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SEISMIC VULNERABILITY OF CONCRETE BRIDGES
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Abstract:
This study determines the non-linear response of a reinforced concrete road overpass from the
Struma highway by means of non-linear static analyzes. The Capacity Spectrum Method is a
modern method for determining the seismic behaviour of a structure due to earthquakes of
varying intensity. Here, both the capacity and the seismic reference spectrum are presented in
the form of spectral displacements - spectral accelerations. Its use is becoming more and more
common among practicing engineers because of the many advantages it has. The results of the
analyzes are used to determine the seismic vulnerability of the bridge as well as to evaluate the
conditional probability of damage at a given specific seismic excitation.
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1. INTRODUCTION
In the engineering practice nowadays the seismic capacity of structures is estimated mainly
on the basis of computational analyses. There are different options for presenting any structural
model as well as the seismic motion/load. In the present work, the structure of a reinforced
concrete bridge is analyzed by the finite element method (FEM) and a group of non-linear static
analyzes are conducted, taking the interaction between the soil and the structure (soil structure
interaction) into account. Non-linear static analysis gives a good idea of the mechanisms of
collapse (zones of plastification) of structures loaded with horizontal loads. Its advantage over
the dynamic analyses is the reduced computational time due to reduction of the dynamic part of
the equation of motion. This type of analysis estimates well the ultimate limit capacity of the
structure, but gives no possibility to present the damages in time of the seismic action.
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More sophisticated methods, requiring more detailed analyses and models, require even
more computational time and are used for the calculation of separated case studies, as a
subsequent step after the simplified analyses, as the ones of screening procedures or potentially
endangered facilities. They are not suited for big earthquake projects where a large number of
structures are analysed. Although the fragility curves and the probability damage matrix are
traditionally derived based on observed data, lately suggestions are made for their estimation
based on numerical analyses. By that way some of the disadvantages of the empirical method are
overcome.
In the present study the so-called vulnerability models are developed and the conditional
probability of reaching four damage states is defined. These curves have application in the
assessment of the seismic risk and the evaluation of the loss models of the build area. Discrete
probabilities for damage can be used as input data for calculation and evaluation of different
losses and damages in the structures.
2. CASE STUDY
The bridge is a three span frame one and it is situated on the Struma motorway. The spans
are 33+41+33 m and the total bridge length is 107 m. The static model of the structure is frame
with stiff joints, Fig.1.

Figure 1. Three-dimensional view of the analyzed structure
The superstructure is a cast-in-place pre-stressed post-tensioned reinforced concrete one.
The cross section is a hollow one with three cells – Fig.2. The constant height of the section is 2
m. The concrete class is C45/55. The piers are reinforced concrete solid “wall” type ones with 14
m height. At the top of the pier the solid cross section is separated into 2 parts for better
connection with the superstructure. The pier concrete class is C35/45. The reinforcement class is
B500C (fyk=500 MPa). The bearings at the abutments are movable in both directions.
.
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Figure 2. Cross section of the top structure

Figure 3. Modelling of the prestressing system in the slab
3. NON-LINEAR STATIC ANALYSES
The bridge model consists of 52446 finite elements: 21292 solid elements (8 nodes) for the
concrete structure, 30978 shell elements for the reinforcement (smeared approach) and 176 truss
elements representing the pre-stressing system (Fig.3). Average size of the solid element of the
bridge structure is around 0,5 m. The connection between the columns and the top structure is
considered rigid (united nodes). The soil-structure interaction is represented with two concrete
piles for each column with elastic springs in both horizontal directions.
The static non-linear analysis is reliable and applicable for bridge structures, which
behaviour is similar to the ones that could be approximated with a “single degree of freedom”
model. Such bridges are approximately straight bridges and ones with negligible pier height
change. The selected case study bridge meets these requirements.
For the numerical analyses the standard implicit Hilber-Hughes method is used. The nonlinear behaviour of concrete is modelled with the Ottosen constitutive model [1,2]. Crack
formation and propagation is based on the smeared crack approach. The iteration method is
BFGS combined with energy convergence criteria [3]. Four non-linear static analyses are
performed, two in each horizontal direction with and without consideration of the soil-structure
interaction. The stiffness of the elements is updated with every step of the calculation based on
the accumulated deformations and the work diagram (stress-deformations) of concrete
constitutive material model.
The results from the non-linear static analyses show that the structure has lower capacity in
Y direction. Because of that fact, only these results are considered here (X direction results are
not considered since the capacity in that direction is higher). The deformation schemes and the
accumulated damages in the structure are shown in Fig.4 for the model with shallow foundation
and in Fig.5 for the model with pile foundation (soil structure interaction considered).
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Figure 4. Deformed schemes and accumulated damages in the model with shallow
foundation, Y direction

Figure 5. Deformed schemes and accumulated damages in the model with pile foundation, Y
direction
The damages in the structure for both models occur in the base of the columns and can be
qualified as “ductile”, since the “non-ductile” modes of destruction are avoided. The mechanism
of destruction is predominantly “bending”, as in the one end of the column the concrete is
crushed (red colour) and the other end is tensioned (green colour).
The capacity curve (shear force in the base - maximum displacement on the top) for both
analyses (with and without piles) is shown in Fig.6 and Fig.7.
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Figure 6. Capacity curve for the model with shallow foundation, Y direction.

Figure 7. Capacity curve for the model with pile foundation, Y direction.
From the comparison of the response of both models it can be concluded that in the case of
soil structure interaction consideration the response in “soften”, thus increasing the maximum
displacement of the structure from 19.3 cm to 30 cm.
4. DETERMINATION OF THE SEISMIC BEHAVIOUR
The Capacity Spectrum Method is a modern method for determination of the seismic
behaviour of structures for earthquakes with different intensity. With the aim of this method it is
easy to describe the non-linear response of the elements in the structure. For the first time the
method is implemented in FEMA-440 [4]. With a given procedures by an easy manner the
response of the structure due to earthquakes is presented.
The Capacity Spectrum Method (CSM) is based on direct graphical comparison of the
capacity spectra with the elastic reduced demand spectra.
The main postulate in the method is that the maximum (elastic and plastic) displacement of
the structure of a system with many degrees of freedom can be evaluated from the elastic
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response of an equivalent single degree of freedom system, which has different period and
damping from the initial ones.
For the calculation of the effective damping βeff and appropriate reduction coefficients it is
necessary for the capacity curve to be presented by bilinear approximation. Fig.8 presents the
seismic spectra for Peak Ground Acceleration (PGA) of 0,6 g (approximate return period of
Т=8500 years.) and the capacity spectra of the structure, calculated through non-linear static
analyses in item 3. Following the procedure of [5] the so-called performance point is calculated
for the considered earthquake excitation.

Figure 8. Calculation of the performance point for PGA= 0,6 g (point api/dpi), shallow
foundation.

Figure 9. Calculation of the performance point for PGA= 0,6 g (point api/dpi), pile foundation.
For the chosen point and the reference values of ay, dy, api dpi (Fig.8 and Fig.9) a value
for βeff of 41% for the shallow model is calculated and a value of 34% for the pile foundation
model. This corresponds to reduction factors SRa=0.32 and SRv=0.48 (shallow) и SRa=0.39 and
SRv=0.53 (piles). With these factors the initial elastic response spectra is being reduced. The
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intersection point with the bilinear capacity curve gives temporary performance point a,int/d,int Fig.10 and Fig.12. The initial point а,p1/d,p1 is accepted as adequate if the criteria
0.95d,pi<dint< 1.05d,pi is fulfilled. In the case of shallow foundation this criteria is not met,
thus leading for necessity of another second iteration with а,p2=0.3 g/d,p2=0.06 m, Fig.11.

Figure 10. Evaluation of reduced demand spectra (PGA=0,6 g), shallow foundation; Iteration-1.

Figure 11. Evaluation of reduced demand spectra (PGA=0,6 g), shallow foundation; Iteration-2.

Figure 12. Evaluation of reduced demand spectra (PGA=0,6 g), pile foundation
Further for the evaluation of the conditional probabilities, so-called “damage levels” are
defined. They represent a discreet and qualitative description of the general damages of the
constructive and non-constructive elements. Five levels of damage are most commonly used:
DS0- No damage, DS1- Light, DS2- Medium, DS3- Severe and DS4- Destruction.
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The definition of damage states (Table 1) can be estimated using the displacement values
based on the capacity curve of the structure [6].
Table 1. Definition of damage states [6]
Damage Levels
0

No damage

1

Light damage

2

Medium damage

3

Severe damage

4

Destruction

Spectral displacement boundaries
D < 0.7*Dy
0.7*Dy < D < Dy+1/3*(Du-Dy)
Dy+1/3*(Du-Dy) < D < Dy+2/3*(Du-Dy)
Dy+2/3*(Du-Dy) < D < Du
D > Du

The fragility model of a certain structure (Fig.13) consists of a group of fragility curves,
defining the conditional probability or reaching P[D=ds] or exceeding certain damage level
P[D>ds].

Figure 13. Fragility model of certain structure (fragility curves)
Each fragility curve is defined by a median value of an impact parameter (spectral
displacement) that corresponds to the limit of a given damage level and to the variability of the
damage level. For example, the spectral displacement Sd, which defines the limit for a given
level (ds), is calculated by the formula:
Sd=Sd,ds.εds

(1)

where:
Sd,ds is the median value of the spectral displacement for the damage level, ds;
εds is a lognormically distributed random variable with median value and logarithmic
standard deviation, βds.
From the fragility curves thus defined and the calculated performance points for the
respective seismic excitation (represented by a spectral displacement response parameter) the
conditional probabilities for reaching or exceeding the respective damage level can be calculated.
For a given typology, the conditional probability of reaching a given level “DS” is represented
by a cumulative lognormal function with respect to the spectral displacement at the
corresponding "performance point".
1
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The fragility curves represent the distribution of damage at several levels of damage: Light,
Medium, Severe and Destruction. For each given value of the spectral response, discrete
probability values such as the difference of the cumulative probabilities of reaching or exceeding
successive/related damage levels are calculated. The probability of reaching or exceeding
different levels of damage for a given seismic level is 100%. Discrete probabilities of failures
can be used as input data for the determination and valuation of various losses and damages in
structures.
Subsequently, the numerical values needed to define the damage levels for both models
(shallow and pilot foundations) are determined.


Shallow foundation
Sd,0<0.7*Sdy=0.7*0.0179 m=0.0125 m=>Sd,0<1.25 cm
Sd,1>0.7*Sdy=0.7*0.0179 m=0.0125 m=>Sd,1>1.25 cm
Sd,2=Sdy+1/3(Sdu-Sdy)=1.79+1/3(13.8-1.79)=5.79 cm
Sd,3=Sdy+2/3(Sdu-Sdy)=1.79+2/3(13.8-1.79)=9.80 cm
Sd,4=Sdu=0.138 m=13.8 cm



Pile foundation
Sd,0<0.7*Sdy=0.7*0.0321 m=0.0225 m=>Sd,0<2.25 cm
Sd,1>0.7*Sdy=0.7*0.0321 m=0.0225 m=>Sd,1>2.25 cm
Sd,2=Sdy+1/3(Sdu-Sdy)=3.21+1/3(21.3-3.21)=9.24 cm
Sd,3=Sdy+2/3(Sdu-Sdy)=3.21+2/3(21.3-3.21)=15.27 cm
Sd,4=Sdu=0.213 m=21.3 cm

The lognormal standard deviation (beta) describes the total uncertainty (variability) of the
fragility curves defined for the respective damage levels. In the present study, they are accepted
as tabular values based on [7]. After the definition of the fragility model (group of curves),
specific discrete values of the probabilities of damage due to a given seismic impact can be
determined. In this case, the probabilities of damage to the reinforced concrete bridge for seismic
excitation with maximum Peak Ground Acceleration PGA = 0.6 g are determined. Excitation
with such intensity corresponds to a spectral displacement of 6.0 cm for the model with shallow
foundation and 6.3 cm for the model with pile foundation. Fig. 14 and Fig. 15 show the obtained
conditional probabilities for reaching the four levels of damage (light, medium, severe,
destruction), through tabular uncertainties.

Figure 14. Model for evaluation of the conditional probabilities of damage, shallow foundation.
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Figure 15. Model for evaluation of the conditional probabilities of damage, pile foundation
5. CONCLUSIONS
In the present study, the structure of a reinforced concrete road bridge is analyzed by nonlinear static analyzes, taking the soil-structure interaction into account. The evaluated failure
modes are presented, as well as the accumulated damages and deformations in the structure.
Subsequently, the so-called fragility models and the conditional probabilities of reaching four
levels of damage are defined. For the studied seismic excitation (catastrophic earthquake) with
maximum Peak Ground Acceleration PGA = 0.6 g is most likely that "light" to "medium"
damages will occur in the structure. These discrete probabilities of failures can be used as input
data for the determination and evaluation of various losses and damages in structures, the
development of loss models of the built environment.
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