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ABSTRACT:  
Infrastructures and highways may be considered as systems composed of nodes (i.e. bridges) and direct links (i.e. 
roads). The state of the nodes of a network influences the state of the system itself. 
This work focuses on developing a methodology to produce simplified capacity curves to be used for the seismic loss 
assessment of bridges. 
A previously proposed Displacement-Based Earthquake Loss Assessment (DBELA) approach, where multi-degree-of-
freedom (MDOF) structures are modeled as equivalent single degree-of-freedom systems (SDOF), has been applied to 
reinforced concrete bridges herein. 
Idealized representative models of bridges have been developed and adaptive pushover analyses carried out to obtain an 
equivalent SDOF capacity curve for each bridge. The effect of different pier configurations, deck lengths and abutment 
type are taken into account in order to define approximate bi-linear and tri-linear equivalent pushover curves. 
By analyzing the capacity curves for different types of bridges, a number of key parameters are selected in order to 
define simplified capacity curves. It is shown that, for a bi-linear approximation, three parameters are needed: period of 
the structure, yield displacement of the system and the ratio between elastic and tangent post-elastic stiffness. For the 
tri-linear approximation an additional parameter, the ratio between elastic and secant post-elastic stiffness, is required. 
For the purpose of large-scale assessment, bridges are classified into three groups as a function of the pier configuration 
(regular, semi-regular, irregular) and a more generic model for capacity curves is introduced by taking into account the 
variability in the parameter values for each classification. 
A case study example of a regular bridge is analyzed using the proposed method and the equivalent capacity curve is 
found to produce a good approximation when compared with the adaptive pushover curve. 
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1. INTRODUCTION 
 
Civil infrastructures (i.e. highways, railways, pipelines) are the backbone of the modern society but they 
remain vulnerable to a wide variety of natural and human made hazards. 

In seismically hazardous regions, assessment of seismic vulnerability of bridges is of great importance since 
such information is needed for reliable estimation of the losses that a possible future earthquake is able to 
induce. 

A Displacement-Based Earthquake Loss Assessment methodology (DBELA) is already available for urban 
areas (Crowley et al., 2004). The scope of this method is to relate the displacement capacity of the buildings 
and the demand induced by earthquakes. The same methodology could be proposed for bridges as strategic 
points in road networks. In emergency situations it is important to be able to predict which bridges might be 
damaged and which might not, in order to define the performance of the whole infrastructural system. 

The first step in the procedure proposed herein is the definition of the capacity curve for a hypothetical 
population of bridges. 

The most precise way to derive the capacity of a structure would be through an analytical method. This 
approach is useful if information for just a few bridges is needed but it is not possible in the case of regional-



scale analyses. Hence the derivation of simplified linear pushover curves for the latter are presented in this 
study. 
 
 
2. NON-LINEAR MODELS 
 
Non-linear modelling of bridges allows a more accurate determination of stresses, strain deformations, forces 
and displacement of critical components, that can be used to determine in a more accurate way the system 
ductility. 

In this study bridges are labelled with different codes composed of a 1, 2 or 3. These numbers represent the 
order of the length of the piers (e.g. 123 bridge is characterized by 7, 14 and 21 m piers in this order) 
(Casarotti et al, 2007). 

Twenty-one bridges are considered in this study-case. They are characterized by two deck lengths (200 m 
and 400 m), a different number of piers and three types of abutments. For the purpose of large-scale 
assessment the bridges are classified into three groups as a function of the layout of the piers. They are 
defined as Regular bridges if they have piers of the same length or if they have different pier heights but with 
a symmetrical configuration (e.g. 232). Semi-regular are bridges with different pier heights but the layout 
either increases or decreases regularly (e.g. piers placed in decreasing order of height, 321). Irregular bridges 
are characterized by no rules in the placement of the piers (e.g. 1221312). 

Table 1.1. Long and short deck characterization 
 

 

 
2.1. Description of Models 
 
The models involved in this study are implemented in SeismoStruct (SeismoSoft, 2010), a fibre modelling 
Finite Elements program for seismic analysis of structures, which can be freely downloaded from the 
Internet. 

The analyses performed in this study are Non-Linear Pseudo Static Analyses (i.e. pushover analysis) with a 
displacement-based adaptive loading algorithm (DAP) (Antoniou et al., 2004). 
 
2.1.1. Materials  
The expected material strength and stress strain relation are used for unconfined and confined concrete as 
well as reinforcing steel to more accurately capture the average bridge capacity and behaviour. The 
constitutive models used in this study are the Constant Confined Mander Concrete model (1988), for both 
confined and unconfined concrete, and the Menegotto-Pinto Steel model (1973) for the reinforcement. The 
values used in this study are summarized in Table 2.1. 
 
Table 2.1 Material Properties 
 
 

 
 
 
 
 
 
 
 
 

Type of Bridge Number of Piers Number of Spans Length 
Short Deck 3 4 200 m 
Long Deck 7 8 400 m 

Concrete 
Model Mander et al. 
Compressive strength 42 MPa 
Peak stress strain 0.002 
Confinement factor 1.2 (confined) 1.0 (unconfined) 

Steel  
Model Menegotto-Pinto 
Yield Strength 500 MPa 
Elastic Modulus 2x108 
Strain Hardening Ratio 0.005 



2.1.2. Piers and Superstructure 
The piers are modelled using a 3D inelastic beam-column element with rectangular hollow section of 
dimensions 2.0m x 4.0m, a longitudinal steel ratio of 0.76% and a wall thickness of 0.4 m. They are suppose 
to be fully restrained at one extremity assuming that the foundations are defined at the level of the base 
fixity. The deck is a 3D elastic non-linear beam-column element.  
 
2.1.3. Piers and Deck Connections 
The connection between the pier and the deck is modeled as a linear link and an elastic rigid element that is 
introduced to take into account the distance between the top of the column and the centroid of the 
superstructure. 
 
2.1.4. Abutments 
Three types of abutments are considered. These are modeled as four springs in parallel with defined 
properties. The different abutment types are indicated as Type A, Type B and Type C. Type A represents 
abutments characterized by bilinear symmetric behaviour (Casarotti et al., 2005); these are introduced in the 
model in order to describe the performance of the bridge when the extremities of the deck are restrained in 
the ground without any particular device. Type B are the abutments with linear symmetric behaviour and 
rotation-free (Casarotti et al, 2005); these simulate the effect of the linear pot bearing that might be inserted 
at the deck edges. Type C abutments are defined as bilinear behaviour with restrained rotations (Petrini et al., 
2009). 
 
 
3. ANALYSIS PROCEDURE 
 
The objective of this parametric study is to provide approximate capacity curves of bridges based on detailed 
non-linear analyses. Simplified linear capacity curves could be useful for large-scale analysis where the use 
of more sophisticated analyses is unfeasible. 

Capacity curves are the result of the non-linear pseudo-static analyses carried out through adaptive pushover 
on a MDOF system (i.e. bridge). The adaptive algorithm leads to an equivalent SDOF capacity curve defined 
for each step of the analysis. The equivalent system displacement Δsys,k (Eqn.3.1), acceleration Sa-cap,k 
(Eqn.3.2) and participating mass Msys (Eqn.3.3) of the system are computed based on the actual deformed 
shape. 

,
∑ ,
∑ ,

                                                                                                                                          (3.1) 

,
,

, ·
                                                                                                                                     (3.2) 

,
∑ ,

,
                                                                                                                                         (3.3) 

Using the analytical curves as a starting point, some parameters useful to define the simplified capacity of 
the structures considered are defined and investigated. 
 
3.1. Approximate Capacity Curve 
 
Among the models used in this study, three capacity curve shapes are characterized as a function of the 
abutment used in the different bridge models. Two bi-linear approximate curves (type B and C bridges) and a 
tri-linear one (type A) are proposed in this work. 

For the definition of the bi-linear approximated curve, three capacity parameters are needed: system yield 
displacement (Δy), initial period of the structure (Ty), ratio between initial stiffness and post-elastic stiffness 



(α2). For the tri-linear capacity curve the ratio between the initial stiffness and the secant stiffness (α3) at 
the point corresponding to the end of the post-yielding branch is needed (see Figure 3.1). 
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Figure 3.1. Tri-linear approximate curve 

The yield displacement is identified on each of the twenty-one curves at the analysis step at which the elastic 
limit is reached (reinforcement steel yielding strain εs = 0.0025, as proposed by Bal et al. 2008) in at least 
two piers. This decision is taken in order to use the yield displacement of a single pier to represent the yield 
point of the system of piers. A specific formula will be developed in order to identify this quantity, that will 
be randomly generated in the phase of loss estimation. 

The initial period is computed starting from the equivalent capacity curve for the SDOF using the following 
equation, where ay is the acceleration at Δy (in inches for Eqn.3.4). 

 9.8 · ·                    (3.4) 
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3.2. Definition of Parameters in Practice 
 
As specified in the previous section some capacity parameters are derived through the examination of the 
analytical capacity curves. The next step is to define simple formulae to compute them when analytical 
results are not available. 

The results using adaptive pushover analysis were observed for twenty-one bridges considered in this 
parametric study. It is important to underline that these are not generalized formulae, but are valid for the 
typologies considered herein. The procedure proposed herein should be carried out with a wider bridge data 
set to obtain more generic results. 

The Direct Displacement-Based Design (DDBD) approach for bridges (Priestley et al., 2007) suggests the 
computation of the yield displacement of each single pier in order to determine which one governs the 
behaviour of the structure (i.e. the weakest element). It is not certain that the displacement capacity for a 
single pier is able to represent the displacement of the entire system. Starting from the displacement formula 
proposed by Priestley et al. (2007) for a single pier, and calibrating this using the yield behaviour of the 
system from non-linear analyses, a system yield displacement formula has been estimated.  

For each of the twenty-one bridges, adaptive pushover analysis is performed. Starting from the capacity 
curve obtained from the aforementioned analyses, the equivalent SDOF capacity curve is computed using 
Eqn.3.1, Eqn.3.2, Eqn.3.3, considering the actual deformed shape of the system. In this study the yielding 



point of the entire system is supposed to be reached when at least two piers have reached the elastic limit in 
their reinforcements (i.e. εs = 0.0025). 

Two different formulae are proposed by the DDBD methodology for the computation of this parameter for a 
single pier.Eqn.3.6 is selected because of the constrain selected for the base and the pier-deck connection 
type. 

2.14 ·
3 ·
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Where εs is the aforementioned steel strain, Heff is the effective height of the pier and D is the dimension of 
the pier in the considered direction. 

For each bridge the yield displacement of the shortest pier is calculated in order to have a first reference 
system displacement. Comparing this value with the yield system displacement obtained from pushover 
analysis (when the second pier yields), it possible to observe that the single pier displacement is not 
representative of the system and that its constant coefficient needs to be modified. The results of this change 
are reported below for bridges type A. 

In Table 3.1, Hmin is the length of the shortest (i.e. weakest) pier in the system; K is the coefficient used to 
define the yield displacement of the single pier (Priestley et al., 2007); Δy_DDBD is the yield displacement 
computed by using Eqn.3.6. The latter has to be compared with the analytical displacement (Δy_analytical) to get 
the new coefficient (K*). 

It is possible to observe that there is a large dispersion of values if we consider the bridges classified as a 
function of the abutment. For that reason, the structures are classified in function of the pier layout (i.e. 
regular, semi-regular, irregular). Inside each of these classes the variability is reduced. 

Table 3.1. Results for the new coefficient of the yield displacement equation 
 
 
 
 
 
 
 
 
 
 
 
Hence the mean value of K* (denoted K*class) is computed for each group and considered as the new 
coefficient for that specific class of bridges.  

Table 3.2. Definition of the new average coefficient for the yield displacement equation 
 
 
 
 
 
 
The initial period is computed for all the bridges by using Eqn.3.4. The length of the deck influences this 
parameter. Then the mean value is computed classifying the bridges as a function of the deck length. Bridges 
with 200m deck are classified as short and the other, with 400 m deck are called long. 

 

 

TYPE A Hmin (m) K Δy_DDBD 
(m) Δy_analitical(m) K* 

123 7 2.14 0.022 0.05 5.30 
213 7 2.14 0.022 0.07 6.67 
222 14 2.14 0.087 0.07 1.60 
232 14 2.14 0.087 0.07 1.63 
2222222 14 2.14 0.087 0.06 1.35 
2331312 7 2.14 0.022 0.08 7.88 
3332111 7 2.14 0.022 0.09 8.47 

Classification K*class 
Regular  1.5 
Semi-regular 6.8 
Irregular 7.2 



Table 3.3. Period as function of the deck length and related standard deviation 
 
 

 
 
In this study case, a standard deviation (Std) equal to 0.10 has been used for both cases. 

A preliminary linear trend is defined considering 200m and 400m deck bridges. The linear relation between 
mass and deck length is checked modeling another regular bridge with 5 piers (300m deck) with three 
different types of abutments and the trend is confirmed (Figure 3.2).  

 

Figure 3.2 Period of bridges as function of the deck length 

This linear equation is not supposed to be valid for bridges with a deck shorter than 200m. 

The ratios α2 and α3 described previously have been computed for each bridge and the mean values 
considered. The α2 mean ratio is equal to 0.16 (standard deviation 0.10) and α3 mean ratio is equal to 0.29 
(standard deviation 0.11). 
 
 
4. AN EXAMPLE APPLICATION 
 
An example application of the simplified capacity curves approach is presented herein. The approximate 
capacity curves for a regular 6 pier type A and type B bridge (Figure 4.1) have been computed. Then the 
analytical capacity curves from adaptive pushover analysis are also provided for comparison purposes. 

The parameters in this case are computed by using the formulae along with the mean values and standard 
deviations presented previously. 
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Figure 4.1. Bi-linear approximation for B222222 

 

 

Figure 4.2. Tri-linear approximation for A222222 

Observing the plots shown above in Figure 4.2, it is possible to say that the elastic part of the system is well 
approximated in terms of stiffness and system yield point. The post yield stiffness is well approximated by 
the simplified model: the analytical post yield stiffness is inside the range defined using the parameters 
defined. 

The tri-linear model is not able to represent the last part of the system behaviour (i.e. the point where the 
plateau starts in the analytical curve is overestimated by the model). 

The system yield point defined with the calibrated formula is matched in both cases. At the current stage of 
this work, the model does not define well the starting point of the plateau; it is overestimated. 

Nevertheless, it possible to note that in general the model computed with the procedure proposed in this 
study gives results close to the simplified model computed using specific data obtained through calibration of 
the results from pushover analysis. 
 
 
5. CONCLUSIONS 

The state of the nodes in a network influences the state of the system itself. This work focuses on developing 
a methodology to produce simplified capacity curves to be used for the seismic loss assessment of bridges. It 
is noted that the results proposed in this paper do not represent a final and general result. This research is to 
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be considered as a simple study case where an original application of the DBELA methodology is applied 
and investigated in order to match the entire system behavior needed for large scale analyses. 

A relatively small number of parameters are needed to define the approximate curves. Some of these seem to 
give good results, others might need to be improved but the general results obtained until now are positive 
considering the limited data available. 

These approximate curves are to be used in regional-scale analysis when the capacity of a bridge population 
needs to be estimated with the purpose of comparing the capacity of the systems with the demand in order to 
estimate the number of bridges that exceed a given limit state threshold. Before the curves can be used for 
such purpose, further work is necessary to identify the post-yield behaviour and limit state displacement 
capacity. Furthermore, more case study bridges should also be considered in order to identify the variability 
in bridge characteristics in a regional area. 
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