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Seismic fragility curves for traditional unreinforced masonry 
buildings of Barcelona, Spain 

Ricardo Bonett, Alex Barbat and Lluis Pujades 
Technical University of Catalonia, Barcelona, Spain  

Summary 
Residential buildings in Barcelona are mainly reinforced concrete buildings and 
unreinforced masonry buildings with particular features, typical of the customary 
constructive techniques of the city. The unreinforced masonry buildings of 
Barcelona have an average age of more than 60 years and were built without any 
consideration of the seismic hazard. The building used here as a typical example 
has six stories, 18.9 m by 24.5 m in floor and 24 m in height. For representing this 
typology, a six-story URM building with 18.9 m by 24.5 m in floor and 24 m in 
height has been selected.  

To analyze the dynamic behaviour of the building we used TreMuri computer 
program (Galasco et al., 2002), which is an excellent tool to describe the non-
linear in-plane mechanical behaviour of masonry panels and to assess the expected 
damage on masonry buildings due to earthquakes. The macro element model 
consists of panels, simulating piers and architraves, connected by means of rigid 
blocks. The macro element takes into account both the overturning mechanisms, 
related to cracking at the corners, and shear mechanisms by means of a damage 
model with friction. In this way a generic wall with openings can be described by 
means of a limited number of unknowns, involving few model parameters.  

By using the TreMuri program, a push–over analysis was carried out by using a 
lateral loading pattern corresponding to the third mode of vibration of the 
structures. In this way, we obtained the capacity curve for the building and then, by 
using also the demand spectra the performance point of the structure was obtained. 
Considering a lognormal probability distribution, we finally obtained seismic 
fragility curves for the building. These curves will be used in developing seismic 
damage scenarios for Barcelona.  

 

KEYORDS: fragility, unreinforced masonry, push–over analysis, push–over 
analysis. 
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1. INTRODUCTION 

Residential buildings in Barcelona are mainly reinforced concrete buildings and 
unreinforced masonry buildings. The most of these buildings have been designed 
without any seismic consideration. An emblematic zone of the Barcelona city is the 
“Eixample”. This sector of the city, was constructed according to the design of 
famous engineer Ildefonso Cerdá. The final project was approved in 1860. The 
Eixample is formed by numerous squares almost totally symmetrical of 
approximately 113×113 m. These squares are perfectly aligned, beveled in its 
vertices by means of edges of about 20 meters. The sector covers approximately 
750 hectares of the surface of the city [4]. The unreinforced masonry buildings are 
the typical typology of the Eixample zone. Therefore, for representing this 
typology, an existing six-story building with 18.9 m by 24.5 m in floor and 24 m in 
height has been selected. In this work, the seismic performance and vulnerability of 
this building have been evaluated by using N2 method proposed by Fajfar [1] and 
fragility curves respectively. 

2. SELECTED STRUCTURAL TYPOLOGY  

The building selected for this work is localized in the “Eixample” district in 
Barcelona. This structure was built in 1882 without any consideration of 
earthquake resistant design. The building has a six-story unreinforced masonry 
structure. A typical floor plan and elevation are show in Figures 1. The plan is 18.9 
m by 24.5 m, and the story height is variable.  

3. COMPUTER MODEL 

To analyze the dynamic behaviour of the building the TreMuri program has been 
used, which is an excellent tool to describe the non-linear in-plane mechanical 
behaviour of masonry panels and to assess the expected damage on masonry 
buildings due to earthquakes [2]. The macro element model consists of panels, 
simulating piers and architraves, connected by means of rigid blocks. It takes into 
account both the overturning mechanisms, related to cracking at the corners, and 
shear mechanisms by means of a damage model with friction. In this way a generic 
wall with openings can be described by means of a limited number of unknowns, 
involving a few model parameters. These models have been verified through a 
comparison with the results of an experimental test performed on a building of 
Pavia, Italy. The model has been defined by using 8 walls in the x-direction, and 6 
walls in the y-direction. Figure 2 shows the 3D model.  
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Figure 1. Plan and elevation views of the building 
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Figure 2. 3D model for the studied 6 story unreinforced masonry building 

4. SEISMIC PERFORMANCE EVALUATION 

The N2 method proposed by Fajfar [1] formulated frame of the capacity spectrum 
method has been used with the aim of obtaining the performance point. This 
method requires starting from the definition of the demand and capacity spectra. 
The capacity spectrum is obtained by means of a pushover analysis performed by 
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using the TreMuri program. The seismic demand which has been used corresponds 
to the deterministic analytical formulation for the acceleration response spectra 
proposed in reference [3]. 

Seismic demand 

The value of the spectral acceleration is defined by mean of the following 
equations: 
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PGA is the peak ground acceleration, T is the period, CB  factor defined as 
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Figure 3 shows the response spectra proposed and the selected parameters for 
Barcelona. 
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Figure 3. Deterministic response spectrum3 used in this study. 

.1 Capacity spectrum 

A push–over analysis has been carried out by means of the TreMuri program, using 
a lateral loading pattern which corresponds to the third mode response of the 
structures.  In this way, the capacity curve of the building has been obtained. This 
curve is the plot of the static–equivalent base shear versus the roof displacement of 
the building. The base shear axis is then converted to spectral acceleration and the 
displacement axis is converted to spectral displacement. In this way the capacity 
spectra are easily obtained. Figure 4 shows their bi-linear representation. 

4.2 Performance point 

Figure 5 shows the graphic representation of the performance point for the studied 
building. It can be seen that the capacity spectrum cuts the deterministic response 
spectrum within the elastic range. Therefore, there is not reduction for ductility, 
and the structural response for this seismic demand remains within the elastic 
range. 
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Figure 4. Bi-linear representation of the capacity spectrum. 
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Figure 5. Demand and capacity spectra and the performance point. 
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5. FRAGILITY CURVES 

A deterministic analytical method proposed by the vulnerability working group of 
the RISK-UE project [4] has been used for evaluating the seismic vulnerability of 
the building. To generate the fragility curves, this method assumes that the 
probability of being in, or of exceeding a given damage state, corresponds to a 
lognormal distribution. Therefore, given a spectral displacement Sd and a damage 
state ds, this probability can be obtained from the following equation: 

 [ ] 













Φ=

dsds Sd
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β
 (3) 

dsSd  is the mean value of the spectral displacement at which the building reaches 
the threshold of the damage state ds , dsβ  is the standard deviation of the natural 
logarithm of this spectral displacement and Φ  is the standard normal cumulative 
distribution function. Figure 6 presents the curves for all the damage states (no 
damage, slight, moderate, extensive and complete). 
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Figure 6. Fragility curves of the building. 

Figure 7 shows the damage probability of each damage state corresponding to the 
value of displacement spectral demand (performance point) obtained for the 
unreinforced masonry building. The main structural damage can be classified as 
slight (40% approximately). However, the moderate and extensive damage have 
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considerable damage probability (28% and 18% respectively). In general, the 
seismic performance corresponds to the operational level.  
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Figure 7. Histogram with the damage probability for each damage state. 

6. CONCLUSIONS 

An advanced method has been used in this paper to assess the vulnerability of a 
typical building of the Eixample district of Barcelona, Spain. The method is an 
update of the capacity spectrum method and proved to be adequate in evaluating 
the seismic behaviour of the bulding. The results show a high probability of 
ocurring moderate to severe damage of the studied building.  
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New techniques applied to post-earthquake assessment of 
buildings 

Martha L. Carreño, Omar D. Cardona and Alex H. Barbat 
Technical University of Catalonia, Barcelona, Spain  

Summary 
After a strong earthquake the damage in the affected area can be so extended that 
it is not possible to make all building evaluations only by expert engineers. It is 
common the tendency of non-expert inspectors to aggravate or to underestimate 
the real level of damage. But, due to the fact that the damage levels are usually 
linguistic qualifications such as light, minor, moderate, average, severe, etc., an 
expert system implemented in a computer for post-earthquake evaluation of 
building damage has been developed using an artificial neural network and fuzzy 
sets technique. This expert system allows performing the building damage 
evaluation by non-experts that participate in a massive survey of buildings. The 
model considers different possible damages in structural and architectural 
elements and potential site seismic effects in the ground. It takes also into account 
the pre-existing conditions that can make the building more vulnerable, such as the 
quality of construction materials, plant and height irregularities and bad structural 
configurations. The system makes decisions about the building habitability and 
reparability applying fuzzy rule bases to the available building information. 

The global level of the building damage is estimated taking into account the 
structural and non-structural damage. The global building state is determined 
adding the rule base on ground conditions, obtaining thus the habitability of the 
building. The building reparability also depends on other fuzzy rule base: the pre-
existent conditions. Thus, the expert system aids to make decisions on habitability 
and reparability of each building that are basic in the emergency response phase 
after the occurrence of a strong earthquake. 

 

 

 

 

 

KEYWORDS: damage assessment, expert system, fuzzy rule, post-earthquake 
evaluation of buildings, neural network 
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1. INTRODUCTION  

In case of a strong earthquake, the damage evaluation process must be made by a 
broad group of professionals related to building construction. It is highly desirable 
that people involved in this process have expertise and experience in these tasks. 
Nevertheless, the professionals having these skills are usually only a few and it is 
necessary to involve inexperienced voluntary engineers or architects. As a 
consequence, the damage underestimation or overestimation is common. 
Therefore, this work proposes the use of the computational intelligence as support 
to this task, developing an expert system for supporting the building damage 
evaluation process, using artificial neural networks and fuzzy sets. 

2. DAMAGE EVALUATION AFTER AN EARTHQUAKE 

As a result of earthquakes occurred in different countries located in seismic areas, 
the development of guidelines to damage evaluation in buildings has been 
necessary, with the aim of deciding as soon as possible whether the buildings may 
continue being used or not. After a strong earthquake, the identification of the 
constructions which suffered serious damage, and that can represent thus a danger 
for the community, is crucial. The identification of the safe constructions that can 
be used as temporary shelters for evacuated people is also necessary. Some 
countries have developed systematic guidelines and procedures to evaluate the 
building damage, namely Mexico1, 2, Japan3, United States4, Italy5, Macedonia6 
(former Yugoslavia), Colombia7, 8, 9, among others. Damage evaluations are useful 
to improve the effective earthquake-resistant construction codes, by identifying the 
type of failure of the structural systems. 

2.1. Problems with the damage evaluations 

When the damage in the area struck by an earthquake is extensive, local experts in 
earthquake engineering are always insufficient to make all the evaluations on the 
state of the buildings. Professionals with little or no experience must be part of the 
evaluation teams. According to the findings of risk perception researchers, the 
tendency of inexpert inspectors is to aggravate or to underestimate the damage 
level. The information on the damage evaluation is highly subjective and depends 
on heuristic criteria and the biases of introduced by the inspectors in each case. The 
damage levels are defined in all evaluation guidelines using linguistic 
qualifications like light, moderate, severe or strong; these concepts may have 
different meanings according to the judgment of each person and a defined limit 
between these assessments does not exist clearly. 



ISSN 1582-3024

http://www.ce.tuiasi.ro/intersections

 M.L. Carreño, O.D. Cardona, A.H. Barbat 

Article No.9, Intersections/Intersecţii, Vol.1, 2004, No.4, “Structural Engineering” 14 

Structural Engineering

3. COMPUTATIONAL MODELING FOR POST-EARTHQUAKE 
DAMAGE EVALUATION 

The problems that appear in the process of damage evaluation suggested to the 
authors to look for new tools that facilitate the work. The proposed model uses the 
fuzzy logic approach motivated by the incomplete and subjective character of the 
information. Post earthquake damage evaluations use qualitative and linguistic 
expressions that are appropriately handled by the fuzzy sets approach. On the other 
hand, an artificial neural network (ANN) is used to calibrate the expert system 
using the criterion of specialists. This enables the use of computational intelligence 
for the evaluation of damage by neophytes. For the model development, several 
building damage evaluation guidelines were taken into account. In addition, several 
members of the Colombian Association for Earthquake Engineering technically 
supported this work. The model has been implemented as a Visual BASIC 6.0 
computer program, and has been called Earthquake Damage Evaluation of 
Buildings, EDE. 

3.1. Artificial Neural Network structure 

The ANN has three layers. The variables in the input layer of the neural network 
are grouped in four types, namely structural elements (SE), non-structural elements 
(NE), ground conditions (GC), and pre-existent conditions (PC). Each one 
contributes with information to neurons in the intermediate layer; they only affect 
the intermediate neurons in the group to which they correspond. The number of 
input neurons or variables in the model is not constant; it depends on the class of 
the structural system that will be evaluated and on the importance of the different 
groups of variables selected for the evaluation. The number of neurons of the input 
layer of the structural elements group changes according to the class of building. 
Table 1 presents the structural elements or variables considered according to the 
structural system. A qualification is assigned depending on the observed damage, 
using five possible damage levels that are fuzzy sets. For structural and non-
structural elements, the following linguistics damage qualifications are used: none 
(N), light (L), moderate (M), heavy (H) and severe (S). Figure 1 illustrates the 
membership functions for these qualifications. The fuzzy sets are based on selected 
damage indices (section 3.2). Damage in the non-structural elements do not 
endanger the stability of building, but may represent a hazard for the occupants. 
The non-structural elements are classified in two groups: common and optional 
elements. Table 2 illustrates the groups. 
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Table 1:  Structural elements according to the structural system 
Structural System Structural Elements 

RC frames or (with) shear walls Columns/walls, beams, joints and floors 
Steel or wood frames Columns, beams, connections and floors 
Unreinforced/Reinforced/Confined masonry Bearing walls and floors 
“Bahareque” or “tapial” walls Bearing walls and floors 

Figure 1. Membership functions for linguistic qualifications  

Table 2:  Non-structural elements 
Partitions 
Elements of facade 

Common Elements 

Stairs 
Ceiling and lights 
Installations 
Roof 

Optional Elements 

Elevated tanks 
 

The variables of the ground and pre-existent conditions are valuated through the 
qualification of their state at the evaluation moment. The linguistic qualifications 
are: very good (VG), good (G), medium (M), bad (B), and very bad (VB). The 
ground conditions comprise the occurrence of landslides and soil liquefaction. Pre-
existent conditions are related to the quality of the materials of construction, plane 
and vertical shape irregularities of building, and the structural configuration. In the 
intermediate layer, one index is obtained by defuzzification of each group of 
variables. Taking into account the four available indices, it is possible to define in 
the output layer the building damage using fuzzy rules with the structural and non-
structural evaluations. The building habitability is obtained also involving the 

0
0.2
0.4
0.6
0.8

1
1.2

0 0.2 0.4 0.6 0.8 1

Damage Indices

M
em

be
rs

hi
p 

( µ
x)

None Light Moderate Heavy Severe



ISSN 1582-3024

http://www.ce.tuiasi.ro/intersections

 M.L. Carreño, O.D. Cardona, A.H. Barbat 

Article No.9, Intersections/Intersecţii, Vol.1, 2004, No.4, “Structural Engineering” 16 

Structural Engineering

assessment of the ground conditions. Finally, using the pre-existent conditions it is 
possible to define the required level of reparability. 

3.1.1. Input layer of the ANN 

The fuzzy sets for each element or variable i (for instance columns or walls), in the 
input layer, are obtained from the inspector's linguistic qualifications of damage Dj 
in each level j and its extension wj. The damage extension (percentage of each 
damage level in each element) varies from 0 to 100 and it is normalized 

(1) 
 
 
The aggregated qualification of damage Di for each variable is obtained with the 
union of the scaled fuzzy sets, taking into account the damage membership 
functions µDj(Dj) and its extensions or weights assigned by the inspector 

 (2) 

 (3) 

Union in the theory of the fuzzy sets is represented by the maximum membership 
or dependency. By means of defuzzification, using the centroid of area method 
(COA), a qualification index Ci is obtained for each variable of each group of 
neurons 

 (4) 
 

3.1.2. Intermediate layer of ANN 

In this layer, there are four neurons corresponding to every group of variables: 
structural elements, non-structural elements, ground conditions, and pre-existent 
conditions. Figure 2 shows a general scheme of the evaluation process. In this 
model of neural network, the inputs of the four neurons are the qualifications Ci 
obtained for each variable of the each group of neurons and its weight Wi, or degree 
of importance on the corresponding intermediate neuron introduced by the 
inspector according to its own criteria. These weights are normalized and are 
calibrated by means of a learning function (section 3.2). The initial values and the 
training process of theses weights have been defined and made by the participation 
of experts in earthquake damage evaluation. Using these qualifications and weights 
of each variable i, a global index could be obtained, for each group k, from the 
defuzzification of the union or maximum membership of the scaled fuzzy sets. The 
membership functions µCki(Cki) and their weights Wki  

 (5) 
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show the notation for the group of structural elements. The groups of variables 
related to ground and pre-existing conditions are optional then they can be or 
cannot be considered within the evaluation. If this happens, the habitability and 
reparability of building is assessed only with the structural and non-structural 
information. 

Figure 2: Structure of the proposed ANN 

3.1.3. Output layer of the ANN 

In this layer the global indices obtained for structural elements, non-structural 
elements, ground and pre-existent conditions correspond to one final linguistic 
qualification in each case. The damage level is obtained according to the 
"proximity" of the value obtained to a global damage function of reference. In this 
layer, it takes place also the process of training of the neural network. The indices 
that identify each qualitative level (centre of cluster) are changed in agreement to 
the indices calculated in each evaluation and with a learning rate. Once the final 
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qualifications are made, it is possible to determine the global building damage, the 
habitability and reparability of the building using a set of fuzzy rules bases. 

3.2. Learning process of the ANN 

The output layer of the neuronal network is calibrated when the damage functions 
are defined in relation to the damage matrix indices. In order to start the 
calibration, a departure point is defined, that means the initial indices of each level 
of damage. The indices proposed by the ATC-1310, Park, Ang and Wen11, the 
fragility curves used by HAZUS-9912, and the indices used by Sanchez-Silva13 
have been considered. The values of these indices correspond to the area of the 
centroides of each membership function related to each damage level. Table 3 
shows the indices proposed in this work, which can be compared with those 
proposed by Park, Ang and Wen and Sanchez-Silva. The selection of the initial 
indices is based on those of Park; this choice can be justified on the basis that they 
have been calibrated with information of several studies. Those authors consider 
that collapse occurs in 0.8, although Stone14 propose a collapse threshold of 0.77. 
Considering this, 0.76 is the selected index for the destruction level or collapse. In 
the selection of the damage index, the authors decided to be conservative, since the 
indices corresponding to severe and moderate damage have been highly discussed, 
and doubts exist on whether they should be smaller.  

Table 3:  Comparative table for damage indices 
Damage Level Park, Ang and 

Wen 
Sanchez-

Silva 
Proposed 

Very light < 0.1 
0.07 

0.10 0.07 

Light 0.10 – 0.25 
0.175 

0.20 0.17 

Moderate 0.25 – 0.40 
0.325 

0.35 0.33 

Severe 0.40 – 0.80 
0.6 

0.60 0.55 

Destruction >0.80 
0.8 

0.90 0.76 

 

The calibration is performed for each damage level and only the indices 
corresponding to the groups of variables considered in each evaluation are 
calibrated. The network learning is made using a Kohonen network 

 (7) 

where Ikj is the value of the index of a group of variables k recalculated considering 
a learning rate α and the difference between the resulting index of the present 

( ) ( ) ( ) ( )[ ]kjkjkjkj ItIttI1tI −α+=+
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evaluation and the previous indices in each level of damage j. The learning rate is 
defined by  

 (8) 

where t is the number of times that has been used the index or weight that is 
calibrated. For training, the damage evaluations made during the Quindío’s 
earthquake in Colombia (1999) were used. The neural network has been calibrated 
for reinforced concrete framed buildings, however more information is necessary 
to complete the network training for other structural classes, such as the wood and 
steel frame structures, because these building classes are not common in that area 
struck by the earthquake. Reinforced concrete frames with shear walls were only a 
few also, therefore the number of building evaluations to calibrate this structural 
system were insufficient. 

3.3. Fuzzy rule bases 

Once obtained the damage level of the structural and non-structural elements, the 
state of the ground and pre-existent conditions, the habitability and the reparability 
of the building are assessed. Figure 3 displays the fuzzy rule bases used. The global 
level of building damage is estimated with the structural and non-structural damage 
results. This has five possible qualifications: none, light, moderate, heavy and 
severe damage. The global building state is determined taking into account the rule 
base of ground conditions and thus the habitability of the building. The linguistic 
qualification for the building habitability has four possibilities: usable, restricted, 
prohibited and dangerous. They mean habitable immediately, usable after 
reparation, usable after structural reinforcement, and non-usable at all. Besides, the 
building reparability depends on another fuzzy rule base: the pre-existent 
conditions. The building reparability has also four possibilities: not any or minor 
treatment, reparation, reinforcement, and possible demolition. 

4. CONCLUSIONS 

After a review of different guidelines for post-earthquake building damage 
evaluation, an innovative expert system has been proposed. The distinct advantages 
and disadvantages of each method were considered for the development of the tool. 

The expert system was developed by using artificial neural networks and fuzzy 
logic approach in order to improve the existing field methodologies. This type of 
tool is very appropriate in the practice, due to the subjective nature of the building 
damage evaluations and the incomplete information.  

 

 

( ) ( )t*1.0Exp*1.0t −=α
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Figure 3: Method for Building Habitability and Reparability. 
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The evaluations made by expert engineers after the earthquake of Quindío, 
Colombia, in 1999, have been very useful for the expert system training. 

The use of AI tools in Civil Engineering has very little diffusion until present, thus 
it is recommended to promote their use to provide suitable and versatile solutions 
to different problems in this field of knowledge. 
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Summary 
A seismic vulnerability evaluation method based on structural analysis for RC 
highway bridges with simple pier bents is proposed in the paper. The proposed 
method is based on the hypothesis of the flexible pier-rigid deck behaviour of the 
structure subjected to transversal seismic loads. A flexible pier-rigid deck 
simplified model was therefore developed. This model has been chosen after 
verifying the correlation between the responses of the proposed model and of the 
real structure in its first few vibration frequencies. The study of the damage 
produced by the earthquake load is centered on the piers of the bridge, while the 
dynamic study of the deck can be performed after the structural analysis of the 
piers in an uncoupled way. The maximum damage of the piers under seismic 
actions is the principal aim of the proposed structural evaluation methodology. A 
local damage index is used for this purpose, which describes the state of the 
material at each point of the structure and is based on a constitutive damage law. 
The proposed model permits a simple, reliable and efficient structural analysis. 

 

KEYWORDS: seismic vulnerability, flexible pier-rigid deck model, RC highway 
bridges, simplified models. 

1. INTRODUCTION 

Current methods for evaluating seismic damage to bridges can be divided into four 
main groups [1,2]: (1) obtaining of a vulnerability index by means of inspection; 
(2) evaluation of the damage through structural analysis; (3) estimation of 
vulnerability based on expert’s judgment and (4) statistical analysis of actual data. 
The first method is based on simple evaluations aimed simply at providing a 
classification of those structures which show greatest seismic vulnerability. Models 
based on structural analysis provide a greater quantity of results, but reliability 
depends on their capacity to represent real seismic behavior. Evaluation based on 
expert’s judgment requires a large number of professionals with in-depth 
knowledge of the problem and proven experience, while statistical evaluations 
based on real damage data can only be applied in zones of moderate or high 
seismicity where sufficient data are available. 
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This paper proposes a seismic vulnerability evaluation method based on structural 
analysis for RC highway bridges with simple pier bents. The proposed model is 
based on the characterization of the maximum damage of the piers of the bridge, 
the damaged inertia being obtained at their base. It is calibrated using experimental 
data and using an FE model. The application of the proposed model to the 
evaluation of fragility curves and damage probability matrices of a bridge built 30 
years ago is finally given. 

2. SIMPLIFIED ELASTIC MODEL FOR REINFORCED CONCRETE 
BRIDGES 

LC bridges with simple pier bents have greater redundancy and strength in their 
longitudinal direction; therefore greater damage will occur in piers when they are 
subjected to transversal excitation. Consequently, the proposed model is developed 
for the study of the response of bridges subjected to earthquakes acting in a 
transversal direction to that of the bridge axis. The simplified model shown in 
Figure 1 is based on the following hypotheses: 

1. The piers are modeled as continuous elements with distributed mass 
and infinite axial stiffness. 

2. The girders are modeled as perfectly stiff elements concentrating the 
mass at the top of the piers. 

3. The bearings of the girders are modeled as equivalent short elements 
with circular cross section and real dimensions which work to shear. 

4. The soil-structure interaction effect in piers and abutments is 
considered by means of linear springs that represent the rotational 
stiffness of the soil. 

5. The abutments are considered to be perfectly stiff.  
 

Accordingly, the transversal displacements at the top of the piers are the only 
degrees of freedom of the structural system.  

The displacement of pier “i” generates the force distribution indicated in Figure 2, 
where Fi

in
 is the inertia force, Fi,i-1 and Fi,i+1 are the elastic forces produced by the 

rotation of the girders adjacent to pier i, and Fi-1,i and Fi+1,i are the elastic forces 
produced in the piers i-1 and i+1 respectively by the rotation of the contiguous 
girders. That is, for the pier under study, the sub-index indicates the pier on which 
the forces acted and the associated pier with it has the same girder. As it can be 
observed in Figure 2, the worst condition occurs when the two adjacent piers are 
displaced in the opposite direction to that of the displacement of pier i.  
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Figure 1. Basic scheme for the analysis of the bridge 

 
 

Figure 2. Girder rotation produced by the displacements at the top of the piers 

The bearings on each pier of the bridge are simulated as short columns with a 
circular cross section, whose behavior is governed mainly by shear deformations. 
The influence of the bearings on the behavior of the bridge is associated with their 
shear modulus, G, the distance in plan between the geometric centers of the 
bearings of each pier, ha, their height, a, and the area of their cross section, Ap. On 

Longitudinal axis 

of the bridge

vi+1 

vi 

vi-1 

mi+1 

mi

i + 

i

S
iK

pL

iL

1+iL

x3 

x2 

x

in
iF

mi 1

i - 1

in
,1 iiF −

in
,1 iiF +

Fi+1,i 

Fi i+1Fi,i-1 

Fi-1,i 

i- i+

i1−iν 1+iν

iL 1+iL

iν1−i
iϕ

1+i
iϕ

in
iF

in
1−iF in

1+iF



ISSN 1582-3024

http://www.ce.tuiasi.ro/intersections

 A.H. Barbat, S. Oller, C. Gómez Soberón 

Article No.10, Intersections/Intersecţii, Vol.1, 2004, No.4, “Structural Engineering” 26 

Structural Engineering

the basis of the above mentioned hypotheses, the total elastic force, Ri, due to the 
rotation of the adjacent girders to pier i is [2] 
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(1)

where 1−iv  and iv  are the maximum displacements at the top of the piers i-1 and i. 
The inertia force at the top of the pier depending on the displacement vi is obtained 
by means of the following equation [2]: 
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where S
iK  is the equivalent stiffness of the soil, ( )maxin

iq  and ( )minin
iq  are the 

maximum and minimum inertial loads by unit length produced by the horizontal 
acceleration, in

iF  is the total inertial force of the superstructure (girders) and i
pL , 

icE and Ii are the length, Young’s modulus and the inertia of the cross section 
respectively. 

At the top of each pier of the bridge, the total effective force is the sum of the 
forces Ri, produced by the rotation of the girders, given by Equation 1, with the 
forces in

iF due to the displacement of the pier, given by Equation 2. By applying 
now Newton´s second law, the total effective force at the top of pier i is 

iiii
T
i amFRF =+= in                       (3)

where mi is the mass associated with the degree of freedom i, and ai is the 
corresponding acceleration. Substituting the values of Ri and in

iF into Equation 3, 
T

iF  is expressed as 
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Defining from here the stiffness terms 
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and also the force 
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          (8) 

the final equilibrium equation can be written for each pier as 

11,11,, ++−− −−=+ iiiiiiiiiii
q

i vKvKvKamF            (9) 

Applying this equation to each degree of freedom of the structure, a system of 
equations F = K v is obtained, where K is a tri-diagonal stiffness matrix, F is the 
force vector and v the displacement vector. As the transversal displacements at the 
girder-abutment connection are neglected, the final stiffness matrix of the bridge is 
of size (n -2×( n-2), being n the number of piers and abutments of the bridge. 

3. NON-LINEAR FORMULATION OF THE MODEL 

In elastic conditions, the solution of Equation 9 assures equilibrium at each time 
instant. However, when the non-linear behavior of the structural materials is taken 
into account, the equation of motion for each pier is written as  

R
iiiiiiiiiiii

q
i FvKvKvKamF −−−=+ ++−− 11,11,,          (10) 

where R
iF  is the residual force. This unbalanced force is due to the fact that the 

stiffness coefficients Ki,i, Ki,i-1 and Ki,i+1 are not constant and consequently the 
solution of  Equation 10 should be obtained through an iterative process. 

To obtain the maximum damage for the bridge piers using the model described in 
Figure 1, the non-linear Equation 10 is solved using Newark’s algorithm. In this 
analysis the balance condition is achieved by eliminating R

iF  by means of a 
Newton-Raphson process, which indirectly eliminates the residual bending 
moment, ∆M, which is the difference between the maximum external moment, eM , 
and the internal capacity, intM . For each step of the non-linear analysis the 
properties of the system are updated, considering the degradation of the material 
caused by the seismic action. 

In the following the evaluation of the damage in the direction perpendicular to the 
bridge axis will be developed for any of the piers of the bridge, without a sub-index 
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being written for the pier. Knowing the maximum displacement of a pier, the 
resultant force at the top and the maximum external moment at the base (predictor 
moment) can be obtained by means of 

kvFe =          (11) 

pee LFM =          (12) 

where 

3

3

p

c

L
IE

k =  
        (13) 

is the initial bending stiffness of the pier, Fe is the elastic force produced by any 
external action at the top of the pier, Me is the maximum external moment, v is the 
maximum displacement of the pier (obtained by means of Newark’s algorithm) and 
Ec, I and Lp are the Young’s modulus of the concrete, the inertia of the cross 
section and the length of the pier respectively. On the basis of the maximum 
external moment, it is possible to calculate the maximum damage that a pier can 
suffer due to seismic action. 

 

 
 

Figure 3. Simplified model of a pier used in the non-linear analysis 
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In the case of seismic loads acting in the transversal direction of the bridge ( 1x  
axis), the elastic state of stress and strain in the longitudinal direction of the pier is 
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where 

IE
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x
c

e )(
)( 3

31 =χ  
        (15) 

is the curvature of the pier, σ(·) and ε(·) are the stress and strain values, 1x  is the 
distance (in the direction of this axis) from the current point to the neutral axis of 
the cross section of the pier (see Figure 3), Ec is the initial Young’s modulus of the 
pier, and Me is the maximum external moment acting on the element. 

Substituting Equation 15 into Equation 14, the cross sectional states of stress and 
strain in direction 1x  are defined by 
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On the basis of these equations, the internal moment for the cross section of a pier 
is given by 

∫=
cA cdAxxM 13int )( σ          (17) 

where the internal moment in the longitudinal direction, )( 3int xM , is obtained by 
integrating the moments of the elemental forces cdAσ  on the cross sectional area, 
Ac, of the pier. 

When the pier remains within the elastic range, its internal and external bending 
moments are equal. However, when the yield limit of the material has been 
exceeded, the demanded moment, Me, is greater than the resisting moment, Mint, 
and the residual moment is 

)()()( 3int33 xMxMxM e −=∆          (18) 
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which should be less than an imposed tolerance. 

When the pier suffers damage, the state of stress developed in the damaged cross 
section of the structure (Equation 16) is evaluated by means of the following 
equation: 

1313131 )(),(),( xxExxfxx d
c χσ =          (19) 

where 

0
31 ),( c

d
c ExxfE =          (20) 

is the Young’s modulus of the damaged material, 0
cE  is the undamaged Young’s 

modulus, and f(x1,x3) is the damage function, which will be defined later. 
Substituting Equation 19 into 17, the internal moment of the cross section of the 
pier is 

)()()( 331
0

3int xIxExM d
c χ=          (21) 

where 

∫ ⋅=
cA c

d dAxxxfxI 2
1313 ),()(          (22) 

is the inertia of the damaged cross section of the pier respecting the new neutral 
axis. For each time increment, a predictor moment is defined by means of the 
following equation: 

)()()( 313
0

3
0 xxIExM c χ=          (23) 

in which the elastic properties of the material have been used. 

For each time increment in which the predictor moment produces an unbalanced 
load increment greater than a tolerance (Equation 18), the procedure considers an 
increment in the curvature in order to obtain a corrector moment which permits it 
to reach the equilibrium state. The convergence criterion used states that the stable 
response is obtained for the whole structure if 
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where TOL is the tolerance adopted (TOL→ 0). 
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The structural damage can be characterized at a given point and it is a reliable 
method of estimating the damage accumulation caused by a local micro-structural 
degradation obtained from the Continuum Mechanics [3-5]. In order to define the 
inertia and the internal moment of the damaged cross section of a pier, the isotropic 
damage model of Oliver et al. [5] has been applied. According to this model, the 
level of damage of the cross section of a pier is evaluated by means of the 
following damage function: 

),(1),( 3131 xxdxxf −=          (25) 

where 
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where τ is the current effective stress, τ* the effective stress threshold, and A a 
parameter depending on the fracture energy. The inertia tensor of the damaged 
cross section is calculated by means of a numerical algorithm.  

Once the convergence of the process is reached and the damage is calculated at 
each integration point, the maximum damage at the base cross section of a pier can 
be obtained. Two pier damage indices and three global damage indices are used in 
this paper. The first pier damage index characterizes the maximum damage at the 
base of each pier of the bridge 
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Using the pier damage index 27 the global structural damage caused by seismic 
action in the bridge is described, a global mean damage index is defined as the 
average of the pier damage indices 

p
p

i i
m ni

n
D

D ,,1K== ∑  
        (28) 

where np is the number of piers of the bridge. 
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4. NUMERICAL EXAMPLE 

The seismic behaviour of the Warth Bridge was analyzed as an example of the 
application of the proposed model. This structure, located 63 km from Vienna, 
Austria, was built 30 years ago. It was designed for a horizontal acceleration of 
0.04g, using a quasi-static method. Now, according to the current Austrian seismic 
code, it is necessary to consider horizontal design accelerations of the order of 0.1g 
for this bridge site [6]. The Warth Bridge has two spans of 62.0 m and five of 67.0 
m, with a total length of 459.0 m. The seven spans of the bridge give rise to six 
piers with heights of 31.0 m, 39.0 m, 37.0 m, 36.0 m, 30.0 m and 17.6 m, as can be 
observed in Figure 4.  

 
Figure 4. Elevation of the Warth Bridge 

The statistical relationship between the input and output variables of the problem 
was obtained using Monte Carlo simulation. The probabilistic characteristics of the 
input random variables were defined using experimental and analytical tests 
performed in different researches [7-9]. A marginal distribution function and a 
correlation coefficient were assigned to each input variable. Given these values, the 
statistics of the output variables, in particular the principal statistical moments, 
histograms and accumulated frequency curves, were determined.  

The theoretical fragility curves of the global damage index Dm, (Equation 28) of the 
Warth Bridge are shown in Figure 5, in which the curves associated with peak 
ground accelerations of 0.05 g and 0.10 g are not shown due to the fact that for 
these earthquake sizes the structure has a linear behavior. For all the considered 
peak ground accelerations, the Gamma theoretical distribution was fitted to the 
global damage index Dm.  

5. CONCLUSIONS  

In this work a model for the evaluation of the damage caused by seismic actions in 
RC bridges with single pier bents is developed. For this structure, the proposed 
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model considers only one degree of freedom, namely the transversal displacements, 
at the top each pier of the bridge.  

 

 
Figure 5. Fragility curves for the Dm global damage index 

The damage caused by the seismic action is defined by applying an isotropic 
damage model based on continuum damage mechanics. Using this model, the 
inertia of the damaged cross section at the base of each bridge pier is obtained. A 
pier damage index and a global damage index of the bridge are used to characterize 
the seismic behavior of the structure.  

The non-linear proposed model suitably calculates the maximum damages in the 
piers of RC bridges and it is a low-cost computer tool, ideal for the multi-analysis 
processes required by the evaluation of seismic vulnerability. The proposed 
analysis procedure was applied to determine the seismic vulnerability of the Warth 
Bridge by means of fragility curves using Monte Carlo simulations.  
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Seismic fragility curves for framed buildings with flat beams 

Rosangel Moreno, Alex Barbat and Lluis Pujades 
Technical University of Catalonia, Barcelona, Spain 

Summary 
Procedures and techniques for the study of the seismic behaviour of buildings base 
on existing computer programs are developed in this paper. SAP2000 non-linear 
computer program was used to design the building. STAC computer program was 
applied to consider the uncertainties in the mechanical properties of the materials 
and to perform Monte Carlo simulations; this program enables generating data 
samples for geometrical and the material properties of a structure considered as 
random variables. RUAUMOKO computer program was employed to assess the 
seismic behaviour of the structure by means of a non-linear static analysis, 
calculating its capacity spectra. BCSEC computer program calculates the 
interaction and the moment-curvature diagrams for each cross section of the 
structural elements required as an input data by RUAUMOKO program. 

A stochastic analysis of the capacity and seismic response was carried out and 
fragility curves were then obtained for a five stories framed building using a 
lognormal cumulative function, indicating the probability of reaching or exceeding 
a certain damage state, for a given seismic demand. The main application of these 
curves is found in the simulation of vulnerability and seismic risk scenarios for 
urban areas.  

KEYWORDS: fragility curves, stochastic analysis, seismic risk, framed buildings. 

1. INTRODUCTION 

The evaluation of the seismic vulnerability is very important to predict the seismic 
damage in existing buildings. Despite the large number of researches performed in 
this field, there are still many questions to be answered. A methodology for 
assessing the seismic behaviour of framed structures is developed in this work, its 
main results consisting of fragility curves.  

The RC buildings subjected a seismic load have uncertainties in various parameters 
which characterize their behaviour, reason for which a stochastic analysis has been 
carried out. The seismic behaviour of a five stories RC framed building with flat 
beams has been analysed, being this a construction type which is common in many 
countries threatened by earthquake. 
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To evaluate the seismic capacity of the structures, a non-linear static analysis was 
performed, the capacity curve and thus the capacity spectrum being obtained. It 
was possible to compare these curves with the demand spectra; the intersection of 
these two spectra, which defines the maximum response of the structure, is called 
“performance point”. The seismic demand spectrum includes the effects of energy 
dissipation due to the inelastic behaviour of the buildings when subjected to strong 
earthquakes, and the current degradation of the structure. Finally, fragility curves 
are developed which permit obtaining the seismic vulnerability of the building. The 
main objective in this work is to develop this methodology based on the mentioned 
computer programs and to assess the vulnerability of RC buildings designed with 
Spanish codes for low to moderate seismicity zones, like the case of Barcelona, 
Spain. 

2. STRUCTURAL TYPOLOGY AND STRUCTURAL ANALYSIS 

The typology studied herein is a five stories framed reinforced concrete building 
with flat beams. The building has a rectangular plan with 17.00m×12.00m and 
15.80m of maximum height. The cross sections of the columns have 30cm×30cm 
or 35cm×35cm, those of the beams have 25cm×25cm while the slab has a height of 
25cm (Figure 1). The mechanical properties are: strength of the concrete in 
compression f´c=25 N/mm2 and the steel yield stress fy=400 N/mm2. The program 
SAP2000 was used to design the building taking into account the Spanish building 
codes and the service and ultimate limit states specified in these codes. 
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Figure 1. Typical frame and rectangular plan (cm) 
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The wind action has been modelled as quasi-static while the earthquake action has 
been modelled by using the modal superposition analysis, for a 3D model with 15 
degrees of freedom (3 by story).  

3. NON-LINEAR ANALYSIS 

A complete evaluation of the stiffness, strength and ductility of the structure was 
performed by means of a non-linear analysis, by using RUAUMOKO (Carr, 2000), 
BCSEC (Bairán, 2000) and STAC (“Stochastic Analysis Computation”, 2002) 
programs. RUAUMOKO is a non-linear static and dynamic program in 2D which 
requires modelling the structure by means of several plane frames, connected each 
to the other (Figure 2). 

 
Figure 2. Frames for the analysis in RUAUMOKO-2D 

To introduce the effect of the rigid diaphragm, the nodes of the same storey were 
constrained. BCSEC is a computational program to calculate the non-linear 
mechanical characteristics of cross sections. 

Table 1. Random variables. 
Variables Distribution Mean COV 

fck Normal 25 N/mm2 0.15 

Ec Normal 3.21e4 N/mm2 0.15 

fyk Lognormal 400 N/mm2 0.11 

Esmax Normal 2.1e5 N/mm2 0.09 

fy reinforcement Lognormal 400 N/mm2 0.11 

 

In this program the different materials composing the section are defined, the 
corresponding stress-strain curves are assigned; in this case parabolic-rectangular 
and linear-rectangular curves have been assigned to the concrete and steel, 
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respectively (Figure 3). STAC is a stochastic analysis computation program, which 
performs Monte Carlo simulations. The distribution functions for the mechanical 
characteristics of the materials were defined and variation coefficients were 
assigned (Yépez, 1996). The distribution type, variables and the values of the 
parameters that characterize each coefficient are shown in Table 1 (Moreno et al. 
2003a). 

 
Figure 3. Definition of the materials and other project data 

4. STRUCTURAL CAPACITY AND SEISMIC DEMAND 

The structural capacity is calculated by means of a non-linear static analysis with 
the RUAUMOKO program, by applying a monotonic increasing load to the 
structure until the ultimate load is reached. The loading pattern chosen in this work 
corresponds to the seismic loading for the equivalent static analysis given by the 
Spanish code (NCSE-94). Thus a pushover curve that relates the base shear (V) to 
the roof displacement (∆roof) is obtained, as it can be seen Figure 4. The pushover 
or capacity curve is transformed by using spectral coordinates, according to 
equations (1) and (2), obtaining thus the capacity spectra of Figure 5 
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In these equations, Sa and Sd are acceleration and displacement spectra, 
respectively, W is the modal weight, Φ1,Tope  is the amplitude of mode 1 at roof 
level and, α1 and PF1 are, respectively, the modal mass coefficient and modal 
participation factor for the first natural mode. 

 
Figure 4. Capacity curves 

 

Figure 5. Capacity spectra 
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The demand spectra were obtained by means of the Capacity Spectra Method 
(ATC-40, 1996), starting from the elastic spectra contained in the Spanish seismic 
code and the capacity spectra previously established. The maximum structural 
displacement expected for the seismic demand is the intersection of both spectra 
and was obtained by means of an iterative process (Moreno et al. 2003b). In Figure 
6, the performance point, the demand spectra and the bilinear representation of the 
capacity spectrum for different PGA’s are shown. 

 

Figure 6. Bi-linear capacity spectrum and family demand spectra 

5. FRAGILITY CURVES 

The fragility curves can be defined by the mean value of the spectral displacement 
( DSSd ) corresponding to the threshold damage state (DS) and by the variability (β) 
associated to the same threshold of DS. The fragility curves are obtained in 
function of DSβ  and DSSd  using a lognormal cumulative function. The fragility 
curves give the probability of exceeding or reaching a certain DS: slight, moderate, 
extensive  and complete, for a demand parameter which, in this case, is the spectral 
displacement (Sd) corresponding to the peak ground acceleration (PGA) (see 
equation 3 and Figure 7)  

[ ] 1/ lni
DS DS

SdP DS DS PGA
Sdβ

  
≥ = Φ ⋅  

   
              (3) 



ISSN 1582-3024

http://www.ce.tuiasi.ro/intersections

 R. Moreno, A. Barbat, L. Pujades 

Article No.11, Intersections/Intersecţii, Vol.1, 2004, No.4, “Structural Engineering” 42 

Structural Engineering

where (Φ) is the standard cumulative distribution function. 

 
Figure 7. Fragility curves 

6. CONCLUSIONS  

The methodology developed herein has been used to develop seismic damage 
scenarios for Barcelona, Spain, by means of fragility curves. The probability of 
damage of the structures was estimated by using Monte Carlo simulations. 

The results shown in the paper indicate that the response of the building lies within 
the elastic range for accelerations smaller than a 10% of the acceleration of the 
gravity, while for accelerations near to 20% of g the building could suffer strong 
damage or even collapse. The building has a probability of about 40% to suffer 
collapse due to its low ductility. 
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Method for computation of priority order for Romanian bridge 
management system 

Rodian SCINTEIE 
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Abstract  
Development of a bridge management system needs an algorithm for the 
computation of the order of priority. The order is generally based on a composite 
index. Such an index is necessary and no bridge management system can really 
perform its tasks without one.  

Management of bridges implies a special attention in allocation of the funds to 
where the technical and economical needs impose and where the benefits are 
maximal. To establish a correct priority order the index taken into account must 
have a multi-criterial base. 

Administrators, together with research organizations and universities, have 
created procedures to compute the urgency of intervention using multiple 
parameters. Selection of these parameters was made starting from the goals 
observed and the specific conditions concerning the administrator and the roads 
and bridges network. 

This proposal is part of Romanian National Administration of Roads to develop a 
decision tool for the management of bridges. 

The algorithm proposed in the article is very simple and straightforward. It is 
based on the present regulations and it is not necessary to modify the present way 
of inspection of the bridges. The equations are very clear, simple and easy to use. 
Their form is logical and easy to explain.  

A unique overall priority index was defined which makes the creation of a list of 
priority very handy. This priority index includes both degradation and functional 
influences. Based of simulation, their maximal values were selected in such a way 
that the final result to be balanced and meaningful. Levels of action were 
determined and introduced.  
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1. INTRODUCTION 

The work in bridge management implies a special attention in fund allocation to 
where the technical and economical needs impose and where the benefits are 
maximal. To establish the priority order on a multi-criterial base, the 
administrators, together with research organizations and universities, have created 
procedures to compute the urgency of intervention using multiple parameters. 
Selection of these parameters was made starting from the goals observed and the 
specific conditions concerning the administrator and the roads and bridges 
network. 

The methods developed in different countries are not similar due to the subjectivity 
involved in each one. Specific conditions, different ways to perceive the things, 
different mentalities lead to different interpretations of the concept of necessity / 
urgency. Also, the concept of benefit is treated differently or only implicit included 
in the mechanism of prioritization. Such an example of different vision is the 
consideration of the influence of the road transportation infrastructure on the 
environment. While in many countries they don’t appear at all among management 
problems in the Scandinavian countries the environment issues are of a special 
importance and they surpass many other criteria.  

2. ELEMENTS USED IN PRIORITIZATION 

In order to set the order in which the bridges (and in general terms any structures or 
systems) are treated their technical condition is fundamental. Hence, the condition 
is the main issue treated and used in all bridge assessment and management 
systems in the world. Obviously, the concept of technical condition has different 
meanings and different numerical form expressions for different countries but the 
principle is the same. 

Beside indicators describing the technical condition indicators describing the 
importance of the structure within the road may be included. Also indices for the 
importance of the road within the entire road network may be considered. Another 
important element to bear in mind is the position of the road within the community 
it serves. 
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The volume of traffic is an element frequently present in the decision process. The 
importance of a bridge is higher when the traffic on and under the bridge is higher. 
Based on this, indices describing the traffic are defined and used in priority 
definition. Some management systems include among other priority criteria the 
cost for works. Others include also the results of the benefit / cost analysis. The 
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costs included are both administration costs and user costs. The values for the costs 
are either explicit expressed or implicit by the use of other parameters that involves 
differential costs (i.e. detour length). The costs or the benefit / cost analysis results 
are more and more used as they are required by international financial institutions. 

3. FUNCTIONALITY OF THE BRIDGE 

The bridges are structures constructed to establish the continuity of the way where 
the roads intersects an obstacle. The obstacle might be a deep valley, a river, a 
railway, or other human creations including another road. The bridge have to be 
regarded within the network together with the road sector which it is part of, with 
the obstacle it meets and the community it serves.  

In the general context, from different points of view, the bridge might be seen 
having a certain importance for: the persons involved in traffic, for the inhabitants 
of the adjacent area, for the industry, and for local trade. The points of view are 
multiple and are relevant for a category or another. 

Based on the importance awarded in different situations one can imagine a 
computation of the global importance the bridge might have. Assessment of the 
importance refers to conceiving a numerical computation procedure where the 
selected functional factor to be quantified. General equation might have different 
forms, including probabilistic. However, further in this paper we will try to select a 
minimal number of essential factors and to retain a formula as simple as possible. 

3.1 Selected functional factors 

Regarded from different points of view, by different persons with different aims 
and scopes, the bridge may be classified as having certain functionality in 
correlation with the goal observed. Functional parameters are numerous but in this 
paper we tried to retain only those considered to be significant from the point of 
view of the road and bridge administrator. 

The fundamental goal of the bridge is to guarantee the continuity and the 
smoothness of the traffic on a road. The road has certain geometric and traffic 
characteristics. Also the road has a certain classification within the national 
network. In the same time the bridge intersects an obstacle which, at its turn, 
generates an importance. Moreover, the surrounding area can influence the way the 
bridge importance is perceived. The selected factors are presented in the following 
table. 
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Table 1. Factors selected in the evaluation of the functional importance 
Index Significance  
UF1 Category of the road the bridge is situated on 
UF2 Type of the obstacle 
UF3 Index of traffic 
UF4 Index of bridge length  
UF5 Index of detour length  
UF6 Position  
UF7 Activity / habitation / circulation under and around the bridge 

 

In our paper we used the preview factors to define the “functional importance 
index” or “functional priority factor”. This index will be further used as an element 
to establish the priority and the order the bridges will be treated. 

Following, we will present the quantification and motivation for the factors. 

Category of the road the bridge is carrying 

According to present regulations and codes, roads are divided in more categories. 
For administrators, a road with a higher assigned importance indicates the necessity 
of a more vigorous intervention on all the adjacent elements, sub-systems and 
structures. 

Road category is not necessarily related to traffic. As an example, the international 
treaties Romania is party at assign a number of European road corridors. The roads 
on these corridors have precedence before roads with equal or even higher traffic 
that are not specified in the treaties. 

Starting from these considerations we proposed an order of importance for the 
bridges on different road categories. 

Table 2. Quantifying the road category  
UF1 Category of the carried road 
 Motorway; European road 
 Main national road 

 Secondary national road; main county road; main streets in 
municipalities  

 Secondary county roads; main streets in towns 
 County roads; secondary municipal and town streets 
 Streets in communes; others  
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These values don’t vary too much in time and can be determined based on data 
already available in office as the inspector may find them on the inspection form 
and he/she only do corrections, where necessary. 

Category of the obstacle which the bridge is intersecting 

Analogue to the prevue judgment, it is important to consider the type of the 
obstacle the bridge intersects, whether it is a watercourse, a railway, or another 
road. 

When the bridge is over a road we shall use similar values with the preview factor 
starting from the idea that the road has similar importance and the damages for 
traffic interruption are similar whether it is on the bridge or under the bridge.  In 
the same time the cases when the bridge is a passage over the railway were 
considered. 

When the bridge is over a river differences were considered according with of the 
water stream width. This is assessed by the inspector in the field and is measured at 
the level of the minor scour. If the water flow is divided in more branches the 
distance on the bridge axe between the exterior banks of the exterior branches is 
considered.  

The cases where the river is navigable, or there are known seasonal torrents are 
included. 

Table 3. Quantifying the obstacle intersected by the bridge 
UF2 Category of intersected obstacle 
 Highway; European road; navigable watercourse 
 Main national road; railway; water stream larger than 50 meters 

 Secondary national roads; main county roads; main streets in 
municipalities;  water stream between 25 and 50 meters width 

 
Secondary national roads; main streets in towns; water stream 
between 5 and 25 meters width; valley with abundant seasonal 
torrents 

 Communal roads; secondary streets in towns; water stream 
narrower than 5 m 

 Streets in communes; valleys with no water 
 

If the bridge intersects simultaneously more obstacle the higher note will be taken 
into consideration. 

Traffic influence 
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Constructed to ensure the continuity of the traffic, the bridge has a higher 
importance as the traffic on it is higher. For the purpose of this paper the value 
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taken into consideration is the physical traffic, including the vehicle without 
engine.  

Fig. 1 Function for definition of UF3 

For parallel bridges, the concerning part of the traffic will be considered for each 
one. The average and the standard deviation are considered, at national level or for 
the part of the network we analyze. Based on them one may define a function for 
the index UF3. In the preview picture a linear function is presented but other 
convenient functions are often used. 

Length of the bridge 

A bridge is considered with much attention when it is longer. A culvert imposes 
less technical problems while a one kilometer bridge needs a permanent 
surveillance. Therefore, we set different categories of bridge lengths and an index 
(UF4) is quantified. 

Detour length 

A bridge is more important when few possibilities for detour are available. Several 
kilometers are not very important but when several one must go for more than 10 
kilometers when the bridge is closed the bridge must be regarded with permanent 
care and must be considered important. Some scale for the detour length was 
proposed so that index UF5 to be quantified. 

Position  

In the same line of judgment, position of the bridge toward the communities is 
important. The next table considers different positions: 
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Table 4. Bridge position 
UF6 Category / Position 

 Highly industrialized area 
t bridge 

 Urban area  
 Mountainous area 
 Semi-urban area  
 Commune / village 
 Rural area 

Historical or special interes

Activities / habitation / circulation   

This factor is related to activities in immediate proximity of the bridge or 
immediately downstream on lower levels. In this category we consider different 
activities (industrial, agricultural, commercial etc.) or habitations that are located 
under or immediately downstream of the bridge. Circulation of pedestrians, goods 
and services are also assessed here. UF7 index is set. 

3.2. Functional priority index 

Because the factors that influence the importance of a bridge may not be measured 
with instruments and they are subjective in character we might conclude that there 
is no absolute criterion for comparison. However, the global importance is higher 
as it influences and concerns directly or indirectly a higher number of persons, 
institutions, and businesses. Hence, one may consider that the function describing 
the importance is cumulative. Each factor presented earlier refers to a class of 
affected elements. It this way we include the majority of the relevant group of 
interest.  

Subsequently we define the functional priority index as a sum of the preview 
presented factors: 

 ( )∑ ×=
i

UFiiF PUFIP  (4) 

Where: 

FIP   Functional priority index; 

iUF  Functional index i; 

UFiP  Weight factor for the functional index i. 
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In the preview equation the weight factor were set the unitary value ( 1=UFiP ) as 
the value of the functional indices are already differentiated.  
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The values of  vary between 0 and 40. FIP

4. PRIORITY ORDER. THE PROPOSED METHOD. 

Any methodology to set a priority order for action at bridges must consider the 
technical condition (degradation status) and functionality. Beside this, costs, 
technology, available resources items may be included. 

A bridge may be positioned in a “space of urgency” (see the next picture): 

The position in this space indicates simultaneous the two important directions: 
functional priority and priority due to degradation. 

 

IUC 

IPF 

IUmax 

IPmax 

 
Fig. 2 The space of urgency: Functional / degradation 

4.1. Computation of the order index 

We have seen that the priority in treating a bridge is given by both quality and 
functional considerations. The two elements are not cumulative. At extreme values 
of degradation, the functionality plays no determinant role except for similar 
values. To combine the two values we consider the distance, in the “space of 
urgency”, from the origin to the position of the bridge. 

Mathematically this is expressed by: 

 22
FC IPIUIO +=  (4) 

where: 

IO  Order index (overall priority); 
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FIP  Functional priority index. 

The overall priority  takes values between 0 and 107,70329614269(≈108). The 
value 0 corresponds to minimal urgency and the maximal value correspond to 
maximal priority in intervention. For eventual esthetical reporting consideration 
one may force to 100 values of  larger than 100, but the probability for such 
situations is very low.  

IO

IO

The order index  helps us to find out where a bridge must be treated faster or it 
is possible to delay the intervention works. Periodically this index must be 
reevaluated and new actions are to be selected at the moment. 

IO

If no other decision support instrument is used, the actions result from the value of 
. Hence, thresholds may be defined. IO

 
 

IUC

IPF 

IUmax 

IPmax 

40 45 50  
Fig. 3 Level of thresholds 

According to the value of overall priority index one may infer and enforce some 
levels of action. Hereby, such levels are proposed in Table 5. 

Table 5. Level of action 
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IO level Action  
0≤IO<40 Normal maintenance 

40≤IO<45 Attention level!  
periodic follow-up 

45≤IO<50 Alert level!  
Intense survey; intense maintenance 

50≤IO Immediate intervention 
 



http://www.ce.tuiasi.ro/intersections

Method for computation of priority order for Romanian bridge management system 

Structural Engineering

These levels impose some degrees in bridge treatment without interdiction for 
repairing or rehabilitation, as considered appropriate, when the IO index is lower 
then 50. Decision may be taken according to recommendation of a bridge 
management system using order index as a priority indicator, based on the 
available funds and on the benefit / cost analysis. 

4.2. Observations to the introduction of order index 

Functional priority index induces alone a maximum of 40 when  is 0. 
Inclusion of a bridge with no physical degradation on the attention level might 
appear a little bit unnatural. However, let us not forget that, according to the system 
proposed in this paper, for a bridge to have  at a value of 40 it must 
simultaneously cumulate the following conditions: 

CIU

FIP

To be situated in an industrial area or to be an historical bridge; • 
• 
• 
• 
• 
• 
• 

To be more than 300m length; 
To be on a motorway or European road; 
To pass over a motorway or European road or a navigation channel; 
To have among the highest traffics in the country; 
Detour length to be more than 50km; and 
Under the bridge or downstream must exist an intense industrial activity. 

These conditions are sufficiently restrictive that cannot be met. Such a bridge, if 
exists, has its own administration and maintenance system. 

Because the two indices are asymmetric the functional priority index has the effect 
of a correction factor. Its influence is higher when the degradation factor is lower. 
However, considering that extreme values of  are exceptions, when  is in 
its median zone the influence of the  may not be, in any case, ignored. 

CIU CIU

FIP

4. CONCLUSIONS  

The algorithm proposed in the article is very simple and straightforward. It is based 
on the present regulations and it is not necessary to modify the present way of 
inspection of the bridges. 

The equations are very clear, simple and easy to use. Their form is logical and easy 
to explain.  

A unique overall priority index was defined which makes the creation of a list of 
priority very handy.  
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The overall priority index includes both degradation and functional influences. 
Based of simulation, their maximal values were selected in such a way that the 
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final result to be balanced and meaningful. Levels of action were determined and 
introduced.  

Development of such an index is necessary and no bridge management system can 
really perform its tasks without one. This proposal is part of Romanian National 
Administration of Roads to develop a decision tool for the management of bridges. 

References 
1. Ionescu, C., Scînteie, R., Asupra modelării statistice a fenomenului de defectare în cazul 

podurilor, Bul. IPI, Tomul XLVII, Fasc. 5, 2001.  
2. AND522-2002: Instrucţiuni pentru stabilirea stării tehnice a unui pod; Buletinul Tehnic Rutier 

nr. 4-2002. 
3. *** – Manual pentru identificarea defectelor aparente la podurile rutiere şi indicarea metodelor 

de remediere; CESTRIN, Bucureşti, 1998. 
4. *** – Rapport de mission d'étude; GETEC, Paris, Septembre 2000. 
5. Federal Highway Administration: Recording and Coding Guide for the Structure Inventory and 

Appraisal of the Nation's Bridges; FHWA-PD-96-001, US Department of Transportation, 
FHWA December 1995. 

6. Scînteie Rodian: Aspecte privind prelucrarea datelor în  analiza infrastructurii rutiere; 
Conferinţa Tehnico-Ştiinţifică Internaţională „Probleme actuale ale urbanismului si amenajării 
teritoriului”, Vol II. pp.499-504, Chişinău, 2002.  

 



http://www.ce.tuiasi.ro/intersections

 Structural Engineering

Rectangular hollow sections – bending fatigue tests and finite 
element models 

Ionuţ Radu RĂCĂNEL 
Technical University of Civil Engineering Bucharest, Romania, e-mail: ionut@cfdp.utcb.ro 

Abstract 
The cold formed rectangular hollow sections (RHS) are used frequently to build the 
joints for the modern steel structures (buildings, steel bridges, offshores) and 
especially for the structural joints made of hollow sections with large width ratios 
b1/b0 it is often necessary to weld in the areas close to the edges. 

Welding in cold formed areas is not only an open question for statically loaded 
sections (brittle fracture) but also for dynamically loaded structures (fatigue 
resistance). A lot of structures presented above are subjected to dynamic loadings 
and unfortunately a very small number of informations about the influence of 
welding in the cold formed areas on fatigue resistance are available. 

In order to establish the fatigue behaviour of welded and non-welded rectangular 
hollow sections specimens, a large number of 4-point bending tests are performed 
at the University Friedericiana of Karlsruhe, Laboratory for Steel, Timber and 
Masonry. 

Because these tests are very expansive, and because of the large number of 
parameters regarding the RHS to be investigated (steel grade, wall thickness, load 
distribution, boundary conditions), a number of finite element models for these 
specimens are made. By modeling the specimens with different types of finite 
elements (shells, solids) and taking into account some types of loading distributions 
and boundary conditions, the obtained results (stresses, strains, displacements) 
from a static analysis are compared with those obtained from the real 4-points 
bending tests. 

In this way, the obtained conclusions would lead to decrease of the number of the 
specimens need to be tested and in the same time of the costs of the project. 

Simultaneous, by using finite element analysis, many factors with direct influence 
on the fatigue resistance can be considered. 
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1. INTRODUCTION 

In the second period of the sixties, several studies and verifications of the steel 
structures have had in object the hollow sections, their most important 
characteristics and also the joining techniques, that today their use has become a 
current practice. 

Thanks their complete technique, the hollow sections have become a very 
important structural element, both for engineers and architects. About 150 years 
already, the first rectangular hollow sections were used for the design of Britannia 
Railway Bridge and the first elliptical hollow sections for the Saltash railway 
bridge. This was the beginning in the history of the steel constructions made of 
hollow sections. 

40 years later was built the "Firth of Forth" railway bridge at Edinburgh, like very 
impressive example for the use of the first circular hollow sections. 

At the beginning of, the first hollow sections were made of riveted or bolted plates 
and angles. With the development of the continuous rolling technique and the 
introduction of the steel welding techniques in the 20's of the last century, the 
manufacturing process of the rolled or welded hollow sections has become an 
economical one and these structural elements have started to be used in the 
industry. 

Welding in cold formed areas is a very sensitive problem especially for the 
dynamically loaded structures. Therefore, systematically gained knowledge about 
the fatigue behaviour of such structures is of great importance. First tests on this 
problem have been carried out at the University of Karlsruhe in the 1980's. During 
these tests, circular hollow sections (CHS) braces flattened at their ends have been 
welded to the corners of cold-formed rectangular hollow sections (RHS) chords, 
forming a K-joint. The results led to the conclusion, that in the case of high 
material quality, welding in cold-formed areas does not necessarily have a bad 
influence on the fatigue resistance. 

But all kind of tests are unfortunately very expansive and in order to have 
reasonable conclusions, several specimens must be tested. For this reason, with the 
development of the computational systems and finite element programs, the design 
of the structures consisting of different types of sections has become easier. The 
best solution is always achieved by the completion of the finite element analysis 
with the tests carried out in the laboratory. 
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and Masonry and the finite element analyses, using of different types of finite 
elements, loading and bearing conditions.  

2. DESCRIPTION OF THE PERFORMED TESTS AND FINITE 
ELEMENT MODELS 

The fatigue tests are carried out as 4-point-bending-tests (figure 1), both on welded 
and non-welded specimens for comparison. For all static tests, the same material 
quality, wall thickness and chemical composition were used. The following steel 
grades have been chosen: 

S275J2H (Non-alloy structural steel for hollow section) as per DIN EN 10219 
(Edition 1997) with the following restrictions: Content of Al ≥ 0.20%, S≤ 0.012%, 
P≤0.025% 

S355J2H (Non-alloy structural steel for hollow section) as per DIN EN 10219 
(Edition 1997) with the following restrictions: Content of Al ≥ 0.20%, S≤ 0.008%, 
P≤0.025% 

S460MLH (Thermomechanically rolled weldable fine grain structural steel for 
hollow section) as per DIN EN 10219 (Edition 1997) with the following 
restrictions: Content of Al ≥ 0.20%, S≤ 0.008%, P≤0.025%. 

The test specimens chosen were rectangular hollow sections (RHS). Depending on 
the availability on the market, the specimens have had different sizes, wall 
thicknesses and corner radii. The general dimensions of test specimens are shown, 
as example, in Table 1. 

Table 1 Dimensions of test specimens 

 

b × h × t [mm] 

100 × 100 × 5 

100 × 100 × 8 

100 × 100 × 10 

100 × 100 × 12.5 
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All the tests are performed with the test machines from the Laboratory for Steel, 
Timber and Masonry at the University of Karlsruhe. First, all the specimens are 
measured and cleaned. A strain gage is applied to each specimen, on the tension 
side, on the edge in order to measure the values of the longitudinal stresses and 
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strains. The position of this strain gage was on the mid length of the hollow section 
as shown in the figure 2. 

Figure 1: Scheme of the performed 4-point-bending-tests 

View A-A

 

 

 

 

 

 

 

 
Figure 2: The position of the stress and strain gage on the test specimens 
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In the first stage the load was applied on the specimen in steps of 2kN until the 
maximal value of the load of 10kN was reached. The position of the load and also 
of the saddles which sustain the specimens can be seen in Figure 1, of course with 
different values for c, x and d for each specimen. After reaching value 10kN of the 
load, the process is repeated in reverse direction, also in steps of 2kN. The reason 



http://www.ce.tuiasi.ro/intersections

Rectangular hollow sections – bending fatigue tests and finite element models 

Structural Engineering

of this operation was the calibration of the machine and for the measuring software 
and also the remove of residual stresses in the specimen.  

Following the load is applied again from 0 up to the maximum value of 10kN and 
back to 0, but this time the longitudinal strains are measured. The values for the 
longitudinal strains were: 

 for a 150×150×5 hollow section: εz = 0.098×10-3 [µm/m],  

 for a 100×100×5 hollow section: εz = 0.279×10-3 [µm/m] 

In the same way also the stresses are established.  

 for the 150×150×5 hollow section: σz = 20 N/mm2. The theoretical value 
for the longitudinal stresses, determined by a hand calculation, depending 
on the chosen simplified static scheme, was of 27 N/mm2. 

 for the 100×100×5 hollow section, the theoretical value for the longitudinal 
stresses, determined by a hand calculation was, of 65 N/mm2.   

These values have a very large variation spectrum according to the specimen 
dimensions, loading and bearing conditions. Because the distribution of stresses 
and strains on the cross section of the hollow section and also the deformed shape 
of the specimen is hard to foresee, it was concluded that a finite element program 
can help to solve these problems. 

The finite element program ANSYS was chosen. With this computer program 
several types of finite elements can be chosen and several bearing and loading 
conditions can be simulated. ANSYS consists in calculation modules and 
integrated pre- and postprocessors for the data input and results presentation 
respectively. 

From the finite element library three kinds of elements are chosen and presented as 
follows.  

The SHELL63 element has both bending and membrane capabilities. He can 
support normal loads but also the increase of loading in several steps. This element 
has 6 degrees of freedom, displacement and rotations at each node. 

The SOLID45 element is used for 3D discrete models of rigid structures. The 
element geometry is through eight nodes defined, each node having three degrees 
of freedom, displacements at each node. This element can support different types 
of analyses: plastic analysis, creep analysis, geometrical nonlinear analysis and can 
be used for  large displacements, large bending problems. 
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SOLID95 is a high order formulation of element SOLID45. It can be used to 
model irregular domains without significant lost of accuracy and is recommended 
for curved shapes. The element has 20 nodes with three degrees of freedom each, 
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these being the displacements. This element can support different types of 
analyses: plastic analysis, creep analysis, geometrical nonlinear analysis and can be 
used for  large displacements, large bending problems. 

The geometry, nodes position and local axes system for these elements can be see 
in Figure3. 

 

 

 

 

 

        SHELL 63   SOLID45   SOLID95 
Figure 3: Finite element types used in the analyses 

For all specimens the finite models are created according to the conditions for the 
shape of the element, to the bearing conditions and distribution of loads. In the 
region of the specimen where the bearings and loads are placed, the finite element 
mesh was chosen very fine. For all the models using solid finite elements, at the 
beginning only one element on the thickness of the specimen was considered. After 
several analyses, the appropriate number of finite elements on the thickness of the 
specimen was established and this was kept unchanged for the rest of analyses. 
With help of the finite element analyses, the longitudinal and equivalent stresses 
and strains distribution was established. A discrete model of the specimen and the 
distribution of longitudinal strains are shown in figure 4 
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Figure 4 – The finite element model of the specimen and the distribution of longitudinal 
strains, εz 
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For all models, the behaviour of the material was considered linear elastic. 

In Table 2 are presented, for comparison, the values of the longitudinal stresses 
(σz), for longitudinal strains (εz) and also for the displacement (dy) in the middle of 
the specimen at the bottom part. 

Table 2 – The values for σz, εz and dy using different types of finite elements 
Type of finite element εz [mm] σz [N/mm2] dy  [mm] 

SHELL63 0.248x10-3 44.217 0.65 
Inside 0.2577x10-3 62.897 SOLID45 Outside 0.2786 x10-3 51.485 0.73083 

Inside 0.2577 x10-3 64.362 SOLID95 Outside 0.2787 x10-3 52.073 0.73050 

Hand calculation 0.311 x10-3 65.23 - 
From tests 0.279 x10-3 - 0.76 

3. INFLUENCE OF THE LOAD DISTRIBUTION ON THE VALUES OF 
THE STRESSES AND STRAINS 

Because in the test machine, the load is applied through a saddle (as shown in 
figure 1) and the bearings are also represented by two saddles, in the finite element 
models this was modeled by taking different distribution of loads and bearing 
surface outside of the specimen cross section. The values for the stresses and 
strains are obtained in the interpolation points of the finite elements. For the 
models only the SOLID45 finite elements are used. The length of the uniform 
distributed applied load is described through the variable df and the length of the 
bearing surface through the variable dr. The scheme of the considered model is 
presented in figure 6. 

 

 

 

 

 
Figure 6 – The distribution of applied loads applied loads and bearing conditions 
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The values for df and dr measured in the laboratory were: df = 39 mm; dr = 35 
mm. By taking into account different other values for df and dr the values for the 
stresses (σz), strains (εz)and displacements (dy) are given in Table 3. The values for 
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stresses and strains are measured inside and also outside the finite element placed 
in the middle of the model, in tension. 

Table 3 – Influence of the loads and bearing conditions on the values of σz, εz and dy 
Type of finite element εz [mm] εeqv [mm] σz [N/mm2] dy [mm] 

Inside 0.2577x10-3 0.32633x10-3 62.897 SOLID45 
df=39mm 
dr=35mm Outside 0.2786 x10-3 0.41881x10-3 51.485 0.73083 

Inside 0.2645 x10-3 0.313 x10-3 62.035 SOLID45 
df=70mm 
dr=35mm Outside 0.2864 x10-3 0.4092 x10-3 55.263 0.71777 

Inside 0.2553 x10-3 0.3236 x10-3 62.720 SOLID45 
df=39mm 
dr=70mm Outside 0.2757 x10-3 0.4178 x10-3 50.616 0.70571 

SOLID45 
df=70mm 
dr=70mm 

Inside 0.2618 x10-3 0.3280 x10-3 61.749 0.69188 

4. CONCLUSIONS 

In this paper some 4-point-bending test results and finite element models for 
rectangular hollow sections are presented. The type of finite element and also the 
modelling of external loads and bearing conditions have a strong influence on the 
obtained results. 

Using finite elements it can be seen, that the results of the linear static analysis are 
close to those obtained in the laboratory (see the values given in tables above). The 
best results are obtained using 8-nodes finite element SOLID45, the differences 
between the values obtained with the computer program and the other measured in 
the laboratory were under 10% (for example, for a hollow section 100x100x5 with 
corner radius of 12 mm, the differences were: for the longitudinal strains - 1.07%, 

for the longitudinal stresses  1.03%, for the displacement – 3.88%. 

The finite element models cannot be a substitute for the tests in laboratory, but 
taking into account their results, their use can lead to a decrease of the large costs 
of such a analysis, by reducing the number of specimens to be analysed, and also to 
a significant save of time. 
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Abstract 
The calculation methods necessary for dimensioning the concrete bridges, in force 
in Romania, stipulate a simplified calculus for these ones by taking into account 
the ratio between plate sides. Thus, the plates supported on their contour, for 
which the sides ratio is bigger than 2, called long plates or plate bands, the 
calculation is made considering that significant bending moments could appear 
only on the direction of the plate short side. The calculus is made for plates with 
unitary width assimilated to simply supported beams on the short direction. The 
maximal bending moment, resulting according to this static scheme, is distributed 
between the middle of the plate and its support, through coefficients, which take 
into account the ratio between the beam height and the plate width. The fixing of 
plate on beams is not a perfect one, but an elastic fixing and the fixing degree of 
plates on beams is not quantified because the utilized coefficients are considered to 
cover all possible situations that could occur.  

A detailed analysis of stresses acting upon reinforced concrete bridge plates could 
be achieved either through at site measurements, or using numerical methods of 
calculation. In order to validate some generally applicable results a great number 
of measurements on reinforced bridge plates are necessary, which means a special 
financial effort. Providing that the finite elements are correctly chosen, the 
analysis of bridge structures by means of the finite element method offers results 
much close to reality and the number of structures to be studied is practically 
unlimited. 

The present paper presents the structural analysis of a reinforced concrete bridge 
with simply supported prefabricated beams made of prestressed concrete and the 
superstructure plates represent the interest area. The purpose has been to 
emphasize the maximal stress states in the bridge plates (bending moments on their 
short direction), dimensioning their characteristic sections, as well as the eventual 
appearance of non-characteristic moments in the same section caused by their 
interaction with beams and cross beams.  
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Within the study the nonlinear behavior of materials has been taken into 
consideration by changing the rigidity of elements in plate areas with big stresses 
in two variants, depending on their magnitude. The analysis using the finite 
elements method has been verified through the calibration of the utilized model 
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based on the results of previous tests and the final results are presented and 
debated in detail. 

1. INTRODUCTION  

Because it is frequently found in the Romanian network of roads, the behavior of a 
bridge superstructure made up of 4 prefabricated beams joined through monolith 
plates, built according to standard projects, has been studied. 

Model cu elemente finite - discretizare

 
Figure 1. Model used  in numerical analysis  

The superstructure of the analyzed bridge consists of a concrete flooring with four 
simply supported beams of 33 m length, prestressed concrete prefabs.. The 
prefabricated beams have a T section with bulb, 1,80 m height and 1,20 m the top 
flange width. The core thickness is of 0,16 m and the bulb of beam’s inferior side is 
of 0,60 m width. The beams are achieved of B500 concrete mark (C32/40) and are 
reinforced with 7 fascicles 44φ5 SBP I. The monolith plates are reinforced with 
steel PC52 and are achieved of B400 (C25/30) concrete mark, with 0,18 m width. 
The distance between the prefabricated beams is of 2,70 m, the bridge traffic road 
has 7,80 m width and two bracket pavements of 1,00 m. The cross beams are 
achieved of B400 (C25/30) concrete mark and are prestressed with two fascicles 
24φ5 SBP I. Above the resistance structure are disposed the layers of the road, 
represented by the inclination concrete, with 2 cm minimal thickness and 2% 
inclination, 1 cm waterproofing made of bituminous aluminum foil and two layers 
of cast asphalt 2.5 cm each. 
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In order to study the stress state that can occur in the bridge plates, an analysis by 
means of the finite element method has been made. Using the calculation program 
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LUSAS, a linear static calculus has been achieved. The discrete model used keeps 
the same geometry as the real structure (fig. 1). 

When testing the bridge, deflections in different points of the flooring have been 
measured. For the calibration of the model, the aim was that the discrete structure 
in the LUSAS program analysis to have the most appropriate behavior to the real 
one. In table 1, the measured displacements and the calculated ones using the 
LUSAS program in beam area, in the middle of the bridge opening, under the 
loading utilized for bridge testing, are presented. 

Table 1 
Displacements 
(cm) 

Beam 1 Beam 2 Beam 3 Beam 4 

Measured 13,70 12,60 9,00 6,20 
Calculated 13,70 11,57 9,10 6,44 

 

In order to discrete the flooring component elements, two type of finite elements 
[3]: "shell", with both plate and QS14 type membrane behavior, with regular 
rectangular form and "beam", BMS3 type, have been utilized. 

To discrete both monolith and prefabricated flooring plates and the cores of 
prefabricated beams and cross beams, elements "shell", QS14 type, with sides ratio 
between 1.50 and 3 have been utilized.  To discrete the prefabricated beam bulbs 
elements "beam", BMS3 type, have been utilized. By using these types of finite 
elements and by choosing such dimensions for "shell", elements QSI45 type, the 
softest discreting of interest areas and the achievement of available results, that 
should not be influenced by the wrong chose of finite elements [2;4], have been 
taken into account. 

The loadings took into consideration are the ones provided in the design existing 
Romanian standards and regulations for design, grouped so that the maximal 
stresses state in the superstructure plates should be obtained. Both, the construction 
technological process of the bridge and the age of concrete at the loading moment 
were taken into consideration. 
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Thus, on a model made of 4 independent beams, their own weight, the prestressing 
forces, the fresh concrete weight of the monolith plates and cross beams as well as 
the weight of the necessary casings and scaffoldings have been taken into 
consideration. At the geometrical model of the entire bridge it has been considered, 
in different loading steps, the putting out of center of the scaffoldings 
simultaneously with taking over by the entire structure of the monolith plates and 
the cross beams; the cross beams prestressing, losses of tensions in longitudinal 
and transversal fascicles; the contraction of plates monolith, the proper weight of 
permanent loadings (inclination concrete, waterproofing, cast asphalt; pavements). 
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The loading class for which the bridge was designed is the E loading class. 
Therefore this particular one has been also taken into consideration in this study. 
After preliminary verifications it can be concluded that the loading of bridge plates 
with the special vehicle V80 is more disadvantageous than loading it with truck 
convoys A30 [1], and that is why this loading has been used for the final study 
only. The vehicle position was established in order to obtain the greatest stresses in 
the superstructure plates. During the study, the nonlinear behavior of materials was 
taken into consideration by modifying the element rigidity in the plate areas with 
great stresses (bending moments on plates short direction). 

A comparative analysis regarding the influence that the rigidity of superstructure 
components has on stress state in plates has been achieved for the calculus of 
stresses caused by the special vehicle V80. Considering two variants for modeling 
the material, two discrete models have been taken into account. 

In the first variant we considered that the rigidity of the element is given by the 
elasticity module E, according to STAS 10111/2-1987 [7] and that upon the entire 
concrete superstructure there is an elastic, isotropic and homogenous material, with 
the same rigidity. Therefore it was considered:  

• E1 = 36 000 N/mm2 – for the concrete in prefabricated beams, C32/40 class;  
• E2  = 32 500 N/mm2 for the concrete in cross beams and monolith plates, 

C25/30 class;. 

Since it is extremely difficult to model non-homogenous, anisotropic and elastic-
plastic behavior of reinforced concrete for the entire bridge superstructure, the 
reduction of finite element rigidity in strongly stressed areas was taken into 
consideration.  

The second finite elements model has been achieved using reduced elasticity 
modules, according to STAS 10111/2 – 87 provisions for the verification at limit 
states of normal operation (verification at limit state of strain): 

• E1 = 30 600 N/mm2 – for the concrete in cores and bulbs of prefabricated 
beams, C32/40 class, representing 0.85 E C32/40;  

• E2  = 21 600 N/mm2   for the concrete in plates of prefabricated beams, C32/40 
class, representing 0.6 E C32/40;  

• E3  = 19 500 N/mm2 for the concrete in monolith plates, C25/30, representing 
0.6 E C25/30;  

• E4  = 27 625 N/mm2 for the concrete in cross beams, C25/30 class, 
representing 0.85 E C25/30. 
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The superstructure plates are bent mainly on the short direction, on which both 
monolith plate elements and prefabricated plate elements behave as reinforced 
concrete elements. For this reason, their rigidity has been considered as 60% of the 
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rigidity of the entire concrete section. The cores and the bulbs of beams as well as 
the cross beams work mainly on the prestressing direction and for this reason their 
rigidity has been considered as 85 % of the rigidity of the entire concrete section. 

2. ACQUIRED RESULTS  

The aim was to point out the maximal stress states in the bridge plates (bending 
moments on their short direction) dimensioning their characteristic sections (on the 
support and in field), as well as the eventual appearance of non-characteristic 
bending moments in the same sections, caused by the interaction with beams and 
cross beams. 

The results acquired for bending moments in plates are presented comparatively, in 
the diagrams from figures 2 and 3 representing the variation of moments on the 
support and in the field of the plate. 

Variatia momentului Mx pe reazemul placii (y=3.30m)
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Figure 2 Variation of bending moment Mx on the support of the plate (y=3.30m) 

From the point of view of stress state in the superstructure plates the differences 
between the two considered cases are insignificant. 
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Variatia momentului Mx in campul placii (y=1.80m)
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Figure 3 Variation of bending moment Mx in the field of the plate (y=1.80m) 

In figures 4 and 5, the diagrams of moments in plates, in the ordinates where their 
maximal values are registered, are also presented. 

Sectiune transversala prin diagrama Mx la x = 8.46m
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Figure 4 Diagram of bending moments Mx, for x=8.46m 



Sectiune transversala prin diagrama Mx la x = 7.57m
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Figure 5 Diagram of bending moments Mx for x=7.57m 

Thus, in the second case, an increase of 0.93KNm of the moment on plate’s 
support, representing 3% of the global value and a reduction of 0.96KNm of the 
moment in the plate’s field, representing 4% of the global value, are registered. 

These differences appear not only by considering reduced rigidities for plates, but 
also by considering a reduction of rigidity different for plates and beams. Thus, 
while the rigidity of plates is reduced to 0.6 Eb, the rigidity of beams cores and 
bulbs is reduced only to 0.85 Eb. 

The plate supports on the long direction, formed by the cross beams, as well as the 
increase of the thickness of beams core in the flooring support area, are influencing 
the presented diagrams by disturbing their form. Since the special vehicle V80 has 
been placed in the middle area of the plate panel and its influence extends for a 
sufficiently small length (7.60 m, meaning 23.5% from the opening of the bridge, 
respectively 47% of plate’s length between two cross beams), in the remaining part 
of the plate the bending moments on its short direction have extremely small 
values. This phenomenon implies the fact that the disturbances produced by the 
cross beams and by beams core thickening are only qualitative. 

Considering the analysis of the acquired results we can point out that, in the two 
studied variants, the major influence of a loading with the special vehicle V80 is a 
local one. Even in case of reducing the rigidity for the elements of the most 
stressed monolith plate, the participation in stresses taking over of plate areas far 
from the vehicle is reduced and bending moments with insignificant values 
(smaller than 0,42 KNm/m) appear.    
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3. CONCLUSIONS 

Based on the numerical analyses that have been made, the conclusion is that the 
plates of these types of bridges, especially their middle sections, are dimensioned 
with a small safety coefficient and any construction deficiency could have a rather 
serious negative effect upon the construction behavior during the operation period.   

It can also be observed that, taking into consideration reduced rigidities is 
practically not important from the point of view of stress state in the bridge plates, 
because the differences between the values obtained in these two studied cases is at 
most 4%.  

If for a certain bridge superstructure there is no information to suggest the different 
reduction of rigidity, then for the calculus of the bridge plate, a most elaborated 
analysis by taking into consideration the reduction of its rigidity in certain areas 
can be avoided. This much complex approach is justified only when the real data 
suggest a significant reduction of rigidity in certain areas of superstructure plate. 
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