of the sand body so they were subjected to triaxial 
testing and showed significant improvement compared to the previous batch of probes tested, also 
discussed in the following chapter.   
 
 
4. Results 

The results from the triaxial tests were analyzed with two different methods in order to find the 
Biogrout treated sand probes geotechnical parameters: the first being the Mohr-Coulomb method, 
which presumes the construction of Mohr's circle from the available data and drawing the line of 
Coulomb for obtaining shear strength parameters in a  ( , ) coordinate system using the effective 
efforts 1

l and 3
l calculated at the end of each test from data provided by the device. The second 

one is the critical state method which showed similar results to the first one. 
 
The results from batch I and II does not show a significant increase of the internal friction angle, 
however they show an increase of the cohesion up to a value of 18 kPa for the second batch of 
probes. With the use of the fixation fluid mentioned earlier for batch II we achieved a higher value 
of cohesion than for batch I of the probes (14 kPa). These increased values of cohesion indicate the 
cementation of the treated probes and the functionality of the fixation treatment. 
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Effort-settlement diagrams were constructed for the simple sand and for the probes from the two 
batches (see Fig. 1) and module of elasticity Ei, E50 and Ef were calculated presented in Table 1: 

 

 

 

Figure 1. -  diagram for 3’=200kPa 
 
Table 1. Mechanical characteristics for each batch of treated and untreated sand 

Specimen 
type

Angle
of 

internal 
friction 

` (°)

Modulus of 
elasticity

initial
Ei (Mpa) 

Modulus of 
elasticity
50% E50
(Mpa) 

Modulus of 
elasticity
final Ef
(Mpa) 

Lateral 
pressure 

containment 
3' (kPa) 

Cohesion 
c (kPa) 

Untreated 
sand 30.61 24.5 12.8 5.36 100 0 

Batch I 30.28 34.2 18.5 7.93 100 14 
Batch II 30.80 45.86 17.04 4.73 100 18 

              
Untreated 

sand 30.61 19.71 16.67 4.62 200 0 

Batch I 30.28 27.11 26.14 6.92 200 14 
Batch II 30.80 37.32 27.23 5.05 200 18 

              
Untreated 

sand 30.61 27.47 29 6.13 400 0 

Batch I 30.28 22.46 25.12 7.54 400 14 
Batch II 30.80 27.49 25.43 5.66 400 18 

 

[kPa] 

[ h/h] 

Untreated 
sand 

Batch I 

Batch II 
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A 40-90% increase of Ei and a 40-60% increase of E50 for the first two confinement values (100 and 
200 kPa) can be observed, however for the 400 kPa value of confinement effort there is a 10% 
decrease of Ei and E50 for the Biogrout treated probes. The values of Ef vary inconsistently around 
the value of the untreated sand. Evidently Biogrout treatment modified the sand probes mechanical 
characteristics presumably by a light cementation, transforming simple sand into rudimentary 
sandstone.  
 
 
5. Conclusions 
 
The obtained results from the treated probes were compared with data from the same type of 
untreated sand. The analysis showed significant positive differences between Biogrout treated and 
untreated probes which concludes the success of the experiment and offers a useful insight upon the 
possible Biogrout treatment problems and technologies. After analyzing all the available data the 
following conclusions were made: 
 
 All the probes from the two batches reached a higher critical effort then the untreated sand 

probes and all of the treated probes showed increase of module of elasticity and cohesion which 
indicate a successful cementation process and increase of the sand body stiffness which also 
shows the success and functionality of both treatment methods. 

 The unchanged values obtained for the internal friction angles of the treated probes indicate that 
the low amount of nutrients injected as treatment solutions were not enough to significantly 
change the sands macro-structure, only capable of forming a bond like cohesion between sand 
grains. Probably better results can be achieved by optimization of the injection process and 
microbial screening, or by increasing the number of treatment solutions injected which may 
result in greater amounts of crystals produced. 

 Because of the observed high ureolytic activity of Sporosarcina Pasteurii premixing treatment 
solutions is not a viable option. Separate injection of bacterial media, treatment solution and the 
fixation fluid, which proved to be effective considering triaxial results, is necessary.   

 The great advantage of Biogrout would be the elimination of the use of traditional materials 
which contain high-embodied energy, rely heavily on limited natural resources and are highly 
CO2 pollutant. The main components of Biogrout would be CO(NH2)2 (urea), CaCl2 (calcium 
chloride), H2O (water) and ureolytic bacteria, all environment friendly materials. 

 The disadvantage of Biogrout would be the production of ammonium chloride NH4Cl as a 
secondary effect of MICP which needs to be eliminated from the treated soil. Former studies 
proposed washing out this product with water, however we believe that by the injection of 
certain nitrifying bacteria this problem can be solved. This proposition of course remains to be 
studied in the future.   

 The final conclusion would be that the experiment proved the functionality of Biogrout as a soil 
improvement method in laboratory conditions on small samples and the obtained results offer a 
strong base for further research.  
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Abstract

The present study contains the technical data and design method, with details, regarding the 
stabilization of a landslide using drilled piles on a site from Faget area in Cluj Napoca where a 
family home is to be constructed. A landslide occurred during the excavations on a slope through 
which drainage was oriented from the area, without former measures to avoid such phenomena. In 
order to regain the slope's stability and resuming the project, it was proposed a consolidation 
solution to prevent any further landslides and a safe way for the building process. In this paper it is 
presented the slope analysis method and design method for the landslide stabilization with some 
aspects regarding the final technical solution. 

Keywords: landslide stabilization, drainage, slope, piles.  
 
 
1. Introduction 

A home with ground floor and one floor up will be constructed on the site from Cluj-Napoca Faget, 
34C D.D. Rosca Street. After the foundation excavation for the building was made, a landslide took 
place which affected the respective place and the neighboring parcels from upstream. 
In order to stabilize the landslide was proposed a pile wall upstream of the excavation to support the 
earth and a building located nearby and to prevent the extension of the landslide. A new 
geotechnical survey was necessary for the design of the stabilization solution. 
The landslide stabilization design method for combines slope stability analysis with the piled wall 
design using the subgrade of reaction modulus method. 
 

 
2. Site description 

The site in question is located in Cluj-Napoca in Faget area in downstream slope of the road Cluj-
Napoca - Ciurila, behind the former Faget camping. The building to be made is a residential home 
(Figure 1). From a geomorphological point of view the site is part of the Transylvanian Depression 
and the central-eastern side of the Some an Plateau. The landscape is predominantly hilly. The 
whole slope is covered with new buildings. The site is located on the middle of the slope. The 
inclination of the slope is approx. 10°. At the upstream limit of the site there is a steeper slope, with 
an approximated height of 1.50 m, formed artificially by earth depositing. The general inclination of 
the slope is about 12°. It is important to notice that despite the inclination of the slope from south-
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east to north-west, the surrounding terrains have an inclination towards the site in question, which 
makes the meteoric water to line up on this terrain not only from upstream but also from the side 
lanes [7]. Based on previous observations of the terrain in upstream of the new construction it has 
been noted that since 3 years ago the terrain has always been saturated with water resulted from the 
excavations and drainages from the terrains upstream. In the upper right corner upstream there is a 
home with two pipes for draining water. There is also an evacuation pipe from this place but the 
home shows signs of damage so the water falls onto the terrain. Furthermore, the vegetation here 
corresponds to a swampy one and the terrain is always soaked. From further observations it was 
noticed that 2-3 years ago the drainages from upstream were continued on the investigated terrain 
and the water was eliminated. Besides these facts from the geotechnical survey were not intercepted 
any water levels. On the left side a drainage tube has truly been intercepted, draining the water 
downstream from the terrain. 
The foundation system is a raft beneath the building with a thickness of 35cm. In order to build the 
raft a general excavation was made, with an average height of 3 meters and peaks about 4.5 meters 
with slopes about 70 to 80 degrees. In short time after the excavation began the earth started to 
move from the right upstream of the excavation. The earth movement was caused by the big 
excavation height, but the area of the landslide was much bigger than the slide caused by excavating 
using big slopes. Upstream from the new building location was a small swamp that was probably 
the remains of a former landslide in the neighbor area. In the nearby region of the excavation the 
wooden floor from the ground level of a coop was showing signs of recent movements, the fence 
between neighboring properties were showing signs of movements and some cracks started to 
appear in the soil. The landslide area was very close to some buildings in the area, but none of these 
were showing signs of movement or cracks. 
 

 
 

Figure 1. Building and consolidation plan 
 
The length of the landslide affected area is about 20m, from which 10m on the upstream terrain. 
The width of the affected area is about 35 m from which 8m are on the right side neighboring 
terrain. After the landslide was produced, the constructor filled the excavation with earth. After this 
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fill the landslide did not evolve significantly. 
According to the geotechnical survey data, two types of soil layers have been intercepted: from the 
terrain level up to about 3.5m is a silty brown-yellow consistent clay, from 3.5m depth up to the toe 
of the drilling a silty brown-grey firm clay was found. After the landslide occurred five more 
dynamic penetrations were made. The penetration diagrams were indicating a weak soil layer for 
about 3m in depth, which led to the conclusion that this could be the possible depth of the landslide. 
The average layer depths and soil characteristics are shown in Table 1. 
  
Table 1: The average layer depths and soil characteristics from geotechnical survey. 

No. Layer description 
Depth from 
terrain level 

[m] 

Soil characteristics 
 

[kN/m3] 
c’ 

[kN/m2] 
’       

[ º ] 
1 silty clay, consistent, brown-yellow 0,00÷3,50m 19,7 17 9 
2 silty clay, soft consistent , brown-yellow 3,50m÷4,00m 17,9 15 7 
3 silty clay, firm, brown-grey 4,00m÷8,00m 20,7 35 15 

  
In order to regain stability of the slope and to stop possible extensions of the landslide and re-start 
excavations on the site it the expert builder proposed to build a pile wall to support the earth 
upstream the excavation and to prevent any further damage to neighbor buildings.  

3. Slope stability analysis

The usual pattern followed to consolidate a slope with potential of a landslide is to analyze the slope 
stability in order to find the sliding surface with the biggest potential [5]. This potential is usually 
expressed by the safety factor (Fs) which represents the ratio between the resistive forces/ rotating 
moments and destabilizing forces/rotating moments, depending on the method of analysis. If this 
safety factor is showing values under 1.0 it’s a clear sign of slope instability but in current practice 
this value is limited to a minimum of 1.4÷1.5 in order to compensate the lack of knowledge or some 
destabilizing matters that somehow could be overlooked or need further complex investigations 
which are time and cost ineffective. 
For a slope that could be affected by a landslide it is necessary to know mainly the shear strength of 
the soil, expressed through shear strength parameters: the internal friction angle  and cohesion c. 
If the stability analysis is made for a slope on which the landslide did not take place, the shear 
strength parameter values used are those determined by the attempts, namely medium or peak 
values. In the case of a landslide that already took place the slope analysis is made by means of so 
called residual values for the  and c parameters which are of course lower than the peak or 
medium ones. Generally the values could be introduced as r= (1/2÷1)  and cr= (0÷1/2)c. Since 
the landslide occurred on the site, the slope stability analysis was made using the residual values as 
shown in Table 2. 

 
Table 2. The average layer depths and residual soil characteristics. 

No. Layer description 
Depth from 
terrain level 

[m] 

Soil characteristics 
 

[kN/m3] 
cr’ 

[kN/m2] r’  [ º ] 

1 silty clay, consistent, brown-yellow 0,00÷3,50m 19,7 5 7 
2 silty clay, soft consistent , brown-yellow 3,50m÷4,00m 17,9 5 7 
3 silty clay, firm, brown-grey 4,00m÷8,00m 20,7 35 15 
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The slope stability analysis in this case was made for proposed known surfaces that could occur 
during landslide by means of blocks method. This method consists in dividing the sliding terrain in 
vertical blocks and to set for each block of the active force and the resisting force. The ratio 
between the sum of the resisting forces and the sum of the active forces of all the blocks is the 
coefficient of safety at sliding, and the pushing force of the sliding terrain is the difference between 
these forces. 
The results of slope stability for different proposed sliding surfaces are presented in Table 3. 

Table 3. Safety factor for proposed slip surface 
No. Safety Factor (Fs) Slip Surface 

1 0.98 

crack1

2

Case 1
natural slope

excavation
 slope

 

2 0.81 

crack

1

Case 2
natural slope

excavation
 slope

 

3 0.95 

crackCase 3
1

natural slope

excavation
 slope

 

4 0.77 
1

2

natural slope

excavation
 slope

Case 4 crack

 

5 0.68
1

2

natural slope

excavation
 slope

Case 5 crack

 

6 0.73 
1

2

Case 6
natural slope

excavation
 slope

crack

 

7 0.95 1

Case 7
natural slope

excavation
 slope

crack
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As shown in Table 3 the minimum safety factor was obtained in case 5 – slip surface (Fs=0.68) and 
it is lower than 1.0 which shows the clear sign of landslide.  
 
 
4. Consolidation solution

The method used for slope stability analysis provides the value for safety factor and the active force 
that the retaining structure should support [1, 3, 8]. As a retaining structure was proposed, a pile 
wall with piles anchored in the rigid soil layer at the toe and connected at the pile head with a 
raft/beam. From the stability analysis the earth active force acting on the piles is about 315 kN/m, 
and it was obtained from the lowest safety factor. The piles are 600mm in diameter and 12m long 
with spacing between them of 1.2m÷2.0m to allow water drainage (Figure 2).  
The design method for the pile wall is using the subgrade of reaction modulus. By using this 
method the forward results are presented: horizontal displacements of the pile wall, horizontal 
pressure in the foundation soil, shearing force and bending moments along the pile [1, 3].  
By using these outputs the reinforced concrete elements were designed to sustain the earth active 
force. 
The consolidation solution for the working platform also included a drainage system (Figure 3) that 
should collect the rain water from neighbor areas and possible water flow from underground [2]. 
The consolidation solution also includes a change of the foundation system for the new building to 
prevent any further damages. The new foundation system consists of micropiles or piles anchored in 
the rigid soil layer.  
 

 

 
 

Figure 2. Pattern for the consolidation with drilled piles. 
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Figure 3. Drainage system plan. 

5. Conclusions

The presented landslide occurred during the excavations for a new building construction. The 
surrounding area was showing signs of water accumulation in soil and swamp vegetation. Due to 
the small slope on the site the landslide risk analysis was never a major priority in the design 
project. 
The main cause of the landslide was the excavation with a big slope that easily activated the 
instability and the phenomena was extended to the areas nearby not only on a small area near the 
excavation. The underground water current had also a major impact in the activation of the 
landslide. 
Some earthworks need more attention from design to build and are not over conservative to look 
and overlook at the possible problems that could occur on the site. 
Due to the landslide activation the building cost over exceeded the initial estimation and now the 
whole process is stopped. 

 
 

6. References 

[1] Roman F. Aplicatii de Inginerie Geotehnica, Papyrus print, Cluj-Napoca, 2011 
 

[2] Popa A. Ilies N. M., Fundatii, Casa Cartii de Stiinta, Cluj-Napoca, 2013 
 
[3] Marinescu C.,  Asigurarea stabilitatii terasamentelor si versantilor,  Editura Tehnic  Bucure ti. 1988 

 
[4] SR EN 1997-1.Eurocod 7 Proiectarea Geotehnica. Reguli generale 
 
[5] Moldovan I.M., Ilies N. M., Stabilization of a potentially sliding slope with the aid of an underground 

house, Journal of Applied Engineering Sciences Vol. 4 (17) issue 2. Oradea: University of Oradea 
Publishing House; 2014 

 323



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 
 
 
[6] SR EN 1997-1.Eurocod 7 Proiectare Geotehnica. Reguli generale 
 
[7] Farcas S. V., Ilies N. M., Popa A., Gherman M. C., Muresan O. C., Molnar I. C., Landslide stabilization 

along a national road, Proceedings of the XV ECSMGE Conference on soil mechanics and geotechnical 
engineering, Athens, IOS Press-Mill Press, 2011 

 
[8] Popa A., Ilies N.M., Chiorean G.C., Utilization of analytical methods in slope stability and 

consolidation. Proceedings of  The 14th Danube-European Conference on Geotechnical Engineering 
“From Research to Design in European Practice”. Bratislava, Slovakia; 2010. 

 324



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-12 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 

 

Residual Shear Strength of Clayey Soils:  
the Influence of Displacement Rate 

 
 

Gianvito Scaringi*1, Caterina Di Maio1 

 

1University of Basilicata, School of Engineering, via dell’Ateneo Lucano 10, 85100 Potenza, Italy
 
 

Abstract 

This paper reports the results of some laboratory shear tests aimed at evaluating the influence of 
the displacement rate on the residual shear strength of a natural clayey soil and of kaolin-sand 
mixtures at various percentages. Some results relative to a bentonite are also reported. The tests 
were performed by means of various types of shear apparatuses in a wide range of displacement 
rates. The results show that the residual shear strength increases with the displacement rate for the 
considered kaolin and bentonite, whereas it remains constant for the sand. The influence of the 
percentage of kaolin on the shear behaviour of the mixtures is not linear. No influence of the 
displacement rate was observed on the shear strength of the natural clayey soil. However, an 
influence of pore fluid composition on the residual shear strength on this latter, as well as on the 
shear creep behaviour was observed. 
 
Keywords: clay, residual shear strength, creep, displacement rate, laboratory.  
 
 
1. Introduction 
 
The residual shear strength is the minimum strength that a soil can exhibit under a given normal 
stress. It is the available strength on the shear surface of those landslides which have undergone 
large displacements [1]. A reliable evaluation of its value is essential in stability problems and in 
predicting the landslide behaviour. 
The residual shear strength depends on the soil solid skeleton  pore fluid system [2]. Some results 
reported in the technical literature (Skempton [1], Petley [3], Kenney [4], Lupini et al. [5], Tika et 
al. [6], Lemos and Vaughan [7]) also show a dependence on the displacement rate. In particular, 
Tika et al. [6] reported that a specimen in the residual condition, subjected to fast shearing, exhibits 
an initial peak strength and, after further displacements, a different . 
This latter can be higher than, equal to, or lower than the residual shear strength attained at low 
displacement rates, the corresponding effects being defined by the Authors as positive, neutral or 
negative respectively. The Authors suggested that the rate effect is due to changes in the shear mode 
first hypothesised by Lupini et al. [5], i.e. laminar, rolling and transitional. The mode was 
considered depending on grain size distribution and plasticity. 
Saito et al. [8] performed laboratory tests on sand, sand-illite mixtures and sand-montmorillonite 
mixtures containing up to 20% clay fraction (c.f.) by means of a ring shear apparatus with pore 
pressure measurement. Their results showed that the residual shear strength of the sand they used 
was independent of the shear rate, consistently with data reported by Tika et al. [6], while that of the 
mixtures was rate-dependent. For both c.f.=10% and c.f.=20%, a negative rate effect was noticed. 
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This was particularly evident in sand-montmorillonite mixtures.  
The rate effect was shown by Carrubba and Colonna [9] to be dependent also on the applied normal 
stress. In fact, their specimens of Cowden till, a low plasticity silty clay (50% quartz, 30% illite, no 
montmorillonite), exhibited all the three types of effect (positive, neutral, negative) under different 
normal stresses. The more plastic London clay (25% quartz, 60% illite, 1-2% montmorillonite) 
showed both positive and neutral rate effect, but not negative. 
Furthermore the Authors, by observing thin sections of the shear zone under crossed polarisers, 
inferred that fast shearing had changed the shear mode from laminar to rolling. Wang et al. [10], by 
means of SEM analyses, drew the same conclusions on the Tokushima landslide material. 
The dependence of the residual shear strength on the rate of displacement can have relevant 
consequences on the movements of many types of landslides. This paper reports the results of shear 
tests, carried out with displacement rates varying in a wide range, on the material extracted from the 
Costa della Gaveta landslide [11], in the Southern Italian Apennines. The movement is 
characterised by displacements concentrated on a slip surface in the residual condition and by 
seasonal variations of the displacement rate. In order to evaluate the influence of grain size and 
plasticity on the rate effect, a number of direct and ring shear tests was also carried out on some 
relatively pure clays and on their mixtures with silica sand. 
 
 
2. Materials and methods 
 
The laboratory tests were performed on the material extracted from Costa della Gaveta subsoil [11], 
on mixtures of kaolin and silica sand at various percentages in dry weight and on the Livorno 
bentonite (Italy). Some material properties and the test conditions are summarised in Tab. 1. 
 

Table 1: Grain size fractions and liquid limit (wL) of the investigated materials; test conditions of 
the specimens. 

Material
% in dry weight 

Clay
(%)

Silt
(%)

Sand
(%)

wL
(%) Specimen Vertical stress, ’n

(kPa) 

Displacement 
rate range 
(mm/min) 

Costa della Gaveta 
soil 

40 32 20 64 A1 150 0.0001-5.5 
48 49 3 - B1 150 0.018-0.45 
35 51 12 54 B2 150 0.018-4.5 
45 42 13 56 P5 150 0.005-3 
45 42 13 56 P6 205 0.006-5.5 

kaolin (k) 74 25 1 67 K4 150, 205, 350 0.018-11.1 
80% k  20% s 59 20 21 - KS5 150 0.089-44.5 
70% k  30% s 52 17 31 - KS7 150 0.089-44.5 
60% k  40% s 44 15 41 - KS6 150 0.089-44.5 
50% k  50% s 37 13 50 - KS4 150 0.089-44.5 
20% k  80% s 15 5 80 - KS2 150 0.089-44.5 

sand (s) 0 0 100 - S1 150 0.089-44.5 
Livorno bentonite 82 14 4 324 LB4 150 0.018-44.5 

It can be observed that the Costa della Gaveta soil has a high clay fraction. The mineralogical 
analyses showed that illite-muscovite and kaolinite are the most abundant clay minerals [12]. The 
used kaolin is a practically pure kaolinite [13], while the Livorno bentonite is mainly composed of 
Na-montmorillonite [14]. The specimens were reconstituted with distilled water and sheared in a 
wide range of displacement rates: from 0.0001 mm/min to 44.5 mm/min. The possible effect of the 
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shear device was considered by performing some tests on the same material with different 
apparatuses: Casagrande and reversal direct shear, Bishop and Bromhead ring shear. 
 
 
3. Results and discussion 
 
The commercial kaolin, the silica sand and their mixtures were tested in the Bromhead ring shear 
apparatus. Fig. 1 shows the results of the tests performed at various displacement rates under the 
same vertical stress ( n = 150 kPa). In particular, Fig. 1a reports the results in terms of r / n 
against kaolin percentage. As expected, the residual shear strength decreases with the kaolin 
content, although not linearly. Fig. 1b, which summarises the results in terms of r / n against the 
displacement rate, shows a significant effect only for the 100% kaolin specimen and for the mixture 
80% kaolin  20% sand.  
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Figure 1. Residual shear strength r divided by vertical stress n of kaolin  sand mixtures against 
kaolin percentage in dry weight (a) and against displacement rate (b). 

 
The influence of the normal effective stress on the rate effect relative to kaolin is negligible, as 
shown by Fig. 2. The figure also reports some first results relative to the Livorno bentonite which 
exhibits a significant increase in strength with the displacement rate in the investigated range. 
Positive rate effects on the residual shear strength were observed on two kaolins also by Tika et al. 
[6] and by Bhat et al. [15]. The high clay fraction of these materials should produce sliding shear 
behaviour at low displacement rate, and thus a positive rate effect according to Tika et al. [6] 
interpretation. No rate effects on sand were found, among others, by Saito et al. [8]. However, 
differently from Tika et al. [6], the Authors reported that mixtures of 10% or 20% of illite or 
montmorillonite with silica sand exhibited a negative rate effect. This was not observed in the 
present study for the mixtures with similar percentages of kaolin.  
According to Tika et al. [6], fast shearing would produce in clay soils a structural disorder along the 
shear surface, leading to a shear strength increase. However, the rate effects can also depend on 
other processes. Mitchell and Soga [16], for example, by studying the shearing mechanism in the 
framework of the rate process theory, suggested that the shear strength should be rate-dependent 
even in the absence of structural rearrangement. In particular,  should be proportional to ln , 
being  the deviatoric strain rate. The Authors also provided experimental evidence of this on some 
clays by means of vane shear tests. According to Santamarina and Shin [17], rate effects in friction 
reflect the time scales of internal processes (e.g. solid-to-solid contact, chemical bonds breakage) 
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-
displacement rates could lead to higher residual strength than that attained at the usual displacement 
rate adopted in the laboratory (~0.0025-0.020 mm/min). This strength would be more related to the 
static friction than to the dynamic friction. 
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Figure 2. Residual shear strength r divided by vertical stress n of kaolin and Livorno bentonite 

under different vertical stresses. 
 
Di Maio et al. [11, 18] performed direct and ring shear tests at low displacement rates (v  0.018 
mm/min) on the Costa della Gaveta landslide material by means of different apparatuses. The 
results of the tests carried out on undisturbed specimens and on specimens reconstituted with  and 
exposed to  distilled water show that the Bromhead and the reversal apparatuses provided values 
of strength lower than the Casagrande and the Bishop ones (Fig. 3a). These latter provided a friction 
angle of about 8° - 9° for water saturated specimens and much higher values for the material in 
contact with a salt solution (up to 20° in the case of the 1M KCl), as shown by Fig. 3b.  
During some direct and ring shear tests (see Tab. 1), the displacement rate was increased. As an 
example, Fig. 4 reports the results of the Bishop ring shear test for specimen A1. The results (Fig.5)  
of all tests, summarised in Fig. 5 and compared to the results relative to kaolin and the Livorno 
show that the residual shear strength of the Costa della Gaveta soil is independent of displacement 
rate in the investigated range. The figure also indicates the range in which the landslide 
displacement rates fall. These values are generally lower than those which can be investigate by our 
apparatuses in the laboratory. Unfortunately, this is a limitation of our experimentation that we will 
try to overcome in the next future. Anyway, it is worth noting that, according to Tika et al.  [6], the 

n (Fig. 5). 
Furthermore, for the Costa della Gaveta soil, a noticeable influence of pore fluid composition on the 
residual shear strength and on the creep displacement rate has been evaluated by Di Maio et al. [18]. 
Fig. 6 reports the results obtained for two specimens (P1 and P2) which were pre-sheared to the 
residual conditions and then subjected to a constant shear stress of 45 kPa. This value is lower than 
the residual shear strength obtained with the salt solution ( r 55 kPa) and higher than the shear 
strength obtained with distilled water ( r  35 kPa). After some days of primary creep, the specimen 
P1 was exposed to distilled water, whereas P2 continued to be submerged in the salt solution. As a 
consequence of exposure to water, the specimen P1 underwent secondary creep, with displacement 

solution all the time, exhibited only primary creep under the same stress condition. 
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Figure 3. Residual shear strength of the Costa della Gaveta soil submerged in distilled water (a) and 

in different solutions (b), obtained at low displacement rate (Di Maio et al. [18]). 
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Figure 4. Shear strength against horizontal displacement exhibited by the material of Costa della 

Gaveta (specimen A1) during ring shear test in the Bishop apparatus at various displacement rates. 
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Figure 5. Residual shear strength r divided by vertical stress n (a), and residual shear normalized 
to the strength r* obtained at v = 0.005 mm/min (b), against the displacement rate for specimens of 

Costa della Gaveta landslide soil, kaolin and Livorno bentonite. 
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Figure 6. Horizontal displacements of two specimens of Costa della Gaveta landslide material 

during the shear creep tests (Di Maio et al. [18]). 
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4. Conclusions 
 
The residual shear strength of the tested kaolin and bentonite increases with the displacement rate, 
whereas it remains constant for the sand. In the kaolin  sand mixtures, the influence of the kaolin 
content on the residual shear strength is not linear. The specimen of kaolin and the mixture 
containing 20% sand exhibited practically the same strength. Both specimens showed some 
dependence on the displacement rate and, in particular, a noticeable positive rate effect was 
observed for v  11 mm/min. No significant rate effects were observed on the other mixtures. 
Furthermore, in the considered range, no influence of the normal stress was observed on kaolin. 
The material extracted from the Costa della Gaveta landslide, an earthflow sliding on a surface in 
the residual condition, did not show any rate effects in the investigated range. However, the 
landslide displacement rates are generally lower than the lower limit. Further experimentation is 
currently under examination for very low rates.   
A noticeable influence of pore fluid composition on the residual shear strength of the landslide 
material and on its shear creep behaviour was observed. Also for these aspects further studies are 
being carried out. 
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Abstract 
 
The main goal of this article is to emphasize the utility of the seismic waves survey (in terms of 
acquisition and processing) as a complementary method for classical borehole investigations. 
First and foremost this will be revealed through a summary of the main principles considering 
theory and modelling of the seismic waves propagation through stratified media (soil), punctuating 
the advantages regarding the acquisition of surface wave, as a non-destructive method.  
Secondly, in order to validate the credibility of the conducted field seismic surveys a comparison 
between the results obtained, on several sites in Transylvanian Basin (Romania), through seismic 
data processing and borehole investigations will be provided. 
Additionally, as a main conclusion of this study, the results obtained through refraction and MASW 
seismic method will be highlighted in order to outline the further research directions and 
possibilities. 
 
Keywords: seismic survey, surface waves, body waves, Rayleigh waves, data acquisition, data 
processing, multi-channel analysis of surface waves (MASW), surface waves dispersion, seismic 
refraction. 
 
 
1. Introduction 
 
Seismic surveys have been conducted since the beginning of the 20th century and have been used 
predominant in the oil and gas industry [1][3]. Nowadays it is applied with success in geotechnical 
surveys as a well-known geophysical method, but the applicability and variety of the results 
obtained are expanding. Field data acquisition has to be accurate and has to be made as fast as 
possible in order for the seismic survey to be feasible. Data processing has an important role on 
seismic waves propagation interpretation and it is made according to the type of waves that have 
been recorded, P and S body waves or surface waves [5]. Data processing implies filtering, evaluate 
and transform of the seismic signal (seismograms) in exchange for obtaining certain results. In this 
study Sara Doremi seismic equipment was used for data acquisition and Easy Refract and Easy 
Masw software were used for data interpretation. For the borehole investigation a drilling machine 
was used. 
One of the main properties of the seismic waves is that they spread through a medium (earth) 
differently according to the medium specific elastic properties [13]. These waves are characterised 
by a certain travel velocity through medium and during an acquisition process this is one of the 
most important features that is collected. 
                                                           
* Corresponding author: Tel./ Fax.: +40742620253 
E-mail address: rares.oarga@mecon.utcluj.ro 
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There are two main types of seismic waves that can be induced in subsurface by a seismic source: 
body waves (P wave and S wave) and surface waves (Rayleigh wave, Love wave, Stoneley wave).  
The main objective of this article is to emphasize the utility of the seismic waves survey as a 
complementary method for classical borehole investigations due to its possibility to develop a 2D 
profile of the ground as shown hypothetical in Fig. 1 and also to highlight further research 
directions, especially regarding the Rayleigh surface wave analysis. 
 

 
 

Figure 1. Hypothetical comparison between a 2D seismic profile and a presumed borehole 
investigation 2D profile 

 
 
2. Seismic waves 
 
When a seismic wave is applied to a medium (artificially or during a seismic event) it causes 
changes in the natural state of tensions of that medium. A wave spreads in all directions and crosses 
every layer and its propagation is different according to the elastic properties of the medium. The 
seismic waves can make volume changes - body waves or can diffuse at the boundary of a half 
space - surface waves. The simplest form of wave equation describing waves in three dimensions is 
the Helmholtz equation, Eq. 1 [5] where Ø is field variable, c is phase velocity (c= /k, circular 
frequency/wavenumber) and t represents time. 

      Eq. (1) 

Seismic wave propagation in soils and seismic velocities are also shaped by ground conditions. 
Almost each soil encloses solid, fluid or vacuum. According to [5] the boundary conditions for two 
or more media with different elastic properties that are in contact can be stated from three 
perspectives: they represent a welded interface and no sliding occurs due to soil over consolidation 
process, they represent a fluid-solid or fluid-fluid interface and drift can occur or they represent a 
free interface and traction does not exist at all. For each perspective, constitutive relations are 
established and are distinguished four cases: acoustic or fluid medium, anisotropic elastic medium, 
isotropic elastic medium and transversely isotropic medium [5]. 
 
2.1.Body waves 
 
According to the stress that is applied to a certain medium body waves can be described as P 
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(primary) waves, compressional/dilatational waves that exert pressure or S (secondary) waves, 
shear waves as shown in Figure 2. P waves are associated with axial stress, excite solid particles in 

 and propagate through all media that support seismic waves (air, water, 
soil, solids etc.) and have the highest propagation velocity  are the first seismic waves that arrive to 
the receiver. For example sound is a P wave. S waves are correlated with shear stress, excite solid 
particles 
and their propaga If the S wave propagates in a horizontal plane 
then the predominant particle movement is in a vertical plane and the wave is called S vertical wave 
or SV and if propagates in vertical plane the particle movement is horizontal and is named S 
horizontal wave or SH. The S wave can be applied by a traction excitement or by P waves 
conversion at layers boundaries. 
 

 
 

Figure 2. P and S waves propagation 
 
The primary waves velocity in a media can be described by Eq. 2 [3], where  and  (  is 
equivalent to the rigidity modulus) are the Lamé constants . The velocity of 
secondary waves, as mentioned in Eq. 3 [3] is determined according to , the only elastic property 
involved in shear waves propagation. Shear modulus for gases or liquids is 0, so S waves cannot 
propagate through this type of media. 

           Eq. (2) 

           Eq. (3) 

Body waves propagate conforming to several  each point of a 
 a 

wave path between two points corresponds to a minimum of travel time and the principle of 
superposition  if two waves propagates simultaneous each one spreads as if no other waves exists. 

ction and reflection angles for P 
and S waves can be deducted. 
 
2.2.Surface waves 
 
A medium bounded by a free surface supports surface waves propagation. Considering that surface 
wave amplitude is seriously reduced with increase in depth they propagate on the earth surface. 
Comparing to body waves their travel velocity is slower and they are last to reach a receiver. A 
particle excited by a Rayleigh surface wave moves repetitively backward, downward, forward and 
upward depicting an ellipse (Figure 3.a). Rayleig

 Eq. (3). Love waves propagates similarly to SH waves, as 
can be seen in Figure 3.b.  
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Figure 3. a) Rayleigh wave propagation; b) Love waves propagation 
 
 
3. Experimental section 
 
Transylvanian Basin is situated inside the Carpathian arc, Romania. In this area several seismic 
surveys have been conducted in the past year and five of these have been selected for this study. 
In order to conduct the acquisition of the body and surface waves, the refraction method, 
respectively the MASW [2] method was used. In Figure 4 is presented the location for each site 
highlighted in this study. 
 

 
 

Figure 4. Location for each site where seismic survey was conducted  Site no. 1,2,3,4 and 5 
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3.1.Seismic equipment and field data acquisition 
 
The seismic equipment used it is a Doremi Seismograph (Figure 5) compound of: seismograph with 
sampling rate from 500 to 20000 Hz [10], vertical geophones - 4.5 Hz, data cable wheeler  
maximum 60 m, blast board made of highly conductive polyethylene for a better wave spreading 
and a vertical seismic source-sledgehammer. Also stiff ground supports were used. The 
seismograms were recorded using Doremi  data acquisition software. Setting the seismograph to a 
certain limits of waves acquisition was necessary, specific for refraction/MASW: recording time 
0.25/2-4 seconds, recording delay 0/0 seconds, sampling rate of 5000/1000 Hz and a sampling step 
of 200 microseconds/1 millisecond; only after this parameters are set a blast is suitable. The resulted 
seismograms that plot accelerations on a time-distance graph are then converted to seg2 format in 
order to be imported in Easy Refract or Easy Masw software and to begin data processing 
procedure. Laying the geophones and the establishing blast positions was carried out using a ruler 
with precise distances between geophones and between blasting points. These distances have to be 
set according to a previous acquaintance of the site and should take in considerations spread of the 
refractors and depth of the base layer. 
 
a) 

        
b) 

   
 

Figure 5. a) Used Seismic Equipment: Seismograph, vertical geophone, data cable wheeler, blast 
board, stiff ground support; b) Seismogram recording body, respectively surface waves in Site no. 2 
 
3.2.Body refracted waves processing 
 
Processing the refracted waves involved importing for each blast the seismograms, resulting a linear 
graph with geophones and shots positions. Then the filtering method was used and the first arrivals 
were picked for each of the five shots and 12 geophones, using the zoom window, highlight wave 
and trace amplification techniques. Afterwards for each shot the travel time curves and the velocity 
functions are estimated and depth and thickness of the refractor are determined using the General 
Reciprocal Method [11]. 
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3.3.Rayleigh surface waves processing 
 
Processing the Rayleigh surface waves using Multi-Channel Analysis of Surface Waves approach 
implies using the signal analysis according to the fundamental hypothesis of the linear physics 

 [12]. Formerly a theoretical dispersion curve can be simulated and through a 
spectral analysis (based on phase velocity-frequency spectrum) an experimental dispersion curve is 
provided. Then, superimposing the theoretical dispersion curve with the experimental one, seismic 
velocities and additional dynamic characteristic are provided.  
 
3.4.Results of the seismic surveys and comparison to classical borehole investigations 
 
3.4.1. Site no. 1 
 
Site number 1 was settled near a lake in the urban area of Cluj-Napoca. One seismic profile was 
conducted and only surface waves could be interpreted on this site, considering the hidden layer 
issue  the velocity of the layers was not increasing in depth and refraction method was not valid. In 
Figure 6 is presented the F-K spectrum (frequency-phase velocity spectrum) and setting the 
fundamental, 1st and 2nd vibration modes. Through Rayleigh wave dispersion and inversion analysis 
the velocity profile was plotted. Good signal to noise ratio for Rayleigh waves interpretation was 
useful in this crowded urban location. 
 

a)    b)  
 

Figure 6. Site no. 1: a) Frequency-phase velocity spectrum; b) 1D Velocity profile 
 

Surface wave velocities were set at 260 m/s in the surface stiff layer (road pavement and 
infrastructure  2m depth) and then a decrease in velocity was observed, exactly as in the 
geotechnical borehole. Second layer is represented by silt mud with very low seismic velocities  
150m/s and stretches to 5m depth. A third layer was identified with increasing velocity and 
probably could be the gravel and silt layer that was established by the borehole investigations. The 
seismic velocities could be identified to a maximum depth of 10 meters, apparently representing the 
maximum Rayleigh wavelength as stated in [8]. The 1D seismic profile largely follows the borehole 
stratigraphy, at least until the depth of 10 meters. 
 
3.4.2. Site no. 2 

Site no. 2 was represented by a public road and further investigations were needed to establish 
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subsurface details. Since velocities were increasing in depth a refraction interpretation was suitable 
for this studied area. One seismic profile was conducted and a detailed 2D profile can be noticed in 
Figure 7 with 2 layers identification. First layer is represented by sedimentary deposits while second 
layer represents possible fractured sandstones. Considering specifications from [8][9] the second 
layer with S wave velocities of 650-700 m/s could be represented by fractured or soft rocks. In this 
case the borehole stratigraphy proposes from 2 m depth silt sand with fractured red sandstones, 
much higher than the seismic profile (about -5 meters). This could be a deficiency because the 

ities. 

Figure 7. Morphology of refractors for site no. 2 (2D seismic profile) 
 

3.4.3. Site no. 3 

Considering the non-urban area where site no. 3 is situated a seismic refraction survey have been 
handled precisely, between two previously conducted borehole investigations. Smooth seismograms 
have been imported in Easy Refract and first arrivals were easy to pick. After that travel time curves 
were settled and morphology of refractors for a 44 meters profile could be exported as seen in 
Figure 8. In first layer, having 4 to 5.5 meters depth, S wave velocities were 250-275 m/s, while in 
second layer velocities were close to 900 m/s  this layer could be represented by the clay marl base 
layer. The seismic profile and the borehole were correlated in this case and a real soil profile was 
established. 
 

 
 
Figure 8. Morphology of refractors for site no. 3 (2D seismic profile) in comparison with classical 

borehole investigations. 

3.4.4. Site no. 4 

In site no. 4 four seismic profiles were conducted and the main objective was to identify the base 
rock depth. Boreholes were made, but rocky soil and difficult site access lead to complicated 
investigations. In this case the seismic surveys proved to be very efficient. Sedimentary deposits 
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were revealed in the near surface layers, but with possible gravel intercalations, resulting in S wave 
velocities from 120 to 300 m/s, conforming to topsoil stiffness and then gradually seismic velocities 
increase in depth to values that reach 1000 m/s or more than 1500 m/s when rock is present in 
subsurface. In Figure 9 can be observed one of four profiles and the presence of igneous rock, 
which is between 2.5 to 4 m depth. 
 

 
 

Figure 9. Morphology of refractors for site no. 4 
 
3.4.5. Site no. 5 
 
Site no. 5 was situated near a riverbed and the main purpose was to establish the bed layer depth. A 
morphology of refractors for a 44 m length profile is presented in Figure 10 and the marl depth is 
according to the borehole investigations (-4.70m), but varies along the length of the profile with 
almost 1.5 meters. This represents another case where the importance of 2D profiling is confirmed; 
S wave velocities for the marl layer are approximately 950 m/s and this states that a stiff bed is 
present.  

 

 
 

Figure 10. Morphology of refractors for site no. 5 
 
 
4. Conclusion and discussions 
 
For each site, excepting site no. 1, seismic refraction and seismic MASW processing was made. 
Using the morphology of refractors, a synthetic model was imported in MASW analysis in order to 
obtain further dynamic soil properties. The results were not confirming the reality and the soil 
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characteristics obtained were over dimensioned; in consequence further study in dispersion, 
simulation and processing of the Rayleigh wave in stratified media is necessary. 
To conclude, obtained seismic waves velocities for the five selected field studies are largely 
confirming the stratigraphy settled by boreholes and the applicability of the seismic waves 
propagation processing in geotechnical engineering can be accepted as a complementary method to 
the classical investigations. Expanding possibilities for Rayleigh surface wave are encouraging due 
to shorter acquisition time and a good signal to noise ratio, which leads to more precise processing.  
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Abstract 

Tracking the behavior of earth dams in use is one of the most important aspects for the safe 
operation of such constructions. The most dangerous failure modes of homogeneous earth fill dams 
are those relating to over spill the dam’s crest, and from the structural point of view loss of 
upstream or downstream slope stability. Slope stability is influenced by the quality of the filler 
material, but the variable parameter in this equation is the position of the seepage water curve. For 
small dams operation maneuvers preventing over spill are limited due to the small volumes of the 
reservoirs. Raising times of water levels during floods are rapid and may cause problems caused by 
the response of specific control devices. 
Correct estimation of seepage over the critical periods of flooding can help increasing attenuation 
produced downstream by the dam through the reservoir. 
This paper tries to capture the behavior of such a dam, subject representative floods and to verify 
response of specific control devices. 

Keywords: small homogeneous dam, unsteady seepage. 
 
 
1. Introduction 

One of the most effective dams in Romania in terms of volume of water accumulated compared to 
the height of the dam is C line ti Oas. With the role of attenuating floods on the River Tur, the dam 
has an important role for the protection against flooding in Satu Mare County. Currently the dam is 
not fulfilling its role of attenuation, due to uncertainties over the evaluation of seepage. Since 
fillings are made of fat clays, upstream and downstream slope stability factors are reduced, all 
piezometers are presently indicating unacceptable levels of seepage, any slope stability calculations 
show unstable slopes, upstream and downstream. Despite all measurements made at piezometers, 
the dam is not showing any signs of weakness.  
In this paper are analyzed two of important floods recorded in the lake, in 1998 and 2001, trying to 
restore seepage calculations in unsteady, unsaturated regime. 
Raised between 1971-1973 the Calinesti Oas dam, is situated on River Tur, 8 km upstream of River 
Talna, and drains waters from an area approximately 375km2 through rivers Tur, Valea Alba and 
Valea Rea. Dam is homogenous earth fill, 9.50 meters high, crest width of 4.40 meters and slopes 
of 1:3.5 upstream and 1:3 downstream. The dam’s site is characterized by the presence continuous 
layers of fat clays of 4 to 5 meters laid over a thick layer of river deposits. According to a study 
conducted by the Polytechnic Institute of Cluj-Napoca in eighties, the dam’s body filling is a 
mixture of clays in a proportion of 17.97%, 70.02% clayey silts and clay sands at a rate of 12%. 
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Currently the seepage is monitored using 34 piezometers, in six different sections arranged along 
the dam (L  789 m) [11]. 
 
 

 

 
 

Figure 1. Layout of piezometers at C line ti Oas dam [11] 
 

 

 
 

 Figure 2. 3rd seepage measuring cross section at Calinesti Oas [11] 
 
 
2. Governing equations 

The pressure head based formulation of Richards equation [6] for two dimensional flow of water 
through a homogeneous unsaturated soil can be written as: 

t
C

y
k

yx
k

x yx     Eq. (1) 

zyx kkk ,,  Functions of the permeability depending on the pore water pressure .  
C  - specific moisture capacity.  
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C       Eq. (2) 

 - volumetric water content. 
In the current paper for estimating permeability function was used the Mualem model [5]: 

mm
e

l
er SSk /111      Eq. (3) 

kr - relative permeability. 
Se - the effective saturation defined as: 

rs

r
eS      Eq. (4) 

Where s , is the saturated moisture content and r  is the residual moisture content of the soil. The 
relationship between pressure head and effective saturation derived from the van Genuchten model 
[9]: 

mneS
1

1       Eq. (5) 

For van Genuchten model [9] the equation for specific moisture capacity becomes: 
 

11 1
mnn

rs mnC     Eq. (6) 
 
System of equations to be solved using finite element method becomes: 
 

ttt KtCKtC 1   Eq. (7) 
 

global
K  - global conductance matrix; 

global
C  global capacitance matrix.  

 
 
3. Initial conditions 

In order to start calculations are specified some initial conditions. For the initial condition was 
considered that seepage is steady. From all the events recorded at Calinesti Oas dam were chosen 
those, preceded by long periods of steady water level in the lake. 
The Dirichlet boundary conditions are the pressure heads on some parts of the boundary, whereas 
the Neumann condition specifies the flux on the exposed part of the boundary. The upstream wetted 
nodes were assigned with pressure heads, downstream toe was considered dry and pressure heads 
were defined as zero. No rain was considered over the studied periods. 
The initial condition consists in obtaining distribution of the pressure head and the saturation 
throughout the solution domain at the start of the solution history. 
 
 
4. Boundary conditions 

In all the underlying assumptions that we have considered the water level downstream is equal to 
nil, water level in the lake is according to the readings available for each studied event. 
The geometry and the mesh were obtained using GMSH.exe preprocessor [10]: 
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Dams height 9.5 m 
Crest width B=4.40 m 

No. 
nodes 

No. 
elements Tolerance t 

[h] 
1909 3478 0.005 6 

 
Figure 3 Cross section III 

 
In order to solve the problem of seepage through unsaturated media was necessary to choose a 
model for the permeability and retention characteristics: for water retention characteristics the 
model proposed by van Genuchten [10], and for the permeability functions the model proposed by 
Burdine. Using RETC.exe software [8] the following shape and flow parameters were obtained: 
 

Earth fill: Fat clay CH 
25.5% Clay; 46.7% Silt; 27.8% Sand 

r=0.0743; s=0.4314; =0.74; n=1.5338; Ks=1.51389x10-6 m/s 
 

 
Fig. 4. Hydraulic properties: C vs. log h Fig. 5. Hydraulic properties: K vs. log h 

 
Unsteady seepage problem through unsaturated soils was solved using MNPNS.exe program 
written using the finite elements method for groundwater by J.D. Istok [4] adapted to the current 
problem to be solved. Systems of nonlinear equations (7) were solved by the substitution method 
(Picard) [4], the condition for the solution to be acceptable; the required tolerance for two 
successive iterations is 0.5%. 
 
 
5. Results and discussion 

Two major floods were analyzed according to the available data [11]. The input was the water level 
measured during the floods recorded in year 1998 and 2001, and the results were compared with the 
measurement made at piezometers No. 3-5 and 3-6. The floods were considered following a long 
period of time before with levels of water close to normal operations condition. This detail will 
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permit us to consider that initial seepage conditions are steady. 
 
5.1 Flood wave registered between 16.06.-22.06.1998 

The period preceding this flood is characterized by water levels in the lake close to the normal and 
not major changes in time. The water level in the lake recorded on 13.06.1998 is considered the 
level at which the seepage is steady. 
During the study period the water level in the lake raised slowly over a period of six of days, from 
142.43 to 145.05 meters maximum registered on 21.06.1998. This type of flood is recorded in the 
rainy periods of the year, June is being known in terms of rainfall as one of the richest months. 
Boundary conditions used were the measured water levels in the lake for the upstream face and the 
downstream toe was considered drained (given that we have no water at downstream toe). Figure 6 
presents seepage curves positions separating saturate from unsaturated part, for the five days when 
readings were performed at piezometers. 
 

 
Figure 6. Seepage line during 1998 floods 

 
Figures 7 and 8 are presenting the results of the computed and the actual measurements at 
piezometers F3-5 and F3-6 (the only ones having almost normal observed in time behavior), located 
at a distance of 54.30 m and 61.00 m from the upstream toe of the dam. 
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146
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Mesured lake water level Measured Calculated
 

Figure 7. Water level variations in lake and at the F3-5 piezometer June 1998 
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Piezometer F3-6
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141.33 141.61 141.63 141.65
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Figure 8 Water level variations in lake and at the F3-6 piezometer June 1998 
 
Even if measured levels are higher (in value) relative to the calculated ones, the trend of variation 
observed from day to day, indicates that the model may be used to interpret the behavior of seepage 
during floods. Human factor influence is observed at the readings at borehole F3-5. The model 
calculation shows a trend of rising a day after lowering the water level in the lake (due to the inertia 
of the water volume infiltrated during the flood), while readings seem to be made to some extent 
and change the water level in the lake. The differences are within the margin of error for this type of 
measuring. The borehole F3-6 measurements made keep this trend of rising even after the flood 
peak. 
 
5.2 Flood wave registered between 02.03.-12.03.2001 

The flood is characterized by a sudden increase during first two days from the normal water level 
value of the 146.11 meters, well above the warning level; followed by a slow recovery levels over a 
week. Figure 7.31 presents the seepage curve at different moments of flood wave, from the initial 
position marked "0" to intermediate values. 
 

 
Figure 9. Seepage line during 2001 floods 

 
Analyzing measurements shown in figures 10 and 11 can be observed that the readings are in close 
correlation with the change of water level in the lake, even if the model adopted for the flood of 
2001 indicates a further increase in the level piezometers even after the flood is entering downward 
curve. 
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Piezometer F3-5
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Figure 10. Water level variations in lake and at the F3-5 piezometer March 2001 
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Figure 11. Water level variations in lake and at the F3-6 piezometer March 2001 
 
 
6. Conclusions 

In case of normal operation of piezometers there should not be any direct the effect of rainfall on 
water levels inside [1], [2], [3], in reality rainfall effect is felt immediately, most piezometers are 
indicating higher levels compared to water level in lake. 
One of the explanations of the inappropriate behavior can be found in the old blueprints of 
piezometers. They are actually observation wells, drainage filling is executed the entire height and 
they has pour rainwater seal. Any rain water getting inside the tube is very slowly released, given 
that the fillings are made of fat clays. In order to optimally pursuit behavior in time of the 
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construction of the dam and foundation is necessary to have the correct equipment, and the 
measured results should be compared with those calculated after modeling unsteady seepage for 
more flood characteristics. Some of the piezometers are recording correctly the general trend of 
seepage inside the fillings of the dam. Below the clay layer there is a layer of very porous 
permeable sediments. This layer was exposed to direct seepage when excavations made to obtain 
material for the dam went through the impermeable clay layer at the surface. The differences 
between the measured and calculated can be explained because of the uncertainties regarding the 
general layout of the geology beneath. 
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Abstract 
 

Airlift pump technology is sustainable due to its very simple structure. The main advantage of the 
air lift pump is that there are no mechanical below-ground components, so it is essentially simple, 
reliable and can easily handle sandy or gritty water. 
However, it has some disadvantages, like weak suction, unstable flow rate or low lift. Also, it is 
inefficient as a pump, probably no better, at best, than 20-30% in terms of compressed air energy to 
hydraulic output energy, and this is compounded by the fact that air compressors are also generally 
inefficient. Therefore the running costs of an air lift pump will be very high in energy terms.  
This paper aims to study the performance of using the airlift pump as a pumping and aeration 
system in the wastewater treatment plants, determine whether these pumps are reliable to be used 
and under what conditions.   
 
Keywords: airlift pump, wastewater, sewage treatment plant, air flow, efficiency. 
 
 
1. Introduction 

An airlift pump, Fig. 1, is a gas lift pump which is powered by compressed air. The only energy 
required is provided by compressed air. This air is usually compressed by a blower. The air is 
injected in the lower part of a pipe that transports a liquid. It usually bubbles into another larger 
diameter pipe. Because the air has a lower density than the liquid, it rises quickly. By fluid pressure, 
the liquid is taken in the ascendant air flow and moves in the same direction as the air. The 
calculation of the volume flow of the liquid is possible thanks to the physics of two-phase flow. 
There are no rotating parts in the pump itself, only a riser pipe in which fluid and air are combined.  
Airlift pumps have features that make them more desirable than mechanical pumps in a few specific 
applications. Since there are no moving parts in an airlift pump, there is minimal wear, reducing the 
need for maintenance. The lack of rotational impeller blades allows airlift pumps to be used for 
sewage applications, such as removing sediment or water from a biological reactor [1]. 
The drawback to using an airlift pump is that airlift pumps operate at significantly lower 
efficiencies than mechanical pumps. The efficiency in the case of an airlift pump is defined as the 
ratio of the output pumping power to the required input power. Airlift pumps will typically operate 
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at efficiencies ranging from 35% to 55% while mechanical pumps operate at much higher 
efficiencies, often above 70%. Low efficiencies associated with airlift pumps result from the high 
slip ratio between the air and the water, resulting in a poor transfer of momentum from the gas to 
the liquid [2]. 

 
 

Figure 1. Exemple of airlift pump and dimensioning components [3] 
 

The aim of these paper is to prove that even if the efficiency of the airlift pumps is far below the 
efficiency of mechanical pumps, there are cases when the use of airlift pumps is reliable and less 
expensive. 

 
 

2. The use of oxygen in wastewater treatment 

A sewage treatment plant represents all technological procedures provided for the removal or 
restraint of polluting materials from the wastewater - by physical, chemical, biological, biochemical 
and microbiological processes, in order to reach the necessary purification level, and consists of 
mechanical purification stage, biological purification stage and tertiary purification stage [4]. 
The most important stage is a sewage treatment plant is the biological one, where the main 
wastewater pollutants, like BOD5, COD and N2 are eliminated. Biological treatment is the 
degradation of organic chemicals under the action of microorganisms in the presence of dissolved 
oxygen and converting these products in un-harmful substances. Assimilable substances, expressed 
in BOD5, are absorbed from the biomass concentrated at the surface and then the decomposed 
substances are absorbed by cellular enzymes, which come in small units entering the cell 
metabolism and new cells are formed. The substances resulted from these process (CO2, NOx etc.) 
are released into the environment [5]. 
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Nitrification is the biological oxidation of ammonia or ammonium to nitrite followed by the 
oxidation of the nitrite to nitrate. This happens in an aerobic environment mainly due to autotrophic 
aerobic bacteria, like Nitrosomonas and Nitrobacter. 
The oxidation of ammonium to nitrate ions using microorganisms occurs with high oxygen 
consumption and is done in two stages [6]: 

 
Nitrosomonas:      2NH4

+ + 3O2  4H+ +2H2O + 2NO2
-    (1) 

Nitrobacter:       2NO2
- + O2  2NO3

-      (2) 
 
Total:                    NH4

+ + 2O2  2H+ + H2O + NO3
-    (3) 

 
The nitrification is necessary because ammonia consumes oxygen from the environment. For 
example the nitrification of one mg of ammonium nitrogen (N - NH4

+) requires about 4.3 to 4.6 mg 
O2 [6]. 
 
 

3. The calculation of the oxygen demand for wastewater treatment plants 

The oxygen uptake is made up of the consumption for carbon removal (including the endogenous 
respiration) and, if necessary, the requirement for nitrification as well as the saving of oxygen from 
denitrification.  
The oxygen consumption for carbon removal OUd,C is determinate using the following approach, 
with Hartwig coefficients [7]: 

 

            

where  is daily BOD5 load [kg/day]; 
          is sludge age referred to volume of the biological reactor [days]; 
          is temperature factor for endogenous respiration. 

With Eq. 4 the values for oxygen uptake for carbon removal OUC,BOD, referred to BOD5, were also 
calculated depending on sludge age and temperature, Table 1 [7]: 
 
Table 1. Specific oxygen consumption OUC,BOD [kg O2/kg BOD5] 

T [°C] Sludge age [days] 
4 8 10 15 20 25

10 0.85 0.99 1.04 1.13 1.18 1.22 
12 0.87 1.02 107 1.15 1.21 1.24 
15 0.92 1.07 0.12 1.19 1.24 1.27 
18 0.96 1.11 1.16 1.23 1.27 1.3 
20 0.99 1.14 1.18 1.25 1.29 1.32 

 
For nitrification the oxygen consumption is assumed to be 4.3 kg O2 per kg oxidised nitrogen taking 
into account the metabolism of the nitrificants. With denitrification one reckons for carbon removal 
with 2.9 kg O2 per kg denitrified nitrate nitrogen [7]: 
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where:  OUd,N  is daily oxygen uptake for nitrification [kg/day]; 
             OUd,D is daily oxygen uptake for carbon removal which is covered by denitrification 
[kg/day]; 
  Qd is daily wastewater inflow [m3/day]; 

SNO3,D is concentration of nitrate nitrogen to be denitrified [mg/l]; 
SNO3,IAT is concentration of nitrate nitrogen to be denitrified from the influent to the 

biological reactor [mg/l]; 
SNO3,EST is concentration of nitrate nitrogen to be denitrified from the effluent of the 

secondary settling tank [mg/l]; 
 

The oxygen demand transfer for continuously aerated tanks  results as: 
 

% F %
>GC16 @= U? :y; 

 
where:   OUh is oxygen uptake rate (hourly) [kg/h]; 

 O is oxygen transfer of an aeration facility in activated sludge with Cx=0, T=20°C 
and air pressure p=1013 hPa [kg/h]; 

 CS is dissolved oxygen saturation concentration dependent on the temperature and 
partial pressure [mg/l]; 

 CX is dissolved oxygen concentration in aeration tanks [mg/l]. 
 
 

4. Choosing blowers for aeration system of biological tank 
 

For aeration blower system and membrane aeration assembled at the bottom of the biological tank, 
the oxygen demand suffers a correction, by applying the  factor ranking between 0.6 and 0.8. The 
oxygen requirements for biological aeration is determined by the relationship: 

1% L 1 % >GC16 D? :z; 
Considering the depth of the biological aeration basin Ls[m] and specific oxygen consumption fO2 
[g/m3*m], the necessary flow of the blower for biological aeration can be calculated by the 
following equation: 

3 ŒÆÆ L
1%

B̈6 .
>I7 D? :{; 

Regarding the linear specific pressure drop  through the system distribution of air, the pressure 
requirements for the blower can be determinated: 

* ŒÆÆ L . >I >= N?                                     (10) 
The blower is chosen from a manufacturer catalog, by selecting the nearest blower that satisfies the 
designed parameters. Usually the chosen blower has Qblw,max greater than Qblw,nec, resulting an 
excessive air flow supplied by the blower: 

Qblw,exs = Qblw,max – Qblw,nec  [mc/h]                           (11) 
This excess air flow supplied by the blower can be used to power the air-lift pumps. Airlift pumps 
have a low efficiency, but using the excess air flow supplied by the blower for operating the airlift 
pumps, the entire power consumed by the blower is used, resulting a decrease in operating costs. 
Also, because the airlift pumps contain no mechanical parts, the maintenance costs are significantly 
reduced. The investments costs are also by using airlift pumps to the detrimental of mechanical 
pumps. 
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5. Calculation of water flow supplied by the airlift pumps knowing the excess 
air flow

An empirical calculation attributed to the Ingersoll Rand Co. correlates the flow of air with the flow 
of water [3]:  

 

where VA is volume of free air needed per one mc/h of water [m3/h]; 
           L is the length of the lift section [m]; 
      Ls is length of the submerged section [m]; 
           C is a constant that depends on L (for depths between 3 and 18m C=245); 

 
Knowing the volume of free air needed per m3/h of water VA and the excess of air flow from the 
blower Qblw,exs , the water flow that can be pumped using airlift pumps can be calculated: 

 

 
 

6. Example of determining the pumped water flow generated due to excess 
air flow 

 
Using relations (1)-(4) for determination of oxygen request for a conventional treatment plant type 
with a capacity of 750 PE (people equivalent), result a necessary of oxygen for aeration OC of 
9.44 kgO2/ hour. 
With Eq. (5), oxygen requirements for the aeration of wastewater treatment plants with a capacity 
of 750 PE is: 

      (14) 
Considering the depth of the biological aeration basin Ls[m] and specific oxygen consumption fO2 
[g/m3*m], the necessary flow of the blower for biological aeration can be calculated by the 
following equation: 

       (15) 
Regarding the linear specific pressure drop  of 150 mbar, through the system distribution of air, the 
pressure requirements  for the blower can be determinated: 

    (16) 
The parameters of the blower for the aeration system related to a biological treatment plant of 
750PE are Qblw,nec = 427 m3/h and Hblw,nec = 501 mbar. 
From a manufacturer catalog, the nearest blower that satisfies the designed parameters is chosen. 
Using the diagram from Fig. 2, the INW920 blower is chosen, which can provide maximum air 
flow Qblw,max = 750 m3/h at the needed pressure Hsufnec = 501 mbar. 
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Fig. 2. Air Flow – Pressure diagram of the blowers  [8] 
 

Thus, from the choice of the nearest blower that can meet the designed parameters, it results an 
excess of air flow that can be provided by the blower: 

Qblw,exs = Qblw,max – Qblw,nec = 750 m3/h – 427 m3/h = 323 m3/h. 
This excess air flow supplied by the blower can be used to power the airlift pumps. 
The volume of free air needed per one m3/h of water is: 

” L uvy
¯

… -,
‰ 6/0

/0

L uvy
6

68 9 -,
/ 16/0

/0

L rsw >I7 D?   (17) 

Knowing the volume of free air needed per m3/h of water VA and the excess of air flow from the 
blower Qblw,exs , the water flow that can be pumped using airlift pumps can be calculated: 
8S L
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7. Conclusions
 

Airlift pump technology is sustainable due to its very simple structure. The main advantage of the 
air lift pump is that there are no mechanical below-ground components, so it is essentially simple 
and reliable and can easily handle sandy or gritty water. 
However, it has it has some disadvantages, like weak suction, unstable flow rate or low lift. Also, it 
is inefficient as a pump, probably no better, at best, than 20-30% in terms of compressed air energy 
to hydraulic output energy, and this is compounded by the fact that air compressors are also 
generally inefficient.  
The only way that airlift pumps are reliable is when they are powered by the excess flow of air 
provided from the blower. The main condition for using airlift pumps is that the blower should be 
able to provide enough air flow in excess to power the airlift pumps.  
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Abstract 

This paper presents modern techniques of laying pipelines for raw water used in water catchment 
and transport systems from accumulation lakes, being described the process for water catchment 
from the Tarni a Lake. Also presented an economic solution for mounting the raw water pipe by 
adopting its route through the Some ul Cald lake bed. Most often water source catchment raises 
technical difficulties and economic. The choice  of raw water transport from the surface sources 
has a direct impact on the cost of investment and operation of the system. 

Keywords: water sources, raw water catchment, pipelines, water treatment 
 
 
1. Introduction 
 
The continuous growth of living standards and economic development requires solving the 
increasingly numerous and complex technical and economic problems of drinking water supply 
systems. Globally, these problems face a number of barriers because water resources are becoming 
more limited, which means that these resources must to be used in optimal conditions for the 
development of social life and national economy. 
The problem of rational use of water requires reliable and operational technical measures, requiring 
a number of steps in designing optimal raw water catchment for the drinking water purposes.  
Currently, social and economic development of a community cannot be conducted without 
providing drinking water by advanced water supply systems which ensure the necessary water 
quantity and quality to consumers. 
Capture quantities of water needed to sustain water supply of domestic and industrial consumers are 
in most cases technical difficulties and economic. 
Raw water intakes are intended for the catchment of water and placing it in facilities adduction, 
being composed of devices and equipment needed for water capture for any level between the 
maximum and the minimum level of the useful volume of water [2]. 
The raw water pipelines or aqueducts are designed for water transport from de source to the water 
treatment plant. Usually the length of the pipeline is influenced by the location of the treatment 
plant and the geographical location of the water source. The material of the raw water pipeline 
depends on the operating pressure of the system, the quality of raw water, the corrosive 
environment where is mounted the pipeline and the cost price and the cost of system operation. 
For raw water pipeline design, a very important aspect is the choice of the most convenient route 
with its specific characteristics and the type of pipe and the material from which it is made. Main 
raw water pipe route choices are determined by data from topographical, geological, geotechnical 
and hydrochemical, but also from studies of watercourse crossings [1]. 
Water treatment plants for drinking water supply are composed of large hydraulic buildings, their 
structure being based by several physical parameters and the strategy for water treatment 
technology [3]. 

 357



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro
 
Water treatment plants reproduce physical phenomena, chemical, biological and bacteriological 
natural water treatment at a much higher speed than they occur in nature. 
 
 
2. Raw water catchment from Tarni a Lake 
 
To supply raw water to the treatment plant Gil u there is possibility for its catchment from Gil u 
water source (3.500.000 m3), Some ul Cald (7.500.000 m3) or Tarni a (74.000.000 m3). Priority raw 
water source is the lake Tarni a due to the high quality of the lake water compared Gil u or 
Some ul Cald sources. 
A raw water transport system is a complex process that includes water transport system, flow 
control devices and pressure gauges and controls, hydraulic structures, storage tanks and other 
facilities specific to each type of system. 
The technological process of raw water catchment from Tarni a lake occurs at the dam with the 
same name from Some ul Cald – Gil u village in Cluj county, and its deployment is done through 
the facilities and equipment from catchment tower Tarni a and from breaking pressure reservoir 
downstream of the dam. 
Raw water catchment process from the Tarni a lake is possible due to the physical components of 
the water system, these facilities encompassing buildings, equipments, installations, production 
equipments, raw materials and energy resources: 

- Tarni a tower capture for taking raw water from the Tarni a lake, with a maximum capacity 
capture of 3 m3/s; 

- Dn 1600 mm siphoning pipe used to transport raw water over the Tarni a dam; 
- breaking pressure reservoir/load reservoir for forced pipe with capacity of 1000 m3; 
- Tarni a micro-hydropower plant for capitalization the energy potential provided by the 

available water falling from de transport pipe, with a maximum capacity of 1,6 MWh; 
- Dn 1200 mm main water pipe for transporting water to Gil u water treatment plant. 

The main water pipe used to transport water from the Tarni a lake to the Some ul Cald dam has a 
nominal diameter of 1200 mm and a length of 4,6 km. This is mounted in Some ul Cald lake bed 
and is defined by four sections: 

- Section I, from the breaking pressure reservoir to the access road from CHE Tarni a; 
- Section II, at the end of Section I and entry into Tarni a micro-hydropower plant; 
- Section III, from the output of micro-hydropower plant and up near the Some ul Cald dam; 
- Section IV, located near the Some ul Cald dam. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Raw water catchment and transport from Tarni a Accumulation Lake 
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Section I pipeline has a length of 175 m and a diameter of 1200 mm, being mounted in open 
trenches on slope, from the breaking pressure reservoir down to the acces road to CHE Tarni a. It is 
part of the main transport pipe  to the Gil u water treatment plant. This section is designed for water 
transportation between breaking pressure reservoir and the connection point with Section II pipe, on 
predetermined speed and pressure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2. Section I pipeline 
 

Section II pipeline has a length of 262 m and a diameter of 1200 mm, being made from GRP (Glass 
fiber Reinforced Plastics) material. It is underground mounted under the access road from CHE 
Tarni a. Pipeline route starts from a solid anchoring block downstream of Section I and continue 
until an anchoring block from the entry into Tarni a micro-hydropower plant. On this alignment are 
set anchor massive blocks at the changes of direction. 
Section III main pipe has a length of 3743 m and a diameter of 1200 mm, from GRP and steel on 
certain segments. Section III route follow the old county road which was flooded at filling of 
Some ul Cald lake. Old coastal road was executed left and right side of the Some ul Cald valley, 
while roadway are covered with crushed stone.
After leaving Tarni a micro-hydropower plant, pipeline route parallels the Some ul Cald river, after 
entering the Some ul Cald lake bed, on the old road alignment with county road, now in the 
Some ul Cald lake sink. The pipeline is mounted ungergroud up to the top of the pipe, trench depth 
being variable. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Section III pipeline route 
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The Section III ends near the Some ul Cald dam and Section IV begins, which is the junction of the 
pipe with water socket from Some ul Cald dam. The connection between Section III and Section IV 
pipeline was achieved by a piece of ductile iron flange adapters and a connecting piece ductile iron 
/ GRP, named Viking Johnson. The highest point of pipe has provided with an automatic air outlet 
valve, mounted in a protective basket. Point of air outlet is provided with an automatic vent valve 
with diameter of 150 mm. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.Section IV raw water main pipe 
 
On underwater pipeline route are installed three air outlet valve, allowing air discharge which may 
accidentally reach the raw water main pipe, thus avoiding the danger caused by the occurrence of 
water hammer. 
 
 
3. Dimensioning parameters of the components of the raw water main pipe 
 
3.1. Calculation notes regarding the anchoring block 
 
Calculation of the anchoring blocks design was conducted in accordance with the methodology for 
GRP pipes. 
Thrust at elbows are achieved according to (1): 

   
2

sin7,15 2
nPDF                                                        Eq. (1) 

Where: 
 D = pipe diameter [m]; 
 Pn = test pressure: (1,8 + 1) x 1,5 = 4,2 [bar]; 
  = direction-change angle [°]; 
 F = thrust force [kN]. 
Regarding anchoring blocks provided for 30° pipe elbows, at the flooded pipe section, specific 
calculations are presented in equations (2) and (3).  
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Figure 2. Specific sizes of raw water main pipe Dn 1200 mm 
 
Water pressure in elbows: 

 tf5,24kN 614
2

30sin229,1407,15
2

sin7,15 22
exDHP                   Eq. (2) 

Ground thurst: 

m
tf 113015,28,1

2
1

2
45

2
1 22tghE                                    Eq. (3) 

 
3.2. Calculation notes regarding the flotation proofing 
 
Anchoring blocks calculation on the section of pipe mounted in Some ul Cald lake bed (water full 
pipe in any situation): 
 

m
tf 2,1

m
tf 1

4
229,114,3

3

2

F                                                      Eq. (4) 

F
MM

K masivcond
s                                                                Eq. (5) 

Where: 
 Ks = coefficient of stability = 1,3; 
 Mcond = distributed load on the pipe [tf/m]; 
 Mmasiv = distributed load on the anchoring block [tf/m]; 
 

m
tf 1,11

4
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condM                                                     Eq. (6) 

61
,5

61
,5

20

12
0

60 20 180

De = 1.23 m

60 200

28
0

 361



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro
 

m
tf 3,01,116,0)2,13,1(masivM                                                Eq. (7) 

For a 12 meters section of pipe: 

m
tf 6,33,012masivM                                                          Eq. (8) 

3m 6,2
4,1
6,3

masivV                                                             Eq. (9) 

 
 
4. Conclusions 
 
GRP type pipes are characterized by the fact that the plastic material (P) from glass fiber-reinforced 
resin (GR) is a compound of at least two materials, the benefits of each material being combined to 
obtain an overall effect. This technology originated in the aviation and military industries where 
specifically required high performance lightweight materials. 
Fiberglass pipes (GRP) consists of a combination of polyester resin, glass fiber and reinforcement 
materials. Standard wall structure ensures that the individual materials align their special 
characteristics to resist in the finished composite [4]. 
The main advantage of adopting the solution of the transportation pipeline laying in the Some ul 
Cald lake bed is the economy gained from shortening the main pipeline route, avoiding additional 
elbows and curves that produce local resistance and thus additional pressure loss. 
Pipe type and material it is made is determined by technical and economic calculations, taking into 
account both natural conditions and possibilities of execution of work and operating conditions. 
Through the nature and structure of the technological process of raw water catchment and 
transporting from the Tarni a lake in the perimeter occupied by these facilities there are no adverse 
environmental impacts and public health, being protected the surface water and groundwater, 
aquatic ecosystems, soil, subsoil and terrestrial ecosystems, the environment and human settlers. 
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Abstract 

For improving thermal insulation properties of brick products are today the most commonly used 
combustible pore-forming agents (wood sawdust, cellulose sludge, etc.). Suppliers of these 
materials constantly increase their price. Therefore, brick manufacturers in an effort to reduce raw 
material cost used are looking for new possibilities. Also, in applying these pore-forming agents we 
are able to reduce the thermal conductivity to only a certain value, because their high increase 
leads to the formation of the so-called black core and also other unwanted problems occurs. We 
have to conclude that the available potential of reducing the value of the coefficient of thermal 
conductivity of the brick body was not yet reached. In fact, based on preliminary research, there are 
still untapped possibilities. This article points out possibility of implementing the chemical additive 
“Vuppor” as some replacement for a sawdust. After partial replacement, we don’t only reduce 
production cost, but also the thermal conductivity of the brick body. 

Keywords: brick body, saw dust, raw material, chemical additive, thermal conductivity, production 
cost 
 
 
1. Introduction  

The brick industry today is characterized by using of a high amount of combustible pore-forming 
agents, for example saw dust, cellulose sludge, etc. [1 to 4]. This trend has been triggered primarily 
by brick customers who prefer products with high thermal insulation properties. By adding these 
combustible pore-forming agents, there are some primary factors monitored: 

 use as the secondary raw material, 
 reduction of fossil fuels used in the process of firing, 
 reduction of thermal conductivity by increasing the porosity of fired brick body. 

 
Unfortunately, in recent years the pressure to achieve the high reduction of thermal conductivity 
have resulted in overdosing of combustible raw material, which may lead to a formation of  
so-called “black core”, see Fig. 1 and 2 [5]. Constant increase in prices for combustible pore 
forming agents forces manufacturers of brick products to search for new alternatives. One of them 
should be a chemical additive Vuppor. Development of this chemical additive has been completed 
[6 to 8].
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Figure 1.   Black core on the surface of brick 
products. 

Figure 2.   Detail of the black core. 

 
Application of the additive to the brick raw material can influence some technological processes 
and properties, such as: 
 

 shortening of the drying process due to decrease in values of sensitivity to drying (by 0.35 
units by Bigot), which will improve the quality of dried products without cracking; 

 shortening of the burning process and reduction of the firing temperature (min. 50°C) by 
improvement of the gas diffusion in pore system of brick body; 

 a reduction of energy consumption by applying these two modifications to the technological 
process; 

 a reduction of the coefficient of thermal conductivity  of brick body (by 0.13 to the value 
0.19 W/m.K), that significantly improves the thermal properties of the brick products and 
allowing their application in the construction of low energy or passive houses; 

 the possibility of increasing the dose of combustible raw materials (sawdust, cellulose 
sludge), even at small amounts of additive, without appearance of black core and thus 
improve the thermal properties of brick products to the best possible results; 

 achieve the same values of the coefficient of thermal conductivity  with reduced 
consumption of combustible pore forming agents; 

 CO2 reduction not only in the production of brick products, but also by reduced needs for a 
heating in buildings if the new products with better thermal properties will be used. 

 
During the implementation process of Vuppor in the production should not occur any 
complications. All necessary equipment as dosing system is already used in the production of fresh 
concrete. The optimal location of the dosing device should be in front of the circular screen feeder. 
 
The brick manufacturer “Pezinské tehelne – paneláre  inc.” wants to reduce production cost of their 
products by partial compensation of combustible pore forming agents used for the chemical additive 
Vuppor 1. By mutual collaboration, we have tried to solve this problem at the Department of 
Material Engineering STU in Bratislava.  
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2. Characteristic of raw material 

Basic brick raw material was used from the locality Pezinok in Slovak Republic, consisting mainly 
of Quaternary loess sediments (loess and loess loams). Chemical and particle size composition of 
loess sediments is listed in Tables 1 and 2. They add pore forming agents to loess sediments to 
reduce the thermal conductivity of final products (sawdust – approx. 12%, cellulose sludge – 
approx. 1.5% and approx. 0.5% of coal sludge), see Fig. 3. 
 
      Table 1:   Chemical composition of the raw material  

Measurand Proportion (%) Measurand Proportion (%) 
SiO2 48.7 MnO 0.35 
Al2O3 13.7 K2O 2.51 
Fe2O3 5.67 Na2O 0.50 
CaO 9.99 P2O5 0.16 
MgO 3.74 SO3 0.21 
TiO2 0.69 loss on ignition  13.4 

    Table 2:   Granulometric composition of the raw material 
Grain size (mm) Proportion (%) 

under 0.002 22.0 
0.002 to 0.2 68.0 
above 0.2 10.0 

Figure 3. Brick raw material (PZ) containing sawdust, cellulose and coal sludge. 

  
Vuppor 1 - a commercial product. It’s white emulsion, based on condensates of aldehydes. Dry 
matter content of 38% and density is 1140 kg/m3. Additive is water soluble and meets hygiene 
requirements [7]. The most preferred dosage is in the % of additive dry weight to the weight of 
dried raw material. 
Based on the requirements of the manufacturer, seven testing mixtures were prepared. They are 
listed in Table 3. 
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    Table 3:   List of testing mixtures and the dosage method 

Name of 
mixture 

Loess Loess loam Sawdust Cellulose 
sludge 

Coal 
sludge 

Vuppor 

Label A B P CK UK V 
Dosage 
method 

vol. 
portion 

vol. 
portion 

vol. % vol. % vol. % weight. % 

AB 1 2 - - - - 
ABP 1 2 5 - - - 
ABPV5 1 2 5 - - 0.5 
ABPV75 1 2 5 - - 0.75 
ZP 1 2 12 1.5 1 - 
ZP5 1 2 12 1.5 1 0.5 
ZP75 1 2 12 1.5 1 0.75 

 
3. Production and testing of samples 

Each of seven testing mixtures were prepared with constant plasticity tested by STN 72 1074 
(Pfefferkorn = 31 ± 0.5 mm). Prepared batters ripened for 24 hours in a humid environment. After 
the ripening, test samples were made. For this purpose was used special form, which had an internal 
dimensions of 100x50x20mm. From each test portion were made three test samples. Marks were 
made for tracking of length changes during drying and after firing on each sample using etalon 
(slide ruler). Subsequently, the samples were placed in laboratory drying oven, where they were 
dried to constant weight at temperature of 110 ± 2 °C. The firing was performed in an electric 
furnace with controlled burning mode. In the furnace was stable oxidizing environment. A burning 
curve was approximately identical to the one used in the brickyard in Pezinok. Maximum firing 
temperature was set at 870 °C for isothermal holding of 3 hours. 
Determination of selected properties of brick batter and brick body, was performed according to the 
relevant standards and test procedures listed in Table 4. 
 
Table 4:   List of standards, test procedures and equipment for determining characteristics of the 

brick batter and body 
Characteristics Unit Standard, test procedure, equipment 

Working moisture content % STN 72 1074,  
Real (working) humidity % STN 72 1565, part 1 
Drying sensitivity by Bigot % STN 72 1565, part 11 
Linear drying shrinkage % STN 72 1565, part 5 
Linear firing shrinkage % STN 72 1565, part 5 
Linear change total % STN 72 1565, part 5 
Weight loss by firing % STN 72 1565, part 6 
Water absorption by boiling % STN 72 1565, part 6 
Apparent porosity % STN 72 1565, part 6 
Coefficient of thermal conductivity W/m.K ISOMET instrument  
Bulk density kg/m3 STN 72 1565, part 6 
Compressive strength MPa Determined by whole surface load on test 

sample to fracture limit (sample size: 
20x20x20mm) 
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4. Achieved results and discussion 

The results achieved with seven mixtures are shown in Table 5. From this whole set of properties 
listed the thermal conductivity is the most important one. It should be noted, that its value is closely 
linked to other properties, of which the largest role plays the working humidity, see Figure 4. Linear 
change and weight loss by firing have also small impact for influencing thermal conductivity. Based 
on results shown in Table 5, we can achieve significant reduction in thermal conductivity by adding 
of Vuppor 1. This chemical additive has significant influence on working humidity of the mixture 
and also influences the linear drying shrinkage. This synergic effect of the additive has also positive 
effect for increasing the values of apparent porosity. In this case, we have to say, that the values of 
apparent porosity are affected also by the percentage of combustible pore forming agents in the raw 
material, see different impact in the mixture AB and PZ, Table 5.  
 
It’s generally accepted, that the pore structure of the brick body affects it’s physical and mechanical 
properties and between these properties exists certain correlation relationships that can be expressed 
by mathematical functions [9, 10]. Such knowledge was also used in this paper to show relationship 
between thermal conductivity and bulk density or compressive strength, see Fig. 5 and 6. 
 
Table 5:   Characteristics of brick mixtures before and after firing 
Characteristics  Name of mixture 

AB ABP ABPV05 ABPV075 PZ PZV05 PZV075 
Working moisture content, % 25.93 25.38 31.55 33.19 26.33 31.65 33.09 
Linear drying shrinkage, % -5.66 -5.55 -5.17 -4.99 -5.25 -4.67 -4.58 
Linear firing shrinkage, % 0.27 0.25 0.08 -0.09 0.37 0.15 -0,13 
Linear change total, % -5.39 -5.3 -5.09 -5.08 -4.88 -4.52 -4.71 
Weight loss by firing, % 10.83 11.42 11.67 11.86 12.96 13.09 13.11 
Water absorption, % 18.58 18.11 26.54 29.87 21.29 31.18 32.6 
Apparent porosity, % 31.64 30.6 40.68 44.3 33.76 45.12 46.72 
Bulk density, kg/m3 1703 1689 1533 1483 1585 1448 1433 
Thermal conductivity, W/m.k 0.457 0.438 0.338 0.312 0.384 0.305 0.298 
Compressive strength, MPa 81.5 69.0 37.7 31.5 51.2 30.0 27.1 
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Figure. 4   Effect of working moisture content on the apparent porosity. 
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Figure 5.   The relationship between the thermal conductivity and bulk density. 
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Figure 6.   The relationship between thermal conductivity and compressive strength. 
 

Of course, the price will play an important role in selecting the most appropriate mixture (table 6.) 
By calculating the price for 1 ton of fired brick body we calculate with this input prices: Sawdust – 
13.5 €/prms, coal sludge – 75 €/t, Vuppor 1 – 0.8 €/kg. 
 
Table 6:   Price consideration of brick mixtures in terms of increased cost in application 
combustible agents and chemical additive Vuppor to 1 ton of burned brick body. 

Name of mixture AB ABP ABPV05 ABPV075 PZ PZV05 PZV075 
Approximate price in € - 5.90 14.00 18.30 17.60 26.10 30.40 

 
 
5. Conclusions 

The achieved results show that by the implementation of mixture ABPV05 (basic brick mixture      
A : B = 1 : 2, which contains 5% sawdust by volume and 0.5% of Vuppor’s dry weight to the 
weight of dried raw material) we reached the lower values of thermal conductivity at lower 
production cost than with regular mixture used in the brickyard. 
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Abstract 

The work is devoted to study the influence of nanosilica (nSiO2) on cement mortars mechanical 
properties. The results have shown that addition of nSiO2 increase the compressive and flexural 
strength of mortars. With the increase of nanosilica content the enhancement of mechanical 
properties is noticeable. In addition, the influence of nanosilica content on rheological properties of 
cement pastes has been examined. It was shown that high quantity of nanosilica can affect the 
rheological properties of cement pastes and can contribute to significant changes in workability of 
cement composites. Moreover, the analysis of electron microscopy images allowed to reveal the 
mechanism of the cement properties enhancement in the presence of the nanoparticles - 
densification of the interfacial transition zone (ITZ) between the cement paste and aggregate was 
observed. 

Keywords: Nanosilica, cement mortar, mechanical properties, nanoparticles, rheology, workability 
 
 
1. Introduction 

Nanotechnology is a field of science which undoubtedly contributed in recent decades to accelerate 
the development of technology. Concrete technology, due to its very nature, is developing relatively 
slow compared to other sciences, although for several years there is a definite noticeable increase in 
interest in the products modified using nanometric materials. 
Massive cement production causes huge emission of carbon dioxide (CO2) to the atmosphere. 
Therefore, use of cement in concrete can be reduced by use of nanoscale materials. The additive 
tested by many researchers so far reveals tremendous properties is nanosilica (nSiO2), which can 
positively affect a variety of concrete and cement mortar properties.  
One of the first results were obtained by Hui Li et al. (2004) [1-2]. Researchers found out that 
nanosilica significantly improves the compressive, tensile and flexural strength of samples [1-5]. 
Due to its ultrafine size, nanosilica act as filler in the empty spaces in the concrete structure thus 
increasing the mechanical compressive strength. Therefore, the finer the particle the more precisely 
nanosilica fills the empty voids thickening the internal structure [6]. Nanosilica not only acts as a 
reinforcing filler but also exhibits high-pozzolanic activity [5]. It was also reported that nanosilica 
improves early strength by increasing the level of cement hydration [7]. Due to its characteristics, it 
has been proposed that nSiO2 can be added to cement with high volume fly ash to overcome the 
                                                           
* Corresponding author: Tel./ Fax.: +48792977818 
E-mail address: pawel.sikora@zut.edu.pl 
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side effects of the fly ash, which are low early strength, delay of the hydration process and slow 
increase of the strength [8-9]. A study held by Vera-Agullo [6] confirmed the pozzolanic effect and 
thermo gravimetric analysis showed that the samples containing nanosilica had more Calcium 
silicate hydrate (CSH) phase and less portlandite than cement paste without the addition of silica 
nanoparticles. It was found that nanosilica consumes the CH therefore increasing the amount of stiff 
CSH within the hydrated cement paste, resulting in an improved microstructure. Denser structure 
results from the improvement of the properties such as reduction of water absorption, capillary 
absorption and penetration of chloride ione [3,10]. 
In general, studies show that nanosilica causes strength enhancement, refines pore structure, 
accelerates hydration rate, increase durability and reduces the Ca- leaching [6,10]. 
Application of nSiO2 in self-compacting concretes (SCC) seems to be much more effective than the 
use of the conventional silica fume. In addition, studies have shown that the presence of nanosilica 
in the concrete can reduce the shrinkage [11]. It is believed that the process which occurs in the case 
of silica fume can also be referred to the nanosilica, but because of the finer size of particle and 
higher surface area this effect is more significant [10]. Although nanosilica tend to become more 
popular and interesting to the application, it still has to meet a number of challenges to become a 
product used on a large scale. 
Uniform dispersion of nanosilica in cement matrix is a key issue to be solved. Due to high surface 
area to volume ratio of nanosilica particles there is a noticeable reduction in liquidity and 
difficulties in achieving a desired blend of workability [6,8]. Overcoming this obstacle is essential if 
nanosilica would like to be applied in i.e. SCC. Studies held by Senff et al. (2009) have shown that 
generally with the increase of volume of nSiO2 the values of torque and yield stress are increasing. 
It is caused by presence of nSiO2 in the mixture which decreases the available amount of lubricating 
water [12]. Moreover, high surface area of nanosilica which increases the water absorption can 
contribute to the formation of "weak zones” in concrete [10].  
Due to unspecified amounts of additive, ranging from 0,25 even up to 10 %, the major dispersion 
problem exists [3,4,11,13-15]. Thus the method of incorporating nanosilica particles seems to be a 
very important issue to improve rheological properties of cement mortars and concrete. 
 
 
2. Materials and experimental methods 

2.1. Synthesis of silica nanospheres (nSiO2)
 
Synthesis of the silica nanospheres SiO2 was prepared by a modified Stöber sol–gel process [16]. 
The detailed description of the synthesis of silica nanospheres has been reported elsewhere [14].  
 
2.2. Composition of cement mortar 

Rapid Hardening Portland Cement (RHPC) type I 42,5R conforming to EN 197-1 was used as 
received. The fine aggregate was quartz sand with grains finer than 2 mm.  
Six series of specimens containing nanosilica spheres (N1, N3, N5) and silica fume (SF1, SF3, 
SF5) in the amounts of 1%, 3% and 5% by weight of cement were prepared. Reference samples of 
mortar without addition of silica were also prepared (R). Nanospheres were applied to the mix 
along with the water. Before the addition to the dry materials nanosilica were dispersed and stirred 
at low speed for 24 hours in 90% of the mixing water. Tap water was used in all samples.  
The consistency of fresh mortars were tested according to EN 1015-3 using flow table. After 28 
days of curing the compressive and flexural strength of samples were tested in accordance with EN 
196-1. The water to binder (w/b) ratio was fixed to 0.5 to enable reasonable mortars and pastes 
workability. 
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2.3. Rheological model and testing procedures
 
The rotational rheometer Rheotest RN4 with concentric cylinder geometry was used to determine 
the yield stress and the plastic viscosity as defined by Bingham (Fig. 1). 
Numerous researchers [12] have successfully applied the Bingham equation which defines the flow 
using two parameters. Ideal Bingham material is an elastic solid at low shear stress values and a 
Newtonian fluid above a critical value called the Bingham yield stress 0. The plastic viscosity 
region exhibits a linear relationship between shear stress ( ) and shear rate ( ), with a constant 
differential viscosity equal to the plastic viscosity pl. The so-called Bingham model can be 
expressed as a: 
 

= 0+ pl       Eq. (1) 
 
The slope of the down-curve (decreasing shear rate) was used to calculate the plastic viscosity, 
while the intercept at zero shear rate was used to calculate the yield stress. 
The influence of shear rate on the rheological behavior of the pastes was examined. The paste was 
introduced into the cylinder directly after 5 minutes of stirring.  The rheological measurements were 
performed at 12, 42, 72 and 102 min after the initial water addition. The temperature was fixed at 
20 °C with help of thermostat. To accurately examine samples and compare the rheological 
properties of cement pastes, every test of samples was preceded by pre-shearing at constant rate of 
100 s-1 for 350 seconds, in order to homogenize the samples and reach the equilibrium state. After 
pre-shearing samples were left for 5 seconds to rest and decelerate cylinder rotation. Afterwards the 
sample were sheared in 5 steps from 0 s-1 to 100 s-1 for 50 seconds (each step 10 seconds). Finally, 
the shear rate was decreased in the same way from 100 s-1 to 0 s-1. The slope of the down-curve 
(decreasing shear rate) as suggested by Senff [12] was used to calculate the plastic viscosity. Hence, 
the intercept at zero shear rate was used to calculate the yield stress. Fig. 1 presents scheme of 
conducted test. 
 

      
 

Figure 1. Rotational rheometer Rheotest RN4 and testing procedure 

 
 

3. Results and discussion 

3.1. Characteristics of silica nanospheres 
 
The properties of nSiO2 particles are shown in Table 2. Transmission electron micrographs (TEM) 
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and scanning electron micrographs (SEM) presented in Fig. 2 proving the composition of 
synthesized nanostructure and relatively similar diameter of solid nanospheres. To characterize the 
morphology of the silica nanostructures a high resolution transmission electron microscope with a 
dispersive X-ray spectrometer EDS (FEI Tecnai F20) and scanning electron microscope (Tescan 
Vega 3 and Hitachi SU 8000) were used. The specific surface area adsorption was measured by 
BET isotherm with a Quantachrome Instruments analyzer. 
EDS spectrum of nanosilica spheres proves the effectiveness of the synthesis method presented in 
Fig. 2. Weak signal from nickel and copper comes from TEM grid. 
 

 
 

Figure 2. TEM and SEM micrographs of nSiO2 presenting solid and spherical shape of nanosilica 
spheres. Graphical representation of size distribution (A) and EDS diagram (B) of solid silica 
nanospheres (nSiO2) [13-14]. 
 
Table 2. The properties of nanosilica spheres 

Diameter (nm) Surface volume ratio (m2/g) Purity (%) 
255±20 120 >99,9 

 
3.2. Flexural and compressive strength 

The results of flexural strength test are shown in Table 3 and in Figure 3. According to the results 
(Fig. 3) a slight increase of flexural strength was reported for the samples N3 and N5. In series 
containing additive of silica fume the decrease of flexural strength have been noticed.  
Figure 3 and table 4 presents the results of the compressive strength of tested cement mortars.  
The 1 wt% addition of nanosilica does not improved the mechanical properties of cement mortars. 
Samples with the addition of 3 wt% nSiO2 had slightly improved strength. The samples N5 
containing 5 wt% of nSiO2 resulted in the highest improvement of compressive strength; their 
strength increased by 26% compared with a reference sample. It is worth noting that irrespectively 
of silica fume content, all samples (SF1, SF3, SF5) decreased their strength comparing to the 
reference sample. Usually positive influence (due to its size and surface area) of silica fume is 
exhibited particularly in concretes containing superplasticizers, while nanosilica affected the 
mechanical properties also in cement mortars. It is caused because of nanosilica’s finer particles 
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size, larger surface area and the higher SiO2 content than conventional silica fume. It is believed 
that the processes which occur in the case of silica fume can also be referred to the nanosilica, but 
because of the finer size of particles and higher surface area nSiO2 works more effective. Therefore, 
it can be presumed that effect of nanosilica additive in concretes will be even more significant.  
 

 
 

Figure 3. Flexural and compressive strength of the tested mortars (28 days of curing) 

Table 3. Flexural and compressive strength of selected samples after 28 days of curing 
Sample designation R N1 N3 N5 SF1 SF3 SF5 
Flexural strength,  MPa 7.3 7,4 7.5 7.2 6.8 7.1 6.7 
Comparison with strength of control samples, % 100 102 102 99 94 97 93 
Compressive strength, MPa 41.1 38.0 43.3 51.9 31.6 40.9 39.5 
Comparison with strength of control samples, % 100 92 105 126 77 99 96 
 
3.3. Consistency of cement mortars 

The consistency of cement mortars are shown in Table 3. It was found that the consistency of 
samples (beside sample N3) was insignificant. The only noticeable decrease of consistency 
exhibited the samples N5 (containing 5 wt% of nSiO2) which can be associated with the high 
surface area to volume ratio (nanosilica exhibits high water demand) which resulted in reduction of 
liquidity.  
 
Table 4. Consistency of cement mortars 

Sample designation R N1 N3 N5 SF1 SF2 SF3 
Mean diameter, mm 157 162 154 144 172 163 161 

 
3.4. Rheological properties 

The Bingham plastic model has been successfully used to determine the plastic viscosity and the 
yield stress of cement pastes modified with additive of nanosilica. The results are summarized in 
Table 4. In all tested samples increase of yield value ( 0) was reported. The most significant change 
of 0 was observed in the sample N3W. In cement paste containing 1 wt% of nanosilica, the 
decrease of plastic viscosity pl was reported (comparing to the reference sample). In the case of 
samples modified with 3 wt% and 5 wt% of nSiO2, the increase of this parameter was noticed. 
However, sample N5W exhibited lower plastic viscosity than sample N3W. 
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This phenomenon can be linked with simultaneous increase of air content caused by presence of 
nSiO2 (increase of fluidity) [12] and high surface area to volume ratio (reduction of liquidity) which 
results in overcoming the impact of nSiO2. 
 
Table 5. Yield stress – 0 [Pa] and plastic viscosity - pl [Pa•s] of cement pastes containing 
nanosilica 

Time [min] R N1 N3 N5 
0 pl 0 pl 0 pl 0 pl 

t=12 9,59 0,35 11,09 0,29 17,30 0,65 16,21 0,56 
t=42 9,73 0,36 10,50 0,31 18,08 0,64 15,01 0,50 
t=72 9,48 0,40 10,71 0,30 18,83 0,61 13,15 0,53 

t=102 10,17 0,44 10,82 0,32 19,93 0,59 15,32 0,53 
Growth/decay 
(compared to 
ref. sample) 

- -
 
The influence of time on the rheological properties was insignificant, however the slight changes of 
plastic viscosity and yield stress of cement pastes was noticeable, which can be associated with the 
progress of the cement hydration and structural build-up at rest.  
Consistency tests showed that, with increase of nSiO2 content, the consistency of cement mortars 
tend to decrease. In small quantities of additive such as 1 wt% the change is insignificant but with 
the increased amount of nSiO2 additive, use of superplasticizers seems to be necessary in order to 
deflocculate the cement paste and to increase the amount of free water in the mixture. It will allow 
optimizing the rheological parameters and can contribute to diminish the possibility of creation of 
so-called “weak zones” containing agglomerates of non-dispersed nanosilica [13]. 
 
3.5. Electron microscopy images
 
Examined samples (Fig. 4) were analyzed by scanning electron microscope (SEM) to investigate 
the change of properties of interfacial transition zone (ITZ) which is considered to act as the "weak 
link in the chain" when compared to the bulk cement paste and the aggregate particles. Thus the 
lower strength and stiffness of the ITZ translate directly into lower strength and stiffness values for 
concrete as compared to cement paste. 
Higher air content [15] in mortar contributes to increase the amount of air voids, but at the same 
time the presence of nanosilica spheres thicken and make the interfacial transition zone (ITZ) 
structure denser. With the increase of nanosilica content the densification of ITZ was more 
noticeable. This confirms the increase of compressive strengths of samples. Besides that, SEM 
image analysis showed the absence of non-uniformly dispersed nanosilica conglomerates.  
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Figure 4. SEM micrographs of tested cement mortars [15] 
 
 

4. Conclusions 

An experimental investigation of the influence of application of nanosilica additive on the 
mechanical and rheological properties of cement pastes was presented. Based on the results 
presented in the report, the following conclusions can be drawn: 
 

1. Despite the significant difference in specific surface areas of silica nanoparticles (nSiO2) 
and silica fume, the consistency of tested mortars remained similar as well as to the 
reference sample. In samples with 5% of nanoparticles addition very slight decrease in 
consistency was observed, 

2. Nanosilica particles (nSiO2) addition in amounts of 3% and 5% by weight of cement 
resulted in an increase of compressive strength and flexural strength of mortars, 

3. Nanosilica has a significant impact on the rheological properties of cement pastes and can 
highly affect the workability of concretes, especially with the high volume of nSiO2, 

4. The highest impact on the rheological properties (yield stress and plastic viscosity) of 
cement pastes exhibited sample containing the 3 wt% of nSiO2, therefore to overcome these 
obstacles the use of superplasticizers is suggested, 

5. Nanosilica contributes to improve the interfacial transition zone (ITZ) structure. 
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Abstract 
 
Energy efficiency of buildings has been a major topic throughout the world in the past few decades, 
leading to ever higher level of thermal control and heat management. The main problem is 
maintaining comfortable room temperature, whilst using the minimum energy for HVAC systems. 
Since phase change materials (PCM) offer an economical alternative to thick layers of 
thermoinsulation required by ever more popular lightweight building constructions, PCMs imposed 
themselves as an attractive research field. Due to their capability to store thermal energy in form of 
latent heat, their application in thermal regulation systems in buildings could significantly reduce 
the electrical energy demand and lead to great power savings. However, there are many problems 
that yet need to be solved if that goal is to be achieved, and they are mainly related to describing 
the thermal behavior of PCMs during the phase change. The aim of this paper is to give a short 
overview of up-to-date usage of PCM in passive thermoregulation systems in order to encourage 
further research of this important topic. 
 
Keywords: phase change materials, PCM, energy efficiency, LHTES systems 
 
 
1. Introduction 
 
According to certain studies [1], fossil energy makes for 81.4% of the total commercial energy 
consumption, whereas the energy produced out of the non-fossil sources (nuclear, geothermal, 
hydro and solar energy and energy from renewable sources and waste) adds up for only 18.6% . 
Since the exploitation of fossil fuels contributes greatly to the global warming through the large 
greenhouse gasses emission and the amount of present fossil fuels is limited, great efforts are made 
worldwide to solve the energy supply issue. In addressing this problem, there are 3 feasible 
approaches: to reduce the demand, to increase the energy efficiency of the power systems and to 
shift the production to new, less harmful sources [2]. One of the ways of improving the energy 
efficiency and reducing the demand is the application of the thermal energy storing (TES) systems. 
Thermal energy can be stored in various ways, and one of them is through the usage of phase 
changing materials (PCM). 
 
Buildings consume significant part of produced energy - up to 40% on average, and this is mostly 
due to the cooling and heating systems, of which mainly the HVAC systems that consume 15% on 
average [3] (in some countries such as Kuwait, HVAC systems are responsible for the consumption 
of 70% of the produced electrical energy [4]). Thus it is necessary to improve buildings' energy 
performance, and their thermal performance can be greatly improved by incorporating TES systems 
that will mitigate the energy requirements for space cooling and heating. One of the most efficient 
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ways of achieving this is the use of PCM in building's envelope, and this is just the type of 
application that will be considered in this text. The aim of this paper is to draw attention of fellow 
researchers to this promising field by giving an introduction to the principals of work of PCM and 
pointing out the problems that yet need solving if we are to exploit PCMs to their full potential. 
 
PCMs store thermal energy in the form of latent heat because the major part of thermal energy that 
was spent on phase shift from solid to liquid gets emitted back to the surroundings during the 
solidification process. So, in a sense, the thermal energy was absorbed and stored for a later use. 
The latent heat phenomenon causes PCM to have great thermal mass and to be very thermally inert, 
but also to have very low thermal conductivity, which makes them a good thermal insulation 
material. Nevertheless, they contribute to the reduction of energy consumption mainly through the 
so-called "peak-shifting". During hot summer days, the exterior of the building's envelope is heated, 
but the inside space is at any given moment somewhat cooler, depending on the thermal mass and 
thermal conductivity of the walls. If there are PCMs incorporated in outer walls, once the 
temperature of the phase change is reached, all the heat coming from the outside is used therein, 
greatly increasing the temperature difference between the inner space and building's surroundings. 
It is not until all of the PCM in walls have changed their state that the inside temperature continues 
to rise, which happens a couple of hours after the peak in the outside temperature occurs. Therefore 
the peak of the inside temperature is "shifted" forward in time with reference to the peak of the 
outside temperature (Fig. 1), which directly leads to a more uniform cooling power demand. 
Similarly, the electrical energy consumption is also alleviated during the heating season. 
 

 
Figure 1: Temperature peak shifting [5] 

 

2. Classification of phase change materials 
 
PCMs are being studied for the past two decades, although more intensively so only for the last six 
years, and in that period the potential for application of various materials has been tested, with 
different results. Here the general classification of materials so far tested will be given. For more 
detailed review, the reader is referred to [7]. 
 
Material that is to be applied as a PCM in a building should have the following characteristics: 
melting temperature in a reasonable range, high latent heat (heat of fusion), high thermal 
conductivity and desirable thermophysical, kinetic, chemical and economic properties, such as to be 
non-flammable, non-hazardous, abundant and available. [6] 
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Phase change materials used in buildings can be organic, inorganic or eutectic, whereas organic 
ones can be divided in two groups - paraffins and non-paraffins (for example fatty acids, esters, 
alcohols, glycols...), while inorganic PCMs include salty-hydrates and metallics (low melting metals 
and metal eutectics). [6] [7] Eutectics can be mixtures composed of multiple organic-organic, 
inorganic-inorganic, or organic-inorganic compounds. [7] The advantages of organic PCMs are: 
availability in large temperature range, solidification without much supercooling, ability to melt 
congruently, compatibility with conventional construction materials, no segregation, chemical 
stability, high heat of fusion, they are safe, non-reactive and recyclable. Their disadvantages are: 
low thermal conductivity, low volumetric latent heat storage capacity and flammability. [8] The 
advantages of inorganic PCMs are: high volumetric latent heat storage capacity, low cost and 
availability, sharp phase change, high thermal conductivity and they are not flammable. Their 
disadvantages are: high volume change, supercooling and segregation. [8]  Which type of PCM 
listed above should be used in any given case depends on the wanted effect, i.e. the desired function 
and application field, and these are numerous. 
 
 
3. Means and areas of application 
 
Phase change materials can participate in solving the energy problems by application in either 
passive or active systems of thermal control. The use of PCM in buildings is shown on Fig. 2 [8]. In 
this paper only the passive application of PCM will be presented, and for more about the active 
application of PCM reader's referred to the literature [6][7][8]. 
 

 
 

Figure 2: Categorization of PCM application in buildings [8] 
 
3.1 Incorporation of PCM into buildings 
 
Once the appropriate PCM has been selected, it should be decided how to incorporate it into passive 
TES systems, and there are basically four methods of achieving that: integration, emersion, 
encapsulation and application of shape-stabilized PCM (SSPCM). By resorting to the first two of 
the methods, one incorporates PCM directly into building materials, either by mixing the liquid or 
powdered PCM with building materials such as gypsum, cement or plaster during the production 
which represents the integration method, or by immersion of a porous building material such as 
brick, concrete block or gypsum board into the melted PCM that is then absorbed through the 
capillarity action [6]. Both methods are fairly simple and economical, but some problems have been 
reported regarding the long-term PCM leakage and incompatibility, in terms of possible unwanted 
interaction with some building materials [6]. These problems can be overcome by encapsulating the 
PCM prior to it's incorporation into a construction element. The PCM containment should protect 
the PCM from harmful interaction with the surroundings and provide sufficient surface for heat 
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transfer, as well as the structural stability and easy handling, while meeting the requirements 
regarding strength, durability and thermal stability [6]. PCM can be microencapsulated and 
macroencapsulated. Microencapsulation means that a drop of PCM is coated by a polymer, making 
a capsule of one micron to one millimeter in diameter. This method is very efficient since it allows 
PCM to be incorporated in virtually any building material and improves the thermal conductivity by 
greatly increasing the relative contact surface, but according to some studies (for further 
information consult [6] ), microencapsulated PCM can affect mechanical characteristics of the base 
building material and they show some supercooling effect [6]. Alternatively, PCM can be stored in 
larger containers - tubes, spheres or panels with dimensions of a couple of centimeters (or even 
decimeters) and afterward incorporated in construction elements; then they are said to be 
macroencapsulated (Fig. 3). These containers have a great effect on the performance of the PCM 
storage element by influencing the thermal conductivity of the contained PCM, so they should 
provide good heat transfer and adequate protection for PCM. However, while macroencapsulation 
can also help with some flammability problems, usually some additional techniques of enhancing 
the heat transfer through PCM are required, and there often arises the problem of PCM 
solidification at the edges [6].  
 

 
 

Figure 3: a) microencapsulated PCM [10] b) macroencapsulated PCM [11], [12] 
 
In recent years researchers have developed an additional method for incorporating PCM in building 
materials, and that is by stabilizing the shape of PCM during the phase change process [8]. This is 
accomplished by mixing the PCM and certain supporting material, both in liquid state. After that, 
the mixture is cooled down below the freezing temperature of the supporting material that is still 
well above the one of the PCM. In that way PCM remains trapped in the reasonably solid structure 
of the supporting material, even during the PCM phase change. This shape-stabilized PCM 
(SSPCM) have large apparent specific heat and show good performance in long-term thermal cycles 
[6], but their thermal conductivity should be enhanced by adding another substance to this 
composite material. According to certain extensive researches (consult [8]), adding the ex-foliated 
graphite is the most efficient solution for this problem. Nevertheless, SSPCM represent a promising 
method of applying the PCM, since the mass percentage of PCM in SSPCM can be as high as 80%, 
provided that appropriate supporting material is chosen. The most commonly used supporting 
materials are high-density polyethylene and styren-butadienestyren [8]. 
 
3.2 Areas of PCM application in passive systems for thermal regulation in buildings 
 
Lightweight constructions enable far more rational utilization of construction materials, but they 
have very low thermal mass and therefore require a considerable amount of conventional thermal 

 383



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 

insulation. Application of PCMs in building wall can greatly reduce it's required thickness. 
According to some studies [6], by application of a 1cm thick wallboard comprised 60% of PCM, the 
thermal inertia of a lightweight construction was doubled. In Fig. 4 equivalent thickness of walls 
made of different materials having the same heat storage capacity of 5.7 MJ are shown. 
 

 
 
 

Figure 4: Equivalent walls [13]. 
From left to right: concrete, masonry, wood, lightweight construction, PCM drywall 

 
Therefore, it can be concluded that incorporating the PCM panels (or containers in general) in 
buildings can lead to dramatically savings in space and construction material, and there are many 
areas where PCMs can be applied. The simplest solution is probably the wallboards. They are 
relatively cheap, very effective and easy to handle. There are several factors that affect the 
efficiency of PCM wallboards, some of which are the method of PCM incorporation, the orientation 
of the wall, direct solar gains, internal gains, color of the surface, ventilation rate, the phase-change 
temperature of the used PCM, latent heat capacity per unit area of the wall, etc. [6] The effect of a 
PCM wallboard depends also on the position of PCM inside the board - if PCM layer is on the 
exterior side of the wall, there are considerable savings during the cooling season, but the effect is 
quite small in the heating season. The situation is opposite if PCM layer is placed on the interior 
side of the wall. [14][6] The efficiency in the heating season can be increased by positioning PCM 
panels in building's floors and ceiling [6][7]. Beside PCM wallboards, there are PCM enhanced 
building materials which represent somewhat less efficient but still practical passive thermal 
regulation systems. For instance, PCM can be macrocapsulated and put in hollow bricks [12] or 
concrete elements, thereby improving their thermal characteristics, or they can be directly integrated 
in concrete or mortar [15][16]. Construction elements can also be enhanced by immersion into PCM 
[17], and there have also been attempts to incorporate PCM in mortar and concrete via lightweight 
expanded aggregate [1]. In addition to all of this, thin PCM panels can be positioned on window 
blinds and shutters [7], and there are even some transparent PCMs that can be positioned between 
two glass panels of a window, transmitting the visible light and storing and emitting in the infrared 
part of the spectrum [18]. For a more detailed overview refer to additional literature, such as [6][8]. 
 
 
4. Theoretical modeling and numerical simulation of PCM 
 
For PCMs to have wider commercial use, the necessary first step is for us to be able to predict their 
behavior to a satisfactory extent. Many experiments have been conducted (some of them are 
[1][4][5][11][12][14][17], for a more thorough list, refer to [6][7][8]), but in order to understand 
PCMs we'll have to devise a theoretical model that would in numerical simulations yield the results 
which would be in reasonable agreement with the experimental ones, and that is a very hard task 
that researchers have been working on for the last decade, but with no definite solutions. The main 
issue in all models is the problem of heat transfer through the PCM during the phase change. 
 
4.1 The Stefan problem 
 
During the solid-liquid phase change, when the melting process begins, there forms the boundary 
between the two phases of material, and as more and more of initially solid PCM melts, the 
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boundary changes (and by analogy, similar thing happens during the solidification process). This is 
known as "the moving boundary problem" or "the Stefan problem". Since, in addition to the fact 
that different phases of material have different thermal characteristics, there is also an effect of fluid 
flow coupled with the moving interface of a still solid part of material, the problem is non-linear 
and certain assumptions and simplifications have to be made, such as that the supercooling is 
neglected and that heat is transferred only by conduction.  
 
4.2 Methods for solving the Stefan Problem 
 
There are some approximate analytical solutions to the Stefan problem, but they can describe only 
relatively simple cases of single-material phase change and are practical for solving only the one-
dimensional problems, since they become too complicated when applied to the multi-dimensional 
ones. The most common of these methods are the heat balance integral, variation technique, 
isothermal migration, source and sink method and periodic solution [7]. Most researchers use 
numerical approach, either by using the finite differences method or finite elements method. The 
most commonly used software are building energy simulation tools such as EnergyPlus, ESP-r, 
TRNSYS, PwerDomus, and SUNREL [7], and there are also packages for ANSYS that allow 
computations of this kind such as ANSYS FLUENT [11]. All the FEM-based programs use either 
the time variant (adaptable) mesh approach that gives more accurate results but is practically 
applicable only to problems of simple geometries, or the fixed mesh approach which is somewhat 
less accurate but much more simple [7]. The problem of modeling the microencapsulated PCM is 
even more challenging, but there are at our disposal some recently developed routines of modeling 
the complex microstructure of composite materials by looping some relatively simple subroutines a 
number of times. For instance, a porous material of a brick immersed in PCM is modeled using the 
Sierpinski carpet algorithm [17] (Fig. 5), and PCM enhanced concrete is represented by generalized 
self-consistent (GSC) model [19] (Fig. 6). As for the mathematical interpretation of the problem, 
the most widely used is the enthalpy formulation where enthalpy is presented as a temperature 
dependent variable.  

 
 
Figure 5:Schematics for Sierpinski carpet [17]   Figure 6:Multy-scale modeling of PCM concrete [19] 
 
In recent years there has been some advance in algorithms that offer an alternative to the 
conventional computational fluid dynamics that are based on the discretization of a macroscopic 
continuum-based models. The alternative approach develops a multi-scale model based on lattice 
Boltzmann equation (LBE) instead, combining the microscale lattice models and mesoscopic 
kinetic equations, thus being able to handle interfacial dynamics and intricate moving geometries 
due to their kinetic nature, while also having a satisfactory computational speed [20]. There are two 
LBE-based methods for solving the solid-liquid phase change: phase-field method and enthalpy-
based method. The latter has certain advantages [20]. 
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5. Problems and future outlooks 
 
The main problem for wide PCM usage seems to be the lack of the precise description of their 
thermal behavior. Besides, our knowledge of this area is still rather fragmentary. For example, a 
hysteresis is observed between the melting and freezing (heating and cooling) temperature curves 
that is not yet accounted for by any of the physical models proposed, and it is of great importance to 
take this into account since it causes the thermal behavior of PCM to be dependent on the heat 
loading history. Also, long-term phase-change temperature shift needs to be taken into account. 
Furthermore, there are too few (if any) comparisons between different models and validation of 
conducted experiments [2]. Steps should be taken toward the more compact and consistent global 
research of the subject, the first of which could be the standardization of tests. There has been some 
development in this area recently [2], and that should encourage further research. Be that as it may, 
there are still problems regarding the efficiency of PCMs in seasons when the outside temperature 
does not differ greatly from the phase change temperature of PCM and improving the thermal 
conductivity of the PCMs. 

6. Conclusions 
 
Phase change materials possess a great potential to contribute to solving the rising energy problems 
by application in passive thermal control system of buildings (among other usages), and this can be 
achieved by utilizing them in latent heat thermal storage systems. There are many different types of 
PCMs and they can be incorporated to constructions in various ways, thus leading to a very wide 
diapason of their implementation possibilities, while many researches have shown them to have a 
very satisfying effect on power saving and energy efficiency of buildings. However, although very 
promising, this area is not yet investigated thoroughly enough for PCMs to have wide commercial 
use. Our knowledge of thermal behavior of PCMs is insufficient for us to accurately predict their 
effect and more comprehensive models, both theoretical and numerical, are necessary to 
appropriately describe the problem. There have been many experiments and many models for 
numerical simulation have been developed, but they lack interconnection and consistency. If we are 
to reach the goal of widespread utilization of PCM, more standardized and coordinated research is 
needed. Nevertheless, this area deserves much attention and in recent years interest in it is rising 
worldwide. It is our hope that by the short overview presented in this paper we have intrigued some 
of our colleagues to take part in the collective effort for building the better future. 
 
 
7. References 
 
[1] Miguel C.S. Nepomuceno, Pedro D. Silva. Experimental evaluation of cement mortars with phase 

change material incorporated via lightweight expanded clay  aggregate. Construction and Building 
Materials, Vol. 63, pp. 89-96, 2014. 
 

[2] Yvan Dutil, Daniel Rousse, Stephane Lassue, Laurent Zalewski, Annabelle Joulin, Joseph Virgone, 
Frederic Kuznic, Kevyn Johannes, Jean-Pierre Dummas, Jean-Piere Bedecarrats, Albert Castell, Luisa F. 
Cabeza. Modeling phase change materials behavior in building applications: Comments on material 
characterization and model validation. Renewable Energy, Vol. 61, pp. 132-135, 2014 
 

[3] Saeed Kamali. Review of free cooling system using phase change material for building. Energy and 
Buildings, Vol. 80, pp. 131-136, 2014. 
 

 386



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 

[4] Esam M. Alawadhi. Thermal analysis of a building brick containing phase change material. Energy and 
Buildings, Vol. 40, pp. 351-357, 2008 
 

[5] Yinping Zhang, Kunping Lin, Yi Jiang, Guobing Zhou. Thermal storage and nonlinear heat-transfer 
characteristics of PCM wallboard. Energy and Buildings, Vol. 40, pp. 1771-1779, 2008 
 

[6] N. Soares, J.J. Costa, A.R. Gaspr, P. Santos. Review of passive PCM latent heat thermal energy storage 
systems towards buildings' energy efficiency. Energy and Buildings,  Vol. 59,  pp. 82-103, 2013 
 

[7] Atul Sharma, V.V. Tyagi, C.R. Chen, D. Buddhi. Review on thermal energy  storage with phase change 
materials and applications. Renewable and  Sustainable Energy Reviews. Vol 13, pp. 318-345, 2009 
 

[8] Frederic Kuznik, Damien David, Kevyn Johannes, Jean-Jacques Roux. A review on phase change 
materials integrated in building walls. Renewable and Sustainable Energy Reviews. Vol 15, pp. 379-391, 
2011 
 

[9] Edwin Rodriguez-Ubinas, Latzai Ruiz-Valero, Sergio Vega, Javier Neila. Application of Phase Change 
Material in highly energy-efficient houses. Energy and Buildings. Vol 50, pp. 49-62, 2012 
 

[10] Djordje Djordjevi , Biljana Avramovi . New thermally enhanced fiber insulation material. Journal 
of Faculty of civil engineering in Subotica, Serbia. International conference: Contemporary 
achievements in civil engineering, eISSN 2334-9573, 2014 
 

[11] Tiago Silva, Romeu Vincente, Nelson Soares, Victor Ferreira. Experimental testing and numerical 
modelling of masonry wall solution with PCM incorporation: A passive construction solution. Energy 
and Buildings, Vol. 49, pp. 235-245, 2012 
 

[12] Paolo Principi, Roberto Fioretti. Thermal analysis of the application of pcm and low emissivity 
coating in hollow bricks. Energy and Buildings, Vol. 51, pp. 131-142, 2012 
 

[13] http://clevermaterial2.blogspot.com/ 
 

[14]  Xian Shi, Shazim Ali Memnon, Waiching Tang, Hongzhi Cui, Feng Xing. Experimental assessment 
of position of macro encapsulated phase change material in concrete walls on indoor temperatures and 
humidity levels. Energy and Buildings, Vol. 71, pp. 80-87, 2014 
 

[15] Tung-Chai Ling, Chi-Sun Poon. Use of phase change materials for thermal energy storage in 
concrete: An overview. Construction and Building Materials, Vol. 46, pp. 55-62, 2013 
 

[16] Pania Meshgin, Yunping Xi, Yue Li. Utilization of phase change materials and rubber particles to 
improve thermal and mechanical properties of mortar. Construction and Building Materials, Vol. 28, pp. 
713-721, 2012 
 

[17] Chengbin Zhang, Yongping Cheng, Liangyu Wu, Mingheng Shi. Thermal response of brick wall 
filled with phase change materials (PCM) under fluctuating outdoor temperatures. Energy and Buildings, 
Vol. 43, pp. 3514-3520, 2011 
 

[18]  Kamal A.R. Ismail, Carlos T. Salinas, Jorge R. Henriquez. Comparison between PCM lled glass 
windows and absorbing gas filled windows. Energy and Buildings, Vol. 40, pp. 710-719, 2008 
 

[19]   Pania Meshgin, Yunping Xi. Multi-scale composite models for the effective thermal conductivity 
of PCM-concrete. Construction and Building Materials, Vol. 48, pp. 371-378, 2013 
 

 387



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 

[20]  Mahmoud Jourabian, Mousa Farhadi, Ahmad Ali Rabienataj Darzi, Abbas Abouei. Lattice 
Boltzmann simulation of melting phenomenon with natural convection from an eccentric annulus. 
Thermal Science, Vol. 17, No. 3, pp. 877-890, 2013 

 388



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
 

Comparison between Several Models for Calculating Drying 
Shrinkage of Concrete 

 
 

Yana D. Kancheva*1, Roumiana A. Hadjieva-Zaharieva2 

 

1,2 University of Architecture, Civil Engineering and Geodesy. 1 Hristo Smirnenski Blvd., 1046, Sofia, 
Bulgaria 

 
 

Abstract 

Shrinkage in concrete is one of the inevitable processes leading to mechanical deformations 
(cracks) in concrete. As cracks can influence strength properties and durability of concrete their 
control and reducing are of great importance. Factors having effect on the magnitude of shrinkage 
(aggregate content, mix proportions, curing, relative humidity of the ambient environment, element 
geometry) are discussed in the current paper. Several parametric models for evaluation and 
prediction of shrinkage have been reviewed regarding the number and type of parameters they 
demand. A numerical example is shown to illustrate the differences between those models. Some 
drawbacks of parametric models in predicting the drying shrinkage can be overcome by applying a 
contemporary approach such as Artificial Neural Networks (ANN) – it gives the best correlation to 
experimental results, at the same time being able to analyse more input parameters than the 
parametric models.  

Keywords: Drying Shrinkage, Parametric Models, Artificial Neural Networks, Concrete, Prediction 
 
 
1. Introduction 

In concrete, from its fresh state to later in life, there is a moving of water out of the body which is 
not fully rigid [1]. During the hydration of cement changes in volume occur – the volume of the 
system water-cement is reduced and this contraction is of the order of 1% of the absolute volume of 
dry cement [1]. Water is also lost by evaporation from the surface of the concrete and this process is 
known as shrinkage.  
Even though shrinkage is a volumetric effect, it is normally measured in the laboratory or on 
structural elements by determination of length change, and it is therefore expressed as a linear strain 
[2]. Usually, shrinkage strains are distributed in two manners – autogenous and drying shrinkage. 
Autogenous shrinkage is caused by self-desiccation due to loss of water consumed by hydration 
reaction. It amounts to only about 5% of the drying shrinkage in normal concretes, which self-
desiccate to about 97% pore humidity [2]. But it can be equal to the drying shrinkage in modern 
high-strength concretes with very low water-cement ratios, which may self-desiccate to as low as 
75% humidity [3]. 
Drying shrinkage occurs when concrete is being stored in unsaturated air [1], i.e. the normal 
conditions in which concrete is operated. Generally, drying shrinkage in conventional concretes 
accounts for the dominant part of the total shrinkage and it is in the focus of the current paper.  
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2. Major factors influencing shrinkage of concrete
 
Drying shrinkage depends on many factors among which properties of the ingredients (especially 
cement and aggregates), mix proportions, mixing manner, curing method, environment (relative air 
humidity, temperature, wind velocity) and member size. Thus, these are the main parameters taken 
into account when developing methods for calculating the shrinkage of concrete.  
 
2.1. Aggregate and cement content 

The drying shrinkage of concrete is less than that of neat cement paste because of the restraining 
influence of the aggregate which, apart from a few exceptions, is dimensionally stable under 
changing moisture states. 
 

 
 

Figure 1. Effect of aggregate content on concrete’s shrinkage compared to that of cement paste [2] 
 
It is apparent that normal concretes have shrinkage of some 5 to 20% of that of neat paste [2]. 
Aggregate stiffness will also have an effect. Normal density aggregates are stiffer and therefore give 
more restraint than lightweight aggregates, and therefore lightweight aggregate concretes will tend 
to have a higher shrinkage than normal-density concretes of similar volumetric mix proportions. 
Figure 3 shows the influence of Sand/Total aggregates ratio and cement content on the drying 
shrinkage. Results are obtained through neural network model for prediction of shrinkage 
(NNMPS) by Bal and Buyle-Bodin [4]. 
 

   
 a) Sand/Total aggregates ratio    b) Cement content 

Figure 2. Effect of Sand/Total aggregates ratio (a) and cement content (b) on the shrinkage of 
concrete compared to that of cement paste [4] 
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2.2. Mix proportions 

The overall pattern of the effect of mix proportions on the shrinkage of concrete is shown in Figure 
3; the separate effects of increased shrinkage with increasing water content and increasing water-to-
cement ratio can be identified. The properties and composition of the cement and the incorporation 
of fly ash, ggbs and microsilica all have little effect on the drying shrinkage of concrete, although 
interpretation of the data is sometimes difficult [2]. 
 

 
 

Figure 3. Effects of cement content, water content and water-to-cement ratio on shrinkage of 
concrete moist-cured for 28 days, then dried for 450 days [1] 

 
2.3. Curing 

Curing delays the occurrence of shrinkage, but the effect of the curing on the magnitude of 
shrinkage is considered to be small. The greater the quantity of hydrated cement the smaller is the 
volume of unhydrated cement particles which restrain shrinkage – so prolonged curing is supposed 
to lead to higher values of shrinkage [2]. But hydrated cement paste contains less water and 
becomes stringer with age and is able to suffer shrinkage without cracking. Cases are reported in 
which well-cured concrete shrinks more rapidly and then the relief of shrinkage stresses by creeping 
is smaller. This may outweigh the higher tensile strength of longer-cured concrete and may lead to 
cracking. Therefore, the duration of curing does not appear to be significant for shrinkage of 
concrete [1]. According to Bal and Buyle-Bodin [4], however, duration of curing have a positive 
effect (reduced shrinkage) for ages up to 60 days.  
 
2.4. Element geometry 

The size and shape of a concrete specimen will influence the rate of moisture loss and the degree of 
overall restraint provided by the central core, which will have higher moisture content than the 
surface region. The rate and amount of shrinkage and the tendency for the surface zones to crack 
are therefore affected. [2] 
In particular, longer moisture diffusion paths lead to lower shrinkage rates [2]. For example, a 
member with a small volume-to-area (V/S) ratio will dry and therefore shrink more rapidly than a 
beam with a square cross-section of the same area [2]. This is verified by ANN analysis [4] and 
apparently, big V/S has stronger positive effect on shrinkage as concrete ages – Figure 5. Non-
uniform drying and shrinkage in a structural member results in differential strains and shrinkage-
induced stresses – tensile near the surface and compressive in the centre. The tensile stresses may 
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be sufficient to cause cracking, which is the most serious consequence for structural behaviour and 
integrity. This happens over a period of time and the stresses can be relieved by creep before 
cracking occurs. The structural behaviour is therefore complex and difficult to analyse [2]. 
 

 
Figure 4. Effect of volume-to-surface ratio obtained through ANN analysis [4].  

 
2.5. Relative humidity of the ambient environment 

Concrete placed in dry air shrinks but it swells in water or in air with a relative humidity (RH) of 
100% [3]. The effect of humidity at different ages of concrete may vary and it is strongest in early 
ages (up to 14th on Figure 5). Later on, after 28th day, RH appears to have little to negligible effect 
on shrinkage values. 
 

 
 

Figure 5. Effect of relative humidity of the ambient environment obtained through an ANN [4].  
 
 
3. Calculating models 
 
Several models are proposed as some accent on accuracy while others on convenience [5]. Some 
models do not take into consideration mechanical properties (ACI 209) and so their influence on 
deformations may remain omitted. Within this study ACI 209R-90, Bažant-Baweja B3, CEB 
MC90-99, GL2000 and Eurocode 2 are reviewed as they are considered most relevant in describing 
shrinkage phenomenon and predicting its values. Artificial neural networks appear also suitable for 
modelling shrinkage and according to some authors [4] they surpass the parametric models in 
correlation to experimental data and accuracy. 
 
3.1. ACI 209R-90 
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This model has been first developed by Branson and Christiason in 1971, further adopted and 
enhanced by ACI Committee 209 to its final version in 1992. Being simple to use, still it is based on 
empirical measurements and cannot completely incorporate the effect of shape and size of the 
element. Shrinkage strain at the age of concrete t is calculated by Eq. 1 [5]. 
 

     Eq. (1) 
 

      Eq. (2) 
 

f (days and  are considered constants for a given member shape, (t-tc) is the time from the end of 
the initial curing and  is the ultimate shrinkage strain and by sh it accounts for factors like 
curing time, relative humidity, V/S ratio, slump, fine aggregate/total aggregate ratio, cement and air 
content. For standard conditions and in absence all data sh is considered equal to 1. 
 
3.2. Bažant-Baweja B3 

Bažant-Baweja B3 uses a mathematical description of over 10 physical processes [5]. Unlike ACI 
model this one takes into account aggregate and cement content and shape of the specimens. 
Among the models reviewed here this is the only one that includes parameters such as aggregate 
and water content, shape of the samples, water-to-cement ratio and, together with ACI 209R-90, the 
curing method. 
 

    Eq. (3) 
 

sh  is the ultimate shrinkage strain, kh is a humidity dependence factor, S(t-tc) is a time function for 
shrinkage. 
 
3.3. CEB MC90-99 

In 1990 CEB (Comité Euro-International du Béton) presented a model for prediction of shrinkage 
and creep in concrete developed by Muller and Hilsdorf [5]. It was later developed into CEB 
MC90-99 where shrinkage is divided into two components: autogenous and drying shrinkage, 
calculated with different equations. Shrinkage values of CEB MC90 are equivalent to those of 
drying shrinkage in CEB MC90-99.  
 

    Eq. (4) 

   Eq. (5) 
 

cas(t) is the autogenous shrinkage, sds(t,tc) is the drying shrinkage, sdso(fcm28) is a notional drying 
shrinkage (depending on the mean 28-day strength), RH is a coefficient taking into account the 
effect of relative humidity on drying shrinkage and ds(t-tc) is a function describing the time 
development of drying shrinkage. 
 
3.4. GL2000

Developed by Gardner and Lockman, this model conforms to the guidelines in [5] concerning the 
character of shrinkage and creep and the mathematical modelling of these processes. 
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    Eq. (6) 
 

 is the ultimate shrinkage strain, (h) is a coefficient taking into account the effect of relative 
humidity on drying shrinkage, (t-tc) is a correction term for the effect of time on drying. 
 
3.5. Eurocode 2 

Eurocode 2 has also proposed a model to calculate and predict shrinkage values and it is based on 
the method presented by CEB (4.3.), simplified though. Like CEB MC90-99, Eurocode 2 considers 
total shrinkage having autogenous and drying components [6]. 
 

    Eq. (7) 

=     Eq. (8) 
 
kh depends on the size and shape, sd,0 is a nominal value for drying shrinkage depending on relative 
humidity and strength, ds(t,tc) is a function describing the time development of drying shrinkage. 
 
3.6. Artificial neural networks (ANN) 

ANN is a technique of increasing use for analysis and prediction of plenty of processes, including 
shrinkage and creep of concrete. Neural network model is a computer-made model, whose interface 
architecture resembles the learning capability of the human brain. It uses an input layer (for input 
data), one or more intermediate layers and an output layer where the results are derived. ANN 
demands a significant amount of data to operate with sufficient accuracy and correlation; such data 
is available for instance at RILEM (International Union of Laboratories and Experts in Construction 
Materials) database as in [4] and/or may be gained through plenty of experimental tests. ANN is a 
technique which can be applied to complex problems described with a large amount of data (such as 
shrinkage and creep values) identifying relationships in a set of data. ANN allows more precise 
description of the examined specimens. Beside the parameters used by the parametric models, ANN 
also incorporates aggregate and water content, shape of the samples (like Bažant-Baweja B3), 
sand/all aggregates ratio and modulus of elasticity.
 
 
4. Comparison of results 
 
Though there are variations in the required input data from model to model, still a comparison is 
possible, if they are set at equal conditions – mix design and proportions, physical and strength 
properties, storing and curing conditions (relative humidity, temperature, curing methods).  
Most of the parametric models discussed herein are focused on calculating the drying shrinkage, 
excluding the autogenous shrinkage and shrinkage due to contraction (both starting from day 0, i.e. 
since the concrete has been cast). CEB MC90-99 and Eurocode2 (being based on CEB MC90-99) 
methods however take into consideration the total shrinkage as a sum of autogenous and drying 
shrinkage and allow their separate calculation using different equations.  
This study regards drying shrinkage solely and autogenous components of total shrinkage values for 
CEB MC90-99 and Eurocode 2 have been omitted. The Guide for modelling and calculating 
shrinkage and creep in hardened concrete ACI 209.R-08 [5] gives a numerical example which 
illustrates the differences in shrinkage values for each separate model. 
Figure 5 present this comparison between the five parametric models reviewed for prediction of 
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drying shrinkage. Models are applied to equal specimen properties given in below. 
 

Estimated concrete properties 
Mean 28-day strength (class C20/25) fcm28= 33,3 MPa 
Mean 28-day elastic modulus Ecm28= 28178 MPa 
    
Estimated concrete mixture 
Cement type (acc. to EN 197-1) I  
Maximum aggregate size Dmax= 20 mm 
Cement content c= 409 kg/m3 
Water content w= 205 kg/m3 
Water-cement ratio w/c= 0,50 
Aggregate-cement ratio a/c= 4,23 
Fine aggregate percentage = 40 % 
Air content = 2 % 
Slump s= 75 mm 
Unit weight of concrete c= 2345 kg/m3 

 
Samples have been moist cured during the first 7 days after casting, i.e. they have been stored in air 
environment with high humidity (close to 100%), so, practically, there were no conditions for water 
evaporation and drying shrinkage is considered to be equal to zero for this period. All parametric 
models measure the drying shrinkage occurring after the curing period. 
 

 
 
Figure 6. Drying shrinkage over a year of development according to most used parametric models 

for prediction.  
 
Obviously, trends are similar for the different models, highest shrinkage values are obtained by 
Eurocode 2 model (which has a comparatively simple algorithm) followed by ACI 209R-90 and 
lowest by CEB MC90-99. Difference between highest and lowest value is almost double which 
arises, on the one hand, from differences in the number of factors involved and, on the other hand, 
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from inadequate accuracy of the models. 
Artificial neural network has also been successfully used for prediction of drying shrinkage of 
concrete [4] and results show better correlation of predicted values with experimental data 
compared to some of the models described above. According to [4], the ANN model gives the best 
correlation R2, followed by Bažant-Baweja B3, GL2000 and CEB – Figure 7. The generalization of 
the NNMPS model allows to take correctly into account the influence of the various parameters c 
influencing the shrinkage (V/S, relative humidity, W/C, etc.), in accordance with the literature [4]. 
 

 
 

Figure 7 Comparison of experimental data and results calculated with NNMPS [4].  
 
 
5. Conclusion 
 
Parametric models give a good starting point for evaluation and prediction of concrete shrinkage 
and results would probably vary for different input parameters. However, they consider mainly mix 
design of conventional concretes and cannot be applied for some special concretes, e.g. concretes 
with recycled aggregates that are a recent trend. Use of recycled ceramic aggregates for lightweight 
construction concretes is of great interest. These aggregates have porous structure, lower stiffness, 
demand additional water for pre-soaking, and require greater cement content for achieving the same 
strength class as that of conventional concrete. Adaptation of parametric models for recycled 
ceramic aggregate concrete is difficult and time-consuming, due to the need of many experimental 
data. ANN seem to be a reliable method as parametric models use mostly empirically relations 
while ANN combines empirical data and established relations to discover new relations and thus, 
improving the accuracy and decrease dispersion of the results. Our research studies are namely in 
this direction – they would allow designers to predict shrinkage strains in alternative concretes, thus 
incorporating them in the design of structural members and respectively to widen the use of more 
sustainable materials. 
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Abstract 

In this paper an investigation of steel fiber reinforced concrete beams shear strength will be 
presented. Fiber reinforced concrete beams with and without conventional shear reinforcement 
(stirrups) were made with different type of steel fibers. The variable parameters of the experiment 
were the amount and the shape of the steel fibers and the amount of the conventional shear 
reinforcement. Three different steel fibers were used: hooked-end, crimped and crimped-sheet steel 
fiber. The amount of the fibers were 0.5 V% (39.25 kg/m3) and 1.0 V% (78.5 kg/m3). The amount of 
the conventional shear reinforcement was 0 %, 0.5 % and 0.7 %. The concrete mixture was made 
with Portland cement CEM I 42.5R, the water to cement ratio was 0.55.  
The aim of the investigation was to study the effect of the amount and shape of steel fibers on the 
shear load bearing capacity of a conventional reinforced concrete beam. During the four point 
loaded tests the aim was to measure the ultimate shear loads and the displacement. 

Keywords: steel fiber reinforced concrete (SFRC), steel fibers, shear strength, compressive 
strength, beam test 
 
 
1. Introduction 

To use different kind of fibers as reinforcement in a brittle material such as concrete in no longer a 
novelty. The idea to improve a building material toughness and durability by mixing fibers into it 
dates back at the time of the ancient civilizations when straw and hair were often used to reinforce 
clay bricks. In case of concrete the experiments with fiber reinforcing were started at the 1960s and 
since then more and more different fiber materials and shapes appeared. At present, the following 
fiber materials are used for concrete: natural, synthetic, glass and steel. 
The advantages of natural fibers such as sisal, coconut, jute, sugar cane, bamboo and flax are their 
low costs and local origins [1]. They are used mainly in the African construction industry but, 
despite their ability to improve the strength properties of the concrete, their application does not 
extend rapidly because they are less durable in concrete [1]. 
The synthetic fibers material can be acrylic, aramid, carbon, nylon, polyester or polyethylene [1]. 
The reinforcing effect of aramid and carbon fibers with high modulus of elasticity is very 
significant but their high prize limits their construction application. Polyethylene and polyester 
fibers are used in the largest quantities. The advantages of these plastic fibers are that they can 
improve fresh concrete mixture cracking sensibility (they are useful to reduce shrinkage cracks) and 
increase concrete fire resistant (in case of fire fibers blow out from concrete and allows water to get 
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away from concrete so the internal tensile force reduce) but their effectiveness is limited because 
they have lower modulus of elasticity than the concrete.  
In the 1980s large amount of glass fibers were tried to use in concrete because their advantageous 
properties (high tensile strength and relatively high modulus of elasticity) but they were not durable 
due to the effect of concrete alkalinity on glass fibers. It is set back for a while the use of them but 
the appearance of alkali-resistant glass fibers open up new opportunities. However, due to its 
lightweight and ability to be formed vertically, glass fiber reinforced concrete primarily used for 
architectural applications such as facade and cladding panels [1].  
Steel fibers are the most commonly researched and most frequently used fiber type. Steel fibers can 
increase concrete toughness and residual strength, they help to distribute the cracks better and 
cracks width can be decreased. Furthermore the addition of steel fibers for concrete mixture can 
enhance the shear strength of a concrete member because steel fibers can transfer tensile stress 
across the crack surfaces (crack-bridging ability). Presently, steel fiber reinforced concrete is 
primarily used in industrial concrete floors, tunnel elements, bridge decks or in shotcrete (for 
example for slope stabilization). Other applications are still being researched such as strengthening 
beam-column joints (under seismic loads). The application of SFRC beams in construction industry 
requires a design procedure and code for the shear strength prediction. Many researchers have 
already studied this area and have proposals on how to define steel fiber reinforced concrete beam 
shear strength [1-6]. 
In this paper an investigation of SFRC beams shear strength will be presented when fiber reinforced 
concrete beams with and without conventional shear reinforcement (stirrups) were made with 
different type of steel fibers. The aim of the investigation was to study the effect of the amount and 
shape of steel fibers on the mechanical properties of the concrete and on the shear load bearing 
capacity of a conventional reinforced concrete beam. Six different equations, proposed by other 
authors, were used to calculate the SFRC beams ultimate shear strength and the measured and 
calculated values were compared. 
 
 
2. SFRC beam shear strength 

Concrete is a brittle material with low tensile strength and shear load bearing capacity but addition 
of steel fibers to the concrete mixture can enhance shear strength and toughness of the concrete 
element. Many experimental investigations have shown that the reasons for this are the following: 
increase in tensile strength, delaying the formation and growth of cracks, fibers are more effective 
in crack-arresting mechanism and distributing tensile cracks better because there is smaller distance 
between them with respect to that between stirrups [1-8]. 
Six different equations, proposed by other authors, were used to calculate the ultimate shear 
strength of SFRC beams made in the framework of this investigation. These equations can be seen 
in Table 1. All equations are valid for SFRC beam without stirrups.  
 
 
Table 1: Existing equations for the prediction of ultimate shear strength of SFRC beam 
Author(s) Proposed ( up) equation Limitations 
Narayanan 
and Darwish 
(1987) [2] 

F
a
df

a
d

fssptcup 41.08024,08.2  8.2d
a  

Li et al. 
(1992) [3] a

df sftmup
3

1
3

2
16.9  5.2d

a  
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Ashour et al. 
(1992) [4] 

d
aF

a
d

a
dFf

f

scup

5,241,0

5.2711.2
33.0

3

 5.2d
a  

Khuntia et al. 
(1999) [5] c

f

f
fup f

D
L

a
d 25.05.2167.0  5.2d

a  

Kwak et al. 
(2002) [6] F

a
df

a
d

fssptcup 328.04.37.3
3

1

3
2

 4.3d
a  

Slater et al. 
(2012) [1] 

d
aff

D
L

f

sfcsc

f

f
scup

5.10346.23.3

150
15.11304.012.0

 
MPafd

a
c 50,3

 
and crimped fiber 

 

F
d
a

d
af

ffs

sscup

36.3209455.44

7.442.5312.052.5

 

MPafd
a

c 50,3
 

and hooked fiber 
 

F
D
L

d
a

D
L

fff

f

f
ss

f

f
csccup

22.2136

104.75.109.01 4

 

MPafd
a

c 50,3
 

and all fiber shape 

75.015.4 fff
f

f
f dMPad

D
L

F
 

 
 
3. Experimental program 

3.1 Materials 
 
The concrete used to prepare the beams was made from Portland cement type 42.5, sand, fine and 
quartz gravel aggregate, water and, if it was needed, superplasticizer. The maximum size of 
aggregate was 16 mm. The proportion of the mixture is given in Table 2. The water to cement ratio 
was 0.55. 
Three different steel fibers were used: hooked-end steel fiber (length Lf=50 mm, diameter Df=1.05 
mm, aspect ratio Lf/Df=47.6), crimped steel fiber (length Lf=35 mm, diameter Df=0.9 mm, aspect 
ratio Lf/Df=38.9) and crimped-sheet steel fiber (length Lf=50 mm, thickness 0.75 mm, width 2.7 
mm). The amount of the fibers were Vf=0.5 V% or 1 V% with respect to the volume of concrete 
(0.5 V% = 39.25 kg/m3, 1 V% = 78.5 kg/m3). The addition of the fibers reduces the workability of 
the fresh concrete so superplasticizer with maximum dosage of 0.5 % by weight of cement was 
added to the mixes.  
The beams had longitudinal reinforcement consist of two deformed steel bars with diameter 8 mm. 
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Beams without steel fibers but with stirrups were made also. The diameter of the stirrups was 6 mm.  
 
Table 2: Concrete mixture details 

Cement (Portland cement type 42.5) 300 kg/m3 
Aggregate: size between 0-4 mm 903 kg/m3 
                   size between 4-8 mm 408 kg/m3 
                   size between 8-16 mm 538 kg/m3 
Water 165 kg/m3 

 
3.2 Specimens, test arrangement and procedure 
 
Simultaneously to the preparation of the beams three cube and three small beam specimens were 
made also to determine the mechanical properties of the mixtures. The dimensions of the cube 
samples used to measure the compressive strength were 150x150x150 mm. The dimensions of the 
small beam samples used to measure the flexural-tensile strength were 70x70x250 mm.  
Nine types of beams with different amounts of fibers or stirrups were prepared. Each beams had a 
rectangular cross-section of dimensions b=90 mm h=150 mm and length of the span L=600 mm. 
The beams, except the reference beam, were marked with a letter followed by a number. The letter 
represents the fiber type (H – hooked-end, C – crimped, CS – crimped-sheet) or the stirrups (ST). 
The number represents the amount of the fibers (0.5 – 0.5 V% or 1.0 – 1.0 V%) or the amount of 
the stirrups (0.52 – 0.52 % s=120 mm or 0.74 – 0.74 % s=85 mm). The reference beams, contain no 
fibers and no stirrups just the plain concrete with two deformed steel bars as longitudinal 
reinforcement, were marked with letters ‘RFB’. 
The beams were cast in steel molds. One day after the casting the specimens were removed from the 
molds and put into water bath for curving for 7 days. After 28 days the four point loaded tests were 
carried out. Fig. 1 shows the test arrangement. A load cell was used to record the actual load and the 
displacement were measured using an LVDT placed in the section corresponding to the mid span in 
the lower part of the beam. When stirrups were used, one longitudinal bar with diameter 6 mm was 
inserted in the compression region of the beam in order to assure a good arrangement of the stirrups.  
 

 
Figure 1. Test arrangement and reinforcement details 
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4. Results and discussion 

4.1 Compressive strength 
 
Three cube specimens (150x150x150 mm) were used to measure the compressive strength of the 
mixtures. The average of the three measured compression strength values can be seen in Fig. 2 in 
case of different fiber type and fiber volume. Fig. 2 shows also the values of increment in these 
cases. The addition of 0.5 V% of hooked-end or crimped steel fibers increased the compressive 
strength by about 14 %, and in case of 1 V% the increment was about 31 %. In case of crimped-
sheet fibers a slight decrease (about 3 %) in the compressive strength was found. This is probably 
because these fibers were not able to fully disperse and ball-effect could easily develop because of 
this special shape.  
 

 
 

Figure 2. Effect of fiber shape and volume on compressive strength 
 
In case of hooked fibers Li et al. [3] have found that addition of 1 V% of 50 mm long hooked fiber 
increased the compressive strength by 46 %. Shorter, 30 mm long, fibers caused smaller increment 
(27.5 %). Kwak et al [6] have experienced much less growth (addition of 0.5 V% and 0.75 V% of 
50 mm long hooked fibers increased the compressive strength by 2 % and 9.5 %).  
Furlan et al. [7] made experiments with crimped rectangular-section steel fibers. They measured the 
compressive strength on cylindrical 150x300 mm2 samples. In case of 0.5 V% the increment was 
22-25 %, in case of 1 V% it was 12-14 %. The length of the fiber used in that research (Lf=25.4 and 
38.1 mm) was much shorter than in the experiment presented in this article (Lf=50 mm). Based on 
these it can be seen that in case of this fiber type the effect of fiber volume on the compressive 
strength is not significant.  
It can be concluded that, although slight increment exits in case of hooked-end or crimped fibers, 
the addition of steel fibers has a negligible effect on the compressive strength of the concrete.  
 
4.2 Flexural-tensile strength 
 
Three small beam specimens (70x70x250 mm) were used to measure the flexural-tensile strength of 
the mixtures. The average of the three measured flexural-tensile strength values can be seen in Fig.3 
in case of different fiber type and fiber volume. Fig. 3 shows also the values of increment in these 
cases. The addition of 0.5 V% of hooked-end or crimped steel fibers increased the flexural-tensile 
strength by about 26 %, and in case of 1 V% the increment was about 51 % (crimped) and 60 % 
(hooked). In case of crimped-sheet fiber the increment was much lower (0.5 V% - 9.6 % and 1 V% 
- 21.9 %).  
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Figure 3. Effect of fiber shape and volume on flexural-tensile strength 
 
Wafa [8] made experiments with four different amount of hooked steel fibers (0.5 V%, 1 V%, 1.5 
V%, 2 V%). The maximum increment in flexural-tensile strength was 67 percent measured for 1.5 
V%. In case of higher dosage (2 V%) the specimens were difficult to consolidate and fibers were 
probably not randomly distributed so a slight reduction in strength was observed by the author. Li et 
al. [3] published significantly different values of increment. In case of 1 V% (50 mm long) hooked 
fibers the flexural-tensile strength increased by 252 %. 
It can be concluded that the addition of fiber has a significant effect on the flexural-tensile strength 
of the concrete mixture.  
 
4.3 Ultimate shear strength 
 
The average of the ultimate shear strength values can be seen in Fig. 4. The ultimate shear strength 
was calculated from the measured maximum load divided by multiplying the cross section width 
and the effective depth. The graphs include not only the values of fiber reinforced concrete beams 
but the values of the beams with stirrups (containing no fibers).  
 

 
 

Figure 4. Effect of fiber shape and volume on ultimate shear strength 
 
The addition of 0.5 V% of hooked-end or crimped steel fibers increased the ultimate shear strength 
by 14.3 % and 18.7 % which is greater than in case of stirrups (12.2 %) with diameter 6 mm and 
amount of 0.52 % (s=120 mm). In case of higher fiber volume the increment was significant. The 
addition of 1.0 V% of hooked-end or crimped steel fibers increased the ultimate shear strength by 
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51.5 % and 32.0 % which is greater than in case of stirrups (29.0 %) with diameter 6 mm and 
amount of 0.74 % (s=85 mm). The addition of crimped-sheet fibers slightly decreased the ultimate 
shear strength (such as the compressive strength and the flexural-tensile strength increased only 
slightly). So after the tests we can conclude that this crimped-sheet fiber shape is not effective in 
terms of increasing the ultimate shear strength of a concrete beam.  
In case of hooked fibers Li et al. [3] have found that addition of 1 V% of 30 mm long hooked fiber 
increased the ultimate shear strength by 26.5 % (in this experiment a/d=1.5). Kwak et al. [6] have 
found that addition of 0.5 V% of 50 mm long hooked fiber increased the ultimate shear strength by 
69 %, and the increment was 80 % in case if 1 V% (in this experiment a/d=2.0).  
It can be conclude that in the experiment described in this paper the addition of 1 V% of hooked 
and crimped steel fibers significantly increased the ultimate shear strength of the concrete beams.  
The comparison of the predicted ultimate shear strength using the equations shown in Table 1 and 
the measured ultimate shear strength is shown in Fig. 5.  
 

 
 

Figure 5. Comparison of the measured and predicted values of ultimate shear strength 
 
The comparison demonstrates that the measured strength is lower than the predicted using the 
equations proposed by Li et al. [3] or Kwak et al. [6] or Slater et al. [1]. In case of using the 
equations proposed by Narayanan and Darwish [2] or Ashour et al. [4] the measured strength is 
higher in some cases but in other cases is lower. Just in case of one equation, proposed by Khuntia 
et al. [5], is true that the measured values are always higher than the predicted values.  
In case of the beams investigated in the experiment presented in this paper the measured ultimate 
shear strength values are best approximated by the values predicted by using the equation proposed 
by Narayanan and Darwish [2] (the average of the ratio of the measured and predicted values is 
0.96). The values predicted using the equations proposed by Ashour et al. [4] are also acceptable 
approximate the measured ultimate shear strength values (the average of the ratio of the measured 
and predicted values is 0.91).  
 
5. Conclusions 

From the experimental observations reported in this paper the following conclusions can be drawn: 
 Three different steel fiber types were used in this experiment. The test results show that the 

crimped-sheet shape is ineffective because the addition of this fiber decreased the compressive 
and ultimate shear strength and only a slight increase in flexural-tensile strength could be 
reached. 
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 The addition of hooked-end or crimped steel fibers increased the concrete mixture compressive 
strength but the increment was insignificant so it can be conclude that the effect of the steel 
fibers on the compressive strength of the concrete mixture is negligible. 

 The addition of hooked-end or crimped steel fibers increased significantly the concrete mixture 
flexural-tensile strength. In case of 1 V% of 50 mm long hooked-end steel fibers the increment 
was 59.8 %, and in case of 1 V% of 35 mm long crimped steel fibers the increment was 51.1 %. 

 The ultimate shear strength of a reinforced concrete beam containing no stirrups can be 
increased by using hooked-end or crimped steel fibers. In the experiment reported in this paper 
the greatest increment in ultimate shear strength was 51.5 % in case of 1 V% of hooked-end 
steel fibers. 

 Six different equations, proposed by other authors, were used to calculate the ultimate shear 
strength of the SFRC beams made in the framework of this investigation. The values predicted 
using the equations proposed by Narayanan and Darwish [2] or proposed by Ashour et al. [4] 
are acceptable approximate the measured ultimate shear strength values. 

 
NOTATION
a/d = shear span[mm] / effective depth[mm] ratio 
fc = cube strength of plain or fiber concrete, MPa 
fsptc  = computed value of splitting tensile strength of fiber concrete, MPa 
fftm  = measured flexural-tensile strength, MPa 
Lf  = length of fiber, mm 
Df  = diameter of fiber, mm 

f  = average fiber matrix interfacial bond strength, MPa 
f  = volume fraction of fibers 
s  = tensile reinforcement ratio equal to As/bd 
um  = measured ultimate shear strength equal to maximum shear load/bd, MPa 
up = predicted ultimate shear strength, MPa 
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Abstract 

This study presents the influence of humidity above the degradation of massive masonry buildings. 
The vulnerability of the historic edifices of massive masonry, structure collapses, and also to 
analyze those seemingly innocuous causes of degradation leading to collapse and degradation of 
massive masonry walls are presented. The buildings of massive masonry because of their long term 
behavior, suffer a lot because of natural conditions – climate zonation, level of sheltering, wind 
zonation.
All cases of collapse, both recent and in the past, the structures vulnerability demonstrates 
historical buildings, in particular seismic vulnerability. They are listed and summarized the causes 
that have produced structural determination of the characteristics of the materials which make up 
massive masonry walls. They are analyzed three historical monuments from Romania - their 
degradation concurs to the final collapse in case of major seismic movements occur. For the 
prevention and their analysis must be developed new tools and appropriate to the assessment of 
safety massive masonry structures. 

Keywords: Masonry massive, humidity, degradation, ambient agents, seismic vulnerability, 
constructive safety and structural. 
 
 
1. Introduction 

A problem of great topical interest, all over the world, is the consolidation, maintenance, and 
rehabilitation of religious and heritage buildings, due to the acute need for preservation. Thus, the 
need to assess the seismic safety of massive masonry heritage buildings becomes self-evident and 
stringent. Many buildings in Romania are building massive masonry brick structures, designed and 
executed after rules that are no longer in accordance with the requirements of today. In addition, 
most have suffered over time the effect of several factors and many earthquakes that have produced 
degradation. 
Consequently, the life of numerous persons, owners and sometimes the life of visitors and of other 
people in their vicinity may be threatened. The life of numerous persons, owners and sometimes the 
life of visitors and other people in their vicinity may be threatened so under the circumstances, 
consolidation and maintenance concerns regarding masonry buildings have become major pursuits 
among groups of specialists all over the world.  
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2. Environmental Factors Impacts 

Our buildings are neither eternal nor indestructible, but are subject to degradation over time, some 
slowly, others more quickly, due to various conditions, some favourable, others adverse to their 
existence. Among those factors which contribute to the reduction of buildings’ service life and 
existence count the natural action of environmental agents. Constructions degradation can be 
defined as the gradual loss of physical and functional attributes which characterize their exploitation 
potential.  
The term masonry usually defines a construction made of homogeneous materials such as stone, 
clay or concrete, some of them laid with mortar, others without mortar, sometimes armed so as to 
increase the tensile  and shear endurance. Masonry is one of the oldest methods of building in the 
world. The degradation process debuts, most often, from the constructions’ contact surfaces with 
the environment.  
Natural factors may damagingly affect the buildings, causing sometimes throughout time 
substantial degradations to masonry. The degradation of the construction material can occur due to 
excessive humidity, rain, uncontrolled vegetation, chemical reactions or mechanical action of the 
wind, alternating freezing and thawing [1].  
Humidity is the property of an object or of the environment to absorb and retain a quantity of water 
in liquid or vapor. Humidity is the main agent (of natural origin) for the process of masonry 
degradation. Humidity penetrating the brickwork is often accompanied by salts and other soluble 
substances.  
Humidity is a catalyst that favors degradation by means of soluble salts, air pollution and biological 
agents. Hence, it is essential to understand the phenomenon of water penetration into the masonry 
material and the way it is retained. At the masonry structure level infiltration, penetration, 
percolation and water stagnation diminish the mechanical endurance of bricks, mortar joints and 
plastering (Figure 1). 
 

 
 

Figure 1. Additional infiltration to a masonry wall 
 

In any structure, humidity is normal up to certain values that may be standard; however the values 
of normality shall be established according to the geographical area. The natural hydrological cycle 
- rainwater and phreatic water - can affect monuments in so far as necessary precautionary 
conditions against leakage and water penetration or infiltration in the walls are not designed. Thus, 
obsolete roofs, unsealed windows with broken panes or without panes at all, damage retrieval and 
drainage systems cause propitious conditions for humidity infiltration. Because of these 
imperfections, meteoric waters reach the masonry structure and descend, due to gravitational force, 
capillary absorption and hydrostatic pressure, to a more or less visible level and directly 
proportional to the amount of water infiltrated. [2]. 
Humidity leads to the occurrence of biological agents that cause irreversible damage to the wood 
materials which often come in the resistance structure of the historic buildings, or is present in other 
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forms. Fungi and insect combined attacks weaken the mechanical endurance of the wood, due to the 
combined effect of rot and larval galleries [3]. Humidity is a major factor in the degradation of 
masonry structures (Figure 2). 
 

 
 

Figure 2. Degradation and loss of masonry structure in the area with moisture 
 content of capillarity. Saints Church from Targoviste, south end panel [4] 

 
The main harmful agents of the discovered ruins proved to be the wind, the rain and the frost, as 
they clean and deteriorate the properties of the mortar and erode the brickwork, leading even to a 
progressive collapse. Research studies have proved that the optimal time for the examination of a 
building is five years; this is the best guarantee that defects are discovered in time, before they 
cause massive damage. Thus, a site inspection undertaken by professionals will be the first step to 
consider, if we are to achieve a plan for the maintenance or the restoration of the existing structure. 
 
 
3. A Practical Case Study 

A historical building conveys a series of salient meanings such as architectural, documentary, 
social, cultural, spiritual, and sometimes even political values; however, the most powerful impact 
upon individuals is the emotional one, as above all it is a symbol of a culture, a part of history. 
Everything that is found in the close proximity of the building makes up its external ambient 
environment. When carrying out a thermo technical research study of an already existing building 
the following steps are to be accomplished: local measurements on certain locations of the building 
envelope, where registers of air temperature and relative humidity are recorded. At the same the 
existence of degradation due to external or sometimes internal causes is analyzed. A very important 
step is to identify areas affected by condensation or mould and dripping water, if necessary areas 
affected by dampness or water seepage from the ground floor or basement are also identified. 
Thermo-technical calculations are applied as well as their correlation with further specific 
measurements and investigations followed by expert advice. 
At a certain level, while the water evaporates, the salt crystallizes under the plaster and the finishes, 
causing cracks in the surface over time. The capillarity phenomenon pushes the water inside the 
walls (Figure 3). Humidity is the main cause for both damage components and decorative finishes. 
In order to determine the humidity there are used various tools applied to humidity supervision, 
inspection control, measurement and monitoring, as well as cases diagnosis [5]. These tools help to 
identify the surface humidity, as they are equipped with two operation modes - search and 
measurement, such information is essential when the cause of degradation needs to be established. 
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Figure 3. Masonry element affected by humidity [6] 
 

3.1 Thermo Physical Parameters Measuring Methods 

Humidity leads to the occurrence of biological agents that cause irreversible damage to the wood 
materials which often come in the resistance structure of the historic buildings, or are present in 
other forms. Humidity measurement methods are grouped according to the measurement principle 
resistance and electrical capacity, based on the fact that the electrical properties of materials vary 
according to the humidity content (electrical resistance, dielectric constant) or microwave based on 
a similar principle with capacitance methods similar, but at a much higher frequency [2]. 
One of the devices that help to determine the humidity content of building materials is the Voltcraft 
MF-50 hygrometer, a capacitive moisturemeter with a direct percentage display of the humidity 
index for construction materials such as gypsum, concrete, wood, brick. This measurement method 
is a non-invasive method (Figure 4). 

3.2 The undertaken Measurements 

The study was conducted on three buildings located in the III eolian zone and the II climate zone, 
according to the zonal climatic map of Romania, and aimed to determine the related humidity and 
its effects on their sustainability and supporting structure.  
Within first phase of the research we have carried out an analysis of the characteristic elements of 
the building environment location according to its orientation to the cardinal points, the climatic 
area, and the distance from neighboring buildings. Then, we have applied an assessment of the 
documentation related to the analyzed construction (the elements composing the structure, the size 
of the holes in the walls and the distance between them, the height of the walls, the materials that 
make up the outward sealing elements) as well as the existence of related thermal installations [7]. 
Considerable importance should be paid to the visual investigation of the building status, the 
existence of some visible cracks, degradation due to external or internal causes, and identification 
of areas affected by condensation or mould, analysis of the areas affected by dampness or water 
seepage [8]. 
Humidity measurements have also been conducted on the walls oriented to the V N cardinal point, 
thus we have selected an area which was considered as the most relevant one to determine the 
humidity. Also, measurements were performed for the specific parameters of the external building 
(air temperature, air humidity, wind speed, degree of sunlight). 
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Figure 4. Hygrometer Voltcraft MF-50  
 
Humidity measurements on the facade surface were carried starting with the wall base, and then 
continuing over its height with measurements from 10 to 10 cm to the height of 150cm. 
 
3.3 Characteristics of the Analysed Buildings 
 
Have been selected 3 buildings (I - is located in Village Brosteni, II - city of Strehaia, both are 
Mehedin i county, and III - village Golumbelul, Dolj county) situated in the same climate zone 
respectively zone II having brickwork support structure. 
Building I  - The Church was regards in the year 1836 and has the brick structure.(Figure 5). Today, 
the church is going through a rather advanced defect, requiring urgent intervention. 
 

 
 

Figure 5. Church from Village Brosteni 
 

Building II - The monastery church from Strehaia  it was built since 1645 of pressed brick with an 
architecturally-shaped vessel, and was renovated between the years 1962-1969 is built (Figure 6). 
Building III is located in the village Golumbelul, com. Farcas, Dolj county. The church was built in 
1816, also with a brick structure (Figure 7). 
The data obtained after implemented measurements are summarized in one table for each building. 
Measurements were carried out three times during September-October 2014 for each building. 
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Figure 6. The monastery church from Strehaia   
 

 
 

Figure 7. Golumbelul Church, Dolj county 
 
The humidity level was measured on each of the three buildings at heights between 0 ÷ 150 cm 
(with spacing of 10 cm) on three vertical directions of the northern and western facades, as they are 
considered to be highly subjected to the adverse effects of humidity. Measurement directions on 
each facade are indicated with 1, 2 or 3. 
For the buildings A and C on the northern wall and for the building B, which has a special structure, 
it is pointing to the south altar,  the measurements were carried out on the western wall. The 
measurements were performed on the external façade of the buildings, thus considering the 
influence of climatic factors as well, especially the rainfall, as during this summer significant 
amounts of water per m² have been registered and therefore low-temperature measurements 
recorded therefore in this autumn the values measured moisture reading are presented in table 1.  
After centralize measured data it is observed that in the case of buildings I and III we have a high 
percentage of humidity. For building I the major record value for humidity was 32.8%  and for 
building III the major value was 35.1% that starts even at the base of wall due to the walkways at 
the base of these buildings are damaged and in some places it is really missing. 
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Table 1: Data centralization for measurements 

The height of 
measurement 

point (cm) 

Moisture values measured  % 
Building I Building II Building III 

1 2 3 1 2 3 1 2 3 
0 20,8 32,8 21,2 21,6 29,7 21,5 21,3 21,0 35,1 

10 18,3 24,7 17,1 19,5 25,6 22,0 18,2 17,5 21,5 
20 21,6 25,2 19,1 17,5 22,0 18,7 17,4 18,2 21,0 
30 15,3 20,8 15,8 16,2 21,2 15,7 19,2 21,3 23,5 
40 15,0 19,6 15,3 15,7 20,0 15,4 16,8 17,5 19,8 
50 12,9 17,9 13,4 13,8 18,3 13,3 15,4 14,3 18,1 
60 11,8 16,7 11,1 12,8 17,1 12,2 13,1 12,0 16,9 
70 10,0 12,4 10,4 11,6 11,8 11,1 10,5 10,2 12,6 
80 10,7 11,4 11,2 10,8 12,8 10,4 11,3 10,9 11,6 
90 9,9 12,5 9,7 10,4 12,9 10,3 9,8 10,1 12,7 

100 8,9 10,7 10,9 9,8 11,1 9,3 11,0 9,1 10,9 
110 10,3 11,1 8,8 9,6 11,5 10,7 8,9 10,5 11,3 
120 9,3 10,2 9,1 9,5 10,6 10,3 9,2 9,5 10,4 
130 8,1 9,7 8,8 9,1 9,5 8,6 8,8 8,3 9,5 
140 7,4 8,7 8,0 7,6 8,3 7,5 8,6 7,6 8,8 
150 5,9 8,4 8,2 6,8 7,7 6,3 8,3 6,1 8,6 

 
Also due to a high absorption capacity of the soil, where all three buildings are located, water 
infiltration was favored at the constructions grounds, a factor which may be taken into account 
when determining the wall related humidity of these buildings. Data obtained were collected in 
accordance with table 1 and after the analysis has resulted in the graph in figure 8. 

 

 
 

Figure 8. Humidity values [%] measured by means of a hygrometer for massive  
masonry buildings on the vertical directions according to height [cm] 

 
High humidity values are registered on the thus at h = 1.50m, at building I we have a level of 8.4%, 
at building II we have a level of 7.7%, and at building III we have a level of humidity of 8.6%. High 
humidity values at the building I are registered on the second direction at h = 0.20m we have a level 
of 25.2%. In building II, the most affected is  second  direction, where at h = 0.10 m we have a 
humidity level of 25.6% and for building III, the vertical on third direction  appears to be the most 
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affected, as h = 0.30m and humidity is 23.5%.  
The biggest values for humidity for the building III after the summer season can be explain by the 
fact that the climatic and wind zonation also the level of sheltering have a major influence in loss of 
humidity in the cycles winter-summer. The accumulation of moisture is an important factor for 
degradation of this historical monument and in this case the solution of rehabilitation has to take 
into consideration these conclusions. 
 
 
4. Conclusions 
 
From the analysis carried out on all three buildings, it might be asserted that the percentage of 
moisture in the walls buildings is relatively high especially for the period in which the 
measurements were made. Some of the most important factors that led to these high humidity rates 
were the water infiltrations caused by rainfall, condensation and dampness, due to the lack of 
waterproofing groundings of the buildings. 
By analyzing the graph in figure 8 led to the conclusion that the accumulation of humidity during 
the winter season does not dry in the summer, even if all the three measured buildings are provided 
with their own solid based wood-type fuel and are functional. This is one of the main reasons why 
over time the solid masonry elements degrade. In addition an essential element is the buildings 
degree of sheltering where air currents influence the phenomenon of drying of the walls and the 
shadowing these walls. Humidity caused by excessive condensation and meteorological water 
penetration it is directly influenced by weather events and atmospheric conditions so may be 
regarded as an issue which can be defined as variable. In contrast, humidity ascending on the 
capillarity is a long-drawn constant problem implying major effects of a much higher impact on the 
economic expenses and the entire building lifetime arc. 
From the analysis carried out we can say that repairs and maintenance of buildings of heritage in 
our country is a major issue that needs to be corrected. 
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Abstract 

The aim of this research project was to find and study new possibilities of reinforcing glulam 
elements using reclaimed cargo securing, band type materials such as PET or polyester yarns 
which would be wasted otherwise as they are „one time only” usable materials. This idea came 
after reading about the multiple benefits of using synthetic straps for securing cargo, some of which 
are: superior strength, cost efficiency, weather and chemical resistance and light-weight, the same 
characteristics that are most required by reinforcing materials used in civil engineering. 
The tests presented in this paper were conducted to study the interface behavior of these straps 
glued between two pieces of wood, subjected to axial pull. Results proved that all of the studied 
types materials are suitable to be used as reinforcing straps in glulam or other structural composite 
elements, each with their own advantages and disadvantages. 

Keywords: Glued laminated timber, reclaimed materials, composite structural elements 
 
 
1. Introduction and literature review 

Wood has been one of man’s primary and oldest construction material, used for a variety of 
elements, also it is the only renewable building material making it a green alternative to industrial 
made materials. 
Modern technology made wood products behave better by protecting it against increased the 
durability 
Glued laminated timber, often referred as glulam, is a more efficient cost-wise and also a more 
responsible method of using wood as a construction material, though creating structural elements 
that are comparable in strength to conventional materials that are used, such as reinforced concrete 
or steel. 
By reinforcing glulam elements, the volume of timber needed is reduced and also lower grade 
laminates can be used for the creating an improved structural element that performs better. 
 
Usually these reinforcements are made of classic steel rods, same as used in reinforced concrete for 
added ductility and higher resistance in the stressed areas or different fiber reinforced polymers. 
Various methods were used in analyzing and comparing glulam elements made with and without 
reinforcement by Lindyberg [1], William [2], Nikolaos [3]. The American Society for Testing and 
Materials [4] established some of the first methods for the design of glulam beams and also 
concluded that these reinforced elements have a very complex mode of rupture making it difficult to 
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give empirical solutions. 
An accurate semi-probabilistic computational model to calculate the strength and stiffness of 
reinforced glulam beams was also made by Lindyberg[1], involving two calculation procedures: 

 The first part consists of a deterministic numerical model, calculating the load-bending 
curve of the reinforced beam, based on the moment of curvature (M-f); 

 The second part incorporating the deterministic model to a probabilistic model.  
In conclusion, a deterministic numerical model is needed to determine the behavior of reinforced 
glulam elements. 

2. Materials used 

2.1 Synthetic straps 
 

Synthetic straps, such as plain plastic or different bonded polyester yarns are often used as cargo 
securing byproducts, replacing the classic steel bands as a more affordable alternative. 
These steel strapping alternatives appeared in the 1960’s, originally made of rayon, which was used 
as a tire reinforcing material ten years later replaced by the polyester yarns, which are stronger and 
more weather-resistant than. 
Polyester straps are divided in two main categories, to be observed in Fig. 1: 

 bonded polyester strapping, the first generation of non-metallic polyester strapping; 
 composite strapping, the more advanced version,  manufactured from high tenacity polyester 

yarns embedded in a polymer coating, usually polypropylene. 
A cheaper and less resistant version is the plastic straps, produced from environmental friendly PET 
(Polythene Terephthalate) chips, see Fig. 2 . 
All these straps are mostly used one time and then thrown to garbage or sent to be recycled, but 
there are some other uses for them in their original form, such as reinforcements for composite 
elements, hence the high yield strength (in the 250-400 N/mm2 area) that they offer and the similar 
stress-strain curve (Tab. 1), compared to mild steel. 
 

  
 

Figure 1. Glue bonded (left) and PP coated composite ppolyester straps (right). 
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Figure 2. PET straps. 
 

Table 1: Compared tensile strengths 

Material Tensile strength [Mpa] 

PET straps 300-350 

Bonded Polyester yarns 200 -300 

Composite polypropylene coated 
polyester yarns 

300-400 

S235 construction steel 360 

 
In conclusion, some of the characteristics of these synthetic straps are: superior strenght, cost 
efficiency, weather and chemical resistance and light-weight, the same characteristics that are most 
required by materials used as reinforcements in civil engineering. 
 
2.2 Wood
 
Spruce (Picea abies) timber was used in this study as it is one of the most common type of wood 
used in construction due to its relatively low price ease of use and good mechanical properties. 
 
This type of wood works moderately in case of moisture variation though relatively maintaining the 
shape of the glulam elements. 
 
Boards with low knot density were chosen for these tests, in order to provide average results.  
 
 
3. Test method 

This research was made to determine the behavior of these synthetic straps glued between two 
wooden planks under axial submitted to axial pull. 
These tests were made using a LLOYD Instruments LS100 Plus tensile force tester, under a 
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10mm/min steady pull. 
Three types of reinforcing straps, the most commonly used in cargo wrapping, were studied, as seen 
also in Fig. 3, from left to right: 

 standard PET straps; 
 Glue bonded polyester yarns; 
 Polypropylene coated composite polyester yarns; 

 

 
 

Figure 3. Reinforcing straps used. 
 
The test subjects were composed of one 50 cm long straps glued between two 30 cm long 14x2 cm 
C18 graded spurce boards. MUF (Melamine-ureoformaldehyde) glue was applied, wich is 
commonly used for gulam elements, as seen in Fig. 4 . 
All tests preparations were made accordingly to : [5] EN 408-2010 , and [6] EN 338:2003 norms. 
 

 
 

Figure 4. Test subjects. 
 
 
4. Test results 
 
Test results were interesting, since all three types of straps that were used behaved differently. 
Bonded polyester had the best results and also the most predictable behavior, PET followed with 
decent results and an interesting load-displacement curve and Composite PP coated polyester 

 417



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
proved to be inadequate for this use. 
Result for all three studied types were compared, see Tab. 2 and Fig. 8. 
 
4.1 PET straps 
 
The cheapest version tested was the plain PET textured straps, which also had the lowest yield 
strength value of all three, but surprisingly it had a very good behavior due to the texture which had 
a huge impact in the bonding process. 
The straps tested started to slip at a 1.9 kN pulling force, a lower value than its yield strength but 
soon it re-anchored because of the texture and the glue it displaced. 
Though, the load – displacement curve that resulted has an interesting trajectory as seen in Fig. 5 
 

 
 

Figure 5. Load-displacement curves for PET straps. 
 
4.2 Bonded polyester straps 
 
This second type that was tested proved to have the best results, by having the highest slipping 
resistance hence its rugged texture and good adhesion to the boards.  
Test subject had a normal quasi-elastic behavior until the yarns started to break one by one and the, 
see Fig. 6. 
Maximum resistance was achieved under a 2.79 kN machine load, which was almost 50% higher 
than the average maximum machine load achieved on previously tested PET straps. 
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Figure 6. Load-displacement curves for bonded polyester straps. 
 
4.3 Composite polyester, polypropylene coated straps 
 
The third and last type studied had the worst possible behavior, proving to have the least amount of 
adhesion to the spruce boards, even though this was the strongest strap type with a tensile strength 
as high as mild S235 steel. 
It seemed that the smooth polypropylene coating didn’t stick to the MUF adhesive as it should 
providing a slippery surface whit almost no resistance to traction, as seen in Fig. 7. 
 

 
 

Figure 7. Load-displacement curves for composite PP coated polyester straps. 
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Table 2: Test results 

Material tested 
Maximum 

machine load 
[kN] 

Glue 
breaking  

Claimed tensile strength 
[N/mm2] 

Suitable as 
glulam 

reinforcements 

PET straps 1.91 yes 300 yes 

Bonded Polyester 
yarns 2.79 no 200 yes 

Composite 
polypropylene coated 
polyester yarns 

1.2 yes 350 no 

5. Conclusions 

In conclusion only PET straps and standard bonded polyester yarns are usable as reinforcements in 
glulam elements as the composite polypropylene coated polyester strap tend to slip between the 
wooden laminates thus providing no actual reinforcement and behaving as a separate element 
 
The interesting and surprising fact is the behavior of the PET straps, which although have a lower 
tensile strength, provide an excellent adhesion to the wooden laminates, and tend to re-anchor them 
when submitted to axial pull, to be observed in Fig. 8. 
 
Bonded polyester behaved the best by providing the best adhesion to the spruce laminates and 
having a good yield strength. 
 

 
 

Figure 8. Detailed behavior of PET straps. 
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Abstract 

Recycling of waste solid materials is becoming one of the global concerns with the continuously 
growing world population. Cement-based materials, particularly concrete, account for the largest 
part of the construction materials. Integration of the waste tire into these materials represents a 
promising solution for reuse of such an industrial waste. The paper presents the preliminary 
findings on elastic and strength characteristics of rubberized concrete and compares the obtained 
values with those for plain concrete. The considered replacement percentage was 40% by volume of 
aggregates. Two scenarios were taken into account: replacement of sand and replacement of the 
small coarse aggregates by rubber particles obtained from shredded tires. The general tendency is 
a decrease in the compressive strength and modulus of elasticity. The type of aggregate 
replacement plays a significant role in the outcome of the results, with considerably smaller 
influence when replacing larger particle aggregates. 

Keywords: rubber particles, concrete, replacement, aggregates, compressive strength, modulus of 
elasticity 
 
 
1. Introduction 
 
Recycling of waste solid materials is becoming one of the global concerns with the continuously 
growing world population. Tire rubber contributes to a large proportion of solid waste and has 
caused growing global environmental problem [1]. Annually, in Europe alone, are produced about 
three and a half million tires and 70% of them are discarded when no longer used. The majority of 
the European countries avoid disposing or storing of used tires in deposit areas, providing an 
important stimulant to seek new ways to reuse [2]. 
Cement-based materials, particularly concrete, account for the largest part of the construction 
materials. Integration of the waste tire into these materials represents a promising solution for reuse 
of such an industrial waste. In the past twenty years, the utilization of scrap tires as a construction 
material, especially in concrete and asphalt mixtures, has reported significant popularity in the 
research community as an alternative use of waste material to consume a large quantity in an 
environmentally friendly manner [1]. 
The recycled rubber utilization in concrete can be seen as a positive step forward in supporting 
sustainable development as scrap road vehicle tires form a major part of the world’s solid waste 
management problem and will continue in coming years [3]. 
Safety barriers made of concrete, one of the widely used attenuators for impact are intended to 
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either decelerate vehicles to a safe stop or redirect them away from a fixed object. However, 
concrete shows little plastic deformation when subjected to impact, an unwanted characteristic for 
safety barriers. Previous research works suggested that rubberized concrete could prove to be a very 
good energy absorption material [4–7]. By adding shredded rubber to concrete it softens the 
concrete, yielding greater plastic deformation on impact and smaller deceleration forces [4,7,8]. 
This effect would possibly save lives of vehicle occupants, while simultaneously prevent rubber 
from going to landfills or stockpiles [9]. 
Studies have been carried out that focused on the use of steel fibres and rubber particles also in 
construction industry, mostly in producing concrete. Because of its weak tensile strength, concrete 
is usually reinforced with steel reinforcing bars. It was shown that also the use of recycled steel 
fibers can improve the mechanical properties of the concrete [9]. 
The paper presents the preliminary findings on elastic and strength characteristics of rubberized 
concrete and compares the obtained values with those for plain concrete. The considered 
replacement percentage was 40% by volume of aggregates. Two scenarios were taken into account: 
replacement of sand by tire rubber particles with a maximum grain size of 4 mm and replacement of 
the small coarse aggregates by rubber particles obtained from shredded tires with particle size 
between 4 and 8 mm. 
 
 
2. Materials and Experimental Set-Up 
 
2.1 Materials
 
Commercially available CEM II/A-LL 42.5R cement was used, with rapid hardening properties. 
According to the CEMBUREAU statistics [10], almost two thirds of the cement market in Europe 
corresponds to the use of CEM II cement. The main purpose of this cement is to be used in all 
concrete works that require high strength values in short periods of time. The target concrete 
strength class was C30/37. 
The aggregates consisted of river gravel with rounded edges. The aggregates were used in two 
different sorts based on their size: 4-8 mm and 8-16 mm.  
For the rubberized concrete, 40% volume fraction of the sand (0-4mm) was replaced by rubber 
crumbs resulted from tire shredding process and subsequent sieving. Similarly, 40% volume 
fraction of the small coarse aggregates (4-8mm) was replaced by rubber particles. The rubber 
crumbs were inspected for the presence of steel beads and traces of textile materials that were part 
of the original tire but the samples provided by the manufacturer were clean of those impurities. 
The mix proportions considered at this stage of the research are presented in Table 1. No mineral 
admixtures have been used and the targeted consistency class was T4. 
 
2.2 Experimental Set-Up 
 
A total number of 90, 100×200 mm, cylinders were cast for the three mix proportions shown in 
Table 1, resulting in 30 cylinders for each case. After demoulding, the cylinders were kept in water 
until the day of testing, in accordance with SR EN 12390-2 (2009) specifications [11]. 
The mechanical and elastic properties of concretes made with the mix proportions considered at this 
stage of the research were determined in accordance with SR EN 12390-3 (2009) code [12] for the 
uniaxial compressive strength and SR EN 12390-13 (2013) recommendations [13] for the static 
modulus of elasticity.  
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Table 1. Mix proportions 

Mix 

Cement 
Water 

Aggregates Rubber Crumbs 
CEM II/A-
LL 42.5R Sand 4-8mm 8-16mm 0-4mm 4-8mm 

[kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] [kg/m3] 
Reference 

489 230 
582 388 

647 
- - 

40%FA 532 388 50 - 
40%SCA 582 354.66 - 30.34 
 Constant w/c = 0.47 36%* 24%* 40%* *of the total aggregate mass 
 

  
 

Figure 1. Extensometer 
 

Figure 2. Force-axial displacement curve 
 
The main parameters of this research were the percentage of rubber replacement by volume of 
different fractions of aggregates and the curing age. The two considered curing ages were 14 and 28 
days. Fifteen cylinders were used at each curing age to determine the uniaxial compressive strength 
and the static modulus of elasticity. 
Figure 1 shows the equipment used to assess the modulus of elasticity in compression, whereas 
Figure 2 presents a typical load-displacement curve used to evaluate the modulus of elasticity [13]. 
Before testing, the cylinders had their upper and lower faces smoothed so that to ensure that the 
influence of friction between the sample and the loading plates is significantly reduced. 
 
 
3. Results and Discussions 
 
3.1 Compressive Strength 
 
Figure 3 shows the variation of the compressive strength, at the two considered curing ages, for 
each of the three mix proportions. It can be seen that the replacement of different fractions of 
aggregates by the same percentage, by volume, of rubber crumbs leads to quite different values of 
the compressive strength, by as much as 10%. It should be pointed out that the failure mode of 
rubberized concrete was not as explosive as the reference mix.  
Although the general tendency is a decrease in the compressive strength, replacing the fine 
aggregate (FA) by rubber crumbs results in a larger penalty in strength compared to the case when 

Nominal upper stress 
a
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c
/3 
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c
 

Nominal preload stress  

p
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small coarse aggregate (SCA) was replaced. The drop was 32% for FA replacement and 22% for 
SCA replacement at the age of 14 days. The difference increased to 34% and 24%, respectively, at a 
curing age of 28 days. 
This could be explained by the fact that even though the replacement percentage was similar for 
both cases, the sand was used in larger quantity compared to small coarse aggregates (Table 1). 
Hence, the corresponding mass of rubber crumbs is larger. Moreover, the finer rubber particles 
directly influence the structure of the mineral matrix itself, weakening it. Similar results were 
reported in the scientific literature, albeit for lower replacement percentage [14, 15]. 
The gain in compressive strength from 14 to 28 days was between 3% - 6% for all mix proportions 
considered at this stage of the research. The obtained results are in accordance with published data 
from the scientific literature [16]. Based on this, the compressive strength can be considered equal 
to the one obtained at 14 days only for mixes made with rapid hardening cement. The statement is 
in line with the design code for concrete currently available in Japan [17]. 
 
3.2 Modulus of Elasticity 
 
The assessment of the modulus of elasticity followed the guidelines of SR EN 12390-13 (2013) 
code [13] as shown in Fig. 2. 
 

 
Figure 3. Variation of compressive strength at the ages of 14 and 28 days 

 
Figure 4 presents the variation of the modulus of elasticity over the considered curing time for all 
mix proportions in Table 1. The tendency is similar to the compressive strength presented in Fig. 3. 
However, the decrease in values is between 15% - 25%, depending on the curing age and the type 
of aggregate replaced by rubber crumbs. As with the compressive strength, the modulus of elasticity 
changes only slightly from 14 to 28 days. The change is between 0.28% and 4%.  
Based on the obtained results, it can be concluded that the influence of aggregate replacement by 
rubber crumbs in concrete influences both the elastic and strength characteristics of the newly 
obtained material. All obtained results were checked for consistency and scattering. For all the data 
presented in the paper, the coefficient of variation was below 6% meaning a good traceability of the 
results. 
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Figure 4. Variation of modulus of elasticity at the ages of 14 and 28 days 

 
 
4. Conclusions 
 
The paper brings its contribution to assessing the suitability of using recycled tire rubber crumbs in 
concrete. The presented work is part of a larger research project aimed at investigating the use of 
rubberized concrete in load bearing elements with clear benefits for the environment. The focus was 
on the uniaxial compressive strength and modulus of elasticity. The considered parameters were the 
type of aggregate to be replaced by rubber crumbs, grain sizes 0-4 mm and 4-8mm, as well as the 
curing age, 14 and 28 days. 
Based on the obtained results, the following conclusions can be drawn: 
The general tendency is a decrease in the compressive strength. Replacing the fine aggregate (FA) 
by rubber crumbs results in a larger penalty in strength compared to the case when small coarse 
aggregate (SCA) was replaced. The observation is supported by taking into account the resulting 
mass of rubber for a constant volume fraction replacement. The compressive strength at 14 days is 
only 5% lower than the one at 28 days and, based on Japanese code specifications, can be used as 
reference value in design practice. 
Similar trend is observed for the modulus of elasticity. In this case, however, the drop in values is 
less by as much as 10% compared to the values obtained for the compressive strength. The type of 
aggregate replacement plays a significant role in the outcome of the results, with considerably 
smaller influence when replacing larger particle aggregates. 
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Abstract 

Characteristics of self-compacting concrete (SCC) represents a special interest in the construction 
industry since its discovery. Advantages of fresh SCC: workability, durability, compactness and 
material homogeneity were the subject of study for a lot of researches.  
Its economic benefits rank it as a performing structural material. 
Characteristics of hardened concrete are used in design codes. SCC mixture is obtained by 
changing the composition of  vibrated concrete. These changes leave a mark on the mechanical 
properties of hardened concrete and represents  a new direction for research.  
In this paper are analysed the compressive stregth, the tensile strength and the modulus of elasticity 
of SCC and compared with vibrated concrete (VC). 

Keywords: Self compacting concrete, compressive stregth, tensile strength, modulus of elasticity 
 
 
1. Introduction 

Self-compacting concrete (SCC) represents a revolutionary level in the concrete industry. The 
properties of fresh SCC were thoroughly studied for more than 20 years. The flow ability, the 
passing ability, and viscosity are determined by: the slump flow test, funnel V test, L box test, the J 
ring test. Requirements and allowable values are given in the European Guidelines for self-
compacting concrete (May 2005) [1]. 
The main properties such as compressive strength, tensile strength and modulus of elasticity must 
be set when SCC is used as structural material. 
Improvement the composition of the traditional vibrated concrete (mineral fillers, chemical 
additives, water / cement ratio, paste volume, the size of the aggregate) has the effect of changing 
properties in the hardened state. 
 
 
2. General features of SCC 

SCC is produced with a low water / cement ratio and higher paste volume. To maintain the 
homogeneity and resistance to segregation, the aggregate is chosen more rigorous by shape, origin, 
nominal maximum size. 
Self-compacting concrete composition traditionally contains elements: cement, mineral admixtures, 
aggregates, additives (superplasticiser, viscosity modifying admixtures, air entraining admixtures) 
and water. 
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The correct choice of cement is determined by each application and must conform to EN 197-1. 
The most commonly addition used is filler limestone. It can also be used fly ash, silica fume, blast 
furnace slag. 
Limestone filler improves the mobility of fresh concrete. 
Fly ash has been shown to be an effective addition for SCC providing increased cohesion and 
reduced sensitivity to changes in water content due to its spherical shape and smooth surface. In 
result, high levels of fly ash may produce a paste fraction resistant to flow. 
Silica fume is also very effective in reducing or eliminating bleed and this can solve the problem of 
rapid surface crusting. 
The high level of fineness and almost spherical shape of silica fume lead to a good cohesion and an 
improved resistance to segregation.  
The reinforcement spacing is the main factor in determining the maximum aggregate size. 
Aggregate must allow SCC to flow through tight openings including spaces between reinforcing 
bars. The maximum aggregate size should generally be limited to 12 – 20 mm. 
Using washed aggregates will normally give a much more consistent product. 
Viscosity modifying admixtures (VMA) vary the cohesion of the SCC without significantly altering 
its fluidity. These admixtures are used in SCC to minimize the effect of variation in moisture 
content, making the SCC more robust.  
However, they should not be regarded as a way of avoiding the need for a good mix design and 
careful selection of other SCC constituents.   
Air entraining admixtures may be used in the production of SCC to improve freeze-thaw durability.  
The present methods for preparing SCC are based on the Japanese experience.  
Typical range of mix design SCC according to the study ICECON S.A [2]:  

 Volume of paste varies between 32-42% of concrete volume; 
 Volume of coarse aggregate varies between 28-38% of concrete volume 
 The content of powder varies between 445-605kg/m³; 
 The water powder ratio varies between 0,26-0,28 
 The content of fine aggregate varies between 38-54% of binder volume 
 The maximum aggregate size should  be limited to 16 – 20mm 
 The most used cement type is Portland cement and the addition is mineral fillers. 

 
 

3. Essential mechanical characteristics 

The main requirements which SCC (according to EN 206-1) must correspond are mechanical 
strength and durability. 
Durability represents the capability of a concrete structure to withstand environmental aggressive 
situations during its design working life without impairing the required performance [EN 206-1] 
The study of the mechanical characteristics of SCC became one of the research objective for the last 
years. 
The most important mechanical properties of the concrete are: compressive strength, tensile 
strength, the modulus of elasticity. 
 
3.1 Compressive strength 

Compressive strength is one of the most important mechanical characteristics of the concrete. Many 
of the other mechanical properties (e.g. tensile strength, modulus of elasticity, compressive strain) 
and physical properties (e.g. related to durability) of concrete are moreover expressed as a function 
of this parameter [1]. 
The compressive strength of concrete is affected by many parameters, most of them being 
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interdependent. Some of the important parameters that may affect the compressive strength of the 
concrete are the W/C, cement compressive strength, properties of the aggregates (shape, grading, 
surface texture mineralogy, strength, stiffness, and maximum grain size), air-entrainment, curing 
conditions, testing parameters, specimen parameters, loading conditions, and test age. 
In Eurocode 2 concrete is classified solely on the basis of its compressive strength, in accordance 
with EN 206-1 where cylinders 150/300 mm and cubes 150 mm are used as a reference.  
The values xccubf , and dcylcf ,, , represent the compressive strength determined on cubes side x and 
cylinders with diameter d. According to Domone [3], the ratio xccubdcylc ff ,,, / increases from 0.8 to 
near 1.0 with increasing strength. The mean value of the strength ratio 9,0/ ,,, xccubdcylc ff  
Self-compacting concrete with a similar water cement or cement binder ratio will usually has a 
slightly higher strength compared to the traditional vibrated concrete, due to the lack of vibration 
giving an improved interface between the aggregate and hardened paste.  
At a constant W/C, a higher C/P leads to lower strengths. It is probably due to the fact that 
increasing the cement content also requires the increase in water content to maintain the W/C, thus 
leading to a higher W/P. More water in the mixture leads to a higher capillary porosity and lower 
compressive strength.  
The increased air content decreases the compressive strength of SCC. The reduction in compressive 
strength is about 4 MPa per 1 % increase in air content [4]. 
Coarse aggregates can have an influence on the compressive strength due to their shape, nominal 
maximum size, surface texture, and origin. Crushed aggregate mixtures have higher cube strengths. 
It is similar to the behaviour of  VC, but the average difference between the two best-fit curves for 
SCC was found to be small (4 MPa) compared with VC(8 MPa) fig.1,2. 
 

 
 

Fig.1 Cube compressive strength vs equivalent water/cement ratio [3] 
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Fig.2 Cylinder compressive strength vs equivalent water/cement ratio [3] 

3.2 Tensile strength 

The tensile strength of the concrete is less than the compressive strength (from 1/6 up to 1/20).It is 
caused by the heterogeneous nature of concrete. Cement stone contains numerous gaps: pores, 
micro cracks which favors concentration of tensions in a small volume. 
There are three methods to assess the tensile strength: direct tensile test, the splitting tensile test and 
the bending tensile test. 
Volume paste has no significant influences on the tensile strength. The tensile strength for self 
compacting concrete is similar to vibrated concrete for the same class. 
In the design of reinforced concrete section, the bending tensile strength is used to evaluate the 
cracking moment and to draw the curvature diagrams. 
Paste volume has no significant effect on the correlation between direct tensile strength and 
compressive strength.  
 

  
Fig.3 Direct tensile strength vs cylinder compressive strength and C/P[4] 
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The effect of the Cement/ Powder is shown in the Fig.3 where SCC mixtures with a C/P less than 
0.75 tend to lay beneath the mean values proposed by the Eurocode2 and the design code Model 
Code 2010. 
Tensile strength of the concrete depends essentially on the tensile strength of cement stone, and its 
cohesion with the coarse aggregate. The tensile strength slightly increases when the cube 
compressive strength is enhanced (Figure 3). 
 
3.3 Modulus of elasticity 

The modulus of elasticity E-value, represents the ratio between stress and strain. This value is 
influenced by the elastic modulus of the aggregate and volumetric proportion of aggregate in the 
concrete. 
As the aggregate is the bulk of the concrete volume, the type and amount of aggregate as well as its 
E-value have the most influence. Aggregate usually has a modulus of elasticity higher than that of 
cement stone. Selecting an aggregate with a high E-value will increase the modulus of elasticity of 
concrete. This dependence is due to the biphasic nature of concrete. 
The modulus of elasticity of the tested SCC mixtures was lower than that of VC mixtures, with a 
similar compressive strength. Pineaud [4] studied the effect of the paste volume and W/C. By 
varying the paste volume between 359 and 452 l/m3 a decrease in E-value was found for an 
increasing paste volume. A survey by Domone [3] indicates that the difference between SCC and 
VC in the modulus of elasticity is greater for lower compressive strengths. 
The best fit line for the VC data is very close to that of the approximate relationship given in EC2, 
but the stiffness of the SCC mixes is on average about 40% lower than those of the VC mixes at low 
strength levels, with the difference reducing to less than 5% at high strengths. This behaviour is 
consistent with the lower coarse aggregate quantities in SCC (fig.4). 
 

 

Fig.4 Elastic modulus vs cube compressive strength [12] 

 

 

4. Conclusions 

SCC is a relatively new material in the concrete industry. The mechanical properties of SCC were 
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conventional adopted according to VC of a similar class. The results of research of the last years 
proved the existence of difference of properties in hardened state between VC and SCC: 

 Compressive strength of SCC has a slightly higher strength compared with VC. The 
difference of strength between mixes with crushed and uncrushed (gravel) coarse aggregate is lower 
for SCC than for VC; 

 The tensile strength of SCC may be assumed to be the same as the one for a VC  
 The elastic modulus of the SCC can be up to 40% lower than of VC at low compressive 

strength, but the difference reduces to less than 5% at high strengths 
 The properties of the hardened SCC and its behavior over time represent a new direction for 

research. 
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Abstract 

Water consumption per capita is one of the indicators for the degree of economic development. This 
value is more an indicator of economic growth rather than a measure of the amount of water 
actually used by the citizens. The study analysed domestic hot water consumption data for 30000 
apartments located in a city from Romania in years 2012, 2013 and 2014 that use district heating 
system. Average daily per capita hot water demand indicates lower values than romanian design 
norms, 120 l/ dwelling and day.  Residents consume 10 % more hot water in the weekend compared 
to weekdays. Higher demand values were recorded during Christian holidays, national off days, 
beginning/ ending of the school year. 

Keywords: DHW, water demand variation, consumption norms, district heating 
 
 
1. Introduction 

Global domestic water demand increased constantly since 1950 driven by population enlargement 
and rising comfort level. Increase in population affects total water demand. Rising prosperity 
influences per capita consumption. Technological improvements and behavioral changes 
maintained a moderate increase or stagnation between 1970 and 2000. Afterwards domestic water 
consumption increased. 
Transformation processes, policy regulations, technological improvements and development of new 
water saving technologies are main factors for reduced global domestic water use [1]. Residential 
demand for cold and hot water has great daily, seasonal and annual variance. The demand volume 
and variance can be linked to numerous factors such as season, time of day, day of the week, macro 
environment and cultural context of the region, climate, income, education, habits, household 
makeup, shower fixture efficiency, tenure, dwelling age, etc. 
Changes in water demand are expressed as structural changes and technological changes. 
Technological changes relates to improvements in water use efficiency (flushing systems, 
showerheads, washing machines, dishwashers). Structural changes relates to changes in the way 
that water is being used. For residential sector structural change relates to an increase in water-using 
activities and habits. Increase of income will determine a growth in water demands as more water-
using appliances are being purchased. Eventually water demand stabilizes as GDP/cap continues to 
increase [2]. Countries from Eastern Europe affected by a transition phase follow a different 
pattern. After 1990 a decreasing trend in domestic water demand was observed related to the 
installation of water meters in dwellings, privatization of water sector and increase in water prices. 
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National economic structure has a remarkable impact on water demand and it's proportional with 
national income. Water use is expected to rise and fall with economic scale. Increase in income 
level tends to increase regulatory price of water. Higher water prices increase level of water 
conservation thus decrease in water demand [3]. Consumers have different characteristics and 
responses to changes in water price. Relatively high water prices will decrease the amount of water 
demand without bill reduction. City economic development, correlated with an increase in per 
capita income raise water consumption if marginal prices of water are relatively low [4].  
Water consumption per capita is one of the indicators for the degree of economic development. This 
value is more an indicator of economic growth rather than a measure of the amount of residential 
water use. In order to establish a link between domestic water consumption and habits, detailed data 
regarding water use is needed, at least hourly demand data [5,6]. According to Fontdecaba et. al., 
2013 [7] (study on Murcia City, Spain, comparable in population with the studied city, almost 
double GDP per capita) most of the domestic water demand is used in showers and bath taps (45%), 
water closer reservoir (32 %), kitchen basin (15%), washing machine and dishwasher (7%). Water 
demand for showers, cisterns and washing machines is distributed throughout the day (06-23 
interval), dishwashers in early afternoon (14-16) and kitchen basin during lunchtime (13-15). 
Morning water demand is primarily for cistern and shower use. Little to no difference in 
consumption patterns was observed comparing workdays and weekends. 
According to Mario Nosvelli, et. al. , 2007 [8], from the perspective of consumer habits and 
education,  if water is perceived as a low- value abundant good, citizens manifest low incentive for 
water conservation. Only long term water pricing strategies can shape consumer habits. Water 
consumption awareness and efficient water supply planning are important factors for the future of 
water management. 
Makki et. al. 2013 [9] performed a study on shower water use on residential sector using smart 
metering technology, questionnaire surveys and diaries. The study emphasizes a strong correlation 
between income, occupation, gender, age and education. A direct proportional linkage was 
observed between income and water demand. From the education perspective inhabitants with 
lower educational levels consume less water than tertiary undergraduate and postgraduate. No 
significant difference was found between people with education level above tertiary undergraduate. 
The criteria block: income, occupation, education did not met minimum probability values for 
development of predictive model by the authors. From the occupational point of view retired 
residents consume less water for showers than residents engaged in the workforce. Data suggested 
that household makeup is also important. Dwelling with small children (age<3) consume more 
water than households without children or teenagers. Gender is the second most important 
household makeup factor that has an influence on water demand. Female residents generate higher 
water demand than male inhabitants. The third factor of household makeup influence is the size of 
the dwelling, in direct proportion with the water demand for showers. Apartments can be evaluated 
by their floor area and number of bedrooms. Water demand per apartment is most influenced by 
number of inhabitants. Herma et. al. , 2013 [10] studied the influence of the number of bathrooms 
per apartment but the correlation with water demand was not convincing enough in order to build a 
model. Rathnayaka et. al., 2014 [11] research data did not establish a connection between the 
presence of children or teenagers and water demand. The study reveals that dwelling size followed 
efficiency of end use appliances are the most important factors for water demand. Furthermore the 
influence of the age of construction was analysed in the presumption that older houses use more 
water due to leakages and less efficient appliances. The research found poor correlation between 
water demand and age of dwelling or tenure if bill is covered by lease residents. 
Burzynski et. al., 2012 [12] concluded that in the case of new residential constructions post 
occupancy evaluation should be mandatory in order to improve district heating system design. His 
findings lead to the idea that design norms for district systems overestimate demand for DHW and 
underestimate heating demand in comparison with measured real consumptions. Félix Iglesias et. al. 
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[13] suggested that profiling techniques can limit the gap between demand design norm and real 
water consumptions with implication in the design of other system elements such as piping, heat 
exchangers, boilers, electrovalves, pumps and storage tanks. His study focused on improving 
efficiency of the DHW system by adapting automation and control system response to user demand 
profile. Domestic hot water recirculation shut off during minimal demand periods reduces 
significant energy loses, risk of incubate harmful bacteria without influencing user satisfaction [14]. 
Concerning district hot water distribution system László Garbai et. al., 2014 [15] concluded that a 
mathematical model for predicting hot water consumption is not suitable and that domestic hot 
water demand is a stochastic variable. However, he developed an expression that can indicate with 
99% reliability the average water flow demand.  
 
 
2. Methods 

The study examined domestic hot water consumption data from a city in Romania in years 2012 
and 2013. Metering data was collected from central heating stations and central heating substations 
distributed in the main neighborhoods of the city. In total, data from more than 100 production units 
was analysed, serving 30000 residential dwellings.  
Regarding the number of residents that use domestic hot water from the centralised system, the 
values were correlated throughout the study. The number varied slightly between 2012 and 2014. 
The number of dwellings is important for the determination of average daily demand per capita and 
per apartment. 
 
2.1. Data analysis 
 
Consumption data consist of  daily meter readings for domestic hot water - volume logs in cubic 
meters with a resolution of 0,01. For determining the average demand a number of 58320 data logs 
per year were analysed. The total daily volume of hot water from each production unit was 
amounted to provide the value for the total amount of domestic hot water used in a day. These 
values were used for the determination of the average water demand for each day of the week, 
month and year. 5 % network water losses were taken into consideration. 
 

 
 

Figure 1. Average daily domestic hot water demand per dwelling, 2012 
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Figure 2. Average monthly domestic hot water demand per dwelling, year 2013. 
 

 
 

Figure 3. Average daily domestic hot water demand per dwelling, year 2013. 
 
For the analysis of daily variations the followind interval was analysed: 3 November 2014 - 9 
November 2014. A 15 minute data logging interval of the domestic hot water flow meter - cubic 
meters per hour with a resolution of 0.001. Data was collected from the production units with the 
largest number of customers from each neighborhood. In total, 12 Central heating stations and 
substations that providing domestic hor water for 6000 dwellings were analysed. 5 % network water 
losses was taken into consideration. 
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Figure 4. Weekday Dwelling domestic hot water demand average. 
 

 
 

Figure 5. Friday. Dwelling domestic hot water demand average. 
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Figure 6. Saturday. Dwelling domestic hot water demand average. 

Figure 7. Sunday. Dwelling domestic hot water demand average. 
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3. Results 

Domestic hot water demand presents relatively important seasonal, monthly and daily variations. 
From the annual analysis in both 2012 and 2013 June, July and august recorded the lowest demand 
throughout the year. Decreased summer demand can be explained by the holiday period. Increased 
demand values were recorded in the winter months and intermediate values in spring and autumn. 
The main correlation found is between the number of consumers and domestic hot water demand. 
Cluj-Napoca is an important university center in Romania hosting around 80000 students. Many of 
the students return home during the winter and summer holiday. Student returning home and 
citizens leaving the city during the holiday can explain the decreased values in water demand. 
Higher than period demand averages were recorded on Christian holidays (Christmas Eve, First 
Day of Christmas, Easter), national off days (The United Principalities of Moldavia and Wallachia), 
beginning/ ending of the school/ university year/ semester, Valentine’s Day, Women’s Day, New 
Year's Eve.  
Values regarding the real number of consumers that leave the city were not available at the time of 
the study and no numerical correlation has been made. 
Regarding weekly variation in water demand the data shows that the average resident in Cluj-
Napoca consumes around 10 per cent more water during the weekend than in the weekdays. Lower 
demand values were recorded Monday and Friday. Friday decreased average water demand can be 
explained by the residents and students that leave the city for the weekend. However this hypothesis 
supports the consumption increase during the weekend. High demand values in Saturday, Sunday 
and the beginning of the week seem to have a negative influence in the Monday average domestic 
hot water demand. 
Concerning daily variations, demand patterns indicate that on workday’s high consumption values 
are recorded in the morning (6:45-9:00) and late afternoon throughout late evening (18-23). 
Weekends show a more even distribution of demand during the day with a 45-minute start delay for 
the morning consumption period. Surprisingly, data does not indicate significant peak demand 
during lunchtime neither on workdays or weekends. 
Data analysed indicate a 120 liter/ dwelling and day annual average in 2012 and 2013. With an 
occupancy of 2,5 resident per dwelling results a annual average value of  48 l/person and day 
Dumitrescu, 2011 [16] also suggest that reference values from MC 001 [17] should be provided 
with penalty coefficients in order to adapt design values to present domestic hot water demand. 
According to Romanian STAS 1478-90 [18] , the domestic hot water demand norm for residential 
sector is 110 liters/ person and day (central heating system, water temperature 60° Celsius). I9-2013 
[19], sets design consumption norms for central domestic hot water production in the following 
range: 70 liters per person and day for individual metering and efficient faucet; 90 lites/ person and 
day for individual metering and old faucet; 110 liters per person and day for centralised metering 
and old plumbing fixtures. 
Further research should investigate how current domestic hot water demand influences the sizing of 
distribution networks, design of central heating stations, heat exchangers, domestic hot water 
storage tanks, drinking water demand [20, 21]. 
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Abstract 

In this paper is presented the study of photovoltaic systems that are integrated into the ventilated 
facades of the buildings. In these circumstances, the position of the panels is fixed and the 
possibility of raising the conversion efficiency is considered from the point of view of the operating 
temperature of photovoltaic cells. The numerical model is realized by using ANSYS-Fluent 
software. The solution proposed for cooling the panels consists of using a film heat exchanger, 
using water as heat transfer agent. The aim of the study consists of obtaining a relation between the 
average temperature of photovoltaic panel and inlet temperature and velocity of heat transfer 
agent.

Keywords: photovoltaic panel, heat transfer, efficiency, water film, heat exchanger 
 
 
1. Introduction 

The utility of ventilated double skin facades is studied and proved by important scientific papers in 
literature [1] and also by the large number of buildings equipped with these systems. The necessity 
of finding new solutions for reducing the energy consumption of buildings is determined by the 
important proportion that they hold in the global energy consumption [2]. One of the most extensive 
studies of these systems is presented in [3]. Therefore, the ventilated double skin façade represents 
an improvement of single glazing facades, obtained by placing an additional layer of glass at a 
certain distance towards exterior. 
Ralph Evins et al. [4] investigated the importance of the optimization of double skin facades 
depending on destination and location. A recommended solution consists in the integration of 
photovoltaic (PV) panels into the façades of the buildings, technology known as Building Integrated 
Photovoltaics or BIPV. Hence, an active wall or active façade is created. The PV panels are 
replacing zones of the exterior or interior glazing, thus resulting cold or hot facades. 
By using BIPV technique, the façade of buildings can be used, taking into account that in 
agglomerated zones, the buildings have an important tendency to grow on vertical. In the same 
time, it is difficult to obtain a sufficient horizontal surface for placing PV panels. 
Because of electromagnetic radiation absorption, in some materials, the electrons from lower 
energetic levels can pass on higher energetic levels, becoming free and generating holes. If more 
electrons, negatively charged, move towards the front of the cell, the imbalance resulting by 
different charging of the front and back of the cell generates an electric potential similar to that at 
the battery terminals. When the two surfaces are connected through an external charge, an electrical 
current is flowing. 
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Fig. 1 presents the energetic structure of semi-conductors and therefore of the silicon.  

 

 
 

Figure 1. Energetic structure of semi-conductors [5]. 

In order that an electron from the valence layer of material to become free and to participate in 
conduction, it must absorb a certain quantity of energy. This energy has a particular value for each 
semi-conductor. The usual values for the energetic level for PV cells are the following [5]: 

 1,12eV (  = 1112 nm) - for crystalline silicon; 
 1,65eV (  = 750 nm) - for amorphous silicon; 
 0,66eV (  = 1878 nm) - for germanium. 

The photons with high wavelength, those have low kinetic energy, are detaching a small number of 
electrons from the valence layer and have a low efficiency in producing electric energy. On the 
other hand, photons with low wavelength, rich in energy, will be absorbed at the surface of the cell, 
in an area that is unfavorable for electric energy production. An important aspect is that, in case of 
silicon PV cells, almost 80% of solar radiation that is not converted into electricity is transformed 
into heat that determines high temperatures of the material [6, 7]. 
 

 
 

Figure 2. The influence of temperature over conversion efficiency [8]. 
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The performance of PV panels is dependent on its temperature [9], Fig. 2. In literature there are 
studies referring to the dependence between the efficiency of conversion and the cells operating 
temperature [10]. Many of them consider a linear variation between them. In this way, when a raise 
of temperature is recorded, the efficiency of the conversion of solar radiation into electric energy 
decreases. The reduction of efficiency can be considered as approximately 0.3%…0.5% for each 
degree of temperature rise over 25 °C. 
Therefore, the efficiency can be increased by reducing the operating temperature of the photovoltaic 
cell, because it is more difficult to control or modify the other important parameters, like solar 
radiation or inclination. For example, in the particular case of placing the photovoltaic panels on the 
buildings facades, that are vertical and immobile surfaces, the direction and intensity of the solar 
radiation are incontrollable values. 
Skoplaki E. et al. [11] present different methods and relations for calculating the dependence 
between conversion efficiency and temperature of PV cells. In literature are presented different 
strategies for cooling the photovoltaic panels and the most used solutions consist of using air 
cooling [12] and water cooling. Almost every type of solution used for PV cooling makes available 
for other usage the heat extracted, so the payback time is shorter than that of the common 
photovoltaic systems. 
An option for realizing the cooling of photovoltaic panels by using water as heat transfer agent is 
presented in [13]. This study presents a hybrid photovoltaic panel. Behind the panel is attached a 
functionally graded material (FGM) with a coil inside it, where water circulates. This circuit has the 
role of extracting the heat from the PV panel and also of solar collector. An example for such a 
system is presented in Fig. 2, known in literature as photovoltaic thermal hybrid solar collector or 
PV/T [13]. 
 

 
 

Figure 3. Example of an experimental stand for a PV/T system [13] 
 

Other different studies are analyzed in the literature regarding the modeling of heat transfer for 
photovoltaic panels for different external conditions [14]. 
In order to enhance the photovoltaic efficiency, a different solution for water cooling of PV panels 
is proposed in this study. Therefore, instead of using a coil of water tubes that needs much labor and 
space [13], a water film heat exchanger is implemented at back of the PV panel. This heat 
exchanger consists of two plates of high conductive metal, like aluminum or copper, with a small 
distance from each other, of about 3 mm. In the created channel the cold water circulates naturally 
or mechanically, with low velocity creating a film and extracts the thermal energy from the PV 
panel. 
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2. Problem description 

This study presents the temperature variation of photovoltaic panels depending on the temperature 
and velocity of the heat transfer agent inside a water film heat exchanger. The PV panel studied has 
an area of 0.25 m2 (0.5m x 0.5m) and it is integrated in the ventilated double skin façade of a 
building.  
The aim of the study is to determine the energetic efficiency for the PV panel in case of cooling. 
The cooling is realized by using a water film heat exchanger placed in the posterior area of the 
panel. Conversion efficiency of the photovoltaic panel is compared for different obtained 
temperatures. 
The heat exchanger supports the dissipation of thermal energy from the PV panel, and it is 
recommended that the contact zone between it and the photovoltaic panel to be realized from a high 
thermal conductive material as aluminum or copper. Dimensions of the water film heat exchanger 
are: 
l = 0.5 m – length; 
h = 0.5 m - height; 
g = 0.003 – width of the input and output sections. 
 
 
3. Numerical simulation 

The numerical simulation and the study of the photovoltaic panel temperature were realized using 
ANSYS-Fluent software. The geometry and the mesh were created with ANSYS software, with 
Design Modeler and Design Meshing respectively. For simulating solar radiation, the Solar Ray 
Tracing model was used, which is a part of the Fluent software. The sketch of the studied model is 
presented in Fig. 4. 
 

 
 

Figure 4. The model studied in ANSYS-Fluent. 
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where:  
ID – intensity of solar radiation [W/m2]; 
ti, te – temperatures of heat transfer agent for inlet and outlet sections [°C]; 
vi, ve – velocities of heat transfer agent for inlet and outlet sections [m/s]; 
tp – average temperature of the photovoltaic panel [°C]. 
The initial conditions used for simulations are the following: 
- vertical position of the PV panel, placed on the façade of the building; 
- constant solar radiation: 500 W/m2; 
- dimensions of film heat exchanger: identic to those of the PV panel: 0.5 m x 0.5 m; 
- thickness of the film: g = 3 mm; 
- inlet temperature of the heat transfer agent: variable: 0.001 m/s, 0.002 m/s, 0.003 m/s, 0.004 m/s, 
0.005 m/s and 0.01 m/s, corresponding to the following flow rates: 0.09 l/min, 0.18 l/min, 0.27 
l/min, 0.36 l/min, 0.45 l/min and 0.9 l/min. 
 
The output interest data are: 
- average temperature of the photovoltaic panel: 
- efficiency of the PV panel. 
 

4. Results 

In Fig. 5 are presented the results of simulations obtained for the conditions previously presented. 
 

 
 

Figure 5. Variation of average temperature of the PV panel depending on the water inlet velocity 
and temperature 

 
It can be observed, in Fig. 5, that the cooling effect on the photovoltaic panel is proportional with 
the water inlet velocity in the film heat exchanger and inversely proportional to its temperature. The 
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temperature of the photovoltaic panel has an important drop when the water velocity is raised from 
0.001 m/s to 0.002 m/s, with values ranging 10.2 °C to la 3.1 °C, also being dependent on the inlet 
temperature. This effect is reduced once the inlet velocity becomes higher, so the temperature 
difference between 0.005 m/s and its doubled value, of 0.01 m/s, is approximately 1 °C. 
The average temperature of photovoltaic panel, without heat exchanger, reaches values of about     
60°C for the same solar radiation conditions [12]. Taking into account this value, can be calculated 
the difference between the efficiency of the PV panel in the basic case and in case of using the 
water film heat exchanger. In order to reduce the operating temperature of the PV panel and also the 
efficiency of conversion, a cooling at approximate 25°C was simulated. This temperature is known 
as the one used for defining the Standard Test Conditions for photovoltaic panels.  
The influence of the average temperature of the panel on its performance is represented in Tab. 1, 
for the inlet temperature of water of 25 °C. 
 
Table 1: Influence of PV temperature on the performance 

Case 

Inlet 

velocity 

[m/s] 

tp 

[°C] 

*[%] 

from PN 
 

**Pelspec 

[W/m2] 

Sp 

[m2] 

Pel  

[W] 

Increase 

over the 

base case 

[%] 

Base*** - 60 84.25 0.1348 67.40 0.25 16.85 - 

ti = 25 °C 

0.001 34.2 95.86 0.1534 76.69 0.25 19.17 13.78 
0.002 30.6 97.48 0.1560 77.98 0.25 19.50 15.70 
0.003 29.2 98.13 0.1570 78.51 0.25 19.63 16.48 
0.004 28.5 98.45 0.1575 78.76 0.25 19.69 16.85 
0.005 28 98.65 0.1578 78.92 0.25 19.73 17.09 
0.01 27.1 99.08 0.1585 79.26 0.25 19.82 17.60 

Standard 

conditions**** 
- 25 100 0.16 80 0.25 20 18.69 

* According to [16] 
** Incident solar radiation: 500 W/m2 

*** Without cooling 
**** STC (Standard Test Conditions) according to [17] 
Where:  tp – average temperature of photovoltaic panel [°C]; 

  PN – electric power generated at 25 °C [W]; 
 – performance of PV panel; 

  Pelespec – specific electric power [W/m2]; 
  Sp – surface of PV panel [m2]; 
  Pel – electrical power generated by the studied panel [W]. 

 
 
5. Conclusions 

It can be remarked, Tab. 1, that the cooling of the photovoltaic panel may cause an increase of 
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electrical power generated between 13.78 % and 17.60 % comparing to the basic case. The drop of 
the performance considered in computation is about 0.45% for each degree over the standard 
temperature of 25 °C.  
Therefore, the cooling of the PV panels represents an advantageous solution for increasing the 
efficiency of conversion. The reduction of the operating temperature obtained by using water as 
heat transfer agent has multiple advantages. Hence, it can be used the cold water available in the 
sanitary installations, that has optimal parameters for extracting the heat from the photovoltaic 
panel and also a cheap solution.  
By using a water film heat exchanger for extracting the thermal energy combined with a storage or 
exploitation system, the energetic efficiency of the entire ensemble can globally evaluated and it is 
higher than the efficiency of the independent photovoltaic system. 
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Abstract 

We want to believe, that humans are not the main cause of the current global warming and climate 
changing. It is the sun getting brighter, planet receiving more and more energy and warming up. 
Question of this article is if human´s dominion over the nature caused this. Is this temporary, is it 
real, is this caused by lack of nature, lack of water, or is this really caused by human´s activities? 
The Earth and nature has always found its own way to solve issues causing troubles. Right now we 
are struggling with many Earth´s issues. Weather, climate, water, earth, population, food. Question 
is how the Earth is going to solve these problems and what is it going to mean for humans. This 
article is about green we have been given to rule, its position in the city and its position in every 
day human´s life. This article is about water and humans. Green roofs representing green in terms 
of tool solving water issues. The article focuses on balance between green roofs and water in 
modern urbanized dwelling. 

Keywords: blue roof, green roof performance, retention, roof water storage 
 
 
1. Introduction 

Urban roof is a very challenging place. Lofty ideas, potential hectars of green / blue spaces above 
our cities. Architects, town planners are going back to the green roofs because of many reason, their 
beauty, practical effects, ability to resist environmental changes, environmental extremes. They 
have many ecological aspects like: catching water, unloading surface drainage, preventing building 
from overheating/cooling, lowering the presence of allergens, dust, protecting roof layers from UV 
radiation, lowering sound, forming oxygen and capturing CO2, but also many economical, 
environmental, health, aesthetic etc features.  
The aim of this article is to show how much possible green / water areas we could build. The article 
is pointing at the possibilities that could mean some change to future generations. In this article, 6 
different roofs are described. 1. economy roof, 2. lightweight roof, 3. nature roof, 4. retention roof, 
5. pitched roof A and 6. pitched roof B. Each roof´s layers and technical specification are described.  
This article focuses mainly on each roof´s water storage. Water storage of each noticed roof in liter 
per 1 m2. Aim of this article is to show on different roofs their ability to catch water, point at 
discharge coefficient and water storage of each named roof. Exemplary 1 m2 is in the end of this 
article recalculated into 100 m2, what could represent roof of one single family house.  
Question of this article is, what it would do to our habitats, buildings, environment, lives, health, if 
we were building green - blue roofs. How much water would we be able to keep above our heads 
and what would be the possibilities for us now and for our future generations. 
                                                           
* Corresponding author: Tel./ Fax.: 
E-mail address: zuzana.poorova@tuke.sk 
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2. Economy roof 

Economy roof features: Traditional multi-layered structure including drainage and filter fleece. 
Particularly affordable roof greening. Low maintenance requirement. Comparably low biodiversity. 
Generally suitable for the inverted roof; if applicable, minimum load for the wind up-lift protection 
has to be considered. Weight specifications refer to saturated conditions; dry weight is 
approximately 60 - 70 % of the saturated weight [1]. Roof layers are described in Tab.1 and its 
technical specifications are described in Tab.2. 
 
Table 1: Economy roof layers [1] 

1 Optigreen Pre-cultivated Sedum Vegetation Mat 
2 Optigreen Extensive Substrate Type E (60 mm) 
3 Optigreen Filter Fleece Type 105 
4 Optigreen Drainage Board Type FKD 25 (25 mm) 
5 Optigreen Protection and Storage Fleece Type RMS 300 
6 Waterproofing membrane 
7 Suitable substructure 

 

 
 

Figure 1. Economy roof [1] 
 
Table 2: Economy roof technical specifications[1] 
Weight 90-140 kg/m2 
Layer height 80 mm 
Roof pitch 0-5° (0-9%) 
Vegetation form sedum-herbs-grasses 
Water retention 50-60% 
Discharge coefficient C=0,47-0,60 
Water storage 25 l/m2 
Ecological value  
Maintenance costs  
Cost factor  

 
 
3. Lightweight roof 

Lightweight roof features: The lightest green roof solution. Special construction design. Drift-proof 
system solution, only usable with a secured, fixed roof membrane. Can also be used for non-pitched 
roofs without deep puddles forming. Available with automatic irrigation systems for dry regions. 
Increased care requirements and production costs as compared to the Economy Roof. Weight 
specifications refer to saturated conditions; dry weight is approximately 50 - 60 % of the saturated 
weight [2]. Roof layers are described in Tab.3 and its technical specifications are described in 
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Tab.4. 
Table 3: Lightweight roof layers[2] 

1 Optigreen Pre-cultivated Sedum Vegetation Mat Type SM/G 
2 Optigreen Low Density Substrate Type L (30 l/m²) 
3 Optigreen Drainage Board Type FKD 25 (25 mm) 
4 Optigreen Protection and Storage Fleece Type RMS 300 
5 Waterproofing membrane 
6 Suitable substructure 

 

 
 

Figure 2. Lightweight roof [2] 
 
Table 4: Lightweight roof technical specifications [2] 
Weight 53 kg/m2 
Layer height 50 mm 
Roof pitch 0-5° (0-9%) 
Vegetation form moss-sedum 
Water retention 40-50% 
Discharge coefficient C=0,63-0,65 
Water storage 18 l/m2 
Ecological value  
Maintenance costs  
Cost factor  

4. Nature roof 

Nature roof features: Multi-layered construction design using the Optigreen Drainage Board. High 
biodiversity of flora and fauna. Ecologically valuable green roofing. Habitat for butterflies and wild 
bees, among others. Long-lasting and colorful blooming effect. Use of recycled plastic materials. 
Extensive and onefold intensive. Generally suitable for the inverted roof; if applicable, minimum 
load for the wind up-lift protection has to be considered. Weight specifications refer to saturated 
conditions; dry weight is approximately 60 - 70 % of the saturated weight [3]. Roof layers are 
described in Tab.5 and its technical specifications are described in Tab.6. 
 
Table 5: Nature roof layers[3] 

1 Perennial plants and/or Optigreen Seed Mix Type E and Sedum Shoots 
2 Optigreen Extensive Substrate Type E (60 - 200 mm), mounds of up to 200 mm 
3 Optigreen Filter Fleece Type 105 
4 Optigreen Drainage Board Type FKD 40 (40 mm) 
5 Optigreen Protection and Storage Fleece Type RMS 300 
6 Waterproofing membrane 
7 Suitable substructure 
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Figure 3. Nature roof [3] 

 
Table 6: Nature roof technical specifications [3] 
Weight* 100-300 kg/m2 
Layer height 100-250 mm 
Roof pitch 0-5° (0-9%) 
Vegetation form herbs-grasses-sedum-possibly woody plants 
Water retention 60-70% 
Discharge coefficient C=0,56-0,27 
Water storage 30-80 l/m2 
Ecological value  
Maintenance costs  
Cost factor  

5. Retention roof 
 
Retention roof features: System solutions with defined water retention. High reduction of discharge 
peaks while retaining very good drainage. Water storage and discharge delay. Suitable for green 
roofs and ballasted roofs. Meander 60 prevents accumulation of water in cases of ponding of 
heights up to 40 mm. Weight specifications refer to saturated conditions; dry weight is 
approximately 60 - 70 % of the saturated weight [4]. Roof layers are described in Tab.7 and its 
technical specifications are described in Tab.8. 
 
Table 7: Retention roof layers [4] 

1 Perennial plants and/or Optigreen Seed Mix Type E and Sedum Shoots 
2 Optigreen Extensive Substrate Type E (60 - 90 mm) 
3 Optigreen Filter Fleece Type 105 
4 Temporary water reservoir 
5 Optigreen Meander Panel 60 (60 mm) 
6 Permanent water reservoir 
7 Optigreen Protection and Storage Fleece Type RMS 300 
8 Waterproofing membrane 
9 Suitable substructure 
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Figure 4. Retention roof [4] 

 
Table 8: Retention roof technical specifications [4] 
Weight 120-140 kg/m2 
Layer height 120 mm 
Roof pitch 0-5° (0-9%) 
Vegetation form herbs-grasses-sedum 
Water retention >80% 
Discharge coefficient C=0,05-0,17 
Water storage 38-53 l/m2 temporarily 
Ecological value  
Maintenance costs  
Cost factor  

 
 
6. Pitched roof A 
 
Pitched roof A features: Permanent solution for green pitched roofs without a specialized Anti-Slip 
System. For roof lengths greater than 6 m. Varied substrate depths and vegetation forms possible. 
Generally suitable for the inverted roof; if applicable, minimum load for the wind up-lift protection 
has to be considered. Anti-Slip Systems need to be used in case the roof pitch exceeds 15°. Weight 
specifications refer to saturated conditions; dry weight is approximately 60 - 70 % of the saturated 
weight [5]. Roof layers are described in Tab.9 and its technical specifications are described in 
Tab.10. 
 
Table 9: Pitched roof A layers[5] 

1 Optigreen Pre-cultivated Sedum Vegetation Mat 
2 Optigreen Extensive Substrate Type E 
3 Optigreen Protection and Storage Fleece Type RMS 500 at the ridge 
4 Optigreen Structured Storage Fleece Type SSV 800 at the eaves 
5 Waterproofing membrane 
6 Suitable substructure 
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Figure 5. Pitched roof A [5] 
 
Table 10: Pitched roof A technical specifications [5] 
Weight 100-130 kg/m2 
Layer height 80-100 mm 
Roof pitch 5-45° (9-100%) 
Vegetation form herbs-grasses-sedum 
Water retention 40-60% 
Discharge coefficient C=0,60-0,40 
Water storage 35 l/m2 temporarily 
Ecological value  
Maintenance costs  
Cost factor  

 
 
7. Pitched roof B 
 
Pitched roof A features: With Anti-Slip System. Shear stress distribution against the eaves. 
Affordable and safe Anti-Slip System. Permanent solution for green pitched roofs. Generally 
suitable for the inverted roof; if applicable, minimum load for the wind up-lift protection has to be 
considered. Weight specifications refer to saturated conditions; dry weight is approximately 60 - 70 
% of the saturated weight [6]. Roof layers are described in Tab.11 and its technical specifications 
are described in Tab.12. 
 
Table 11: Pitched roof B layers[6] 

1 Optigreen Pre-cultivated Sedum Vegetation Mat 
2 Optigreen Extensive Substrate Type E (70 l/m²) 
3 Optigreen FKD 58 SD, drainage board for pitched roofs 
4 Slot for irrigation pipe 
5 Optigreen Protection and Storage Fleece Type RMS 500 
6 Waterproofing membrane 
7 Suitable substructure 
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Figure 6. Pitched roof B [6] 
 
Table 12: Pitched roof B technical specifications [6] 
Weight 100-130 kg/m2 
Layer height 80-100 mm 
Roof pitch 15-35° (9-100%) 
Vegetation form herbs-grasses-sedum 
Water retention 40-60% 
Discharge coefficient C=0,60-0,40 
Water storage 35 l/m2 temporarily 
Ecological value  
Maintenance costs  
Cost factor  

 
 
8. Green - Blue roof performance data 

Michael Van Valkenburgh has created little 130 m2 green roof for the building of the American 
Society of Landscape Architects in the heart of Washington D.C that was installed in April 2006. 
The project was undertaken with the goals of demonstrating the environmental and aesthetic 
benefits of green roofs. Processes that are being monitored are: process to track storm water 
retention, temperature, water quality and plant performance. Here are few extensive and semi-
intensive green roof performance data of full report [7]. 
Water retention: From July, 2007 to May, 2007, the green roof retained nearly 75% of the total 
rainfall (736mm). This kept 105 000 liters out of the city sewer system. The roof typically retained 
100% of (25 mm) rainfall [8]. 
Water quality: The green roof did not add any nitrogen to the runoff. Water quality testing shows 
that the water runoff contains fewer pollutants than typical water runoff. Most significantly, the roof 
is reducing the amount of nitrogen entering the watershed [8]. 

9. Conclusions 

Water storage of each noticed roof example is in liter per 1 m2. Aim of this article was to show on 
different roofs their ability to catch water, point at discharge coefficient and water storage of each 
named roof. Exemplary 1 m2 is in Tab.13 recalculated into 100 m2, what could represent roof of one 
single family house.  
Question of this article is, what it would do to our habitats, buildings, environment, lives, health, if 
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we were building green - blue roofs. How much water would we be able to keep above our heads 
and what would be the possibilities for us now and for our future generations. 
Example of green roof for the building of the American Society of Landscape Architects in the 
heart of Washington is showing water performance data such as water retention and water quality. 
The example is pointing out how much water, the green roof retained of the total rainfall. This 
example of built green roof is showing, how much water is being kept out of the city sewer system. 
Another thing is water quality question. The green roof did not add any nitrogen to the runoff. 
Water quality testing showed that the water runoff contained fewer pollutants than typical water 
runoff. Most significantly, the roof is reducing the amount of nitrogen entering the watershed. 
 
Table 13: Water storage 

ROOF WATER STORAGE l/1 m2 WATER STORAGE l/100 m2 
Economy 25 2500 

Lightweight 18 1800 
Nature 30-80 3000-8000 

Retention 38-53 3800-5300 
Pitched A 35 3500 
Pitched B 35 3500 

 
Aim of this article was to show different types of possible roofs and mainly their ability to catch 
water. Question to future is, what are 2500, 1800, 3000-8000, 3800-5300 and 3500 liters of water 
per 1 single family house telling us. Retaining water of the total rainfall, keeping water out of the 
city sewer system and reducing the amount of nitrogen entering the watershed. 
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Abstract 

The paper briefly presents a comparison of two test reference years for Bratislava – a Slovak one 
and a HadRM3-based one. The latter has been generated using the Hadley regional climate model 
for Europe developed by the Hadley Centre for Climate Prediction, UK. Then, the paper describes 
the conversion of the Hadley daily data into hourly data usable in computer-aided building 
performance simulations. This work is relevant in that the computer-aided building performance 
simulations are presently experiencing a boom, and for many locations only daily or even monthly 
data are available. Yet the design climate data is the basic precondition for meaningful and reliable 
simulation results. The option to convert the local daily or monthly data can be a great help for 
creating simulations comparable with standardized calculations.  

Keywords: Climate, data, reference year, computer-aided building performance simulation 
 
 
1. Introduction 

The Hadley regional climate model (HadRM3) [6] developed by the Hadley Centre for Climate 
Prediction, UK [7], covers the whole of Europe in squares of 50 km and provides simulated daily 
weather data for the periods 1960-1990 and 2070-2100 inclusive. It consists of seven distinct runs 
that cover different time periods and different climate scenarios. The first three runs use historic 
forcing data (concentrations of carbon dioxide and other greenhouse emission gases) for the period 
1960-1970 inclusive. These are referred to as the “historic ensemble.” The next four runs are for the 
period 2070-2100 using forcing data based on medium-high global warming (3 runs) and medium-
low (1 run) scenarios for climate change. Several climate change scenarios can be modeled, 
whereby no scenario is considered to be more likely than any other. In reality, a different emission 
scenario could occur, which would be different from all the model scenarios.  
The climate data for Bratislava used in this study were derived from one of the Hadley forced 
historic ensemble data sets. These were compared by Hoffmann, Levermore and Rabenseifer [1] 
with the Slovak climate data for Bratislava [2], which is based on the measurements performed in 
the period 1968 – 1985, and selected using the Danish methodology described by Andersen [3]. The 
results shown that Hadley-based climate change scenarios can also be used for Bratislava as there is 
no significant difference between Slovak data and Hadley forced historic ensemble data sets [1]. 
The difference is in the maximum values only, which require further investigation and perhaps a 
confrontation with newer measured data sets. Fig. 1 compares the mean and minimum ambient air 
temperatures in both reference years using a simple comparison of the monthly mean values. Fig. 2 
shows the maximum ambient air temperatures in both reference years using a simple comparison of 
                                                           
* Corresponding author: Tel./ Fax.: +421904130872 
E-mail address: martina.jurigova@stuba.sk  

 461



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014,Cluj-Napoca, Romania 

www.cephd.ro
 
the monthly mean values 
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Figure 1. Comparison of the mean and minimum ambient air temperatures in both reference years 
for Bratislava using a simple comparison of the monthly mean values (Had = Hadley based data, 

SK = Slovak data) 
 

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

1 2 3 4 5 6 7 8 9 10 11 12

Months

Te
m

pe
ra

tu
re

 [°
C

]

Te max. (Had)
 Te max. (SK)

 
 

Figure 2. Comparison of the maximum ambient air temperatures in both reference years using a 
simple comparison of the monthly mean values (Had = Hadley based data, SK = Slovak data) 

 
The Hadley data set contains maximum, minimum and average daily temperature values. However, 
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for the purposes of computer simulations, a day is rather a big computing step; the usual one is an 
hour. If measured or generated hourly values are missing, they can be derived from the daily values, 
and so-called synthetic data can be created. Several mathematical methods can be used. In our case, 
we have relied on the procedure described in the Physibel Software Pilot Book [4]. 
 
 
2. Derivation of hourly temperature data from the Hadley daily values 

The procedure described in the Physibel Software Pilot Book [4] is based on the mathematical 
calculation of the daily sine curve assuming a maximum at 14:00 (2 pm) and a minimum at 02:00 at 
night (2 am) by the formula: 

  )
12

8180sin(5.0)()( minmax
h

aveh
tt     (1) 

where,  
 h(t) …………… hourly outdoor temperature [°C], 
 ave  …………… daily average outdoor temperature [°C], 
 max   …………… daily maximum outdoor temperature [°C], 
 min  …………… daily minimum outdoor temperature [°C], 
 th  …………… hour of the day (0-23) [h]. 
 
Of course, the equation can be modified so that the two extreme values will occur at a different 
time. The equation can also be used if we only know the average monthly values (for any location). 
However, the result will then be a curve consisting of monthly curves similar to harmonic sinusoids. 
Although it is possible to use it, the similarity with reality is already quite distant. To work with the 
large amount of data, we used an Excel spreadsheet. In the first step the hourly values were 
extracted from the daily average values using Eq. (1) and the following macro: 
 
Sub Hadley() 

'Transformation of daily mean values to hourly values 

Dim h As Double 

Dim dh As Integer 

Dim j As Integer 

Range("G2").Select 

For j = 2 To 361 

For dh = 0 To 23 

h = Cells(j, 3) + (Cells(j, 1) - Cells(j, 2)) * 0.5 * Sin(180 * (dh - 8) / 12) 

ActiveCell.Value = h 

ActiveCell.Offset(0, 1).Select 

Next dh 

ActiveCell.Offset(1, -24).Select 

Next j 

End Sub 

 
The result is 360 rows (the Hadley data set consists of 360 days), with hourly values in 24 columns 
(Fig. 3). The daily minimum, maximum, and average values are found in the first three columns. 
The hourly values calculated for each day are placed in columns G to AD (24 columns). Given that 
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most simulation programs require hourly data in one continuous line and Excel only provides 255 
columns, compared to 65,536 rows, it was necessary to sort these into one column (one row would 
not have enough columns). In a second step, we, therefore, transformed the table with hourly data 
(in the meantime, copied in a new worksheet starting with cell A1) using the command "Transpose" 
so that the daily values are in vertical columns. 
 

 
 

Figure 3. Hourly values for Bratislava (starting in column G) extracted from the daily average 
values (columns A to C) using Eq. (1) and the macro named “Hadley”; each row represents 1 day, 

there are a total of 360 rows 
 
Due to the number of columns in Excel, the table had to be divided into two parts and the addresses 
of the cells adapted. The macro for the first half of the table is as follows: 
 
Sub Rok_Transpose_1() 

'Transposition of table from cells A1-X180 to table in cells A401-FX424 

Range("A401:FX424").FormulaArray = "=TRANSPOSE(A1:X180)" 

End Sub 

 
The macro for the second half of the table: 
 
Sub Rok_Transpose_2() 

'Transposition of table from cells A181-X360 to table in cells A431-FX454 

Range("A431:FX454").FormulaArray = "=TRANSPOSE(A181:X360)" 

End Sub 

 
With this operation, we obtained 180 columns (A - FX) in rows 401-424 and 431-454, which are 
always 24 hourly values below each other for each of the 360 days. Each half of the table was then 
copied to a new worksheet starting with cell A1. The 180 columns with 24 values arranged side by 
side are converted into one continuous column (day after day) using the following macro [8]: 
 
Sub Nebraska() 

'Conversion: multiple columns into one column. It assumes that the original 

'data starts in column A and that the source columns are contiguous - it  

'will stop when it comes to an empty column. It also assumes that there are no 

'more than 255 filled columns - the destination column is inserted at column A. 

'It will copy all cells from row A down to the last filled cell in each column, 
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'regardless of whether they are filled or empty. 

'Source: http://www.ozgrid.com/forum 

    Dim k As Integer 

    Dim R As Integer 

    k = 2 

    R = 0 

 Columns("A:A").Insert Shift:=xlToRight 

 Do Until R > 65536 Or Cells(65536, k).End(xlUp).Value = "" 

        R = R + Range(Cells(1, k), Cells(65536, k).End(xlUp)).Rows.Count 

        Range(Cells(1, k), Cells(65536, k).End(xlUp)).Copy 

 Range("A65536").End(xlUp).Offset(1, 0) 

  k = k + 1 

 Loop 

End Sub 

 
The resulting two columns, each with 4320 items, were merged into one, which corresponds to 360 
days by 24 hours (8640 items). The resulting course of the hourly temperature values is shown in 
Fig. 4.  
 

 
 

Figure 4. Course of hourly temperature values for Bratislava derived from Hadley daily data. 
 
The final Excel file with hourly data derived from the Hadley data set is available at www.cab.sk. It 
can be used in computer simulations. Of course, before using it the Excel data have to be adjusted 
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into a format that the simulation software expects. If a text file is needed, then the Excel file has to 
be saved as a text file with the appropriate suffix (for the Capsol software [5], it can be, e.g., 
"HADLEY_BA. FTE"). In actual use it must be borne in mind that the Hadley data slightly differ 
from the Slovak measured data, particularly in the maximum values as shown in [1]. 
 
 
3. Conclusions 
 
The paper refers to a comparison [1] of two test reference years for Bratislava – a Slovak one and a 
HadRM3-based one. The latter has been generated using the Hadley regional climate model for 
Europe [6] developed by the Hadley Centre for Climate Prediction, UK [7]. According to [1] the 
results shown that HadRM3-based test reference year can also be used for Bratislava as there is no 
significant difference between Slovak data and relevant Hadley forced historic ensemble data sets. 
In the main part, the paper describes the conversion of the Hadley daily data into hourly data usable 
in computer-aided building performance simulations. The available Hadley data set contains 
maximum, minimum and average daily temperature values. However, for the purposes of computer 
simulations, a day is rather a big computing step; the usual one is an hour. If measured or generated 
hourly values are missing, they can be derived from the daily values, and so-called synthetic data 
can be created. Several mathematical methods can be used. In our case, we have relied on the 
procedure described in the Physibel Software Pilot Book [4]. This procedure is based on the 
mathematical calculation of the daily sine curve assuming a maximum at 14:00 (2 pm) and a 
minimum at 02:00 at night (2 am). To work with the large amount of data, an Excel spreadsheet 
was used. In the first step the hourly values were extracted from the daily average and then 
transformed into a table with hourly data using “Transpose” command. Of course, before using it 
for computer aided simulations the Excel data have to be adjusted into a format that the simulation 
software expects. If a text file is needed, then the Excel file has to be saved as a text file with the 
appropriate suffix.  
This work is relevant in that the computer-aided building performance simulations are presently 
experiencing a boom, and for many locations only daily or even monthly data are available. Yet the 
design climate data is the basic precondition for meaningful and reliable simulation results. The 
option to convert the local daily or monthly data can be a great help for creating simulations 
comparable with standardized calculations. In case of using Hadley based data the described 
procedure offers also opportunity for evaluating various climate change scenarios when modeling 
long term building performance, e.g. for life cycle assessment of buildings. 
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Abstract 

This paper contains a comparative analysis of multi-dimensional heat flow modeling methods, and 
examines the calculated results changing by the model’s dimension reduction. The possibilities of 
two heat flow modeling methods are also tested in order to identify the method that should be 
applied for a complex model at heat conduction problems. In the first part of the paper the 
fundamentals of thermal bridges and the necessary information about the used numerical 
calculations are summarized. Afterwards, comparative analyses are shown using the results of two 
and three dimensional simulated and one dimensional calculated models based on two tasks. The 
results show that due to the model simplifications needed to FDM, both sections’ heat losses are 
higher than the results given by FEM in a more realistic model. The analyses in this paper can help 
engineers and architects to solve building structures multi-dimensional thermal conduction 
problems using the optimal method and tool providing the required result accuracy. 

Keywords: Building Physics, Thermal Bridges, Thermal Simulation, Multi-dimensional Heat Flow, 
Heat Transfer, Building Components, Building Structures, FEM, FDM 
 
 
1. Introduction 
 

Nowadays, during the design of more and more energy efficient buildings, it is inevitable for 
structural designers to calculate accurately with heat transfer coefficients of the building envelope 
as well as the building physical and energy parameters at the design stage. The experts can use 
several computer simulation software products to calculate thermal bridges (linear thermal 
transmittance). There are special software products to determine the heat loss at joints of building 
parts, and there are ones developed for industrial purposes, that are also applicable for buildings. 
The software products have different constraints, and apply different simplification methods to 
simulate the reality, in terms of geometry, specifying boundary conditions, and numerical 
calculation methods used for the differential equation of the heat flow. In this article I compare the 
widespread simulation techniques and methods, their applicability conditions, as well as the 
accuracy of their results in two examples. 
 
 
2. Fundamentals of thermal bridges 

The thermal bridge is a part of the building structure, where comparing to average heat-flow of 
surrounding elements, there is a distinct, multi-dimensional heat-flow, i.e. the gradient of heat-flow 
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changes. The easiest way to recognize a thermal bridge zone is the detection of the change of 
surface temperature and the relative change of slope of isothermal lines within the structure. The 
most easily identifiable type of thermal bridge, the geometrical thermal bridge is developed, where 
the geometry or shape of the building structure changes. There is a geometrical thermal bridge at a 
wall corner, at all overhanging structural elements, at the elements connecting in different angles, 
and the change of sizes of identical structural elements (fig.1.a). Where the material of a building 
structure changes but the geometry does not, there is material thermal bridge. Common example is a 
pillar in a wall made of different material, but with the thickness of the wall (fig.1.b). In case of 
structural thermal bridge, both mentioned types are simultaneously occurred. Structural thermal 
bridges are e.g. penetrations, openings, holes. A slab of a cantilevered balcony, or the penetrations 
of mechanical pipes are examples for this type (fig.1.c).  
 

 
 

Figure 1. Types of thermal bridges, a) Geometrical, b) Material, c) Structural, d) Periodically 
repeating, e) Convective, f) Environmental dependent 

 
Due to their frequent occurrence, it is worth dealing with periodical thermal bridges separately, that 
are repeated regularly according to a well-defined pattern within a structural element. Therefore, in 
practice, during the calculation of heat losses, it is calculated as it would be one-dimensional heat-
flow. The effect of thermal bridges is taken into consideration by increasing the average thermal 
transfer coefficients of structures. Common example is the frame structure of walls, or the rafters of 
a pitched roof (fig.1.d). The unplanned air movements within a structure is called convective 
thermal bridge [6]. The air convection may increase the filtration heat losses, moreover, the thermal 
conductivity of materials contacting with the airflow having different temperature and humidity can 
also change. Examples for convective thermal bridges are the gaps within a building structure, 
inaccuracies of construction joints (fig.1.e). It is possible, that thermal bridges are developed due to 
not the structure, but different environmental impacts. Due to environmental differences, surface 
resistances are different, since the air velocity may differ. (It influences the convective heat transfer 
coefficient.) It is also possible, that a wall section is exposed to different radiations (or at another 
section, the identical radiation is shaded), consequently the elements with different surface 
temperatures have different radiation heat transfer coefficients. If a heater device is installed or a 
furniture is placed in front of a wall section, such thermal bridges can be created easily. These 
effects are not considered in international standards; however, the Hungarian MSZ-04-140-2:1991 
standard, which was withdrawn in 2012 January, recommends 30-50% decrease of the thermal 
transfer coefficient due to the effect of furniture (fig.1.f). 
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3. Numerical heat flow simulation methods 

3.1 Thermal problem to solve 
 
The problem of a heat transfer during a structural and energy design of a building usually contains 
solids only, moreover, the model is investigated at steady-state, during which the temperature 
distribution is sought at constant pressure. The material properties are defined by the average, built-
in thermal conductivities according to the concerning standard [3] and data sheet’s of the used 
products, the states within the solid are described by using the Fourier's law of heat conduction. For 
boundary conditions, the surface (heat transfer) resistances of the boundaries were used according 
to [4], that describes the convective heat transfer as a function of the wind speed at the surface; and 
defines the radiative heat exchange as a function of surface emission factor and the air temperature 
near the surface. The differential equation to solve is the following: 
 

( T) = 0     (1) 
 

where:   Thermal conductivity [W/mK] 
T Absolute temperature [K] 

 
 
In the Hungarian practice, during building energy calculations, linear thermal transmittances are 
calculated using internal lengths and surfaces, but respecting the proposals of [3]. 

3.2 Numerical simulation methods and modelling 
 
The two most common methods being applicable to solve heat conductivity problems are the finite 
element method (FEM) and the finite difference method (FDM) providing numerical solutions for 
approximated solutions of partial differential equations. The FEM approximates the solutions of the 
differential equations describing the whole studied domain by simpler equations for the subsets of 
the whole domain and joining the solutions; while the FDM discretizes the continuous functions in 
terms of time and space. It describes it for finite number of points and for specified times [1]. It 
produces difference equations from the differential equations, and approximates the derivatives in 
the differential equations by difference coefficients.  
In practice, in case of thermal simulation software products, the differences resulting from the two 
methods are noticeable. For the tested FDM software, the model is built of cuboids. Therefore, the 
resolution of grid is a simple process, since the grid has to be perpendicular to the global coordinate 
system. As for a disadvantage the local grid compression in FDM products is not solved yet. In 
some systems, the solution is approximated by an automatic grid resolution, but according to a 
given factor, in a way, that the end of the simulation, when the iteration process is stopped, 
determined by the given biggest difference between the result of the simulation and the previous 
result. In case of software products applying FEM, almost any shape can be investigated, the 
approximation of solids is occurred by resolution to finite elements with different shapes; and the 
meshing requires more expertise. The software products developed for heat transfer calculations 
often do not provide the opportunity for optimizing the grid, they rely on automated mesh 
generation algorithms. However, the optimization of grid compression, in order to reach the desired 
accuracy, that obviously influences the calculation time as well, is integrated into every FEM 
software product. After creating the model, and defining the material properties, that are usually the 
thermal conductivities in each direction in case of steady-state simulations, the boundary conditions 
and the heat loads should be given. In some software products the boundary conditions are 
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simulated as separated virtual solids, while in other products they are assigned to the free surfaces. 
After these steps, if the finite element mesh is done, calculation ran, the results can be evaluated. 
 

 
 

Figure 2. Method of thermal simulation presented with various models and software 
 

4. Analysis of 2D and 3D FEM on periodically repeating pitched roof elements 

In the first task in this article a heat flow simulation of a building joint is shown, that is not 
available in European standards being currently in force. A periodically repeating section of the 
pitched roof is simulated based on finite element method, the results of two- and three-dimensional 
simulations, as well as the traditional, one-dimensional simulations based on inhomogeneous cross-
section calculations [4] are compared. During modeling the structural joints, choosing the model 
dimension is a main issue. It may be obvious, that the most detailed results are obtained by three-
dimensional modeling; however, if two-dimensional models are used for modeling a structure, the 
calculation time can be reduced significantly. Creating a three-dimensional model does not require 
much more time comparing to a two-dimensional modeling. Applying a two- or three-dimensional 
model is also a financial question, since currently there are free two-dimensional FEM and FDM 
software products; however, the program packages with three-dimensional calculation capability 
are quite expensive. 
If a structure is simulated in one plane, it is often necessary to simulate several cross-sections in 
order to follow the changes within the structure; afterwards the results should be averaged 
according to a method (usually the frequency of a certain cross-section.)  
To show this phenomenon a pitched roof with 40° inclination is investigated, during which cross-
section in two directions are created, since the distance between the axis of the 10x15 cm rafters is 
1,0 meter, and the 15x15 cm purlins are connected to the reinforced concrete ring beam on 20x15x5 
cm wood planks. The horizontal cross-sections are necessary (fig.3. 5.-6. sections) due to the 5x5 
cm battens placed perpendicularly to the rafters, and the mineral wool thermal insulation between 
them. Due to the inclination of roof, FEM is applied. 
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Figure 3. Sections of the pitched roof element for 2D FEM simulation [5] 
 

The material properties applied for calculations and simulations are listed in Table 1. The boundary 
conditions on the interior side is 20 °C, and Rsi = 0,131 m2K/W according to the EN ISO 
6946:2007. The surface resistance on the exterior side is declared as Rse = 0,041  m2K/W in case of 
4 °C average temperature during the heating season according to the Hungarian regulation of 
building energy calculations and 4 m/s as an average wind speed. 
 
Table 1. Thermal conductivity of the materials of the pitched roof 

Nr. Materials  [W/mK] Nr. Materials  [W/mK]
1. Mineral wool thermal insulation 0,04 7. Porotherm 38 HS building block 0,104 
2. Counter battens 0,13 8. Porotherm therm. ins. ringbeam block 0,101 
3. Gypsum fibre board 0,22 9. Porotherm TM therm. ins. mortar 0,172 
4. Battens 0,13 10. Rafter 0,13 
5. Interior lime plaster (1,5 cm) 0,80 11. Purlin 0,13 
6. Wood plank 0,13 12. Reinforced concrete 2,3 

 
The two-dimensional heat flow simulation was carried out with THERM 7.2 software, and the 
results of the six cross-sectional areas were averaged proportionally. In case of the three-
dimensional simulation, the model of the whole building assembly was built, and applying the 
building materials and boundary conditions listed above, the FEM simulation was carried out with 
Comsol Multiphysics 4.2 software. The results are summarized in Table 2. 
 

 
 

Figure 4. Meshed 3D FEM model and temperature distribution of a pitched roof element 
 
The one-dimensional calculation was carried out according to the manual calculation method 
described in the EN ISO 6946:2007 standard 6.2. Total thermal resistance of a building component 
consisting of homogeneous and inhomogeneous layers. During this process the structural element is 
divided into sections being perpendicular and layers being horizontal to the direction of the heat 
flow that are considered thermally homogeneous. The total thermal conductivity of a structural 
element is calculated as the arithmetical average of an upper and lower limit. During the calculation 
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of the upper limit, one-dimensional heat flow, which is perpendicular to the front surface, is 
assumed, therefore the whole thermal conductivity of each strip can be calculated and summed; 
while in case of the lower limit, the sections being horizontal to the front surface are considered 
isothermal surfaces, for each surface an equivalent thermal resistance is calculated and summed. 
From the total thermal resistance of the structural element calculated from the upper and lower limit 
of thermal resistances, the interior and exterior temperature, and the size of the surface, the heat 
flow can be calculated.  
During the calculation the same material properties, geometrical sizes and boundary conditions 
were applied, as during the simulations. The result is listed in Table 2. 
 
Table 2. Results of the 1D-2D-3D calculations of the pitched roof element 

Surface 1D calculation [W] 2D FEM sim. [W] 3D FEM sim. [W] 
Jamb wall, vertical, inside [1,184 m2] 7,67 4,8081 5,4433 
Roofing, pitched, inside [0,993 m2] 2,81 2,8611 2,9404 
Total inside surface of component [2,177 m2] 10,48 7,6692 8,3837 

 
Based on the results, it is concluded, that 1D manual calculation process overestimated the heat loss 
of the 1 m high section of the pitched roof by 25%; however, the 2D simulation erred “against 
safety” comparing to the 3D simulation. However, the results at the roof section differ slightly, but 
at the jamb wall, due to the complexity of that joint, there are large differences between the 
calculated/simulated heat losses. Based on this investigation, the heat losses of complex joints 
should be simulated with a 3D FEM software. However, if the heat loss of the roof structure is 
examined, the manual calculation according to the relevant standard gives a difference less then 
4,5% comparing to the 3D simulation, close to the accuracy of the 2D simulation, that differed by 
2,7%. However, it is not negligible that in case of more complex structures the manual calculation 
according to [4] is more time-consuming than performing a 2D simulation. 
 
 
5. Analysis of 2D and 3D FDM and FEM on flat roof elements 
 
In case of the investigated flat roof, the sloping layer required for drainage is polyisocyanurate foam 
(PIR foam) thermal insulation. Therefore, the heat transfer coefficient cannot be calculated as one-
dimensional heat flow, because heat flows are different at every part of the roof structure (due to the 
different resistances). The EN ISO 6946:2007 standard, however, specifies a calculation method, 
which can approximate the average heat transfer coefficient of the insulation layer in such cases. 
During this task, the methods of the standard are compared with the results of the two or three-
dimensional simulations. The simulations are conducted by FEM and FDM as well, and in the latter 
case, due to the software applying this method, the structure is modelled by the average thickness of 
the thermal insulation layer, showing the deviation of the average (but in reality varying) heat 
transfer coefficient to a more realistic model. 
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Figure 5. 2D and 3D FDM and FEM software interfaces 
 

During the two-dimensional simulation, a 6 meter length section of the flat roof in longitudinal 
direction, while in the three-dimensional case a corner is investigated, which internal dimensions 
are 6 m x 4 m lenght. The software products applied are shown in Figure 5. 
The surface resistance at the interior side is Rsi = 0,099 m2K/W according to the calculation method 
of the EN ISO 6946:2007 if the constant internal temperature is 20° C, and there is a heat flow 
upwards, the boundary condition at the exterior side is the same as it is described in 4. above. The 
material properties are summarized in the following Table 3. 
 
Table 3. Thermal conductivity of the materials of the flat roof 

Nr. Materials  [W/mK] Nr. Materials  [W/mK]
1. Mineral wool thermal insulation 0,04 5. Porotherm 38 HS building block 0,104 
2. Gypsum fibre board 0,22 6. Porotherm TM therm. ins. mortar 0,172 
3. Interior lime plaster (1,5 cm) 0,8 7. PIR foam therm. ins. (10-30 cm) 0,03 
4. Gravel ballast layer (5 cm) 0,35 8. Reinforced concrete slab (20 cm) 2,3 

 
5.1 Comparison of 2D FEM and FDM at an intermediate flat roof section 
 
During the FDM simulation, since rectangular geometry can be modelled only in the applied 
software, the varying thickness of the insulating layer has to be considered with its equivalent 
thickness. The PIR thermal insulation on the slab is 30 cm at the parapet wall, while at the center of 
the building it is 10 cm, with a slope of 3.3%. The equivalent thickness is determined according to 
the EN ISO 6946:2007 C.2, that describes the calculation method of the average thermal resistance 
in case of smoothly varying layer thickness along two opposite edges, for a rectangular form. From 
the thermal resistance, if the heat transfer coefficient is constant, the equivalent thickness can be 
calculated. In case of FEM simulations some simplifications were applied, that are common in 
thermal simulations (i.e. thin technological layers are omitted); however, the designed geometry 
with varying insulation thickness was used. The results are presented in the following Table 4. 
 
Table 4. Results of the 2D simulations of the flat roof element 
Surface 2D FDM sim. [W] 2D FEM sim. [W] 

Interior wall,  vertical intermediate section, interior [5,91 m2] 28,566 26,8596 
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Interior horizontal surface, intermediate section, interior [35,91 m2] 105,264 76,0740 
Total inside surface of components [41,82 m2] 133,83 102,97 

 
The 2D FDM simulation resulted in nearly 30% more heat loss. The difference is due to the effect 
of the geometric simplification, since the application of equivalent thickness of thermal insulation 
instead of the decreasing thickness from the corners resulted in a significantly larger heat loss at the 
joint of the interior wall and the slab, overestimating the effect of thermal bridge. 
 
5.2 Comparison of 3D FDM and FEM at the corner of a the flat roof 
 
In case of a three-dimensional FDM simulation, similar simplifications of the geometric model are 
necessary as in the previous section. However, at the corner the equivalent thickness of a triangle-
shape layer with a decreased thickness at the point in front of the leg of the triangle was calculated 
according to the mentioned standard [4]. The insulating layer’s diagonal slope is 5% and varies with 
both directions. In case of the finite element method simulation the designed geometry was built, 
that approximates the reality better, than the finite difference method. The grid resolution was 
optimized so that the unallocated heat flows are less than 0.2%, which is only one-tenth of the 
standard’s required value [2], thus it is considered an exact solution. The results are summarized in 
Table 5. 
 
Table 5. Results of the 3D simulations of the flat roof element 
Surface 3D FDM sim. [W] 3D FEM sim. [W] 

Interior wall,  vertical, corner joint, interior [9,82 m2] 48,240 36,1067 
Interior horizontal surface, corner joint, interior [23,85 m2] 85,187 76,3279 
Total inside surface of components [41,82 m2] 133,427 112,4346 

 
In the case of the three-dimensional simulation of a corner junction, FDM simulation resulted in 
significantly greater heat loss. The difference is 18,7%; therefore, FDM simulation with the 
geometric simplification (equivalent thickness of layer) according to the standard is not an adequate 
technique to model the thermal bridge at corners. 
 
 
6. Conclusions 

In this paper, the possibilities of thermal simulation methods with both 2D and 3D geometrical 
models and standardized calculations are tested on different roof components in order to identify 
the method that should be applied for a complex model at heat conduction problems. 
In the case of a pitched roof component where two-dimensional simulation gives acceptable results, 
the manual calculations give nearly the same results, but also demonstrated that the one and two 
dimensional methods do not reach the accuracy of a properly implemented 3D model simulation. 
The results of the flat roof simulations show that due to the model simplifications needed to FDM, 
both analyzed sections’ heat losses are higher than the results given by FEM in a more realistic 
model despite the fact that the variable thickness of the insulation layer calculated by standardized 
procedure for the FDM simulation. 
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Abstract 

Lightweight industrial buildings is a less studied area in terms of energy efficiency. Given the great 
diversity of destinations for these types of buildings, it requires more thorough evaluation of their 
behaviour in the heat exchange with the environment. Currently, the most widely used, as walls and 
roofing solutions for industrial halls, are the insulated sandwich panels.  
Even though it reached a high level of standardization on the use, usually thermal resistance of 
these panels is given in the current field, without taking into account the effect of thermal bridges. 
Also, in our national regulations there aren’t details that study the behaviour at the heat transfer 
for these type of walls and roofs.  
Thus, in order to improve the current design, it requires the analysis of constructive details to allow 
assessment of thermal bridges that occur at joints of these panels.  
Thermal bridges are areas in the building envelope where the heat transfer flux increases and 
therefore the heat losses are higher. Their analysis requires, therefore, accurate numerical 
calculations.
This article, by analyzing common details of walls and roofs and by performing a two-dimensional 
numerical calculation of the linear coefficient of heat transfer, aims to study the thermal 
performance of the insulated sandwich panels.  
 
Keywords: energy efficiency, thermal bridges, insulated sandwich panels, thermal resistance 
 
 
1. Introduction 

The energy efficiency of buildings is a subject of great actuality worldwide and represent interest to 
a wide circle of technical specialists. 
Industrial buildings have a large variety of functions involving a variable number of parameters 
needed for interior comfort (temperature, humidity, indoor air circulation speed, etc.) 
Currently, usual constructive solutions for these type of buildings are steel structures with closure 
walls of insulated sandwich panels. At the moment, in the Romanian scientific literature, there are 
no thermal bridges details, specific to these types of constructive solutions, by which it can be 
evaluated the energy losses through the envelope, in a way that can reflect with accurately the heat 
transfer with the environment. 
A problematic aspect concerning energy performance evaluation of these types of constructive 
details is the fact that the resistance to heat transfer is given by panel manufacturers into the field of 
panel and additional heat loss in the area of joints of the panels is not considered. 
This article presents the results obtained by numerical simulation of heat transfer, applied to 
constructive details widely used in tertiary sector buildings with metal structure. 
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The main objective of this study is to assess the thermal performance of joints areas of metal 
insulated sandwich panels in order to improve knowledge of the behavior of these panels to thermal 
transfer. 
The overall purpose is to focus the attention to this sector, less studied, in order to align current 
practices in Romania to EU requirements related to energy consuming buildings from the tertiary 
sector. 
 
 
2. Thermal performance of metal insulated sandwich panels 

2.1 Numerical simulation methods of heat transfer in constructive details 

Evaluation of the temperature field in the construction details described in this article is made 
through a two-dimensional analysis (temperature varies in two directions and building elements are 
not homogeneous; in the third direction is a negligible temperature variation); based on a steady 
state heat transfer (simplifying assumption is allowed that the temperature of two environments 
separated by a building element does not vary in time and the heating is continuous). 
Numerical simulation of two-dimensional calculation is performed using Therm program, 
developed by Berkeley University, California. The program incorporates a two-dimensional heat 
transfer model, to numerically solve Fourier's energy equation with Finite Element Method [2]. 
The results obtained from numerical analysis are: the corrected thermal transmittance value (U’), 
the temperature variation (the thermal field) into the thickness of the element and the maximum and 
minimum temperatures. 
Through the analyzed case studies in this paper is intended to obtain values of the coefficients of 
linear thermal transfer,  that can be applied in the current design calculations to determine the 
corrected thermal resistance. 
Based on the results obtained by numerical analysis. there are manually calculated values of the 
coefficients of linear thermal transfer, , using the mathematical relations (1) and (2): 
 

=L2D
pert – L2D

nepert                        (1) 
 

=                                       [(m2K)/W]              (2) 
 
where: 

L2D – is the thermal coupling coefficient of the element of construction, determined by a two 
- dimensional calculation [W/(mK)] 
R – thermal resistance  [(m2K)/W] 
R’- corrected thermal resistance [(m2K)/W] 
l - represents the length by which is calculated the value of  [m] 

In the numerical modeling, the constructive details comply with the requirements imposed by the 
norm SR EN ISO 10211: 2008 and norm C107/3 - Appendix J. 
2-D geometric model is obtained by sectioning with symmetrical plans  the jointing area of the 
panels, to study the effect of thermal bridges that appears. The considered length of the section of 
the panel is dmin = 1m, considerated on both sides of the connection [3]. The horizontal and vertical 
cut-outs of each model,  is considered adiabatic. 
In the considered detail of metal insulated roof panels jointing is applied a correction of dimensions, 
in order to simplify the geometric model. According to SR EN ISO 10211:2008,  the local 
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correction perpendicular to the middle of the outer surface of the panels that can be applied is dc, 
calculated with eq.(3) , where the value for Rc is considered 0.03 m2K/W. 
 

dc =Rc*                                         [m]                                                                            (3) 
 

The geometric model ranged between cut-out plans, has the finite element mesh with the distance 
between two consecutive nodes up to 20 mm. 
Boundary conditions applied to the studied geometric models are: 
Temperatures: 

Ti= 20 o C – indoor air temperature 
Te= -18 o C – outdoor air temperature 

Surface heat transfer coefficients: 
i =0.125 W/m2K – interior surface heat transfer coefficient 
e=0.042 W/m2K – exterior surface heat transfer coefficient 

Thermal conductivity of materials [4]: 
- steel,   =58 W/mK  
- rigid polyurethane, =0.024 W/mK, declared value; =0.038 W/mK, calculation value  
- expanded polystyrene, =0.044 W/mK  
- anticondensation tape, =0.6 W/mK  
 
2.2 Case Studies 

For this study, are considered two types of constructive details of metal insulated sandwich panels 
joints, commonly used into the current design. 
The first analysed constructive detail – Figure 1, is the connection between the roof panels, 
composed of metal sheet of thickness 6 mm on the outer, a layer of insulating material and a metal 
sheet of 6 mm thickness on the interior. In order to follow the differences in thermal losses 
depending on the type of insulation material chosen, were compared the linear heat transfer 
coefficient values obtained by considering two types of insulating materials: rigid polyurethane and 
expanded polystyrene. In the current field, panel thickness is 80 mm and the height of each haunch 
is 35 mm. For the roof panels, the metal sheet is continuous over the entire width of the panel joint 
area. 
 

 
 

Figure1. Constructive detail of metal insulated sandwich roof panels jointing 
 

Applying the local correction perpendicular to the median position of each haunch on the outer 
surface (dc), it creates a the geometric model shown in Figure 2. 

 

 
 

Figure 2. Geometric pattern of roof panels detail 
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The second constructive detail - Figure 3, is a horizontal connection between wall panels composed 
of metal sheet of 6 mm thickness in outer, an insulating layer of 80 mm thickness: rigid 
polyurethane, respectively expanded polystyrene and a metal sheet of 6 mm thickness on the 
interior. For the wall panels, the metal sheet is not continuous over the width of the panel joint area. 
The geometric model is shown in Figure 4. 
 

                                      
 

                               Figure 3                   Figure 4                                                     
 

Figure 3. Constructive detail of metal insulated sandwich wall panels jointing 
Figure 4. Geometric pattern of wall panels constructive detail 

 
 
3. Results and discussion 

For the roof panels constructive detail, the graphical results of the numerical analysis are shown in 
Figure 5 and Figure 6, and there are completed with numerical results shown in Table 7. 
 

 
 

Figure 5. Isotherms of the roof panels constructive detail 
 

 
 

Figure 6. Infrared temperature field of the roof panels constructive detail 
 

Table 7: Numerical results for horizontal detail of metal insulated roof panels jointing 
Calculation 
parameters 

Computing wing 
L=25 cm L=50 cm L=75 cm L=100 cm 

Insulation 
material 

Rfield Rcor  Rcor  Rcor  Rcor  
m2K/W m2K/W W/mK m2 K/W W/mK m2 K/W W/mK m2 K/W W/mK 

PUR 2.272 0.870 0.177 1.249 0.180 1.472 0.179 1.614 0.179 
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EPS 1.985 0.833 0.174 1.166 0.177 1.354 0.176 1.471 0.176 
 
It can be noticed a significant influence of jointing area of the panels. For a wing computing L = 
100 cm, determined according to SR EN ISO 10211:2008, corrected thermal resistance represents 
about 71% of the calculated thermal resistance in the field, for roof panels with PUR as insulation 
material, respectively 74%, for roof panels with expanded polystyrene as insulation material.  
The calculated value of , remains approximately constant, regardless of wing calculation 
considered in the numerical analysis. The maximum difference between the values of  is 0.003 
W/mK. 
For the wall panels constructive detail, the graphical results of the numerical analysis are shown in 
Figure 8, and there are completed with numerical results shown in Table 9. 

 

  
 

Figure 8. Isotherms / Infrared temperature field of the wall panels constructive detail 
 

Table 9: Numerical results for vertical detail of metal insulated wall panels jointing 
Calculation 
parameters 

Computing wing 
L=25 cm L=50 cm L=75 cm L=100 cm 

Insulation 
material 

Rfield Rcor  Rcor  Rcor  
 

Rcor  

m2 K/W m2K/W W/mK m2 K/W W/mK m2 K/W W/mK m2 K/W W/mK 
PUR 2.272 1.875 0.023 2.052 0.023 2.121 0.023 2.156 0.023 
EPS 1.985 1.678 0.023 1.816 0.023 1.869 0.023 1.896 0.024 
 
On a standard size panel (L = 100 cm), the corrected thermal resistance is about 90% of the thermal 
resistance calculated into the field, for PUR as insulation material, respectively 95%, for expanded 
polystyrene. 
The calculated value of , remains approximately constant, regardless of wing calculation 
considered in the numerical analysis. The maximum difference between the values of  is 0.001 
W/mK. 
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4. Conclusions 

According to the results obtained on the analysis of thermal bridges, for both types of panels, for the 
closure walls and for the roof, it is noticed that corrected thermal resistance decreases compared to 
that declared by the manufacturer.
By varying lengths of computing wing (L=25 cm-100 cm), it appears that the entire panel surface is 
affected by thermal bridging effect of the jointing area. 
For the calculated linear heat transfer coefficients, , the value remains approximately constant 
regardless of the panel wing computing.  
Regarding the characteristics of insulating material, is observed that if the insulating material has a 
lower thermal conductivity, the losses in the joint are higher. 
It can be seen the importance of approaching the subject, given that reducing energy consumption 
as early as the design phase becomes a more stringent requirement worldwide, and in order to 
properly address the issue, it must correlate correct technical features of the products offered by 
manufacturers with methods of calculation used in current design. 
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Abstract 

On the road to European integration, solving many problems in the field of environmental 
protection has become a priority. Global climate change and uncontrolled exploitation of natural 
resources, which gradually expend, caused the need for the implementation of new principles and 
methods in the design process. In times of increasing energy costs and degradation of natural 
resources, the need for sustainable architecture becomes a necessity, and ecological building is an 
imperative. Considering that today is in force more demanding standards and regulations on 
environmental protection and energy efficiency of buildings, more attention is paid to the 
implementation of appropriate technical solutions that can meet the basic principles of sustainable 
development. Responsible behaviour in all human activity, in every sense, is a prerequisite for 
sustainable development and obligations to future generations. This paper presents some of the 
constructed buildings - skyscrapers that are designed and formed in the context of sustainable 
energy and wind energy utilization. 

Keywords: green building, wind power, energy, sustainable design, skyscrapers  
 
 
1. Introduction 

Environmental innovations in architecture today have become principles without which it is not 
possible to approach the design process. With the respect to the high consumption of energy whose 
sources are not renewable, or are renewing very slowly, in a system of maintaining the building 
(heating, cooling, ventilating, etc.), there is an urge to find an efficient method of production and 
use of alternative energy. Today, many organizations invest a lot of effort to raise people's 
awareness about the problem of reducing natural resource and environment. Energy management is 
connected with the principles of sustainability and the promotion of renewable energy sources is an 
important political issue that introduces the field of environmental protection in the process of 
harmonization with EU standards. This is of the greatest importance for the countries in transition, 
such as Serbia. Unfortunately, an extensive analysis of the potential of Serbia in renewable energy 
sources has not been made so far. [1] 
Relatively higher degree of initial investment is common to all alternative technologies, but later 
these kind of buildings manifest lower operating cost. The payback period may be longer than ten 
years, depending on the applied technology, but on the basis of the analysis, the total cost of energy 
obtained in this way is much better compared to the cost of energy from conventional sources. In 
this regard, the industry based on renewable energy recorded the highest growth compared to other 
technologies of power generation. Today, throughout the world, is present and greatly improved the 
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production of electricity from renewable sources. Most used are solar energy, wind power, water 
and biomass [2]. 
 
 
2. Wind Power - An Energy Source 

Wind is a phenomenon that occurs as a result of solar radiation. Since the heating of the earth's 
surface is not uniform, the local atmospheric pressure tends equalization, which leads to the 
horizontal flow of air mass – wind. Of course, the nature of wind is not the same everywhere and 
depends on many parameters. 
People have used wind energy for centuries. First, wind energy was used to run the clippers in a 
mill for grinding grain - windmills, also the wind had the role in water pumps and many other 
purposes.  
Today the windmills (wind turbines), as a renewable energy source, are used to produce electricity. 
All around the world this inexhaustible source is widely used. In Denmark, windmills at the sea 
produce 20% of the total energy produced in the country. Germany, as one of the leading countries 
in the use of renewable energy sources, already in 2007 exceeded the increase in energy production 
from these sources planned for 2010 by 12.5%. Some forecasts and expectations are that by 2020 
wind turbines in Europe could produce as much as 20% of the total energy produced in the EU. 
 
 
3. Wind Turbines - An Integral Part of the Building 
 
Utilization of the wind to generate electricity continuously is progressing from the 70’s of XX 
century. At first, there were small turbines that were designed to deliver several kilowatts to 
individual houses, but today's modern wind turbines have the powerful machines for the production 
of electricity (up to several MW of energy). All over the world if there are natural conditions, have 
started popping up wind farms. Wind turbines, placed next to each other, enable more efficient 
maintenance and energy distribution is also easier and more efficient. 
 

 
 

Figure 1. The Bahrain World Trade Center Towers, BWTC 
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A new phase of development of “wind farms” is setting the turbines on top of the buildings [3]. By 
placing the turbine on the roof of a building, it is possible to avoid building a high pole – carrier for 
a turbine. It is well known that wind speed increases with height in relation to the ground, and it is 
reasonable to install turbines on tall buildings. 
However, many designers have tried and failed to fully integrate the turbine into the building, 
whether they are placed on the technical floors or elsewhere. An example of this is the skyscraper in 
Bahrain (World Trade Center, BWTC), which consists of two towers of height 240 m and 50 floors, 
connected by three bridges at different heights, also a carriers of the turbines (Fig. 1) (Fig. 2 ). 
 

 
 

 Figure 2. BWTC, detail wind turbine generators 
 
On each bridge there is one propeller with the diameter of 29 meters, which converts wind into 
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energy. However, the resulting energy gained from these turbines accounts for only 11-15% of the 
energy required for both skyscrapers (Tower). 
 

 
 

Figure 3. The Pearl River Tower, China 

Engineers who decided to make the building that uses sustainable and renewable energy, already 
during the initial design stage must pay much attention to possible solutions, so that the building by 
design (by its form and shape) should be able direct and enhance the flow of wind towards spots 
where the turbines would be installed. The fact that the production of electricity at the place of its 
consumption, decreases a loss of energy made by transfer and also saves materials needed to install 
the infrastructure (wires, poles, etc..). In 2011 a skyscraper, 309.7 meters high, with 71 storeys, in 
Guangzhou, China was built. (Fig. 3) (Fig. 4). The specificity of this building is given by the 
interrupted continuity of the vertical volume. In positions of the technical floors the designers made 
voids where the turbines convert wind energy into electricity. These gaps in building volume are 
specifically designed to "suck" the wind and direct them directly to the building turbine. In this 
way, the wind accelerates as it passes through the narrow gap where the turbines are installed. 

 
Figure 4. Detail of the opening of the Pearl River Tower in directing the wind turbine on the 

technical floors (3D model) 

 486



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
Unfortunately, integrating turbines into buildings has its disadvantages, which reduces their 
effectiveness. Above all, the strong air turbulence, noise and vibration are most common 
disadvantages of such structures. When wind flows breaks through the roof or in the corner of the 
building, causing distribution of the flow into several different directions, which leads to the 
formation of turbulence. This phenomenon greatly affects the operation of the turbine and its 
effectiveness. Recommendations given due to these reasons, when installing the turbine is to 
separate the turbine at least 9 meters in height from any obstacle within 150 meters, even from the 
roof of the building (Fig. 5).  
 

 
 

Figure 5. Wind turbines on the rooftop 
 
The problem of noise and vibration is also a major challenge and the greatest obstacle to integrating 
turbines into buildings. Not all of the turbines are equally noisy; some are more or less than others. 
Applying turbine with a vertical axis and the blades horizontally placed at the technical level in 
order to be isolated from the rest of the building, reduce the presence of noise and vibration, but not 
absolutely. Some level of noise and vibration is always present. 
 
 
5. Conclusions 

Fossil fuels are still used as an energy source throughout the world. The high consumption and 
population growth leads to rapid deplete of fossil energy sources. Most countries will face serious 
energy shortages in the near future. Price of conventional energy sources is increasing day by day, 
but what is worrying today is that it might not be anything to buy, although you can pay! Countries 
that their economy of energy exclusively base on imports of fossil fuels will be at a disadvantage. 
On the other hand, the exporting countries base their economy on the export of energy resources, 
leading to political, economic and social instability. This state of the world when it comes to energy 
cannot provide a long-lasting and sustainable development. Also worrying is the increase of carbon 
dioxide in the atmosphere. This data can significantly raise people's awareness about the need for 
use of renewable energy. Significantly reducing fossil fuel consumption through more efficient use 
of energy from renewable sources would extend the “life” of fossil fuel sources. In addition, this 
also would give more time that is evidently necessary for the development and improvement of 
technology for the “extracting” the energy from renewable - alternative energy sources. Natural 
potentials of renewable energy sources are very large and it is possible to assume that their 
application will eventually meet the overall needs of the world's population for energy. 
The overall situation, when energy is concerned, launched the thinking of engineers of all kinds in a 
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new direction. Planners and architects today approach their work in a very different way than they 
are used to. Construction of sustainable buildings in developed urban cities is a positive example 
that contributes to the popularization of this approach to design. Wind energy has an important role 
in our energy future. 
Design in the context of renewable energy is transferred from the small to the large buildings - 
skyscrapers that are quite energy consuming [4]. Design of buildings themselves is greatly changed 
by the wind turbines integration in buildings or on their roof. The fact that the energy is consumed 
at the place of its origin, somewhat justifies the installation of wind turbines in buildings but not 
completely. The synergy of form and function is obvious, but the question of profitability and 
performance of this applied technology is still present. It is known that large wind turbines at wind 
farms produce significantly more energy than smaller ones installed in the buildings, but their use is 
not absent as evidenced by the practice. There are many disadvantages (noise, vibration, economic 
sustainability, security, etc...) and making these disadvantages less obvious and visible is to be 
addressed to a new generation of engineers. 
One thing is for sure, we should continue with the promotion and advancement of technologies that 
use renewable energy and in particular the integration of wind turbines into buildings because it 
represents the future of energy-independent buildings, sustainable development and environmental 
protection. 
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Abstract 

This study deals with the occurrence of volatile organic compounds (VOCs) in selected building in 
eastern Slovakia. The issue of indoor air pollution by these compounds is a very hot topic due to 
their possible adverse effects on human and animals health. For determining the concentration 
(total amount of volatile organic compounds – TVOC) and the actual representation of individual 
VOCs in 2 seasons has been used a combination of apparatus photoionization detector with UV 
lamp and gas chromatograph with surface acoustic wave detector (GC/SAW) called zNose. The
results showed that the concentration in summer period was significantly higher than in spring 
while the representation of individual VOCs were different. 

Keywords: indoor air, volatile organic compounds, residential building, zNose, building materials 
 
 
1. Introduction 

Nowadays the human is exposed to chemical pollutants every day in working environment and also 
during the rest. Indoor pollutants include volatile organic compounds (VOCs), which contribute 
significantly to deterioration of indoor air quality. VOCs have been defined as: “all organic 
compounds having a vapor pressure higher than 0.01 kPa at 20°C”. More than 25% of all VOCs 
released in the atmosphere are solvents coming from paints, varnishes and other products such as 
adhesives, cleaning agents, etc. [1]. VOCs consist of thousands of different chemicals, which 
evaporate readily into the air [2]. The main categories of VOCs include: aliphatic hydrocarbons, 
aromatic hydrocarbons and chlorinated hydrocarbon compounds category; ketones, aldehydes, 
alcohols, polyols compounds; ester, phenol, epoxy compounds; amine, nitrile compounds; CFCs 
and hydrogen-containing chlorofluorocarbons etc. In everyday life common VOCs are 
formaldehyde, methanol, benzene, toluene, acetone, chloroform, vinyl chloride and carbon 
tetrachloride [3]. 
 
Emissions of VOCs may have effects on health (of users, manufacturers) and the environment [1]. 
Depending on the level of exposure, they can cause dizziness; headaches; eye, nose, and throat 
irritation; or asthma; in some cases they can also cause cancer; induce longer-term damage to the 
liver, kidneys, and nervous system; and stimulate higher sensitivity to other chemicals [2]. Because 
of their potential adverse health effects, VOCs are listed as pollutants for priority control to improve 
the indoor air quality by the World Health Organization U.S. National Academy of 
Sciences/National Research Council and other agencies [4]. 
 
Sources for volatile substances in indoor air are diverse and originate, apart from that brought in 
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with outside air and produced by the living occupants (people,pets) and their activities 
(e.g.,smoking), from the materials themselves which have been applied for building and furnishing 
the room. These include: building materials, glues, floor covering, wallpaper, internal decorative 
textiles, paints, furniture, upholstered furniture, etc [5]. Sources should be distinguished with 
respect to their emission time, like continuous, with regular or irregular source strength, and 
intermittent, with regular or irregular time-pattern, and this should be taken into account when 
designing sampling strategy for an indoor environment [6]. 
 
The concentrations of single compounds was reviewed to be generally below 50 g/m3, with most 
below 5 g/m3 [7], whereas in new, or newly renovated buildings much higher concentrations are 
found, sometimes even as much as one order of magnitude. The total amount of all compounds, 
TVOC, is about 1-5 mg/m3, in buildings in use, normally even below 1 mg/m3, and in new 
buildings often >10 mg/m3 [6]. 
 
The large number of VOCs usually found indoors, and the impossibility of identifying all of them in 
samples, led to the concept of total VOC (TVOC). Some researchers have used TVOC to represent 
the sum of all detected VOCs. TVOC concentrations are often reported as everything detected in 
the air by analysis methods such as photoionization detectors (PID) or flame ionization detectors 
(FID). Therefore, all methods for TVOC determination are intrinsically low to moderate accuracy 
because of variations in detector response to different classes of VOCs. Despite the limitations, 
TVOC can be useful, and is widely used for mixed-contaminant atmospheres [8]. 
 
Due to increasing requirements on healthy living and numerous debates about the quality of indoor 
environment, this study deals with the occurrence of VOCs inside buildings and their potential 
sources. The detection of VOCs was carried out in a family house in Slovakia. The need to measure 
VOCs concentrations resulted from the fact that only older studies are available. These do not 
provide a realistic view of the current situation in Slovak buildings because civil engineering passed 
by a considerable development in recent years. In addition, building materials passed by significant 
changes also. 

2. Family house 

As mentioned above, the measurements have been realized in a new building of family house in 
Kosice (eastern Slovakia) for this study. This is a two-storey house with external bearing masonry 
from burnt bricks on lime cement mortar and with partition structures formed by partitions also 
from burnt bricks on lime cement mortar. The measurements were carried out on the second floor, 
where three children´s room are located with following floor areas: M1 – 22.72 m2, M2 - 22.23 m2, 
M3 - 15.98 m2. The first measurement was carried out in spring, three weeks after application of 
laminate flooring and final surface treatment of walls (i.e. gypsum plaster, primer, color paint). The 
second measurement was carried out in summer, approximately 8 weeks after the first 
measurement. During the measurements, no construction works were carried out and the house was 
still unoccupied. All rooms are equipped with plastic windows and wooden doors. At the time of 
both measurements, rooms were not yet equipped with furniture. Twelve hours before the 
measurements, rooms were not ventilated, no detergents or fragrances were used and also tobacco 
was not smoked in order to ensure the most realistic results. The location of investigated rooms 
within the ground plan is shown in Fig. 1. 
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Figure 1. Ground plan. 
 
 
3. Methods 

Air temperature and relative humidity (RH) were determined using data logger Testo 175-H2. The 
total amount of volatile organic compounds (TVOC), expressed as the concentration of isobutylene 
was determined with ppbRAE 3000 which is photoionization detector with UV lamp. Qualitative 
determination of individual VOCs was carried out using an electronic nose called zNose (Model 
4300). It is a portable GC/SAW technology, which each detected compounds assigns Kovats index. 
Kovats index is a number through which this compound is identified from available databases. 
Graphical output from analysis is a chromatogram as with other types of gas chromatographs. From 
conventional gas chromatographs differs by build-in surface acoustic wave detector (SAW). The 
method used for zNose includes the following settings: pump time 60 seconds (0,5 ml of air/s), inlet 
temperature 200°C, valve temperature 165°C, column temperature 40-200°C, sensor temperature 
10°C, analysis time 20 seconds. All instruments were placed during the measurements in the middle 
of the rooms (Fig.2). 

 
 

Figure 2. Measuring devices. 
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4. Results 

Results from measurements of relative humidity, air temperature, and TVOC concentration in 
individual rooms carried out in spring and summer period are shown in Tables 1-3. RH measured in 
spring was 50.3% but this value increased about 1.2% in summer. The difference between the air 
temperature measured in spring and summer was significantly higher and amounted to 8.2°C. 
Spring mean concentration of TVOC was 177 g/m3. In contrast, summer concentrations ranged 
from 898 to 939 g/m3 with mean value of 921 g/m3 (i.e. difference between spring and summer 
mean value was 744 g/m3).  
 
Table 1: Room M1 

 Spring Summer 
minimum maximum mean minimum maximum mean 

Relative humidity [%] 47 53,6 50,3 49.8 52.8 51.5 
Air temperature [°C] 15,3 15,9 15,5 22.9 24.1 23.7 

TVOC [ g/m3] 114 228 177 898 939 921 

In the second measurement, RH was lower about 1.3% in room M2. Air temperature was 15.7°C in 
the first measurement and 22.4°C in second measurement. TVOC concentration ranged from 247 to 
305 g/m3 in the first measurement and from 837 to 858 g/m3 in the second measurement. This 
means that mean TVOC concentration was about 569 g/m3 higher in the second measurement.  
 
Table 2: Room M2 

 Spring Summer 
minimum maximum mean minimum maximum mean 

Relative humidity [%] 51,9 55,3 54,1 51.8 54.1 52.8 
Air temperature [°C] 15,6 15,8 15,7 22.1 22.8 22.4 

TVOC [ g/m3] 247 305 278 837 858 847 

 
The difference of RH between spring and summer period was 1%. Air temperature was higher 
about 6.5°C in summer than in spring. TVOC concentration ranged from 263 to 302 with mean 
value 281 g/m3 in spring. And from 854 to 893 g/m3 with mean value 873 g/m3 in summer. 
This means that TVOC concentration was lower about 592 g/m3 in spring than in summer.  
 
Table 3: Room M3 

 Spring Summer 
minimum maximum mean minimum maximum mean 

Relative humidity [%] 52,6 56,8 54,8 52.9 54.6 53.8 
Air temperature [°C] 16 16,5 16,3 22.1 23.5 22.8 

TVOC [ g/m3] 263 302 281 854 893 873 

 
The highest mean concentration of TVOC was reached at the first measurement in room M3, where 
paint from another manufacturer than in the rooms M1 and M2 was used. On the other hand, at the 
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second measurement the highest mean concentration of TVOC was reached in room M1. Fig. 3-5 
show the course of TVOC concentration in the rooms M1-M3. As can be seen, the concentration in 
all cases showed a rising trend.  
 

 
 

Figure 3. Course of TVOC concentration in the room M1. 
 

 
 

Figure 4. Course of TVOC concentration in the room M2. 
 

 
 

Figure 5. Course of TVOC concentration in the room M3. 
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Individual VOCs determined with an electronic nose in all rooms are shown in Tables 4-6. 
Compounds with KI 813, 1304, 1325 and 1608 could not be identified due to non-existing data for 
type of column which was used. It is interesting that although in summer period higher TVOC 
concentrations were determined, the number of each identified VOCs was smaller. Simultaneously, 
in spring were determined different compounds than in the summer period.  
 
Table 4: VOCs – the room M1 

Spring Summer 
norbornane 813-unidentified 
o-xylene (E)-2-isopropyl-5-methyl-2-hexenel 
n-butylbenzene ethyl octanoate 
undecane (C11) 1304-unidentified 
undecanal decyl acetate 
dodecane (C12) 
1,2-dimethylindane 
2-isopropyl-5-methylcyclohexyl acetate 
1325-unidentified 
(E)-9-dodecenal 
 
Table 5: VOCs – the room M2 

Spring Summer 
norbornane 813-unidentified 
o-xylene nonanal 
n-butylbenzene dodecane (C12) 
2,6-dimethyl phenol 3-methyldodecane 
6-methyloctan-2-ol tridecane (C13) 
dodecane (C12) 2-undecenal 
5-butyl-dihydrofuran-2(3H)-one 1,2-dimethoxy-4-vinylbenzene 
2-phenoxyethanol (E)-2-tetradecene 
1325-unidentified 1608-unidentified 
decyl acetate 
 
Table 6: VOCs – the room M3 

Spring Summer 
norbornane 813-unidentified 
o-xylene (E)-2-isopropyl-5-methyl-2-hexenel 
2,6-dimethyl phenol ethyl octanoate 
6-methyloctan-2-ol decan-1-ol 
dodecane (C12) 1304-unidentified 
5-butyl-dihydrofuran-2(3H)-one decyl acetate 
2-phenoxyethanol 
1325-unidentified 
(E)-2-tetradecene 
1,7,7-trimethylbicyclo[2.2.1]hept-2-yl 3-methylbutanoate 
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5. Conclusions 

As mentioned above, it is important to know the actual concentration of VOCs in indoor air due to a 
number of new materials and substances which surround people in their homes. It was the aim of 
this study which brought interesting result that in all rooms different compounds were detected in 
spring than in summer, while no further construction works were carried out here. This 
phenomenon will be the subject of further study of used building materials using a climatic 
chamber. Also, measurements will be complemented by the determination of VOCs in autumn and 
winter. Results of measured TVOC concentrations also confirmed the finding of scientific studies 
that the temperature and RH affect the amount of VOCs released into the indoor environment. Due 
to high levels of TVOC concentrations in second measurement in studied residential building, the 
ventilation rate was increased.  
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Abstract 

The indoor environmental quality (IEQ) covers several factors, including thermal environment, 
indoor air quality, lighting, and acoustic. Studies in various office buildings have shown that 
physical environment, crowded work places and job dissatisfaction are the dominant factors 
affecting users´ productivity. The impact of IEQ on the productivity of simulated office work was 
studied. In this study are monitored levels of odours pollution (total volatile organic compounds 
and carbon dioxide) in office environment. Humidity, temperature, air velocity, sound pressure 
level, concentration of particulates and illuminance have been also measured during the testing of 
users productivity. Results show that users considered the indoor environment as very well 
tolerable and as well tolerable. The optimal operative temperature in non-heating period (23 –
27°C) was met according to Slovak regulations, however indoor air temperature was rated as slight 
decreasing effect on users´ productivity.  

Keywords: indoor environmental quality, environmental parameters, open space office, 
monitoring, questionnaires, productivity 
 
 
1. Introduction 

Indoor climate is a significant factor of working environment [1]. Some factors in workplace 
environment may be considered keys affecting employee’s engagement, productivity, morale, 
comfort level etc. both positively and negatively [3]. Previous studies have shown that indoor 
environment factors, such as air quality or temperature, affect not only occupants´ perceived IEQ, 
but also their symptoms and productivity [4, 5], reducing absenteeism, Sick Building Syndrome 
(SBS) symptoms and other complaints [6, 7].  
The objective of this research was to study the effect of indoor environmental quality (IEQ) in 
office building on human productivity, comfort, health and subjective responses of users. Users 
performed text typing, addition task and symbol – letter task (learning memory test) during the two 
experimental days in experimental open space office to evaluate users´ productivity. In this study 
are monitored levels of odours pollution (total volatile organic compounds TVOC and carbon 
dioxide) in office environment. Humidity, temperature, air velocity, sound pressure level, 
concentration of particulates and illuminance have been also measured during the testing of users 
productivity. Physical and chemical parameters of indoor environment have been measured using 
appropriate measuring instruments. Subjective experiments were carried out to evaluate the effects 
of indoor environmental quality on human productivity and comfort. 
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2. Methods and measurements 

Experimental measurements were conducted for two days, in non-heating period (one day in spring 
and one day in summer). The experiments were carried out during normal operation of building. 

2.1 Users 

Eight users occupied the experimental open space office, aged 29 to 51 years, 2 women and 6 men. 
In the week prior to the experiments, the subjects received instruction on how to perform tasks 
simulating office work and how to make subjective evaluations. 

2.2 Local climate 

Selected office building is located in Slovakia, in city of Kosice. Kosice lies in the north temperate 
zone and has a continental climate with four distinct seasons. It is characterized by a significant 
variation between hot summers and cold, snowy winters.  
 
2.3 Building descriptions 

The selected office building was located in Slovakia, in city of Kosice. This building was built 
between years of 2010 - 2012. This office building had 11 floors above the ground and two 
underground floors. Central air conditioning system of building can join various indoor units on one 
external unit. Users can control indoor air temperature and ventilation their workplace by using the 
spatial thermostat with air mechanical ventilation option or open the windows.  
The experiments were carried out in an open space office situated on the fifth floor. The 
experimental room selected for monitoring can be described as open space, the floor surface of 
95.37 m2 (Fig. 1). 
 

 
 

Figure 1. Floor plan of experimental open space office 
 
2.4 Indoor environmental parameters  

During the experiments both measuring of physical parameters and productivity measurements 
were performed continuously. Levels of odours pollution (concentrations of total volatile organic 
compounds and concentrations of carbon dioxide) in office environment were monitored. Indoor 
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environmental parameters (air humidity, air temperature, air velocity, sound pressure levels, 
luminance levels and particulate matters) were measured.  

2.5 Objective measurements of users´ productivity
 
There are also a number of objective productivity measures that can be used [8]. Office work covers 
a wide range of different tasks involving a complex set of component skills. Typical tasks include 
text typing, proof reading, and different types of arithmetical calculations. If these tasks are affected 
by changes in the indoor environment, it is reasonable to assume that office work in general will be 
similarly affected [9]. 
Users performed 3 different tasks during 420-min exposure in experimental open space office to 
evaluate users´ productivity. Users typed Slovak sentences from popular magazine for 5 min for the 
text typing activity. Addition task was a 5-min calculation task of 2-digit numbers added together. 
The test included a total of 35 items. Symbol-letter modalities test was a learning memory test. 
Eight symbols and letters were paired at the top of the screen and the user was instructed to press 
the letter keys corresponding to a reordered test set of eight symbols displayed at the bottom of the 
screen. The test included a total of 108 items.  
 
2.6 Subjective measurements and questionnaires
 
Subjective productivity data is usually collected using survey questionnaires.  
Subjective experiments were carried out to evaluate the effects of indoor environmental parameters 
on human productivity. After the acclimatization period, the users were asked to fill in a 
questionnaire. Users were asked to assess general SBS symptoms. The questionnaire was developed 
on the basis of the research literature review. 
Different types of evaluation scales were used in questionnaires. There were used scales of 
sensation evaluation (0 comfort, 1 slight discomfort, 2 discomfort, 3 very discomfort), self-
evaluation of productivity (3 greatly increases, 2 increases, 1 slight increases, 0 neutral, -1 slight 
decreases, -2 decreases, -3 greatly decreases) and overall evaluation (more acceptable than 
unacceptable, more unacceptable than acceptable; 0 very well tolerable, 1 well tolerable, 2 quite 
tolerable, 3 difficult tolerable, 4 intolerable) for all indoor environmental parameters (indoor air 
temperature, indoor air humidity, indoor air velocity, noise and lighting). 
 
 
3. Results and discussions 

3.1 Physical measurements
 
Indoor environmental parameters measured in this experiment are summarized in Table 1. The 
operative temperature was calculated from air temperature, mean radiant temperature and 
coefficient based on air velocity. The measured values were compared by limit values according to 
Slovak legislative. Limit values of physical and chemical factors are determined by Decrees of the 
Ministry of Health of the Slovak Republic No. 259/2008 Coll. [10] and No. 549/2007 Coll.[11] 
Recommended limit for carbon dioxide for indoor air according to Pettenkofer (1858) is 1800 
mg/m3 (1000 ppm) [12]. There are no standards outlining target and action units for total volatile 
organic compounds (TVOC) available at present. TVOC concentrations could be managed to be 
less than level 200 g/m3 (Molhave, 1991) [13]. Limit values (Table 2) were compared with 
average values of environmental parameters measured during the experiment. 
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Table 1: Summary of measured indoor environmental parameters 

Parameters Spring day Summer day 
Min. Max. Average Min. Max. Average 

Air temperature 23.1 26.2 25.9 22.9 26.8 26.3 
Relative humidity 49.5 57.7 53.9 32.6 41.8 35.4 
Operative temperature 
- non-heating period 23.4 25.7 25.1 23.33 25.23 24.71 

Air velocity 
- non-heating period 0.01 0.28 0.09 0.0 0.2 0.07 

Illuminance level 150 580 390 60 517 218 
Sound pressure levels 53.9 62.9 58.4 46.5 64.4 55.3 
Total particles 28 102 53 17 124 47 
Particles PM10 26 84 44 15 87 37 
Concentrations of carbon 
dioxide 938 1573 1201 943 1483 1174 

Concentrations of total 
volatile organic compounds 140 987 288 70 250 150 

 
Measured relative humidity levels, air velocity level and value of illuminance level were fulfilled 
(Decree No. 259/2008 Coll.). The allowable value of operative temperature was met and also the 
optimal operative temperature in non-heating period (23 – 27°C) was met (Decree No. 259/2008 
Coll.). Limit values for sound pressure level were exceeded during the both experimental days 
(Decree No. 549/2007 Coll.). Guideline values for particles PM10 were fulfilled. Concentrations of 
carbon dioxide in experimental open space office were met the limit concentration. The average 
value of TVOC was exceeded limit value during the spring day.  
 
Table 2: Limits value of environmental parameters according to Slovak legislative 

Parameters Limit value 
Air temperature - 
Relative humidity 30 – 70% 
Operative temperature 
- non-heating period 20 – 28 °C 

Air velocity 
- non-heating period  0.25 m/s 

Illuminance level  200 lux 
Sound pressure levels  50 dB 
Total particles - 
Particles PM10  50 g/m3 
Concentrations of carbon dioxide  1800 mg/m3 
Concentrations of total volatile organic compounds  200 g/m3 

 
3.2 Subjective and objective productivity
 
The productivity was estimated by three simulated office tasks: text typing, addition and learning 
memory test. The measurement results of users´ productivity of individual tasks and all tasks are 
summarized in Table 3. Users´ productivity of text typing was the lowest during both the spring day 
and the summer experimental day. Users have marked their subjective productivity as normal, 
during both days of experiment. 
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Table 3: Productivity 
 Tasks Productivity in spring day (%) Productivity in summer day (%) 
Text typing 70.48 73.8 
Addition  88.93 88.1 
Learning memory test 94.27 89.3 
All tasks  84.56 83.9 

 
There are summarized impacts on users´ productivity that were assessed during both experimental 
days in Table 4 and in Table 5.  
In Table 4 are summarized indoor environmental parameters that influenced users´ productivity at 
the workplace. Indoor air temperature was rated as slight decreasing (50%) effect on users´ 
productivity. Indoor air humidity was rated as neutral (62.5%) and slight increasing (37.5%). Effect 
of indoor air velocity was rated as decreasing (25%), neutral (37.5). Indoor air quality was rated as 
slight decreasing (37.5%) and neutral (37.5%). Effect of noise was rated as greatly decreasing 
(25%), decreasing (25%) and neutral (37.5%). Lighting in the open space office has neutral (50%) 
effect on the users´ productivity. 
 
Table 4: Impact of indoor environmental parameters on users´ productivity 

Responses  
indoor air 

temperature 
indoor air 
humidity 

indoor air 
velocity 

indoor air 
quality noise lighting 

greatly increases 0% 0% 12.5% 12.5% 0% 12.5% 
increases 12.5% 0% 0% 0% 0% 12.5% 
slight increases 12.5% 37.5% 12.5% 0% 0% 0% 
neutral 12.5% 62.5% 37.5% 37.5% 37.5% 50% 
slight decreases 50% 0% 12.5% 37.5% 12.5% 12.5% 
decreases 12.5% 0% 25% 12.5% 25% 12.5% 
greatly decreases 0% 0%  0% 0% 25% 0% 

 
The following Table shows summary of other aspects influenced users´ productivity at the 
workplace. 
 
Table 5: Impact of other factors on users´ productivity 

Responses  
visual contact 
with exterior 

contact with 
nature from 

exterior 

contact with 
nature from 

interior workstation 
stay in rest 

areas 
greatly increases 37.5% 37.5% 12.50% 12.50% 12.50% 
increases 12.5% 12.5% 0% 0% 37.50% 
slight increases 12.5% 12.5% 37.5% 37.50% 37.50% 
neutral 37.5% 37.5% 50% 50% 12.50% 

 
Visual contact with exterior and contact with nature from exterior had similar effect on users´ 
productivity – greatly increasing (37.5%), and neutral (37.5%). Effects of contact with nature from 
interior and position of workstation were similar – slight increasing (37.5%) and most of users 
marked natural effect (50%). Stay in rest areas was rated as slight increasing (37.5%), increasing 
effect (37.5%), neutral (12.5%) and greatly increasing (12.5%), as shown in Table 5. 
 
3.3 Subjective perception
 
Summary of users´ sensational evaluation of indoor environmental parameters in the spring day and 
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in the summer day are shown in Table 6. 
 
Table 6: Users´ sensational evaluation of indoor environmental parameters 

Responses 
indoor air 

temperature 
indoor air 
humidity 

indoor air 
velocity 

indoor air 
quality noise lighting 

comfort 50% 62.5% 25% 37.5% 12.5% 62.5% 
slight discomfort 50% 37.5% 62.5% 62.5% 62.5% 25% 
discomfort 0% 0% 12.5% 0% 25% 0% 
very discomfort 0% 0% 0% 0% 0% 12.5% 

Results show that indoor air humidity level (62.5%) and lighting level (62.5) were marked as 
comfort. On the other hand 12.5% of users considered lighting level as very discomfort. Indoor air 
temperature was rated as comfort by 50% of users and slight discomfort also by 50% of users. 
62.5% users considered indoor air velocity, indoor air quality and noise level as slight discomfort. 
Users (87.5%) marked all indoor environmental parameters (conditions) as more acceptable than 
unacceptable. Results show (Table 7) that 62.5% of users considered the indoor environment as 
well tolerable, 12.5% as very well tolerable and 12.5% as quite tolerable.  
 
Table 7: Tolerance of indoor environmental conditions 
Responses Percentage  
very well tolerable 12.5% 
well tolerable 62.5% 
quite tolerable 12.5% 
difficult tolerable 0% 
intolerable 0% 

3.4 Sick building syndrome symptoms
 
Users were asked to assess their symptoms in addition to the subjective rating. The questionnaire 
composes of 3 groups, “Yes, often”, “Yes, sometime” and “No, never”. Users marked “X” if they 
had some of SBS symptoms. Ratio of complaints was calculated using the equation 1.  

   (1)  
 
The rate of complaints for category “Yes, often” was 8%. The rate of complaints for category “Yes, 
sometime” was 41%. Total rate of complaints was 49%. 
 
 
5. Conclusions 

Subjective experiments were conducted to evaluate the effects of indoor environmental quality in 
non-heating period on human productivity, comfort and health in open space office. Subjective 
productivity was found to be at the same level under all conditions. Results show that users 
considered the indoor environment as very well tolerable and as well tolerable. Average 
concentration of sound pressure level was exceeded limit value (50 dB) about 16.8% during the 
spring day and about 10.6% during the summer day. The average value of TVOC was exceeded 
recommended value according to Molhave (200 g.m-3) about 44% in experimental open space 
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office in the spring day. Other environmental parameters were met limit values during the 
experiment. The optimal operative temperature in non-heating period (23 – 27°C) was met 
(according to Decree of the Ministry of Health of the Slovak Republic No. 259/2008 Coll.), 
however indoor air temperature was rated as slight decreasing effect on users´ productivity. For the 
detailed evaluation of indoor environment related to productivity in open space office it is need to 
carry out subjective and objective testing of productivity during the heating period.  
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Abstract

The paper is being motivated by the observation of the author that very little of the theoretical 
discourse has been invested in the problematic of geothermal resources in the South Eastern 
European region. Yet, considered to be a resource of sustainable development, it offers 
technological progress and may have impact on the future planning of cities and building. What are 
those possibilities and in which way would it be possible to accept this technology and why, is the 
main topic of this paper. By using method of the historical analysis and discourse and by 
transferring to the other disciplines such as archeology, an architectural discourse is being 
presented on how geothermal energies had been used and what connection do they have to the 
human settlements in the region and finally, how did they influence the appearance of the 
environment which is left to the contemporary men today. 
The main aim of the paper is to draw attention to the existence of sustainable technologies in the 
past and if possible, to point out towards the directions in which to use this knowledge in the 
present investigations. If one discipline had reached its peaks of development and yet another has a 
lack of knowledge and expertise to implement the knowledge, would it be possible to learn from the 
pluralistic thought of the past periods and therefore influence the environment  accordingly, is one 
of the possible outcomes this paper deals within its structure: historical proofs of sustainable 
technologies, architecture and sustainability of resources, the archeological instance and 
observations, a short local discourse and the development context of today´s mankind and its built 
environment.
 
Keywords: (1) Vernacular resources; (2) Sustainability; (3) Built environment observation; (4) 
South Eastern Europe, (5) Future development`s starting points 
 

1. Introduction -on geothermal resources and their exploitation in the building 
industry in Serbia 
 
Geothermal resources are considered to be the most stable and available resources among all 
renewable energy resources. However, their exploitation is somewhat underestimated when 
compared to the other renewable´s exploitation subsides given by the state. This is brought to 
attention by the study of Serbian Energy sector and possibilities for investing in geothermal energy 
by Jankovi  (1). 
 
Research paper presented further in the text has a purpose of pointing out to other aspect of this 
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renewable energy, from the field of architecture and use of geothermal sources in the past at the 
local level. It is of greatest hope that the paper would help raising the interest of experts and people 
living in the South East Europe to protect their environment and use the sources smartly in their 
(spatial) development plans. Especially avoiding the though lessons hopefully learned from the past 
especially that of ignoring the sustainable development principles and building and planning ad
hoc, which effects are present in the city arrangements of most Serbian cities nowadays, to our 
misfortune. 
 

2. Explanation of the built fund and its connection to energy use in Serbia/ 
where are we standing? 
 
We have an unfortunate high number of buildings built in the socialist period suffering from bad 
insulation problems and where need is present to urgently change their technical features in order to 
satisfy the EU standards proscribed by the Serbian governmental acts (Serbian law on planning and 
Guidelines to energy certification of buildings), nevertheless to save money of the poorer 
population on the rise in Serbia and eventually this method to serve as catalyst to “something 
moving” in the already happening socio-economic vacuum present in Serbia, according to the 
Serbian governmental employment agency reports from 2013(2). “Average energy spending in 
buildings in Serbia is over 150 kWh/m2 per year, while in the developed European countries it is 
below 50 kWh/m2.”(3) Are new technologies such as geothermal energy use and other renewable 
sources the point of turning away from the crisis and opening new work places? If so, what is to be 
done in order to influence the positive development within the building sector? 
 

 
Figure 1: Typical building in the Southeastern Europe- postwar architecture and sunshine duration 
diagram with position of the country -a possibility for renovation with renewable solar energy use? 

 
 
3. Explanation of the use of the renewable energies in the past in the region- 
where we use to be moving 
 
The built fund in Serbian locale was investigated by many sources available until now and some 
studies have even shown how to deal with the existing building refurbishments in the context of 
Eastern European built fund and its architecture (4). What seems to lack in the overall concepts of 
refurbishment with aesthetic goals is the use of traditional techniques and technologies within it. On 
the other hand, vernacular buildings in Serbian climate used to be built using natural resources 
available (timber, clay, earth, straw and stone). Although this direction was continued within 
building some of the post war architecture in Serbia (at least by the use of certain materials), 
general concepts of sustainability of the building was not entirely examined. That is why we have 
very bad housing fund which was not meant to deal with climate changes that eventually started to 
appear. In terms of city planning, Serbian city did not differ much from the other Balkan cities 
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which were predominately influenced by the emerging societal changes and technological 
development of the end of the 19th century. 
However, certain special character of the city was still coined, seems rather by chance.  
Although renewable energies were not being recognized as a known term in those days, they were 
used within the population for different advantages. One of the examples are various Turkish baths 
whose backgrounds go back to the Roman times in Serbia. Moreover, following the independence 
against the Turkish Empire at the end of the 19th century, a rapid development also influenced the 
architecture development and finally, brought the use of geothermal energy to the next level, 
allowing its use in an organized manner and therefore its recognition. 
 

 
Figure 2: View of Niš Spa, rapid development of the city architecture in the vicinity of Niš in 

Serbia, according to the geothermal resources available at the location, photo from the beginning of 
the 20th century, source unknown 

 
Being the location for development and life various cultures, the Serbian territory was always 
interesting, so were the cities. The Soko Banja is the example of the use of renewable energy for 
building Amams- the Turkish baths and the infrastructural objects that went along with its prime 
purpose-the health tourism. 
 
“ The antique remains in the territory of the Sokobanja municipality are many. Parts of dishes, tools 
and jewelry from the Roman period have been found in the archaeological listed Sokograd and 
Trebic, as well as the remains of Roman baths in the place of today’s Amam. The famous Amam, 
i.e. the public spa bath in Sokobanja, is first mentioned by Turkish writer Evliya Celebi in his Book 
of Travels, in 1663. at that time, the spa was being visited by guests from Turkey and Asia Minor. It 
has some two hundred houses, with wooden roofs, six mosques, two smaller inns, two Turkish 
grade schools and medresa, an Islamic religious school. “ (5) 
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Figure 3: Soko Banja, the old Turkish bath using hydro geothermal sources, the first mentions on 

the origins of the structure date from the Roman times, source: 
http://voiceofserbia.org/serbia/node/151 

 
Of special interest for my research in this paper is the Roman house, built in many places in Serbian 
territory-again using the geothermal energy when available for heating the living spaces. The 
interesting feature of the structure was its almost predictable presence in the architecture of the 
roman villas. The Romans were aware of the benefits of its use and gave the priority to the natural 
resources available at the location. Probably lacking any other high-tech resource which they could 
use as the energy source at the time but still interested in geothermal energy as an important 
element of achieving the habitus. 
When we take into consideration the level of development of the past times and achievements in 
other areas ( the steam engine not being known to men kind until the mid of the 18th century), it is a 
true technological wonder that the renewable resources such as geothermal and its use were known 
to mankind and had influenced its architectural perceptions already in the Roman times (see 
Sørensen (7) for further sources). 
 

 
Figure 4: Roman thermae, a picture showing the base floor of the structure with heating technique 
elements, taken from the presentation: M.Kora ,  Interarium Romanum Serbiae, Route of Roman 

Emperors in South-East Europe, Beograd, 2009,  available at (20.11.2014) 
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http://slideplayer.us/slide/1422832/

4. The use of Geothermal Energy for space heating and cooling -where do we go 
from here? 
 
In order to illustrate the problem of coping with building in modern Serbia, I investigated two 
interviews, one with the local who decided to invest in supplying his home with geothermal energy 
and who explains during the course of the interview available at 
http://www.youtube.com/watch?v=6HZb5Alma6g (viewed on 20.11.2014 in Serbian) the benefits 
and goals of turning his house into a renewable project.  

 
Figure 5: Interview cuts/ Point of view of the user in comparison to the expert views, what 

at first seems like two different interviews, points towards same goals -protection of the 
built fund and maybe to possibilities within South Eastern Europe 

 
 
The other interview is with an architectural expert responsible for the project of the revitalization of 
the Roman villa in Niš in Serbia, explaining the steps needed to be taken in order to  consider the 
protection of  the architectural heritage (the interview on local television available by request to the 
author of the paper). In specific, the examples illustrate the need of the specialist to protect his own 
interest from the point of view of an archeologist and professional interested in preservance as 
occupational pattern, as well as need of the “citizen” to protect the economic interest he had when 
deciding to go into the renovation of his habitus with the use of renewable sources, in this case-
geothermal energy. 
 
The question is, how can these expressed views contribute to solving the problem mentioned in the 
first chapters of the paper? By using the experience of site-writing (6) it may be possible to 
positively influence the general picture on renewable energies and its use in the building 
construction in Serbia. As analyzed by Sørensen (7) the renewable energy has its roots in the 
technological discourse of the past. Its connection to build environment has not been proven yet, 
since this is a thesis that needs lot of work involving different expertise from different fields in 
order for general conclusions on the matter to be able to be formed within the general scientific 
community. Is it the energy efficiency and economic and ecological aspects that what drives us 
towards the better house? The concepts are known and well explained in detail by Smith(8) already. 
Or is it the need to technologically enhance our buildings the reason for the question of the rational 
exploitation of the existing resources? As explained by Milenic et al. (9) in their study on 
geothermal  resources ‘exploitation in Serbia, the possibilities for further investigations in the locale 
already exist. 
 
I would like to point out to the book by Banham(10), in which he questions the relationship 
between architecture and technology and successfully gives arguments on the supposed boundaries 
between the both disciplines present in the modern times as well, considering them to be an 
obstacle to the real understanding of this valuable connection. It is author of the text´s opinion that 
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considering this connection can be the answer to sustainable development of the South-Eastern 
European cities in the future. 
 
 
5. In Conclusion 
 
No matter what, in Serbian context, still has to be done a lot, on order to make the topic interesting 
enough for the society to overcome the given truth about energy use in the home and move on as 
mentioned already by Jankovi  (1). Maybe exactly this step may lead to finding the origins of their 
habitus as a tool. And looking for the answers for development in the whole picture which may be 
harder than this paper can deal with. 
 
To conclude, what further needs to be done in the locale are feasibility studies on geothermal 
energy exploitation as well as experts interviews that need to be developed, in order to determine 
the bridge between construction industry and user. Hopefully this paper would draw attention to the 
problem of the crisis of built environments in Serbia and possibly influence the awareness of the 
importance of the topic presented  here by the people themselves, since this change may actually be 
the key to - change. 
 
 
6. References 
 

[1] Jankovi , Vladimir, Geothermal energy: how to take advantage of the hidden geothermal potentials 
of Serbia, Jefferson Institute, Beograd, 2009. 

 
[2] Serbian Employment agency report on unemployment rates in Serbia, 2013, source: 

http://www.capital.ba/srbija-sve-je-stalo-samo-nezaposlenost-raste/, in Serbian language 
 

[??] D. Šumarac, Energy efficiency of buildings in Serbia: State-of-the-art and perspectives, 
Termotehnika, 2010, vol. 36, iss. 1, pp. 11-29  

 
[4] Mili  J, Jovanovi  A, Prefabricated housing in central and eastern Europe as a platform for 

innovative residential housing design,  The 4th International Conference on Hazards and Modern 
Heritage, Sarajevo, 2011 

 
[5] Organization for Tourism, Culture and Sport, Sokobanja tourist info center, brochure, 

http://www.sokobanja.rs/sr/zdravstveni-turizam/tekst, link available at 
http://voiceofserbia.org/serbia/node/151 

 
[6] Rendell, J: Site-Writing: The Architecture of Art Criticism: Art, Architecture and Criticism, Taschen 

book  2011 
 

[7] Sørensen, B: Renewable Energy : Renewable Energy Origins and Flows, Volume 1, Editorial 
introduction, Part 1: history, page 5-7, Earthscan publiactions Ltd, 2010 
 

[8] Smith, C: This cold house, the simple science of energy efficiency, John Hopkins University press, 
2007  

 
[9] D. Milenic, A. Vranjes, Dj. Milankovic,  Utilisation of Hydrogeothermal Energy for Open Space 

Surface Heating, Serbia Case Study, Abstract Proceedings of the AWRA 48th Annual Water 
Resources Conference, Jacksonwille, Florida, USA (2012) 

 
[10] Banham, R: The architecture of the well-tempered environment, second edition, The 

Architectural Press , London, 1984 
 
 

 508



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
 

Analysis of Historic Constructions and Solutions of Critical Details 
using the Selected Simulation Programs

 
 

Veronika Bartošová*1, Dušan Katunský*2 

 

1,2 Technical University of Kosice,  Civil Engineering Faculty. Vysokoškolská 4, 04001 Košice, Slovakia
 
 

Abstract 

Addressing the thermal bridges is generally one of the main conditions for improving the thermo- 
technical behavior of the building and its packaging design. Standard procedures for thermal 
protection are not possible for the historical buildings. Restrictions concern on its historical, 
cultural and architectural values are forcing us to find new solutions for improving the energy 
efficiency of these points for their further use. Necessity is the knowledge of selected details, design 
solutions and material base. Another important condition is the effort for the most accurate solution 
of temperature field in the projection phase, of course using non-stationary solution. Consideration 
of the impact of solar radiation and other weather conditions also has an impact on the thermal 
behavior of the technical know-structure. Monitoring thermo-physical parameters in non-stationary 
conditions contribute to a more efficient design and thermal protection of the building structure. 

Keywords: the historic building, major renovation, thermal bridges, building physics, architectural 
elements 
 
 
1. Introduction 

The monument is a kind of historical sources, which mankind consider as a necessary to preserve 
for the future generations. An object becomes a monument when a heritage value is attributed to it 
[1]. Historical buildings marked by this concept are protected because of their historical, aesthetic 
and architectural value. Their protection and maintenance is carried out using conservation 
techniques or by using a major renovation with the original purpose respectively assigning a new 
function of the building. In this case, consideration should be given to the concept of a major 
renovation of the historic building in which it must take into account the protection of the building 
structure itself as well as thermal protection of the building. 
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Figure 1. The concept of important building recovery 
 
How to proceed in solving critical details in the case of historic buildings? In case of renewal is it 
needed a simulation or analysis software, or is it sufficient only the situ measurement? At the time 
of construction of these buildings the builders dealt with the basic rules of construction. The issue 
of thermal bridges and their elimination is associated with modern building physics. That one did 
not play any role in the period of construction of historic buildings. The basic requirement was a 
protection against weathering and durability. Terms such as thermal protection, energy recovery or 
high or low heat energy demand were unknown. Today the requirements are stricter not only for 
new buildings, but also to the existing ones. The use of simulation programs using data collected 
directly at the place (situ measurements) allows us to create a real model using computer 
simulation. 
This gives us a better insight into the functioning of the building structure before the 
implementation of the recovery, but also after it. This allows more accurate and better draft to 
improve not only the hygrothermal behavior, but also the indoor climate. Firstly, care must be taken 
to maintain the sustainable environment structure itself. Just using the simulation as a means of 
research currently is the theme of many works, for example, [2], [3], [4], [5], [6], [7] and others. 
 
 
2. Summary of significant structural details 

Each building is unique in its layout, but also the articulation of the facade under a different 
hierarchy determined by its orientation (main, yard, street), or end of each floor. The choice of 
construction details can be divided into two basic groups. The first group consists of details of 
protruding structures - balloon structures, bay windows, cornices and the second group consists of 
decorative elements (pilasters, frames, jambs). These are elements which variations can be found in 
all buildings with historical value. They present the variety of materials and design of buildings, as 
well as the difficulty of design and finish. Protruding structures which include balconies, bay 
windows placed on the front corner of the building are often considered as representative aesthetic 
elements. Characteristic element and also the main architectural piece of historic architecture, 
which can be found on every historic building is the ledge. Except the horizontal division of the 
facade and decorative function it also performs the function of protection. It is defined by the shape 
and material diversity, as well as methods of operation.  The decorative elements on facades, frames 
and architraves also fulfil a protective function against weathering but shape the facade of a 
building to a given architectural style of the building [8]. 
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Figure 2. Examples of the selected details 
 
Townhouse in Košice on one of the oldest streets can serve as an example, defining architectural 
periods of each architectural elements constituting the also the critical details and the subsequent 
view of the building from construction-physical point of view. Bourgeois house shaped the letter C 
is a via, two-story, with basement and assigned to 2nd Season Half of the 16th century by The 
Monuments Board [1]. 
 

 

Figure 3. View of the architectural elements of the Townhouse in Košice 
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Figure 3 shows the basic architectural elements, which together with the period of construction 
classify the building in Renaissance architecture. But if we look at the building in terms of physical 
construction we see examples of linear and point thermal bridges (Figure 4), which should be 
eliminated in case of the eventual restoration of the building so as not to disturb its architectural 
character and value. 
 

 
 

Figure 4. View of the thermal bridges at the Townhouse in Košice 

3. The choice of boundary conditions 

To solve critical details of historic buildings in the simulation program it is needed an exact 
specification of selected boundary conditions, determination of the thermo-physical parameters of 
constituting materials and also a validation and comparison with real output values from 
measurements in situ.  
Details of historic buildings are characterized by structural and material diversity. Priority for the 
use of numerical tools to evaluate the thermal bridges in this type of building there is a detailed 
depiction of the design and determining of thermo-physical parameters of various materials. Both 
processes require the use of destructive methods, probing and sampling. At this most difficult and 
most complex phase the cooperation of historians is needed - architects and designers. 
 
3.1 Thermo physical parameters  
 
Laboratory methods for the determination of thermo-physical materials parameters allow us to 
partially neglected material database [9]. Still, it is important to get closer the individual values to 
the actual state of materials incorporated in the peripheral structures in real climatic conditions 
external and internal environment. 
 
3.2. Boundary conditions 
 
Using the stationary boundary conditions is defined under the currently valid standards [10], [11], 
[12]. For non-stationary conditions, it is possible to narrow down the considered parameters on the 
ambient temperature, solar radiation and temperature of the internal air. While wind speed and 
direction and also the rainfall can be in this case neglected. Progress of the outside temperature can 
be defined in several ways. The most common is the use of test reference years to be processed on 
the base of 10 - 20 annual climate cycles containing typical hour course of temperatures for the 
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selected climatic zone. The advantage for using them is the possibility of creating and using three 
kinds of data: mean values, extremely hot, extremely cold values. 
Solar radiation is always necessary to take into account, except the cases when the whole 
construction is overshadowed or if in calculating the safe side does not consider the additional 
process of drying through solar radiation. Overview of the actual situation can only be obtained by 
attracting long-term results in the site chosen for the construction. Solar radiation parameters also 
provide meteorological stations but only for horizontal construction. For the case of vertical 
structures it is necessary to recalculate the solar radiation in a suitable simulation program to the 
desired direction [13]. 
The intrinsic temperature values can be drawn on the base of the expected use of the building.  
If they are not available, defined, balanced, measured or simulated conditions of the indoor air there 
you may use a simplified approach for the internal temperature of residential heated buildings [10], 
[11], [14].  
Thus formed numerical experiment can be compared with the actual measured values and in the 
case of divergent results, draw and justify measures diversity outcomes. 
 
3.3. Suitable simulation program  

When evaluating the details of building structures of historic buildings there is a significant 
application of well-defined terms of clarity solutions, which include: geometric detail attributes 
physical attributes of materials, boundary conditions and environment areas. Possibility of taking 
into account all attributes in one program creates opportunities for quantifying the impact of 
dynamic conditions to modify the internal surface temperature. 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5. Three views of a single architectural element: architectural expression, geometric 

attributes material composition 
 
Consideration of non-stationary conditions rather than its expression in stationary conditions at 
existing numerical and experimental methods can point to the changes of over time (Figure 6) 
which may has an importance just in the construction of historic buildings. 
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Figure 6. An example of different surface temperatures for stationary and non-stationary boundary 

conditions 
 
The need to not simplify the details of the programs and their assessment of the dynamic boundary 
conditions leads to the use of computational tools that enable even more complex type of 
calculations and simulations. Simulation tools for calculating temperature fields have a lot of 
opportunities not only in the modelling of different shapes of building structures, but also allow 
advanced setting boundary conditions. Figure 6 is an example of differences in the surface 
temperature of the stationary and non-stationary conditions. The surface temperature of the non-
stationary conditions was calculated in the simulation program (Physibel) in the climatic data for 
the reference year 2010 in Košice. 
For the calculation of the stationary surface temperature to create an example the temperature 15° C 
was applied. Comparison of computer programs with in situ measurements may help to improve the 
design of thermal protection of buildings, but also to protect the building structure itself from the 
effects of weather and operational impacts. Such an approach is currently provided solutions to 
improve the thermal bridges in building construction history. A prerequisite is also the fulfilment 
methodology of solutions of thermal bridges according to the standard requirements taking account 
of historic preservation and entering boundary conditions. 

 

4. Conclusion 

Evaluation of thermal bridges building structures in non-stationary conditions is important for 
historic structures, because they are distinguished by shape and material diversity. Selection of 
characteristic details, their accurate rendition and dynamic simulation together with measurements 
of existing structures directly in situ helps to design the most accurate course of temperature fields 
in real terms. That is why the most important is the effort to accurately describe the temperature 
field already during the design phase and by the results the most appropriate methods for gentle 
restoration of a historic building structure can be determined. 
 
 

Time (Month) 
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Abstract 

The ground source heat pump is a systems with great potential for reducing CO2 emissions. The 
main objective of the paper is to find optimal solutions, as regards both surface heat exchangers as 
well as heat transfer improvement of the soil, taking into account soil thermophysical property. 

Keywords: heat transfer, thermal parameters, heat exchangers, heat pump, experimental stand 
 
 
1. Introduction 

Having regard to orientation toward global energy security by reducing the consumption of fossil 
fuels (natural gas and oil) we are forced to resort to modern solutions. 
European strategies and policy, aiming - besides reducing the consumption of conventional fuels 
and reducing CO2 emissions in the atmosphere (they being the main factors behind the rise of the 
greenhouse effect and climate change are felt in our country) - the use of non-conventional energy 
Solar radiation is absorbed to 80% of the Earth's surface; of this reason, the soil surface is heated 
and, in turn, releases heat to air layers above it (consumed in various physical, chemical and 
biological processes that occur at the land surface) and deep soil layers. 
Heat transfer into the soil is mainly by conduction - and - to the atmosphere by convection and 
radiation. Warming land area is achieved by absorption and converting of radiant energy (reached at 
the soil surface) in calorific energy. Land area is an active area. Crust has the ability to convert 
radiant energy into heat and to distribute it. 
At the soil surface the heat is taken by the three medium: heat, soil, water and air, according to the 
laws of heat propagation, depending on the specifics of each environment separately. 
 
 
2. Soil thermal - physical parameters 
 
2.1. Conductivity calorific value (K) 

 
Acquiring essential to any type of soil is determined by its ability to transmit heat from the warmer 
layers to the coldest. This property is characterized by a heat conductivity coefficient (K). 
Caloric conductivity representing the amount of heat that passes in the form of flux per time unit 
(s), through a area unit (m2) of a 1 cm thick layer, for a 1 °C difference of temperature between the 
top and bottom of the layer considered. 
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2.2. Calorific Capacity 
 
Heat capacity is considered the amount of heat necessary to raise the temperature of a body with 
one degree. It is expressed by the concept of specific heat. 
The amount of heat required raising 1g of a substance with 1ºC, called gravimetric or mass specific 
heat (c), and the amount of heat required to raise 1 cm3 of a substance with 1ºC, is called volumetric 
specific heat or volume specific heat (C). 
 
Between these two parameters exists this relationship: 
 

                      (1) 
where:  is the density of the soil 
 
2.3. Thermal conductivity ( )
 
To better highlight the physical characteristics of the soil, should be considered the thermal 
conductivity, too. The coefficient of thermal conductivity ( ) is expressed by: 

                      (2) 
Given this, it may explain why completely dry soils have a higher thermal conductivity compared to 
the wet. 
Thermal conductivity is an essential property of soils when is evaluate the heat propagation and 
temperature variations in depth. 
 
 
3. Other factors that influence the thermal regime of soils 
 
Soil temperature depends on many factors, of which the most important are:

 Sun radiation is the main factor of soil warming because the amount of heat that comes from 
inside the Earth's crust - resulting from chemical and biological processes is insignificant. 

 Radiant flux that reaches the Earth is greatly diminished by the existence of atmospheric 
water vapor and dust particles. Water vapor absorbs large amounts of heat and damp 
atmosphere is a screen in the path of the solar radiation. 

 Solar and geographical coordinates of a specific place as well as how to exposure of the 
surface active, determine the quantity of heat and its distribution on the surface and in the 
soil. 

 Morphological properties of soil also affect the temperature and thermal regime. 
 The degree of compaction and soil moisture (the thermal variations are smaller in wet soils, 

compared to dry. 
The paper proposes to conduct numerical and experimental simulations for different hypotheses, 
analyzing heat transfer between different types of heat exchangers and ground in order to establish 
solutions with high efficiency. 
To this end was made a scale experimental stand. 
 
 
4. Experimental stand 
 
Horizontal geothermal equipment, low depth, involving large areas of land due to low thermal 
capacity of the soil, between 15-40 W /m2, regardless of its nature. 
This parameter limits greatly the ability of applications and installations served. 
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In relation to the characteristics of PCG (geothermal heat pumps), with rated power of 5,0 kW, for 
heating or cooling 6,4 kW, results - in average conditions - a total length of ground heat exchanger 
70 ml (this PCG is in the Laboratory of Building Services Department in Ia i). 
 
The experimental stand involves achieving the following variants: 
 

 Exchanger coil type; 
 Exchanger type branched - with branches in closed circuit laid parallel or overlapping 

individual trenches; 
 Exchanger loop - with pipes lay in trenches and coupled in parallel. 

 
In all the variants, the maximum length of a circuit must not exceed 100 m (to limit energy 
consumption of auxiliary energy, for a circuit, was adopted a length of 70 m). 
Uniform and isotropic character of soil parameters - thermal conductivity, heat capacity and 
diffusivity - enables modeling in different mounting positions - favorable situation for economy of 
space. 
Given this detail and the dimensions of the pipes, SCS aims is to implement a way  to allow 
modeling of experimental variants, dimensional equivalent corresponding heat pump capacity 
existing in the laboratory. 
Based on nominal diameter copper pipes (5mm) used to model SCS, for length scale model, results: 

                       (3) 
 
Correspondingly, we obtain derived relations: 

 surface: = 1 ,                               (4) 

 volume ,                               (5) 

 the flow volume :                  (6) 

Regarding soil thermophysical parameters are expected to use natural soil characteristics, up to 1: 1 
scale. 
Given the initial set, taking into account the uniformity and isotropy soil property, heat transfer and 
storage in massive earth doesn't depend on horizontal or vertical position of the heat exchanger. 
As a result, SCS posed horizontal (in the current situation) will be conducted on vertical model, 
solution that allows significant savings of space. 
The model will be equipped with four types of SCS - three normal: branched, curl, spiral and an 
atypical one - type basket. 
 
 
5. Experimental stand 
 
Horizontal geothermal equipment, low depth, involving large areas of land due to low thermal 
capacity of the soil, between 15-40 W/m2, regardless of its nature. 
This parameter limits greatly the ability of applications and installations served. 
In relation to the characteristics of PCG (geothermal heat pumps), with rated power of 5,0 kW, for 
heating or cooling 6,4 kW, results - in average conditions - a total length of ground heat exchanger 
70 ml (this PCG is in the Laboratory of Building Services Departament in Ia i). 
 
The experimental stand involves achieving the following variants: 
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 Exchanger coil type; 
 Exchanger type branched - with branches in closed circuit laid parallel or overlapping 

individual trenches; 
 Exchanger loop - with pipes lay in trenches and coupled in parallel. 

In all the variants, the maximum length of a circuit must not exceed 100 m (to limit energy 
consumption of auxiliary energy, for a circuit, was adopted a length of 70 m). 
Uniform and isotropic character of soil parameters - thermal conductivity, heat capacity and 
diffusivity - enables modeling in different mounting positions - favorable situation for economy of 
space. 
Given this detail and the dimensions of the pipes, SCS aims is to implement a way to allow 
modeling of experimental variants, dimensional equivalent corresponding heat pump capacity 
existing in the laboratory. 
Based on nominal diameter copper pipes (5mm) used to model SCS, for length scale model, results: 
 

  

 
 

Figure 1. The four types of heat exchangers 
 
For each type of heat exchanger, are coupled in parallel four identical items, total length 
corresponding to transfer surface heat pump capacity available. 
Each block has a distinct possibility of feeding and draining. 
As a working hypothesis it is expected to check parameter to sunlight-readable at a steady state 
diurnal cycles, the discharge phase (operation in cooling mode) for flow rates between (1000-5000 
m3/s) and inlet temperatures in the 200C - SCS 400C. 
 
The parameters that will be continuously measured and recorded are: 

 The flow of intermediate agent 
 Temperature of the entry and exit of SCS. 
 Changes in soil temperature  

The flow temperature will be kept constant in the heater from which will be powered the stand, in 
open/closed circuit. 
The soil temperature will be measured and recorded in sections relative to the characteristic position 
on components of SCS - with temperature probes, or optical fiber through Raman effect (at every 2 
minutes indicates the temperature in the wire with thermal resolution of 0, 50C ). 
The research program aims and defines their expected variation of thermophysical parameters in 
relation to soil moisture, up to total flooding. 
The following figures are a schematic diagram of the experimental organization module and its 
elements. 
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Figure 2. Schematic diagram of the experimental module 
 

 
Figure 3. Sizing experimental module 

 
 
6. Heat pump - parameters

To perform experimental research, was analyzed a heat pump with mechanical compression type 
Rehau- Geo 5, with the following characteristics: 

 Coefficient of  Performance - COP = 4,1; 
 Heating capacity / power input: 

at condensation /vaporization temperatures: 0 – 55 0C; 4,6kW /1,93 kW; 
at condensation / vaporization temperatures: 0 – 35 0C; 4,1kW /1,29 kW; 
 Cooling capacity / power  imput: 

at condensation /vaporization temperature: 15-180C; 6,45kW/0,96kW; 
 Flow of intermediate agent - Q = 1050   l / h. 

For sizing the heat exchanger is considered cooling pump extraction power: 
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                   (7) 
 
Specific soil extraction power according to the literature for distance between SCS pipes d = 0,8m: 
  q =  10 W/m2  - sand;              
  q = 20 W/m2  - clay soil; 
  q = 40 W/m2  - soil saturated with water. 
Adopting laying distance d = 1,0 m, in sandy soil, the results for sizing is: 
 

                    (8) 
 
Sizing surface: 
 

                     (9) 
 

The total length of the pipes respectively:  
 

         
                       (10) 
At the scale model applies a correction factor that takes into account the specific area ratio 
corresponding to diameters equivalents = (0,032 m - real/0,050 m - model) 
 

              (11) 

                        (9) 
             (12) 

 
Considering the strength of each solution each element, resulting the branch length elements:  
 

                     (13) 
 
To validate the results of numerical simulations will be performed under similar conditions using 
specialized programs (Geocalc Software). 
 
 
7. Conclusions 
 
Heat pumps provide wintertime heating by extracting heat from a source and exhausting it to the 
building. In theory, heat can be extracted from any source, no matter how cold, but a warmer source 
allows higher efficiency. 
A ground-source heat pump uses the shallow ground as a source of heat, thus taking advantage of 
its seasonally moderate temperatures.   
The paper proposes conducting experimental and numerical simulations for different hypotheses, 
analyzing the heat transfer between different types of heat exchangers and soil in order to establish 
benchmarking and solutions with high efficiency. 
To this end we tried making a small-scale experimental stand.  
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Nomenclature 

A  sizing surface [m2] 
Aunknown sizing surface unknown [m2] 
C calorific capacity  
c   mass specific heat [cm3] 
c correction correction coefficient 
L   length  [m] 
L model  length model  [m] 
L unknown length model unknown [m] 
S  surface [ml] 
V  volume [m3] 
K  conductivity calorific value 
 
Greek symbols 

  convective transfer coefficient [W/m2K] 
t temperature  [°C] 
 density of the soil [g/m3] 
 thermal conductivity coefficient [cm2/s] 
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Abstract

Both domains, the Total Building Performance (TBP) and Sustainable Development (SD), gain way 
more importance in the last decades. Buildings are to be evaluated from a more complex point of 
view as time goes by and science develops sophisticated analysis models for it. As we present in this 
paperwork there are many influences upon Sustainable Development to be shown from Total 
Building Performance field of work. This leads us to the conclusion of taking into consideration 
sustainable development criteria in further Performance Assessment. As long as one of the most 
important aims for balancing with natural environment is to achieve higher level of performances 
while lowering consumption, the relationship between building space performance assessment and 
sustainable development (TBP assessment and SD) reveals to be of mutual interaction. The final 
scope reveals to be improving design quality, building process and, not the last, improving 
building internal and external environment.

Keywords: TBP- Total Building Performance, assessment, sustainable, space performance, 
occupant's need; 

1. Introduction. The research field of interest

Building system, spatially defining for the human factor, is strongly involved in shaping and 
improving the local environment. The main effects of this complicated process transform nature on 
different levels of involvement. Over the years there were developed many ways of creating 
buildings interconnected with specific technological progress. As one of the main goals is to 
achieve higher level of performances while lowering consumption, the relation between the two of 
them (TBP assessment and SD) reveals to be of conditioning each other. This mainly aspect leads 
only toward a fine balance with local natural potential. 
The concept of building assessment has a long history. The evolution took place mainly without 
concerning users requirements for social, economic or historical consideration reasons. The practice 
to fit in the users needs into technological evolution ones proved to be totally inefficient and 
counterproductive, if not spelling psychosocial disaster. Therefore, the new assessment tools puts 
weight on clients expectations. 
The period right after the II World War represents also for building science a boom one. Almost all 
of the countries developed complex programs for expanding building domain mainly for faster 
economic development. 
Industrial development and mass production means the increase of habitation spaces need for the 
new volume of workers. This development was not a constant one as for the first period the quantity 
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clearly overcomes quality expectations. The initial demand forced the first trends to adapt human 
needs to existing spaces, not taking interest or decreasing them for best fit in. This trend was 
generally spread through Europe, not only in our country that flagrantly ignores quality needs.  
The very next course of approach was to put weight on customers needs involved in building 
design, construction and habitation period characterised by comfort conditions. 
In Europe the first approach appears in Belgium- CSTC (Centre Scientifique et Technique de la 
Construction) and France- CSTB (Centre Scientifique et Technique de Batiment) that finally 
leads to adopting ISO 6241-1984 “Performance Standards in Buildings- Principles for their 
preparation and factors to be considered”. This paper defines the main principles about building 
performance levels by establishing performance standards factors. It also creates the 
opportunity for building performance standard committees. They spread the analysis from 
building internal parts, interior and exterior spaces until the building as a whole system. 
Under consideration that performance in buildings can be defined as “what should the product shall 
offer, whatever the solution adopted” (Maclean J. H., Scott J. S., 1995) [1] the last decades of the 
XX-th century underlines defining and theorizing the holistic performance assessment.  
The defined Total Building Performance- TBP- concept appears in the '80 in USA (Hartkopf V. 
et al., 1986) [2] and for the first time took shape the need for creating a tool to measure 
building performances with a stated scope of evaluate performance requirements in general:   
thermic comfort, indoor air quality, noise and visual comfort, space and building integrity. This 
leads toward a multitude of studies and ways of approach.

2. Common areas of activity

Performance and sustainability are both buildings system domains with multiple common points. 
Both of them develops assessment tools directly connected to each other that takes effect in further 
designing processes, improving quality for each phase analysed.  The first declared scope is 
common: improving procedures for every life-cycling level with a general analysis mode. The final 
aim is to improve design, build, use and post- utilization performances. 
The shared levels of analysis are design performance, life-cycling evaluation and certification 
system. First means to identify users requirements, create products that meet this requirements and 
method for assessing if the needed performance level was achieved. This improves overall 
performances of the building by emphasizing the connection between end - user and all the other 
participants involved in this process.  
Life-cycles analyses are used to compare among a variant number of design decision for better later 
building behaviour under sustainable dimensions predicted. 
Certification systems are developed in many parts of the world helping to evaluate the level of 
performance achieved by every product- buildings. Mainly, they are aimed to transform goals into 
performance objectives that help evaluating Total Building Performance. The three most important 
building certification systems are BREEM- the Building Research Establishment Environmental 
Assessment Method (UK), SBTool- the Sustainable Building Challenge Framework (collaborative 
work) and LEED- the Leadership in Energy and Environmental Design (USA). All are dealing with 
levels of performance assigned for site conditions, resources, energy efficiency, and indoor quality. 
As a development factor through the final products quality increase the TBP- Total Building 
Performance concept takes effect through performance levels that constantly improves according 
dynamic defining for human needs. This building/ needs race referring to user/ provider team is the 
most important engine for innovation and mass production improvement. 
This process can be schematically depicted in Fig. 1 which synthesizes the main stages of defining 
users needs with performance levels. 

 524



2nd International Conference for PhD students in Civil Engineering and Architecture
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro

Fig. 1- Transformation stages from users needs to performance levels

Assessment for TBP process and comparing performance criteria with default ones leads to 
evaluation about the level of performance achieved by a building [3]. The outputs, alongside with 
their evaluations, are to be used as feed- back for further building type performance improvements 
as shown in Fig. 2.  Processes involved are comparison and the complex one of assessment, defined 
in a different manner by systems themselves. It is hard to unify the assessment methods; also it is a 
very important goal for TBP or SD, achievable through a common approach supposed to be done in 
near future.

Fig. 2- Base model for TBP concept. 

3. Common TBP and SD assessment results

One of the most important common concern deals with reducing energy consumption on efficient 
bases. As it proves to be of major interest in Sustainable Development it is also one of the most 
important requirements assigned to Total Building Performance, closely related to thermic comfort 
and indoor air quality. Because of that we can assume that SD spreads its influence over BPT. 
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Evaluation criteria for building sustainability cover, among all, local potential use in design and 
local cultural identity. These goals becomes more important been integrated into building 
evaluation systems. The direct equivalence for BPT is informational comfort. The cultural 
representative and identity factor of the building environment is normally revealed and it is gaining 
importance as it is studied as a contemporary analysis criteria. 
Assuring a healthy interior climate alongside with use process as fully effective as possible 
becomes more and more important nowadays.  
TBP and SD evaluation assume the same stages of analysis. It is accepted that the quality of the 
building is decomposed on three levels: 
- quality level; 
- essential needs level; 
- performance needs level. 
The final assessment is achieved using a formula like Eq. (1) that explains how this evaluation is 
realised.

             Q0= i= 1

n

i i
     Ec.(1) 

where:

i- weight factor for essential performance need( i 1

n

i= 1
); 

i- level of satisfaction achieved- i= Nachieved/ Nnormalised; 
N- achieved/ normalised level. 

Another innovative method that can be used is QFD- Quality Function Deployment, a method that 
used to be applied in other industrial fields before but can be adapted for building sector as well. It 
consists of defining two matrices, the data and the process matrix, defining user needs on one side 
and the performance exigencies on the other side. The main goals are to develop design quality 
aimed on users needs and to create the links between customers demands and clear design targets. 
The general shape of the matrix is shown in Fig. 3 where whats are defined as users needs and 
hows represents performance exigencies. The matrix elements are defined as: 
 WHATs – users needs; 
 IWi – users needs weight factor- it can be obtained directly from customers; 
 HOWs – performance exigencies; 
 IHj – performance exigencies weight factor- obtained from designers; 
 Iij – relation factor between HOWs and WHATs. 
This matrix establishes interconnection level between that two domains, users needs and 
performance exigencies, defining also the weight factors that involves both sides of persons 
involved in building process- users/ builders, designers, owners. 

H O W 1 H O W 2 H O W ... H O W n

IH1 IH2 IH3 ... IHn

WHAT1 IW1 I11 I12 I13 ... I1n

WHAT2 IW2 I21 I22 I23 ... I2n

WHAT3 IW3 I31 I32 I33 ... I3n

... ... ... ... ... ... ...
WHATm IWm Im1 Im2 Im3 ... Imn

Fig. 3- General framework for data matrix 
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The process matrix is similar to the data one but develops relation factors by assessment methods 
for the final building or evaluated by users. The levels of performance achieved and maximum 
levels expected give us a powerful feed-back to improve further designing aims. These two figures 
can be processed per-cent, using achieved/ expected levels multiplied by 100 and useful to 
compare different building case. As we stated before the final goal is to improve the design 
process, the easiest moment to be improved in building life-cycle. 
As for this approach one of the most important issue is structuring the building life- cycle, having 
more emphasis in SD but important for performance analysis as well. In Fig.4 building life- cycle is 
represented through each phase. 

Fig. 4- Building life- cycle relations 

SD can be assessed using three different approach methods that involves sustainable building rating 
systems (certifications as stated before in this paperwork), life- cycle evaluation systems and 
managing building performance systems (design oriented).  
Therefore TBP assessment system can be the common area of building analysis that can integrate 
the both research areas. The overall process can become split in identifying users needs, delivering 
the required performance and final methods of verifying how accurate the required performance has 
been achieved. 
As it may looks on a first sight, for not totally different, but slightly connected, Sustainable 
Development proves to share with Total Building Performance more areas that it seems, as previous 
studies already had proved, based on practice analysis [4]. Areas of interest spanning from declared 
goals through tools of assessment proves to connect the defining process of these building 
environment evaluation systems. Performance enriches itself, on global levels, improving her 
preciseness of evaluation. 

5. Conclusions

The last decades concern empowers its consistency through integrating sustainable development 
goals into the more global building performance assessment system. The final scope reveals to be 
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improving design quality, building process and, not the last, improving building internal and 
external environment. 
The indicators defining sustainability in building assessment are slightly variant and it depends of 
the entities involved there are some common approach items: resources consumption, energy 
efficiency, water sources preservation, indoor air quality, indoor comfort and life cycle costs. TBP 
indicators implies economical evaluation each of them but otherwise are common defined as: 
building integrity, acoustic comfort, thermal comfort, visual comfort, indoor air quality and spatial 
comfort (functionality). This two building evaluation domains shares the analysis indicators and 
that is another common area of interest. 
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Abstract 

Trigeneration system begin to attracted increasingly more interest on the part of both scientist and 
investors therefore a long series were realized, in different fields of the economic activities such as 
airports, supermarkets, museums, office buildings and other types of building. The residential 
sector hasn’t been a point of interest mainly because of the cost factor and the supposed longer 
payback period. The main theme of this article is to study the economical aspect of how to increase 
the energy efficiency of a residential building using a trigeneration system and how to improve the 
main parameters as for the project can become feasible. The study highlights the advantages of the 
system and makes suggestions on how to better implement such a project. 

Keywords: trigeneration, energy efficiency, residential, combined cooling, heating and power, 
costs, 
 
 
1. Introduction 

All around the world there is an increase, in the demand of energy and this can be easily be translate 
as the domain where the investments are in a large number and at high costs, including here coal, 
oil and natural gas extraction, transport and distribution or the exploitation of renewable resources, 
reaching a value of 1,600 billion $ in 2013, 70 % of this value being related to fossil fuels. The 
consumption of energy around the world, obtained from the main fuels reached in 2012, the amount 
of 8,979 Mtoe, almost double than 1972 and was primarily composed of oil 40.7%, electricity 
18.1% and natural gas 15.2%, the renewable energies only contributed with 3.5%. Although the 
equipment efficiency has risen due to intensive research in the past decade, the increase of using 
fossil fuels has also made the carbon dioxide emissions to double reaching 31 734 Mt CO2. [1-2]  
Largest energy consumer are the civil building sector which is responsible for more than 31 % of 
the global consume and a source for 2.9 Gt direct emissions and 3.8 Gt indirect emissions in 2011. 
Although the economic crisis has stalled, the building construction country policies are trying to 
impose new trends by introducing new regulations about thermal insulation and driving them to 
become near zero energy building, improving this way the requirements for cooling, heating and 
lighting. Most of the energy is consumed on cooling and heating, almost 60 %, thus it creates 
opportunities to develop and invest in district heating or heating and cooling, using cogeneration or 
trigeneration technology. Even if the need to cool and heat is high, the penetration of trigeneration 
or cogeneration system across the world is very slow, only 9% of the power around the globe being 
produced by this technology, this fact encouraging European Union to ask for the parties to 
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establish the ratio between the cost and benefit of this technology individually.[3]   
Being part of European Union and one of the signatories of the Kyoto agreement, Romania has 
expressed its desire to contribute to the reduction of the greenhouse gases and to invest in 
renewable resources or in high efficiency usage of fuels that produce gases that can affect the ozone 
layer. Until now, Romania made some changes in this direction but there is a long way to travel 
until it can be said that the agreement has been fulfilled.  
The most used fossil fuels in Romania are coal, oil and natural gas, but overall there can be noticed 
a descending trend of consumption, being recorded a 6.3 % energy reduction between 2012 and 
2013, the value representing the reduction from the whole energy resources including internal 
production, import and stored energy. Considering the three fuels mentioned above there is a 
significant reduce of coal usage, about 22.8 % to a value of 6,060 Mtoe and a 9.1 % decrease in 
natural gas usage. According to the national energy strategy, the hydropower, solar and wind 
energy, have started to recover ground and this fact can easily been seen from the increase of 
production in the year 2013 which is greater than in 2012 with 35.1 % ( 1,743 Mtoe) but is still 
lower than the national potential of 6,954 Mtoe. [4,6] 
The residential sector in Romania consists of approximately 84 000 residential buildings [5], most 
of them build before 1990 (over 50 %) representing almost 22 % of the total energy consumption, 
registered in 2010, in Romania, most of this energy being ensured by using fossil fuels [6]. 
Regarding heating and cooling, the reports from 2009 show that only 23.04 % of the buildings are 
still using heat produced using cogeneration systems and only 3.61 % are cooled, most of them in 
urban settlements.  
 
 
2. Trigeneration system 

A trigeneration system CCHP (combined cooling, heating and power) it is made from two main 
subsystems: a subsystem that produces power and heat - CHP - and a subsystem that produces cold 
using different equipment. Simply said a CCHP plant consist of five main elements: a prime mover, 
a generator, a heat recovery equipment, a chiller that uses cogenerated heat and a system to control, 
manage and optimize the entire scheme. Based on a series of classification criteria, such as fuel 
type, capacity range, there can be listed a series of technologies that are being used since the 1990s 
and that are still being improved, or new ways to produce heating and power that emerged in the 
last decades such as Stirling engine or fuel cells. [8,9]  
Steam turbines are the oldest prime movers that have been used in power plants and are available in 
two types: backpressure turbines and condensing turbines, with a range of 50 kW to hundreds of 
MWs. Reciprocating engines are suited to be installed in various applications due to the fact that 
they can be used to generate about 1 MW power and they have a few advantages such as very low 
costs of instalment, high reliability, greater efficiency than steam turbines and can use different 
fuels. The most common form is the internal combustion engine that uses diesel, oil, gasoline, 
natural gas and biogas or landfill gas. [10] 
Regarding the new ways of producing heat, cold and power, Stirling engines are external 
combustion engines that alternatively heat and cool a working gas, can operate with approximately 
any fuel and can be used for appliances that range up to 300 kW or even 1,5 MW. Unfortunately 
this is a work in progress research and there are few systems installed around the world mainly 
because of the production costs of some components and to cost of installation. [11] 
Fuel cells is a technology that is experiencing the fast grow, being compact and without moving 
parts, making it suitable for transportation sector. Fuel cells can be divided, by the type of 
electrolyte they use, into the following categories: proton exchange membrane fuel cells (PEMFC), 
alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC), 
solid oxide fuel cells (SOFC), using one of the types mentioned above can influence the capacity 
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range which varies from a few kW to 2 MW. [9,11] 
 
2.1 Micro turbines  

Micro turbines represent the technology of gas turbines but at a lower scale, being available in the 
capacity range of 25 - 300 kW and can are fuelled with natural gas, biogas, LPG, diesel or landfill 
gas. In terms of advantages, this system has few moving parts, low emissions, low electricity costs 
and if used in CHP systems, the efficiency reaches levels greater than 80%.  
At the moment there are two types of micro turbines depending on the number of shafts: single 
shaft micro turbine and two shaft micro turbine. Basically, a micro turbine is consists of a 
recuperator, a turbine, a compressor, combustion chamber, exhaust outlet, generator cooling fins 
and air bearings. The costs of this micro turbines is determined by numerous factors, such as 
equipment (heat recovery, gas booster compressor, micro turbine package), labor and materials, 
project and construction management, engineering and other fees. [12,13] Tacking in consideration 
only the price of the equipment and the labor and materials, the price according to [14] in 2002 is 
lower than in 2008 [15] with a few hundred dollars per kW this being caused by the increase price 
of equipment. The maintenance cost varies on the capacity of the system between 0.012 - 0.025 
$/kW, but most of them need an air filter, fuel filter and battery replacement and, for over 40,000 
hours of functioning, it is possible to require a new core turbine change.  
 
 
3. Case Study: Residential Building in Romania 
 
Trigeneration systems are still experiencing difficulties in having a global development because of 
the costs however the system is still studied on different types of building or it is being analyzed 
from the economic point of view. From the variety of buildings that serve different need we can 
find CCHP plants in airports in Italy, Malpensa 50 MWe plant or in Kuala Lumpur with a 40 MWe 
plant [16], it is studied the possibility of introducing it into hospitals in Italy using around 200 kW 
PAFC plant [17] or gas engine 7 MW plant [18], office building [19], or residential buildings in 
Canada [20] or in Tehran [21].  
 
3.1 Building description 
 
The present study has been conducted on an residential building in Iasi, the city having a humid 
continental climate, with four different seasons, summers being warm with temperature exceeding 
32oC while winters are cold and windy with moderate snowfall and temperature average of -18oC. 
The building has eleven floors with four apartments on every floor, the living area of each flat being 
around 80 m2 and a height of 2.5 m. The basement has 2.2 m and is the designated location where 
the installation will be mounted. The average family has 3 people and generally, every family has a 
tv, a computer, a washing machine, a refrigerator, a iron, a gas fired boiler and 520 W light. In table 
1 it can be seen the average power consumption of an apartment during a year.  
 
Table 1: Power consumption for an apartment during a year in kWh 
Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sept. Oct. Nov. Dec. 
119 108 121 119 120 120 130 110 145 120 125 143 

 
The building was built at the late 1980s, has a concrete frame structure, with prefabricated walls 
composed of concrete and 10 centimetres of insulation, but there is a possibility that the insulation 
is lacking or is degraded in some areas. The old windows have been replaced with new ones with a 
lower U value. The U values for the building envelope are presented in table 2. 
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Table 2: U value for the building residence 

Envelope component  U value [W/m2K] 
1 Walls 0,462 
2 Floor wall 3,190 
3 Roof wall 1,089 
4 Windows 1,810 
 
Regarding the heating system of the building, every apartment has a gas fired boiler which prepares 
heat and hot water. Cooling is provided by the split units mounted on the façade of the building 
creating a visual discomfort. At the moment, the building’s lighting system is composed of 
incandescent lamps.   
 
3.2 Retscreen software  
 
The study was realized using Retscreen software version 4 that can be found from the Retscreen 
International Empowering Cleaner Energy Decisions website. The software is ideal for evaluating 
energy savings, determining costs and payback periods, to evaluate the quantity of emissions and to 
evaluate the risk of an investment.  
Retscreen allows us to evaluate the changes between an existing case and a case that is proposed, 
with all the efficiency measures that are necessary or considered necessary to improve the energy 
consumption of an objective. The software makes a comparison between the costs of implementing 
the cleaner energy at the expense of the existing case with non-efficient equipment.  
 
3.3 Financial and technical data 

The total heated surface of the building is 4950 m2 and at the moment the apartments are heated 
using gas fired boiler. The peak of the heating load is 196,5 kW and cooling load for non-insulated 
building is 322 kW. The efficiency of gas fired boiler is around 85 % and the COP of a split unit is 
considered to be 3. The values are illustrated in figure 1.  
 

Figure 1. Base case system load characteristics graph 
 
For the proposed case, after energy efficiency measures will be applied the heating load has 
dropped to 129,7 kW and the cooling load to 287 kW. The system load for the proposed case can be 
seen in figure 2. The efficiency of the absorption chiller was considered 0,8.  
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 Figure 2 Propose case system load characteristics graph 

 
The natural gas is measured in m3/h and the unit of power is kW, including heating, cooling and 
power. The cost rate of power are expressed in €/kWh and for natural gas in €/m3. All costs that are 
expressed in the study are in € at the exchange rate of 1 € = 1,24 $ or 1 $ = 0,806 € (November 
2014). The average price of natural gas in Romania is 0,325 €/m3 and for electricity is 0,101 €/kWh. 
The equipment for the propose case is a 400 kW gas turbine that can produce 683,5 kW heat power 
and two absorption chiller with the total cooling load of 420 kW. The cost of the gas turbine was 
estimate at 2.000 €/kW, the other equipment for heating total a cost of 20.504 €, the absorption 
chillers are 63.000 €. Also, the total costs include the feasibility study and other expenses regarding 
engineering services, with a sum of 45.000 € and the costs of maintenance and operation which are 
predicted to reach 30.000 €. 
 
3.4 Financial, environmental and energy results 
 
The energy consumption has been reduced with 54.665 m3 of natural gas and with 2.268 kWh of 
electricity annually which translates into 249.175 € saved every year. Also, because the system can 
produce more power than needed, it can be possible to sell the surplus power into the system and, 
thus, having an income of 198.524 € yearly. The total income realized from the activities mentioned 
above reaches 447.699 €/year.  
If the environmental criteria are taking into account, then the reference case has an energy 
consumption of 4.518 MWh/year and the total emissions of carbon dioxide reach 1.908,4 tCO2. By 
using trigeneration system, the release of carbon dioxide will reduce with 30 tCO2.  
Considering the financial aspect, with a total investment of approximately 950.000 € and with 
annual costs of 360.000 € the payback period has to exceed 15 years so that the system is feasible. 
In figure 3 it can be seen the fluctuation of the cash-flow considering different project duration.  
The software has calculated with the following financial parameters: 

 Fuel cost escalation rate  2,5 % 
 Inflation rate 2,5 % 
 Life project  10 - 20 years 

Incentives, grants or other incomes were not considered at this stage. In table 3 it can be seen how 
the financial viability is changing with the considered duration. 
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a)        b) 

 
c) 

Figure 3 Cash-flow over different periods a) 10 years, b) 15 years, c) 20 years.

Table 3: Financial viability parameters for three cases 

Financial viability parameter Duration 
10 years 15 years 20 years 

Internal rate of return - 5,5 % - 0,4 % 1,2 % 
Simple payback 11 years 11 years 11 years 
Equity payback > project > project 15,8 years 
Net Present Value (NPV) -248.710 € - 25.643 € 96.229 € 
Annual life cycle savings -24.871 €/year - 1.710 €/year 4.815 €/year 
Benefit - cost ratio 0,74 < 1 0,97 < 1 1.1 > 1 

 
 
4. Conclusions 

The purpose of this study was to determine if a trigeneration system is suitable for a Romanian 
residential building in the current economic status in the country. The main aspect of the study was 
the economic criteria to see how long it will take until the investment will be recovered and how 
long it will take to make profit from such a system. For the economic analysis a software has been 
used (Retscreen) that allowed the user to simulate a series of scenarios so many conclusion could be 
drawn.  
The trigeneration system is a high cost system and a large period of payback (almost 16 years) but 
is a system that reduces the carbon dioxide emissions. Although the initial cost is higher than any 
other separated system for producing heat, cold and power, the system help reduces the fuel 
consumption and can produce an income. The gas turbine is the equipment with the higher price, 
having a great influence on the initial costs. If the price of the gas turbine will be lower with 25 % 
than the payback period decrease to approximately 11 years, much closer to the average life period 

 534



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
of the equipment. The improvement of the efficiency of the absorption chiller will have an impact 
but not significant in this case. To be feasible, the project for such a system must be very carefully 
designed, because of the multiple cost and technical factors that has to be considered, but for a 
lower payback period, applying for a grant should be considered.  
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Abstract 

Numerical analysis was performed by using the simulation program Ansys-Fluent and simulations 
were performed for the four levels of lift of solar protection in the channel of a double skin façade. 
The blinds for protection have been closed, and solar protection is used as a blind and prevents the 
penetration of solar radiation into the channel. The regime is considered permanent; the modified 
parameter is the degree of lift of blind in the channel. This analysis was performed in summer 
conditions, in forced regime, according with an average velocity of 0.5m/s inside the channel 
section situated at 0.1m above supply grille. 

Keywords: double skin façade, façade channel, glazing, solar protection, blind 
 
 
1. Introduction 

The double skin façade is made up of two transparent glass elements, placed at a certain distance, 
which may vary, and forming a channel through which a flow of air circulates [1], connected to 
each other and integrated into the building envelope and a shadowing system [2], designed to 
control the amount of solar illumination level contributions [3]. 
In the previous study [4], was analyzed the behavior of a double skin façade in summer mode, the 
optimal position of the blinds in the channel façade. From the analysis it was proven that the most 
effective position of the venetian blinds is when it is set near the external glazing. 
The main objective was to determine the optimal degree of lifting for solar protections blinds. This 
task was achieved related to dynamic insulation efficiency ( ) [5,6]. This detailed analysis of the 
different levels of blind in the channel of a double skin façade, leads to understanding how the 
transfer of heat and mass in the channels of the façade. 
The behavior of the thermo-aeraulic of the façade is influenced primarily by the degree of the blind 
uplift, and secondary by the ventilation system and the air flow in the channel.  
The numerical analysis was carried out for a double skin façade with corresponding characteristics 
to the laboratory experimental stand existing at the Faculty of Civil Engineering and Building 
Services of Iasi – Fig. 1. 
The main design features of the model are: 

 geometric dimensions: 2.1 m height, 1.5 m length, 30 cm width; 
 the façade channel made out of a simple exterior glazing (B) with a thickness of 6 mm and 

an inner double glazing(C) having a thickness of 27 mm consisting of two glass sheets with 
a thickness of 6 mm and 5 mm, interspaced of 16 mm; 
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 venetian blinds (H) - made with metal horizontal venetian blinds and adjustable. Blind width 
is 25 mm and the space between two blades is of 22.5 mm;  

 grids used for the homogenization of the current (G and F) at the inlet and outlet of air in the 
façade channel. Openings the inlet and exhaust air channel have equal size, uncontrolled, are 
located along the entire length of the façade have free surface of 50% on the channel 
surface. 
 

 
 

Figure 1. The geometry of the façade 
 
 
2. Modeling hypothesis 

Modeling has been carried in permanent regime for different levels of lifting of the blind 0% 
(down), 25%, 50% (higher by the middle of the façade) and 75% under the following hypotheses: 
 
2.1 Clime parameters 

 Solar radiation for July 10th, 12:00 o’clock for Ia i, Romania – northern Latitude 47.17; 
Longitude 27.57- respectively and a solar height angle h=71.96 and azimuth A=175.21:

o direct solar radiation intensity - normal for a horizontal surface -877 W/m2;
o diffuse solar radiation intensity - 82W/m2; 

 Outside air temperature - 30°C; 
 
2.2 Comfort parameters 

 Inside temperature - 25°C – constant, without air exchange with façade channel;

2.3 Façade channel ventilation 

 Forced regime, constant flow of 810mc/h, according with an average velocity of 0.5m/s 
inside the channel section situated at 0.1m above supply grille;
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2.4 Hydraulic regime inside façade channel 

 Conditioned by the variable position of the lifting of the blind. 
In order of customization simulation the conditions of turbulence and radiation models were 

assimilated respectively: 
• For turbulence 

- Spalart-Allmaras model adoption, used to simulate all the variants of the study. This 
model is valid for turbulent flow at low Reynolds numbers. 

• For radiation 
- (DO) model with discrete coordinates using radiative transfer equation for a finite 

number of discrete solid angles, being the only model where solar direct and diffuse 
radiation is mentioned; Calculation is iterative, having convergence limit of 10 6 for 
temperature and 10 4 for pressure and velocity. This model is recommended for thin 
mediums of optical point of view. 

Sun protection was considered opaque surface with incident radiation reduction factor 
corresponding to the lifting of it. 
 
 
3. Modeling result 

Numerical analysis was performed using Ansys-Fluent simulation program [7]. 
Solar protection divides the channel façade in two parallel channels of various thickness and 
thermo-aeraulic regimes. 
The results were represented as velocity and temperature spectra in the middle section of the 
channel at H = 0.10m; H = 1.05m; H = 2m (10cm upstream and downstream, respectively input and 
output section and in the middle of the façade), with step 2.5 cm on width of the façade channel 
(Fig. 2 and Fig. 3). 
 

 

Figure 2. Temperature spectra  
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In the Fig. 2 it’s observed that the maximum temperatures are recorded in the outer channel 
influenced by heating of solar protection. The blind prevents heating of space between them and the 
interior glazing. 
Temperatures in both channels of the façade begin to set when the blind is raised 75%. Air 
temperatures increase in the inner channel directly proportional to the degree of the blind. 
 

 

Figure 3. Velocity spectra 
 

The speed varies along the façade is obviously higher in the inner channel. The average values of 
the velocities are between 0.3 and 0.81 m/s for all sections in the inner channel, and between 0,05 
and 0,49 m/s in the outer channel (Fig. 3). The velocities are high in the outer channel because there 
is no disturbance caused by blind and so there is no transfer of mass between the two channels, 
when the blind is lowered down. 
In outer channel speeds are higher by blind, and in the inner channel higher speeds are recorded 
near inside glazing. 
The speeds of the outer channel decreases with raising the blind, and the inner channel speeds 
increase directly in proportion to the lifting of the blind. 

  
a) 
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b) 
 

 
c) 

Figure 4. Temperature variation curves for the 4 levels of lift the blind 
a) supply (H=0.10m); b) middle (H=1.05m);  c) exhaust (H=2m). 

The values temperatures varies along the façade is obviously higher in the outer channel, increasing 
from glazing to the blind and descending from blind to glazing, in the inner channel. The blind acts 
as a barrier to the radiative flux accumulating heat and reducing the heating effect of air and the 
channel and inner glazing for cases in which the blind is raised up to a half. 
For all levels of lifting the blind, inner glazing temperature varies between 26,7÷28,6°C, and 
exterior glazing between 30÷30,5°C. 
The highest values of air temperature recorded in the middle sections and the output of the façade, 
Fig. 4a) and Fig. 4b). Air temperatures are similar for all levels of blind, varies between 30 and 
31°C. 
For each level of study of the blind criteria values Re, Nu were calculated, and convective transfer 
coefficients ( ) to the bounding elements surfaces respectively c (convective + radiative) inside 
façade channels. 
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Table 1: The coefficient ( c) convective transfer of surface 
No.
crt. 

Configuration Degree  
of lift 

Vmed Tmed   Re Nu v p c

1 Exterior 
channel 

 

0% 0,34 31,32 2459,6 10,6 12 8,51 0,92
25% 0,25 31,65 1808,5 8,29 12 6,64 0,72
50% 0,356 31,34 2575,3 11,0 12 8,83 0,95
75% 0,203 30,87 1468,5 7,02 12 5,63 0,61

2 Interior 
channel 

 

0% 0,545 30,2 10803,4 34,65 8 8,51 1,07
25% 0,576 30,32 11417,9 36,22 8 6,64 1,12
50% 0,627 30,37 12428,8 38,77 8 8,83 1,19
75% 0,642 30,41 12726,2 39,5 8 5,63 1,22

 
Table 1 presents the values of transfer coefficients, calculate for the two channels of the façade 
depending on the flow regime and temperatures on surfaces of delimiters channel, for each level of 
lifting the blind channel façade. 
Convective transfer coefficient varies between 0.61 and 0.95 (W/m2K) for outer channel. The 
highest value of the convective heat transfer coefficient for the inner channel is recorded when the 
blind is raised 75%, reaching a value of 1.22 (W/m2K), and for the other levels of lift, the 
convective heat transfer coefficient has a value close to varies between 1.07 (W/m2K) and 
1.19(W/m2K). 
 
 
4. Dynamic insulation efficiency 
 
For comparative evaluation of the effect of the energy of blinds at different levels of its lifting on 
the thermal regime of the façade, for each level of lifting the blind, was calculated the “dynamic 
insulation efficiency”, which is defined as ratio between heat flow of exhausted air and (Qr) and 
total heat flow supplied inside the protected area (Qinc). 

inc

r

Q
Q                       (1) 

Due to variable thermal regime, induced in the two compartments of façade by solar protection 
presence, total flow exhausted, Qr, has been determined as sum of partial flows. 

1 1 1rc vc p cQ m c t                      (2) 

2 2 2rc vc p cQ m c t                      (3) 
where: mvc1- mass exhausted airflow from the exterior channel; 
  mvc2- mass air flow exhausted from inside interior channel; 
  cp- air specific heat; 
 tc1- difference between air temperatures at supply and exhaust from the exterior channel of 
 the façade; 
  tc2- difference between air temperatures at supply and exhaust from the interior channel of 
  the façade. 
Thermal flow received from the external environment supplied in the protected area, by radiation 
and convection, in double skin façade respectively is determined by the following equation: 

int 1 2inc i glo ext rc rcQ A I k t t Q Q                  (4) 
where:  i- intermediate surfaces transmittance product; 
   kglo- global heat transfer coefficient; 
   tint- inside air temperature, in the protected space; 
   text- outside air temperature; 
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   I- global solar radiation component, normal along façade surface; 
   A- façade surface. 

 

int

1 1
1 1glo

ii

ext

k
R

                   (5) 

where Ri represent the thermal conductive, convective and radiative transfer trough façade 
elements. 
Table 2 presents consecutive values of solar protection calculated accordingly  Eq. (1), accordingly 
with the lifting of the blind levels. 
Mass air flow determined inside the façade channels (mvc1 and mvc2) was studied according with 
average velocities for the chosen modelling hypothesis. 
Incident solar radiation values over intermediate surfaces had been calculated according to glazing 
refraction indexes i. 
 
Tabelul 2: Dynamic insulation efficiency 

No.
crt. 

Degree 
of lift 

i A I
[W]

kglo
[W] 

mvc1 
[kg/s]

mvc2 
[kg/s]

tc1 
[K] 

tc2 
[K] 

Qrc1 
[W]

Qrc2 
[W] 

Qr
[W]

Qinc 
[W] [%] 

1 0% 0 0,077 0,0468 0,2253 1,37 0,88 64,60 199,56 264,16 264,93 99,7
2 25% 164,85 0,077 0,0344 0,2381 1,55 0,33 53,74 79,09 132,83 298,45 44,5
3 50% 329,72 0,077 0,049 0,2592 0,85 0,32 41,98 83,48 125,45 455,94 27,5
4 75% 494,58 0,077 0,0279 0,2654 0,57 0,21 16,04 56,09 72,15 567,49 12,7
 
The dynamic insulation efficiency has the maximum value up to 99%, when the blind is completely 
lowered (0%) and the minimum efficiency is 11,2%  in case the blind is raised 75%. 
 
 
5. Conclusions 
 
This study focused on the analysis of different levels of the lifting of a blind in the channel of a 
double skin façade on the on the dynamic insulation efficiency. 
By analyzing the high degree of the blind located inside a channel double skin façade, we can 
conclude that in relation to the dynamic insulation efficiency, the use of solar protection as blind 
along the entire length of the channel, is the most efficient use for the blind. 
Solar protection efficiency is inversely proportional to the degree of lifting of the blind in channel 
of façade. 

 
Nomenclature 

A façade surface [m2] 
I direct solar radiation intensity [W/m2] 
kglo global heat transfer coefficient [W/m2×K] 
mv  mass flow of air discharged from the front panel channel [kg/s] 
Nu Nusselt criteria 
Re Reynolds criteria 
Qr exhausted heat quantity [W×s] 
Qinc supplied heat quantity to the protected area [W×s] 
Ri thermal resistance [W/m2×K] 
T air temperature [°C] 
Vmed average velocity inside façade channel [m/s] 
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Greek symbols 

  convective transfer coefficient [W/m2×K] 
 dynamic insulation efficiency  
 refraction/transmittance index  
i intermediate surfaces transmittance product  
t temperature difference between supply in/exhaust from the façade channel [°C] 

  
Indicators 
ext. exterior 
int. interior 
c channel 
c1 exterior channel of the façade 
c2 interior channel of the façade 
p protection  
v glazing 
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Abstract 

Evaluation of special construction assets like pipeline transportation systems is a complicated 
process that does not use traditional evaluation approaches, but rather a mixture of evaluation 
methods because each pipeline is unique in its own way. Depending on the chosen evaluation 
method the value of the pipeline transportation system is influenced by several factors. These 
factors, acting together, influence the value of pipelines from several points of view: physical-
chemical, technological and economical. 

Keywords: market value, depreciation, valuation of pipeline, corrosion 
 
 
1. Introduction 

From the standpoint of the assessor-engineer whose aim is to determine the assessment of pipeline 
transportation for oil products one is able to highlight the influence of corrosion within its 
depreciation. Some authors define depreciation as a loss of value, after the special construction is 
set-up, due to several factors: a wrong design, a wrong dimensioning of the elements of the 
construction, the use of outdated material or the layout on the basis of outdated rules and 
technologies, the action of external factors on the special construction. In the specialized literature 
three types of comparison are identified, namely: the physical impairment, the functional 
impairment and the external impairment.  
Physical impairment is defined as a loss of value due to physical factors such as elements of the 
pipe not repaired in due time, changes in the structure of materials, the difference between the life 
span of the materials which the special construction is made from. This type of impairment, 
considered by some authors as wear and tear can be recoverable and non-recoverable. Recoverable 
physical impairment picks up the cost of new pipeline and determines the repair cost by deducting it 
from the remaining value. Non-recoverable physical depreciation deducts the recoverable physical 
impairment from the cost of pipeline reconstruction, and analyzes the physical depreciation and 
wear and tear on the basis of non-recoverable long life and short-life items. Functional 
impairment is a loss of value due to the wrong dimensioning of the construction, due to 
deficiencies in design or usage.  
External impairment is that type of loss of value due to factors outside of the property (building), 
such as the presence of a pollutant in the area, a change in the request-offer ratio, the loss of income 
in an excess-supply market. This impairment is analyzing based on the information that is retrieved 
from the real estate market. 
                                                           
* Corresponding author: Tel.: +40 724 931272;  +40 723 097888;  Fax.: +40 341 816658 
E-mail address: cipriangheorghe2@gmail.com 
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2. Objectives 

Within these types of impairments known in literature, corrosion occurs as an important factor that 
influences the amount of pipes, being found in the physical impairment. The objective of this study 
is the quantitative highlight of corrosion, on the basis of mathematical formulas, in the physical 
impairment and the subsequent influence of this factor on the market value of pipelines. The 
assessor involved in the evaluation has the mission to identify and implement these factors in the 
mathematical models, as well as to explain how they influence the respective value. 

 
 

3. Methodology 

The technological piping system is very important in chemical and petrochemical industry, both for 
the smooth functioning of the actual technological facility, as well as for the transport of fluids and 
gases. In the specialized literature, there are mentioned different conditions for the transport of 
chemical products, automobiles, rail transport, water transport and transport via pipelines. Fluid and 
gas transport by pipeline is considered the most refined way of transport for chemicals, 
petrochemicals, oil, and liquefied gases. The main advantage of pipeline transportation is the 
perfect tightness from a technical point of view, as well as the possibility of a continuous 
transportation (non-stop pumping); yet, it presents the disadvantage that it requires very large 
investments in the transmission system. By technological pipeline we understand an assembly of 
elements mounted on a predetermined route, which serves for the transmission and distribution of 
streamlined fluids or materials. The main element of the pipeline is the pipe itself on which various 
equipment, depending on the purpose, (connectors, fittings and shaped parts, control measures and 
devices etc.) are mounted Pipeline transportation systems are influenced by a number of factors 
acting at the same time, but each of these factors directly affect the value of these transport systems. 
Among these factors a special importance must be given to corrosion.  
The corrosion process is a complex mechanism that occurs during operation of all equipment and 
technological equipment in the refineries or pipelines systems or found in petrochemical 
installations and is done at oscillating temperature and pressure (high/low), in the presence of some 
work environments (type: crude oil, compressed gases, petroleum and petrochemical products, etc.). 
To be mentioned that these factors are more or less aggressive and are mostly static, dynamic, or 
changeable. The main factors that should be taken into consideration when carrying out a modern, 
high quality evaluation, under specialty standards existing on the market are as follows: factors 
which depend on the material themselves (e.g. physicochemical characteristics and technological); 
factors that depend on the working conditions (e.g. temperature, pressure, chemical composition 
and properties of working environments-relax, streamline, corrosion etc.). 
Corrosion is defined as the destruction, in a certain span of time, of metals and metal alloys as a 
result of chemical and/or electrochemical actions of the technological environments and 
surrounding or due to physical dissolutions. The environments in which the corrosion phenomenon 
occurs are called corrosive environments or aggressive environments and the factors are physical, 
chemical or biological. The results of chemical combinations of metals, their alloys and corrosive 
environments constitute corrosion products, which some authors may be of several types: primary-
produced chemicals resulting from corrosion due to the interaction of the alloy which it is made of 
and the corrosive environments; secondary-produced chemicals resulting from the interaction of 
primary products resulted from corrosion and the technological media or environments in which the 
pipeline is located; burns -produced of the corrosion of the pipeline in gaseous environments made 
at high temperatures; film-thin layer adherent to the surface of metallic elements submitted in the 
form of superficial chemical combination of alloy which pipeline and the corrosive environment are 
made of. 

 546



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
In accordance with the ”Chemical and Petrochemical Equipment” [1] there are several criteria for 
the classification of corrosive processes depending on the cause of the corrosion process as 
represented in Figure 1, namely: the nature of the corrosive environments the nature of the 
corrosion processes, and the location and the destruction nature through corrosion.  

 
Chemical corrosion is that type of corrosion due to a sheer direct chemical interaction between the 
material and the corrosive environment, this occurring in electric nonconductive environments, such 
as gases, non-ionic liquids. In this case there is no charge transfer, the corrosion products remaining 
at the attacked spot. Electrochemical corrosion is the corrosion that is accompanied by the 
appearance of electric current, being conditioned by the existence of the latter and the existence of 
two metals or metal products and one electrolyte. Throughout the process there is an uninterrupted 
transport of electric charges on the edge of the metal and the corrosive environment. In the 
technique of oil products and petrochemical transportation this is the most common corrosion 
process. Bio-corrosion appears directly or indirectly as a result of the metabolic activity of 
microorganisms which are corrosive and especially of saprophytic anaerobic bacteria. This type of 
corrosion is particularly specific to the marine environment, but also to the tropical climate, which 
favors the development of such micro-organisms.  
Local corrosion or stave appears on certain portions of the surface of the material in the form of 
patches, spots, dots, scratches, caverns or perforations. This type of corrosion develops unevenly.
Continuous corrosion may be uniform or uneven and may occur simultaneously or separately all 
over the surface of the material that the pipeline is made of. Uniform corrosion is defined as the 
destruction of the material with the same speed on the entire surface of the material under the action 
of a corrosive environment. It is a less usual process, being more of an ideal. Uneven corrosion is 
characterized as having different speeds, in different areas of the surface of the material under the 
direct action of a corrosive environment to be studied. In the light of the above-mentioned we 
conclude that there is a preferential attack of corrosion, this phenomenon taking place especially 
where the surface structure of the material is non homogeneous (for reasons of chemical or physical 
nature).
Corrosion in points and corrosion with nicks (pitting) is characterized as being strong, located in 
different points, which is on the surface of the metal and continues down below, focusing on certain 
areas of the surface and on certain directions. Similarly, it is also a dangerous form of corrosion, as 
most times the speed is very high. This type of corrosion is found more often in the metals and the 
alloys which, as a result of corrosion attack, present a film of protective oxides, namely to stainless 
steels. Pitting can occur after a sum of factors but can be initiated by the manner in which the metal 
was processed, by surface impurities, or scratches. It is noticed that once the phenomenon of pitting 
has been primed, its speed increases considerably, especially the temperature rises. 
Corrosion in the caverns is a special case of pitting, characterized by very isolated attacks, yet 
profound ones. In the newly formed caves there appears a primary corrosion product and the 
corrosion velocity can be thousands of times higher than in the rest of the material surface. 
Corrosion in the form of stains and wounds is generally initiated by the same causes as pitting. It 
includes large portions of corrosion surface and has a relatively small penetration and corrosion in 
the form of wounds is characterized by a deeper damage, located on small surfaces. Corrosion by 
contact (fretting) is also known under the name of local corrosion and refers to the destruction of 
metals and alloys produced by the concomitant action of the corrosive environment and friction of 
tight contact, respectively, of the local elements.  Corrosion in gas refers to the destruction of 
metals and alloys under the action of gases. In practice, this type of corrosion usually occurs at high 
temperatures. Corrosion fatigue is defined as a certain reduction of the resistance to fatigue of 
metallic materials under the simultaneous action of variable stress and the corrosive environment.
Caustic embrittlement refers to a metallic material embrittlement as a result of meeting with an 
alkaline solution. Selective corrosion is actually an electrochemical corrosion targeted at 
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destroying either one component of alloys –the case of chemical corrosion of the selective 
component (e.g. brass oxidation in alkaline environments) -either a single constituent of alloys-the 
graphite enhancement of cast iron in certain weak acids). Inter crystalline corrosion is considered 
in the literature as being a special case of selective corrosion, being a limited corrosive attack at the 
same, which occurs preferentially at the grain contours of a metal alloy or of crystalline lenses. This 
corrosion occurs where there is a difference in composition between phases, where the phenomenon 
of crystallization was disrupted and when heterogeneous zones of composition were created at the 
limit of the crystalline lenses or when chemical impurities have been concentrated.  
Cracking corrosion occurs due to the simultaneous action of corrosive environments and the 
unitary efforts and stresses corresponding to mechanical solicitations that can be found with almost 
all metals and alloys subjected to mechanical solicitations (especially alternating variables), in the 
presence of aggressive work environments. Cracking corrosion is always accompanied by a plastic 
deformation and cracks in the metal, as a result of the simultaneous action of a corrosive 
environment and the unitary efforts of wastes and stresses from external forces, called cracking 
corrosion. The physical value which quantitatively shows the intensity and pace of destruction by 
corrosion is the indicator of corrosion resistance w. This physical value represents the variation 
speed of the corroded metal wall in the analyzed time interval. This indicator of corrosion resistance 
can also provide information about the intensity of the corrosion processes both at a certain time 
and then it is an instantaneous indicator, yet it also provides information on the corrosion in a 
period of time and then it is a medium indicator. 
The indicator of corrosion resistance w is a physical value which depends directly proportional on 
the mass of corroded material and inversely proportional on the corroded area in the time interval in 
which this is achieved.  The corrosion resistance indicator decreases the initial mass of the pipe at 
the same time with the increase of the corroded surface in the time interval. 

 

 
 
where: w – mass indicator of resistance to corrosion, Mc – the mass of corroded material; Ac-the 

corroded surface; t - the time duration of the corrosion process. The physical value is expressed in 
[w/(m2.)]  
The relationship (1) shows the quantitative theoretical expression of the process of corrosion of 
pipelines, but in practice, we make use of another physical value called kinetic indicator of 
resistance to corrosion or corrosion rate defined as the evolution in time of the process of corrosion 
It has physical value has as a unit of measurement [mm/year]. 

 

 
 

Taking into account the relations (1) and (2) we are able to calculate the speed of corrosion 
depending on the characteristics of the material, thus: 

 

 
 

Where k is a numerical coefficient of transformation, w is the mass indicator of resistance to 
corrosion and - the density of the corroded material. 
The values that the corrosion resistance indicators may have in accordance with the standards in 
force can be categorized into six groups of resistance to corrosion, which correspond to ten classes 
of resistance to corrosion 
In practice the allowable values imposed by technical supervisory official rules in force for the 

 548



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
addition to corrosion vary between 0,5 mm and 3 mm. This span was established on the basis of 
technical and economic considerations. According to this addition to corrosion, in practice are 
accepted steels for pipelines manufacture with a corrosion speed varying between 0.1 mm/year  
0,3 mm/year. The value of 0.1 mm/year is for common steels and for normal working conditions, 
and the value of 0,3 mm/year is typical of pipelines made of cheaper steel, in more easily 
replaceable areas. 
In terms of evaluation process the impairment d is expressed quantitatively as the ratio of the 
effective age of the installation and the lifespan as to the cost of the new installation. 

 

 
 

In accordance with the legislation in force in Romania Fig. 1 highlights the duration of use, the 
physical lifespan for technological pipelines and their total wear. In accordance with the HGR 
2139/2005 we may noticed that the normal duration of use for a technological pipeline is a 
maximum of 15 years in normal environments as well as in corrosive environments.  The norm 
P135/1999 establishes the normative life duration in both normal environments and corrosive 
environments to 35 years, and the total physical wear and tear to 40 years. This information is very 
important in estimating depreciation; these maximum durations must be always kept in mind when 
estimating the value of pipeline transportation systems. 
 

Table 1:  The lifespan and total wear according to the regulations in force in Romania 
Normal 
environment

Corrosive 
environment

The normal duration of use 
HGR 2139/2005 

15 years 15 years 

The normative duration of life 
physics P135/1999 

35 years 35 years 

100% total wear in years 
according to P135/1999 

40 years 40 years 

 
 
Applying and influence of corrosion on the devaluation can calculate depreciation according to the 
formula (5): 
 

 
 

 – the influence factor of depreciation due to corrosion 

 
 

Mn – the pipeline at the time n when calculating depreciation; Mi - the initial mass of the pipeline at 
the initial time. 
The influence factor of depreciation due to corrosion  is always of subunit size and represents the 
ratio of the material mass at the time of estimation of the pipeline market value and the initial mass 
of material that the pipeline is made of. 
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4. Analysis 

The relation between impairment (depreciation) and the influence factor of depreciation due to 
corrosion is the quantitative expression of the correlation between depreciation and corrosion and is 
a very useful tool for assessors in predicting of the market value for pipeline transportation systems. 

The influence factor analysis of depreciation due to corrosion and  are found to directly 
influence the impairment due to corrosion, and the relationship (5) shows the direct 
interdependence between impairment and corrosion. The value of this factor directly influences 
corrosion. The smaller this factor is, the higher the amount of depreciation. Although the influence 
factor of depreciation due to corrosion is a subunit size, given that this factor is closer to unity, 
which would be the ideal situation, there is a decrease in depreciation due to corrosion, and along 
with its decrease, stepping away from the unitary value, the amount of depreciation due to corrosion 
increases. As the value of depreciation directly affects the market value, it can be said that the factor 
of influence of depreciation due to corrosion  directly influences the market value of the 
installation, namely the pipeline. 
 
 
5. Conclusions 

The quantitative implementation of corrosion for the estimation of market value of technological 
pipelines is an on-going concern of evaluators as engineers have been determining the existence of 
corrosion for a long time now, yet this could not be found in a mathematical relation that was to 
show the interdependence between corrosion, depreciation and the market value. The relation 
between impairment and corrosion by means of this factor is very useful for assessors in predicting 
depreciation. The emphasizing of corrosion within the estimation of market value through the 
influence of the factor of depreciation due to corrosion is a first step in a broader process of 
research which is meant to mathematically highlight the dependence of impairment due to corrosion 
on the characteristics of the material which the pipe is made of. 
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Abstract 

The present work researches the possibilities of solving in a realistic and economically-sound way 
the design of new energy-efficient buildings in Romania. Such solutions would be a way to answer 
to the problems resulting from the continuous increase of energy consumption, from the continuous 
rising of energy production costs and decrease of the respective natural resources at a global level. 
Although the concept of energy-efficient houses is a well-known subject in the international 
scientific and political community, unfortunately in Romania this concept, though frequently 
discussed at the theoretical level, is rarely applied to the building process of new constructions. The 
approach undertaken in this study is based on the mixing of efficient technological and 
architectural solutions. 
The present study describes the phases of a pilot project built in Timisoara since 2010, a new 
construction using new energy efficient technologies available on the Romanian market. Designed 
as an energy-efficient house, the energy consumption of this project was followed for 4 years and a 
new improvement is planned to be implemented.  
The purpose is to reduce the energy cost by installing photovoltaic systems and using the available 
solar energy even more. 

Keywords: sustainable, effciency, green house, green technologies, pilot project. 

1. Introduction 

What does the concept of an energy-efficient building refer to?  
Energy-efficient buildings (new constructions or renovated existing buildings) can be defined as 
buildings that are designed to provide a significant reduction of the energy consumption by using 
the amount of energy provided by on-site renewable energy sources. 
The cornerstone in the design of an energy-efficent building was to first minimise the energy 
demand for heating/cooling and electricity use, and to cover the rest of the needed energy by using 
building-integrated renewable energy production systems. The main unlimited heating sources that 
must be considered primary energy sources are the ground  and the sun.  
The current paper aims to address several different problems, the most important one being the 
continuously growing energy consumption and how this issue can be addressed by implementing 
renewable energy solutions and newly released technologies. A pilot study has been created with 
the purpose of highlighting how renewable energy sources can help – this pilot study is the energy-
efficient house, built back in 2010. The current paper will thoroughly analyze all the problems 
related to the energy consumption of the house, and how the consumption can be reduced by 
implementing cost-effective and energy-efficient solutions for minimizing the overall use of energy. 
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2. The House 

The house is built in an open environment located in Giroc, Timis County, Romania. The plot is 
around 700 sqm situated in a new residential area at about 3 km out of Timisoara. 
 
 

 
 

Figure 1. Location of the EEH Project (source: apmtm.anpm.ro) 
 
2.1 Building configuration

A very important role in governing the energy consumption of any building is represented by the 
shape and the surroundings. These factors may cause heat loss when heat gain is required and also 
heat gain when cooling is required.[1] 
For any given enclosed building volume, there are numerous ways in which actual dimensions of 
height, length and breadth can vary resulting in different total surface areas. Two buildings may 
have quite different surface areas and hence different rates of heat loss and heat gain and both 
having the same volume and built of the same materials. [2] 
Orientation of the volume and surfaces of the building  severely affect the heat gain or loss from a 
building. The house is South oriented with a “L” shape planimetry with large glazing area that close 
the open space living, dining and kitchen on this south side. The Eastern and Western facades are 
much less open to sunshine and the north façade is completely closed. 
 
EEH Project characteristics: 
- Ground built surface: 125.0 sqm 
- Internal volume: 265 m3 
- Heated floor area: 100 sqm 
- Windows: 20.4 sqm with 12.3 sqm south oriented double glazing U=1,1 w/m2K 
- Opaque walls: 227 sqm U=0,20 W/m2K 
- Roof: 134 sqm U=0,1 W/m2K 
- Structure: wood structure with Bazaltic Mineral Wool Insulation and OSB enclosure. 
This gives for the envelope a total area of 480 m2 and a avarage value of 0.19 W/m2K. [3] 
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Figure 2.  EEH Project Solar Orientation Plan (source: drawn picture) 
 

 
 

Figure 3.  EEH Project Ground floor Plan (source: drawn picture) 
 

Since the project started an important concept was the south orientation of the house with a large 
7.2 sqm glazing area for the living room to increase the passive solar heat gain during the year. 
After 5 years of living in this house and as a first conclusion about the 7.2 sqm of window glazing 
from the living room, the passive solar heat gain helps to reduce the heat energy consumption in the 
following months: March, April, May and September, October, November with  20% a month if 
there are sunny days.  
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2.2 Open space and air movement

Open spaces have to be taken into consideration along with the form of the building, because 
together they can allow free air movement and increase heat loss or gain. [1] 
The question is how should they be positioned and how much should there be? After all, any built 
mass modifies the microclimate. An open area as the one used in the EEH Project, especially a large 
one allows more of the "natural" climate of the place to prevail. Therefore, large open spaces allow 
free air movement. The building pattern is also important as it can increase, decrease and modify air 
speeds. Open spaces gain heat during the day so in wintertime shading by surrounding 
(trees/vegetation) will reduce heat gain during the summer and will let the sun warmup the interior 
in winter time as long as the vegeatation used for this poupose will be deciduous. [2] 
 
 
3. Energy Systems 

3.1 Heat pump

The 'EEH' Pilot Project is a newly built single-family dwelling that includes a ground heat pump for 
the heating/cooling and domestic hot water production. The average heated area of the house is 
approximately 100 m². Statistically, the average heat demand for older buildings is 120 kWh/(m²/y), 
and for newly built buildings is 70 kWh/(m²/y). According to the energy consumption from the last 
3 years the medium energy consumption for the entire house is 42.5 kWh/sqm/year. 
Also from the entire yearly electric energy consumption of the house 64% is used for 
heating/cooling and domestic hot water production. To maximize the heat pump efficiency it was 
installed a ground floor heat system that needs a lower working heat temperature.  

 
 

Figure 4. EEH Project Heating Pump Junkers (source: junkers website. processed picture) 
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3.2  1.5kW off grid Photovoltaic system  

In the next period a photovoltaic system will be implemented on the EEH House project. This next 
step aims to increase the solar energy absorption and to decrease the electric consumption of the 
house. From the calculations the PV system will be 1,5 kW off grid.  
According to the simulation made with PVGIS online software: 
Percentage of days with fully charged batteries is 55.41% and. The average amount of energy that is 
not captured because the batteries are fully charged: 2283.39 Wh. Compared to the average 
consumption of 5 kWh/day, in all 1801 days taken into consideration for simulation, battery is fully 
discharged at 60% of their capacity since we have a cut-off limit of 40% (below this value inverter 
is commanded to stop and not start until the amount of battery power does not exceed 40%). 
The facility oh this off-grid system with network compensation is that when the threshold of 40% of 
the batteries was reached, consumers are switched (automatically by a relay based automation) to 
the national network. Another benefit of this system is that the energy lost by the fact that the 
batteries are fully charged (in 55.41% of days) can be used directly by consumers in the home – 
energy produced is not lost but consumed.  

 
Table 1. Monthly energy production, percentage of charged/discharged battery 

 (Simulation made with solargis software) 
Month Ed Ff Fe

Jan 1550.0 11 100 
Feb 2230.0 24 100 
Mar 3190.0 50 100 
Apr 4060.0 76 100 
May 4170.0 79 100 
Jun 4330.0 80 100 
Jul 4360.0 82 100 
Aug 4400.0 90 100 
Sep 3660.0 54 100 
Oct 3020.0 54 100 
Nov 2440.0 38 100 
Dec 1050.0 0 100 

 
Ed - Average daily energy produced (Wh/day) 
Ff - Percentage of days when the batteries are fully charged (%) 
Fe - Percentage of days when the batteries are fully discharged (%) 
 
The PV system will be installed on the southern façade on the roof at a 35 degree angle from the 
ground and will consists of  5 monocystaline PV modules, 1 x MPPT controller, 2 x 200 Ah solar 
gel battery, 1x pure sine inverter. Total electric energy produced by the 1,5 kW off grid PV system 
and consumed by the house is 1521.60 kWh/year this represents a 25-30% /year cost reduction  for 
the electricity bill. 
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Figure 5.  Offgrid PV system (source: processed) 
 
 

4. Measured and estimated consumptions 

The corresponding measured electricity consumption of the EEH Project devoted to the heat pump, 
lighting, house equipment, heating, cooling and hot water are plotted in Fig. 6: 
 

 
 

Figure 6.  EEH Project Electric energy consumption (source: drawn) 

Also, electrical consumption was manually recorded on a three year period (Fig. 7) and it shows the 
total consumption of the building. The total electricity consumption is recorded from 1st January to 
31stDecember.
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Figure 7. 2011-2014 electric energy consumption  
 
 

5. Conclusion 

The analysis of measured electricity consumptions in this house inhabited by occupants who are 
motivated for green energy consumption shows that the house can be considered a “energy efficient 
building”: the PV system and the heat pump can cover the whole (space and sanitary water) yearly 
heating demand with a good energy consumption.  
Switching from the conventional building system to a modern one that is based on advanced, 
energy-efficient principles and state of the art technologies is certainly a very challenging task that 
we will need to overcome, keeping in mind the following aspects:  
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- The desire to save money and to lower the energy bills in the long term, while still maintaining the 
same standards of confort;  
- Increasing the quality of new buildings by relying on new, efficient and accessible construction 
techniques that are readily available on the market and that are especially designed to protect the 
surrounding environment and to make people’s lives easier at the same time;  
To sum it all up, through this pilot study - the energy-efficient house that was built four years ago, 
and whose energy consumption has been closely monitored – it was proven that significant cost and 
energy reductions can be made by simply relying on advanced technologies that are available on the 
market for highly affordable prices. [3] 
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Abstract 

The Stirling engines cogeneration systems are considered promising solution for residential 
applications power generation. This paper presents the study and design of a free-piston Stirling 
engine suitable for fitting a micro-cogeneration plant. It is designed a free-piston Stirling engine 
coupled with a permanent magnets linear generator which equip the test bench of the micro-
cogeneration systems based on Stirling engines. The test bench will be equipped with storage 
batteries that will store the electricity generated. The thermal energy generated will be used to heat 
water in a boiler. This paper presents the design methodology of the Stirling engine closely with 
permanent magnets linear generator design. Finally is presented the assembly drawing of designed 
assembly Stirling engine – permanent magnet linear alternator. 

Keywords: Cogeneration systems, Free-pistons Stirling engines, Linear alternators, Permanent 
magnets. 
 
 
1. Introduction 
 
The traditional fuels like oil, coal and natural gas have become limited energy resources. Industrial 
and demographic development of the most countries on the glob has led to increased consumption 
of raw materials and energy and therefore increases the amount of waste and pollutants [1]. In 
recent years the biomass is increasingly used as renewable energy source, because the growing 
plants consume the same amount of carbon dioxide in the atmosphere that exudes by combustion. 
The power generation from biomass is usually used as small power units of distributed generation. 
The cogeneration as a solution for producing combined heat and power suits for power generation 
based on biomass as a clean energy technology. 
The CHP systems equipped with low power Stirling engines are considered promising for 
residential applications for following reasons: 

 their relatively high overall efficiency; 
 a favorable ratio of relative heat to electricity, similar to the heat-power ratio of thermal and 

electrical load curves of a home; 
 reduced emissions compared to other technologies such as internal combustion engines, is 

possible from external and stationary combustion process [2]. 
A major advantage of using the Stirling engine cogeneration systems is the ability to use various 
types of alternative fuels as: biogas, LPG, methane, as well as coal, wood, agricultural waste etc. 
To run a Stirling engine cogeneration system must reach a minimum temperature of the expansion 
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space. The requirements for a Stirling engine to equip the residential cogeneration system are the 
following [3]: 

 high efficiency regenerator; 
 starting temperature as low as possible; 
 efficient cooling of the working space. 

A cogeneration system equipped with Stirling engine usually provides heat in the form of hot water 
and electricity for a home. The test bench for a study of cogeneration system equipped with Stirling 
engine will also provides heat in the form of hot water and electricity, but on much smaller scale 
being placed in a laboratory of the Technical University of Cluj-Napoca. The schematic diagram of 
this test bench is shown in fig. 1. 
 

 
 

Figure 1. The test bench for the study of Stirling engine low power cogeneration systems: 
LPG Tank – liquefied petroleum gas tank; LPG Heater – liquefied petroleum gas heater;  
FPSE – free-piston Stirling engine; PMLA – linear alternator with permanent magnet. 

 
The test bench includes a gas burner and bottle of LPG, assembly of free-piston Stirling engine – 
permanent magnet linear alternator and cooling system with water supply. Also it currently 
comprises a hot water tank and storage battery for storing electricity generated. 
 
 
2. The Stirling engine as a primary engine 
 
Since its invention in 1816 by Robert Stirling, the Stirling engine has always been in the attention 
of engineers with the ability to generate mechanical energy and that electricity more efficiently than 
other systems. The most important feature of the Stirling engine it’s the ability to work at low 
temperatures, and thus is set the value of low temperature energy sources which are widespread in 
nature: hot water from solar collectors, geothermal water or industrial waste water. Stirling engine 
can also be used with fossil fuels or biomass, to achieve a production of environmentally friendly 
electricity. Compared to the internal combustion engine, the Stirling engine is an external 
combustion device, it produces energy continuously and not by explosive internal combustion. The 
Stirling engine is a heat recovery device through a regenerator, resulting in increasing its efficiency. 
Two major types of Stirling engines have the potential for micro-cogeneration: 

 kinematic Stirling engines; 
 free-piston Stirling engines. 
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Free-piston Stirling engines have fewer moving parts, requires no lubrication, have low 
maintenance costs, allowing self-starting and a long life [1]. 
 
 
3. Free-piston Stirling engine design 
 
3.1. The free-piston Stirling engine 
 
In this configuration, the power piston is not mechanically connected to an output shaft. It bounces 
alternately between the space containing the working gas and a spring (usually a gas spring). In 
many designs, the displacer is also free to bounce on gas springs or mechanical springs (fig. 2). 
 

 

 

Figure 2 Basic components of Beale “free-piston” Stirling engine [4]. 
 
Piston stroke, frequency, and the timing between the two pistons are established by the dynamics of 
the spring/mass system coupled with the variations in cycle pressure. 
To extract power, a magnet can be attached to the power piston and electric power is generated as it 
moves past stationary coils. These Stirling engine/alternator units are called “free-piston” Stirling 
converters. In fig. 3 is presented the constructive scheme of a free piston Stirling engine which 
drives an electric linear generator [4]. 
 
 
 
 
 
 
 
 
 

 
Fig. 3 Constructive scheme of a free piston Stirling engine [4]. 

1 - cylinder; 2 – expansion chamber; 3 - piston displacer; 4 - regenerator; 5 – piston rod pusher;  
6 – compression chamber; 7 – working piston; 8– damping chamber; 9 –permanent magnet;  

10 – electric generator coil. 
 
There is a big diversity of free-piston Stirling engines. This kind of Stirling engine has two spaces, 
a compression chamber and an expansion chamber, whose volumes are cyclically varied. All 
version of this type of engine comprise three separate masses, piston, cylinder and the displacer. 
Usually, the cylinder is rigidly fixed to a solid foundation of so great mass as to represent an infinite 
mass compared with the other two [4]. Consider a free-piston Stirling engine presented in fig 3. 
Let the system be initially at rest in an arbitrary position. 
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The pressure and the temperature are the same in all the spaces. Now let the expansion space to be 
heated by the heater. If the temperature in the expansion space is increased, the pressure in the 
working space will also be increased and the displacer and the piston will be moved in the cylinder, 
but the displacer accelerates more than the piston because it has a much lower mass. 
The working fluid is therefore moved out of the compression space through the regenerator to the 
expansion space. When the working space has no fluid the dumping chamber pressure will force the 
piston and the displacer to go back. In some free piston engines instead of this gas spring is used 
membrane spring or other planar springs. Now the gas will begin to flow again from the expansion 
space to the working space by heating and the cycle is repeating. This is a simplified explanation of 
how a free piston works. It can be seen that free piston engines are self starting engines. 

 
3.2. The Stirling engine design 

 
The Stirling engine design starts with the developed power formula [4]. Beale indicated that the 
power output of several Stirling engines observed could be calculated from the equation: 

pm VfpP 015.0                                                              Eq. (1) 
where: 0.015 is the Beale number, P is the engine power output in Watts, pm the mean cycle 
pressure in bar, f the cycle frequency in Hz, and Vp is the displacement of power piston in cm3. 
The Beale formula was modified by West as follows: 

CH

CH
pm TT

TTVfpFP                                                         Eq. (2) 

where the factor F=0.25-0.35 can be used for practical use, TH is the hot side temperature and TC is 
the cold side temperature. 
From this we can calculate: 

3117
180
766

10325.0
200 cm

TT
TT

fpF
PV

CH

CH

m
P

                                                Eq. (3) 

where P=200 W is the power rate of the engine as design datum, pm=(0+6)/2=3 bar, f=10 Hz, 
TH=473 K and TC=293 K. 
The oscillating amplitude must be as high as pole pitch, which has been chosen as high as 
permanent magnet height: 

cmmhA m 33.10133.0 .                                                  Eq. (4) 
The oscillating amplitude A give us the swept volume of power piston. 

pp AAV ,                                                                    Eq. (5) 
where Ap is the power piston area: 
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p .                                                    Eq. (6) 

Now we can calculate the power piston diameter: 

mmcm
A

d p
p 1066.108844

.                                          Eq. (7) 

This dimension was used in the drawing of the designed “free-piston” Stirling engine presented in 
figure 4. 
 
3.3. The linear generator design 
 
3.3.1 The Magnetic Circuit Design 

This alternator is of the synchronous type with excitation from the permanent magnets. Because the 
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line passes the air gap for two times, the necessary magneto-motive force is: 

ABFmm 15921012
104
12 3

7
0

0                                            Eq. (8) 

where B0=1T is the mean value of magnetic flux density in the air-gap, =1mm is the air-gap length 
and 0 is the magnetic permeability of the air. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4 The designed assembly of the free-piston Stirling engine – linear alternator.
 
For the magnetization it was chosen two ring permanent magnets of the type EURONEOS 
40x20x13.3, which have the properties presented in the table 1. 

 
Table 1: The permanent magnets properties of the type EURONEO 3 40X20X13.3 

Material Br 
 [T] 

Hc 
[kA/m] 

BHmax 
[kJ/m3] 

D 
[mm] 

d  
[mm] 

h  
[mm] 

N35 1.2 868 280 40 20 13.3 
 

The magneto-motive force of the one magnet will be: 
kAhHF mmm 65.60133.0500 .                                               Eq. (9) 

Can be seen that 6.65kA=6650A>1592A, therefore, the magnets were chosen correctly. 
 

3.3.2 The Coil Design 
 
The inductor coil design will be made according to the voltage that is aimed to be induced in the 
coil. We have considered an induced voltage at 10 Hz frequency of U=24 Vca voltage. The 
magnetic flux by this coil varies between + max  and - max so that the magnetic flux variations: 

mm AB22 maxmaxmax .                                   Eq. (10) 
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The permanent magnet area is: 

.1094210
4

2040
4

2626
2222

mmdDAm                           Eq. (11) 

Now, the magnetic flux variation is: 

.101130109422.1
2

22 626 WbmTABABAB mrm
r

mm    Eq. (12) 

The turn voltage is: 

turnVWbHzf
T

e /103.111013.110 33 ,                 Eq. (13) 

considering f=10Hz from mechanical design stage. 
For a voltage of U=24Vef we will need: 

.3000
103.11
2422

3 turns
e

UN                                      Eq. (14) 

The magnetic circuit window where the coil is placed has the area: 
26003020 mmbaAf .                                               Eq. (15) 

The coil conductor cross-section area is: 
21 12.0

3000
6.0600 mm

N
kA

s f
c ,                                            Eq. (16) 

where k1=0.6 is the winding filling factor. 
Now we can calculate the fixed coil conductor diameter: 

.4.012.044 mmsd c
c                                             Eq. (17) 

 
 

4. Conclusions 
 
The present work covers a study and design of a test bench for micro-cogeneration systems based 
on free piston Stirling engine. The structure of this test bench is conceived and a free piston Stirling 
engine coupled with a linear permanent magnet alternator is conceived and designed. This part 
represents the original contribution of the paper. Finally is presented the drawing of designed 
assembly Stirling engine – permanent magnet linear alternator. 
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Abstract 

This paper is dealing with new industrial architecture as emerging, re-birthed phenomenon in 
architectural practice. Although the industrial buildings are not a new building typology, industrial 
architecture was not always, so to say, “present” in construction of industrial facilities. Through 
discussion in this paper we will try to define what we can call a new industrial architecture and 
what the boundaries of this definition are. In this context, we made a distinction between the 
vastness of the industrial buildings built as mass production facilities without any architectural 
integrity and at the same time tried to find and present several examples of architectural works that 
belong to the same building typology, but that can be considered as really representations of 
industrial architecture. 

Keywords: industrial architecture, re-industrialization, contemporary architecture, architectural 
design, architectural history. 
 
 
1. Introduction 

In this paper was tried be established the correlation between contemporary trends in industrial 
construction and architecture, concepts of design and philosophy of business. The discussion is 
divided in two levels. Firstly, we provide a context in which we want to discuss an industrial 
architecture. This means historical references, but as well contemporary situation in industrial 
business. The process of globalization has brought us trends that concern the whole world, from 
moving mass production from developed countries into “third world countries”. It is obvious that 
such trend has harmed the industrial architecture because investors could less think about their 
newly established production lines in such places. Actually, such decision could have negative 
consequences (e.g. quality concerns), so that architecturally they build production facilities in a way 
that they not stand out and do not in any way make a distinct visual landmark. But recent crises 
showed us that there is a little to unbalance a global economy, so that at this moment we are 
witnessing growing processes of re-industrialisation. 
Rebirth of industry in this point means some differences. We reached some level of civilization and 
there is no way back. If we expelled the old industry because it was filthy, noisy and ugly, newborn 
industrial buildings and complexes must satisfy such requirements. We get used to be surrounded 
by the space of higher quality and today is impossible to reverse the time and again make cold, 
dusty, inhuman working space. In such situation, in the paper we tried to find and to systematize all 
the architectural instruments that the architects use in order to make and develop a fresh new 
contemporary industrial architecture. Our historical legacy had given us a marvellous invent of pre-
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constructed materials, that are in greatly continue to be a first system of choice for industrial 
building, but new technologies have given us such variety of materials, shapes, colours and textures 
so that modern industrial architecture is really architecture, by definition artistic, innovative and 
inspirational.  
 
 
2. History of Industrial Architecture  

From the time of the industrial revolution to the present time, industrial architecture has been 
developed through several phases. Firstly, we faced the process of simple transferring architectural 
language from the other typologies, and eclectic aesthetic of the past times. Then the industry itself 
made the powerful tool for making quick progress in constructing buildings, and introduced the 
world the cast iron and steel constructions as an excellent choice for industrial needs. The turn in 
material usage, provoked the new language of architecture. Exercising such new language, in 
architecture gradually emerged the modern movement. The industrial architecture embraced this 
architectural style and modernism's belief in systematic order and functionality as most rational and 
effective for the needs and the goals the industry had outlined. Around the same time, the 
architecture and building stopped to be part to be an arts & crafts global community and transferred 
into building and constructing industry. All this had given the industrial architecture characteristic 
identity and authenticity that came along with typical large volumes and spans and consequently 
with the great dimensions of the industrial production buildings. Through the time, industrial 
architecture faded affected by the mass production. The race for the quick and efficient construction 
caused the modest materialization, while the architectural composition and visual expression of the 
industrial buildings was not always been of much importance, and the building started to be seen as 
a temporary project. However, this is not an absolute rule, and can be discussed just as a prevailing 
trend. Still, in the entire period of time of developing industry, there are numerous examples of the 
industrial building that were designed in the great manner of architecture. 
 
2.1 Industrial decline and rebirth 
 
In the last couple of decades of XX century the western world faced the industrial decline and de-
industrialization. There are several reasons for such a trend. The share of total employment and total 
investments indicated a dramatic decline in industrial growth. Changes in economic structure, 
decline in employment in manufacturing, accompanied by a rise in employment in services and 
other supporting companies. [1] Traditional industrial (manufacturing) cities had their most 
important role, and developing power, and in the following years and decades, many researches 
pointed in the process of replacing old manufacturing-based industrial activities with new 
knowledge-based industries, bringing with them new networks of production and exchange, along 
with new kinds of workers that transform the industrial system of the city. [2,3,4] Initially 
colonizing these derelict, marginal spaces as a kind of ‘alternative economy’ in the 1980s, the arts 
and cultural industries were increasingly sought out by policy-makers for their urban regeneration 
effects (enhancing first the symbolic, then the economic value of the built environment) and as 
harbingers of a new, post-manufacturing economy. [5,6] That is, a kind of ‘re-industrialisation’ of 
the inner city. From the 1990s (though had been already noted this much earlier in SoHo, New York 
in 70s and 80s) it became clear that arts and cultural industries and processes of urban regeneration 
were not always in harmony. Not only did the increased symbolic value lead to higher property 
prices and rent, forcing out many artists and small businesses, but consumption drove out 
production as retailers sought the higher ‘up-market’ foot traffic that came in pursuit of new kinds 
of leisure experiences. [7] Indeed, many cities were more interested in the impact of these cultural 
activities in city branding, and sought to develop highly visible ‘iconic’ buildings or quarters for 
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cultural consumption (often by a ‘creative class’ (Florida, 2005)) rather than try to support the more 
messy, dispersed ecosystems of cultural production. [8] 
However, in the recent global economic activities, it became clear that not the every story of de-
industrialised cities has a happy ending. In many cases it is clear that the cultural industry, tourism 
and service sector could not replace the overall income from the manufacturing industries. [9] 
While trending the de-industrialisation, the regenerating polices concerning the industrial, 
architectural heritage was being developed. In this process of revaluation of industrial architecture, 
she was given the opportunity to be viewed in a different context and with different function 
primarily cultural and artistic context, but also commercial, public use. The combining several 
sectors of years we evolved separately under the agenda of Athens Charter and Zoning cities today 
are faced with the situation of re-synthesis of different purposes which are called mixed use. In 
architecture and architectural expression, regardless of the obvious functional differences leads to 
interference and blurred boundaries between the architectural language of different functions. If we 
take the process of urban renewal just as one phase, it can be concluded that it was a catalyst in the 
process of connecting architecture with other industry sectors. Boomerang in the meantime occurs a 
phenomenon that now permeates completely new building refers to the architectural language that 
sets no boundaries between functions. Although this process occurs, and other types of object, 
further discussion focusing on the architectural language of modern industrial architecture that takes 
the signs of universal architecture. 
 
 
3. Phenomenology of Contemporary Architecture 

The architecture of contemporary time cannot be easily defined, and perhaps its closest explanatory  
definition of the current state in architecture is the rapid change. Continuously changing context and 
situation of the social, political, economic, but also the physical, do not leave other possibilities to 
the builders than to constantly and over and over again respond to new changes and situations. 
Internet and social media, globalization, and the speed in which information is received and 
forwarded contribute to the rapid dialogue among architects and consumers of architecture, i.e. 
everyone, that almost instantly feel the success but also problems of launching concept. This 
approach has contributed to the creation of pluralism in approaches and methods of design and 
construction, which is reflected in the overall built environment. On the other hand, this has almost 
erased the traditional boundaries and divisions that have differentiated regions, climates and 
national traditions and traits, but all the same, regardless of the incessant calls and the fear that such 
trend leads to uniformity of cities and their fabrication of images, today is present actually pluralism 
of diversity of ideas and visions of development of our physical environment. Although many 
concepts, especially those which cover vast areas, can now be discussed with time-distance, 
whether they are successful or less successful, but this will continue to develop the diversity of 
ideas and concepts in contemporary building up industries in the global environment. 
 
 
4. Contemporary Industrial Architecture  

Contemporary industrial architecture is analysed through a range of examples which are 
intentionally not systematized. A sampling of which we have carried out this research and further 
discussion is based on the choice of buildings and complexes of contemporary industrial 
architecture that were presented at the modern-day internet platforms which are used for presenting 
architectural designs - Archidaily, Dezeen, Architizer, …, which are now widely accepted as 
representative of the architecture. While this choice may not be comprehensive, it is certainly 
sufficient for the discussion. Fifteen different project presented at Figure 1., from all over the world, 
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were built in the period after 2010, although the period of design reaches more distant years.  
 
 
5. Discussion 

5.1 Form, Order and Composition 
 
Frist assignment for the discussion is to elaborate the form of the presented buildings at Fig. 1. The 
examples represent rather complex forms (Fig.1 – c,e,i,k,o..), although there are some with very 
simple and elegant form (Fig.1 - b,l,m). Still rarely seen curved forms, the authors chose to be 
occupied by sharp, geometrical but rather irregular forms (Fig.1 – i,e). An important feature of 
modern (contemporary) industrial architecture is exquisite artistry and emphasizing the artistic 
value of the building. Forms are of an integral, unique, complex, and an exciting, which is also the 
main feature of the contemporary architecture in general. On the other hand naturally (caused by 
function) large volumes and dimensions of these structures gave the architects the additional 
freedom to experiment with: the curvature of facades, chimneys, window openings and skylights 
that do not follow any kind of rhythm. The composition is in all cases well balanced, and it appears 
to any of the created not the utilitarian extracted, but originally belongs to the composition and 
architectural whole. Architects also used elegant and simple forms that seduce by their simplicity, 
while the other, the exciting and unpredictable formations and composition have the aim to 
constantly surprise us and attract the attention of observers.  
 
5.2 Materialisation, Textures and Colour 
 
The materialization of industrial buildings that are being constructed in the present, is very diverse. 
Almost impossible to define the prevailing material, because the authors are constantly challenging 
themselves by finding and using new materials that offers the construction industry. Thus, in the 
presented examples is shown the use of metal sheets (panels), concrete, brick, wood, and some 
contemporary composites, virtually all types of materials. Although it is not the most popular, the 
use of bricks and wood can be unnoticeable, their presence significant. Sophisticated in design, 
contemporary use of brick walls is not eclectic (Fig. 1 - g), but puts the focus on materiality and 
their textures liberated from the ornaments. Wood is used as a structural material (Fig. 1 - m), but as 
well very much in use as a coating (Fig. 1 – j,l). This coating, using natural colours of the wood, in 
no way, is different from the use in the other (non-industrial) buildings and its basic role, despite a 
weaker resistance, is to create a warm and humane environment. 
Yet, for the most part, today in the industrial architecture the buildings are created using metal and 
derivatives of metal, such as a wide variety of panels and sheets that can be easily and quickly 
installed, and be exceptionally flexible in terms of creating. (Fig. 1 – a,d,e,f,i,k) Combining glass 
and metal panels, architects prefer to play with forms and facades of industrial facilities (Fig. 1 - c). 
What dominates their expression today is the natural colour and texture that appears in almost all 
samples, from the ordinary, grey colour of aluminium (Fig. 1 - a) to rust colour characteristic of 
corten steel (Fig. 1 - f). Also, there are cases that bravely uses the raw concrete walls (Fig. 1 –h,n) 
without concern to induce the brutal and cold environment that contemporary industrial architecture 
successfully avoids. This is usually accomplished by using fine details in more exclusive material 
such a glass and chrome (Fig. 1 - n). Discussing the use of natural colours and materials, it should 
be noted that often the modern industrial facilities conceptualized to support the elements of 
sustainability with accentuation of green building, the use of green roofs and / or walls (Fig. 1 – 
b,f). 
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Figure 1. Mosaic of industrial architecture [10] 
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5.3 Aesthetics, Utility and Symbolism 
 
Aesthetics of the displayed objects are without any doubts exceptional. Whether it is a "seduction at 
first sight" (Fig. 1 – d,i,k) or elegant structures that easily and metering fit in their own environment 
(Fig. 1 – b,j,m), these buildings have their own originality and are art itself. On the other hand, their 
function is further supported by the quality of the environment that create, what contributes in 
overall positive impression, which is not negligible for the quality of work and performance of 
employees and their motivation to work. Also, the durability and quality of applied design, creates 
the impression that the buildings will certainly outlive their function (technological processes are 
regularly updated and transformed). On the other hand. It is clear that the industrial architecture 
created today has the clear idea that the buildings live regardless of their function. In this lies to 
some extent also global symbolism of the observed projects, which sends a message of erasing the 
boundaries of what belongs to one or another type of building i.e. function (Fig. 1 – l,k). Despite 
being still present unavoidable iconic symbols of industrial architecture, primarily chimneys (Fig. 1 
– e), but also strong and visible large spans of structural elements (Fig. 1 – l,m), contemporary 
industrial architecture is merged in global architectural expression. 
 
 
6. Conclusions 

Originality and the aesthetics which can be compared to the projects implemented in the field of 
public architecture - museums, libraries, concert halls,… is a characteristic of contemporary 
industrial architecture. The genesis of this approach can be seen, to some extent, at the established  
preliminary process of revaluation of an industrial architecture of the past and its rapprochement 
other functions through the process of functional conversion of facilities. So we have become 
familiar with the facilities they had previously been out of reach of the general public, and the 
aesthetics of such areas in particular were successfully launched through their use by artists and for 
the organization of cultural and artistic events. This kind of promotion of industrial architecture, in 
addition to evident positive effects in other spheres (the revival of abandoned spaces, ...), drew 
attention to the industrial buildings as they had not been treated yet. 
Finally, what happened is that, at the time of the new demand for industrial buildings, their new 
concepts to construction are based on ideas and information that these complexes are going to last 
long. Somehow we all become aware that objects should outlive their function and that 
utilitarianism especially large objects should not be brought into question, and whether it comes to 
basic industrial function or will it be replaced by another. In a way they are too luxurious, but also, 
they are deliberately designed not to differentiate different functions, especially deleting borders 
between white and blue collar. Although it seemed that industrial architecture will never break 
away from the modernists and their ultimate postulates of rational construction and which follows a 
uniform rhythm and endless repetition and pragmatism, the contemporary industrial architecture is 
fully embraced postulate phenomenological architecture and geometric autonomy in relation to the 
function. 
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Abstract 

Nowadays, when cities have rapid economic and spatial development, existing of green surfaces in 
strict urban city parts are less, but needs for them are more. Integrating of green surfaces, so-called 
green zones, in objects as their functional part, gaining in importance, so that presents a new idea 
in modern architecture. Green zones are parts of building which consist appropriate vegetation, 
and they can be derived on different ways, depending of construction and object needs. Use of 
green zones is multifunctional through improving of exterior and interior, purification of city air 
and other. Also, use of these zones has an effect on decreasing of energy consumption in objects 
through improving of its isolation. Some objects have systems for use of renewable energy, which 
increase its energy efficient and functionality. In this paper, types of direct use of green zones as a 
part of objects in city cores, are presented. Increasing number of these objects around the world 
justify the expansion of this idea in the future, emphasizing the principle of co-existence and respect 
of the nature in order to achieve multiple benefits. 

Keywords: green zone, use, city, environment, energy consumption. 
 
 
1. Introduction 

We are aware of the fact that human population is constantly increasing, which causes significant 
growth and development of urban areas, especially cities. Expansion of cities leads to the situation 
that croplands, lawns, parks and forests, which have esthetic and functional role, are replaced with 
streets, driveways and many types of buildings. On the other hand, the presence of green areas in 
cities is very important and required for several reasons. 
One way of compensation of green spaces lack in urban areas, is their use on (in) buildings. 
Organized use of green areas in the interior and/or exterior of the building, leads to forming so-
called green zones, which are their functional and inseparable part. Green zones represent parts of 
the building that contain the appropriate green vegetation and they are integral part of the building 
in esthetic and functional terms. Depending on the design and building needs, they can be divided 
in many ways. One of the divisions is on: vertical gardens, green roofs and green zones in object. 
Each of these types has its own features and benefits, which justify their use. 
Generally, green zones i.e. their use, are multifunctional through improvement of the interior and 
exterior of the building, especially in urban areas that is known as "gray of the city". Many authors 
have concluded that the existence of the green zone on objects contribute to purification of the air 
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and air pollution control [1], what have direct effect to environment and thus the citizens of urban 
areas. Deficit of land in cities causes that many building had to be constructed very close to 
roadways, railways and other noise pollution sources. In recent years, some of cities found that 
green zones on buildings can be important element in reducing of the noise pollution. [2] 
Also, they cannot be used as cooling device, but as insulation ones can, because reduce of incoming 
solar radiations through the roof. This leads to that the building with the green zones has reduced 
energy demand for space conditioning because of improved isolation, and can be used when 
retrofitting of existing buildings. [3, 4, 5, 6, 7] The use of new technologies and trends in modern 
architecture leads to that is each building sustainable so, in addition to the use of green zones, there 
are conceptual design of objects that are incorporate systems for use of renewable energy (solar 
panels, wind generators, etc.). This kind of solution combination affects on increasing of energy 
efficiency and functionality of the object. In this paper, application of green zone types on buildings 
is presented. All buildings are in central city cores, so the roles of green zones are analyzed. 
 
 
2. Vertical gardens 

Vertical gardens, also known as green walls or green facades, implies vegetation that grows directly 
onto a building’s facade or to vegetation that is grown on a separate structural system that can be 
freestanding and adjacent or attached to the wall. Green wall systems can protect facades in a 
similar way as well as installing a green roof can protect roof construction. If we look back in 
history, we will see that vegetated facades are not new technology, but can offer multiple benefits 
as a component of urban design. Many researches agreed about positive effects of green walls such 
as evaporative cooling effects of plants, their contribution to insulating effects on facades, the 
ability of plants to mitigate dust, etc. [8] 
Types of vertical gardens can be classified into three systems (Fig. 1.), depending on construction 
and placement on (in) object [9]: 

 
 Panel System: pre-planted panels, which are installed during construction process and 

connected to the structural system of the building and a mechanical watering system. 
 Felt System: there are felt pockets of growing medium. Felts pockets are connected to a 

waterproof back which is then connected to the structure behind. Water with necessary 
plants nutrients constantly comes to the felt and keeps it moist.  

 Container and/or Trellis System: plants grown in this system climb onto trellises. Trellises 
framework is connected to structure of the building. Irrigation system drop by drop is 
usually used in those systems to control watering and feeding.  
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Figure 1. Types of vertical gardens. 
 

Interior Living Walls can be built out of any of the above three systems. Some of living walls are 
integrated with the building’s mechanical system. Air (recycled and fresh) can be supplied to the 
building’s interior through the living wall. That air is cleaned and moisturized by the plants and the 
growing medium. 
Bosco Verticale (Vertical Forest), as one of the representative of objects with vertical gardens, is a 
project of reforestation that contributes to the regeneration of the environment and urban 
biodiversity without expansion of its territory. This project, which consists of two skyscrapers in 
Milan, Italy, is an example of the vertical concentration of vegetation in the city, which allows 
afforestation even in the center of an urban environment. Buildings, showed on Fig. 2, are almost 
finished and, with heights of 76 meters and 110 meters, each building will contain about 900 trees, 
what can be planted in a hectare of forest. [10] The initial idea of Italian architect Stefano Boeri, 
was to create a way to combine high-density residential development with tree planting in city 
cores. Boeri Studio finds that "This is a kind of biological architecture that refuses to adopt a strictly 
technological and mechanical approach to environmental sustainability". [11] 
 

 
 

Figure 2. Bosco Verticale: Idea and realization. 
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Vegetation will be planted in concrete boxes, on terraces, as part of the living space. The plant 
height will vary - some of the shrubs and flowers will be one story height, while trees will be two-
story heights. (Fig. 3) 
Because of the diversity of the plants, buildings will create a humid micro-climate where plants can 
absorb CO2 and dust, produce oxygen, and, in summer, protect people and their apartments from the 
sun rays. On that way, air will be cleaner and vegetation will help in cooling and shading, what will 
have positive effects on lower energy consumption in buildings Also, vegetation is a good sound 
insulator, which is important, considering that the buildings are in the city center, where is many 
sources of noise (Fig. 4). Watering of plants will be conducted through filtration of water which 
was used in apartments.  
"The creation of a number of vertical forests in the city will be able to create a network of 
environmental corridors which will give life to the main parks in the city, bringing the green space 
of avenues and gardens and connecting various spaces of spontaneous vegetation growth." said the 
studio. [11]  
 

        
 
                 Figure 3 Height of plants      Figure 4 Effects of plants in buildings 
 
 
3. Green roofs 

Green roofs give a new look to modern architecture and add new value to the role of buildings in 
urban planning. They are designed not only to bring a natural element in the urban environment, but 
also to provide solutions to important environmental problems. Whether they are with a vegetated 
surface or with substrate, green roofs have many advantages: better regulation of building 
temperatures, improving of stormwater management, increasing of sound insulation, providing of 
ecosystem in urban areas, etc. [12] 
Because of their wide usage and adaptive nature, green roofs can be used for many types of public 
objects, as business and trade centers, hotels and other, but lately, they begin to acquire their 
function in private houses and schools. Based on the depth of the substrate layer there are two main 
types of green roofs used in Europe [13]: 

 Extensive green roofs - this type of green roof involves plant overgrowth of 5-20 cm in 
height, where the depth of the substrate layer does not exceed about 15 cm. Plants that are 
used in this type of roofs are more resistant to sun, drought and extreme weather conditions. 
It is not necessary maintenance of the roof, but verification of the state of the plants once in 
a season, is sufficient. Fertilization and weed removal work is required, depending on the 
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climatic conditions and soil types. Also, extensive green roof may be installed on sloped 
surfaces with slope angle as high as 45°. 

 Intensive green roofs – this type of roof is almost identical to the natural habitat of plants in 
the nature. Vegetation can be up to 4 m in height, depth of substrate layer is more than 15 
cm. Intensive green roofs are, usually, installed on a slope roofs where is slope angle less 
than 10°. These roofs, besides energy efficiency, also have other uses as gardens with 
benches, boardwalk, etc... 

The School of Art, Design and Media at Nanyang Technological University in Singapore (designed 
by CPG Consultants, completed in 2006, officially opened in 2009) is unusual example of extensive 
green roof, formed by two sloping, tapering arcs that interlock with a third, smaller arc (Fig. 5). 
Because of this and lush green surroundings, it looks like a structure that grew from the ground. The 
initial idea was to create a "non-building", that looks more like a small mountain than a school. 
Regarding to this, Dr Timothy Seow, from design studio, said: "The idea was to make the 
architecture part of the landscape. We wanted a building that flirts with the landscape, not opposing 
it.". [14] Unusual curved green roof (Fig. 6), landscaped garden and a sleek curtain wall, give 
transparency and extraordinary appeal to the building, adding richness and depth to the architectural 
form. This building is characterized by non-existence of exact border between building and 
landscape, so the curving green roofs distinguish the building from among the other structures on 
campus. The roofs create open space and gathering place for students.  
 

        
               
                 Figure 5 Situation plan                          Figure 6 Curved green roof 
 
The construction of the roof, which is approximately 10,000 m2, was most difficult for building. In 
the most cases, green roof requires soil as a growing medium but, depending of the roof size, a large 
amount of soil can damage structure and foundations of the building. Because of that problem, the 
architects developed new greening system. Instead of layer of soil, plants grow on a 150mm layer 
of lightweight volcanic stones and sand. The entire composite section incorporates a water 
absorption mat that constantly provides moisture to the roots, thus reducing the need to frequently 
watering the grass. This mat absorbs water during the rainy season, and releases it during a dry 
season. Planted grass is mixed with native greenery and creates unique bond between object and 
environment. Used type of grass is specific because of fact that it can withstand heavy downpour, 
so this type of grass is ideal for tropical weather. Also, designers used additional bracings to prevent 
the shearing of the steep roof. 
Using of green roofs on this building is eco-friendly, because they insulate it, cool the surrounding 
air and harvest rainwater for its irrigation. This building has a Green Mark Platinum certification 
because of its energy-saving features. According to the named certification, estimated annual 
energy savings of the building is 119,134 kWh as well as estimated water savings of 1,171 m3 per 
year.  
Because of all described, it can be concluded that this building has a potential to offer a new 
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experience at every level as well as to promotes idea of creative living in accordance with nature. 
 
 
4. Green zone in objects 
 
In latest architectural projects there are increasingly frequent incorporating green zones in building 
structure, so it can be analyzed as a new idea in modern architecture. Vegetation is present on entire 
floors or partially, and can be on two or three story heights. These zones are most commonly used 
in public or mixed use objects, in central city cores. Main function of this zone is to create green 
public space inside of building, in a lack of space in urban environment, but they have many other 
advantages like temperature moderation, air purification, etc. [15] Systems for use of renewable 
energy (solar panels, wind generators, etc.) are in some objects, and they, in addition, increase its 
energy efficient and functionality. 
One of the projects of this type, which is under construction, is this mixed use object Beach Road in 
Singapore. Foster + Partners won the international competition for Singapore’s new eco-complex, 
which will contain hotel, shops, cafes, restaurants, a new public space and a "green" link to an Mass 
Rapid Transit (MRT) station.  
Project implies combination of new construction and restoration of old buildings, in order to 
achieve sustainable urban quarter, and consists two towers with gently curving form and undulating 
canopy below them (Fig. 7). The entrance to the canopy rises up to form an arc, which catches the 
wind, and directs it through the space, creating the natural ventilation. The ground level is designed 
as pedestrian zone, large canopy mitigates the harsh tropical climate, keeping out rain and direct 
sunlight while allowing wind to flow through the site. 
Hotels and apartments are located in the south tower, while offices are in the north tower. Facades 
of these towers are angled to capture dominant winds and direct this air to cool the ground level, 
and contain solar cells. Green gardens are incorporate in two towers, greening the whole structure, 
producing ambient temperature moderation and creating the natural and relaxing space  
for its users. [16] 
 

             
                  

Figure 7 Two towers                                 Figure 8 Green building principles 
 
Recycled rain water is used for watering of plants. Heating of the object is provided by geothermal 
heat pump system, and cooling through chilled beams and ceilings, and an ice storage system (Fig. 
8). This design of Foster + Partners works in synchronization with the surrounding climate, 
combining advantage of simple green building principles like passive solar, natural ventilation and 
natural cooling. 
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5. Conclusions 
 
Today, when cities are rapidly expanding and green spaces are less, vertical forests, and green 
surfaces in general, are increasingly gaining in importance as part of the modern architecture. Using 
of this zones provide a wide range of options for architects who are interested in using vegetation to 
accomplish multiple objectives and to provide new design features on the interior and exterior of 
buildings. This zones are not only significant for the purification of air, they create a green oasis in 
the cities where is the lack of vegetation. Also, utilization of renewable energy sources in 
combination with green zones, progressively defines new direction in architecture of sustainable 
buildings. It can be concluded that green zones with other elements of co-existence with nature 
become a key component of living architecture and, as the number of this type of objects is 
constantly rising, they will be an essential part in our cities in the years to come. 
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Abstract

The design of concert halls is an demanding process in which the functional aspects have to be fine-
tuned so that they impede as little as possible the acoustic behavior of the hall. One of the most 
influential factors in the acoustics of the concert hall is the area occupied by the public. The 
development of the seating layout is a tedious process, each row of seats being influenced by the 
one in front. There are graphical methods to determine the optimum rake for the seating rows but, 
even for a simple hall, the process is very time-consuming. Within our doctoral project study we 
have developed a tool that automates the process, based on variables that define the geometric 
characteristics of the stage, the pathways and the type of chair. The tool is a Python script that runs 
inside Rhinoceros, a well-known computer modeling program that has implemented parametric 
design tools, as well as scripting tools for Python, C## and VB. The article will present the tool and 
the opportunities that it offers in the context of the performance-based design approach for concert 
hall design. 

Keywords: auditorium, seating, design, parametric, programming, Python. 
 
 
1. Introduction
 
Auditorium design has been always a difficult task, Vitruvius[1] noticing the multidimensional 
characteristics of the program. Even today, with the evolution of software design tools and with a 
relatively long program history, it seems that design teams are always challenged by the task at 
hand. And rightfully so. Not only the architectural design must offer the best functional solution, 
but the design must be a catalyst for the social and cultural life; it has to comply with all the 
standards and norms and, most of all, it has to offer an acoustic environment that is best suited for 
the program, bee it music, theater or conference. The only way to overcome these complex 
requirements is to use appropriate design frameworks and tools that inherently support 
collaboration and the computation of big data.  
One of the aspects of auditorium design is the design of seating layout. Specific types of halls have 
specific seating arrangements that have to adapt to the functional requirements but also to the 
specific aesthetic of the hall. The design of the seating layout is usually done working both in plan 
view and in section view and is known to be a tedious task. If small auditoriums have a capacity of 
one to several hundreds places, big auditoriums can reach as many as four thousands or more, and 
one can easily imagine the amount of time required to study and work on these designs. The major 
problem is in this case the possibility to automate the drawing process and by this to allow more 
freedom in the design process.  
                                                           
1* Corresponding author: Tel.: 0742.621858 
E-mail address: alexcostin81@gmail.com 
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In this article we will describe a tool for seating layout study, based on the scripting possibilities of 
Rhino3D. Written in Python, the script integrates general design requirements while offering a 
superior degree of flexibility than basic commands. 
 
 
2. Auditorium sightlines  
 
The rules for the definition of auditorium sight-lines were developed for the first time by the 
Scottish engineer John Scott Russell (1808-1882) who published them in a “Treatise on Sightlines” 
in 1838[2]. He showed the resulting profile by the means of ray diagrams and observed that the rake 
of the hall is dependent on the distance of the listener to the stage or the angle between the listener 
and the stage. Although correct, today we have to take into account multiple factors: the necessities 
of comfort, ergonomics, safety, economical factors and, not least importantly, acoustical ones. Most 
of these have direct dimensional correspondents so they can be interpreted visually and measured 
relatively easy.  
Although CAD software is more than half a century old, it usually offers tools for replacing the use 
of paper and pencils – drafting tools. Even recently with the advent of BIM software we don't find 
commands or tools for generating directly auditorium seating layouts. The main reason resides in 
the fact that they are rarely used and the demand for them is almost nonexistent. Another reason is 
the fact that usually each software comes bundled with a scripting environment which makes it 
possible to script custom tools for specific operations. This was the solution that we chose for the 
task of studying concert hall seating layouts as a part of our doctoral study project. 
 
 
3. Similar examples 
 
At the start of our project we found a few examples of similar tools done in recent years. Eli 
Meltzer describes in [3] a parametric approach to the seating layout design in which it uses a 
parametric definition in Grasshopper to generate the seating layout according to certain design 
constraints, then it exports the data as an Excel spreadsheet and finally it imports this data to 
inventor in order to generate the curve of the section of the auditorium. This work-flow is 
determined in this particular case by the need to import the model in Inventor, otherwise, the first 
step is enough to have a fully interactive parametric model. While good as an example, it lacks the 
details regarding the specific parameters used in the definition which can make the difference 
between a good solution and a bad one. 
In another example Francisco Farias [4] describes his approach to a similar tool, this time scripted 
entirely in Revit's API. The script uses a mathematical formula which is dependent in two factors: 
the distance from the spectator to the stage and the angle between two consecutive sightlines. While 
straight-forward, this solution is limited by the precision of the calculation. Because of this, the 
results don't have the precision of the solution determined with graphical means, the errors being 
bigger as the distance to the stage increases.  
 
 
4. Our approach 
 
When we decided to make this tool we had to choose a specific software. As we mentioned earlier, 
almost every design software comes with it's own API that makes the scripting more or less easier. 
We chose Rhino3D because it has very good modeling capabilities and because it has a good 
Python API implementation. Rhino3D is generally used for working with surfaces and, since the 
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introduction of Grasshopper, for the generative approach to complex surfaces. The difference 
between the use of Grasshopper and that of Python scripting is that in Grasshopper we have to use 
the tools and the specific internal logic of the program, while in the case of Python, we have more 
freedom both in the design of the tool but also in it's integration with other tools.  
The advantages of using Python for scripting stem in it's core characteristics. Python is “a very 
powerful high-level, dynamic object-oriented programming language created by Guido van Rossum 
in 1991”[5]. It is widely used in scientific and academic projects because it's relatively easy to 
learn, it's expressive, it's modular and has a large user community with hundreds of powerful 
modules ready to use. By scripting the tool in Python we can later use the classes in other tools by 
the means of a very simple import statement. In Rhino3D we have two options for scripting with 
Python. One is via an API implemented directly in Rhino3D and the second one is through 
Grasshopper. We chose the former because we didn't need the script to interact with Grasshopper. 
Also, the Grasshopper integration has fewer commands implemented and is generally targeted 
towards it's own environment. The Rhino3D API provides access to most of Rhino3D's commands 
and also allows the use of other Python modules that aren't included as standard.  
 
4.1 Defining the parameters of the auditorium seating layout 

The seating area of an auditorium has to comply to many rules and regulations[6]. These rules 
concern dimensional characteristics such as the size and disposition of different parts of the chairs, 
their placement and orientation, the maximum number of seats in a row, but also qualitative aspects 
like materials used, technology and so on. Especially in concert hall design the seating area have a 
major influence on the acoustics because it is the surface with the biggest absorption value and it 
occupies most of the floor. Also, it's orientation affects the sound reflections and is directly bound 
to the seat dip effect[7]. At this step of the program we are interested in the dimensions of the chairs 
and of the space between them and in the position of the chairs, in plan and in section. These 
characteristics are primarily related to the ergonomics but, as stated, they have a direct influence on 
the acoustics of the auditorium.  
The chairs in an auditorium have to satisfy several conditions. They have to be comfortable enough 
so that the people can seat in comfort during the spectacle or concert and in the same time compact 
enough so that the hall can accommodate a sufficiently large number of spectators. Also, they have 
to provide equal viewing and hearing conditions for all the spectators. A denser layout will give the 
impression of social cohesion and a sense of communion that is usually appreciated both by the 
artists and the public [6]. A sparse one will trade these qualities for seating comfort. The usual 
dimensions when designing the seating are: overall seat depth, tipped seat depth, seatway (space 
between rows), back-to-back seat spacing, seat depth, seat width, seat height, seat inclination from 
horizontal, back height, back inclination from vertical, arm rest width and arm rest height. To these 
dimensions we can add the height of the eye and the height of the head of the person. Every type of 
dimension has a minimum and a maximum value and also a value that is usual in the design 
practice. The values of these dimensions have to cover the majority of the cases for different 
people. For instance, in the United States the seats are usually larger than in Europe.  
In order to define a efficient design tool, we have to chose the dimensions that affect the seating 
layout and the longitudinal section of the auditorium. These dimensions are back-to-back seat 
spacing, seat width, seat height, eye height and head height. They define the size of the chair in 
plan view and in section. While they are linked to the other dimensions, we consider that including 
all the dimensions in the definition only increases the computation time and the file size. Also, we 
consider that they can be checked easily, since this check is done for one single chair. The default 
values chosen for these dimensions are 0.9m for back-to-back seat spacing, 0.5m for seat width, 
0.44m for seat height, and 1.12m for eye height depending on the seat height and 1.25m for head 
height [8]. These are average values that can be adjusted as needed between minimum and 
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maximum values [8].  
 
4.1 The algorithm of the script 
 
For the definition of the floor section we had to choose between the one that use a mathematical 
formula for the position of each chair or the graphical method. We chose the latter for two reasons. 
First it eliminates any errors due to mathematical operations precision, and second, it provides a 
visual feedback that also makes it easier to check for errors and to see if the given solution is 
appropriate or not. In this method we have to choose the point on the stage that has to be visible 
from all the places. From this point we trace a visual ray that passes over the person in front to the 
eye of the person in the back. Depending on the height of the point on the stage and the distance to 
the person in front, the person in the back has to have a higher position in order to see properly. 
This leads to a specific profile that approaches a logarithmic curve. At this point we have to say that 
depending on the type of auditorium, this curve is followed strictly or it is simplified. The latter is 
the case of simpler constructions, with smaller capacity, and where acoustical demands aren't very 
exigent. For medium or big auditoria and especially in the case of concert halls, the rake of the floor 
becomes very important. 

 
Figure 1. Section profile and sightlines generated with the script. 

 
The algorithm asks for input several parameters: the position of the point on the stage or view point 
VP, the distance to the first row of chairs or initial distance ID, the distance between two 
consecutive rows or row width RW , the height of the eye EH, the height of the head HH, and the 
number of rows NR. In the next step it computes three new factors: the eye position EP, the visual 
ray VR and the visibility factor C. The eye position is dependent on the initial distance ID, row 
width RW, row number RN and eye height EH. The visual ray is dependent on the view point VP 
and eye position EP, while the visibility factor depends on the visual ray. If the visual ray intersects 
the head of the spectator in front, this is expressed by a boolean value False that signals that the 
visibility factor is not met. In this case, the position of the spectator is adjusted with the minimum 
amount needed to meet the visibility factor. This check is made for each row after the first row. The 
script executes the algorithm step by step, adding one row at the time. After the script is run, it 
returns the position of each chair on x and z axis. From those coordinates it can be further derived 
the curve of the profile or any other element dependent on them and the coordinates can be exported 
as a text file which can be further imported in another program if needed. 
The points determined by the algorithm are used by other functions in the script. In the Figure 1 we 
can see the simplified shape of the chairs and the position of the heads. Those are generated by a 
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separate function that takes as an input the coordinates already generated. Another function 
computes the number of rows depending on the width of the hall, by subtracting the area needed by 
the access lanes and by dividing the resulting space to that needed by the chair. It also adjusts the 
width of the chairs to fill evenly the available space. Another function is used to generate different 
layouts – straight rows, curved rows or straight and angled rows. When used for the generation of 
three dimensional seating layouts, the script can return the horizontal angle of view for each 
spectator or for the most unfavorable positions. This way the study of the layout is interactive, with 
the script providing the solutions in matter of second even for thousands of places. 
 

 
Figure 2. The algorithm for the generation of the section. 

 

 
Figure 3. Rendering of the seats with visual rays enabled. 
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5. Conclusions

We have presented a new tool for the study of the auditorium seating layout. It uses the power of 
the Python programming language inside Rhino3D's environment to generate quickly and precisely 
seating arrangements and section curves that comply with the viewing needs of the public, as they 
are set by the user. The program can be used wherever one has to deal with the problem of public 
seating not only in auditoria but also in other public facilities, as sport venues etc. The script can be 
adapted to any requirements easily and the modular characteristics make it suitable to be integrated 
in other tools. In the next stage of development we intend to integrate an algorithm to provide the 
best solutions of specific layouts based on the type of auditorium and seating capacity.  
 
 
Acknowledgements 
This study was supported by the project "Improvement of the doctoral studies quality in engineering 
science for development of the knowledge based society - QDOC” contract no. 
POSDRU/107/1.5/S/78534, project co-funded by the European Social Fund through the Sectorial 
Operational Program Human Resources 2007-2013. 
 
 
6. References 
 
[1] Vitruvius, Ten Books on Architecture. The Project Gutenberg, 2006. 
 
[2] Forsyth, Michael. Buildings for music: The Architect, the Musician, and the Listener from the Seventh 

Century to the Present Day. Cambridge: Cambridge University Press, 1985. 
 
[3] Meltzer, Eli. A Parametric Workflow: from GrassHopper3D to Autodesk Inventor. The 2nd International 

Conference on Design and Modeling in Science, Education, and Technology: DeMset 2012 Proceedings. 
 
[4] Farias, Francisco. Automated calculation of sightlines using Revit API. Web: 

http://www.thestudentexperts.com/blog/automated-calculation-sightlines-using-revit-api. 
 
[5] Harwani, B.M. Introduction to Python Programming and Developing GUI Applications with PyQT. 

Boston: Course Technology, 2012. 
 
[6] Strong, Judith, editor. Theatre Buildings. A design guide. Abingdon: Routledge, 2010. 
 
[7] Barron, Michael. Auditorium Acoustics and Architectural Design. London: Spon Press, 2010. 
 
[8] Appleton, Ian. Buildings for the Performing Arts: A Design and Development Guide. Oxford: 

Architectural Press, 2008. 

 588



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 
 
 

Aluminium Factories - Values and Regeneration Option 
 
 

Tereza Bartšíková*1 

 

1Slovak University of Technology, Faculty of Architecture. Námestie slobody 19., 812 45 Bratislava , 
Slovakia 

 
 

Abstract 

This paper describes the values of a specific type of industrial heritage - aluminium factories. It is 
an especially endangered kind of industrial heritage with only a little attention paid. The paper 
aims to highlight the uniqueness of these grounds and to specify several options for revitalizations. 
The research is based on complex aluminium factories mapping in Europe from archives and 
bibliographic sources and on site. There are analyzed gained information that could offer a new 
view on the aluminium grounds. Primarily, the data are described according to the works in Žiar 
nad Hronom, Slovakia. More than a half aluminium grounds have ended up the production, 
although they can go on further. They are closely connected with some areas identity and their 
presence has left striking footsteps in the environment. By saving them, the historical continuity, 
cultural identity of population and also the economic stability of region would be supported.  

Keywords: aluminium smelter, alumina refinery, industrial heritage, regeneration, values. 
 
 
1. Introduction 

The range of an industrial heritage is defined by exploring different types of industry. Metallurgy 
grounds belong to the group of those most important, however metallurgy research is primarily 
focused on the field of iron, copper and precious metals production and processing. 
This paper should be dedicated to specific type of metallurgy production - to aluminium production 
grounds. This field is recently not extended and that is the reason why the paper will contribute to 
knowledge about the industrial heritage. It will also aim to find answers on several questions. What 
are the differences of aluminium production grounds and other types of metallurgical works? What 
is the current state of aluminium works in Europe? What universal features do these plants have? 
What are the specific attributes of the individual grounds? How could the plants appear and their 
new usage after the end of production? This broad issue will be described especially according to 
the works in the town of Žiar nad Hronom in Slovakia. 
For needs of this paper the term aluminium plant associated with the grounds producing the 
aluminium oxide is called alumina refinery and the grounds producing the aluminium is called 
aluminium smelter. Both refinery and smelters could have existed separately or together within one 
plant.  
The data published in the paper come up from the results of dissertation thesis research Aluminium 
production grounds and surrounding settlement. Data were gained from several archives, private 
collections and publications. Mainly the valuesand specifics of aluminium plants and options for 
their restoration after the end of the production. 
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2. Aluminum Production Grounds Life Cycle 

At first, it is necessary to highlight the importance of the aluminium. The aluminium is one of the 
latest metals of industrial production that started in Neuhausen in 1888 [1]. Pure aluminium is a 
silvery white metal with a wonderful set of features, quite different from all other metals. It is light, 
malleable, ductile, corrosion -resistant, nonmagnetic, and an excellent conductor of heat and 
electricity. It is easily machined and cast, and becomes hard and strong when alloyed with minor 
amounts of copper, magnesium, manganese, or zinc. These favorable properties have led to its 
widespread use in the manufacture of automobiles, aircraft, munitions, high - tension cable, and 
thousands of other applications that enrich our daily life. By the early twentieth century, aluminium 
was already big business [2]. 
Since the end of the 19th century the process of aluminium production has not changed. The 
technology has changed in the capacity, safety and ecology of the production, but the process itself 
remains the same. However the machinery is getting old and because of the ecology and economy 
reasons the production has to be stopped or modernized. Both principals are applied in the practice. 
After the production is stopped, a new appropriate solution must be found for the ground 
restoration. 
Heavy industry grounds life cycle is directly associated with the operating life of the machinery. 
This does have much less service life than the buildings. This is what leads to whole industrial 
works demolition with the replenishment of the technology [3]. 
These days, it is typical to start a new kind of production in the existing buildings or to build new 
objects on the sites of former works, although there is much more optional solutions for this 
problem locality. One of the way is to keep at least those most important and unique representatives 
of this type of industry for the future. 

2.1. Suitable conditions for constructing the aluminium factories 
 
It is important to clarify the conditions and reasons of formation to understand the characteristic 
features of the aluminium factories. In the beginning, the aluminium smelters were supposed to be 
the only way to get the precious metal. Aluminium products were considered to be luxurious and 
the price exceeded the price of the gold, although later it started to decrease. Aluminium became 
important strategic military commodity with the expansion of the aviation and the come of the 
WWI. The first World War had a dramatic effect on aluminium production and consumption. In the 
six years between 1914 and 1919 world output soared from 70,800 tonnes to 132,500 tonnes a year 
and it is a striking testimony to the adaptability of the metal that after the very large expansion 
occasioned by war the ground was held… World production of primary aluminium increased from 
704,000 tonnes in 1939 to a peak of 1,950,000 tonnes in 1943[4]. 
The construction of the aluminium factory was always influenced by several factors: stock of input 
raw materials, energy and water, suitable terrain, political situation and available manpower.  
In the time of political instability (before, during or just after the war) the factories were built in 
strategic territories, easy to defend and difficult to attack and bombard. Because these factories 
presented the ability to construct aircrafts and other military facilities, they were taken for the 
strategic grounds during both world wars. During the WWII some of them were captured, 
sabotaged or damaged while the army receded. Two SSSR aluminium factories Tikhvin and 
Volkhov were deconstructed and built again in Siberia [5]. 
In aluminium smelters a great amount of electricity and input material is needed. For production of 
1 tone of aluminium, 2 tones of aluminium oxide, 0,7 tones anode mass, 70kg kryolit and 20000 
kWh of electricity was needed. For production of 1 tone of aluminium oxide 2 tones of bauxite was 
used in year 1953. [6]This is the reason, why the factories were built close to material resources. 
They were always built near power plant or port. In today’s modern plants 12 to 14 kilowatt hours 
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of electricity and 2 kilograms of alumina would be required to produce 1 kilogram of metal. [7] 
Quite often new power plants were founded only because the needs of grounds. Before the WWII, 
grounds were supplied with the energy mostly by water and thermal power plants, later by nuclear 
power plant. Energy network and the corporate power buildings play a role of identification marks 
of the aluminium smelters. Especially the older ones include the water plants with interesting 
technical details [8]. However, power plants are protected more often than the grounds themselves 
that required the plant construction. 
The material inflow was provided by ships or railway transport, often a combination of ships and 
local railways was held. Appropriate capacity storages had to be created. Every ground had to 
sustain the production 3-6 months without the materials supplies.[9] That is why immense free 
dumps, silos and warehouses were constructed, followed by conveyors system with the 
mechanization processes. As well as in other large industrial buildings, the technology flow is one 
of the most important parts of the factories values. 
Although the same importance was given to manpower supplies, most grounds were founded in 
little urbanized territories, what led to building housing workers colony. Colonies included complex 
amenities and services in addition to dwelling and later they have become living cities. The size of 
founded towns was proportional to the size of capacity of founded grounds. Usually these zones 
took equal amount of the country. Recently, newer works with higher automation level do not 
employ as many workers. 

2.2. Reasons for closing down the aluminium plants 
 
High energy intensity of the aluminium production has led to closing down the factories mainly 
after the gas crisis. New aluminium smelters were built in Europe only in small number where 
cheap electricity was available [10]. The aluminium production has moved principally to Asia. 
Similarly the ecological problems have led to enclosing some aluminium smelters. During the 
aluminium production, fluoride fumes that have negative impact on surrounding country and the 
humans’ health are produced. This has come to - so called - The Fluoride Wars. In Switzerland, 
several aluminium smelters were closed because of being considered to be too much ecologically 
dangerous. 
According to recent research more than a half of aluminium smelters in Europe are closed and 
others would follow this trend soon. But with this fact many social and economic questions emerge. 
Solution could be in finding new use for the existing industrial buildings, while supporting the 
cultural identity of the inhabitants and the economic stability of the region. On the one hand, the 
adaptation of former industrial objects to new usage should include an opportunity to present the 
original image and function of the grounds. On the other hand, the restoration should enable a 
sensible usage of the existing building fund and provide work to former employees. 
 
 
3. Why should the aluminium smelter be kept restored for the future? 

Aluminium grounds are unique for several reasons. On the one hand, they have social, historical, 
economic and technological values. On the other hand is the value of structured landscape, value of 
urban planning and architecture. All these values are more or less included in every building, even 
in building of aluminium factory. But what are the specifics? As the aluminium grounds have 
affected the surrounding landscape, the question is: Would not the identity of the place be lost? And 
furthermore, what is the identity of the aluminium grounds? 
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Fig. 1 Entrance to aluminium factory Ziar nad Hronom Slovakia.  Factory archive ZSNP Ziar nad 

Hronom Slovakia. 
 
Considering the scope of the conference, it is not possible to talk about historical, social and 
technological values, although their existence should not be overlooked and they should be taken 
into consideration during the final summarization and decision making about their future. 
As spoken of above, the aluminium production is relatively new type. For this reason and also 
because of high costs of construction and production, only few such factories have been founded. 
According to current researches, just 129 of them have been constructed in Europe and Russia, 
compared to breweries and textile factories that have appeared nearly in every town. For example, 
only one aluminium factory was founded in Slovakia. Thus the aluminium grounds are a singular 
type of industrial production. 
Aluminium refineries and aluminium smelters can be easily differentiated from other kinds of 
metallurgy grounds. They are characterized by special shapes of buildings and technologies, their 
colour range and even arrangement in the country. Also a complicated regard of the local 
population towards them is typical. This is a reason why the rescue is so difficult, too.  

3.1. Landscape and urban values 
 
Aluminium factories had a strong role in the process of forming the surrounding landscape. They 
brought a change in the historical land use of local area. In the case it was built on the greenfield, it 
represented important urbanization nodes in the country and the transition from agricultural to 
industrial society. In case it was built in the urbanized area, it has affected future town development 
a lot. For example, before the construction of aluminium plant in Žiar nad Hronom, the land was 
previously occupied by three villages with total population of 3235, whereas after constructing the 
grounds one village was completely removed, in the second a building ban was declared and the 
third one has grown into town with 19883 inhabitants in 2011[11],[12]. 
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Figure 2. Factory in landscape. Factory archive ZSNP Ziar nad Hronom Slovakia. 
 

The aluminium factories tended to dominate the local landscape. It was supposed to be the centre of 
life and this was therefore present its architecture and urban substance. Often architects tried to 
strengthen the feeling coming out of this symbol of technical progress and new options in the 
production. In the beginning, a temporary camp of workers were emerging around, later the 
enterprises created typical mass-housing. Quite often these were made in a "Garden Cities" style 
[13]. The grounds formed an opposite to the country. 
The aluminium factories have also played an important role in the country relief changes. On the 
one hand the aluminium smelters had to be built on the long absolutely straight planes. The terrain 
had to be adjusted into one level for its construction. For this, part of the soil could have been 
removed, but in this case the building would be too much expensive and the removed soil would 
have to be stored somewhere else. Because of this, in the case of Slovak aluminium plant the terrain 
question was solved by removing from one side of the site and moving it to the other, lower side 
[14]. 
On the other hand alumina refineries produced large amount of liquid and solid mud. In the Bayer 
production process the mud was stored in short tanks put in the ground creating lakes of liquid mud 
[15]. Second way for storing the mud is in putting it into taller barriers built from the solid mud 
from the sintering process. In this type brown-red the hills emerged that can be covered by grass 
after the end of production [16]. 
The technology flow is another important value that makes itself visible in the grounds planning. 
Conveyors tube system, trains and conveying belts connected and determined the connections of 
single buildings. Aluminium refinery typically included several kilometres of this system. In the 
case of Slovak grounds this made 8 km [17]. Materials for production, ready products and the waste 
also were transported via this. 

3.2. Architectural and structure values 
 
Each aluminium plant was unique in its architectural appearance. As only a little of them was 
constructed, it was rare if an architectural studio projected more than one aluminium grounds. 
Technological drawings were taken from other operation but the structural drawings were unique 
for every one building.  
Progressive structural procedures and new types of construction were used for the design process 
used in the beginning. [18]Volumetric dominants in every ground for aluminium production were 
the following: 
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• technological blocks of alumina refineries - carbonization, silicon removal, residues 
• silos - bicarbonate, alumina 
• heating plants and their cooling towers 
• electrolysis 
• mud field 
 
These buildings are closely connected with technological facilities and therefore its expression is 
completely different from other metallurgy grounds. Architectural value of the buildings was 
recognized in arranging the technologies in the outer image of the buildings, too, without 
endangering the functionality of the structures. 
 

 
 

Figure 3. Alumina refinery and silos. Factory archive ZSNP Ziar nad Hronom Slovakia. 
 
Quality of the architectural design of single structures can vary. It was affected by the time scope 
given for the documentation preparation as well as by different importance of individual objects. 
The value is not only in their architectural and technical quality, but also in its existence itself. 
Restoration of the older building for new uses seems more as an asset than the waste removal, 
creation of the new building material and construction of new buildings. 

3.3. Factory as a symbol of town or community 
 
Aluminium smelters have very often become the town symbols. Usually they represented the only 
work positions and even time-out part of days of habitants lives were associated with them. The 
enterprises have built houses, cultural centres, sports centres and recreational objects for their 
employees. This could have been the reason for picturing them on postcards, commemorative 
medals and postage stamps. Sometimes it was furthermore included in the town name, like Bauxit 
in Arkansas USA, Boxitogorsk in Russia and Žiar nad Hronom in Slovakia . 
Aluminium plants were also brought into the town's coat-of-arms and flags – Žiar nad Hronom 
town coat-of-arms (red background colour symbolizes bauxite as the input material and the silver 
colour of motif symbolizes aluminium as the product of work, the motif reflects the power of 
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bicarbonate and the burning block of oxidation hall), Halimba Hungary coat-of-arms (represents 
hills of bauxite and hammers as a symbol of its extraction), Ardal Norway coat-of-arms (shows the 
electricity necessary in the process of electrolysis of the aluminium), Nyirád Hungary coat-of-arms 
(red background colour symbolizing wealthy bauxite focus), Ajka Hungary flag 1974-1989 
(depictures a red strip symbolizing the bauxite mining, a black strip for the coal mining and three 
smoking chimneys representing the aluminium factory), Varpalota Hungary flag 1974 - 1989 (silver 
background colour symbolizes the aluminium produced in the grounds and five smoking chimneys 
refers to an aluminium smelter in the town). If the operation is closed and the factories demolished, 
the relevance of these symbols will be questioned. 
This clearly concludes into fact that the aluminium factories are closely connected with the identity 
of some areas. Its presence has strongly affected the surrounding settlement and has left significant 
footprints in it. A historical continuity would be supported and the heritage within could be 
reclaimed further by maintaining the buildings formerly dedicated to aluminium production. 
 
 
4. Possibilities for aluminium grounds regeneration 

While solving problems of aluminium grounds and its revitalization after the production 
termination, all the above mentioned aspects should be taken into consideration. Situations should 
be reviewed individually for each ground. Every factory is unique and deserves individual 
approach.[19] Some of the possible approaches towards the aluminium grounds are mentioned here: 
If the production is still on 
 
• modernization of the technological equipment and maintaining the original objects 
• modernization of the grounds, maintaining parts of the buildings and new buildings 
completion 
If the production is over 
• objects can be used for non-production use while maintaining the original technology 
• objects can be used for non-production use while removal of the original technology 
• objects can be kept and conserved in the current state (as a ruin) and its surrounding can be 
cultivated for recreational use 
• old objects after removal of the technology can be used for different production work use 
• objects can be long-term unused, subsequently demolished and the new ones can be built on 
the site 
 
Uniform functional use can be found only rarely for such big areas as the aluminium grounds 
including buildings are free spaces around them are. In the case of its conversion it is appropriate to 
join several approaches. Above all, the specific elements of individual grounds should be restored, 
so it is clear what kind of the metallurgy factory is in the focus. If the grounds cannot be saved and 
the demolition is inevitable, then complex documentation of the buildings has to be done (in 
writing, graphic, photographic). Materials gained this way together with archive materials should be 
accessible in central archives. Before making such a definitive solution it is important to thoroughly 
think over the pros and cons, so that consequences do not have negative impact on the local 
habitants community and the town character. 
 
 
5. Conclusion 

It is important to highlight a clear and intensive impact of the grounds on the surrounding 
settlement development. Basic differences of aluminium factory and other kinds of metallurgy 
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grounds is its dependence on electricity and specific technology using this energy source, what was 
reflected in architectural and urban features of the works. Also the historical context of the 
formation is distinct from those others. There are some other attributes that need to be examined. Its 
architectural and technical solution is often unique not only within the nation but also within the 
international context. 
As several factories are being closed these days, the question of maintaining their values and 
possibilities of restoration must be reconsidered deeper. More than a half of the European aluminum 
factories have been closed down, lots of them were demolished, although these buildings can be 
used further. From the view of sustainable development the complex demolition is neglected. 
Onwards research has to include closer examination of separate grounds and their specific values. 
Some parts could be socially accepted by the practice during the process of master plans or 
strengthening the local habitant identity. For the professional community the knowledge 
enhancement is the acquisition in the field of specific type of architecture. 
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Abstract

The concert hall has been always a mirror of the level of knowledge in several domains: 
architecture, engineering and acoustics. The recent evolution of technology, especially in the field 
of complex shapes generation and analysis has put a mark on it's evolution, expressed by the more 
frequent use of NURBS surfaces. The fact that the parametric design of concert halls is a recent 
development is due to the difficulties of integration of acoustical requirements with the existent 
architectural design tools. The solution resides in the development of custom scripts that makes 
possible this integration either by providing a means of communication between specialized 
programs,  or by performing specific acoustical analysis inside the architectural design program. 
The article presents the place of parametric design in the development of concert hall design, the 
main approaches and the characteristics of this approach. Also, we are presenting our own 
program developed for the early design phases of the concert hall design that use a parametric 
approach to the definition and creation of the model, together with several acoustical analysis. 

Keywords: parametric, design, concert hall, architectural acoustics, programming, Python. 
 
 
1. Introduction
 

Among the different types of architectural spaces dedicated to performances, the concert hall has 
the most demanding acoustical criteria. In it's first centuries of existence, the program design was 
driven by imitation of successful models and by hazard [1]. At the end of the XIX-th century 
though, Wallace Sabine will develop a formula for the measuring of the decaying of sound in a 
room, known as the reverberation time [2], marking the beginning of modern architectural acoustics 
[3]. Sabine will discover the reverberation formula in a time when the the acoustical technology 
was at it's beginning. The evolution of the sound recording technology will have a big impact on the 
architectural acoustics, providing means to record, measure and analyze the sound in a space. 
Besides this technological factor, there will be also a cultural factor that will influence the science 
of acoustics and, with it, the design practice of concert halls. The diffusion of the radio and of the 
recorded music will influence the taste of musical audition [4] from reverberant towards the direct, 
clear sound. Another factor leading to this preference is the development of new types of 
architectural programs, especially that of cinemas and multipurpose halls [4]. 
The end of the modernist era will raise the awareness that the sound represents a phenomenon more 
complex that was believed a few decades ago, and the directed sound solutions, while acceptable 
for cinemas, are unacceptable for concert hall design [5]. 
A major step in the concert hall design is the development of computer programs for acoustics. The 
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complexity of acoustical phenomena determines an increased amount of calculations that are 
processed faster by a computer. For architectural acoustics, the development of acoustical 
calculation software combined with the development of CAD software. This means that acoustical 
simulations can now be run on the computer, with increased speed and reduced costs. The next step 
in architectural acoustics is the implementation of parametric modeling. In this article we will study 
the reasons behind this evolution, the main characteristics and the main advantages. Also we will 
present our own study tool developed for parametric concert hall design. 
 
 
2. The concert hall today 
 
A major step in concert hall design evolution is the design of the Berlin Philarmonie Concert Hall 
by Hans Scharoun in 1963. Until this the two major models were the shoe-box hall and the fan-
shaped hall. While the former ranked amongst the most appreciated concert hall venues, the later 
was marked with several acoustical faults [5]. The design for the Berlin Philarmonie was based on 
the concept that the music making process in it's traditional form placed the musicians in the center 
and the listeners around the players [6]. The hall was very successful from the beginning and this 
success made it a model for newer concert halls. While not without it's drawbacks, mainly because 
the audience is placed around a sound source that has a specific directivity pattern, the arena-shaped 
halls are still between the most appreciated types of designs[5, 7] especially for the feeling of 
communion between the audience members and for the intimacy with the musicians.  
The latest concert halls fall usually in this two categories: rectangular or arena-shaped. But we also 
see another trend regarding the acoustical qualities of the halls. The evolution of the acoustical 
knowledge, backed by a growing amount of measurements data and by the rapid development of 
the computing software, offer improved means to deliver state of the art natural acoustics. A very 
good example in this respect is the Walt Disney Concert Hall in Los Angeles, opened in October 
2003, designed by architect Frank Gehry and acoustician Yasuhisa Toyota. The goal of this project 
was to deliver the best natural acoustics, without the use of amplified sound. 
The challenge to deliver the best natural acoustics for a concert hall is doubled today by the 
challenge to increase the flexibility of the halls. The prevalence of the virtual environments in 
today's culture, expressed by the use of multimedia devices, has it's influence on concert hall design 
as well, especially in the need to alter the acoustics of the halls. This is accomplished usually either 
by modifying the volume of the hall by means of coupled volumes, or by using electro-acoustic 
installations. The later solution can be used to adjust the acoustics dynamically, as in the recent 
project from Stanford – Icons of Sound – performed at the Bing Concert Hall in Stanford[8] that 
recreated the acoustics of Hagia Sophia. 
Another field of interest in contemporary concert hall design is the acoustic properties of complex 
surfaces and especially of NURBS surfaces. The mathematical definition of this type of surfaces 
makes it easier to define the acoustic reflections, and the development of softwares like Rhino3D 
makes their use relatively easy. Recent concert venues like Paris Concert Hall or Danish Radio 
Concert Hall are using this type of surfaces extensively [9, 10]. 
 
 
3. Parametric design in the context of architectural acoustics 
 
The parametric design appeared in architecture in the late 1980's, marking a major shift from the 
established practice of architecture in which the form is considered an input of the design process. 
In parametric design, the form is the result of a generative process controlled by parameters. 
Parametric design software usually integrates formal generation methods based on mathematical 
definitions with objectives factors such as structural or ecological – see the abundance of plug-ins 
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for Grasshopper and Rhino3D . This leads to what is known as “performance-based design” , a 
term coined more than ten years ago[11]. While structural or lighting conditions are well 
implemented, the acoustical performance of an architectural space is rarely taken into consideration, 
except the cases dealing with the specific program of auditoriums. Even in these cases, the 
acoustical analysis is performed in specialized software while the architectural design is dealt with 
in usual CAD or BIM software. In order to overcome this limitation – both of communication but 
also in the conceptualization of the design – one usually has to develop custom plug-ins or scripts 
[12].  
The examples of parametric acoustic architectural design are few but the methodology is usually 
common. First of all, architectural acoustics are usually based on the assumption that the sound 
travels in rays that are reflected by the surfaces that constitute the architectural space and by the 
objects that populates it. The sound ray loses energy with each reflection and due to the attenuation 
properties of the air in large enclosures. The rays that reach the listener are collected and the results 
are used to estimate the acoustic behavior of the environment. Even if the method simplifies the 
behavior of sound for the sake of computational speed and efficiency, it is very good especially in 
the early design phases when the team usually needs a quick evaluation of the proposed design.  
Once the acoustic rays are modeled – either as a ray-tracer or as an image-source model – and the 
mathematical functions for the analysis are implemented, one can use them in several ways to set 
up an parametric design environment. Most of the examples make use of a genetic algorithm in 
order to compute a surface geometry that satisfy certain acoustical conditions [10, 13, 14]. This 
arises from the fact that the initial geometry doesn't meet this requirements and one has to search 
through the countless solutions the ideal one. The genetic algorithm generates and verifies the 
degree in which the solutions meet the requirements and, after several generations, it offers a 
solution close to the optimum. We have to say that because the algorithm uses a random function to 
generate solutions it can produce results that aren't ideal. Usually, the success depends on the 
definition of the genetic representation of the solution and on the fitness function that evaluates the 
solution [15]. 
 
 
4. Concert hall early design phases and parametric design 
 
The early design phases of concert hall design have to deal with the main requirements of the 
design brief – hall capacity and hall type, hall volume, materials – and with some of the basic 
acoustic measurements – reverberation time (RT), hall loudness (G) and clarity (C80)[5]. Because 
these quantities are connected, there are several prescriptions that makes it easier to find the right 
values. For instance, because the audience area has a specific acoustic absorption coefficient, in 
order to meet the target values for the reverberation time – between 2 and 2.3s for the classic music 
– the hall volume must be between 6 and 10m3  per person. The rough value can be found with a 
diagram proposed by Beranek that plots hall the reverberation time and hall loudness as a function 
of the medium absorption coefficient and hall volume [16].  
The next step after deciding on the hall capacity and volume is to decide it's general shape. Concert 
halls are split in several categories: rectangular or shoe-box, fan-shaped, arena-shaped, horse-shoe 
plan and elongated hexagonal shape. Each of these have their strengths and weaknesses that will 
show later in the design process. For instance, if we chose the rectangular type and we have to 
accommodate a large audience, the maximum distance between the orchestra and the audience will 
determine a bigger width of the hall that means an uneven distribution of the early reflections 
through the audience [5]. Once the shape type is chosen, one can proceed with the acoustical 
analysis and the shape optimization process. The tools available in the parametric design software 
allow to define the geometric shape as a function of it's acoustic behavior, easing the 
communication with the acoustical analysis software.  
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5. A tool for concert hall design study 
 
For our doctoral study we are developing a new tool for concert hall parametric design. It is coded 
entirely in Python and, like most Python packages it's designed to be modular, hence flexible and 
extensible. The main reason to make a new program is that the it's structure is transparent – as 
opposed to the “black box” paradigm that characterize most of existing solutions –, thereby it can 
be controlled better. Another reason is that in the programs that offer scripting environments the 
implementation is limited so one can't import certain specialized Python modules. Also, because the 
language is expressive, the learning curve is shorter like the time to develop a functional program. 
The program is structured in modules that have different functions. The main module controls a 
graphics window that displays the geometry using a python implementation of OpenGL. Also here 
are imported the modules that it depends on – numpy, math, pyqtgraph, matplotlib etc. – and the 
modules that extend it's functionality. The geometry plotted in the OpenGL window is stored as 
numpy vector arrays. All the operations – copy, move, rotate – as well as the measurements – 
distance, angle, length, area, volume – are expressed as mathematical functions in the module. 
Specific objects – chair, floor, wall, ceiling – are also implemented as objects that require specific 
arguments. For instance, the chair object require a width, length, seat height, seat back height, seat 
way depth etc., making it fully parametric.  
 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. The parametric model of an auditorium with a capacity of 500 places in the OpenGL  

window. All the elements – grid, axes, 3d mesh, colors – are programed. 
 

The acoustic materials module stores over sixty materials with the specific absorption coefficients 
in six octave bands, from 125Hz to 4000Hz. Any material can be imported from the library an can 
be used in the acoustic analysis. The functions for the analysis are stored in a specific module. At 
the moment we can calculate the reverberation time RT using the formula of Sabine, Eyring-Norris 
and Millington, the loudness G and clarity C80. The results are plotted in a graph using the 
matplotlib library. These are the usual calculations in the early design phase for auditoriums. With 
the program we can estimate the impact of different choices in the design – as hall dimensions, it's 
proportions, capacity or the use of different materials – and the results are expressed numerically as 
well as graphically. Is also important to note that the performance of the program is very good. The 
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fact is due to the use of specific numpy and OpenGL classes that are already optimized for speed 
and scalability. For instance, the generation of a model with hundreds or thousands of places is 
done in a couple of seconds and the display is without lag. The computation of the acoustical 
measurements is done in under a second.  
 

 
Figure 2. The plots of two concert halls with 800 places. The different values are due to the 

different volumes and acoustic absorption of the two solutions.  
 
The next step in the development of the program is to expand it's functionality with an image-
source function. This will allow us a better estimation of the reverberation time, as well as other 
more complex analysis: the sound level as a function of listener position, the lateral fraction LF, the 
initial-time-delay-gap IDTG etc.  
 
 
6. Conclusions

The parametric design paradigm have begun to be used in the recent years for the design of 
performance spaces. The integration of acoustic requirements isn't very straight forward, but there 
are ways to approximate the behavior of sound and to estimate the acoustical characteristics of an 
architectural space. This is useful especially in the early design  phases, when decisions regarding 
the dimensions, type, capacity and materials are changing rapidly. Therefore, one needs a tool 
flexible enough to allow the exploration of the possibilities but also quick enough to provide the 
solutions as fast as possible. The program has to perform basic acoustical analysis so that the 
solution can be a good base for further development and refinement. We have developed an 
application for early design phases of concert halls that allow a parametric definition of the hall 
main characteristics. It is written in Python and has a modular structure that gives it flexibility and 
scalability, constituting a good research tool and a base for further developments. 
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Abstract 

In the last two decades, we are witnessing the fast development of computational techniques, which 
changes the way of designing the architectural object. The architectural object becomes the 
outcome of a performance driven design, where a certain number of performance criteria need to 
be met. The design process generates a series of ever-changing, evolving solutions, and the resulted 
architectural object is like a frozen instance of that transformation, accordingly to the variables fed 
into the design parameters. In the case of a free-form object, for example, structural and 
geometrical (visual) criteria need to be simultaneously satisfied. 

Keywords: Morpho-genesis, material system, double-curved surface. 
 
 
This paper presents several types of approach for the design of a pavilion in a morpo-genetical way, 
with the focus on material distribution on the surface of the structure. The “pavilion” is seen as a 
generic notion, synonymous to a double-curved, single layer, reticulated structure. The paper 
investigates ways of generating geometry in a parametrical manner, in such way that they allow to 
be integrated with further optimization processes, and have a flexible behavior in order to 
accommodate a set of requirements such as structural, environmental and constructional. The 
contribution of the architect in this research is to investigate and  point out  alternative approaches 
to the generation of surfaces, related to the organization of matter. 
 
 
1. Architectural object seen as material system  

Computer technologies have become an integrated part of architectural production, and new 
understanding of material and structural properties have become available through the use of 
computation. This leads to a different kind of practice, that bridges the gap between formal and 
behavioral aspects of the building. The building is now seen as a ”material system”, inside the work 
process that involves computational and digital fabrication techniques. Architects, involved in 
research, like Michael Hensel and Achim Menges define material systems, which are not seen as 
derived from the standard systems of building, but are generative engines in the design process. 
Material systems include material characteristics, geometric behavior, manufacturing and assembly 
logics constraints in a single computational model. “This way of work promotes the understanding 
of form, material, structure and behavior not as separate elements, but as a complex network of 
interrelations” (Hensel, Menges,2008)[1]. This means following several threads that are assembled 
in one computational model.  
                                                           
* Corresponding author: Tel./ Fax.: 
E-mail address: conipopescu@yahoo.com 
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2. Morpho-genesis 
 
A material system comes to life through a morpho-genetic process. The morpho-genetic design is 
based on a cyclical computational generation and analysis process. The efficiency of design entails 
the simultaneous solving of a set of requirements, rather than the optimization of a single parameter. 
The design process has to visualize from the start the logic of material construction and the way it 
will interact with environment stimuli and conditions. The introduction of physical simulation plug-
ins in computational generative software, available for industry use, enables the designer to hold a 
more holistic approach of the design parameters in early design stages. 
In morphogenetic process, the model is not defined as on object with given coordinate, but rather as 
a framework that can be materialized in many possible forms, and that allow for further 
differentiations, consistent with the results of the observations from physical experiments that the 
system undergoes. These experiments bring new insight about spatial characteristics, organizations 
and restraints. The computational framework forms an open model, on which new data about 
material characteristics and behavior is added to the system in the formative stages, like the 
constraints of size and form imposed by manufacturing machines, the logic of assembly and the 
steps of construction process.  
Architect and teacher Mark Cabrinha asserts, “material morpho-genesis, is more than a simple 
feedback loop in the design process, but suggests a material system that derives form” (Cabrinha, 
2008). He emphasis that contemporary fabrication tools are not simply about material output, but 
are means to extend material capacity, complexity and variation of material system. Computational 
morpho-genesis is inspired by natural morpho-genesis. “Natural morpho-genesis” develops its 
complex form from the systematic interaction between internal material capacities and external 
environmental influences and forces(Cabrinha, 2008)[2]. In this process, form emerges as a result 
from the complex interrelationships between material capacities, manufacturing constraints and 
logics of assembly and external micro-climatic conditions. Micro-systems on material assemblies 
exert an aggregate effect on larger structure and it is being studied as a bottom-up approach. 
In the bottom-up approach, the material is considered an active participant in the genesis of form. 
The theoretical approach of philosophers like DeLanda focuses on two central aspects of material 
qualities: their capacities and tendencies. The notion of ”material values” form morpho-genetical 
discourse, refer in fact to mechanical features of the material. Cabrina takes the case of a wood 
spline: the capacities are its bending strength and its tendencies develop from its axis in bending 
(bi-axial vs uni-axial). These material capacities and tendencies are material constraints. From a 
material morpho-genetic point of view, constraints are not simply limitations, but they shape design 
parameters. Design parameters are drivers of the design process, which control the design concept.  
 
 
3. The meaning of form-finding in morpho-genetical process 

In this context, arbitrarily free-form,” blob” forms should not be endulged, as Menghes and Hensel 
argue. On the other hand the notion of „form-finding” gets a new meaning. It extends beyond the 
traditional understanding, where form was generated by single criteria of structural efficient form, 
but it is a result of negotiations and results form a set of design requirements. The search must 
include material and constructional logic, as depicted above. 
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4. Geometry and topological investigations in the generation of doubly-curved 
surfaces 
 
In this research, the pattern refers not to the way is subdivided after the final form is achieved, but it 
is connected to the inner logic of the description of the surface. It makes a connection between the 
way it is defined by computational means in terms of geometry and topology and the 
materialization process. The relationship between grid-pattern and the geometry of the grid's 
structure in the materialization process of an architectural object can take many forms, and it ranges 
from a top-down kind of approach to an inverse bottom-up kind of approach. 
It a top-down approach, the predefined pattern is applied to a predefined surface, and adjusted by 
stretching and skewing it in an optimization process, that can search for different objectives: 
equalization of the bar elements, or of the angles between members, equalization of the net's face 
area, or planarity of the faces. 
Mark Cabrinha presents three types of top down approach: the first  kind is the projection of a 
pattern onto a surface. This is limited because the patterns can only be projected in one direction. 
Another method is to apply curves to a NURBS surface. The pattern is stretched proportionally 
across the surface in reference to the density and shape of the UV curves. This gives an uniform 
variation – a proportional distribution of pattern to shape, but it doesn't set a relation with material 
constraints. Applying geodesic curves on a surface is another top-down approach. The geodesic 
surface is the shortest path on a surface between two points (Cabrinha,2008)[2]. Commercial 
software, starting with Rhino, enables one to evaluate a surface based on a geodesic net. 
Alternatively, in an inverse bottom-up approach the general form emerges simultaneously, or as a 
result of the pattern generation. This research presents several attempts to generate a double curved 
surface in a generative type of approach, and they go from a geometrical type of approach, to a 
generative type, where the geometry is not set from the start, but to determine its emergence 
through a generative process.  
 
 
5. Example1. Surface with point attractors 

The first example is a geometric approach for creating a doubly-curved surface is using point 
attractors. In parametric modeling today attractor forces is one of the fundamental concepts, as 
computing specialist Michael Pryor asserts. 
“An attractor is a set of states to which a complex system is attracted. The attraction comes from 
the complex interactions within the system itself, so an attractor is not like a magnet attracting 
metal, because that is something coming from the outside affecting the system. An attractor is 
generated within the system itself. An attractor has limit values, which define the boundary within 
which the values must land to be in the attractor, although the boundary marks are more fuzzy than 
fixed and definite” (MacGill)[7].
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Figure 1. Attractor surface. Variation of shape influenced by the force of the attractors. 

 
Attractors can be used for a large range of objectives, for example they are used to control the 
openings of a facade system in a gradual way, they can influence the behavior of a vector field, to 
name just a few. Attractors are located at certain points affect the behavior of a group of points on a 
grid, based on how near of far they are situated with respect to each of the points from the group- 
the grid. 
In this definition, the point attractors are used in order to control the vertical movement of the grid's 
points. An initial rectangular grid defines a NURBS surface. The surface is then subdivided back 
into a grid of u rows and v columns in local coordinates. Then, an attracting point is placed, and the 
surface is evaluated at the local uv coordinates corresponding to the attractor point. For empirical 
understanding, this means that the attractor point is translated onto the surface. Another point 
attractor is being placed at a different location, depending on desired profile of the surface, as the 
position of the point attractors will be at a maximum or minimum height of the surface. Then, for 
each attractor point, distances between the attractor points and the points of the surface are 
calculated. In order to determine the influence area of the attractor upon the grid's points, the two 
sets of distances are calculated, and compared in a boolean (true/false) manner. The boolean 
operation sets the  two areas of influence corresponding to the two attractor points, resulting in two 
points of local minimum or maximum height. If we were to move vertically the points of the grid 
proportionally to the distance from the attractor points to the grid's points, we would get the 
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minimal value at the position of the attractor points, which is a concave, bucket like form, the 
opposite of the aimed surface. In order to get a surface with two dome-like geometries, we invert 
the proportionality ratio. This way, we can adjust how accentuated is the profile of the two domes, 
that can vary from relatively flat geometries to accentuated curved forms. 
This approach is based on the geometrical characteristics and variations of the surface, while the 
topology is predefined. It is the lengths between the given points that vary, but the connection 
between points and the disposition of the grid remain the same. For fabrication purposes, this means 
that the surface will be remeshed, in order to get a homogeneity of the grid.  
 
 
6. Example2. Emerging vault 
 
The second example was part of an exercise at workshop of computational design at Bratislava 
2014. It consists of creating the geometry of a surface within a specified boundary. Given the initial 
points on the perimeter of the surface, the points are being gradually moved from the neighborhood 
of the boundary up in z axis and towards the center to the surface in iterative loops, until the grid 
reaches a uniform distribution of points. The boundary is set as  given NURBS curve, which is 
planar, and interior intermediate points are moved  in an itterative loop process initiated by 
Anemone plug-in, until the given number of loops is reached. 
 

 
                        The vault at 7 iterrations 

 
             The vault at 50 iterrations 

 
Figure 2. Vault with planar NURBS boundary 

 
An initial Mesh Plane is subdivided into several faces in x and y direction. Then, it is being 
discretized into its component topological parts, respectively points, lines and faces. The points 
situated on the exterior perimeter are separated from the interior points , that don't belong the 
exterior edge. This way , we obtain two lists: a list of „naked vertices”-exterior points, and one of 
„clothed vertices”-interior points. The corresponding points from the mesh perimeter curve are 
placed on the Nurbs Boundry curve, which are defined in local coordonate uv system. For each 
point of the grid , we identify the neighboring points, between which we compute a arithmetic 
mean. We move the resulting mean points in vertical plane with a certain value. At the next step, 
the input points are taken from the previous iterration. This way, the process tends to equalize the 
distamces between points on the surface, through succesive computing of the mean value, while the 
general surface is also „rising”. The points move upvward and towards their neighbours. The initial 
flat grid changes its shape and curvature progressivly to a dome-like form. 
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This method describes a self-organizing type of approach instead of a predefined initial shape. The 
method mentains the topological relations of the structure (the links between the points), while the 
geometrical characteristics: the segments’ length , and the shape and size and curvature of the faces 
are variable. In this example, the height ratio for vertical displacement is chosen arbitrarily. In a 
complementary approach, physical constraints can be included in the form generation process by 
using structural solvers, which simulate structural behavior. 
 
 
7. Example3. Isosurfaces 
 
In the morphogenetic type of practice, that tends toward the simultaneous satisfaction of a set of 
requirements, and the actual building is the embodiment of a flux of information, obtained from 
different data scapes.  
 

             Iso value: 0,150 
                  Iso value: 0,450                     Iso value: 0,750 

 
Figure 3. An Isosurface with different rates of convergence 

 
One approach to materializing geometry out of a cloud of points is to evaluate the scalar data set in 
a single step. The whole geometry is generated as a hole, rather than being gradually built and 
transformed. A method for this kind of approach is isosurfacing. An isosurface is a surface that 
represents points of a constant value within a volume of space, or a level set of constant value for a 
function in 3D space2. They operate on a three dimensional grid, that is not necessarily cubic3. 
Isosurfaces are calculated using the marching cubes algorithm, or, alternatively tetrahedrons 
algorithm.  
There have been implemented solvers in commercial software, like Millipede for Grasshopper in 
Rhino, that extract an isosurface meshes out of a given volumetric scalar field. The solver evaluates 
a function at points on a grid and outputs just the values of the function, and not the points. 
3D data field can be produced by particle flow simulation, which can restrain the points in space 
regions where the future shell is meant to be. In my case, I chose an arbitrary 3d point cloud, but the 
data can be extracted from any kind of analysis, like environmental conditions, urban circulation 
analysis and so on. A set of parameters is set to control the final output: the isosurface threshold 
value, the range selected values from the given vector field (point cloud) and isosurface meshing 
method. The solver produces a broad range of outcomes, depending upon the values on the input 
parameters. The solution is chosen according to the imposed criteria: surface area that has to be 
covered and the necessary height of the space.  
                                                           
2 http://en.wikipedia.org/wiki/Isosurface 
3 Panagiotis Michalatos , author of millipede plug-in 
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The form-generating process directs how material is distributed as volume in space, in the form of a 
continuous surface, not in the form of a net, with the position and relation of points and edges 
across the surface. This leads to further retrieving to a top-down subdivision approach for meshing. 
For meshing of the surface, a Catmull-Clark subdivision was used. 
 
 
8. Conclusions 
 
The research explored three approaches, that give an insight about the generation of doubly-curved 
surface through the disposition of points is space. The first example is based on a predefined 
topology, while the second and third examples tend towards the self-organization of matter in 
space. These are formative aspects related mainly to the geometrical description of the surface, 
which can be integrated in a holistic design model, by introducing behavioral, structural and 
environmental conditions.  
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Abstract 

This paper presents six node components from Tardigrade, an add-on developed for the visual 
programming language Grasshopper which works with Rhinoceros 3D. Tardigrade is a work in 
progress and will implement various general use nodes (/libraries/subroutines) that enhance 
Grasshopper's functionality. The components presented here employ four classic graph-search 
algorithms - Breadth First Search, Greedy Best Search, Dijkstra and A*. Widely used in computer 
science, graph theory was developed based on real-world urban problems but is now seldom used 
by architects. The six components are general use, but were originally meant for topography 
analysis as decision making helpers based on Space Syntax. Often, an entirely empty, relatively big 
plot is offered for refurbishment. Lacking relevant landmarks, it is difficult to decide on road and 
plot positioning. Graph theory can be used to establish road configurations by computing cost-
based paths between a start and an end-point or between a start and all other graph points. Site 
topography can come as meshes, free-form surfaces, level curves or 3D points. Any of these is 
easily reduced to a finite list of points, each with its x, y, z coordinates. The components work for 
3D point collections regardless of their data structure. The graph's edges are reconstructed 
dynamically from the node's  neighbors. They offer an otherwise lacking, easy topography analysis 
tool for Grasshopper users. 
 
Keywords: graph theory, architecture, Grasshopper, Rhino 3D, cost-effective path. 
 
 
1. Introduction 

The use of computation for solving complex design problems in the field of architecture has been 
growing timidly over the last two decades. This is due to the convergence of a general increased 
interest in the digital's role in retooling the profession coupled with the proliferation of more 
intuitive, easy to learn and read, designer-centered programming languages. Unsurprisingly, visual 
programming, where direct interaction with text-code is minimal and snapping together blocks of 
logic is instinctive, quickly became one of the more popular choices among the visually savvy 
architects. Grasshopper 3D, developed by David Rutten at McNeel is a visual programming 
language which runs with the NURBS modeling software Rhino 3D. Grasshopper has an advanced 
GUI. Node components with various functions are placed on the canvas and data is passed via wires 
from node to node. A study in 2014 analyzed 928 jobs at the top 50 architectural firms in the world 
and compiled the software requirements listed for each job. Grasshopper, the only programming 
language on the list, was a prerequisite in 3% of the job offers, just under hand sketching (4%). This 
                                                           
* Corresponding author: Tel./ Fax.: 0744 79 17 17 
E-mail address: ancas.horvath@gmail.com 
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ranking is way below Revit (71%), Autocad (50%), Sketchup (34%), 3D Max (28%) or Rhino 3D 
(10%), but above the more popular Romanian BIM choices of Archicad - 0% and Nemetscheck 
which is not on the list at all [1]. However, the study looked at the firms with the highest 
turnaround, not those considered to have the biggest impact for the profession. "Starchitect" 
practices like ZHA, Norman Foster or OMA, known to employ unconventional software were 
ignored. In reality, there is a high chance programming is even more in demand at the forefront of 
architecture. Grasshopper (introduced in 2007) is not the only dedicated visual programming 
language to extend initial capabilities for modeling software. In 2012 Sverchok for Blender  and 
DesignScript for Autocad (which became Dynamo just days ago) were released; in 2013, Dynamo 
for Revit - [2] and [3]. On the other hand, text based scripting environments are offered in most 
CAD packages and scripting node components exist for all the dedicated programming languages 
described above. Python, with its simple syntax, is available in many architecturally relevant 
software packages: Rhino 3D supports Python along Rhinoscript [4]; Grasshopper has a Python 
Script component (in addition to its more seasoned VB.net and C#) [5]; Revit and its open source 
counterpart Vasari support Iron Python (although accessing the Revit API is "complex and no 
serious scripting culture is available around BIM tools in general" [4]); Dynamo only offers custom 
node creation using Python; Maya supports Python along its MELscript; Blender supports Python in 
its scripting mode IDE; Sverchok is written in Python altogether; 3D Max has a Python Script 
extension. This inventory will probably grow larger in time with Python's soaring popularity in 
general. With the ever-rising plethora of software applications intended for and used in architecture, 
Python might even become a meta-narrative. 
 
 
2. Motivation 

Using visual programming languages for advanced architectural design offers more geometrical 
freedom and the ability to compute solutions to complex problems. Despite the steep learning curve 
and accessibility of these languages, one setback is that designers without prior exposure to 
programming tend to remain uneducated in the field of computation even well after engaging in 
parametric modeling, as has been shown or suggested in [5], [6], [7] and [8]. Thus, in spite of graph 
theory's historical link to urban understanding, this classical programming concept is not-so-often 
used by architects. A reason or a consequence of this is the lack of direct, simple tools to assess 
topography in most of the software packages aforementioned.  
Space Syntax have developed models for urban design and architecture based on graph theory. 
Their trial is to create a new kind of knowledge which helps architects decide on how well their 
designs might perform, what their solutions mean and imply [9]. DepthmapX is "a multi-platform 
software application that performs a set of spatial network analyses designed to understand social 
processes within the built environment. DepthmapX is developed by Tasos Varoudis at UCL’s 
Space group" [10]. The stand-alone depthmapX offers advanced investigations, from graph theory 
implementation to agent-based modeling, but, albeit a great tool, it is a lot less used (than popular 
software applications and the visual programming languages that come with them); it is also 2-
dimensional. The SpiderWeb add-on for Grasshopper was developed to enable "various generative 
approaches based on Space Syntax. It provides the basics to copy some of the analysis available in 
dephmapX" [11]. Spider-Web, introduced in 2011, is written in VB.net and includes a 
comprehensive set of graph related components which allow many uses. However, it specifically 
employs graphs and remains complex even for more advanced users. One other add-in for 
Grasshopper, namely Shortest Walk developed by Antonio Turiello exposes one single component 
which implements a topology calculator based on the A* logic. Shortest Walk was developed for 
Grasshopper 0.800009, an update was made for version 0.90014 (in 2011) but it does not work with 
Rhino 5 nor the current version of Grasshopper 1 [12].  The six components presented in this paper 

 612



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 
 
are less complex than dephmapX and overlap some of SpiderWeb's own nodes or clusters. 
However, they provide further, more detailed functionality and hopefully, easier interaction for 
users less knowledgeable of graph theory. Additionally, in light of the arguments presented in the 
introduction, the nodes are written in Python with the aim to easily port the code into other visual 
programming languages or scripting IDE's. The code was partly influenced by Amit Patel's blog on 
game design [13].The upcoming goals are PythonScript for Rhino and Dynamo for Revit. 
 
 
3. Tardigrade path finding 

Figure 1. - Tardigrade menu 
 
Figure 1 shows Tardigrade's path finding menu inside Grasshopper, within Rhino 5.0. 

3.1 Input 

Figure 2. Point cloud input for the 6 Tardigrade components 
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The six components take a 3D point collection as input and transform it into a graph. The 
characteristics of the collection are visually described in Figure 2 and mathematically described as 
follows:  
 

 G{P,U},U= Ø (1) 
 P = {P0,P1…Pn}, n   (2) 
 Pi(Xi, Yi, Zi), i  {0,n} (3) 
 Xi, Yi, Zi    (4) 
 Xmax = max{Xi} (5) 
 Xmin = min{Xi} (6) 
 Ymax = max{Yi} (7) 
 Ymin = min{Yi} (8) 
 P(Xmin, Ymin, Zi)  P (9) 
 P(Xmax, Ymin, Zi)  P (10) 
 P(Xmin, Ymax, Zi)  P (11) 
 P(Xmax, Ymax, Zi)  P (12) 
 A(Xa, Ya, Za)  P (13) 
 B(Xb, Yb, Zb)  P (14) 

 
Restrictions (9) - (12) are based on the way graph edges (U) are reconstructed. The method 
employed internalizes the k input from the k-NN algorithm.  

3.2. Edge reconstruction - nearest neighbor search problem 
 
In the widely used k-NN search, the nearest k neighbors to a vertex A are the first k elements in the 
vertex list ordered by Cartesian distance to A [16]. The six Tardigrade components take a null graph 
and reconstruct the edges dynamically at each step. They use the k-NN algorithm, but Tardigrade 
reduces input and definition complexity. No minimum distance between nodes for graph 
reconstruction (fixed-radius near neighbors) nor the k number of neighbors is required(k-NN), it is 
solved internally. This works for a relatively rectangular grid, where the number of neighbors can 
be evaluated (almost naively) according to the node's x,y position as illustrated in Figure 4. The 
node assessment, albeit made easier for the user, and more efficient for a rectangular grid, causes 
problems in cases where the grid ratio is n*u< , n>1 (see Figure 3). Spiderweb's 
"Reconstruct graph from points" node works with a minimum distance (fixed-radius nearest 
neighbors) creating edges between nodes based on a distance provided by the user. Further research 
is needed to establish if calculating correct neighbors for edge reconstruction for any grid form 
without prior user input of distance or neighbor number is possible, feasible and relevant. 
 

 
 

Figure 3. In case (1) the 8 closest 
points to A can be used to construct 
graph edges. In case (2), where the 
ratio between u and t shifts, the 
same logic fails. This issue is 
present in both Spiderweb ("graph 
from points" node) and Tardigrade. 
An alternative to k-NN and fixed-
radius nearest neighbors should be 
employed. case (1) case (2) 
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Figure 4. Nodes and neighbor numbers in the graph 
 
 

3.3 Components 

All nodes have a point cloud as input (a collection of 3D points) and a start point. Some 
components also take in an end point. In terms of output, all nodes retrieve one path from the start 
point to the endpoint or paths from the start point to all other points in the point cloud.  

3.3.1 Breadth-first 

Figure 2. Breadth First search returning all paths  
 

 
Figure 3. Breadth First search returning one path 
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The Breadth-First search explores all nodes in a graph. In the implementation employed for 
Tardigrade its complexity is O(|E|) (E - number of edges in the point cloud ). The node in Figure 2 
returns all paths from a start point to the other points in the point cloud. The node in Figure 3 
returns the shortest path by number of vertices from Start to End.  
 
3.3.2 Greedy Best First 

Figure 4. Greedy Best-First search 
 
The Greedy Best-First search operates at a complexity of O(|E|) in the worst case scenario. The 
algorithm is in most cases faster than Breadth-First. It will stop once it reaches the end-point and 
internally works with a cost which keeps the direction towards the End point. 

3.3.3 Dijkstra 

 
 

Figure 5. Dijkstra algorithm node 
 

 
 

Figure 6. Dijkstra algorithm node 
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The Dijkstra algorithm finds the shortest cost based path from a start to an end vertex in a graph or 
retrieves paths from a start to all other nodes in the graph. Dijkstra's complexity is 
O(|E|+|V|*log|V|). The cost employed in the components developed for the current version of 
Tardigrade is based on Z coordinate difference. This means the components will retrieve a path 
from Start to End which is both least steep and shortest (flattest path).  

3.3.4 A* 

 
Figure 7. A* search node 

 
The A* graph path finding algorithm is considered one of the most accurate and well-performing 
graph search algorithms. It is a combination between Dijkstra and Greedy Best-First. Its complexity 
is O(|E|) in the worst case scenario, performing at a smaller computational time than Dijkstra.  
 
 
4. Conclusions 

Figure 8. Comparative example of the six components 
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Figure 8 and Figure 9 present comparative studies of the six components acting upon the same 
inputs. For high vertex input (above 1000 points), computational time becomes problematic, 
especially in the case of the nodes employing Dijkstra. It might be an issue with Python being an 
interpreted language, but faster solutions should be explored. As stated in section 2.2, the edge 
reconstruction method needs further research and evaluation. The six nodes presented here offer 
simple methods for path-finding in Grasshopper. The flattest path problem is compressed and a 
definition of 3-5 nodes, with a cyclomatic complexity of 1. Further research should attach different 
costs for the path evaluation (i.e. instead of a Z coordinate cost, a solar radiation cost, or a time-
based cost or a combination of costs).  

 
 

Figure 9. Comparative example of the six components 
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Abstract

The paper presents a possible solution for iterative optimization of a complex architectural form for 
solar performance. The proposed work flow makes use of the new directions of evolution of digital 
design, namely parametric or otherwise known. algorithmic architecture. The case study presented 
demonstrates the simultaneous linked use of two CAD programs and several plug-ins that connect 
form generation with environmental simulation in an iterative loop that improves the design with 
each step. In order to tackle the extraordinary number of variants resulted form the large number 
of variables a search algorithm engine is used. As a conclusion the findings of the stochastic search 
are compared to a standard solution to be able to compare the magnitude of the optimized variant 
versus a standard flat variant.  

Keywords: architectural, optimization, digital, parametric, design, Rhino, Grasshopper, genetic, 
algorithm, meta-heuristic, Ecotect 
 
 
1. Introduction or defining the general problem. 
 
Tackling architectural complexity in the contemporary digital design environment, even aided by 
modern intelligent tools and backed by the immense power of computation available today in 
consumer level hardware, can prove an arduous task. The problem comes from the very definition 
of architectural complexity. Architectural design in itself is a complex job very often comprised of a 
large mix of very different informational pieces received from very different, but linked 
professions. Because direct production of architectural performance is often impossible given the 
large number of information elements present in the architectural design system, designer have 
always had to use secondary means to achieve their purpose of formal optima. Intuition either as 
informed by experience or as pure speculation, experimentation, recourse to the rules, only a limited 
ability of push a certain design forward towards an optima and more often than not they give no 
certain means to verify the achieved result. 
 
Because of the more and more complex task of creating the optimal formal response satisfying a 
plethora of criteria and having to take into account an ever increasing number of variables the 
architects have to rely on special digital tools to enhance their creative cognitive abilities. These 
tools from the realm of CAD (computer assisted design) must exhibit traits that fall in one or more 
of the following categories: generation, simulation and iteration. 
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Generative tools have the ability to produce architecture, using minimal user input compared to the 
complexity and quantity of the outputted design. They are pre-constructed tools or tools built in a 
programmable scripting environment or a combination of the two. Using repetition and mass 
customization and associative models traits easily harnessed in a virtual programmable 
environment, but inaccessible to the naked human intellect, generative instruments are able to 
produce no only single designs but design families. These families consist of all the possible 
formal, functional or structural variants the instrument can produce with the data and constrains 
supplied by the designer. One can say, generative tools are more about formal potential than about 
form itself. 
 
Simulation tools are the other part of the work flow need for the design to achieve the desired 
optima. Computational instruments just like their generative brethren the instruments of simulation 
make use of the virtual environment made possible by the computer to allow the produced design to 
be tested in similar to or even identical to real conditions even before the its production. This cuts 
heavily into production costs and especially into testing time. With computer simulation design can 
be tested as fast as it is being produced. This needs to be especially true when it comes to 
combining generative techniques with simulation, in order to find the optimum design from the 
sometimes infinite number of potential solutions described by the rules of a generative system. 
 
Iterative tools can describe digital instruments included in both the above categories because 
iteration describes a time based technique widely employed for both digital generation of design 
and its simulation based testing. Basically through any iterative technique results are derived 
through a process that makes use of information already inside the system. This information comes 
from previously computed results or the information used to produce those previous results 
incremented in some way. Digital generation of form can be considered iterative when members of 
the same family of designs are created in a serial process with each design using its predecessor as 
reference but also changing something along the way to ensure uniqueness of each individual. On 
the other hand, simulation can use iterative techniques in order to be able to test the time based 
behavior of the design in a variety of scenarios. In order to produce either average or cumulative 
data multiple instances of environment plus design need to be considered. Since environmental 
conditions or simulated use is a serial, process each state being derived from the previous one, 
iteration is the best instrument for the job.  
 
In the bigger picture the generation-simulation ensemble is iterative because data is sent back and 
forth between the two components in time based way. This allows the design (part of the generative 
family) to be improved based on the performance of the previous tested member. In this process 
performance is an incremental activity.  
 
 
2. Defining the particulars of the case study. 
 
The specifics of the case study are based on the activity carried during a workshop in Leipzig from 
two years ago that have been updated to today's tools and research interests pursued for my PhD 
thesis.  The theme of the workshop called for a large canopy to be designed for a market square in a 
fairly dense part of Leipzig in an area of mixed use with buildings of medium (2-3 stories) height. 
For the particulars of this case study, relevant are the position of the site (considered with a large 
tolerance) and the particular density of the built environment in the area (again considered with a 
very large tolerance).   
 
The covered part of the site is a flat platform close in size to rectangle 119 by 67 meters. The 
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covered perimeter itself and hence the canopy are not rectangular but more like a skewed 
quadrilateral. (See Figure 1).  
 

 
The brief of the workshop called for the provided area to be covered by a canopy in order to create 
protection from the elements and space for an open marketplace with free access from all sides.  
 
Considering in our approach the environmental implications of such a large covered area for our 
design we decided to use the form to both harvest solar energy and properly illuminate the covered 
space. Translated into digital optimization of the design this would require that half the surface of 
the covering to face the best median direction of the solar rays throughout the year the other half to 
face the other way. The first half was to be used for photovoltaic harvest and the second half as a 
transparent skin that allows ambient light in but not direct sunlight. Because of the large scale of the 
covering and the necessity to have an overall low height structure a surface with local displacement 
was chosen.  Also part of the covering surface are the eight supporting pillars of the canopy. 
Effectively the surface's form (in the solution selected) bends to achieve the scope it was designed 
for. Since structural static or dynamic stability was a goal of the optimization, no structural 
members were to be represented. Still the digital solution selected allows for an extension of the 
optimization to be carried on a structural criterion. 
 
 
3. The instruments and the techniques used, describing the process. 
 
The work flow used to achieve the optimal shape for the canopy (at least from the point of view of 
the employs criteria) followed the generation-simulation iteration philosophy. The all the pre-
existing geometry (the site, the neighboring buildings, the streets etc) were imported into McNeel's 
Rhino [1], where all the “manual” work needed to prepare the site was also done. The generative 
part of the work-flow was also handled in the Rhino environment but through the visual algorithmic 
design plug-in Grasshopper [2]. Grasshopper also handled the data exchange and manipulation for 
simulation through a sub plug-in called GECO [3]. Using GECO the 3d information of the 
generated shape was relayed to Autodesk's ECOTECT Analysis [4] for measuring the actual 
performance of each part of the covering. The recorded simulated performance data was then 
retrieved again by GECO and brought back to Grasshopper/Rhino for comparison and decision 
making. Iteration was made possible through the stochastic search engine based on genetic 

Figure 1: Perspective view of the site 
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algorithms implemented in Grasshopper and called Galapagos. The information retrieved from 
ECOTECT was mathematically distilled in Grasshopper down to one value, called fitness value, 
that Galapagos had the mission to improve by acting on the driving variables of the generative 
Grasshopper model.  See Figure 2 for an image of the Grasshopper definition.  
 

 
3.1 Generation of the model and generation of the search space.  
 
Using the quadrilateral perimeter that had to be covered we generated a flat horizontal surface 
covering the entire area. The surface was divided into eight sub-surfaces by splitting the margins 
into smaller segments, four for the long edges and two for the short ones. The area centroid of the 
eight sub-surfaces was chosen as the position of the folds constituting each of the corresponding 
eight pillars. All the surfaces are further divided and points are placed at each division. These base 
points will serve as the base points for the final surface that will cover the designed perimeter. 
Inside the generating algorithm the points have a one dimensional freedom. In other words most of 
the points that will make up the final surface can move vertically from zero to three meters. The 
only constrained points are the ones closest to the supports and the points positioned on the edge of 
the surface. The edge points can be either kept flat or can be displaced and fixed in a wavy 
sequence. The minimum distance under the covering surface is 7 meters. Only the points creating 
the part of the surface folded for the supports drop below this height. (see Figure 3) 
 

 
The final surface is interpolated using a built in mesh generator from Grasshopper based on the 

Figure 3: The surface divided with a grid of points 

Figure 2: The parts of the Grasshopper definition (algorithm) 
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Delaunay algorithm. This algorithm produces a surface that uses all the 273 points placed on the 
original flat surface and an additional 48 points added for the eight supports. Out of the total 321 
points 145 are free to be moved vertically by the search algorithm. This defines the search space of 
the best (potentially optimal) solution as a multidimensional space with 145 dimensions (see Figure 
4). 

 
3.2 Simulation for testing of the selected solution. 
 
The generated mesh consisting of triangles is sent using GECO to another program (Ecotect) 
running in parallel to Rhino for testing. (see Figure 5) The Grasshopper sub plug-in is able to send 
alongside geometry information also control parameters. Since the surface is being tested for solar 
performance the amount of solar energy falling on each face of the mesh needs to be measured. The 
instruments provided in Grasshopper by the GECO sub plug-in allow for defining all the important 
Ecotect settings needed for a successful solar simulation. This way the user/designer does not need 
to interact with the simulation and testing program at all. The most important information used for 
testing the solar performance of the geometry in Ecotect is the weather file. This file contains a 
plethora of information about the real life site declared to be hosting the would be design. Besides 
location (latitude and longitude), medium temperatures, cloud coverage, predominant wind 
directions and many others are all packaged in one file that contains all the information needed for 
Ecotect to create the simulation environment required for meaningful testing of the design [5]. 
Along with the path pointing towards the weather file information regarding the required test values 
and intervals for testing are sent. For this particular case for each tested variant daily average 
insolation values were required and the test period was set as the entire year with only meaningful 
hours (usually between 8-18) to be tested. For each iteration a set of values showing the average 
insulation in Wh/sqm for each face of the mesh was computed in Ecotect and then retrieved as a list 
back in the Grasshopper definition.  

Ill
Figure 4: The points kept flat and with random vertical displacement 
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The typical values for the tested geometry for all the variants were ranging between approximately 
20 and 960 Wh/sqm while the test values for the almost flat canopy over the same space were pretty 
close with values ranging from 200 to 800 Wh/sqm. This showed that the potential for optimizing 
the surface here (since some of the triangular faces were to be transparent anyway) didn't lay with 
increasing the overall density or amount of energy accumulated on the surface over a whole year, 
but separating sun facing triangles from the shaded ones for proper use. In this process the hope was 
that, most of the amount direct solar energy from some of the faces could be transplanted on the 
other faces thus creating a big insolation difference between the two groups.  
 

 
3.3 Iteration and genetic algorithm based search. 
 
Ecotect offers a visualization of the values as color coding applied to the test geometry. This  allows 
for a meaningful visual way of intuitively exploring different solutions through sequential exporting 
and testing. The visualization can be exported back in the generative model. (see Figure 6) Still, the 
search space, deliberately chosen with 145 variables was too vast for human based exploration. If 
we do some simple math the number of possible solutions for the mesh geometry is linked to the 
number of variables and the number of values each variable can have. In our case the lowest 
resolution scenario for 145 variables with only four states (0,1,2,3 meters) we have 4145 working 

Figure 6: View of the generative solution rebuilt with insolation data from Ecotect 

Figure 5: Geometry testing in Ecotect 
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variants already (this is approximately 150000000000000000000000000000000 
0000000000000000000000000000000000000 or in other figures 15 * 1069. These are far to many 
for a reasonably timely eye inspection and selection even in a life time. If we increase the resolution 
of the variables from meter to centimeter we end up with 400145 variants. For comparation the 
number of the atoms in the observable universe is 1080. 
 
Human mind is very well suited for visual exploration and guesswork either through intuition or as 
a result of experience. The problem comes when number of potential solution increased and the 
conversely the differences between them become to minuscule to spot with the naked eye. 
Exploring large sequences, the human mind is prone to mistakes especially after many repetitions. 
Computers on the other hand are perfectly suited for the job and their attention and ability to 
discern is unaffected no mater the number of elements to compute and compare. Still as John Frazer 
[6] said the human and the computer intellect although not overlapping in their abilities are 
complementary to one another or in other words the computer needs the abilities of the human mind 
to drive and set the search process.  
 
In our case the cycle of generation and simulation in the conditions stipulated from the beginning 
had duration of 6 seconds. This meant that the time it took to generate and test a solution was very 
small but still to big to evaluate all the possible solutions 4145 * 6 seconds that is approximately 9 * 
1070. For example, the current Big Bang model suggests that the Universe is 13.8 billion years 
(4.355 × 1017 seconds)  
 
Genetic algorithms are perfectly suited for searching such vast search spaces initially through 
random guessing and then zeroing in on the best combination searched through successive 
generations of values interbred between the best candidates in each generation. Another option are 
meta heuristic search algorithms that go through the large solution space using guesswork but also 
determining neighboring variants and using probabilistic decision making whether to pursue a 
better variant or not. The Grasshopper module Galapagos employs two of such search algorithms:  a 
genetic one and a meta-heuristic one based on simulated annealing in metals. Both algorithms were 
used and in the end SA simulated annealing was selected as it was better suited for the solution 
space comprised of many discrete local optima results, created by our generating algorithm. 
 
To complete the iterative cycle the search engine Galapagos was selecting a combination of the 145 
variables and through the generation-simulation cycle a fitness value was computed. For computing 
the fitness values the average insolation values received for each face of the mesh are sorted 
according to size and the list is split into two. For each list an average value is computed and finally 
the coefficient resulting from the division of the two (the large one determining the average 
insolation of the sun exposed faces divided by the small one determining the average value for the 
half of the faces in shade or self-shade) The goal of the whole Grasshopper definition was to 
increase this fitness value and thus increase the difference in average insolation between the two 
halves of the total list of mesh faces.  
 
 
4. Results and conclusions 

Through the complete set-up many configurations of the variables were analyzed. The reference 
state was the most basic one with all the points that were free to move on the z axis kept at their 
lowest height (that is 0m past the general height of the covering). This state produced a fitness value 
of 1,17 with an average value of 739 Wh/sqm for the high exposure faces and a 627 Wh/sqm value 
for the low exposure ones. Here all faces seem to receive a good amount of sun exposure. The 
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problem is that no faces are protected from direct sunlight and thus compatible with transparent 
materials for natural lighting of the interior. Compared to the this base solution any random variant 
is better because at least some panels will have worst insolation values and be better candidates for 
windows towards the interior. For comparison a random variant with an even distribution on values 
between 0 and 3 for the height of the points will produce a 1,86 fitness value with 766 high and 278 
low Wh/sqm averages.   
 
Running the iterative cycle for 8 hours allowed for the analysis of a number of around 7000 
variables a mere infinitesimal fraction of the total number of possibilities. Still the search 
algorithms managed to find combinations of variables with fitness values above 3 and high 
averages above 840 Wh/sqm and below 280 Wh/sqm for the low averages. 
 
While those values might not be the global optima for this particular problem they prove to be far 
better formal solutions for these solar optimization criteria than anything achievable manually. 
Although only a fitness value was used in this case study, two very different but connected ideals 
were pursued. Optimal sun intake for half of the panels of the canopy and optimal self-shade for the 
other half for distributed natural lighting inside. The Grasshopper definition can be updated for 
extra criteria and even multiple fitness values calculated from very different fields of testing 
 
Although manual labor and intensive human testing can be used in conjunction with standard CAD 
solutions to implement similar optimization cycles, the sheer number of possible variants, coupled 
with the amount of time necessary to modify and test each solution makes this an absolutely 
impossible endeavor. This is why formal optimization using generative techniques, simulation and 
search algorithms should always be considered. This is especially true if a reasonable time and 
energy amount can be invested in the algorithmic definition of an architectural problem.  
 

5. References 

[1] Rhinoceros (abbreviated Rhino) is a commercial 3D computer graphics and computer-aided design 
(CAD) application software developed by Robert McNeel & Associates, a privately held, employee-
owned company that was founded in 1980. Rhinoceros is based on NURBS mathematical model, 
which focuses on producing mathematically precise representation of curves and freeform surfaces in 
computer graphics (as opposed to polygon mesh-based applications). from 
http://en.wikipedia.org/wiki/Rhinoceros_3D  

  
[2] Grasshopper is a visual programming language developed by David Rutten at Robert McNeel & 

Associates. Grasshopper runs within the Rhinoceros 3D CAD application. Programs are created by 
dragging components onto a canvas. The outputs to these components are then connected to the 
inputs of subsequent components. Grasshopper is used mainly to build generative algorithms. Many 
of Grasshopper's components create 3D geometry. 

  
[3] Geco is a set of components which establish a live link between Rhino/Grasshopper and Autodesk 

Ecotect to export,evaluate and import 3d geometry and environmental data. It is  created by Thomas 
Grabner and Ursula Frick [UTO] from https://sites.google.com/site/utotoolswiki/gecogh 

  
[4] Autodesk Ecotect Analysis is an environmental analysis tool that allows designers to simulate 

building performance from the earliest stages of conceptual design. It combines analysis functions 
with an interactive display that presents analytical results directly within the context of the building 
model. from http://en.wikipedia.org/wiki/Autodesk_Ecotect_Analysis  

  
[5] A list of weather files covering major cities from around the world can be found on the site of the US 

 627



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 

Department of Energy's EnergyPlus Tool http://apps1.eere.energy.gov/buildings/energyplus/ 
  
[6] Frazer J. A Natural Model for Architecture. In: Frazer J. An Evolutionary Architecture. Architectural 

Association Publications. London; pp. 9-21, 1995. 
 

 628



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
 

The Digital Atrophy of Classic Architectural Authorship 
 
 

Nejur Andrei*1 

 

1 Technical University of Cluj-Napoca, Faculty of Architecture and Urban Planning. Observatorului str, Nr. 
34-36 Cod 400489 Cluj-Napoca, Romania 

 
 

Abstract

The paper examines the gradual shift that has occurred in architectural authorship with the 
introduction of digital intelligent tools that aid in the process of creation and production of 
architectural space.  
By examining the nature of digital architectural design tools, starting from their very beginning, in 
the second half of the twentieth century, one can observe a certain pattern of transfer of both 
capabilities and decision, in the process of creation, from the designer towards the artificial 
intelligence of the machine. This transfer has rendered the software instrument, the driving will 
behind the power of the computer, into a veritable extension of the human intellect. This of course, 
has empowered architects, as well as other professions, to extend the reach of the architectural art 
and science to previously undreamt heights. The flipside to this monumental leap is the pushing of 
the traditional authorship of architecture into an irreversible process of atrophy. Conscious action 
is needed from the profession and from the architectural higher education institutions to tackle this 
problematic issue.

Keywords: architectural, authorship, digital, parametric, scripting, design  
 
 
1. A short view of architectural authorship through history. 
 
Recourse to the history of architecture and architectural design creation, besides a plethora of 
information important for the determination of artistic motivations, or for making statistics, reveals 
an important and relatively constant fact valid throughout the entire architectural chronology of 
mankind. The value of an artist and particularly of an architect was recognized and preserved in a 
manner directly proportional to the said architect or artist's ability to protect his own special 
techniques and innovations. This protection was needed in the relation to the rest of the profession 
he belonged to and also in relation with the community he worked for. The disclosure of the 
technique behind certain architectural achievements, some famous throughout history, has more 
often than not threatened the authorial status of the original creator. One of the best known 
historical examples centers on the Florentine Renaissance hero, Filippo Brunelleschi and his eternal 
rival in the construction of the Duomo in Florence, Ghiberti. This is one of the best illustrations of 
the precarious status of architectural design copyright at the very beginning of the age of 
architectural notation. During the building time of the dome, more than once, Brunelleschi was in 
danger of being removed from his role as master of the site and author of the cathedral. Once 
Ghiberti (Brunelleschi's rival in the architectural contest that preceded the commission for the 
building of the dome) was able to convince the committee representing the Wooler's Guild, that he 
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can finish the construction without the original author. The care with which Brunelleschi was 
guarding his techniques and innovations as well as errors and shortcomings in the architectural 
notation kept on site, introduced intentionally by the master, led to the failure of the architect rival's 
attempt to usurp his authority and the right to be considered the father of the first major 
achievement of the Renaissance architecture [1]. 
 
The first major step in the unbinding of the architect from the architectural object, the physical 
result of his efforts, also happened in the Renaissance. Another master architect's work, Leon 
Batista Alberti's De Re Aedificatoria (1450) produced the first theoretical stance against the 
authorial architecture [2] of the time. In his treaty, Alberti was a fervent advocate of the 
architectural notation, the coding of the architectural design through an established convention, as 
bi-dimensional drawings on paper. He stated that this was the true result of the architect's work and 
struggle. This, in Alberti's vision, was the original work of the architect and the only thing needed 
to translate the creator's vision into built form. The physical building, according to the same theory, 
was a mere copy, an imprint of the original notation, into space. This architectural notation 
proposed by Alberti opened extraordinary avenues for the dissemination and conservation of 
architectural design, simultaneously fulfilling the age-old ambition of the author for extended 
spatial and temporal recognition.  But with the advantages brought on by the encoding of 
architectural thought and oeuvre on paper, enhanced by their facile reproduction in the age of 
Guttemberg's print press, also came the thorny question of intellectual property of the design. With 
no author needed to build the architectural object, use and especially reuse of the architectural 
notation had to be restricted by law and it soon was. The Statute of Anne and Statute of Monopolies 
[3] were among the first laws passed by the British Parliament dedicated to the protection of 
intellectual property. The architectural intellectual property is still a matter of legal debate with too 
little legal protection in many states around the globe. 
 
Fast forward five centuries to the first real application of the digital notation in architectural design, 
we find the next big change in architectural authorship waiting to happen.  SketchPad [4], the first 
digital system to use the artificial intelligence of the computer as an aid for added meaning and 
possibilities in architectural design, happened in 1963 as a result of the work carried on at MIT by 
the pioneer and visionary, Ivan Sutherland. Since then, the digital way of encoding architecture has 
steadily advanced to become the only modus operandi for the architectural profession. The new way 
of expressing design, meant a further enhancement of all the advantages granted by the use of 
reproducible architectural notation in the first place, and also of the drawbacks.  
 
 
2. Contemporary digital authorship. 
 
The new digital design, in all its forms, was easier to understand (tanks to enhanced visualizations 
not only 2d but also 3d and even 4d lately), easier to use (no genetic predisposition towards 
drawing, or special drawing skills were necessary), easier to store and keep (no cumbersome 
physical documents were needed, and virtually no decay of the storage medium), easier to share 
(the lack of a physical support mean the lack of physical boundaries for the design) and greatly 
facilitated collaboration (simultaneous and rapid sequential work on the design was possible 
regardless of physical or even geographical boundaries). The flipside of course to all these 
wonderful new possibilities was the dilution of architectural authorship and the increased 
expenditure (both energetic and financial) necessary for the design's protection.  
 
Authorship was diluted, because a lot more people now had the possibility to get involved in the 
development of the design and thus contribute to the end-result. The gradual rise in complexity of 
the demands from the architectural product, meant that teams rather than individuals were needed 
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for successful production of good architecture. Also expertise from various fields was outsourced or 
even integrated in the design team to ensure a good coverage of all the different aspects involved in 
the production of contemporary architecture.  In the days of analog design, and to some extent even 
in the early digitally represented design, the architect was the designer at the center of the process 
and was responsible for understanding and introducing the relevant information in the design 
notation. This was happening because all the additive intelligence had to be gathered, organized and 
combined before the notation of the design (on paper or other medium) happened. In this particular 
way of organizing the design endeavor, a clear path can be traced from the product to the author 
regardless of the non-architectural information required for the production of the final architectural 
work.  
 
The new mutability of the digital notation had a deep influence on architectural authorship through 
changes at many stages along the design production process. For the scope of this paper we are 
interested in categorizing these changes in pre-architectural, architectural and post-architectural. 
  
The post-architectural phase gathers everything that happens with the design after it is outside the 
control of the architect-designer. Usually here we find all the normalization changes needed for the 
physical production/building of the architectural artifact. These usually do not impact major aspects 
of the design and therefore can be considered to have low to insignificant influence on authorship.  
Of more interest in this category are the changes to the design that happen through actual use of the 
design (in its physical form) or through programmed interaction of the design (in its digital form) 
with potential users. Two good and very different examples for this are Bernard Cache's famous 
Table Series and Aedas designed Abu Dhabi Investment Council Headquarters Towers. These are 
more than designs, they are systems of interaction created to involve the users and deliberately 
share the burden of authorship for a common architectural performance goal.  
 
The architectural phase, although using a strict name, does not refer to design changes initiated by 
the author architect. It refers to changes made during the period when the design process directly 
involves the architectural author. As the design bounces back and forth inside a creative team 
(sometimes spread over two or three continents) changes are inherent and they are not always 
implemented or even initiated by the author. Sometimes changes occur as a result of ongoing 
research by design and the de-facto author/architect has little to no control over the outcome of the 
final form because this implies parts that have yet to be defined by other parties involved. Examples 
here are abundant and they range from the most mundane cooperation between an architect and an 
engineer inside a BIM Package, to full scale intercontinental cooperation of tens of entities for the 
development of certain large scale projects. 
 
The pre-architectural phase is of most interest to our endeavor because it is located at the very 
beginning of the creation process. This is the part where the inception of architectural form starts 
and also where the first ties are created between the author and its work. In all the declinations of 
the traditional analog, or even in the direct authorial process, this phase does not exist. This is true 
because no creative work could traditionally happen before the primal spark of the idea. From there, 
the research, the struggle the connections and collaborations were all in service of that spark, that 
more often than not came accompanied by a proto-form. The almighty architectural sketch (part of 
the countless best practice scenarios and recipes in architecture) is the best proof for this 
affirmation. In other words, in the traditional creation process, before the first idea, one cannot say 
that any agent or facilitator of the architectural process will have a say about the direction of the 
architectural form other than the author himself. Of course there is the discussion about the design 
brief and whether it is part or not of the design process and if it can be considered a pre-authorial 
interference in the design. But if we are to analyze authorship strictly looking at the creation 
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process, and considering the author the originator of architectural form and his or hers tools the 
facilitators of the design, then we need to make a clear distinction between the traditional, mute and 
neutral tools of the analog times and the intelligent ones belonging to the architectural 
contemporaneity. 
 
The digital intelligent tools of today incorporate prepackaged wisdom that unlike the simple tools of 
our analog past facilitate, but inevitably also suggest the path for the design. This is what can be 
called the pre-architectural phase, the creation of the intelligent architectural tool one capable of 
extending the reach of the human mind but also constraining its ability for picking its own cretive 
direction. 
 
 
3. Types of a priori creation in the digital architectural workflow. 
 
The neutral tools of the past (the like of pencil and paper) could be considered limiting and 
constrictive only by factoring in the limited ability for design imbued in the human intellect. By 
contrast, the digital tools of the XXI century, although powerful and facilitating (for the designer) 
each came with its own particular brand of pre-design wisdom. 
.
The first CAD tools provided only basic functionality, forcing a similar use to the pen and paper, 
creation wise, but with the added bonus of speed, infinite change, and infinite distributivity. In 
exchange the designer only had to conform a few designing habits to the change of the medium. 
Since the tools had little if no extra added functionality other than drawing basic shapes in two 
dimensions, we can hardly talk of any embedded creativity other the author's own. This was 
apparent in the early results of 2d CAD design that had to be combined with hand drawing for the 
full expression of the design. 
 
The next wave of digital tools that were already harnessing the advanced mathematics of 
differential calculus [5] brought on the use of complex shapes and especially curvilinear forms 
previously beyond the reach of the bare human intellect. Such advanced mathematical notions, to be 
made available to the designer and put to practical use in architecture, had to be packaged behind an 
interface. This veil facilitated both simple interaction with complex concepts but also obscured big 
parts of the general application. In other words by using the tools designers were forced into 
restricting their avenues of creation in a similar feat to their own design decisions down the line. 
This coupled with the software-engineers previous decisions of what features (from the universal 
power of mathematics) to develop, meant exactly the sharing of the original architectural authorship 
– this time a forceful one. The only problem, from a product diversity point of view, was that 
almost all CAD solutions came from a handful of software companies and all the tools provided 
more or less the same functionality. So the shared authorship meant here also a shared predilection 
towards a formal outcome, the one most easily obtained by using the tool in the prescribed way. 
This was the blob era of the 1990s and early 2000s.  
 
This trend of facilitating design advancement towards higher complexity, through giving up 
possible avenues of choice (by using encapsulated pre-authored solutions) and thus sharing 
authorship, is still strong and affecting the majority of the architectural industry even today. The 
latest and greatest development in this direction is BIM. BIM is not a program nor is it a current of 
thought. BIM is a standard and as the name implies in order to attain the set goal, conformity with 
the norms is a must. 
 
Robert Aish [6] in his seminal text published in Inside Smartgeometry and entititled “First Build 
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Your Tools” makes a compelling point explaining the shortcomings of BIM (building information 
model).  In BIM, he writes, it is very easy to achieve the obvious result the tools were built for, but 
very hard to make any innovations and deviate from the projected use inscribed in the instrument's 
code by its makers.    
  
The most characteristic pre-architectural authorship of design though, can be found in a relatively 
recent development of contemporary architecture, computational design. Also known as 
algorithmic or parametric design, this way of thinking in architecture can be directly linked to 
systems theory[7] and developments in philosophy[8],  and other sciences besides the obvious 
direct delineation towards the digital informational revolution in full effect already in the first 
decades of the XXIst century. As Robert Aish states in the same text, computational design creates 
a critical distinction between the generative description of a building (through a script or a graph[9]) 
and the visual or textual description of the result, the final form. This becomes a critical disjunction 
between design as static form and design as a process with multiple outcomes, the design that 
builds potential versus the design that builds form. This dialectic has deeper and older roots and can 
be found under different names like in Deleuze and Cache's objectile [10] versus object and also 
Kolarevic's geometry versus topology [11].   
 
From a philosophical point of view of special interest is Caches's notion of the objectile. The post-
structuralist term coined by Bernard Cache together with philosopher Gilles Deleuze can be 
considered both a mental spark and a metaphysical final destination for architectural authorship and 
digital techniques. The objectile as described by Cache and Deleuze is the technically indeterminate 
and immaterial object that, through its description, embodies a family of similar but still different 
entities. These entities, just like the productions of an architectural algorithm, are tied together by 
the constants specified in the objectile's descriptions but also separated by its indeterminacy that 
takes different forms in each of its instances. From a mathematical point of view if this family of 
objects can be reduced to points in a graph then the objectile would be the mathematical function 
connecting and describing each of those points.  
 
Keeping with the mathematical connection the distinction between geometry and topology is also a 
very good analogy to the dialectic between design potential and the produced form. Topology 
studies the properties of space that are preserved under continuous deformations like stretching or 
bending. As such for any topologically defined set of rules and infinity of geometrical object can be 
produced that correspond to those rules. This analogy is used by Branko Kolarevic when describing 
the shift towards multi-dimensionality in design in the digital algorithm era. Designing with the 
new tools of the architectural trade, produces creations with the added dimensions provided by 
delayed or transferred choice. Just like devising a topologically defined shape and reserving the 
privilege to choose later the most appropriate geometry, now the designer can produce the 
algorithm and reserve or transfer the right of choosing the best form for a later time or to a different 
entity like the user of client.  
   
Important from our point of view is the fact that design as an architectural process, can now be 
viewed as two distinct but interconnected parts. The first part is building the design potential, our 
pre-architectural phase, and it involves building, setting up or adapting the tools for the design. 
Aside from the well established CAD and BIM framework, this involves coding up custom tools 
that offer the extended reach of the traditional digital establishment but sans the added restrictions. 
The second part is using those tools to create, or in a more appropriate term “to find the form”. This 
translates into the second design phase we enumerated earlier in this text the architectural phase.  
Although distinct and some of the time performed by separated professions (architect vs coder) the 
two phases are intimately interconnected. Looking at the already established authorial workflows in 
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computational design, we can distinguish that tool building and tool using determine each other in 
an iterative feedback loop. Most of the time the instrument evolves alongside the design in a sort of 
a reciprocal conditional relationship.  
 
 
4. Different types of instrumental aid in computational design and different 
types of shared authorship. 
 
As it is already visible form the text so far, our main point in this paper is gathering attention and 
interest towards a new category of architectural profession, the tools builder. Its rising importance 
in the overall design workflow, needs to be evaluated in the context imposed by the implacable 
march of the architectural design process towards pure digital information. The new ways of 
designing brought on by society's more complex needs have to be catered to, by a larger and more 
heterogeneous combination of professions. Out of those many professions, if is to remain relevant, 
architecture needs to do more than stand out as a mixture of art and science. It needs to adapt and 
allow for new meaning and abilities to be added right at its core understanding. It needs to be able 
to take charge again by mastering the common language of informational exchange and formal, 
functional and structural complexity.  For that, the digital smart tools of the present look like the 
only opportunity. The tools that can make a difference for architectural authorship are the 
polymorphic instruments built by practitioners of architectural design or by third parties but through 
uninterrupted and bidirectional feedback with architectural practitioners. One of the declinations for 
such tools is the script.  
 
In his book Scripting Cultures, Mark Bury talks about three different types of scripting and their 
place in the form creating architectural flux. Scripting for productivity, scripting to find the 
otherwise unreachable answer and scripting for tapping into the unknown or scripting for 
speculation. Each brings a particular brand of partial replacement for the original, traditional 
architectural authorship. 
 
Scripting for productivity the first kind Burry mentions, uses the specially conceived tools to 
enhance the productivity of the traditional design tasks the architect dose during the creation 
process. As a result the architect can do faster more designing. The temporal shrinkage of the 
creation cycle benefits both the architectural establishment and the clients. As design gets 
represented and fabricated quicker (and possibly cheaper) architect get more time to design and 
clients less time spent for the design process. In this particular installment, scripting (if not done by 
the author) replaces authorship in the latter phase of the process often regarded as irrelevant by the 
architects.  Still loosing control over an important part of the process can't be desirable as most of 
the time a lot of the changes that happen downstream reflects back on the solution. 
  
Another type of scripting, the one used as an instrument to find the answer, can be considered a 
true extension of the creative intellect. The use of the word extension here is deliberate, because it 
proposes a relevant illustration of the process of creation augmented by the smart digital tools. Here 
the customly created, intelligent tool, facilitates a result otherwise unattainable, although 
imaginable, by the designer or design team. Just like something one can see (or at least imagine) but 
can't reach without the proper tool.  Again if paternity of the tool does not fall with the architectural 
designer, a big part of the otherwise claimed authorship is lost. In this process all the designer 
knows are the starting and end point of the design (some times the end point can be rather fuzzy). 
All that lies in between is fashioned by the tool. Leaving aside the big impact the process can have 
in the nuance of the result (even if it is a known one) no one can argue that authorship is split 
between envisioning something and making it happen. This process, although analogies can be 
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traced, can not be compared with designing versus building at another scale. With this kind of 
scripting, endpoint of the process can be a desire, a requirement that needs to be met, something 
devoid of any form or image. Keeping this in mind we realize that setting the bar for the 
performance of the design is not making the design itself. How well a design performs or achieves 
something can have little impact in the overall definition of the designed product. But if that criteria 
can't be met in any other way than surrendering the process to some instruments with unknown 
innards and motivation, then we can safely say that with that a big part of the paternity over the 
design is surrendered too.  
    
Last but not by any means least, in our quest for determining architectural authorship in the 
contemporary digital world of design, we should look at scripting for looking into the unknown. 
Design exploration, or design speculation, is not an exclusive trait of digitally powered architecture. 
Form finding was used from Renaissance times both as means to an end and as a search apparatus 
into new and unexplored territories of design. Even before the advent of computers, pioneers like 
Antoni Gaudi, Otto Frei or Heinz Isler, used physical computing systems to find ways towards 
performance through form and often as an added bonus found recipes for design and shapes no one 
anticipated. 
 
In digital design, the somewhat restricted ways of physical form finding were exchanged for the 
virtual, limitless possibilities of the digital medium. The wide application of the scripting tools in 
digital morphogenesis allows now for a direct transference of the creative thought process into the 
artificial mind of the computer. The benefits for this are quite a few (like the ability to tackle 
complex systems in search for form, produce design through time based interactions, 
simultaneously use countless sources and amounts of information etc) but are beyond the scope of 
this text. What matters here is not the reason for this transference but the process itself. The very 
inception of the creative design endeavor being sparked inside of the instrument rather than inside 
the creative human mind means a total surrender of any real authorial claim over the design result. 
The architect, if just an ignorant operator of the tool, thus effectively relinquishes all real control 
over the outcome and with it, all ties to meaningful authorship of architecture.  
 
 
5. Conclusion 
 
The three categories listed above are all theoretical, and real digital design will never rely on one 
single type of scripting. This is especially true for the last category that represents a relatively new 
addition to the digital avant-garde one that has yet to produce real meaningful design by itself. All 
that being said what emerges from the enumeration, is that no matter what kind of intelligent digital 
aid the designer employs to keep his or hers design relevant for the contemporary world, a transfer 
of control and authorial ownership is being made towards a third party, the tool builder. This is a 
fact and the profession needs to be aware, that the meaning of the word architect starts to slowly 
dilute away under the influence of the very tools it employed to conserve its relevance. Architects 
need to become successful tool builders, because otherwise they will slowly transform from 
producers of design into users of design. This is true because the instrument design seems to be 
more and more a legitimate part of architectural design. The tendency to transfer expertise and 
knowledge (inside the architectural design process) from using the tools of the trade to building the 
tools of the trade is the only logical action in the new context of the simplified interaction trend that 
digital revolution is bringing to all tools and consumer goods alike. 
 
For this, coding (program or script code writing) will soon become an essential skill and not only a 
cool superpower that some architect have. Architecture schools especially need to take notice of 

 635



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro
 
that and move away from the CAD user philosophy currently being instilled into young architect 
minds. Instead students and architects alike should strive to acquire, besides the computer language 
skills, also the algorithmic problem solving and inquisitive mentality that would allow them to bend 
the power of the machine to their creative will. 
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Abstract 
 
The fast and turbulent development patterns that have our countries experienced since the fall of 
communism regime have strongly influenced the image and functioning of our cities and regions. 
The economic and social polarisation reflects in the Slovak landscapes in the form of segregated 
residential 'islands', of which one type are Roma concentrations.  
The paper analyses different forms and processes connected to design of public space that have  
potential to play a significant role in bridging these gaps and thus building inclusive communities. 
In the first part paper deals with the concept of inclusivity in the urban design agendas and its role 
in understanding public spaces. In the second part, preliminary results from the case study project 
'For better life in Rankovce' are drawn out in order to suggest recommendations for widening the 
definition of public spaces, multidisciplinary and people-based involvement in all the stages of the 
design processes and the necessity of flexibility and time-adaptability in design strategies. 

Keywords: public spaces, inclusive communities, urban design practices, spatial segregation, 
Roma communities. 
 
 
1. Introduction 
 
The fast and turbulent development patterns that have our countries experiences since the fall of 
communism regime have strongly influenced the image and functioning of our cities and regions.  
Rapid onset of capitalism caused the 'scissors effect' - deepening the social and economic gaps in 
the society between  the ones on the very top and many others on the bottom [1].   
This fragmentation has immediately reflected in the spatial and urban forms. Segregated housing 
estates, of luxurious gated condominiums, or on the other hand, decaying panel mass housing, 
deteriorated common spaces, and excluded neighbourhoods, became day-to-day urban reality [2]. 
The worst situation is for the most vulnerable - elderly people, youngs, immigrants and specific 
ethnic groups, to whom inadequate living environment together with the spatial exclusion may 
bring social isolation and thus diminish the chances for better life.  
But not only residential zones are suffering. Many argue [3] that public spaces have been also 
experiencing polaric fragmentation and privatisation. New shining squares and shopping streets 
have been used across many cities as a tool for branding the cities in order to increase their 
attractiveness for tourism or possible investors - leaving out the most vulnerable ('unwanted') in 
order to make place for more profit-making actors [4].  
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Thus, the question for us designers arises: how, within our traditional planning frameworks, can 
urban design ensure building bridges between different groups and thus contribute in shaping better 
future for ordinary people? 
 
 
2. Inclusivity and public spaces 
 
2.1 Inclusive communities on the agenda  
 
Generally speaking, inclusion is perceived as incorporation, the equal position of all the 
stakeholders, and integration. In everyday life in our human environments, inclusion requires that 
we encounter and learn about differences, and then work together to develop mutual respect and 
common action [5]. 
Ideas of inclusive communities appeared on the agenda of leading organizations already earlier, but 
have been getting more emphasis just recently. UN, recognising  the problems caused by social and 
economical polarisation especially in the cities of developing countries, defines an inclusive city as 
follows: 'An inclusive city promotes growth with equity. It is a place where everyone, regardless of 
their economic means, gender, race, ethnicity or religion, is enabled and empowered to fully 
participate in the social, economic and political opportunities that cities have to offer' [6]. Social, 
economic, political and cultural dimension of inclusion are to be taken into consideration, 
negotiated through decision-making processes. European Union [7] defines inclusive environments 
more in terms of economical dimensions with aim to improve the conditions for the marginalising 
groups, emphasising poverty reduction, job creation and combating of social exclusion.
The ideas of inclusive cities are popular amongst architects and urban designers as well [see for 
instance 8], who focus predominantly on the physical aspects of an inclusive city, such as safe 
environments, or barrier-free design solutions [9]. Amongst urban sociologist, the inclusion is often 
discussed within the frameworks of citizenships and blurring boundaries of civility, identity and 
threats of assimilations [10]. 
 
2.2 Inclusive public spaces
 
Public spaces, by nature, are socially inclusive and pluralist; inclusive public spaces are seen as a 
spatial dimension of social sustainability [11]. Scrutinising public spaces from the perspective of 
their potential of inclusiveness enables new challenging definitions and standpoints for viewing 
public spaces as potential tools of urban design in addressing not only physical issues of the city, 
but also issues convening social and economic sustainability. 
From the historic perspective, public spaces have always been place where the voice of each 
individual could be raised. As was already outlined, current urban development trends suggest that 
the growing private ownership of public spaces challenges the 'public' realm, open and free 
character of public spaces [12]. However, the people-based researches imply [13] that to the 
members of the public, it is not the ownership of the places that make them feel 'public', but, 'their 
shared use for a diverse range of activities by a range of different people. If considered in this way, 
almost any place regardless of its ownership or appearance offers potential as public space' 
[ibid:4]. 
Mean [14] found that public spaces act like 'a self-organising public service, just like hospitals and 
schools'. Public spaces have a potential to constitute a form of a shared spatial resource that 
provide an opportunity to be created experiences and values in a ways that would be not possible in 
private lives of individuals. Therefore, public spaces shall be understood rather as an experience 
created by interaction between people and place, than as predetermined physical spaces. 
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2.3 Selected dimensions of public spaces 
 
Public spaces by nature offer several interwoven dimension that have a potential capacity to serve 
as a bridge in creating inclusive communities: spatial and physical form, programming, and process 
of designing. 
Spatial form of public spaces, as has been discussed by various academics and designers, is the 
most obvious dimension. Streets and squares, as connections and nodes between various 
neighbourhoods, create spaces that connect various places and people together [15]. 
However, public spaces do not need to define solely exterior, outdoor spaces. Of the special 
importance are also public spaces in the form of pubic building. As researches by IFS [16], Rosa 
[17], and further outlined case study imply, of a special importance in creating an inclusive 
community are objects of 'community centres', public buildings, usually locally directed by grass-
root organisations. These stem on premise that personal contact is the best resource in promoting 
development, connecting together local residents, volunteers and other stakeholders, and promote 
spaces for interaction and common action [ibid].  
Second dimension is programming of public spaces. Public spaces can be rich in programming, 
allowing anyone to encounter, interact and socialise, break the prejudices and build social 
infrastructures. Especially in the countries or cities where resources are scarce, public spaces are 
incorporating concrete functions usually associated with different places, such as income-
generating activities, or places for education [17]. Also, research by Joseph Rowntree Foundation 
found that [18:17] 'the major value of a well-functioning public space lies in its potential to create 
networks for the informal contacts between citizens from various backgrounds, through providing 
connections between public institution and community resources. 
Also of importance is physical form of elements used, as good design ensures accessibility by 
providing barrier-free solutions. Good design can also reduce fear of crime and promote use of 
open public spaces such. Use of specific materials (for instance translucent and lightweight 
structure, glass) raise the feeling of equity and transparency and thus  providing space for residents 
to interact and get to know others in their community [19]. 
Process of designing of public spaces has been recently also a well-discussed topic. Participatory 
design, through which are people actively engaged with the forming of their common spaces, allow 
the space for local people not only to decide about their environments, but moreover, to activate 
citizens, build partnerships as well as individual capacities, and thus eventually contribute in 
creation of sustainable community.Eizaguirre et al. [20] also argue that allowing even tense and 
conflicting visions into the planning processes helps in establishing the wider relationships with the 
space as it creates more temperament and responsive public spaces. 
 
 
3. Case study: 'For better life in Rankovce' project 

3.1 Broader framework  

In Slovakia, patterns of social and economic polarisation can be in urban form traced on all the 
levels of spatial planning - from the neighbourhood scale up to the whole regional territories, which 
suffer from marginalisation and exclusion [21]. The situation is the worst in neighbourhoods, in 
which the majority population is of Roma ethnicity. They present an extreme form of spatial 
residential segregation, where long-term social and economic exclusion is underpinned also by 
ethnical differences.  
As a specific typological form, excluded Roma concentration boomed with the onset of unregulated 
capitalism. Poorly educated and already marginalised Roma were not able to effectively enter new 
housing market, and due to economic and racial pressures many of them moved from town centres 

 639



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 
 

 

to the fringes or excluded localities on the margins [ibid.]. These are located in the distance from 
the main towns from 0,6 up to 7 km, often divided also by natural or artificial barriers (railway 
tracks, rivers, etc.) 
From the perspective of urban planning and sociology theories, study areas display signs of ghettos 
(or urban informal ‘slum’ settlements). Most of the settlements also lack basic infrastructure, access 
to water, electricity, with more than a half of the housing stock built illegally on the private-owned 
lands. These settlements suffer from high levels of unemployment, illegality and crime, and 
catastrophic housing qualities.   
According to the most recent researches of Ministry of Inner Affairs from 2013 [22], there are  
more than 800 segregated settlements in 584 Slovak towns, which makes the situation urgent from 
more than one-fifth of all towns in Slovakia. Altogether, in these segregated settlements live 
300,000 people (almost 6% of Slovak population) [ibid].  
 
3.2 Government response 
 
Currently, the problem of segregated Roma concentrations is a complex one - including education, 
health, employment issues. Form the urban design perspective it is living environment and need for 
housing, what shall be the priority. As Zoon [23:71] notes: 'Romani communities in Slovakia suffer 
some of the most appalling living conditions that exist in Central and Eastern Europe'.  
Therefore, in 2001 government initiative Housing Developing Programme focusing on low-income 
families and people in material need was introduced [24]. 
The programme has provided optional subsidies for local municipalities that deliver housing 
shortage through municipal rental housing. These schemes have many critiques. Predominantly, it is 
low-effectivity and financial burdening, as the most often cited [25]. The research targeting 
evaluation of this state development by Hojsík [26] shows that in 18% of the cases, new state 
housing actually deepened spatial segregation, while in 70% housing was located in the same area 
as existing segregated Roma concentrations. New housing development often worsens conditions 
for local residents, and results in stigmatisation of segregated population - the 'majority' feels strong 
anxiety, as they are frustrated by their own economic and social problems to which government do 
not pay enough attention compared to problems of Roma [27].  
Partly also as a result of the constructions financed from the state Housing Development State, in 
last 4 years more than 80 new 'segregated' settlements of new houses have emerged, lacking basic 
infrastructures, common spaces, services, being disconnected to the life of its surrounding area. 
 
3.3 Different approach: public spaces project in Rankovce 
 
Rankovce is a village in the Eastern part of Slovakia, a 'par-excellance' example of one from 600 
'divided' Slovak towns, in which Roma community inhabits the illegal shanty settlement on its 
fringe. As in the last decade were the housing conditions and overall situation in the community 
worsening, local active non-governmental initiatives emerged, refusing to accept standard state 
solutions. In 2009, the self-initiated community centre was built, establishing a first place where 
everyone was welcomed and provided with basic help, education and assistance. 
In 2013 was elaborated the project 'For better life in Rankovce'. The project joined the grass-root 
initiatives of community centre building. Project has been designed and delivered based on the 
partnership between local authorities, three non-governmental organisations and local inhabitants. 
The main goal of the project has been to promote design actions that would have positive effects on 
the overall sustainability, and socio-spatial inclusion of the whole community. The project stem on 
a premise that once the social infrastructure is built, the (re)construction and problems addressing 
housing need should be solved out on the basis of mutual help between neighbours. The public 
spaces therefore served as a main tool for providing space for such activities to take place. 
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The programme itself then involves 3 projects: (1) recovery of public spaces, (2) playground 
building, and (3) self-help housing (re)constructions. 
(1) The project of recovery of public spaces involves re-designing and reconstruction of important  

nodes in the area - public transport bus stops, and open spaces in adjacency to important 
buildings in the formal part of Rankovce (local municipality office, community building), as 
well as in informal part (open space around shared dwells for potable water, water reservoir). 

(2) The 'playground building' project involves the planning and construction of the new 
playgrounds, as there was lack of any spaces for play in the illegal part of the settlement. 
Therefore young children used for their plays the main automobile street in the area, which was 
dangerous and created anxiety between local non-Roma people who needed to pass the road 
quickly.  The series of participatory meetings with the young community took place and 
eventually, two playgrounds were designed. One in the illegal part, serving predominantly 
children up to teenage age, and one multi-functioning (football) pitch located in the zone 'in-
between' Roma and non-Roma community that will serve the teenagers from both communities.  

(3) Self-help housing (re)constructions projects believes that instead of large, rigid and low-
effective financial state help only a small, people-based assistance is needed when improving 
the housing conditions in informal settlements. With such assistance, individual families have 
enough capacities to improve their situation through the mutual aid amongst the neighbours , 
while extending also informal networks of contacts. 

The project is estimated to be finished in 2015, but many of the tasks have been already finished. It 
must be also noted that all the project funding has been provided from the local sources, small 
donors or non-governmental grants. The 'zero-step', building of community centre, set up a 
cooperation with local inhabitants and thus allowed for close participatory design processes from 
the very early project stages on. In order to attempt to build the bridges between different groups 
through design, the project has had a condition to include the participants from local Roma, non 
Roma community and also participants form the outside, who in these cases were architecture 
students from Faculty of Architecture of STU in Bratislava, in all stages. 

3.4 Methods for drawing out preliminary feedback 
 
In order to inform the current stage of research and provide feedback for future planning of the 
project, the preliminary research monitoring actual phases was conducted in June 2014. The 
conducted research involved 3 on-site observation and 35 semi-structured interviews. 
The on-site observations were aimed to answer the issues of maintenance of usage of the new 
space. The interviews included local authorities agents, members of local Roma as well as non-
Roma community, project managers and others involved in the project. Participants were asked 
through semi-structured interviews questions about quality of living environments and the role of 
public spaces in their life. More specifically, participants were asked in detail to describe what did 
change in their life since the project took place, and what stage (and what place) from the project 
was the most important for them.  
 
3.5 Lessons learned into planning practices 
 
Based on the information gained through the researches conducted in June 2014, the lessons learned 
can be so far summarised in following recommendations:  

(i) delivering of innovative programmes and forms for public spaces, 
(ii) people-based approach,  
(iii) multidisciplinary project preparation and management,  and
(iv) flexibility and time-adaptability in design strategies. 

(i) Delivering of innovative programmes and forms for public spaces.  
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The preliminary conclusions from the projects confirm that there is a potential for traditional open 
public spaces as streets and squares to embrace new functions, predominantly income-generating 
activities. Provided new flexible spaces allowing for individual small enterprises and allowing 
street vendors were by all the interviews' respondents mentioned as having positive effect on the 
daily lives, from the financial as well as social side.  
Community centre in Rankovce was predominantly by Roma respondents reported as being the 
most significant place in the area. This recommendations confirm the findings of IFS disscused 
earlier, that less formal environment of community centres as spaces for community meetings, 
further-education facilities or specialised courses help in creating 'shared experiences' and  thus 
building community cohesion.  
(ii)  people-based approach  shall be followed in two dimensions. First is to allow local people to 
play active role in the design processes from the very beginning stages on. Local resources and 
knowledge bring unexpected results. Second is the physical, visual attractiveness for the local 
residents. Respondents from both communities reported the affiliation, but more significantly - the 
feeling of proud- of the newly built shared places, especially around the bus stops. 
(iii) multidisciplinary project preparation and, management: public spaces affect multiply agents 
and stakeholders, from the residents, to the owners, managers of local amenities, or town centres 
managers. The technical and visual state of already built places was during the observations 
evaluated as good. However, from the long-time perspective for the future management of the 
spaces (financing the reparations, cleaning), the closer cooperation of different stakeholders will be 
required. 
(iv) flexibility, time-adaptability in design strategies. Experiences from the talks from participatory 
meetings revealed many hidden meanings of certain places in current settlement structure that 
would not allow to change their functions or visual. Therefore, instead of designing closed and 
finished architecture, the aim should be to design open and adaptable modules that will be able to 
accommodate different situations, topographically, socially as well as changing programmes. 
Strategy that allows changes, accidents and exchanges can be understood as a design method, than 
as a rigid (physical) form. As stated also by Griet Juwet:''spatial design is never a finished product, 
but should allow for people to share and appropriate it, for change and evolution over time, 
assuming multiple, complex, non-exclusive meaning in the process''. 

 
4. Conclusion 
 
To sum up, the paper analyses different forms and processes connected to design of public space 
that have a potential to play a significant role in building inclusive communities and societies. In 
the first part the paper deals with the concept of inclusivity in the urban design agendas and its 
potentials for understanding public spaces in particular. In the second part, the case study project   
For better life in Rankovce' was introduced in order to test some of these ideas in practice. The 
preliminary results imply that suggested ideas are feasible and draw out recommendations for 
widening the definition of public spaces, multidisciplinary and people-based involvement in all the 
stages of the design processes and the necessity of flexibility and time-adaptability in design 
strategies. 
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Abstract 

Today shopping mall is one of the most effective forms of retail space organization, however a 
number of socialization and communication problems in its environment still persist. The study of 
layouts of mall’s social spaces allows to understand the reasons and find solutions to such 
problems. In this paper we conducted an analysis of ten European malls in order to explore their 
social spaces and form common approaches to improve them. The analysis of these shopping 
centers allowed us to create a classification of mall’s social spaces by size, identify three new 
layout types of social spaces as well as define a typical set of functional areas in social spaces. 

Keywords: mall, shopping mall, social space, retail, layout type, urban environment, classification, 
functional content. 
 
 
1. Introduction 

During the 1950s in the U.S. global motorization provided a strong incentive to the rapid 

streets, causing some shopping and social vacuum. The solution to this problem was a new type of 
building  a shopping mall [1]. After a series of transformations mall became not only one of the 
most effective forms of retail space organization but also an inherent part of any big city. 
Today despite the development of trade and entertainment functions, problems of socialization and 
communication in malls stay unresolved. A key to these problems as well as a coherent link 

he study of layouts of 

socialization and communication in malls. 
This research topic is highly relevant in the modern Ukraine. According to the Cushman & 
Wakefi

to perform a study of existing European malls in order to face the named problems in Ukraine. In 
 size, layout type and 

functional content. 
 
 
2. European shopping malls chosen for the study 

Ten malls located in Europe were selected to conduct this study. When choosing specific malls the 
                                                           
* Corresponding author: Tel./ Fax.: +38 (098) 645-44-78 
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main criteria were: geographical diversity, great variety of malls in size and year of construction, 
representation of different layout types. In this manner, the following malls were selected (Fig.1): 

 
 

Figure 1. Location of shopping malls, selected to conduct the study. 
 

1. Janki Shopping Centre (Warsaw, Poland) built in 1999, size is 83,660 m2. This one-storey 
retail facilities, 11 restaurants, a multiplex cinema 

and casino  [3]. 
2. WESTside mall (Bern, Switzerland) opened in October 2008. In addition to 55 shops, 10 

restaurants and bars, hotel, multiplex cinema, fun bath with wellness center and housing, 
this mixed-use construction radically reinvents the concept of shopping, entertainment and 
living. The mall s area is 139,000 m2. [4]. 

3. Shopping City Süd or SCS (an oldest and biggest shopping mall in Vienna, Austria) opened 
in 1976, size is 173 000 m2. It contains 330 shops and offers 10,000 parking spaces for 
visitors [5]. 

4. Field’s Shopping Center (Copenhagen, Denmark) opened in 2004 is one of the largest 
shopping and entertainment centres in Scandinavia. Total size is 115,000 m2, size of 
shopping area is 65,000 m2. Mall contains more than 140 retail facilities, 20 cafes and 
restaurants and offers 3,000 parking spaces [6]. 

5. Smáralind Shopping Centre (Reykjavik, Iceland) built in 2001, size is 63,000 m2. This mall 
is by far the largest building in Iceland, housing a large number of stores, restaurants and a 
cinema with five auditoriums [7]. 

6. Vasco Da Gama Centre (Lisbon, Portugal) completed in May 2005. The mall covers 
60,000 m2 retail and leisure building with a big central space, outdoor catering areas, 
restaurants and cafeterias [8]. 

7. Alexa Shopping Mall (Berlin, Germany) built in 2007, size is 54,000 m2. This mall has five 
floors, 180 shops and many food courts [9]. 

8. El Boulevard Shopping Mall (Vitoria, Spain) finished in 2003, size is 125,000 m2. It has 
three levels of commercial space that gravitate around the centrally placed hypermarket and 
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a big cinema on the second floor [10]. 
9. Zlote Tarasy (Warsaw, Poland) opened in 2007 is a mall of modern design. It was 

constructed as a part of a bigger complex. The total area is 205,000 m2 and 51,000 of them 
are occupied by offices and a hotel [11]. 

10. Mediterranean Cosmos Mall (Thessaloniki, Greece) opened in October 2005, total GLA is 
147,000 m². It is the largest retail and entertainment development in Southeastern Europe. It 
contains more than 200 stores, it also features 30 restaurants and coffee shops, 11 multiplex 
cinemas, a playroom for kids, a large super market, hairdressers & manicure services, a 
church and so on. Gross leasable area (GLA) of mall is 147,000 m² [12]. 

 
 
3. Classifying social spaces 
 
First of all it is necessary to determine the criteria 
spaces. As social space is a part of the mall as a whole, let us consider the malls classification 
criteria first. The main of them are: 

 size (GLA); 
 layout type; 
 content; 
  

social spaces classification. The reason is that the social spaces are 
and their location is common  
successfully used. 
 
3.1. Classification by size 
 

GLA. While conducting research on social spaces of European malls 
it became obvious that it is not always possible to find out their exact size. The reason for this is 

often not publicly 
available hem 
ourselves seems unrealistic and redundant. Although one can only learn the percentage of social 
space area to GLA (SSA/GLA further in text), this indicator is more useful for this research as it is 
far more demonstrative. As social space has functional content responsible for socialization and 
communication, the percentage will show the part of GLA selected for these functions.  
To determine this value we used publicly available schemes of shopping malls. Such schemes 
seldom contain proper scales but accurately reflect the values of different areas, which is 
sufficient for the needs of this study. We used ArchiCAD software package to analyze the particular 

SSA/GLA in these malls. 
When determining the conventional area of social space we had to decide whether we should 
include atrium zones into it or not. On the one hand, atrium zones are empty spaces therefore no 
functional content nor social communication can appear there. But on the other hand it is the atrium 
and its dimensions that are crucial for the daylight supply and 
psychological comfort in social spaces. 
The calculations excluding the atrium area showed only a slight difference between SSA/GLA in 
different malls. The index value ranged from 11% to 19%. Taking into account the atrium area 
when calculating the conventional area of social space showed different results: SSA/GLA value 

significant difference in calculation results, it was decided to include atrium areas into social space 
during this research. 
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Thus the results of the study allow us to identify three types of  space by size: 

 small social space, SSA/GLA < 15%; 
 medium social space, 15%  SSA/GLA < 25%; 
 large social space, SSA/GLA  25%. 

 
3.2. Classification by layout type 

 
Today there exists a variety of different mall layouts. In 1985 Maitland identified four layout types 
of shopping malls: square, linear, cruciform and L-shaped [13]. And in 2004 Simone Besemer in his 
research extended Maitland Fig. 2): U-shaped, 
trapezoidal shape, clusters form, ellipse, triangle shape, T-shaped, Y-shaped, multiple crossing 
shape [14]. 

 

 
 

Figure 2. Existing mall layout types 
 

Having examined these classifications, we can conclude that 
determining its layout form. It is along the social space all retail stores, restaurants, entertainment 
and service facilities are situated. That is, social space is a linking part between all functional 
elements in a mall. Thus it is possible to use existing mall layout typology for classifying mall 
social spaces by layout type. 
However in the analysis of malls selected for this study, we detected a number of them whose social 
space cannot be attributed to any of the existing types. Zlote Tarasy in Warsaw, Poland is an 
example can be characterized by analogy with one of the typical 
city layouts  the radial ring. Another example of an atypical social space layout is Mediterranean 
Cosmos in Thessaloniki, Greece which is similar to the star-shaped urban planning. El Boulevard is 

 space layout can be described as petal 
shaped by the same analogy with urban planning [15]. The feature of all the three shopping malls is 
that their social space sizes are the biggest among all malls in this research. 
In 2008, Kerstin Dörhöfer in her research on Berlin malls analyzed their historical formation. She 

transformation of their standard linear form to U-, 
T-, Y-, X-shaped and others [16]. Analyzing recent research in this field it can be concluded that 
modern malls have evolved to the next level of layout design. Previously social space was simply a 

 This explains the formation of new social space layout types based 
on the urban approaches to organization of space. 
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Figure 3. Radial ring, star-shaped and petal-shaped social space layouts. 
 

Social spaces of the new types are more spacious as they have come to occupy from 23% to 33% of 

appearing there. Sophisticated layouts, availability of space, plenty of natural light supplied through 
large atriums create an atmosphere where visitors feel themselves in a city center. All of this makes 
new social space layout types more favorable for socialization and communication in the shopping 
mall environment. 
 
3.3. Classification by functional content 

Social space in a shopping mall serves as a connection between all its functional elements. In 
addition to this basic function, social spaces contain areas of diverse functionality. The analyses of 
malls, conducted within the current study, allows to identify the typical set of functional areas in 
social spaces: 

 food courts; 
 retail areas; 
 recreational areas (places to sit). 

The three types of functional areas are present in all social spaces of shopping malls selected for the 
study. Food courts is the most popular type. Unlike other types, location of food courts is associated 
with functional content. They are located near the corresponding food and beverage 
establishments (F&B further in text), e.g. restaurant tables are located outside the restaurant in the 
walkway area. According to our analysis, there are three principles of walkway design near F&B: 

1. linear (broad walkways with the prospect of creating a catering area along F&B); 
2. niche-like (walkways design locates F&B in "niches"); 
3. island-like (catering areas within walkways are surrounded with F&B) [17]. 

The standard set of functional areas in the social spaces of Janki and SCS is extended with kids 
playgrounds area which creates favorable conditions for family recreation. Mediterranean Cosmos, 
Zlote Tarasy and Smaralind shopping malls have more special features in their functional content.  
The main feature of Smaralind is lots of indoor gardens and potted plants all over the building. 
There are pots with palms all along the social space and the floor ceilings in the atrium area are 
decorated with hanging green plants. In addition, there is a large square within the social space 
occupied by a winter garden with lots of plants and places for recreation. 

 
 

Figure 4. Illustration of different principles of walkway design near food and beverage 
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establishments 
Social space of Zlote Tarasy impresses with its space as it is located in a large hall under glass roof 
in a form of tree crowns. The height of hall covers all the mall floors and social space is attached to 
it by terraces with landscaping. In addition to food courts and retail areas there is a fountain, a piece 
of street furniture common for urban environments. The hall is a frequent host of a screen or a stage 
for artistic performances. All of this makes Zlote Tarasy a great place for informal meetings, 
recreation and communication. 
Mediterranean Cosmos shopping center has the biggest SSA/GLA rate among the selected malls  
33%. Since the climate in Greece is Mediterranean with high average temperatures, part of social 
space is located outdoors. It is in this part a large landscaped area with recreational zones and 
amphitheater are situated. All social space is populated with green plants and street furniture. So 
thanks to open spaces, landscaped recreational zones and entertainment 
space offers experience of a comfortable city center where one can not only go shopping but 
communicate and socialize. 
 
Table 1: Comparison of social spaces of selected European malls 

Name Scheme Layout type SSA/GLA 
small social space 

Janki
(Warsaw, Poland) 

 

Multiple crossing 
shape 

11% 

WESTside 
(Bern, Switzerland) 

 

U-shaped 12% 

SCS
(Vienna, Austria) 

 

Linear 13% 

medium social space 
Field’s

(Copenhagen, Denmark) 

 

Squar 16% 

Vasco Da Gama 
(Lisbon, Portugal) 

 

L-shaped 20% 

Smaralind
(Reykjavik, Iceland) 

 

Clusters form 21% 
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Alexa 
(Berlin, Germany) 

 

 

Multiple crossing 
shape 

23% 

El Boulevard 
(Vitoria, Spain) 

 

Petal shaped 23% 

large social space 
Zlote Tarasy 

(Poland, Warsaw) 

 

Radial ring 25% 

Mediterranean Cosmos (Thessaloniki, 
Greece) 

 

Star-shaped 33% 

4. Conclusions 
 
For conducting this research we selected ten European shopping malls located in different 
countries, with diverse layouts and functional content. The analysis of these shopping centers 
allowed us to create 
analyzed the existing classifications of malls by layout. Defining that social space is the basis for 
determining reating social spaces 

 not be attributed to any of these types. So we 
identified three new layout types of social spaces: radial ring, star-shaped and petal-shaped. 

paces is also considered in this paper. We defined a typical 
set of functional areas in social spaces based on the selected malls analysis: food courts, retail and 
recreational areas. Also three principles of walkway design near F&B establishments were identifid: 
linear, niche-like and island-like. 
We founded that large social spaces with layout structures close to urban environments of city 
centers are the most favorable ones for boosting visitors communication and socialization. Like in 
urban environments, such social spaces are often populated with landscaped squares, planted 
gardens, street furniture and places for different kinds of artistic events. Sophisticated layouts, lots 
of space, plenty of natural light create an comfortable atmosphere where visitors feel themselves in 
a traditional city center. 
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Abstract 

Interdisciplinary researches in the areas of art and technology are not the discovery of the new 
millennium, but the society became fully aware of their importance just during the last ten or twenty 
years. That current situation sets the target of this research - the establishment of an architectural 
model of space for interdisciplinary research in art and technology. The model has been established 
through analysis of designed and erected architectural works for interdisciplinary research, or 
some other form of interdisciplinary activity, and through discussion of that analysis findings. It has 
been identified that the imperative in envisioning and designing buildings for interdisciplinary 
research is to create spaces for several levels of collaboration by disposition of required spaces, i.e. 
that the established model is primarily of functional-social character. The other characteristics of 
analysed architectural works can be represented by the following architectural recommendations: 
offer spaces whose function is not clearly defined; allow spatial flexibility by correct selection of 
the structure; achieve transparency and connectivity of spaces. 

Keywords: interdisciplinary research, architectural model, collaboration, flexibility, connectivity. 
 
 
1. The justification of interdisciplinary researches in art and technology today 

The collaboration between artists and engineers is activity that has long caught the attention of 
individuals. Those interdisciplinary researches were conducted in the framework of few scientific 
institutions or art movements, and the resulting products were largely considered avant-garde since 
they are usualy very unpredictable, and therefore new and innovative. Also, the actual goal of the 
research does not have to be clear from the beginning or can be modified during the process. 
Usually it's a curiosity, the feeling, the instinct that something may be or may function in a new and 
unpredicted way. Institutions designed to support the interdisciplinary research differ in their 
organization and functioning, but their aim is always to enable the dialogue between artists and 
engineers who want to share different views on the same things [1]. 
The need of broadening the field of knowledge and streighten the cooperation between various 
disciplines in order to solve a specific problem is actualized during the last ten or twenty years. 
Therefore, some reputable universities are forming new educational interdisciplinary programs 
which combine several facultie’s curriculum with the emphasis placed on deletion of disciplines’ 
clear boundaries and development of untraditional thinking. That current situation sets the target of 
this research - the establishment of an architectural model of space for interdisciplinary research in 
art and technology. Architectural model in the context of this research aims to provide satisfactory 
interpretation of the interdisciplinary research phenomena so that architect can get a correct and 
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thorough insight in the processes that’s taking place in the building [2]. 
 
 
2. MIT and ZKM spaces as basis for this research hypothesis 

Products arising from interdisciplinary collaboration can enrich human perception in terms of 
artistic works as it is in the case of ZKM Karlsruhe. Products can be practically applicable and 
relevant to improving the quality of life as evidenced by the works of MIT's Media Lab experts. 
Presented research of spaces for interdisciplinary collaboration in art and technology began by 
analyzing these two extremely productive institutions. At first glance, one can conclude that these 
spaces are neither classical laboratory nor atelier nor museum spaces. Interestingly, one can also 
notice that those institution premises do not look alike or have some strong similar characteristics 
(Fig. 1.) From this insights arises the hypothesis of this study, that the specifics of space for 
interdisciplinary research are not immediately apparent but that one can notice and distinguish those 
specifics by detail analysis of important architectural examples. 
 

        
 

Figure 1. Interior spaces of Wiesner building MIT Media Lab (left) and ZKM (right). 
 
 
3. Analysis of relevant architectural artifacts 

The target of this research, the establishment of an architectural model of space for interdisciplinary 
research in art and technology, focuses on application in designing process. Since the research relies 
on learning and concluding from architectural examples, the parameters are chosen to sufficiently 
describe the functional, formal and structural elements of each building, all in the context of 
achieving the space that will enable and encourage interdisciplinary collaboration. Therefore the 
following analysis parameters have been set: basic information; basic numeric indicators; location; 
facilities; spatial concept; disposition and the relationship between spaces for different use; 
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construction and structure; elevations; infrastructure and technological equipment. 

3.1 Architectural examples for interdisciplinary research in art and technology 
 
There are only few erected or designed architectural examples for comparative analysis, because a 
large number of institutions use available spatial resources which are not specially shaped for 
specific requirements of interdisciplinary research. Building new, typologically innovative space 
requires substantial financial resources as well as political stronghold. Therefore, only two 
productive interdisciplinary institutions have managed to make spaces exactly according to their 
needs and ideas. MIT Media Lab was initially located in newly built Wiesner Building by architect 
Pei and had recently been moved to the extension called Media Arts and Science Building designed 
by architect Maki [3]. ZKM in turn, should be placed in the open competition first prize winning 
project by Rem Koolhaas but, due to financial reasons, the city abandoned the new building idea 
and announced a new competition for adaptation of abandoned cable factory from WW1 won by 
Schweger and partners where ZKM was finally located [4, 5]. Neither MIT Media Lab nor ZKM 
are the only users of the building where they are located, but they share the spaces with other 
institutions (research centers, museums, schools). (Fig. 2.) 
 

    
 
Figure 2. MIT Wiesner B., Media Arts and Science B., ZKM project, ZKM building (left to right). 

3.2 Architectural examples for other aspects of interdisciplinary research 
 
A small number of identified examples of buildings for interdisciplinary research in art and 
technology indicate the need to find additional examples. Since extending the research topic poses a 
potential danger of loosing focus, detecting the additional examples eligible for analysis has been 
made with great care. Only buildings that are designed, performed and used in order to connect 
different fields came into account. By researching the available graphical and textual materials, 
three more buildings were detected: Mediatheque Carré d'Art in Nimes, France by Foster; Sendai 
Mediatheque in Japan by Ito and the Zollverein School of Management and Design in Essen, 
Germany by Sejima and Nishizawa (Fig. 3.) [6, 7, 8]. 
 

       
 

Figure 3. Carré d'Art, Sendai Mediatheque, the Zollverein School (left to right). 
 
 

 655



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 
 
4. Discussion of spatial characteristic detected in analyzed examples 
 
The knowledge gained through executed analysis should primarily be seen in the context of social 
relationships that take place in the building since the idea of interdisciplinary collaboration is based 
on encouraging social contact between members of different disciplines. The interdependence of 
space and social relationships is well elaborated in book The Language of Space by architect Bryan 
Lawson who says that the creation of space before the advent of the architectural profession was a 
more social and vernacular process embedded in all other aspects of culture. Lawson argues that 
each building has a spatial features that can give us starting point in the design process. While 
occupying the space, users begin to change that space, which will be more efficient if they can react 
on something positive [9]. 
 
4.1 Spaces for different purposes and their relationship – borders reduction 
 
Each analyzed architectural example has several functional units and consist of spaces for 
employees as well as spaces intended for occasional users and visitors. Thus, buildings have 
become testing grounds for possible contact between users and visitors. Although the functional 
units in analyzed examples are typically located on different floor levels, common areas on different 
levels serve as platforms where unexpected encounters can occur. One must keep in mind that an 
individual can collaborate with a team, then the team with the community in the building, a 
community with visitors, and finally, in a small, but inspiring extent, the community with the 
environment determined with the location of the building. In addition to this linear sequence of 
cooperation, analyzed examples show tendency to allow crossing, or skipping certain link in this 
linear sequence from individual over the team leading up to the community, the wider community 
and the urban population (Fig. 4.). 
 

 
 

Figure 4. Diagrammatical representation of cooperation in space - linear or hierarchical (left) and 
cross-linked (right). 

 
High level of spatial flexibility, achieved by using supporting system of columns and beans, has 
been detected in all analyzed architectural examples. Besides this commonly used supporting 
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system, some examples (this is primarily the Sendai Mediatheque), feature innovative construction 
which became one of the spatial conception basic features. Spatial flexibility ensures using the 
interior both in a common way as well as in some new and innovative ways. The analysis has 
shown that great percentage of floor space in observed examples is intended and/or used for various 
purposes (Fig. 5.). To encourage different space organizations, it is desirable to select or design 
furniture that can be used in several ways and is light and easy to move. 
 

 
 

Figure 5. Analyzed examples floor space usage (brighter colored are spaces for multiple purposes). 
 
Informal gathering spaces that encourage new methods of thinking and cooperation have been 
detected in all analyzed examples. Those spaces have been achieved by one of two horizontal 
communications treatments: in some examples horizontal communications are absent with barrier-
free or glass walls floor layout; in other examples the horizontal communications are increased, 
forming additional spaces for informal meetings and gatherings. 
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4.2 Spatial characteristics - space higher than minimum required 

The ratio between volume and the total area of all floors in analyzed examples ranges from 5.4 to 
6.7, which indicates that some of the spaces within a building are higher than minimum required. 
Analyses had further shown two modus of physical features that has been used in space design and 
are responsible for noticed ratios. The first relates to the achievement of empty space(s) within the 
building – void(s), that extend through multiple floors of buildings and allow users to see each other 
activities within the whole building. Many of the surrounding spatial units gather around voids so it 
serves as an interest, communication and creative center of the building. This spatial concept of one 
or more voids within the building is present in the following analyzed examples: the two houses 
MIT's Media Lab, building Carré d'Art and the conversion of protected munitions factory building 
ZKM (Table 1, Fig. 6.). The second detected modus of achieving high ratio mentioned above is 
juxtaposition different floor heights within the building which creates a diversity that allows 
different usage and different experience of space (Table 2, Fig. 7.). The observed characteristic of 
spatial redundancy is also important in the context of rapidly changing new technologies whose use 
is largely present in interdisciplinary research. 
 

floor -4 -3 -2 -1 0 1 2 3 4 5 6 7 8 total

MIT Wiesner
floor projection 2900 2500 2500 2500 2500 12900
floor surface 2900 2050 1100 2350 2350 10750
void surface 0 450 1400 150 150 2150
void percentage 0 18 56 6 6 17

MIT MASB
floor projection 2630 2630 2630 2630 2630 2630 2630 18410
floor surface 2630 2630 2100 2270 1960 2200 2630 16420
void surface 0 0 530 360 670 430 0 1990
void percentage 0 0 20 14 25 16 0 11

Carre d'Art
floor projection 2115 2115 2115 2115 2115 1945 1945 2010 2010 18485
floor surface 2115 2115 2115 2115 1915 1515 1070 1575 1735 16270
void surface 0 0 0 0 200 430 875 435 275 2215
void percentage 0 0 0 0 9 22 45 22 14 12

ZKM
floor projection 7170 7170 7170 7170 28680
floor surface 7170 5010 5010 5010 22200
void surface 0 2160 2160 2160 6480
void percentage 0 30 30 30 23  

 
Table 1. Calculation of un-built floor surfaces (voids) for MIT Wiesner B., Media Arts and Science 

B., Carré d'Art, ZKM building. 
 

 
 

Figure 6. Representation of voids on reduced intersections of the examples in table 1. 
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floor -4 -3 -2 -1 0 1 2 3 4 5 6 7

Zollverein
entrance floor height 4,55 4,55 4,55 4,55 4,55 4,55
floor height 3,50 4,55 9,65 4,95 3,45 7,90
deviation 1,05 0 5,1 0,4 1,1 3,35
deviation percentage 23 0 112 9 24 74

Sendai
entrance floor height 6,6 6,6 6,6 6,6 6,6 6,6 6,6 6,6 6,6
floor height 4,8 3,3 6,6 3,2 5,2 3,4 4,7 3,9 3,8
deviation 1,8 3,3 0 3,4 1,4 3,2 1,9 2,7 2,8
deviation percentage 27 50 0 52 21 48 29 41 42

ZKM project
entrance floor height 3,2 3,2 3,2 3,2 3,2 3,2 3,2 3,2 3,2
floor height 4,15 3,2 14,5 7,1 8,2 2,6 6,2 6 2,6
deviation 0,95 0 11,3 3,9 5 0,6 3 2,8 0,6
deviation percentage 30 0 353 122 156 19 94 88 19

ZKM extension
entrance floor height 4,75 4,75 4,75
floor height 2,5 4,75 9,9
deviation 2,25 0 5,15
deviation percentage 47 0 108  

 
Table 2. Calculation of individual floor height and their variation in relation to the ground floor for 

the Zollverein School, Sendai Mediatheque, ZKM project and extension of ZKM building. 
 

 
 

Figure 7. Representation of slabs on reduced intersections of the examples in table 2. 
 
4.3 Visual connection of space 

Visual connection of interior spaces in analyzed examples is achieved by one or by combination of 
the following features: flexible spatial organization; voids; using of glass. Not all of the analyzed 
examples, but majority of them, have façades made of glass so that the interiors and events taking 
place in them are opened for insight. One must bear in mind that abolitions of intimate workspaces 
are neither possible nor advisable, but the boarders between them can be less strict. The purpose of 
visual connection is to terminate spatial separation of individual from other colleagues, working 
groups, community and eventually to make interaction between the community working within a 
building and the environment possible. 
 
4.4 Proper simplicity of the exterior 
 
Finally, it is interesting to point out the noticed proper rectangular simplicity of the exterior in 
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analyzed architectural artefacts. Buildings are simple in geometry, without cuts or emphasis in its 
volumes. Besides that simple geometry of the façade, also use of materials speaks of deliberate and 
restrained approach. Right angled building fits into the urban matrix, and its interior is plain so 
needed facilities can be simply organized. With its clarity, the building volume becomes the 
container of the function giving the attention to the content rather than the external appearance. 

 
5. Conclusions 

The architectural model of space for interdisciplinary research in art and technology has been 
established through analysis of designed and erected architectural examples intended for 
interdisciplinary research, or some other form of interdisciplinary activity which takes place in a 
building, and through discussion of this analysis. The analysis has shown that all relevant 
architectural examples taken into account have these common spatial characteristic: several 
functional units; high level of spatial flexibility; informal gathering spaces; spaces higher than 
minimum required; visual connection of interior spaces; and exterior appearance of proper 
rectangular form. It has been identified that the imperative in envisioning and designing buildings 
for interdisciplinary research is to create spaces for several levels of collaboration by disposition of 
required spaces, i.e. that the established model is primarily of functional-social character. In order 
to ensure fluidity of social processes their design should: provide spaces whose function is not 
clearly defined; allow spatial flexibility by correct selection of the structure; and achieve 
transparency and connectivity by selecting adequate materials, providing easily changeable spatial 
organization and designing spaces larger than the minimum required. Conclusions could serve as a 
starting point for architectural solutions for space intended for interdisciplinary research in art and 
technology, as well as all other interdisciplinary activities. 
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Abstract 

This paper deals with the main part of the history of formation of psychiatric and 
psychoneurological institutions from an architectural point of view. While working upon the 
dissertation on the subject, the authors have examined a number of objects and sources in Europe 
and offer their conclusions on this relevant topic. The above analysis is carried out under the prism 
of modernity with its main factor of psychoneurological burden on people — information, the 
amount of which, during the 20th and early 21st centuries, is growing exponentially. 

Keywords: Revalorization, Architecture, Asylum, Psychiatry, Psychoneurological Rehabilitation. 
 
 
During all the time of its existence, the humanity has been dealing with people with big or small 
mental problems. The attitude and treatment was different, often being inhumane.  
Nowadays, the issue of psychoneurological institutions escapes the attention of researchers. These 
objects are essential, because they, like any healthcare institutions on the one hand hold healing 
function, on the other hand they are the cultural and material environment created by man (thus 
requiring normal development and maintenance of their condition ). 
In addition, these facilities should meet the needs of a modern, healthy (in general) person. So today 
it is very important to pay more attention to these both subject and objects. 
There are three important areas in the approach to these institutions. First one is an analysis of the 
existing architectural heritage of the late nineteenth and early twentieth century. Second — ensuring 
their normal physical condition (restoration of architecture, paying attention to gardens, 
landscaping), amplification of work of these establishments to meet the needs of a healthy 
population (which is also in the increasing degree being related to neurological problems). Third — 
usage of non-standard to the West and traditional for the East techniques of folk architecture in 
which the question of psychological condition of their inhabitants is given great importance. 
The purpose of the article is to show the current state of psychoneurological institutions that now 
exist as known and ponderable ensembles, their problems and how they adapt to the present. 
Perhaps it is important to include some of them (especially those located in Ukraine) to the list of 
monumetns to keep their territory, to improve the state and usage of their park and to increase their 
overall suitability for versatile performance of their functions. 
So, in this article we shall examine the current state of the best examples of ensembles of 
psychoneurological institutions of late nineteenth — early twentieth centuries at Poland, Austria, 
France and Ukraine. 
The main theme of our research is the architecture of psychoneurological institutions, as 
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monuments of urbanism (ensembles comprising buildings of different functions — administrative, 
medical, recreational, sacral cultural etc.). As stated in the title, in the first place — of late 
nineteenth — early twentieth centuries in Central and Eastern Europe (as part of Austria-Hungary). 
Rising of amount of information per person during last decades puts the progressive (even 
completely mentally healthy) people into a difficult situation where, on the one hand, you need the 
broadest and deepest possible ownership of available knowledge, and the other — the available 
knowledge is too much for coverage. This situation is complicated by such a relatively new factor 
of modern informational field as its aggressiveness (or informational pressure), caused by growing 
competition of promoters of information (both individuals and organizations of diverse orientation). 
This ‘aggressiveness’ is to create and impose on a potential customer any available (justified and 
unjustified) reason to interest him in exactly this data. The consequences of such informational 
‘auto-policy’ (which, in a milder form, existed in all times) are mistakes in assessing the true need 
for assimilation of various data, which lead to the inevitable problems — either in the form of 
assimilation of needless information rather than required one (as phenomenon of limits of 
perception — temporal, physiological, etc., is always present), or in the form of an informational 
glut with the further development of aversion to new data and serious complications for 
memorization. This may cause psychoneurological disorders. 
The level of specialist institutional provision for the care and control of the insane remained 
extremely limited until the turn of the 18th century. Madness was seen principally as a domestic 
problem, with families and parish authorities central to regimens of care.[1] Various forms of 
outdoor relief were extended by the parish authorities to families in these circumstances including 
financial support, the provision of parish nurses and, where family care was not possible, lunatics 
might be 'boarded out' to other members of the local community or committed to private 
madhouses. Institutions for keeping insane were established after the Christian Reconquista in 
Spain, including hospitals in Valencia (1407), Zaragoza (1425), Seville (1436), Barcelona (1481), 
and Toledo (1483). The Priory of Saint Mary of Bethlehem, which later became known more 
notoriously as Bedlam, was founded in 1247. At the start of the fifteenth century it housed just six 
insane men. [2] [3]. Subsequently, for such patients were created separate special buildings. For 
example, Narrenturm (Fig.1) at Vienna, is considered continental Europe's oldest building 
specially built for the accommodation of mental patients.[4] Built in 1784, it is next to the site of 
the old Vienna General Hospital (today a university campus), and is now home to the Federal 
Pathologic-Anatomical Museum Vienna (German: Pathologisch-anatomisches Bundesmuseum 
Wien). It was built with the special purpose of taking care of seriously mentally ill patients with 
targeting for closed space and strict control. Actually, it is not even an ensemble, because it consists 
of only one building. Its outer image is caused only by functional needs. Round, center-symmetrical 
shape of its plan is rare in architecture, obviously, coming out of the desire for a certain geometrical 
ideal of its authors. One can find there allusions of the Panopticon, built somewhat earlier. Despite 
its specialization (new phenomenon), essentially Narrenturm is all the same prison. 
 

   
 

Figure 1. Narrenturm. Plan by Carl Prusha, photo by Oresta Remeshylo-Rybchynska. 
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Later at France has appeared much more humane approach to treatment and rehabilitation of 
psychoneurological patients along with approaches to rethinking of architectural aspects. It starts 
from XVIII century by Pinel and Esquirol who were the two main pioneers of a new approach to 
the treatment of insane. They first created the idea of keeping such patients separately from all other 
dropouts at special institutions with new kind of attitude which paid special attention to at least 
some sense of freedom, and gave much better chance to feel worthy and make gleam in the state of 
mind. This was achieved by physical activities as the way to divert attention from troubles of the 
mind. Manual work was considered like a way to help purify the brain. Working in the fields meant 
to establish asylums in the country. This location was also considered as a way of escaping the 
factors of insanity and moral dangers of urban life. [5] 
In 1863, Napoleon III decides to create a psychiatric hospital in Paris on the site of The Sainte-
Anne Farm. It is named “Asile Clinique” (Clinical Hospice) because it is devoted to be a place of 
treatment, research and teaching of mental diseases. During numerous years Sainte-Anne is going to 
fill its role of protection of the mentally ill person. Nowadays Sainte-Anne Hospital has known 
numerous evolutions to become a centre of reference in Psychiatry and Neurosciences. 
Its general plan is of great aesthetical value due to its harmonious layout (including interbuilding 
spaces) and symmetry. 
These entirely new approaches to the treatment have created the new attitude to the design of 
psychiatric hospitals. They have started to be designed as a holistic ensembles, valuable not only for 
their external tangible manifestation of the internal new philosophy, but also for their artistic spatial 
architectural appearance formed by combination of buildings of administrative, residential, sacred, 
economic purpose with the mandatory park. Style of an ensemble matched a style of an epoch. 
Being "machines for treatment," mental hospitals are now built from scratch. Thus, in Paris the St. 
Anne's Hospital being built (Fig. 2 and Fig. 3), where architectural aspect is crucial and, in fact, 
illustrates the new medical approaches to the treatment and rehabilitation of patients with 
psychoneurological disorders. 
 

         
 

Figure 3. St. Anne's Hospital in Paris. 
 

Subsequently, these trends apply across Europe. In Austria the hospital called Steinhof (Fig. 4 and 
5) was built according to the sketches of architect Otto Wagner and opened in 1907. Being located 
on easy southern slope, the ensemble takes as many advantages out of this position as possible. 
Before most of the buildings stretches the landscape of Vienna. The culmination of this trend is the 
architectural dominant of whole ensemble — Church Kirche am Steinhof, world famous for its 
unique image. The general plan of this ensemble is valuable by comprising both symmetrical 
regularity and free-handed modernistic irregularity. Such a combination allows inhabitants and 
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workers unusual and useful harmony. Besides medical facilities and church there are available the 
theater, restaurant, dining room with open terraces, administrative buildings and medical buildings. 
Up to the present, the park is in good condition. 

 
 

Figure 4. General plan of Steinhof, design 
made after sketches of Otto Wagner 

 

 
 

Fig. 5. Photo of Steinhof building by Andrii 
Bayev 

 
In the same manner in 1855 one of the oldest hospital of this kind on the today’s territory of Poland 
(during those times — Prussia) — Wojewódzki Szpital dla Nerwowo i Psychicznie Chorych im. 
dr J. Bednarza (Fig. 6 and 7) at wiecie has started its activity. Its ensemble is formed of two parts 
— regular and irregular. The regular part of the master plan is characterized by symmetry and right 
angles. Irregular part connects to regular only by one path and located around the park. Architecture 
of buildings of the ensemble has a single image in the style of historicism formed by laconic 
decoration of red brick. Now its park is abandoned, repairs are conducted, and because its ensemble 
das not possess the status of monument of architecture, there is the danger of loss of identity and 
integrity. In particular, elimination of the old boiler is planned, the high chimney (Fig. 7) of which 
is still an important dominant of whole ensemble. 
 

 
 
Figure 6. General Plan of Wojewódzki Szpital 
dla Nerwowo i Psychicznie Chorych im. dr J. 
Bednarza at wiecie. In this ensemble can be 
noticed the organic combination of the park 

and buildings

 

 
 

Figure 7. Photo showing the significance of 
chimney dominant in the perception of the 

architectural ensemble of the hospital, taken 
by Andrii Bayev 
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Admirable is the fact that even in Eastern Europe, especially in the remote province of the Austro-
Hungarian Empire — Galicia and Lodomeria (nowadays it is Western Ukraine) already in 1870 
years is formed a mental institution of regional scale — Lviv Regional Clinical Psychiatric 
Hospital (     ) (Fig. 8 and 9), which at that time 
has an area that is almost equal to the square of the medieval city of Lviv in the period 15-16 
centuries. Especially interesting is the history of the formation of the architectural ensemble with 
the search of architectural and spatial decision on the then non-urban areas. The architectural 
ensemble, apart from administrative, commercial, medical facilities, includes a garden, a chapel and 
a water tower. On the whole, architectural ensemble has great historical and artistic value. It is 
expressed by the combination of styles of historicism and secession.  
Right before the construction of the hospital the land of the city of Lviv wedged only by a narrow 
strip into the village Kulparkiv. In 1875, by decree of Galician Sejm was opened Regional 
institution for mentally ill (now Street. Kul'parkivs'ka, 95) with a large park. The oldest is the 
southern complex of buildings of the hospital, which was built in 1865-1876 by architect Adolf 
Kuhn in Neo-Renaissance style like a similar institution in the German city of Göttingen. All rooms 
are grouped into one large with length up to 140 m, with three patios. The complex also owned 
hospital chapel of St. Joseph, built in Romanesque Revival architecture. Artists John (Jan) 
Krushinsky, Zygmunt Fedorskyy sculptor Tadeusz Sokulsky participated in the decoration of 
interior of the chapel and the hospital in 1877-1879 years. 
In the old hospital building in 1914 reconstruction was held, and its interiors were enriched with 
Secession decoration items. In 1996 sculptors Olexander Zemskov and Olexander Zemkov restored 
figure of Our Lady on the south facade of the old building, which was destroyed in 1940. In front of 
the old building beyond a flower bed is a two-storey administrative building, built in the late XIX c. 
with elements of neoclassicism. In the north facade of the old building are attached buildings of 
boiler house and other utility rooms upon which rises the Neo-Renaissance Tower. The area is filled 
with trees of old park. In the northern part of the park in the years 1904-1909 was built six hospital 
pavilions in the Art Nouveau style by the projects of Zygmunt K dzierski and Micha  Ulam. 
Pavilions are located on the perimeter of the square in the shape of an ellipse. To the south of these 
buildings stands concrete water tower, designed by Alfred Zacharewicz. In the secession style in the 
early twentieth century are also built houses for polyclinics, commissions of experts, checkpoint at 
the main entrance, pharmacies, club and morgue from the street. Botkin. The preserved proportions 
of chapel, which survived Soviets period are crucial. It is important to protect the integrity of the 
group and apply for its entry into the register of monuments of local importance. Since this 
institution already in the late 19th century began being the focal point of treatment and 
rehabilitation of patients from the entire province of Galicia, and its subsidiaries were in large cities 
such as Chervonograd, the preservation of historic urban frame is needed in the future. Current state 
of the architectural ensemble demands serious approached to renovation. In spite of the fact that a 
lot of interiors are changed due to medical regulations, it is crucial to preserve the esthetic value of 
buildings of the ensemble (Fig. 9).  
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Fig. 8.  The general plan of Lviv Regional 
Clinical Psychiatric Hospital, taken from its 

own museum

 
 
 

 
 

Fig. 9. Photo of chapel of Lviv Regional 
Clinical Psychiatric Hospital, taken by Andrii 

Bayev 
 
Modern state of affairs of architectural aspects of psychoneurological rehabilitation facilities of end 
of XIX — beginning of XX centuries has a number of problems: 

 Architectural and urban — renovation of insolation, sewerage, outfalls, landscaping and 
structural units. 
 Functional — due to scientific progress a number of rooms require upgrading and 

refurbishment. 
 Social — is that due to social equalization and rising environmental as well as informational 

pressure, the more and more patients are claiming for psychoneurological rehabilitation and 
treatment. So the old structures of XIX c. facilities need to be enlarged.  
 Aesthetic — lost of unity and purity of style (due to meaningless restoration) 
 Economic — hospitals sell their territory, for example. 

Trends in the loss of integrity of the territory are observed. For example, abovementioned Steinhof 
is that the eastern part of its land is already planned to be replaced with modern residential 
buildings. And in Ukrainian facility, due to poor conditions of grooming of trees, there is permanent 
threat of losing the image of the park. In addition, many of the urban destination objects, which 
consist of an ensemble of buildings, parks etc. suffer losses of their identity, aesthetics and target 
unity due to the unprofessional approach to the repair, restoration or development.  
Thus, considered in this article facilities are of great value, as are the combination of aesthetic and 
functional qualities that can bring benefits today. We observe that now such institutions at Austria 
and France are at least satisfactory, having ordered territories and buildings and may serve as a 
tourist attractions. For example, examined institution at wiecie is not featured in the list of 
monuments and there appear random objects and compositional and aesthetical value of the object 
is threatened. Lviv Regional Clinical Psychiatric Hospital has no clear and defined borders of its 
territory, park is not well maintained, architecture needs repair. 
Thereby it should be noted, that state of the architectural ensembles of psychoneurological facilities 
of late XIX beg. of XX c. may be categorized by the criteria of distance from ideal. Among these 
the next are most important: 
1. Maintenance, territorial integrity. 
2. Satisfactory state of structures. 
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3. Operation of all initially planned facilities. 
4. Openness and accessibility of park areas for residents. 
Besides, autohrs think that nowadays psychoneurological healing should be amplified by 
architectural techniques Eastern tradition, which should skillfully inscribed into architectural 
environment. 
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Abstract 

Tensegrity structures date back to the twentieth century. They are lightweight spatial reticulated 
structures, composed of continuous cables in tension and discontinuous struts in compression in 
such a way that the compression components do not touch each other. These systems are in a self-
equilibrium and self-stress state with any self stress level. Researchers from different countries use 
tensegrity models over the last thirty years in order to reveal the structural features of particular 
representatives of flora and fauna as well as to illustrate their mechanical behavior at both 
microscopic (cellular) and macroscopic (anatomical) scales. On the other hand, the perfect 
organization in the structure of living organisms has the potential to help us create new innovative 
tensegrity structures for application in architecture and construction. The aim of the present paper 
is to reveal the creative design possibilities that biotensegrity offers. Different innovative tensegrity 
models, generated on the basis of representatives of living nature, were presented and analyzed. 
The main features of tensegrity structures were also investigated. 

Keywords: tensegrity, biotensegrity, tensegrity structures, tensegrity systems, tensegrity modules. 
 
 
1. Introduction 

Tensegrity structures date back to the twentieth century. They are lightweight spatial reticulated 
structures, composed of continuous cables in tension and discontinuous struts in compression in 
such a way that the compression components do not touch each other. These systems are in a self-
equilibrium and self-stress state with any self stress level. Thus their stability and stiffness are 
ensured. Buckminster Fuller, David Emmerich  Kenneth Snelson are considered the creators of 
tensegrity structures. The term “tensegrity” reveals the mechanical behavior of this type of systems 
as it derives from the words tension and integrity. It was first proposed by the American architect 
and engineer Buckminster Fuller [1]. The concept of tensegrity structures is the focus of multiple 
research works and received significant interest among scientists and engineers throughout a 
diverse range of disciplines ranging from architecture, civil engineering, biology, robotics to 
aerospace engineering as reported by Skelton and de Oliveira [2]. Researchers from different 
countries use tensegrity models over the last thirty years in order to reveal the structural features of 
particular representatives of flora and fauna as well as to illustrate their mechanical behavior at both 
microscopic (cellular) and macroscopic (anatomical) scales. Biotensegrity, a term coined by 
Stephen Levin, is the application of tensegrity principles to biologic structures [3]. Fuller thought 
that nature builds using tensegrity at all size scales and that it provides a way to mechanically 
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integrate part and whole [4]. These views were developed in detail by Ingber [5]. For him 
tensegrities are the “architecture of life”. In the last few decades, scientists have shown that 
tensegrity is a fundamental design principle of nature, operating at the level of organs, tissues, cells, 
and even molecules [6]. On the other hand, nature’s perfect organization can inspire visual design 
and invention. Researchers applied the methods of biomimetics to discover enviable qualities and 
characteristics in biological systems and apply them to develop solutions in science and 
engineering. Bio-inspired design can also be used to seek for innovative tensegrity structures for 
application in architecture and construction as roof structures, bridge structures, furniture interior 
elements and etc. Nowadays tensegrities are attracting the attention of architects and engineers with 
their remarkable configurations and potential for further improvement in architectural and technical 
aspect. 
The aim of the present paper is to reveal the creative design possibilities that biotensegrity offers. 
Different innovative tensegrity models, generated on the basis of representatives of living nature, 
were presented and analyzed. The main features of tensegrity structures were also investigated. 
Special attention was given to the geometry configurations of models, basic tensegrity modules and 
technical considerations. 
 
 
2. Investigation methods 

The well known method of “analysis, synthesis and assessment” was used for this scientific 
research. During the analysis the examined object is decomposed to its component parts. It is so 
called decomposition or divergence. Synthesis comes after the analysis as a rearrangement of 
different subparts based on common features. This is so called convergence. Thus the integrity of 
the object is restored. The assessment of the proposed ideas comes after the analysis and the 
synthesis. The phases of analysis, synthesis and assessment are repeated many times during the 
investigation. In the current article the discussion was made from particular to general (induction) 
and from general to particular (deduction). The comparative analysis is a method of work that was 
applied in each stage of the current research. The examined innovative tensegrity models, generated 
on the basis of representatives of living nature, were compared with each other. 
 
 
3. Biotensegrity models 

Several biotensegrity models were considered in this paper. They were collected as a result from a 
thorough preliminarily investigation and reveal the contemporary state of development of this field 
of study. Considering the volume of the article, my new tensegrity models, generated on the basis of 
representatives of living nature, will be presented and analyzed in further scientific works. Then, the 
compositional opportunities to build multimodular tensegrity structures will also be exposed, based 
on composition and decomposition techniques. 
Ingber first appreciated the role of the cytoskeleton in the overall mechanical response of the cell 
[7]. He thinks that cell structure is actually based on a tensegrity architecture and that cells use their 
internal framework to control their shape. Ingber built a simple stick-and-string tensegrity model 
which reproduces the behavior of cultured cells (Fig. 1). To replicate the nucleus of the cell, he 
placed a smaller tensegrity sphere at its center. In the cellular tensegrity model, microfilaments act 
as continuous cables in tension, while microtubules perform the role of compression elements 
(struts) from the structural mechanics standpoint. The concept that tensional prestress is very 
important in providing overall cell shape stability and cytoskeletal coherence has become widely 
accepted. According to Stamenovic [8] cell stiffness increases with increasing prestress in nearly 
direct proportion. The simple six-strut tensegrity model of the cell is very useful, but in reality 
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living cells are complex, multimodular structures [6, 9]. To recreate this specific feature, Ingber et 
al. built models, composed of multiple smaller, self-stabilizing tensegrity units that are linked by 
similar rules of tensional integrity (Fig. 2). 
 

       
 

                                                 a)                                                        b) 
Figure 1. A hierarchical tensegrity model for a nucleated cell (a, b). 

 

                  
 

                                                  a)                                                           b) 
Figure 2. Multimodular tensegrities of the internal cytoskeleton (a, b). 

 
At nanoscale Liedl et al. [10] discovered that tensegrity principles can be applied to the DNA 
double helix structure. Its rigid bundles resist compressive forces exerted by segments of single 
stranded DNA that act as tension-bearing cables. The authors designed a tensegrity prism composed 
of three compression resistant, 13-helix bundles held in place by nine tensed DNA springs (Fig. 3). 
 

 
 

Figure 3. Tensegrity prism, representing the scaffold pathway of DNA. 
 
Scarr [11] also thinks that helical molecules behave as tensegrity structures. Their -helixes have 
the shape of series of curves which all have the same radius, drawn out like a long spring (Fig. 4). 
Helical structures are stabilized through a balance between the attractive (tensional) and resistant 
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(compressional) forces within the molecule, which makes them tensegrities. 

              
 

Figure 4. A helical tensegrity polymer. 
 
Simona-Mariana and Gabriela-Catalina [12] proposed the application of tensegrity concept in the 
modelling of viruses. They built tensegrity models for some viruses’ elements (Fig. 5). As an 
evidence for their theory, they state that both clusters of viruses and tensegrities exist because of 
their ability to be stable. Like tensegrities, viruses are hierarchical systems, formed by auto-
assembly. The authors tried to reproduce the movements of viruses including internal deformations 
of the subunits (Fig. 5 c). 
 

                   
 

                                        a)                               b)                                c) 
Figure 5. Tensegrity models for some viruses’ elements (a, b, c). 

 
Stephen Levin examined the biotensegrities in the macro anatomic area. The human body stabilizes 
its shape by interconnecting multiple compression-resistant bones with a continuous series of 
tensile muscles, tendons, and ligaments, and its stiffness can vary depending on the tone (prestress) 
in its muscles. In accordance with the tensegrity principle, bones do not touch each other because 
they are held apart by soft tissues. Levin [13] created a new model of the spine using a tensegrity-
truss system (Fig. 6 a). The spine is flexible, mobile, and functionally independent of gravity and 
has property behavior inconsistent with an architectural column or beam. If the tensegrity model is 
applied, the spine can function in every position. A change of tension anywhere within the system is 
instantly signaled to everywhere else in the body and there is a total body response by mechanical 
transduction [13]. Levin’s biomechanical model for the shoulder girdle [14] is shown in Fig. 6 b. 
 

                           
                                        a)                                                         b) 

Figure 6. Levin’s tensegrity models for the human spine (a) and arm (b). 
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Graham Scar [15] applied the tensegrity principle to the cranial vault. The curved plates of the 
cranial bone represent the compression struts and apparently “float” in the dura mater – shown here 
as elastic tension cords (Fig. 7 a). The bones do not make actual contact with each other at any 
point. The author also built two other tensegrity models for the human skull. He uses straight (Fig. 7 
b) and curved struts (Fig. 7 c) respectively. 
 

             
 

                                 a)                                         b)                                     c) 
Figure 7. Tensegrity skull model (a, b, c). 

 
Tom Flemons’s [16] tensegrity models are abstractions of the body, designed to approximately 
diagram forces and movements that act on anatomical structure (Fig. 8). He represents human form 
and function using only this principle and minimum tensegrity elements. Flemons made 
biotensegrity models for the pelvis (Fig. 8 a), spine, torso, leg and foot. Then he combined all these 
parts of the body in a tensegrity skeleton (Fig. 8 b). It can walk, sit, stretch, contort and stand self 
supporting. 
 

                       
 

                                                    a)                                                          b) 
Figure 8. Flemons’s double tensioned pelvis (a) and tensegrity skeleton (b). 

 
Galil [17] made a tensegrity sculpture in front of the Pharaonic Village main entrance (Fig. 9). The 
idea was inspired by the general shape of lotus flower. 
 

 
 

Figure 9. Lotus flower tensegrity model. 
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4. Analysis  

Tensegrity explains how hierarchic structures consist of “systems within systems”. Fuller [4] first 
described hierarchical tensegrities in which individual struts or tensile elements are themselves 
tensegrity structures on a smaller scale. Ingber viewed the cell as a hierarchical and multimodular 
tensegrity structure. His cellular tensegrity model is composed of two independent self-stabilizing 
spheres in such a way that the smaller one is placed at the center of the bigger one. They are linked 
to each other by additional tensile filaments. Ingber and his colleagues stated that mechanical forces 
exerted at the surface of the cell can be transmitted to the nucleus. This process is known as 
“mechanotransduction”. It can be explained by the microstructural feature that, when placed under 
load, the individual structural elements move, changing orientation and spacing relative to one 
another, until a new equilibrium configuration is attained. A well known specific characteristic of 
tensegrity structures is that a local stress, applied to them, can result in global structural 
rearrangements and “action at a distance.” Stephen Levin also built a hierarchic tensegrity model 
for the human arm (Fig. 6 a). In this case we again find two levels of hierarchy. The modular and 
hierarchical aspects of tensegrity principles can also be used to understand how multiple self-
stabilizing tensegrity modules can be combined to form larger tensegrity systems by using some 
rules of arrangement and establishment of tensional integrity. Ingber et al. built a multimodular 
tensegrity structure by placing the basic units one over another along a straight vertical axis (Fig. 2 
b). There is no direct contact between the struts of adjacent modules in accordance with the 
classical definition for tensegrity. The lotus flower, shown in Fig. 9, is composed of tensegrity 
modules, arranged along a curved axis. Individual tensegrity units can form spatial enclosing 
structures with no, single or double curvature. The multimodular tensegrity, represented in Fig. 2 a, 
is an example of an enclosing system with no curvature. The contact between the adjacent 
components in one row is half of their sides. It is a double layer structure with an upper and bottom 
base. A specific feature of multimodular tensegrities is that their individual tensegrity components 
can be disrupted without compromising overall system integrity. 
The cellular tensegrity model of Ingber rests on the premise that the cytoskeleton is a static 
network. In reality, the cytoskeleton is a dynamic network, which is exposed to dynamic loads [8]. 
Thus, biotensegrity models can be viewed as simplified representations of the structural features 
and mechanical behavior of particular representatives of flora and fauna. 
For the form-finding step of the design process it is necessary to identify the initial topology of the 
basic constructive tensegrity units and their initial self-equilibrated self-stress. According to 
Buckminster Fuller [4], the icosahedron is a basic tensegrity structure. It is one of the five Platonic 
regular polyhedral, known to the ancient Greeks. Among them, the icosahedron has the largest 
volume for minimum surface area, apart from a sphere. It is fully triangulated, omnidirectional and 
the most symmetrical structure. The distinct advantages of tensegrity icosahedrons make them 
widely used in biologic modeling for living organisms from viruses to vertebrates, their cells, 
systems and subsystems. They are composed of three pairs of compression struts that are mutually 
orthogonal and suspended in a continuous tension network. Stephen Levin describes the structure 
and the behaviour of the musculo-skeletal system as that of icosahedrons (Fig. 6 b). This tensegrity 
form is also used by Ingber for his nucleated cell model (Fig. 1), by Simona-Mariana and Gabriela-
Catalina for their viruses’ elements models (Fig. 5 b) and by Graham Scar for his skull model (Fig. 
7 b, c). The regular tensegrity module like the Tom Flemons’s double tensioned pelvis (Fig. 8 a) is a 
modification of the so-called expanded icosahedron. It is composed of three vertical struts, two 
pairs of transverse sticks and two longitudinal compression members. Tensegrity prisms (right-
handed or left-handed) with three (Fig. 3) or increasing numbers of equivalent struts, spirally 
twisted (Fig. 2 b, Fig. 5 a), represent another topology of tensegrity units widely used in biologic 
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modeling. Graham Scarr’s helical tensegrity polymer (Fig. 4) has a tubular shape that derives from 
a polygonal tensegrity prism. Man-made structures commonly use cubes with angles of 90°, but 
these forms are relatively rare in the natural world (Fig. 2 a). 
Graham Scar used three types of compression elements for his tensegrity skull models (Fig. 7) – 
straight struts, curved struts and curved plates respectively. The system maintains its stability in 
each case. From structural aspect the curved compression elements differ from straight struts 
because their outer convex surfaces are actually under tension and inner concave surfaces under 
compression. 
Some tensegrity systems have important open spaces at their centers (Fig. 4, Fig. 7). This could be 
very important feature if they find application in architecture. 
 
 
5. Conclusions 

Tensegrity is a fundamental design principle of flora and fauna and can be applied at all size scales 
– for organs, tissues, cells, and even molecules. Thanks to Donald Ingber, the most thoroughly re-
searched area of this field of science has been at the cellular level. Biotensegrity structures are 
simplified models of complex processes that occur in nature. Tensegrities can be hierarchical and 
multimodular structures. Most often tensegrity units are combined to form larger tensegrity systems 
by using some rules of arrangement and establishment of tensional integrity. The creators of 
biotensegrities prefer to use regular forms for their models. Nature’s perfect organization can 
inspire visual design and invention. It can also be used to seek for innovative tensegrity structures 
for application in architecture and construction as roof structures, bridge structures, furniture 
interior elements and etc. The tensegrity concept is still evolving and it has potential for further 
improvement in architectural and technical aspect. 
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Abstract

 Present paper contributes to a better understanding of the soviet socio-political model 
underlying the mass housing developments of the Eastern Block's communist states in the 60's, 
therefore contributing to a wider research on the housing legacy of post-war Eastern Europe in 
relation to its potential status as heritage. From an architectural and urban point of view, the 60's 
housing complexes are considered a valuable modernist heritage in most of the former communist 
countries [1], that were guided by a specific science-based [2] state functionalism [3] conceived on 
a soviet ideological model forwarded towards the satellite countries in 1954 (Khrushchev's speech). 
Turning the housing policy on a soviet model transformed housing construction all over the Eastern 
Block into a state controlled act that reflected the main social and political themes of the 
communism.  

Keywords: socialist modernity, state functionalism, utilitarianism, standardized apartment, concept 
of home, post-war mass-housing, micro-rayon, khrushchiovka 
 
 
1. One standardized apartment for every standard family
 

Since the process of rebirth after World War II, housing passes in front of the political  priorities of 
the Soviet Union, the fast and complete reconstruction of homes becoming a potential symbol of the 
determination and indestructibility of the soviet world. Once this meaning was acquired, housing 
continues to be a particularly important theme throughout the Cold War. It was a fertile land of 
ideological dispute between East and West.  
 
A turning point in the ideological battle happens in 1958 with the launch of Nikita Khrushchev's 
housing program, the most ambitious housing program in the human history, that proposes to build 
15 million new homes in 7 years and to solve completely the housing crisis in  about 12 years by 
allocating an individual apartment for each family. The Stalinist opulence, denigrated in 1954 as 
expensive and anti-socialist is replaced by a utilitarianism that prioritized the fast and cheap way of 
building. The most important objective was to drastically reduce cost and execution time by 
increasing the technical regulation, the typification and unification of the architectural production, 
whose main exponent becomes the block of single family standardized apartments.  
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The construction of urban housing will follow a few standardized architectural models, colloquially 
called khrushchiovka, that contained the social, material and technical requirements of the Party, 
practically reducing housing to what can be done cheaply and quickly from concrete, plastic and 
asbestos using industrial methods, imposed ideological, even if not always justified economically. 
The optimal apartment size, in terms of both living area and height was set to a minimum, priority 
being to provide the largest number of individual units in the smallest building volume possible. 
The only spatial ambitions regarding housing were referring to simplicity and functional logic, the 
other architectural and building qualities were abandoned in favour of the large numbers, as 
Khrushchev himself admitted in his autobiography: “You have to decide ... to build a thousand 
suitable apartments, or seven hundred good ones? And a citizen would rather have a suitable 
apartment now or would wait ten or fifteen years for a very good one?”[4]  
 
Complying with the pressing need of industrialization, a series of studies were conducted between 
1954 and 1961 on the large scale industrialization of housing construction, with the main focus on 
prefabricated concrete panels and their rapid assembly methods. As a result, in 1961 the Institute of 
industrialization of construction, led by the Russian architect and engineer Vitaly Lagutenko, 
released a series of housing block typologies called the K-7 series. Proposed architectural model 
was a single-family apartment block of five levels (low enough that it does not require costly 
elevators) of prefabricated concrete panels which could be constructed with minimal investment of 
money and time. The K-7 series was so successfully optimised after ideological requirements, that it 
had a spectacular spread all over the Soviet Union and the satellite countries, hence becoming an 
infinitely repeated architectural symbol of the Khrushchev era housing program and home concept 
[5]. 
 
Typical living areas were situated between 18 and 20 sqm for one room, 30 sqm for two rooms, and 
between 36 and 40 sqm for three rooms apartments. Layouts also included a bathroom, an about 6 
sqm sized kitchen and a hallway. Initially in the K-7 series each room had separate entrances from a 
hallway, but this formula was abandoned for cost reduction purposes and the crossing room 
emerged. Some critics associate the appearance of crossing room that functioned as a living room 
with the architects hidden intent to create a common day-time living space for the family that does 
not have a sleeping function and their desire to ensure that these apartments will be distributed to 
one family and not several, as seen in Stalin era. Regardless, necessity often turned the crossing 
rooms in a second dormitory in the case of larger, two or tree generation families. A frequent 
alteration of the apartment layout made by the users was splitting the crossing living room in a 
hallway and a sleeping room, prompting the authorities to tacitly admit the mistake and eliminate 
the crossing room concept from the consecutive housing programs.  
 
In addition to economic issues, the fever of standardization and the excessive uniformization 
process undertaken by the soviet architects that reduced the spatial patterns of habitation to a few 
types of apartments had a strong ideological component. It had to do with the political aim to 
construct the image of an idealized soviet family [6], composed of a married couple with two 
children that lives in a standardized two-room apartment, a frozen social and architectural set-up, 
unable to change in terms of size or family life. Apartment distribution was based on the criteria of 
compliance with the standard model of the nuclear family, favouring newly-weds with children and 
practically excluding single persons: “Even when modern flats became more widely 
available in the 1960's, other compromises had to be made. Like sardines in a tin, families were 
raised in small, one- or two-room apartments in which the living room often doubled up as a 
bedroom for more than one generation and the 'blind' kitchen was a windowless gallery. The fact 
that priority on the waiting list for such flats was given to families encouraged early and sometimes 
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ill-suited marriages” [7]. Celibacy was considered a temporary phenomenon and a sad consequence 
of the demographic crisis; therefore no forms of permanent housing were encouraged for this social 
category. Provisional living formulas consisted of hotel type facilities with small individual rooms 
and communal domestic services. 
 
Private initiatives, even though contrary to communist ideology, were accepted and even 
encouraged during Khrushchev's housing program as additional financial resources in achieving the 
high volume of proposed constructions. The term private was not approved, being replaced with the 
phrase personal home, a concept that enriched the culture of housing with the idea of individualized 
space. Besides the enthusiasm regarding the high level of control over one's own living conditions, 
the personal house generated two types of problems, one related to construction quality and the  
other related to the urban qualities of the amorphous residential sprawl, leading to the suspension of  
private initiatives. 
 
 
2. The micro-rayon as the new socialist community
 

The increasing intimacy and social isolation of families living in new forms of housing - personal 
house and single-family apartment - was perceived as a potential political threat to the authorities 
[8]. As a counterbalance, housing related communist rhetoric intensified towards the semantization 
of intimate family space as a place of collectivist spirit cultivation and social activism. Interaction 
and close relationship with the neighbours was encouraged in order to form the new type of socialist 
community made up of apartment building residents, regardless of their different backgrounds or 
occupations. These small communities were managed by the block committee (domkom) and 
formed the even bigger and more complete socialist community, the one of the micro-rayon Fig.1. 
  

 
Figure 1. Conceptual urban scheme. Group.Micro-rayon.Rayon 
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The micro-rayon, as a communist interpretation of Clarence Perry's neighbourhood unit, was an 
independent urban unit from the rest of the city that stretched over an area of 20-50 hectares and 
was designed to ensure all housing needs, domestic services and leisure activities for a population 
of about 15,000 inhabitants, becoming the most acclaimed housing-related innovation of the 
Khrushchev era [9].  
 
Individual residential blocks represented only a fraction of a complex urban system consisting of 
facilities for child care and education (nursery, kindergarten, school), food catering facilities 
(canteens, semi-prepared food stores, some blocks were provided with communal kitchens that 
prepared menus ready to be taken home) and other domestic services (laundry, repairment shops 
etc.), sports and leisure facilities (library, cinema) and wide landscaped green areas in form of 
public parks, all located strategically by calculated walking distances to ensure a uniform and 
equitable distribution. 
 
The urban concepts of micro-rayon, as a miniaturized manifestation of an ideal socialist community, 
was a utopian idea that existed mainly on the level of discourse and urban projects and was rarely 
realized as such. Due to the constant economical constraints characteristic to socialist mass housing, 
domestic facilities were often sacrificed in favour of a bigger number of housing units, phenomena 
that affected women in particular. The lack of nurseries, kindergartens, laundromats and other 
domestic services that, although integral part of the micro-rayon concept, were rarely materialized, 
had robbed women the chance to engage in paid work or to enjoy the collective leisure,  the 
ideological essence of socialist lifestyle. 
 
 
3. Domestic space as political propaganda
 

Domestic space becomes an integral part of the Khrushchev era political rhetoric that was hiding 
behind the general de-Stalinization intentions a desire to counterbalance the growing intimacy of 
the soviet family, considered excessive and dangerous in a communist society. The interior, like all 
physical manifestations of soviet culture, had to be designed in accordance with the paradigms of 
communist life, based on standardization, industrialization and strong overall uniformity. The 
materialization of these ideas was the readily furnished apartment, a concept to discourage any form 
of individualism, crafted and personalized solutions in addressing domestic space. 
 
Unlike the Stalinist interior dominated by massive furniture, oversized decorated rugs, heavy 
chandeliers and an abundance of plants and decorations, the Khrushchovian interior was a 
minimalist one, characterized by simplicity, functionality and restraint. There was an obvious 
practical purpose behind these socialist values, the open tones, the simple and small furniture and 
the minimalist lifestyle were meant to create the illusion of space in the minimal apartments.  
 
Contemporary furniture adopted the concept of multifunctional complying with both ideological 
and spatial requirement. Typical interior pieces were the couches that could be converted into beds 
and were simultaneously lingerie stores, the bookshelves with folding tables that served both for 
writing and dining. Ornament was condemned as a praise of Stalinism, a bourgeois attitude which 
denotes a primitive, uncivilized understanding of beauty: “Excessive decoration in furnishings, as in 
architecture, was denounced as a throwback to the Stalin era, an indication of bourgeois or petit-
bourgeois proclivities, and a primitive and uncouth understanding of beauty. In this way Stalinism 
was linked to both bourgeois and primitive tastes.” [10] 
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The strong development of consumer goods industry, in parallel to heavy industry, high 
technologies and the efforts to conquer space, was reflecting the increased political interest in 
domesticity. Housing programs were accompanied by the promise to increase the availability of 
furniture and household equipment (washing machine, fridge, freezer, iron, vacuum cleaner, etc.). 
Electrical equipments acquire a special significance, becoming a part of the political discourse on 
public happiness achieved by putting technology in the service of man. 
 
The technological improvement of the individual kitchen was presented as an improvement of 
women's lives, although the same effect was to be obtained by the domestic facilities of the micro-
rayon. Therefore critiques link the kitchen technologization fever to a political intent to transform 
domestic work into a woman's hobby. Resemantization of domestic work in a voluntary activity for 
pleasure and leisure can be inferred also from the development of domestic life-inspired toy 
industry (two well known examples were the dishwasher and oven toy for little girls). 
 
There is a return to the traditional image of the nuclear family, for it's soothing effect in the 
extremely tense period of the Cold War, even at the risk of creating an imbalance in terms of 
domestic responsibilities within the family. The apartment connected to all urban utilities abolished 
two traditional roles of men, regarding water and firewood supply, turning the private space into a 
pure recreational one. According to Attwood, the general conceptions of the period were that the 
main role of women was to create a home for men to enjoy. Men's only apparent contribution to 
domestic life was consisting of inviting guests, an exclusively male prerogative. Attwood also notes 
that in many respects the new interest of the state in the domestic sphere was disadvantageous for 
women, threatening with the increase of domestic work generated by raised expectations regarding 
home maintenance. 
 
In addition to internal socio-cultural discourse, the technologization of the living sphere had a 
significant role in the ideological competition between the communist East and the capitalist West. 
The strong ideological ambitions overlaying domestic space and, in particular, the functionality of 
the individual kitchen, are becoming obvious in the famous confrontational moment of the Cold 
War, that entered the human history as the Kitchen Debate. It took place between US Vice President 
Richard M. Nixon and Soviet Premier Nikita S. Khrushchev at the National Pavilion of the United 
States of the Moscow International Exhibition in 1959. The two, leaning over a railing of the 
General Electric demonstrative kitchen of an American model house were holding beyond an 
apparent discussion about appliances, an ideological dispute about socio-economic achievements 
and potentials of the two superpowers, confronting political systems and social values.  
 
Although the situation has possessed a degree of unintentional irony, it showed how the front of an 
ideological war moved from the trenches to the domestic sphere:  
“The kitchen equipped with the latest technology, coming in support of any American housewife, 
has emerged as a tool of temptation for Western life in a Soviet Union that barely weighed the 
development of the consumer goods industry. While pendant exhibition held in New York in 1958 
rely on exposure achievements on high-tech Soviet heavy industry and even the conquest of space 
(by launching Sputnik), the Americans decided to expose consumer goods to arise desire in ordinary 
Soviet people, especially the  housewives.” [11] 
 
Both Nixon and Khrushchev recognized the political symbolism of modern kitchen and it's ability 
to make the technological advancements a part of citizen's every day life, raising a general socio-
political awareness and satisfaction. The kitchen had a linking role between the high politics and the 
minor politics of everyday life of the domestic consumer, a role that gains a continuing significance 
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after the Second World War. There is a wide research [12] on the semiotic potential beyond the 
physical reality of the modern kitchen that became a technological icon of the 20th century.  
 
Regarding the Nixon-Khrushchev debate, critics reveal an ambivalent response of the soviet 
consumer to the American dream kitchen that was the apparent subject of discussion between the 
two political leaders. This is primarily due to major cultural and social differences that determine 
different conceptions of the housewife in this period. The Soviet woman, unlike her American 
counterpart was still an active participant in the public reality of paid work and social production. 
Defining gender equality in the soviet society revolved around the idea of women's equality through 
identification with masculine roles in the public domain, while in the United States women's 
equality was defined through difference. Regardless, the fact that the two world created, at a level 
of discourse, two different statuses and gave radically different redefinitions of the traditional roles, 
feminist critique reveal a striking similarity between a women's life in the standardized apartment of 
the soviet micro-rayon and the house in the American suburbs. 
 
 
4. Conclusions 
 
The soviet political and social ideas that served as an ideological model for the Eastern European 
mass housing developments in the 60's had three main components. One was referring to a specific 
urban configuration, the micro-rayon that although inspired by the western neighbourhood unit, was 
presented an authentic soviet concept, a micro-cosmos of an ideal communist society. Therefore the 
micro-rayon was all about collective life, about the rejection of existence as independent units in 
favour of being part of a complex system (even on the linguistic level, micro-rayon suggests that 
there is another level, the rayon that is a system of micro-rayons).  
 
The other component of the ideological model was acting on architectural level by reducing the 
housing typologies to a few models of prefab standardized apartment blocks, that besides 
representing much pursued economical performance (in regard of material, man power and time), 
were a concretization of communist egalitarian ideals and obsessive uniformity. Also the quickly 
built concrete prefab block was a symbol of a high level of industrialization and a scientific 
approach to the design process (both of them being important ideological themes throughout all 
communism regimes). 
 
Finally, the third component was acting on the level of intimate family space, emphasizing the new, 
the standardized, the minimal in approaching both interior design and family life. The kitchen, 
although it was supposed to be functionally replaced by the micro-rayon's domestic service 
network, was gaining centrality in domesticity related political discourse as a symbol of 
technological development put in the service of public happiness.  
 
Shedding light on the soviet ideological model is important in assessing the mass housing legacy of 
Eastern Europe because it serves a common reference against which we can measure it's slightly 
different materialization in each satellite country depending on local cultural, urban and 
architectural traditions, as the well known political slogan required architecture in all communist 
countries to be: “nationalist in form, socialist in content”. 
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Abstract 

One of the important problems in science and art is to find aesthetic standards. Golden Ratio, 
known since Antiquity, is one of them and it was used by numerous artists, architects and scientists 
along the time. There are many enthusiasts but also critics of GoldenRratio. In this paper we 
introduce a generalization of the Golden Ratio defined by an arbitrary homogeneous mean and 
study the case of the harmonic mean called Harmonic Ratio.

Keywords: Golden Ratio, Harmonic Ratio, homogeneous mean, harmonic mean, aesthetic 
standards. 
 
 
1. Introduction 

The problem of establishing aesthetic standards in nature, art, science, engineering was and is a 
concern of scientists from ancient times until today. It consists essentially in finding mathematical 
formulas to quantify the beauty and harmony of nature and man-made objects, which we perceive 
through the 5 senses. The idea of harmony comes from ancient sciences and is one of the basic 
principles of the overall approach to the laws of nature. After the ancient Greeks, harmony means 
what is the opposite of chaos and this is really the essence of the organization and existence of the 
Universe. When J. Kepler discovered the laws of motion of planets around the Sun, he said he was 
guided by the principle that there should be harmony in the Universe: "God created the world by 
laws of harmony". 
As stated in [9] it seems that sometimes a return to positive aspects of „sacred geometry " and „ 
sacred knowledge " contained in the Talmud, Bible and Chinese book "Book of Changes”and a 
rethinking of religious principles is beneficial for the current stage of development of science. 
Sacred Geometry is a way of perceiving the universe by man. Pythagoras considered that it is "the 
hidden science of the gods”. Nature widely uses this knowledge in his creations. The basic idea of 
sacral doctrines is the following: the Universe exists as a harmonious and proportionate entity. 
Harmony is the basis of beauty (aesthetics). 
The five sacred geometry constants are the following: 
The number  = (circle length) :(diameter)  3.14 
Number  = (diagonal square):( side square)  1414 
Number  = (diagonal cube) : (cube side)  1,732 
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Number  2.236 = diagonal of double square 
Number  = (1 + ) / 2  1.618 (golden section or golden ratio) 
The first two constants,  and ,  appear in many proportions of nature or human creations, linked 
to circle and square. Pythagoreans considered  a sacred number, the double square appears in 
many ancient creations as:  Camera of Pharaons, the Great Pyramid, the Temple of Solomon. 
Number   is linked not only to cube but also to so-called geometrical "vesica piscis" the 
intersection of two circles equal each containing the center of the other; it was commonly used by 
artists and architects in the Renaissance. If the circles have radius 1, then the figure has 

diameter. Number -the Golden Ratio, on which we will return below, was frequently used by  
the Greek sculptor Phidias in his work, so this is one reson for its symbol. He appears as the ratio of 
the diagonal and the side of a regular pentagon.The constants of "sacred geometry" appear in some 
ratios of  regular polyhedra elements. Pythagoras showed that there are only five regular polyhedra 
in three-dimensional space, called "Platonic solids". 
 
 
2. Golden Ratio 

The irrational number   = (1+ ):2= 1.61803399..., also known as the "golden number", "golden 
section","golden ratio" or "divine proportion", „extreme and mean ratio”  inspired numerous papers, 
starting with its  first appearance in a problem formulated by Euclid in his famous book "Elements". 
Some researchers consider that it was known even before Euclid's time. Its interesting mathematical 
properties and the association with the idea of harmony in art and nature raised the interest of many 
authors (see for instance [3], [6] and the references therein). Enthusiasts of the Golden Ratio found 
its presence in various domains: painting, architecture, music, botany, zoology, brain rhythms, 
encoding, economy, and so on. Johann Kepler (1572-1630) stated that „Geometry has two great 
treasures: one is the theorem of Pythagoras and the other the division of line into Extreme and Mean 
Ratio. The first we may compare to a measure of gold, the second we may name a precious jewel”. 
He went even further to state that „I believe that this geometric proportion served the creator as an 
idea when he introduced the continuous generation of similar objects from similar objects”. We 
recall the definition of Golden Ratio. 
 Let  AB be a segment and C a point belonging to it such that CB > CA ( Fig. 1). If: 

          or          , 
 the segments CB and CA are said to be in the Golden Ratio. Observe that the Golden Ratio is 
defined by  the geometric mean. 
The number  is called the Golden Ratio and it is the positive solution of the 
following equation: 

 
 
 

 
 

Figure 1. Golden Ratio 
 

The previous equation is the characteristic equation of the famous Fibonacci sequence defined by 
the recurrence: 

, , ,  
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which is also related to the  Golden Ratio by the relation: 

 
For more details about the Fibonacci sequence and its relation with Golden Ratio see for example 
[3], [6]. 
There are also opposite viewpoints, some authors considering that the importance of the golden 
section in nature and art is exaggerated (see for example [4], [7]). Many authors defined several 
generalizations of the Golden Section, but we mention here the articles [1], [2], [5] and [8]. Fowler 
describe a generalization that called the n-th order extreme and mean ratio, abbreviated to noem 
ratio.  There is one such construction for each integer n and the golden section corresponds to the 
case  n = 1. The point  C1  is said to  divide  AB in the  noem  ratio   if, taking the points  C1, ... , Cn-

1, Cn  on  AB such that ( Fig. 2) 
 

 
 

Figure 2. n-th order extreme and mean ratio 

AC1 =  C1C2  =  ... =  Cn-1Cn , then  Cn  lies between  A and  B and  AB  •  CnB = (AC1)2. 
Kapur [5 ] gives also a generalized Golden Ratio of a segment as follows ( Fig. 3).
We consider division of a line segment AB into n+1 parts by n points P1,  P2,..., Pn  such that: 

1. AP1, P1P2, ... , Pn-1 Pn, PnB  are in geometrical progression; 
2. (lenght of the largest part):(length of the smaller part)=(lenght of AB): P1P2. 

If the parts of the length are  then the following relation is satisfied: 
 

 
 

 
 

Figure 3. Generalized Golden Ratio (Kapur) 
 
Stakhov [8, 9] introduced a generalization of the classical Golden Ratio to so called p-Golden Ratio 
defined for a point C wich divide a segment AB as follows: 

 
Denoting the p-Ratio  by  p = AB:CB  it follows that it is the positive solution of the following 
equation: 

 
Some particular values of p-Ratio are given in Figure 4. 
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Figure 4. p-Golden ratio, p=0, 1, 2, 3, ... 
 
 
3. Harmonic ratio 

We will introduce a generalization for the Golden Ratio taking into account the idea that it is 
defined by a mean. For the particular case of the Harmonic Mean we obtain a ratio that will be 
called Harmonic Ratio. First recall some notions defined in [1, 2 ]. 
Let  be a homogeneous mean, i. e.,  is a continuous function 
satisfying the following relations  

, for all ,     
, for all .   

Suppose that   satisfies also the hypothesis: 
 (H)  The equation  

      
admits a unique solution in the interval . 
Definition 1. Let  a segment in the Euclidian Plane,  , , , .
We say that  divide  in a M-Golden Ratio (M-GR) if the next relation is satisfied: 

      
Taking account of the homogeneity of  the mean ,  the  relation  (6) is equivalent to 

 
which admits a unique solution  called M-Golden Ratio. 
For the particular cases of Geometric Mean, Arithmetic Mean, Harmonic Mean we get the 
following proportions. 
Remark 1. 1) If ,  (Geometric Mean) then the equation (5) becomes 

  and  is the classical Golden Ratio. 

2) If  (Arithmetic Mean),  then  .

3) If   (Harmonic Mean), then .
 We will call the ratio determined by the Harmonic Mean the Harmonic Ratio and we denote it by 

H ; of course its value is . 
An argument for the Harmonic Ratio is given by C. Fablo  in [4 ] and concern the form of sea shell 
which is  related to the Golden Spiral. As is mentioned in [4] basically, the two types of sea shells 
that many of us are familiar with are the cephalo- pod  (head-foot)  and the gastropod (stomach-
foot. The nautilus, a cephalopod, is an octopus in a shell that consists of a series of chambers, each 
sealed from the previous one. The nautilus is definitely not in the shape of the golden  ratio.  
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Anyone with access to such a shell can see immediately that the ratio is somewhere around 4:3. The 
measurements taken to the nearest millimeter, which gives them error bars of ± 1 mm. The ratios 
ranged from 1.24 to 1.43, and the average was 1.33, not  (which  is approximately 1.618). A spiral 
of a different ratio is in the shape of the "silver ratio" to 1 (Some authors call 1 +  the silver 
ratio). A spiral based on  is considerably closer to the shape of the nautilus than . (See Fig. 5, 
Fig. 6, Fig 7.) 

 
 
 Figure 5.Golden spiral   Figure 6. Spiral of Harmonic Ratio 
 
Golden rectangle can be divided in subrectangles by cutting squares and thus we can obtain the 
Golden spiral (Fig. 8, left). This interesting property happens to be shared by every rectangle 
(except the square). Taking a rectangle of Harmonic Ratio and cut it in two (in the natural way) you 
get two rectangles with sides in the same ratio. Continuing this, we get similar rectangles as shown 
in Fig.8. In an article in the journal Science, Harte, Kinzig and Green  used Figure 8-right when 
they wanted to determine a relation between species distribution and geographical area ( see for 
more details [4] ).  

                                                
 

Figure 7. Nautilus 

Figure 8.Golden Spiral and Spiral of Harmonic Ratio 
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In what follows we show that Harmonic Ratio coresponds to a solution in a well known 
optimization problem (see  [1]). 
Example 1. A rectangular beam is cut out of a cylindrical log of diameter d. Find the dimensions of 
the beam with maximum strength (see. [1]). 

. The 
maximum strength is obtained when , so the optimum strengh corresponds with a 
cross section which is a rectangle with the ratio of its sides equal to the Harmonic Ratio (Fig. 7). 

 

 
 

Figure 9. Optimal rectangular beam 
 

4. Conclusions 

The Golden Ratio is defined by a proportion corresponding to the geometric mean. Many artists and 
scietists use it as an aestetic standard. A natural way for its generalization is to consider instead the 
geometric mean another mean: arithmetic, harmonic, power mean, ... . Taking the harmonic mean in 
the definition we get the ratio H =  and we call it the Harmonic Ratio. Many natural and man 
made objects contain proportions corresponding to Harmonic Mean or are close to it.In the third 
part of the paper, examples from various domains ( engineering, biology, geography, optimization) 
prove that Harmonic Ratio is an aesthetic standard.
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Abstract 

Pavilions as temporary assemblies, usually support a bold idea with big impact. These lightweight 
structures often provide unique solutions for both the design and execution stages of the project, by 
using a much wider range of materials and techniques than common buildings, due to the fact that 
they are not required in particular to follow the rules of sustainability and economic efficiency. 
Therefore, they constantly represent the scientific progress. However the  issue of sustainability is 
more and more present in designing temporary structures. The most cost-effective steps toward a 
reduction in a building's energy consumption usually occur during the design process demanding a 
ecological  low-tech or a high-tech approach. 

Keywords: pavilion, lightweight structure, ecological, low-tech, high-tech. 
 
 
Pavilions are temporary assemblies, usually supporting a bold idea with big impact. These 
lightweight structures often provide unique solutions for both the design and execution stages of the 
project, by using a much wider range of materials and techniques than common buildings, due to 
the fact that they are not required in particular to follow the rules of sustainability and economic 
efficiency. Therefore, they constantly represent the scientific progress.  
Conceptual principles that define these lightweight structures, fulfill the challenges regarding the 
design stage by using computational methods, technologies by implementing the latest materials 
and technologies available worldwide and execution by using the most advanced site 
techniques.(Fig.1.)  
 

 
 

Figure 1. Innovation in lightweight structures 
                                                           
* Corresponding author: Tel./ Fax.: 
E-mail address:  
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1. Research and innovation in temporary pavilions  
 
Several annual events and public institutions from developed countries have effective strategies to 
encourage building temporary pavilions year after year. World Expo, the largest global platform on 
which  iconic building are revealed is a dual instrument for staging a mega-event and catalyzing 
regional urban renewal. Originated from Expo 1867 Philadelphia USA where 11 countries built 
their national pavilions for the first time in history this annual exhibition grows constantly. As a 
lasting attraction on the exhibition grounds, each national pavilion constitutes a branding platform 
for the country it represents. According to the regulations of the Expo's sanctioning body, national 
pavilions are usually constructed on a temporary basis. However for Expo 1992, a comprehensive 
legacy plan was prepared to rebrand the site into a technology and science park. One-third of the 
pavilions totaling 650,000 m² were converted into office facilities. The site was in part reserved for 
a cultural center and a fairground, and in part turned into a theme park and a research center. [1] 
Another example on a smaller scale, every year since 2000 the Serpentine Art Gallery, London, UK 
has commissioned a temporary summer pavilion in Kensington Gardens by a leading architect such 
as Zaha Hadid, Daniel Libeskind, Toyo Ito, Oscar Niemeyer, Frank Gehry and SANAA each of 
them revealing a symbolic meaning, testing and implementing a strong conceptual vision from 
green architecture to augmented reality.  
Germany is also aiming to create a knowledge pole in Pavilions research by supporting a close 
collaboration between The Institute for Computational Design (ICD) and the Institute of Building 
Structures and Structural Design (ITKE), both located in Stuttgart. So each year an ultra-
technological pavilion is built. The project is about a successful series of research pavilions which 
showcase the potential of novel design, simulation and fabrication processes in architecture. The 
project was planned and constructed within one and a half years by students and researchers within 
a multi-disciplinary team of biologists, paleontologists, architects and engineers. The goal of the 
ITECH program is to prepare specialists from different disciplines for the continuing advancement 
of technological and computational processes in lightweight pavilions, as they merge the fields of 
design, engineering, construction and natural sciences. Coupling an intensive, critical and analytical 
approach to computational design, simulation and fabrication, the ITECH programme is focused on 
challenging the design space boundaries of current architectural and engineering practice. It seeks 
to provoke a re-examination of techniques, practices and theories of design in relation to the fields 
of engineering, robotics, digital manufacturing, material science and biology. [2] 
Under  any circumstances there are only directions in which lightweight structures can be improved 
mentioned by the Roman architect Vitruvius in his treatise on architecture, De Architectura, 
asserted that there were three principles of good architecture: firmitas (Durability) - It should stand 
up robustly and remain in good condition, utilitas (Utility) - It should be useful and function well 
for the people using it venustatis (Beauty) - It should delight people and raise their spirits. Further 
on we will refer on Vitruvius principles in terms of durability and innovation. [3] 
 
 
2. Technological approach
 
Technological pavilions usually result from the use of latest design software (Rhino, Kangoo, etc.), 
latest technologies, like the use of prefabricated elements with particular properties in mass  (3D 
printing of components)  of in plan (laser cutting and IPL technologies), applied on a smaller scale 
and encouraged in research and productive industries fields. They have a multiple role, besides the 
aesthetic and functional one, of promoting a new system, material of technology on a larger scale.  
Usually, the final costs are high because of the innovative character and the use of new 
technologies; but the impact is worth the effort. It often happens that similar structures are 
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developed simultaneously in different parts of the world. This is due to worldwide globalization 
regarding research and experiments, that require support by implementation. 
 
 
3.Eco-technological approach 
 
Sustainable construction has been about developing new designs that match our expectations for a 
living and organic architecture. This is for instance reflected in construction with planted surfaces 
and organically shaped construction, which emphasizes to express architectural connection to 
nature and discusses building relationships with the environment - both the landscape contexts and 
its correlations with the basic cycles of nature. 
The issue of sustainability and ecological principles is more and more present in designing 
temporary structures. The most cost-effective steps toward a reduction in a building's energy 
consumption usually occur during the design process. To achieve efficient energy use, zero energy 
design departs significantly from conventional construction practice. 
Sophisticated 3D building energy simulation tools are available to model how a building will 
perform with a range of design variables such as building orientation (relative to the daily and 
seasonal position of the sun, window and door type and placement, overhang depth, insulation type 
and values of the building elements, air tightness, the efficiency of heating, cooling, lighting and 
other equipment, as well as local climate. [4] These simulations help the designers predict how the 
building will perform before it is built, and enable them to model the economic and financial 
implications. This trend splits in two important and contrary subdivisions: low-tech and high-tech. 
 
3.1. Eco Low-tech. Natural materials versus new techniques. 
 
One technique implies that ecological structures are the ones that use natural materials (wood, 
stone, clay) and traditional approaches.  Natural building, which is usually on a smaller scale and 
tends to focus on the use of natural materials that are available locally. Sustainability in this case 
may be defined as meeting the needs of present generations without compromising the ability of 
future generations to meet their needs. Building materials typically considered to be 'green' include 
lumber from forests that have been certified to a third-party forest standard, rapidly renewable plant 
materials like bamboo and straw, dimension stone, recycled stone, recycled metal, and other 
products that are non-toxic, reusable, renewable, and/or recyclable[5] 
 

 
 

Figure 2. Bamboo Pavilion, Interior view, Vo Trong Nghia, Hanoi, 2011 
Photo source archdaily.com 
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Architect Vo Trong Nghia from Hanoi, Vietnam frames the idea of a pavilion made from bamboo 
threes as the only material. Bamboos were chosen to express Vietnamese architecture culture. To 
cope up with the short construction time period, bamboos are placed straightly like brickwork to 
create massive wall, floor and roof in a minimalist manner, by using a strongly contemporary 
design. (Fig. 2-3.) 
 

 
 

Figure 3 Bamboo Pavilion, Section, Vo Trong Nghia, Hanoi, 2011 
 

Low-tech structures support real economical and environmental sustainability, resorting to 
recycling different materials. New design principles and technologies can be used, but the execution 
and materials are organic. 
Even though these practices are environmentally friendly and the most economically efficient, they 
have some downsides: lower durability , minimum comfort rate, semi-precise design and finish. 
They also are limited regarding dimensions and proportions, as they adopt the traditional scale. 
This system coexists with another concept, high-tech, as it did not integrate well yet in the urban 
built environment.  
 
3.2. Eco High-tech. Singular versus modular design.
 
On the opposite side we find eco-high-tech, a new concept that is becoming more and more popular 
providing maximum durability by using the latest ecomaterials and technologies such as solar 
panels or  induced ventilation systems and modular concepts. Their durability relies on their 
impermeability, artificiality and non-adherent character in relation to the natural environment.  
This durability defines them as ecological structures. The pollution resulting from producing new 
materials is compensated on site or by reuse, in case of modular design. Additionally, sustainable 
pavilions are passive systems, that produce energy to function properly and even more for the 
nearby territory.  Most of these pavilions are expressly designed to explore new unique technologies 
and set new boundaries.  
 

 
 

Figure 4. Ultralight Centrifugal Pavilon, Manuel Clavel, Shenzen 2011 
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In Shenzen China, an experimental Ultralight Centrifugal Pavilon was buit in 2011 by Manuel 
Clavel Rojo Clavel Arquitectos in order to make gravity disappear and to generate electricity and 
activate the lighting if children activate the system by playing around. Three circles of waterproof 
light fabric of 7.8, 6.4 and 5.4 meter of diameter spin around their axis at only 1,5 turns per second. 
In the biggest one we can reach a cantilever of nearly 4 meters with an only 2 mm roof thickness. 
(Fig.4-5)[6] 

 
 

Figure 5. Ultralight Centrifugal Pavilon, Manuel Clavel, Shenzen 2011 
 

Thanks to the rotation the gravity apparently disappears and only aerodynamical forces shape the 
fabric. The soft waves produced on the surface create a smooth breeze that improves the thermical 
conditions behind during the hot and sunny days. [7] Children can experiment with the centrifugal 
forces, generate electricity to open the structures and activate the lighting. The faster the children 
chairs rotate the more light the structure receives. 
Another technologies are constantly being developed to complement current practices in creating 
greener structures, the common objective is that green buildings are designed to reduce the overall 
impact of the built environment on human health and the natural environment by efficiently using 
energy, water, and other resources and by reducing waste, pollution and environmental degradation 
during the site construction and afterwards. Reusing a modular structure for pavilions is becoming 
the most efficient way to keep cost under control. 

3.2.1 Case Study: ICD-ITKE 2012, Stuttgart, Germany  

Remarkable innovations regarding software generated structures are developed every year . Most of 
these structures are inspired by nature, by taking organic shapes and bionic structures. The true 
challenge is to find the proper structural shape in relation to the material used, as it plays a double 

another challenging step. A remarkable example is designed and built in 2012 by Informatics 
-up

subtypes of invertebrates was initially investigated in regards to the material anisotropy and 
functional morphology of arthropods. The observed biological principles were analysed and 
abstracted in order to be subsequently transferred into viable design principles for architectural 
applications. The exoskeleton of the lobster (Homarus americanus) was analysed in greater detail 
for its local material differentiation, which finally served as the biological role model of the 
project.>> says Prof. Jan Kippers Head of ITKE Institute of Building Structures and  
Structural Design. (Fig.6) 
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Figure 6. ICD-ITKE Pavilion 2012, Stuttgart, Germany  
 

Therefore, functional principles of natural lightweight structures were analyzed and abstracted in 
cooperation with the Institute of Evolution and Ecology and the department for Paleobiology of the 
University of Tübingen. Through the development of a custom robotic fabrication method, these 
principles were transferred into a modular prototype pavilion.The performance of these lightweight 
structures relies on the geometric morphology of a double layered system and the mechanical 
properties of the natural fiber composite. Glass and carbon fiber reinforced polymers were chosen 
as building material, due to their high performance qualities (high strength to weight ratio) and the 
potential to generate differentiated material properties through fiber placement variation.[9]  

 
Figure 7. ICD-ITKE Pavilion 2012, Stuttgart, Germany  

 
The anisotropic characteristic of this material, which consists of chitin fibers embedded in a protein 
matrix, allows for locally differentiated material properties. The fiber layout within a trabecula 
merges the upper and lower shell segments with continuous fibers. The distribution and geometric 
articulation of the trabecula is highly differentiated throughout the beetle shell. Through 
comparative studies of multiple flying beetle species the underlying structural principles could be 
identified and translated into design rules for structural morphologies. Through the development of 
computational design and simulation tools, both the robotic fabrication characteristics and the 
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abstracted biomimetic principles could be simultaneously integrated in the design process. (Fig.6) 
[9] 
 
 
4. Conclusion 
 
At the same time the multidisciplinary research approach does not only lead to performative and 
material efficient lightweight constructions, it also explores novel spatial qualities and expands the 
tectonic possibilities of architecture.   
Pavilions require interns of sustainability a significant price advantage, performance advantage, or 
both to succeed at displacing an established technology. If there is a price advantage without a 
performance advantage, or if the advantages are marginal, then the innovation faces the risk of 
drowning in the noise. A viable solution should enable faster, easier construction; save time, labor, 
and materials; and reduce construction costs and liability. Requiring new tools or procedures for 
installation will require training for trades-people, which is costly and time consuming. The solution 
must also be defendable and scalable in a cash efficient way from a manufacturing, sales and 
distribution worldwide perspective. Some of the most compelling solutions leverage a technology 
innovation with a business model innovation that somehow streamlines the construction 
process.[10] 
Impressive innovation opportunities exist in adding intelligence and knowledge management to the 
building design, construction, and operation processes. The current lack of interoperability between 

accurately model buildings in extreme detail, allowing builders to design and size equipment, 
estimate costs and predict energy use. 
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Abstract 

This paper focuses on the issue of changes that take place in the city, with the emergence and 
experimentation of malls and especially how the mall culture affects the city centers and their 
image. As a result to this problem the paper will explore some of urban renewal strategies and 
concepts that can be used in this context: "the creative city", " town center management" and 
"business improvement areas" .While it can't present them fully, it attempts to explore how it might 
provide a new key for a deeper and articulated understanding response to this problem of the city 
center. 
The research aim is to illustrate a synthesis of the renewal strategies that can be applied and to 
establish the main elements which are to be considered for a sustainable and successful urban 
regeneration research. 
This article is just a small part of the complex research that tries to analyze the changes that a city 
passes through in the consumerism era, and especially what happens with and in the city when a 
mall comes into town, and how it affects the center. 
 
Keywords: city, city center, mall, town center management, the creative city, business 
improvement area 

1. Introduction 
 
Town centers have traditionally been the economic hub for larger market areas or regions, 
providing a major source of employment, the location of a mix of businesses types, and access to a 
broad range of goods and services. They have also served a range of social and cultural functions; 
are often the centre for tourism and heritage, house services and cultural amenities such as 
hospitals, courthouses, churches, museums, theatres and universities. These areas are home to a 
diverse resident population, typically living within relatively high density housing. Downtowns are 
central places where people work, live and spend their leisure time. "A city is often judged by the 
economic, social and cultural vitality of its downtown. The downtown shopping area has 
historically played an important role in defining the image of a city."[1] 
In our days, malls are increasingly becoming reference points in the city and they are "virtually 
contributing to the deterioration of old urban centers, firstly by depriving them through, black hole-
like, attraction from people and activities." [2]City centers are turning emptier, with more space for 
cars instead of people, and what remains in the end are ghost-like spaces, lifeless. The role of the 
city center is changing, shopping malls are replacing and reinterpreting traditional urban spaces.  

                                                           
1* Corresponding author: Tel./ Fax.: +4 0741 073 197 
E-mail address: iuliaghibu@yahoo.com 

 697



2nd International Conference for PhD students in Civil Engineering and Architecture 
CE-PhD 2014, 10-13 December 2014, Cluj-Napoca, Romania 

www.cephd.ro 
 
Cities are now defined by shopping, it invades all the activities that are related to urban life itself 
and contributes to creating the artificial world characteristic to global consumerism that we live in. 
The opening of new shopping centers and the challenges this brought in the retail sector, challenged 
the city centers. There were two main consequences: the attractiveness, the viability and vitality of 
the center were reduced, and the independent retail sector was unable to keep up with the changes 
and compete with the new retail format. The role of city centers in the life of the citizens has 
changed nowadays and the city finds itself is in a constant struggle with the architectural programs 
that are building artificial replicas that which are trying to render the perfect urban fantasy.  
The relationship between the city and its inhabitants is constantly changing, the architectural 
programs that encourage the consuming politics determine new relations, and they establish new 
orbits on which the functions and life of the traditional city gravitate."Shopping is perhaps the last 
form of public activity. Through a variety of siege strategies, shopping was able to colonize, even 
replace-almost every aspect of urban life. Historical centers, suburbs, streets, and recently train 
stations also, museums, hospitals, schools, internet, they are all increasingly configured with 
consideration to the mechanism and spaces of shopping." What can we, as architect, do to recover 
the city center? The urban that was once a forum of liveliness is nowadays being replaced with a 
dull avalanche of imperceptible transactions. Yet the revival of urban centers is a death knell in 
itself. [3:153]. 
As a consequence, in recent decade renewal and regeneration programs were studied and 
implemented, to support the retail sector and the city centers, all across Europe. All this strategies 
are a response to the recognition of the city center's importance and the pressure the globalised city 
suffers. 
Three strategies and concepts, concerning this subject, will be briefly described in the next part of 
the paper, and in the end of this description, the research will try to highlight their importance and 
to make a summary with the key elements which are to be considered for a sustainable and 
successful urban regeneration research. 
 

2. Existing strategies 

Town centers are central to the development of local economies, because they have multiple uses 
including: retailing, housing, entertainment and a mix of civic, administrative and professional 
services .in their existence these centers experience periods of growth, counter balanced with 
periods of decline.  During these periods of decline, urban areas are faced with the loss of viability 
and vitality, this loss being relevant to a wide range of stakeholders.[4] 
The following strategies and concepts: "The creative city", "Town center management" and 
"Business improvement area" that concern the viability and vitality of the urban centers, will be 
briefly described in the next part of the paper.  
 
2.1 What is "The creative city"? 

The aim is to investigate the concept of the creative city, which factors condition creativity in cities, 
and how they stimulate sustainable urban innovation. Creative cities are working on how to 
improve the interaction between regeneration building, economic development and social renewal 
in order to achieve a more comprehensive development of the city. "In recent decades, the role of 
culture has become a major and often driving factor for the process of urban regeneration. The 
focus on culture as a factor in regional transformation has been particularly extensive in response 
not only to competitiveness among cities but also to sustainability requirements in the cultural 
sector . Culture in its broadest sense assumes a decisive role in constructing a system of 
interventions, where employment, tourism, and social and sustainable development becomes the 
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product of the integration of places, people, economies and traditions ".  [5] 
Existing creative cities revolve around the design, promotion and activation of urban areas 
established due to their particular local characteristics. Until the end of the 1990s, the European 
academic concept of ‘creative city’ corresponded to the regenerative potential presented in the 
European Capital of Culture vision-culture is seen as "an engine to support a city's image and 
economic development." [6]The focus was on an improvement of the city (with potential economic 
returns) through creative interventions and cultural activities.  The general purpose is to create " 
creative clusters"- these are areas that become creative as a result of economic and structural 
innovations, related to the realization of innovator projects achieved with the help of local 
development strategies based on the economies of excellence, culture and territorial quality. Two 
main types of clusters are being defined within the creative city. The first ones are the cultural 
clusters, created around activities such as fine arts, music, cinema, architecture and design, and 
whose start-up is encouraged and planned by local administration. The second one is the cluster of 
events, whose development originates in the organization of great events or different kinds of 
recreational and cultural manifestations.[5] 
The major quality of creative cities is that they are able to generate economies of innovation, 
culture, research and artistic production, and hence strengthen their own identity. This capability is 
a question not only of boosting existing culture-based economies but also producing new 
economies. The objective is to nourish creativity within the city, and produce a creative class from 
inside rather than attract one from outside. The whole city, or a part of it may correspond to the 
creative milieu because it contains the characteristics necessary for generating a flow of creative 
ideas and innovations. " It is possible to define the milieu as a local system, where its players can 
operate in open contexts and are capable of global experiences, and where, in turn, spatial 
interactions create new ideas, products and services, and thus contribute to the regeneration of the 
city. In the creative milieu, clusters and districts capable of strengthening the cultural urban 
structure can be developed." [5] 
 
2.2 What is "Town center management" and how can aid the development of urban centers? 
 
"Town center management" has become a successful way to manage urban centers and it is known 
to be " a strategic approach to planning,  developing and maintaining the vitality and viability of 
town centers. " [4], and operates with the inclusion of all stakeholders, both the public and private 
service sectors- is maybe one of the few strategies that are about the combined partnership between 
the public and the private.  
Whyatt defines TCM as: "Gathering and sharing market information, enabling stakeholders to work 
together in the strategic planning process, setting up formal and informal communication and social 
networks between partners, training the town’s stakeholders/employees to implement the 
regeneration strategy and maintain a marketing orientation, and evaluating success, in order to both 
motivate all involved and to assess progress."[4] 
The stakeholders involved in this concept are: the police service, the private sector businesses, the 
public sector organizations, the community and voluntary organizations, the retail sector, the 
population of the town and its hinterland and visitors to the town. All these parties must act in 
partnership to achieve their objectives, because they all have a common interest in improving the 
experience within a town. The whole process comprises three phases: the initiation of planning, the 
development stage and the implementation. In the first phase, factors, issues and limitation of the 
planning process and the stakeholders are identified. The next phase, the development one, involves 
the identification of methods and actions needed to develop the plan and design the strategies for 
implementation. The way the plan is implemented plays an important role in the future of the urban 
center.  
"The use of town center management ranges from the day-to-day maintenance of urban centers to 
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strategic contributions to economic regeneration/development. Maintaining dynamic towns and city 
centers helps to protect the current economic activity as well as ensuring future success." [7] 
 
2.3. What is "Business improvement area" and what role it plays in promoting city center's 
vitality?
 
The Business improvement area approach is centered on the concept of collective action, and is 
defined as " an association of businesses and property owners within a designated geographical area 
who work together to promote and improve local business." Supporting local business and enticing 
more customers to use them, the town lives vividly, is evolving, is constantly busy and used and 
does not suffer from the lack of activities or citizens. The primary business aim is to attract more 
consumers into the area for shopping, business, and entertainment purposes. This can be achieved 
through different methods, such as, for example, street beautification, tax incentives, place 
marketing and the promotion and hosting of local events.  (E.g. wine festivals, street theatre, music 
concerts). It can exist in many different forms, and can vary in size from less than 50 to more than 
2,000 members. The boundary, the designated geographical area, is usually defined along a main 
arterial road or several streets or city blocks. [1] 
There are several things that make this strategy different: any business within the business 
improvement area is subject to pay levys; the budget and the proportion of taxes is approved by a 
special Management Board. In some cases, support from local authorities may exist. The final 
purpose is to improve, beautify and maintain public lands and buildings within the boundary, and  
to promote the area as a business and shopping area. The main activities are taken in five broad 
areas: marketing, business recruitment, streetscape improvement and other amenities, seasonal 
decorations, special events.  
For many reasons a "business improvement area" should be chosen- projects, that one could 
otherwise not do alone, could be undertaken, new approaches could be developed, risks taken and 
they could adapt and take advantage of new opportunities.  
 
2.4 A short conclusion 
 
The changes in the contemporary city from the last decades, have contributed to an increasing urban 
identity crisis. The majority of European cities has considerably changed, and was transformed, in 
the end into complex heterogeneous societies." Recognizing the value of place identity as a 
fundamental component in implementing urban change serves as a reference point both in terms of 
society’s wishes and in safeguarding and constructing the sustainable urban image " [5]  
As one key point of the paper/subject, a synthesis of the main ideas of successful town center 
regeneration, recovery, is to be made, and the most important aspects are to be described.  
To be able to identify the main objectives that are intended to be obtained and to prioritize them, it 
is very important to identify properly the existing condition on site, the potential and to analyze the 
economic and social life. All town centers that are or may be the subject of a regeneration strategy 
are different, have their one identity and features and express themselves differently.  It is important 
to encourage the expression of each town's individuality with its historic street patters and 
uniqueness. Because of this, there is no standard solution for a town's problem, every problem being 
the repercussion of an existing element. So, even from the beginning the potential and all the 
problems of an area must be identified and the solutions proposed should be an answer to this 
analysis conclusion. Modern architecture and replacement of old buildings is emphasizing the 
similarity between towns, their identity being neglected. It is important to activate urban areas using 
the existing sites, their particular local characteristics by inserting a series of movements and 
activities that use them and generate the participation of a large number of citizens. This type of 
interventions entail their own economies and what is more important, they bring a whole new 
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working system. It is important that the strategy adopted matches and responds the needs of the 
town and facilitates the changes required, and the measures taken, have great positive impact on 
long term, rather than on short ones. The success depends of the attraction of right partners and 
players which can drive and plead for the right change.   
Another important aspect is the one concerning and regarding the citizens. One of each strategy's 
purposes is to involve, in the largest number possible, the citizens. It has been demonstrated that the 
solutions adopted can be viable only when based on the citizen's cooperation. In order to involve as 
many citizens as possible it is important to inform them correctly and to maintain a permanent 
connection through the process. Only in this way the feedback received can and will be used in the 
benefit of the regeneration process. To achieve the long-term success of urban and cultural 
regeneration it is important to attain throughout the process the involvement and integration of the 
local community at all levels, enhance and consolidate place identity, all in respect of economic, 
social and environmental sustainability. 
Accessibility is a major element that contributes to the vitality of town centers and is directly linked 
to citizens. To be able to gather a large number of people in a public space, you have to create links, 
paths, and connections with other parts of the city. One efficient measure is to organize and to 
provide alternative routes for cars, and to give back the public space to citizens.  Even if a 
fundamental change concerning the car parking and access is difficult to find, compensatory 
measures can, in change be proposed and included in the regeneration plan. All the components of a 
city are connected and depend on each other, as a consequence, the quality of life in the center 
depends on the quality of space, the public space, that the center provides.  
Just like was remembered in the description of "town center management" and "business 
improvement area" the whole process for the recovery of town centers must be a collective action.  
Public and private partnership is a very important subject in what it may concern urban 
regeneration.  The main idea behind this partnership is that through these different actors from town 
gather, and which through joint efforts and by integrating and coordinating resources and initiatives 
(public and private ones) will contribute even more effectively to town center development. Local 
authorities should support actively local businesses, town centers economy, for a vivid and lively 
town. Dynamic towns and city centers help to protect the current economic activity, the wellbeing 
of citizens, as well as ensuring future success in development. 
Each regeneration movement must be conceived and applied in different phases, each phase 
determines and influences the next one. The way the plan and points from it are implemented, plays 
an important role in the future of the urban center. On each phase of the plan, the immediate 
feedback of the citizens and the long term result must be taken into consideration.   
Cities are constantly changing, and because of this, the strategy adopted must continually adapt to 
the changing needs and requirements of the urban center. The success depends of the attraction of 
right partners and players which can drive and plead for the right change.   
All this strategies/concepts can be used by and in the city centers, as a means to improve their 
competitiveness within the markets they serve, to attract more people, to fight against their 
deterioration. Even if they are different and have distinct ways of applicability there are some data 
that need to be taken into consideration for a successful recovery of the town's center.  

3. Conclusions 

Facing the changes that a city passes through with the emergence and experimentations of mall, the 
rise of the retail, measures need to be taken otherwise town centers will continue to decline 
gradually. There is a need to accept the changes which are taking place, to be able to offer viable 
solutions for the maintenance of viability and vitality. Through this strategies and ideas urban areas 
can counter the threat of increased competition from alternative location, such as shopping mall, 
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peripheral attractions, etc  
Contemporary approaches in town center regeneration are based on the fact that the center can be 
much more than retail, and can be a viable foundation for ensuring funding, offering different types 
of opportunities. Traditional urban renewal policies, mainly based on combating social exclusion 
and physically building, are changing: there is the increasing realization that cities are not just 
buildings and material structures, but also persons, networks and intangible elements, such as 
memory, history, social relationships, emotional experiences and cultural identities.[5] 
Every city has its own improvement and redevelopment plan, in order to obtain and sustain 
economic growth. The problem of town centers cannot be described only from the architectural 
point of view, because it concerns different study areas, but, as architects and not only, we must 
fight to keep town centers attractive and viable during times of difficulty, decline and uncertainty. 
The existing urban space must be exploited in order to obtain vibrant and economically sustainable 
communities.  
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Abstract 

The paper presents a short analysis of the existing major historical monuments that have the 
structure made completely or partially of steel element. The steel structural elements presented in 
this paper are mainly made from wrought iron or puddle iron, materials that are used in the 
beginning of the steel structures era, around the end of XVIII sec. 
Iron structures are used in various domains, civil structures, art structures and transportation 
structures. These structures have typical problems associated with iron, mainly corrosion in 
various forms, and fatigue problems from exposure to wind and earthquake corroborated with 
intense use and lack of retrofitting measures.  
Nowadays challenge is to establish the fatigue life of the structures and designing the correct and 
smart rehabilitation project for each case individually. 

Keywords: puddle iron, historic monument, metallic structures, corrosion, seismic retrofitting.
 
 
1. Introduction 
 
The historic monument presented in this paper has the main structural elements made from wrought 
iron or puddle iron. For a smart rehabilitation design it's necessaries to have a well understanding of 
the process of making these kinds of steels, to understand the advantages and the flaws of them. 
Wrought iron is an iron alloy with a very low carbon content between 0.04 to 0.08% and has slag up 
to 2% of its weight. Is tough, malleable, ductile and easily welded. Wrought iron is an intermediate 
product in the process of making steel. It was the most common form of malleable iron of its time, 
around mid-end XVIII sec. Wrought iron is  a raw material for producing steel. The wrought iron 
was used mainly in warships, railways, bridges and civil structures.[1] 
Puddle iron was a producing phase in the process of making high-grade bar iron. It was used for the 
first time in the end of XVIII sec. during the Industrial Revolution. Puddeling was initially used to 
make wrought iron and later used for steel production. In Fig. 1 you have illustrated an early 
puddling furnace. [2] 
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Fig. 1 An early Puddling-furnace 

 
 
2. Historic steel monument 
 
2.1 Civil and art structures 
 
2.1.1. Eiffel Tower 
 
The Eiffel Tower is a cultural icon of France. Its structure is a puddle iron lattice tower. It was 
erected in 1889 as the entrance arch to the 1889 World's Fair on the Champ de Mars in Paris. It is 
named after the engineer Gustave Eiffel, whose company designed and built the tower. Considering 
the safety standards of the time, it is remarkable that only one worker died in the construction of the 
tower during the installation of lifts. 
The tower was build using prefabricated sub-assemblies. These were fabricated in the nearby 
Parisian suburb factory and brought by horse-drawn carts. The sub-assemblies were first bolted 
together. The bolts were replaced by rivets as construction progressed. No drilling or shaping was 
done on site. For any new adjustments the part would be sent back to the factory. Over 300 workers 
joined together 18,038 pieces of steel, using two and a half million rivets.[3,4] 
 

2.1.2. Statue of Liberty 
 
Statue of Liberty is a monument of the port "Liberty Island" in New York City. It was placed in 
1886 at the entrance to the harbor in order to welcome the passengers arriving on American soil. 
The statue is a gift of France made to the United States to celebrate 100 years since independence 
and was inaugurated by US President Grover Cleveland on October 28, 1886. 
Copper shell of the statue was designed by Frédéric Auguste Bartholdi in Alsace, and the metal 
frame by engineer Gustave Eiffel, the structural engineer that would  build  the Eiffel Tower in 
Paris 3 years later. In the construction process of this giant were used 300 sheets of brass 2.5 mm 
thick , weighing 80 tons and an inner puddle iron armor weighing 100 tons.[5]  
 
2.1.3. Christ the Redeemer
 
Christ the Redeemer is a statue of Jesus Christ in Rio de Janeiro, Brazil, constructed between 1922 
and 1931. The statue was designed by French sculptor Paul Landowski and built by the engineer 
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Heitor da Silva the French engineer Albert Caquot. It is 30 meters tall and its arms stretch 28 meters 
wide. Its structure is made of reinforced concrete and soapstone.  Since its completion the 
monument has been exposed to strong winds, extreme humidity, and abrupt temperature changes 
causing severe structural wear. Maintenance works were conducted periodically from 1990.[6] 
 
2.1.4. Iron pillar of Delhi 
 
The Iron Pillar is a monument located in Delhi, India, in the Qutb complex. It is said to have been 
built in the time of Chandragupta II Vikramaditya (375-413), although other scientist dates it 
around 912 B.C., almost 2300 years. It has a height of 6.7m and 0.5m in the ground weighing over 
6 tons. Its diameter varies between 4 cm at the top and 42cm at the base. The pillar's rust-resistant 
composition attracted the attention of archaeologists and materials scientists. [7] 
 
2.2 Steel bridges 
 
The builders of the end of the eighteenth century needed to build bridges to reach large openings by 
using puddle iron.  They succeeded in constructing bridges like Forth bridge (1890) in Scotland, 
with two spans of 521 m and Quebec (1917) with central opening 548 m. The structure principle of 
Forth Bridge is illustrated in fig. 2 
 

 
 

Fig. 2 Demonstration staged in Queensferry by Sir Benjamin Baker of the structural principle of the 
bridge.[8] 

 
The Golden Gate Bridge is a suspension bridge spanning the Golden Gate strait. The bridge links 
US. City of San Francisco to Marin County. The bridge is one of the most internationally 
recognized symbols of San Francisco, California, and the United States, often identified with the 
spirit of this influential liberal Californian city. It has been declared one of the Wonders of the 
Modern World by the American Society of Civil Engineers. The bridge has a total length of 2,737 
m, and has a span of 1280 m.[9] 
In Romania the first iron bridge was built in the fourth decade of the last century in Banat in Lugoj, 
with the opening of 18.5 m and at Mehedia with a 41.0 m opening. In  1871 appears the first puddle 
iron bridges at Bucecea, over Siret, with 72.5m long spam and in 1875  the Slatina bridge over The 
Olt river, with spans of 45,5m + 5 x 57,3m + 45,5 m. 
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3. Degradation, monitoring and rehabilitation methods 
 
Wrought or puddle iron structures have typical problems associated with iron, mainly corrosion in 
various forms, and element fatigue problems from exposure to wind and earthquake corroborated 
with intense use and lack of retrofitting measures. 
 
3.1 Exposure to earthquake 
 
Metal structures are more earthquake resistant, due to elastic behavior of the material in comparison 
with other concrete, rock or wood construction. Still, a bridge can sustain sever damage or even 
collapse due to poor anti-seismic design.  
One example is the Oakland Bay Bridge in San Francisco which suffered structural damage at the 
roadway deck during Loma Prieta earthquake measuring  6.9 on Richter scale, illustrated in fig. 3. 
 

 
 

Fig. 3 Collapsed section of roadway deck 
 
The historic or the strategic importance of the structures compels the authorities to take measure to 
ensure the survival of the building when a earthquake heats it. This measures form the seismic 
retrofit program. 
In the seismic retrofit program of the Oakland Bay Bridge they replaced the old rivets that had a 
rigid behavior under the extreme stress of the earthquake, with rivets and screws with superior 
quality and resistance having a more elastic behavior in extreme stress. Lattice structure consists of 
2 "I" profiles put next to each other connected by plates. Where needed the profiles and metal plates 
were replaced and strengthened. 
Golden Gate Bridge in San Francisco, following the same earthquake of 1989 that affected Okland 
Bay Bridge, suffered no structural damage due to the superior quality of the project and the hard 
rock foundation soil. 
An assessment of seismic behavior of the bridge was made and the authorities took a series of 
passive or active seismic protect measures: 
• Passive systems: dampers and seismic isolators; 
• Strengthening the pillars by fitting additional metal plates; 
• Metal profiles or joints were replaced partially or totally where was needed; 
• Strengthening and replacing of the reinforced concrete elements, especially foundations; 
• Strengthening weak joints by replacing rivets and screws and supplement them where necessary; 
• Installation of mobile parts at the joints between parts of the structure with different dynamic 
behaviors. [10] 
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Fig. 4 Rivet replaced during the seismic retrofit 

 
3.2 Exposure to wind 
 
Railroad Bridge Dundee Scotland crashed on December 28, 1879 during a severe storm. The cause 
of the disaster is an combination of several factors. The excessive speed of the train crossing the 
bridge, poor quality design, improper maintenance performed and according to measurements made 
in nearby towns, excessive wind speeds of 100 ~ 130km / h. 
The measures to improve the structural behavior for horizontal wind actions are the same as in the 
previous chapter 3.1. However, in the case of a bridges, wind stress may be stronger than seismic 
stress requiring more complex measures.[11] 
 

 
 

Fig. 5 Ruins of the Tay Bridge. 

 
3.3 Corrosion
 
Corrosion is the main problem for wrought or puddle iron structures. There are several ways to 
resolve corrosion different from case to case, depending on the cause of the phenomenon. In the 
next paragraph are presented a few techniques which were applied on the monuments structure 
presented in chapter 2 of the paper. 
 
3.3.1. Impressed Current Cathodic Protection 
 
In the case of Christ the Redeemer statue, the engineers used 
an Impressed Current Cathodic Protection (ICCP). The 
system was installed to control further corrosion of 
the steel reinforced concrete that forms the statue. This ICCP 
system forces a small direct current from the titanium anode 
mesh embedded in the mortar, to the reinforcing steel in the 
mantel, fig 6.  

Fig. 6 Impressed current cathodic 
protection system  707
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The basic principle of all cathodic protection techniques is to make the corroded metal the cathode 
of an electrochemical cell by connecting the metal to a more easily corroded "sacrificial metal" to 
act as the anode resulting a "suffocating" corrosion cells.[12] 
 
3.3.2. Chemical composition  
 
The Iron pillar of Delhi is notable for the rust-resistant composition of the metals used in its 
construction. The processing technique is an important factor for the pillar qualities. Pancake 
forging or Forge Welding technique was used in various forms (comparable ones being found in 
Dhar in Madhya Pradesh and Kodachari in Karnataka), the length would have been vertically 
increased by raising the earthen platform around and constructing an extraction furnace of mud on 
top. The analysis of the iron varies with the source of the samples. Examination reveals slag 
particles distributed irregularly. Some ferrite grains have a small amount of perlite at the grain 
boundaries. Surface is almost free from perlite. 
The environment plays an important role, the site of the pillar is away from industrial areas and the 
climate of Delhi is fairly dry. It is known that iron corrosion does not take place if critical value of 
relative humidity is less than 80%. At Delhi, the relative humidity exceeds 80% for only about 20 
days in a year and exceeds 70% for only about 65 days in a year resulting a dry environment. The 
great mass of metal might act as a temperature stabilizer, thus reducing condensation of moisture on 
it. Corrosion proceeds during those times when the effective relative humidity on the surface of the 
metal exceeds the critical value of 80%. During the remainder of the night the temperature slowly 
drops and because of its high heat capacity, the pillar remains warm and less liable to corrode than 
the relative humidity of the air would indicate.  
So, in brief, it can be concluded that the corrosion resistance property of the Delhi Pillar is due to: 
the purity of its iron, high phosphorus, low sulpur, absence of any other metal, better forge welding, 
drier and uncontaminated atmospheric condition, and mass metal effect. 
 
3.3.3. Protective layer 
 
It is the most common used protective method. The Eiffel Tower is built of riveted wrought iron, a 
material that will last virtually forever if it is painted regularly. The tower has been painted once 
every seven years. Maintenance on the tower includes applying 50 metric tons of three graded tones 
of paint by 25 painters working for 15 months.  The paints applied to the Eiffel Tower are 
formulated for this specific purpose. For the 17th paint job, a paint using new, lead-free pigments 
was developed tested and subjected to reactivity tests by the SNTE (Société nationale de la Tour 
Eiffel).  
The preparation of the corroded areas is crucial for the paint layers. At the Eiffel tower corroded 
areas were stripped, sanded, and then received two coats of an oleoglycerophthalic primer 
containing lead silicate-chromate pigment, which offers excellent resistance to corrosion while 
maintaining flexibility for the paints applied on top of it. 
The general finishing coat was applied with an oleoglycerophthalic paint containing basic lead 
silicate-chromate pigment. This paint has the following properties: highly aesthetic appearance; 
perfect compatibility with the existing, older paints; excellent corrosion resistance; and complete 
suitability for the Eiffel Tower. 
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3.3.4Replacing the structure 
 
This method was used at the Statue of Liberty.  The 
restoring on the statue began 1984.  After careful 
analysis both French and American diagnostic reports 
discussed the serious structural problems associated with 
the long-ago deteriorated insulating layer between 
the copper sheet of the statue and the puddle iron bands 
of the structural armature causing the  iron bands to 
corrode. The original and highly ineffective insulating 
layer implemented between the copper sheathing and the 
iron bars, was an asbestos cloth soaked in shellac that 
broke down, compromising the structural stability of the 
many different components. The decision was made to 
replace the entire puddled iron armature with a low-
carbon corrosion-resistant stainless steel. No more than 
four bars of one of four different sections of the statue 
would be replaced at the same time to reduce at minimum 
the impact on the cooper skin.[13, 14, 15, 16] 
 
 
4. Conclusion 
 
This study presents an analysis of a few wrought or puddle iron structures with historical 
importance and their main restoration method regarding the iron structure. 
Their historical importance compel the engineers to study very thoroughly the materials which they 
are made of, the fabrication techniques, the chemical composition of the iron, the exposure factors 
and the exact protective method used previously on the iron structure. 
 
Iron structures have typical problems associated with iron, mainly corrosion in various forms, and 
fatigue problems from exposure to wind and earthquake corroborated with intense use and lack of 
retrofitting measures.  
 
This papers aims to better understand this phenomenon and to establish best method of 
rehabilitation unique to each structure situation. 
 
Nowadays challenge is to establish correctly the fatigue life of the structures and design the correct 
and smart rehabilitation project for each case individually. [17, 18, 19, 20] 

Fig. 7 The joint between puddle 
iron and copper skin 
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Abstract 

Housing estates from the era of mass housing are a typical product of the modern architecture of 
the second half of 20th century. Since their inception they have been connected with problems and 
the long-term failure to address these problems led (in Slovakia and some other countries) to the 
emergence of other problems like a decrease of inhabitants, a danger of social segregation and a 
spontaneous development. Housing estates even today form the significant part of our cities and 
therefore they require our special attention. Intensification as the fundamental principle of ideal 
model of compact, multifunctional, well connected and ecological city can be a successful tool of 
dealing with this problem; however, the conception of intensification is necessary. Since every 
housing estate is original, we will have to focus on the principles and methods of intensification of 
housing estates, determined by the period of construction, character of urban fabric and location in 
the city. Only in this way it will be possible to reach a sustainable development and to find a 
balance between existing values end an economic efficiency. 

Keywords: Intensification, Housing Estates, Mass Housing, Urban Design, Sustainability. 
 
 
1. Introduction 

The phenomena of the mass housing appeared in Europe in the second half of the 20th century 
together with a mass application of principles of the modern architecture and urban planning. Even 
though this era has already passed, the housing estates from this period still form the basis of the 
housing stock in Slovakia and many other European countries. Despite many progressive ideas they 
have brought, these neighbourhoods have always been connected with a lot of problems. The 
question what to do with the legacy of mass housing is opened since the end of the 20th century. 
Despite the large number of views, approaches, strategies and proposals such as complete 
demolition, humanization or their monument protection, this topic remains open. In order to 
approach the current ideal model of a compact, multifunctional, well-connected and ecological city 
the intensification comes to the fore. Intensification means an increasing density of the population 
as well as the variety and availability of activities to achieve economic and environmental benefits 
essential for sustainable development; however, nowadays the intensification misses an urban-
architectural conception. The aim of this paper is to present the intensification as an appropriate tool 
of completing and valorization of housing estates in Slovakia and other European Countries.  

                                                           
* Corresponding author: Tel./ Fax.: +421 902 376 482  
E-mail address: kajc1987@gmail.com 
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2. Mass housing and its problems 

By the housing estate from the era of mass housing we understand “… a functionally and 
territorially autonomous residential area, built at the same time and most frequently on open land at 
the edge of the central city. With its exclusion from the historical urban fabric, strict functional 
segregation and urban structure of free-standing buildings, the estate is characteristic product of 
application of the principles proclaimed in the Athens Charter.” [1]. 
 
Typical features of housing estates were also the rationalization of construction (prefabrication and 
repeatability of the construction) and the focus on hygienic conditions (large spaces with public 
green, relative standard of housing). Although the early housing estates were still based on the 
principles of the traditional urbanism, gradually, under the slogan of “light, air, sun” in suburbs, 
new, purely residential areas with loosened buildings without a clearly defined squares and streets 
were formed. Housing estates had an undoubted importance to solving the problem of housing 
deficiency and they brought many progressive ideas; however, the first problems of housing estates 
have appeared almost since their inception. Despite the criticism, in Slovakia and former Easter 
bloc they had full support of regime and almost nothing changed (until the end of mass housing 
period in 1989). Since the housing estates were often not finished according to their plans, the 
problems had even grown. 
The problems of Slovak housing estates identified by the analysis of the early nineties of the 20th 
century can be divided into three groups: 1. socioeconomic (fragmented ownership, problematic 
maintenance of panel buildings and public spaces, relationship of citizens to the neighbourhood and 
public safety), 2. urban and architectural (dependence of the housing estates on the city, traffic 
problems, structure of construction, the limited range of architectonic means of expression, 
aesthetic monotony and uniformity, the limited size of facilities of flats and the absence of a 
formulated public space) and 3. structural-technical problems (low structural-material qualities of 
prefabricated parts and poor build quality of their assembly) [2].  
The discussion between experts did not bring any consensus about the general strategy how to deal 
with these problems. Solving the problem has finally focused only on the structural-technical 
problems, mainly thermal insulation of the prefab apartment houses. On the other hand the new 
problems have appeared. A long ignorance of the problems together with the phenomena of 
suburbanisation let to a decrease of population and the danger of social segregation occurs. Another 
problem is a gradual loosing of possibilities of any change. The lack of the conception of housing 
estates caused that the new investments are often spontaneous, deepening the problems and 
destroying the existing values.  

3. Intensification 

3.1 Intensification and the compact, well connected and ecological city 

Despite the problems housing estates still have a great potential for a correction. The relatively high 
density of population (sometimes up to 400 inhabitants / ha) together with space reserves are a good 
starting point for the creation of the well-functioning urban environment. 
As we already know, a sufficient population density is necessary for the creation of a successful 
development of the urban environment [3]. However, we should also take in mind that it is not only 
the high density of population, but also a diversity of the structure what makes an area well-
functioning [4]. Public spaces function only in those parts of the city with an intensive development 
[5]. In this case it is important to follow particularly the long-term economic goals [6]. It is 
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necessary to bring not only a wide range of functions, but also to provide a good connectivity 
within the neighbourhood and also with other neighbourhoods [7]. 
The sufficient density of population together with the high diversity of urban structure and the good 
connectivity are main conditions of emergence of an ideal model of the compact, well connected 
and ecological city – the city of short distances, a preference of pedestrians and cyclists, a minimum 
occupation of the land,  minimum energy consumption, the city which is self-sufficient. The tool to 
approach this model is the intensification.  
The urban intensification can be characterized as a valorization and improving the urban structure 
in its all positions [8]. 
Since the function of living forms the highest proportion of built-up areas of cities, a special 
attention should be paid for its effective use [9]. In this context it is important to emphasise that the 
housing estates from the era of mass housing form the basis of the housing stock and more than a 
half of the Slovak population lives there. Illustrative examples are the highlighted apartment houses 
from the mass housing period in Banská Bystrica Fig. 1. 
 

 
 

Figure 1. Highlighted apartment houses from the era of mass housing in the city of Banská Bystrica. 
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3.2 Intensification on the example of housing estate Detmerode 

During the international workshop Reworking the “Economic Miracle” Era in Wolfsburg, we had 
an occasion to deal with the problems of housing estate Detmerode, built in 1963-1973 in 
Wolfsburg in Germany. 
The housing estate was planned for approximately 15,000 residents. The population peaked in 1972 
when 14,800 inhabitants lived here. Today, only about a half of this population lives here (7,719 
inhabitants in 2013) [10]. 
The urbanity of the housing estate should be achieved through a variety of housing typology, a high 
density of population and a social mix. Design of the Detmerode is based on the orthogonal 
principle and strongly affected by prefabrication and rationalization of the construction [11]. 
It is not only the high variety of housing typology (starting with single family houses and ending 
with high rise apartment houses), but also the church (Stephanuskirche) designed by Alvar Aalto, 
the kindergarten (Kindertagesstätte Stephanus) designed by Hans Scharoun, a shopping mole bridge 
over the main road and a lot of other buildings which make this housing estate unique. As well as 
the other housing estates, Detmerode has typical problems of mass housing. Even though these 
problems are not so visible as in the most of Slovak housing estates, we were able to identify the 
fundamental problems of this city district. 
Wolfsburg which is the seat of headquarters of Volkswagen Group is typical car friendly city. The 
most of the people travel by car to work (the largest employer is Volkswagen Group) and to 
amenities every day. Detmerode is almost completely dependent on the inner city and Volkswagen 
Group from the view of job opportunities, amenities and energy. As a problem we also considered 
the public space with the character of "everyone and anyone green", which is, despite its good 
maintenance, used only rarely. One of the largest problems is the decrease of population. The 
population density is only 54 inhabitants / ha.  
The territory with such a density is on the edge of the ability to produce a diversity of functions and 
activities characteristic of the urban way of life [12]. Such value is also on the edge of the 
sustainability of public transport and far away from population densities necessary for a pedestrian 
friendly city [13]. 
As a tool of elimination of above-mentioned problems, we have proposed the intensification. We 
have found out that the main reason of decreasing of population is the growing demands of the 
residential area. Therefore, we have proposed in appropriate positions new apartment houses and 
extensions to the existing apartment houses. In this way we get not only larger and more diverse 
flats, but also the higher energy efficiency. We have also proposed the development of new 
amenities and small enterprises (start-ups). In order to protect existing values of housing estate, it 
was necessary to establish the strategy of intensification. The highest rate of intensification we 
proposed along the John-F.-Kennedy-Allee (central axis of the neighbourhood). We designed the 
change of this main traffic corridor into the living boulevard. We are supporting the existing centre 
of the housing estate by the new amenities, but on the other hand we are trying to achieve a kind of 
decentralisation of the functions by using of parterres of the existing buildings. To deal with the 
problems of public space it is important to achieve a balance in the hierarchy of different kinds of 
spaces (private, semi-private and the public space). We proposed to continue the existing trend of 
renting the common spaces and the use for new, progressive forms like urban gardening. Even 
though the intensification itself creates suitable conditions for an ecological city, we have created 
the ecological concept including the use of alternative energy sources and local energy sources 
(biomass from the forest). Our final output was the plan of intensification of housing estate 
Detmerode Fig. 2. 
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Figure 2. Final plan of intensification of housing estate Detmerode. 
 
3.3 Conception of intensification of housing estates 
 
The theoretical application of principles of the intensification of the housing estate Detmerode 
showed us a possible direction of the development of housing estates. The intensification not only 
offers solutions to some problems of modern architecture and urbanism, but also offers the 
sustainable solutions for the future. However, the intensification cannot be applied everywhere with 
the same intensity. We must not forget to protect the existing values. 
It is right generosity of space, plenty of public spaces, structured amenities and rationally composed 
housing units, which represent the most significant values of the mass housing [14].  
Since the Slovak housing estates miss the conception of intensification (they do not even have the 
zonal plans), it is very difficult to control the spontaneous development and almost impossible to fix 
the existing problems. The goal of our research is to focus on the principles and methods of 
intensification of housing complexes. The basis of the research will be defined by potentials and 
limits of the existing mass housing development. Although the problems of different housing 
estates are similar, we have to take in mind that each of them is original. As an example we can just 
briefly compare three different housing estates from different countries: Detmerode (Germany), 
Portela de Sacavém (Portugal) and Fon orda (Slovakia) Fig. 3. 
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Figure 3. Comparison of three housing estates from different countries. 
 
From the comparison of selected housing estates we can conclude, that there are differences not 
only in the period of their construction, the housing typology and the urban fabric, but also in the 
population density, the diversity of the functions, the public transport system and the organisation 
of the car and pedestrian traffic in general. Zooming deeper we will find socio-economic 
differences (ownership, social status of the inhabitants, average age and the others). Finally there 
are differences in location in relation to the city and natural conditions (terrain morphology, 
climate). These significant differences make impossible to simply take the solutions from one 
housing estate and apply it to another. Only the research and understanding of relation between the 
individual components of the housing estates and principles of intensification would make possible 
to establish the appropriate level and methods of their intensification.  
To verify the forms of intensification on the diverse urban structures, our research is carried out on 
a case study of the model housing estate Fon orda in Banská Bystrica (Slovakia). Fon orda has 
about 20 000 inhabitants and is divided into five urban districts which were built in several stages 
(1950-1980). The diverse urban structure, the population density Fig. 4, the terrain morphology and 
the other specifics of individual urban districts allow us to compare them in a single area. Based on 
the analyses and collected documents the possibilities of intensification are being evaluated. 
Subsequently it will be established a series of model solutions validating potential for upgrading 
and transformation of particular types of residential buildings and typical forms of buildings in 
selected characteristic positions of the housing estate, taking into account the period of their origin, 
the nature of their urban structures and their location in the body of the city. The final output should 
be the conception of intensification of our housing estates (a summary of findings, 
recommendations and model solutions) as a contribution to the creation of a methodology of 
development of residential complexes in Slovakia.  
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Figure 4. Population density in urban districts of housing estate Fon orda. 
 
 
4. Conclusions 

Housing estates from the era of mass housing form the significant part of our cities and therefore 
they require our special attention. The principles according to which they were build, brought a lot 
of progressive ideas, but in a lot of aspects they were the failure of modern movement in 
architecture and urban design.  These neighbourhoods have been connected with the system 
problems of socioeconomic, urban, architectural and structural-technical character. Especially in 
former Eastern bloc, despite the criticism of mass housing, almost nothing changed until the end of 
mass housing period. Long-term failure to address these problems (in Slovakia, but also some other 
countries and individual housing estates) led to the emergence of other problems such as the 
decrease of inhabitants, the danger of social segregation and especially the spontaneous 
development damaging even the existing values. 
Thanks to relative high population density and space reserves our housing estates still have a great 
potential for change. The sufficient density of population, the diversity of urban structure and the 
good connectivity are the most important factors of effective and sustainable development 
represented by an ideal model of compact, multifunctional, well connected and ecological city. The 
tool to approach this model is intensification. The theoretical application of intensification on the 
housing estate Detmerode showed us the importance of intensification in solving the essential 
problems of the housing estate: the dependence on the city, the decrease of population, the 
ineffective use of public space and energy inefficiency. On the other hand, the important finding is 
that we cannot apply the same level of intensification in all parts of the housing estate and it is 
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necessary to protect the existing values. In order to ensure the sustainability it is clear that 
nowadays, but especially in the future, it will be crucial to find an appropriate balance between the 
authenticity of building and urban structure and its economic efficiency. Slovak housing estates 
missing the zonal plans and standing under the fire of spontaneous development need a conception 
of intensification. Since there are differences between individual housing estates and even their 
parts, we cannot simply copy the solutions from one to another. We need the research defined by 
potentials and limits of the existing mass housing development taking into account the period of 
their origin, the nature of their urban structures and their location in the body of the city. 
 
 
5. References 

[1] Morav íková H, et al. Bratislava: atlas sídlisk. Bratislava: Slovart; 2011. 
 
[2] Morav íková H, et al. Bratislava: atlas sídlisk. Bratislava: Slovart; 2011. 
 
[3] Hnili ka P. Sídelní Kaše. Brno: Host; 2012.

[4] Writh L. Urbanität als Lebenform. München, 1974 In Hnili ka P. Sídelní Kaše. Brno: Host; 2012.

[5] Hr za J. Hledání soudobého m sta. Praha, 1973 In Hnili ka P. Sídelní Kaše. Brno: Host; 2012.

[6] Vitková . Hustota urbánnych štruktúr a jej sociálny rozmer. Urbanita, Vol. 24, pp. 38-42, 2011. 
 
[7] Jacobs J. Smrt a život amerických velkom st. Praha: Odeon; 1975. 
 
[8] Šov ík M. Tvorba urbánnych štruktúr intenzifikácia. Bratislava: FA SVŠT v Bratislave; 1986. 
 
[9] Vitková .  Porovnanie ukazovate ov intenzity využitia územia pre rôzne funk né využitie. In: Vitková 
et al. Kvantitatívne parametre urbanistických štruktúr. Bratislava: Road; pp. 27-36, 2008. 
 
[10] Pröttel L, Pump-Uhlmann H. Wolfsburg-Detmerode Städtebauliche Entwicklung - chronologische und 
räumlich-differenzierte Betrachtung. Wolfsburg: Stadt Wolfsburg; 2014. 
 
[11] Reichold O. ... erleben, wie eine Stadt entsteht.Wolfsburg 1938-1998: Städtebau – Architektur –
Wohnen.  Wolfsburg: Joh. Heinr. Meyer verlag; 1998
 
[12] Vitková .  Porovnanie ukazovate ov intenzity využitia územia pre rôzne funk né využitie. In: Vitková 
et al. Kvantitatívne parametre urbanistických štruktúr. Bratislava: Road; pp. 27-36, 2008. 
 
[13] Hnili ka P. Sídelní Kaše. Brno: Host; 2012.
  
[14] Morav íková H. Editorial. Architektúra a urbanizmus, Vol. 46, pp. 3-4, 2012. 
 
Figure 1. 3. 4. source own 
 
Figure 2. Aleksandrova S, Görner K, Kabalin D, et al. Change group (the work from workshop). Reworking 
Detmerode IP1314, Wolfsburg; 2014 
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tel.: 0258/743682, fax: 0258/743284, office@elis.ro, www.elis.ro,
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Romania
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SOMES Water Company - first established in 1892 - is today one of the 
largest water supply& waste water collection and treatment regional operators in 
Romania, servicing about three quarter of Million people spread over more than 9,500 
square kilometers in two neighboring Counties in North-West Romania. The service 
area comprises eight municipalities ranging from small and medium towns to large 
cities like Cluj-Napoca with 320,000 inhabitants – the location of the Company 
headquarters, and more than 173 rural settlements, new localities being taken over for 
operation each day. 

The Company’s shareholders are the local public authorities in the two 
Counties and the eight municipalities in the service area, Cluj County Council being 
the majority shareholder. SOMES Water is also one of the few water&sewage public 
utilities certified according the integrated quality system for management -
environment - labour health&safety systems SR EN ISO 9001: 2001, SR EN ISO 
14001 : 2005 and SR OHSAS18001/2008 as well as for ISO 22000 regarding food 
safety.

One more singular feature is the Water Museum established in 1992, with the 
occasion of the centennial anniversary of the Company, the only one of its kind in 
Romania and among few other similar in the world. It displays old tools, machines 
and equipments used in the water supply and sewage since the Roman Empire. Today 
the Water Museum is also the Headquarter for the Company’s educational program 
for children and adults alike. You are welcome to visit this Museum – location of 
many exhibit pieces donated by domestic and foreign visitors, private persons or 
companies and institutions.

The water & sewage, infrastructure managed by SOMES Water Company 
comprises more than 2,600 km of water supply mains and networks, and more than 
1300 km of sewage mains and networks, nine water treatment plants (WTP), 22 
underground water sources and 22 waste water treatment plants (WWTP).



More than 340 Million EURO were invested – with the support of the local 
authorities, mainly Cluj County Council - since 1997 for the modernization, 
rehabilitation and expansion of the infrastructure serviced by SOMES Water 
Company, through four major European Union co-funded programs, in order to 
improve service quality and to achieve compliance with the water and environment 
requirements stipulated by the European Union Directives. 

SOMES Water Company is today also a Green Company, active on the green 
certificate Exchange, producer of green energy through three main sources: hydro-
power, solar light and biogas from Waste Water Treatment Plants sludges. It is the 
sole Company of it’s kind in Romania to have a micro hydroelectric power plant with 
10,000 MWh/year at Tarnita raw water source reservoir. Other green energy
producing facilities are planned to be established in the near future. 

According the Company's Master Plan - the Coordinating long-term 
Investment Program for 2015 - 2020, further major investments are planned to be 
tapped in the near future in order to achieve full compliance with EU Directives in 
terms of water&environment quality, worth 250 Million Euro’s.
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