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ABSTRACT 
This paper presents an overview of the proposed RApid REsponse (RARE) system for real-time seismic damage 
assessment of motorway bridges, along with a pilot application of this methodology on an existing bridge. The main 
objective of such a system is to provide guidance for the motorway administrator after an earthquake. The resulting 
assessment may be essential: highlighting areas in need of inspection, or in the decision to partially close or continue 
operation of the network. The development of a RARE system requires an effective means to estimate the seismic 
damage in real time. For this purpose, a typical overpass bridge of the Attiki Odos motorway in Athens Greece, was used 
as a case study. A Rigorous 3D FE model of this bridge, including the entire bridge-foundation-abutment-soil system, is 
developed in ABAQUS numerical analysis environment and used as a benchmark. Furthermore, a Simplified model of 
the bridge is developed. The latter is composed of a SDOF system of the pier with lateral and rotational springs and 
dashpots connected at the top and bottom, representing the structural components and the nonlinear soil structure 
interaction respectively. Its efficiency is validated against the Rigorous one, in terms of nonlinear dynamic time history 
analysis. The Simplified model is used to conduct a parametric study using multiple seismic records of different 
intensities and kinematic characteristics. In total 300 dynamic analyses (based on 30 actual records scaled to PGA from 
0.1g to 1g) are performed in each direction of seismic loading. Based on these results, nonlinear regression model 
equations are estimated to express seismic damage as a function of the statistically significant Intensity Measures. The 
efficiency of the proposed multivariate equations is then demonstrated using 5 out-of-sample earthquake records in the 
damage assessment of the detailed model. Such equations are easily programmable and can be employed for real time 
damage assessment of motorway bridges, as part of an online expert system. 
 
 
 
1 INTRODUCTION  
 
After a strong earthquake, the safety of motorway users 
highly depends on the seismic performance of motorway 
infrastructure. Structural damage, such as the bridge 
collapses, may pose a severe threat to the users, as 
dramatically illustrated in Figure 1. Allowing traffic on 
earthquake–damaged bridges is a difficult decision with 
potentially dire consequences. Therefore, preventive 
closure of the motorway until post–seismic inspection may 
seem as the safest option.  On the other hand, such 
closure will unavoidably lead to serviceability 
deterioration. It may also incur pronounced losses by 
obstructing transportation of critical groups, such as 
rescue teams. In addition, such an action would prevent 
the use of the motorway as an evacuation path. Hence, 
the main dilemma for the motorway administrator will be 
whether to interrupt the operation of the network. 

Although the direct consequences of a strong 
earthquake (structural damage) cannot be easily avoided, 
the indirect consequences can be effectively mitigated 
through timely development and implementation of a 
RApid REsponse (RARE) system. The objectives of such 
a system are: (a) to ensure the safety of motorway users 
and minimize the levels of panic, (b) to minimize closure 
of the motorway, and (c) to optimize the post-seismic 
serviceability of the motorway. 

 
 
Figure 1. Overturned vehicles due to collapsed span of an 
overpass bridge after 2010 Chile earthquake (Reuters) 
 
 
Several emergency response systems have been 
developed worldwide (e.g., Erdik et al., 2011) and with 
respect to transportation networks, there have been some 
attempts to apply seismic risk assessment to motorway 
systems, such as the one in the Friuli-Venezia Giulia 
region of NE Italy (Codermatz et al., 2003). Despite the 
considerable work on the subject, to the best of the 
authors’ knowledge, there are no documented efforts to 
develop a RApid REsponse system for motorway 



 

networks. The development of such a RARE system 
requires an effective means to estimate the seismic 
damage of motorway components (such as bridges, 
tunnels, retaining walls, cut slopes, and embankments) in 
real time, immediately after the occurrence of a seismic 
event. Such a real time estimation of the seismic damage 
is of the utmost importance: (i) to rationally decide 
whether there is a need for emergency inspection, and (ii) 
to rationally allocate inspection teams, allowing for 
minimum disruption of traffic operations and optimization 
of post-seismic motorway serviceability. The methodology 
presented herein applies an inter-disciplinary approach, 
combining finite element (FE) simulations with advanced 
econometric modelling. 
 
 
2 RARE OVERVIEW 
 
A RARE system is currently being developed as part of a 
European research project, using the Attiki Odos 
Motorway (Athens, Greece) as a case study. The four 
main steps that are required for the preparation of the 
RARE system are described in Figure 2 (Anastasopoulos 
et al., 2011). 

Initially (Step 1), a comprehensive and carefully-
documented GIS database of the motorway network is 
required. Such a database should include all the 
necessary details of the motorway and its key 
components (location of the various structures, 
typologies, geotechnical, and topographic conditions, 
traffic capacities, etc.).  

Ideally, a direct assessment of the seismic damage 
could be feasible if each motorway structure was 
equipped with a state-of-the-art monitoring system. 
However, a more economical alternative is to install a 
network of accelerometers (Step 2), which will record the 
seismic motions at characteristic locations along the 
motorway. These records will be then used as the basis to 
estimate the expected seismic damage employing the 
proposed rapid damage assessment system. A 
strategically optimized selection of station locations is 
required, calling for a careful trade-off between the 
installation cost and the quality of real-time data (i.e., the 
seismic records), ensuring a minimum geographic 
coverage. 

Then (Step 3), for each class of structures, nonlinear 
dynamic time history FE analysis is performed using 
multiple seismic records as seismic excitation. Each 
record is scaled to PGA ranging from 0.1 to 1 g. The 
output of the numerical analysis is the damage of the 
structure as a function of the seismic excitation. The 
damage is expressed with one or more damage indices, 
such as the drift ratio δr.  

Finally, (Step 4), for all seismic excitations the 
corresponding intensity measures (IMs) are computed. 
Based on the results of the FE analyses a dataset 
correlating one or more damage indices with IMs is 
developed. The latter is then used to develop a 
multivariate econometric model, expressing the seismic 
damage (using one or more of the damage indices) as a 
function of the most statistically significant IMs. 

 
 
Figure 2. The four main steps required for the preparation 
(before the earthquake) of the RARE system 
 
 
The operation of the RARE system is schematically 
illustrated in Figure 3. In the event of an earthquake the 
seismic accelerations will be recorded in real-time at 
various locations along the motorway. For each structure, 
the nearest record(s) will be used to assess the seismic 
damage employing the method of this paper. As 
discussed in detail in the next sections, the proposed 
method estimates the damage state (e.g., no essential 
damage, relatively small damage, serious damage, 
severe damage up to collapse) on the basis of easily 
programmable multivariate equations. The latter 
correlates one or more damage indices with a number of 
statistically significant intensity measures (IMs). Such 
equations are easily programmable to be computed in 
real time for the nearest record(s). For each structure or 
class of structures, the multivariate equations are 
generated based on the results of FE simulations. In the 
following section, a pilot application of the proposed 
methodology is presented using an existing bridge of the 
Attiki Odos as an illustrative example. 

Step 1: Development of GIS database

Step 2: Installation of accelerograph stations

Step 3: Numerical Analysisδ

Drift ratio: 

δr = δ/h 

h

For each class of structures:

 Nonl inear dynamic time history 

FE analysis

 Multiple seismic records used as 

seismic excitation to s tudy the 

bridge’s seismic performance

Damage = f (excitation) 

Step 4: Multivariate Equations

Damage index  δr = f ( IM1, IM2, ….IMn )

• For a l l seismic excitations, computation of the intensity 

measures (IMs) e.g. PGA, PGV, IA, HI, VSI, etc.

• Based on the results of FE analyses, development of  a  

dataset correlating the damage indices with IMs. 

• Based on the numerical analysis dataset, develop a 

multivariate model, expressing seismic damage as a 

function of the most statistically s ignificant IMs: 

Database containing:

location of the various structures, typologies, geotechnical, tectonic and

topographic conditions, traffic capacities,

• Strategic locations of 

accelerograph stations

• Trade-off between cost and 

quality of real-time data



 

 
 

Figure 3. Schematic illustration of the application of the 
RARE system during a seismic event 
  

3 CASE STUDY – SIMPLIFIED METHOD 
 
A typical overpass bridge (A01-TE20) of the Attiki Odos 
Motorway is used as an illustrative example. The selected 
bridge is representative of about 30% of the bridges of the 
specific motorway, and is also considered quite typical for 
metropolitan motorways worldwide. As illustrated in 
Figure 4, the examined system is a symmetric 3–span 
bridge. The continuous prestressed concrete box-girder 
deck is monolithically connected to 2 reinforced concrete 
(RC) piers, and supported by 4 elastomeric bearings at 
each abutment. The piers are founded on square footings, 
while the abutments consist of 9 m high retaining walls, 
founded on rectangular 7 m x 10 m footings. 
 
 

 
 
Figure 4. A01-TE20 overpass bridge of the Attiki Odos 
motorway 
 
 
3.1 Rigorous 3D FE model 
 
The seismic performance of the bridge is analysed 
employing the FE method in ABAQUS code. The deck 
and the piers are modeled with elastic and inelastic beam 
elements, respectively. The inelastic behavior of the piers 
is simulated using a nonlinear model, calibrated against 
the results of RC section analysis using the KSC-RC 
software (2013). Linear elastic springs and dashpots are 
used to model the stiffness and damping of the bearings. 
The footings and the abutments are modeled with elastic 
brick elements, assuming the properties of RC.  

A 20 m deep homogeneous clay layer of undrained 
shear strength Su = 150 kPa is considered, also modeled 
with brick elements. Nonlinear soil behavior is modeled 
with a thoroughly validated kinematic hardening model, 
with a Von Mises failure criterion and associated flow rule 
(Anastasopoulos et al., 2011). Appropriate “free–field” 
boundaries are used at the lateral boundaries of the 
model, while dashpots are installed at the base of the 
model to simulate the half-space underneath the model. 
Special contact elements are introduced at the soil–
footing interfaces to model possible separation (uplifting) 
and sliding. The same applies to the interfaces between 
the abutment and the embankment soil. A reinforced soil 
embankment is considered, modeled in a simple manner, 
by “installing” appropriate kinematic constraints. direction. 

Additionally, the seismic excitation is applied at the 
base of the rigorous 3D model. Thus, the bridge 
superstructure, the foundation soil, and the embankment 
soil experience seismic shaking. More details on the 
model (Figure 5) can be found in Anastasopoulos et al. 
(2011; 2015b). 
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Figure 5. Rigorous FE model of A01-TE20 bridge in 
ABAQUS code 
 
 
3.2 Simplified model 
 
A simplified model of the selected bridge is developed in 
both directions accounting for the main resistance 
mechanisms of the entire bridge system.  The simplified 
model is composed of a SDOF system of a pier with 
lateral and rotational springs and dashpots connected at 
the top, representing the deck (Kr,t, Cr,t) and the abutment 
bearings (Ks,t, Cs,t). Its definition requires section analysis 

of the pier, and computation of spring and dashpot 
coefficients using simple formulas. The nonlinear SSI is 
also considered replacing the soil–foundation system with 
horizontal (KH, CH), vertical (KV, CV), and rotational (KR, 
CR) springs and dashpots employing the simplified 
method of Anastasopoulos & Kontoroupi (2014).  

The proposed simplified model accounts also for the 
effect of the abutment stoppers of clearance δc.  In 

longitudinal direction, each of the abutments is replaced 
by an assembly of a gap element, and a nonlinear spring 
(Kd), and a linear dashpot (Cd) added at each side of the 
model at the deck level. In the same vein in the 
transverse direction Kd represents the bending stiffness of 
the deck after the available clearance is consumed.  The 
outline of the simplified model is presented in Figure 6. 
More details can be found in Anastasopoulos et al. 
(2015b) and Agalianos et al. (2016). 
 
 

 
 
Figure 6. Outline of the proposed simplified model in both 
directions of seismic loading 
 
 
3.3 Efficiency of the simplified method 
 
The efficiency of the simplified method is assessed in 
both directions using the detailed 3D model of the bridge–
abutment–foundation–soil system as a benchmark. The 
seismic performance of the two examined models 

(Rigorous 3D and Simplified) is comparatively assessed 
in terms of time histories of deck drift δ. Figure 7 presents 
such indicative results, for both  longitudinal and 
transverse direction of seismic loading using 3 very strong 
real records (CHV1-NS , Takatori–000, Rinaldi-228). Even 
for such strong shaking the comparison is quite 
satisfactory especially within the context of a RARE 
system. In all seismic excitations, including the notorious 
Takatori–000 record, the match is quite acceptable in 
terms of maximum drift δmax and vibration characteristics 
(dominant period, cycles, and damping). The comparison 
is equally successful for both directions. Moreover, the 
drift δ exceeded the available clearance δc and the 
abutment stoppers were engaged. The effect of the 
stoppers in the overall response was also nicely captured.  

For both directions, the differences in terms of δmax are 
not exceeding 15%, even for very strong seismic 
excitations. Therefore, overall the proposed simplified 
model is considered to offer a reasonable approximation 
of the seismic performance of typical overpass motorway 
bridges. The simplified model of the examined bridge is 
used in the following sections to conduct a detailed 
parametric study of its seismic performance.  

 
 

 
 
Figure 7. Comparison of the simplified model to the full 3D 
detailed model in longitudinal and transverse direction 
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4 RAPID ASSESSMENT METHOD 
 
4.1 Development of multivariate non-linear regression 

model equations 
 
The simplified model of the A01-TE20 bridge is used 
herein for both directions of seismic loading to conduct a 
series of nonlinear dynamic time history FE analyses.  30 
real records are used as seismic excitation (Figure 8) 
scaled to PGA ranging from 0.1 to 1 g. Therefore, 300 
dynamic analyses are performed. The computational 
effort to perform such a set of analyses using the rigorous 
3D model (Figure 5) would be prohibitive.  
 
 

 
 

Figure 8. The 30 seismic records used in the analyses 
 
 
The output of the numerical analyses refers to the 
structural damage of the bridge, expressed in terms of 
maximum drift ratio δr,max, which is a commonly applied 
Damage Index (DI). The selected DI is expressed as a 
function of 19 popular IMs (Garini & Gazetas, 2013). The 
results of the FE simulations are aggregated and 
classified in a database for each one of the 300 
acceleration time histories.  

The resulting graphs, such as the one presented in 
Figure 9, aim to show the correlation between a specific 
DI with a single IM. From these graphs, it becomes 
evident that a single IM is a poor index of the seismic 
damage of the pier. For example, Figure 9 shows the 
correlation of δr,max, as obtained from the FE analysis, with 

the Arias Intensity (IA). Observe that for IA = 10, the 
maximum drift ratio δr,max varies from less than1% (minor 
damage) to more than 5% (collapse). The obtained 
results are quite similar for all the examined IMs. 
Therefore, it can be concluded that a single IM cannot be 
used to predict efficiently the structural damage.  

 

 
 
Figure 9. Correlation of δr,max as obtained from the FE 
analysis with Arias Intensity (IA)  
 

 
To that end, another approach is proposed, applying 
statistical modeling to develop a nonlinear regression 
model equation based on the result of the FE analysis.  
This equation expresses the seismic damage (δr,max), as a 

function of multiple statistically significant intensity 
measures applying the methodology of Anastasopoulos et 
al. [2014a]. The resulting linear regression model 
equation for the δr,max has the following form for (1) the 
longitudinal and (2) the transverse direction: 

 
  𝑟 𝑚ax
  e{  

  0.32∗LN(PGA)+ 0.758∗  PGV – 2.098∗  √PGD +0.9 6∗  √𝐷𝑅𝑀𝑆−– 0.2  ∗  √𝐼𝑐 – 9. 74∗  √𝑆𝐸 +  67.566∗  CAV +0.2 ∗√VSI−– 0. 39∗√𝐼𝐻 – 0.022∗  SMA + 3.208∗  SMV − 0.233∗  T𝑚𝑒𝑎𝑛 }  
  
 

    [1] 

 
  𝑟 𝑚ax
  e[   

 0.46∗LN(PGA)+ 6.7∗  PGV − .68∗  √PGD− 8.7∗𝐴𝑅𝑀𝑆2+ . 2∗  √𝐷𝑅𝑀𝑆 .+2.307∗  SMV + 0.  ∗LN(𝑇𝑃)– 0.22∗  T𝑚𝑒𝑎𝑛+ 0.07∗√𝐷𝑠𝑖𝑔. ]  
  
 

 [2] 

 

 
 

The efficiency of the two developed nonlinear regression 
model equations is examined comparing the predicted 
structural damage of the simplified system (and therefore 
of the bridge) by using the corresponding equation, to the 
observed one, as obtained from the numerical analyses. 
Figure 10 presents the results of the 300 dynamic time 
history analyses in terms of observed vs. predicted δr,max 
for both directions. 

 The models’ overall statistical fit can be assessed 
through the Adjusted R-squared, as follows: 
 
 𝑅  𝑗𝑢    2    1  [(𝑛  1) (𝑛  𝑝)⁄ ] ∗ [(∑ (𝑌𝑖  �̂�𝑖)2𝑛𝑖= ) ( ∑ (𝑌𝑖  �̅�)2𝑛𝑖= )⁄  ]      [3] 

 
 

where 𝑌𝑖 and 𝑌�̂� are the observed and predicted values, 

respectively, of the dependent variable (i.e., DI) for 

observation i (i = 1, 2, …, n), �̅� is the observed mean 

value of the dependent variable, and 𝑝 is the number of 
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explanatory model parameters. This goodness-of-fit 
measure gives a relative illustration of the ability of the 
estimated model to explain the variance in the data, 
taking into account the number of parameters. The 
Adjusted R-squared values for both developed nonlinear 
regression models (Figure 10) are 95% while the mean 
average percentage error (MAPE) is about 16% in both 
directions. These values are considered very satisfactory, 
especially for the purposes of a Rapid Response System. 
Overall, it can be concluded that the nonlinear regression 
model equations reduce significantly the deviations 
between the predicted results and the observed ones 
from the numerical analyses.  
 
 

 
 
Figure 10. Summary of the 300 dynamic time history 
analyses in terms of predicted (multivariate equation) vs. 
observed (FE analysis of simplified model) δr,max for (a) 
longitudinal; and (b) transverse direction 
 
 
4.2 Efficiency of the simplified method 
 

Finally the efficiency of the developed nonlinear 
regression model equations is examined on out-of-sample 
earthquake records. For this purpose, using a set of 5 
different historic records (Figure 11), a new series of 
nonlinear dynamic time history analyses are performed 
using this time the rigorous 3D model of the A01-TE20 
bridge (Figure 5). Subsequently, the observed δr,max is 
compared to the estimation of the equation. Figure 12 
presents a summary of dynamic time history analyses for 
the 5 out-of-sample seismic excitations, in terms of 
predicted (nonlinear regression model equation) vs. 
observed (FE analysis of rigorous 3D model) δr,max for: (a) 
the longitudinal; and (b) the transverse direction. 

Given the fact that the equations used for the 
prediction are based on the simplified model, while the 
observed structural damage has been computed using 
the rigorous 3D model of the bridge, the observed 
deviations are considered quite acceptable. 

 
 
Figure 11. 5 out-of-sample historic records used for the 
analyses of the rigorous 3D model, to assess the 
efficiency of the developed multivariate equations.  
 
   

 
 
Figure 12. Summary of the 5 dynamic time history 
analyses in terms of predicted (nonlinear regression 
model equation) vs. observed (FE analysis of rigorous 3D 
model) structural damage with respect to δr,max for (a) 
longitudinal; and (b) transverse direction. 

 
 
Furthermore, the efficiency of the developed nonlinear 

regression model equations becomes even more evident 
when examined in terms of observed vs. predicted 
Damage States. The damage states considered herein 
are based on typical values of maximum drift ratio δr,max 
for each damage state with reference to Response Limit 
States [Priestley et al., 1996].  

Figure 13 presents such results for the 5 real records 
used (Figure 11). It is shown that the nonlinear regression 
model equation correctly predicts the damage state with 
respect to δr,max, in all the examined cases for both 
directions of seismic loading. Therefore, overall such 
nonlinear regression model equations constitute a very 
promising way to estimate the structural damage of such 
bridge systems in both directions of seismic loading, 
especially within the context of a Rapid Response 
System. 
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Figure 13. Efficiency of the simplified method in terms of 
predicted (1

st
 column) vs. observed (2

nd
 column) damage 

state based on maximum drift ratio (δr,max) for (a) 
longitudinal; and (b) transverse direction. 
 
 
5 CONCLUSIONS  
 
The present paper presents the necessary framework for 
the development of a rapid response (RARE) system for 
typical overpass bridges of metropolitan motorway 
networks. The proposed method is applied on an existing 
bridge of the Attiki Odos motorway in Athens, Greece.  

A simplified model of the selected bridge was 
developed, for each direction of seismic loading, and was 
validated against a Rigorous 3D model in terms of 
nonlinear dynamic time history analysis. It was then used 
to conduct a series of dynamic analyses using 30 real 
records scaled to PGA ranging from 0.1 to 1g (300 
dynamic analyses).  

Based on the results of the analysis it was attempted 
to correlate structural damage (in terms of maximum drift 
ratio δr,max) with a single Intensity Measure (IM) from the 
19 examined. It was concluded that a single IM is a poor 
index of the seismic damage of the pier. Therefore, the 
database of the analysis was used to develop a nonlinear 
regression model equation, correlating δr,max with multiple 
statistically significant IMs,  

The efficiency of the proposed multivariate equation 
was assessed in terms of predicted vs. observed 
structural damage, with respect to δr,max, and the relevant 
damage states. For this purpose, 5 out-of-sample records 
were used. Based on the results of the analysis, it can be 
concluded that the multivariate equation (based on the 
simplified model) estimates very satisfactory the expected 
structural damage (having as a benchmark the rigorous 
3D model). Such equations are easily programmable and 
can be employed for real time damage assessment of 
motorway bridges, as part of an online expert system. 
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