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ABSTRACT: Safety of motorway users in case of a strong seismic event is directly related to the performance of 

infrastructure elements, especially motorway bridges. Preventive closure until post–seismic inspection may seem as the safest 

option, but will unavoidably lead to severe deterioration of serviceability, and will also obstruct the operations of rescue 

teams. On the other hand, allowing traffic on earthquake–damaged bridges without inspection may jeopardize the safety of 

users and rescue teams. Seismic retrofit is the obvious solution, but the associated costs can be quite substantial. An 

alternative strategy is to mitigate the indirect consequences of an earthquake, through timely development and 

implementation of a RApid REsponse (RARE) system. The scope of such a RARE system is to ensure the safety of motorway 

users, minimizing motorway network closure, and optimizing post-seismic recovery at the same time. The development of 

such a RARE system requires an effective means to estimate seismic damage in real time. This paper presents an overview of 

the RARE system and some first steps that were made regarding its pilot application in the Attiki Odos Motorway in Athens, 

Greece. 
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INTRODUCTION 

 

Under normal conditions, the safety of motorway users is a function of the quality of the roadway network (geometry, traffic 

characteristics, pavement condition) and the behavior of drivers (Russo et al., 2014; Sarwar & Anastasopoulos, 2016a, 2016b; 

Fountas et al., 2017; Fountas & Anastasopoulos, 2017; Sarwar et al., 2017). However, in the case of a strong earthquake, the 

safety of the users is directly related to the seismic performance of motorway infrastructure.  

 

Even if a motorway bridge is still standing after the main shock, it may be severely damaged and therefore prone to collapse 

when subjected to aftershocks (Franchin & Pinto, 2009). Preventive closure until post–seismic inspection may seem as the 

safest option, but will unavoidably lead to a severe deterioration of serviceability, and will also obstruct the operations of 

rescue teams. On the other hand, allowing traffic on earthquake–damaged bridges without inspection may jeopardize the 

safety of users and rescue teams. As a result, after a strong earthquake the motorway administrator will face the question 
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whether or not to interrupt the operation of the network. Seismic retrofit is the obvious solution, but the associated costs can 

be quite substantial. An alternative strategy is to focus on the mitigation of the indirect consequences of a seismic event, 

through timely development and implementation of a RApid REsponse (RARE) system. The scope of such a RARE system 

is to ensure the safety of motorway users, minimizing motorway network closure, and optimizing post-seismic recovery at 

the same time. 

In the last decade or so, a number of emergency response systems have been developed worldwide (e.g., Erdik et al., 2011). 

Apart from major global earthquake management systems, such as the Global Disaster Alert and Coordination System 

(GDACS, www.gdacs.org; De Groeve et al., 2006) and WAPMERR (www.wapmerr.org), several local systems have been 

developed to estimate casualties and infrastructure damage in near–real time for large cities such as Tokyo, Istanbul, and 

Naples (Erdik et al., 2003). In most cases, strong motion recordings are used to estimate the damage using an inventory of 

exposed elements and related vulnerability relations. In the case of transportation networks, there have been some first 

attempts to apply seismic risk assessment to motorway systems, as for example in the Friuli-Venezia Giulia region of NE 

Italy (Codermatz et al., 2003). 

The framework of a RApid REsponse (RARE) system for metropolitan motorways has been introduced in Anastasopoulos 

et al. (2015a). Its development and implementation 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 a seismic 

event. Real-time damage estimation is necessary to allow rational decisions with respect to the need for emergency inspection, 

and if necessary, the allocation of inspection teams. The goal is to minimize disruption and optimize post-seismic 

serviceability and recovery of the motorway network. This paper presents an overview of the RARE system and some first 

steps that were made regarding its pilot application in the Attiki Odos Motorway in Athens, Greece. 

OVERVIEW OF THE RARE FRAMEWORK 

A RARE system for motorway bridges is presented herein as part of a European research project, using the Attiki Odos 

Motorway (Athens, Greece) as a case study. As shown in Fig. 1, during a seismic event the real-time system will record 

seismic accelerations at various locations along the motorway. In this way, the seismic motion will be available in real time, 

right after the occurrence of the earthquake. For each bridge, the nearest record(s) will be used to assess the seismic damage 

employing the proposed real-time damage assessment system. The direct knowledge of the seismic excitation along the 

motorway is a major difference to traditional risk assessment, in which case the seismic excitation cannot possibly be 

predicted, and hence probabilistic approaches are much more appropriate. 

 
Figure 1. Schematic illustration of the application of the RARE system during a seismic event. 
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Four steps are required for the implementation (before the earthquake) of the RARE system. First of all (Step 1), a 

comprehensive GIS database of motorway infrastructure needs to be developed, including all the necessary information to 

describe the motorway and its key components.  Subsequently (Step 2), a network of accelerograph stations needs to be 

installed, which will record the seismic motions at characteristic locations along the motorway. Then (Step 3), for each class 

of bridges, nonlinear dynamic time history analysis is performed using multiple seismic records as seismic excitation. Finally 

(Step 4), for all seismic excitations the corresponding intensity measures (IMs) are computed, and based on the results of the 

finite element (FE) analyses, a dataset correlating a damage index (DI) with various IMs is developed. The latter is used to 

develop a multivariate econometric model, expressing the seismic damage as a function of the most statistically significant 

IMs. 

 

Real–Time Damage Assessment Methodology 

 

The rapid damage assessment method outlined in Anastasopoulos et al. (2015a) combines finite element (FE) simulations 

with advanced econometric modeling. For each bridge type, the method requires: (a) nonlinear dynamic time history analyses 

using an adequately large number of real records as seismic excitation; (b) development of a dataset of the seismic damage, 

expressed by appropriate damage indices (DIs), as a function of the seismic excitation, which can be expressed by a variety 

of intensity measures (IMs); and (c) development of nonlinear regression models, expressing the seismic damage (using one 

or more DIs) as a function of statistically significant IMs. For the nonlinear dynamic time history analyses, an ensemble of 

30 real records from earthquakes of various intensities and kinematic characteristics were carefully chosen and used as seismic 

excitation (Fig. 2). In a similar manner to the IDA methodology (Vamvatsikos & Cornell, 2002), each record is scaled to 

PGA ranging from 0.1 g to 1 g, yielding a dataset of 300 seismic excitations. 

 

 
Figure 2. Real records used as seismic excitations for the nonlinear dynamic time history analyses. 

 

In contrast to previous research on the subject, which aimed at identifying efficient IMs (e.g., Housner, 1952; Arias, 1970), 

the proposed RARE framework develops nonlinear regression models, combining an optimum number of statistically 

significant IMs. Previous studies have shown that a single IM is not always adequate to capture all of the characteristics of a 

seismic motion (e.g., Garini & Gazetas, 2013). In Anastasopoulos et al. (2015a), this was demonstrated using an idealized 

(single) bridge pier, which was considered as a SDOF system. One such example is shown in Fig. 3a, referring to the 

correlation of one of the most efficient IMs, the Velocity Spectrum Intensity VSI (Von Thun et al., 1988), with a typical DI, 

the maximum drift ratio δr,max: 
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𝛿𝑟,𝑚𝑎𝑥 = 𝛿𝑚𝑎𝑥ℎ ∗ 100%                                                  (1) 

 

where 𝛿𝑚𝑎𝑥 is the maximum displacement at the top of the pier relative to its base and ℎ is the height of the pier. 

 

For VSI = 3 m, the damage can be seen to vary from minor (δr,max < 1%) to severe, if not collapse (δr,max > 3%). An example 

of the efficiency of the nonlinear regression equations (Anastasopoulos et al., 2015a) is summarized in Fig. 3b, comparing 

the observed (FE analysis) to the predicted δr,max (multivariate equation). The nonlinear regression equations offer a significant 

reduction of the deviations between predicted and observed values. Such equations are easily programmable and can be 

employed for real-time damage assessment. 

  
Figure 3. (a) Correlation of δr,max  as obtained from the FE analysis with VSI; and (b) observed (FE analysis) vs. predicted 

using the proposed nonlinear regression model equation maximum drift ratio δr,max . 

 

Simplified Method To Simulate The Seismic Response Of Motorway Bridges 

 

The efficiency of the proposed multivariate equations is highly depended on the accuracy of the FE model used to conduct 

the dynamic analyses. A SDOF system is a common approximation to analyze the response of a bridge in the transverse 

direction. In the longitudinal direction, an equivalent SDOF system with rotational fixity at the top (to account for a 

monolithically connected deck) is commonly assumed. While such simplifications can be reasonable for long multi–span 

bridges, this is not the case for relatively short motorway overpass bridges, such as the ones examined herein. In such cases, 

the analysis may entail gross errors if the contribution of the deck, and of the abutment bearings and stoppers is not taken into 

account. 

 

To quantify the aforementioned gross errors, a typical overpass bridge (A01-TE20) of Attiki Odos Motorway is selected as 

an illustrative example. As shown in Fig. 4a, the selected system is a symmetric 3-span bridge, representative of about 30% 

of the bridges of Attiki Odos. A detailed 3D FE model of the bridge–abutment–foundation–soil system was developed in 

ABAQUS, and used as a benchmark. It is compared both in terms of static pushover and nonlinear dynamic time history 

analysis with “equivalent” SDOF systems of the bridge, assuming free-end and rotational fixity at the top for the transverse 

and the longitudinal direction, respectively. As shown in Figs. 4b and 4c, the overly-simplified SDOF models are proven 

unrealistically conservative, as they ignore the contribution of the lateral and rotational restraint provided by the deck and the 

system of abutment bearings. 

 

A simplified method was outlined in Anastasopoulos et al. (2015b), considering an equivalent SDOF system of the most 

vulnerable pier with appropriate springs and dashpots at its top and bottom to account for the contribution of key structural 

components and nonlinear soil–structure interaction, SSI (Fig. 5). The latter was further extended to account for abutment 

stoppers, in the longitudinal (Agalianos et al., 2017) and the transverse direction (Sakellariadis et al., 2017), and was further 

validated for more complex systems. 
 
As schematically illustrated in Fig. 5b, the simplified model is composed of a column having the stiffness, height, and 

moment–curvature (M–c) response of the pier, and a concentrated mass mp. The latter refers to the proportion of the deck 

mass distributed according to the stiffness of the simplified model, relative to that of the entire system. Linear elastic springs 
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and dashpots are used to model the shear stiffness (Ks) and damping (Cs) of the abutment bearings. In addition, a rotational 

spring (Kr) and a rotational dashpot (Cr,) are added at the top. In the longitudinal direction, this accounts for the flexural 

stiffness and damping of the deck. In the transverse direction, if the deck was rigidly connected to the abutments, Kr would 

be equal to the torsional stiffness of the deck. In reality, however, the deck is connected to the abutment through the system 

of bearings, which has its own rotational stiffness. Hence, the overall rotational stiffness in the transverse direction (Kr) is 

equal to that of the system of the two rotational springs in parallel. 

 

The stoppers are modelled with special “gap” elements, introduced between the deck and the abutments. The gap elements 
are activated only in compression, and only after the initial clearance δc has been consumed. When the deck collides on the 

abutment stoppers the behavior of the bridge is different in each direction. In the longitudinal direction the horizontal 

resistance of the abutment system depends on the retaining wall and the embankment soil. As discussed in Agalianos et al. 

(2017), the latter is modelled through a nonlinear spring and a linear dashpot (Kab, Cab). In the transverse direction, when the 

available clearance δc is consumed, the deck will collide on the abutment stoppers. In such a case, as discussed in Sakellariadis 

et al. (2017), it is very important to consider the bending stiffness (Kd) and damping (Cd) of the deck along its strong axis. 

 

 

Figure 4. Illustration of the inadequacy of overly-simplified SDOF models: (a) detailed 3D FE model of bridge A01-TE20 

used as benchmark; Comparison of SDOF models with the benchmark in static pushover (F–δ) response, and summary of 
dynamic time history analyses for all seismic excitations–predicted (SDOF models) vs. observed (detailed 3D model) ratio 

of ductility demand over ductility capacity (μd /μc): (b) in the transverse; and (c) in the longitudinal direction. 
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The soil–foundation system is replaced by horizontal, vertical, and rotational springs and dashpots, according to the 

methodology introduced in Gazetas et al. (2012) and Anastasopoulos & Kontoroupi (2014). The horizontal (KH and CH) and 

vertical (KV and CV) springs and dashpots are assumed elastic, and can be directly obtained by published solutions (Gazetas, 

1983). For the rotational degree of freedom, a nonlinear rotational spring (KR) is employed, accompanied by a linear dashpot 

(CR). 

 
Figure 5. Simplified model accounting for key structural components, nonlinear SSI, and abutment stoppers of clearance 

δc: (a) schematic illustration of key mechanisms; and (b) outline of the model. 

 

The proposed simplified model was validated for 5 bridges of Attiki Odos (Fig. 6). These bridges were carefully selected to 

cover a wide range of typologies found in the specific motorway, but are also representative of similar motorways around the 

world. To generalize the conclusions, as much as possible, both the shortest and the longest bridges of Attiki Odos were 

examined, as well as bridges with single column piers, multi-column piers, and thin-walled piers. A summary of the efficiency 

of the proposed simplified models is presented in Fig. 7, indicatively for the Lefkada-2003 record in the transverse direction. 

 

 
Figure 6. Detailed 3D FE models of 5 bridges of the Attiki Odos motorway, used as benchmarks. 
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The results indicate that similar bridges may exhibit a substantially different seismic response. For example, road bridge A07-

TE11 is almost identical to the rail bridge A07-TE11. Their main difference is that the rail bridge is equipped with abutment 

stoppers of negligible clearance δc = 0, while in the road bridge the deck is only restrained by the bearings at the abutments. 

This is a small but crucial difference, which makes the rail bridge extremely stiffer, as revealed by its seismic response (Fig. 

7). Bridges A17-TE01 and A17-TE09 are also quite similar structural systems. Their main difference lies in the piers, which 

are thin-walled section piers in the first case. As shown in Fig. 7, such piers are quite stiff in the transverse direction, leading 

to minimum drift. Most importantly, the results show that the proposed simplified model can accurately capture the response 

of a variety of motorway bridges, capturing the effect of key structural components, abutment stoppers, and nonlinear SSI. 

 

 
 

Figure 7. Comparison of the proposed simplified models to the detailed 3D model of the 5 bridges examined: predicted 

(using the simplified model) vs. observed (using the rigorous 3D model) time histories of deck drift δ , indicatively for the 

Lefkada-2003 record in the transverse direction. 
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CLASSIFICATION SCHEME FOR TYPICAL OVERPASS BRIDGES 

 

The developed simplified models account for the contribution of key structural components and SSI, having a major 

comparative advantage (compared to detailed 3D models) in terms of computational effort. Such models can be used to 

generate the necessary datasets for the development of the multivariate nonlinear regression model equations for real-time 

seismic damage assessment. Using such simplified models, it is feasible to apply the proposed methodology to a single bridge 

and generate the equations for real-time damage assessment. However, a motorway typically includes a few hundreds of 

bridges. Even using the developed simplified models, analyzing such a number of bridges one-by-one would require a 

substantial computational effort. Hence, there is a need for classification. 

 

In this context, the classification scheme proposed by Anastasopoulos et al. (2015b) is used herein (Fig. 8). The five examined 

bridges belong to the same class, which is considered to be the most vulnerable. However, based on the results of Fig. 7, it 

can be concluded that bridges that belong to the same class can vary significantly in terms of seismic response. Various 

factors, such as asymmetry, total length, pier typology, and abutment stoppers were proven to significantly affect the seismic 

performance of the examined bridges calling for a more detailed classification. A well-defined classification criterion is 

proposed herein, and its validity is assessed for two representative bridges, in each direction of loading. 

 

 
Figure 8. Classification scheme proposed for the bridges of the Attiki Odos motorway (Anastasopoulos et al., 2015b). 
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A criterion of equivalence for SDOF systems is proposed, based on which two SDOF systems with the same natural period 
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SDOF systems are developed (Fig. 9a), and their seismic response is comparatively assessed using the 30 real records of Fig. 

2. A detailed comparison in terms of time histories of drift, δ, is shown in Fig. 9a, referring to one of the strongest records 
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demand over ductility capacity (μd/μc) is presented in Figs. 9b and 9c, respectively. It may be concluded that the two SDOF 

systems can be considered equivalent, particularly within the context of a RARE system. 
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Figure 9. Comparison between two different, but equivalent SDOF systems (A,B), having the same natural period T, design 

acceleration ay, and curvature ductility capacity μc: (a) detailed comparison of drift δ time histories, indicatively for 
Takatori_000 record; (b) summary of the 30 dynamic analyses in terms of maximum drift δmax of System A (vertical axis) vs. 

System B (horizontal axis); and (c) summary comparison in terms of ductility demand over ductility capacity (μd/μc). 

 

Verification In The Longitudinal Direction 

 

The previous comparison is definitely encouraging, but it only refers to a specific idealized example. To derive a more 

generalized conclusion, the proposed equivalence criterion is verified for more complex systems. To that end, two bridges of 

Attiki Odos with similar values of T, ay and μc are selected and examined for each direction of seismic loading. In both cases 

examined, the comparison is performed using the proposed simplified models. This section deals with the longitudinal 

direction, and the transverse direction follows. 

 

The selected bridges, A17-TE01 and A18-TE18, are schematically illustrated in Fig. 10. The two bridges are substantially 

different in terms of total length (156.7 / 112.7 m), deck dimensions (15.1 x 2 / 8.2 x 1.2 m) and piers (1.2 x 9.8 / 0.9 x 4 m). 

Moreover, while the A17-TE01 bridge has elastomeric bearings in 2 of its 4 piers (M1 and M4), in the case of the A18-TE18 

bridge all piers are monolithically connected to the deck. Nevertheless, the relevant simplified models have almost the same 

natural period (T = 0.37 s and 0.36 s) and yield acceleration (ay = 0.27g and 0.26g), and fairly similar ductility capacities (μc 

= 19 and 16). Therefore, they meet the criteria of the proposed equivalence criterion. Their performance is assessed on the 

basis of nonlinear dynamic time history analyses, using a subset of 14 records as seismic excitation, carefully chosen to cover 

a wide range of excitation characteristics (see Fig. 2). 

 

The performance of the two simplified models is comparatively assessed in Fig. 11. The efficiency of the proposed 

classification scheme is assessed on the basis of dynamic time history analyses. A detailed comparison of the drift (δ) time 

histories of the two bridges is presented for two characteristic seismic excitations: Aegion (Fig. 11a) and Kalamata (Fig. 11b). 

The results of the analyses (for all 14 seismic excitations) are summarized comparing the maximum drift ratio δr,max (Fig. 

11c) and the ratio of ductility demand over ductility capacity μd/μc (Fig. 11d) of the two bridges. 
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Figure 10. Key attributes of the two significantly different bridges of the Attiki Odos motorway used to examine the 

efficiency of the proposed equivalence criterion in the longitudinal direction. 

 

As shown in Fig. 11, the performance of the two bridges is quite similar, both in terms of δr,max and μd/μc. In addition, the 

mean average percentage error (MAPE) is estimated: 

  𝐴𝑃𝐸 = 1𝑛 ∑ |𝑃𝐸𝑖|𝑛𝑖=1                                                                    (2) 

 

where: 𝑃𝐸𝑖 = 100% (𝑌𝑖   𝑌𝑖̂ )  𝑌𝑖  is the percentage error for observation i of the actual (observed) damage index value Yi, 

and the model-estimated (predicted) damage index value 𝑌𝑖̂, for observation i. The resulting MAPE values give the percentage 

that the predictors under- or over-estimate the observed values, on average. The mean absolute percentage error (MAPE) is 

approximately 19% and 26% in terms of δr,max and μd/μc, respectively. In addition, in most cases examined, the drift time 

histories compare adequately well in terms of frequency content, cycles and maximum values, especially taking into account 

the significant differences of the two structural systems examined. 

 
The performance of the two bridges is also compared in terms of observed damage states, with reference to Response Limit 

States (Priestley et al., 1996) for δr,max and μd/μc (Table 1). As shown in Fig. 12a (always referring to the longitudinal direction), 

in terms of δr,max the two bridges are in the same damage state for 12 out of 14 records examined, while 1-state difference is 

observed for 2 records.  In terms of μd/μc, 11 out of 14 cases are in the same damage state, while 3 out of 14 have 1 state 

difference (Fig. 12b). In both damage indices there are 0/14 errors (2-state difference). Therefore, the proposed classification 

scheme can be considered adequate in the context of a RARE system. 

 

Table 1. Performance limit states used to characterise structural damage. 

 

Damage States based on δr,max 

Minor Damage Moderate Damage Severe Damage 

< 1% 1–3% > 3% 
 

Damage States based on μd/μc 

No essential Damage Minor Damage Moderate Damage Severe Damage 

< 20% 20–50 % 50–70 % > 70 % 

19.6 m 24.5 m 24.5 m 19.6 m24.5 m

7.8 m 7.8 m9.3 m 9.3 m

A17-TE01 : Total length 156.7 m

25 m 40.3 m 23.8 m 33.6 m 34 m

9 m

A18-TE18 : Total length 112.7 m

9 m9.3 m 9.3 m
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Verification In The Transverse Direction 

 

The efficiency of this equivalency criterion is subsequently assessed for more complicated systems in the transverse direction. 

Two other bridges of Attiki Odos, having similar T, ay and μc are selected for comparison. Bridge A04-TE12 (Fig. 13) is a 3 

span, asymmetric bridge with a total length of 44.5 m. The deck is monolithically connected to two multicolumn piers and 

supported on bearings at the abutments. The developed simplified model has the following characteristics: T = 1.07 s, ay = 

0.098 g and μc = 19.9. The abutment stoppers are also modelled, having a clearance δc = 140 mm. The second selected bridge, 

A05-TE10 (Fig. 13), is substantially different. It is an almost symmetric, much longer (113.3m), 6 span system. The deck is 

monolithically connected to 5 multicolumn piers and supported on bearings at the abutments. The simplified model has the 

following characteristics: T = 1.18 s, ay = 0.074g and μc = 22.4. In this case, the abutment stoppers have a clearance δc = 150 

mm, which is quite similar to the first bridge. The same subset of seismic records (Fig. 2) is used to compare the seismic 

performance of the two bridges. 

 

 
 

Figure 11. Verification of the equivalence criterion in the longitudinal direction. Comparison of two different bridges of the 

Attiki Odos motorway (A17-TE01, A18-TE18), which have the same natural period T, design spectral acceleration ay, and 

similar curvature ductility capacity μc. Detailed comparison in terms of drift δ time histories, indicatively for (a) Aegion; 
and (b) Kalamata record.  Summary of all dynamic analysis results (all 14 records) in terms of: (c) maximum drift ratio 

δr,max of bridge A17-TE01 (vertical axis) vs. that of bridge A18-TE18 (horizontal axis); and (d) ratio of ductility demand 

over ductility capacity μd/μc. 
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Figure 12. Verification of the equivalence criterion in the longitudinal direction. Comparison of two different bridges of the 

Attiki Odos motorway (A17-TE01, A18-TE18), which have the same natural period T, design spectral acceleration ay, and 

similar curvature ductility capacity μc. Comparison in terms of damage states (1st column: A17-TE01; 2nd column: A18-

TE18) based on (a) maximum drift ratio δr,max; and (b) ratio of ductility demand over ductility capacity μd/μc. 

 

 
Figure 13. Key attributes of the two significantly different bridges of the Attiki Odos motorway used to examine the 

efficiency of the proposed classification criterion in the transverse direction. 
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The seismic performance of the two systems is compared in terms of time histories of deck drift δ. Figures 14a, b present 

indicatively the results for 2 strong records (Lefkada-2003, and Lucerne). The two bridges are also compared in terms of 

δr,max and μd/μc in Fig. 14c, d. Despite their differences, the response of the two bridges is quite similar in terms of drift δ time 

histories. The same applies to the comparison in terms of δr,max and μd/μc, for all 14 seismic records examined. The mean 

absolute percentage error (MAPE) is approximately 22% and 29% in terms of δr,max and μd/μc, respectively. The observed 

discrepancies are considered acceptable in the context of a RARE system. As for the longitudinal direction, the comparison 

is very satisfactory with respect to Damage States. In terms of δr,max, the two bridges are in the same damage state for 13 out 

of 14 records (Fig. 15c), while 1-state difference is observed for one record only. In terms of μd/μc, 10 out of 14 cases are in 

the same damage state while 4 out of 14 have 1 state difference (Fig. 15d). As previously, in both damage indices there are 

0/14 errors (2-state difference). 

 

 

Figure 14. Comparison between the simplified models of two different bridges of the Attiki Odos motorway (A04-TE12, 

A05-TE10) in the transverse direction with the same natural period (T), design spectral acceleration (ay) and ductility 

capacity in terms of drift δ time histories indicatively for (a) Lefkada-2003; and (b) Lucerne records. Summary of the 14 

dynamic analyses in terms of observed (FE analysis of A04-TE12) vs. observed (FE analysis of A05-TE10) structural 

damage expressed with (c) maximum drift ratio (δr,max); and (d) ratio of ductility demand over ductility capacity (μd/μc). 
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Figure 15. Verification of the equivalence criterion in the longitudinal direction. Comparison of two different bridges of the 

Attiki Odos motorway (A04-TE12, A05-TE10), which have the same natural period T, design spectral acceleration ay, and 

similar curvature ductility capacity μc. Comparison in terms of damage states (1st column: A04-TE12; 2nd column: A05-

TE10) based on (a) maximum drift ratio δr,max; and (b) ratio of ductility demand over ductility capacity μd/μc. 

 

Based on these results, both for transverse and longitudinal direction, the two examined bridges can be considered equivalent 

in terms of dynamic response, especially for the purposes of a RARE system. Therefore, the efficiency of the examined 

criterion of equivalence is assessed in more complicated systems and can be considered of more general validity. According 

to this, two bridges of the same class can be considered equivalent if they have similar: T, ay, μc. Based on this criterion, 

representative bridges can be selected and used to predict the seismic performance of the corresponding classes. 

 

PILOT APPLICATION TO ATTIKI ODOS MOTORWAY 

 

A pilot application of the RARE methodology is performed on the Attiki Odos motorway, in Athens, Greece. Although the 

real-time system is not yet functional, a network of accelerograph stations has been installed, and a pilot application of the 

overall RARE framework is conducted to prove its efficiency in real-life systems. 

 

Accelerograph Network: Design And Installation 

 

A network of 8 accelerographs was installed at “free field” positions along the highway (Fig. 16). The criteria considered in 

order to define the optimum location for each instrument along the motorway were: 

 

1. Proximity to a highway facility (e.g., toll plaza), in order to facilitate the supply of power. 

 

2. Absence of any major structure in close vicinity, so that the recorded shaking may be characterized “free field” 
and not influenced by the interaction with nearby structures. 

 

3. Even distribution along the motorway, so that each one records the shaking affecting structures within a radius of 

6-8 km around it. 
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Indeed, in accord with the concept described in the previous sections, the network has been installed so that the recording of 

each accelerograph may be considered representative of the free field shaking of a different section of the motorway. As such, 

the free field demand exerted upon each structure is calculated using the readings of the two closest accelerographs. 

 

All readings are tagged both in the time and the space domain within a database maintained in the control unit and 

administered by the highway network administrator. Hence, they may be manipulated in real time in order to calculate the 

damage index pertaining to each structure following the methodology presented previously. 

 

 
 

Figure 16. Schematic representation of the installed network. 

 

Accelerograph Network: Implementation 

 

The implemented system, a set of Reftek Strong Motion High Resolution Recorders (with a dynamic range >155dB and a 

high precision oscillator for precise time-keeping), comprised 8 free-field reference stations automatically broadcasting 

information when a significant earthquake event occurs (Fig. 17). In order to isolate actual earthquake recordings from traffic 

induced signals, proper frequency cutoff ranges as well as acceleration threshold amplitudes have been adjusted. The 

instruments were fixed on purpose-built concrete foundations embedded in the soil. Expanded polystyrene layers were 

installed between the sides of the concrete foundations and the surrounding soil in order to isolate the recording from the 

behavior of the surface soil layers around the instrument. For automation purposes, all 8 accelerographs were oriented so that 

their x recording direction coincides with the global N-S direction, while GPS clocks are by default fixed on each instrument, 

in order to ensure time and location synchronization. All instruments have been connected with the fiber-optic network 

running along the highway in order to immediately broadcast recordings and report their own health condition (e.g., faults in 

power supply or memory) to the control station. Normally, constant external power supply is provided to the instruments 

from nearby highway facilities; however built-in battery backup is always available to cover any temporary power outage. 

Similarly, recorded data are constantly transmitted to the control unit servers; yet internal memory cards provide ample 

backup space able to guarantee an up to 10-days continuous data storage. 
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Figure 17. View of one accelerograph station. (a) The highway section monitored; (b) The station with the GPS antenna; 

(c) Close-up of Recording Instruments and wiring. 

 

Development Of Multi–Variate Relations 

 

Using the proposed classification scheme, representative bridges can be selected for the corresponding classes. In the Attiki 

Odos motorway network, 42/192 of the bridges belong to the MSFC/B class (see Fig. 8). The proposed criterion is applied to 

these bridges, which are classified in 5 classes for each direction of loading. Thus, 5 characteristic cases can be examined for 

each direction, leading to a significant reduction of the computational effort. In the present paper, the RARE methodology is 

applied indicatively for one class using bridge A01-TE20 for both directions. The extended simplified model (Fig. 5) of A01-

TE20 bridge is used herein. The latter is shown to be a reasonable approximation for both directions. The computational 

effort to perform the entire set of analyses using a detailed 3D model (Fig. 4) is prohibitive. The simplified model is used to 

perform a series of nonlinear dynamic time history analyses using 30 real records as seismic excitation (Fig. 2) scaled to PGA 

ranging from 0.1 to 1 g. Therefore, a total of 300 analyses are performed, deriving the necessary dataset. 
 

The output of the numerical analyses refers to the structural damage of the bridge, expressed in terms of δr,max and μd/μc, 

which are two very commonly used DIs, as a function of 19 popular IMs found in the literature. Based on the results of the 

FE analyses, a dataset correlating the selected DIs with the relevant IMs is developed. The latter is used to develop the 

nonlinear regression model equations, correlating a single DI with the statistically significant IMs, according to the 

methodology described in Anastasopoulos et al. (2015a). The resulting linear regression model equations for the 2 selected 

DIs and for both longitudinal (Eqs. 3, 4) and transverse (Eqs. 5, 6) direction are as follows: 

(a)

(c)(b)
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𝛿𝑟,𝑚ax =  XP{  
  0.3 ∗LN PGA +10.758∗ 1PGV –  .098∗ 1√PGD +0.916∗ 1√𝐷𝑅𝑀𝑆−– 0. 11∗ 1√𝐼𝑐 – 9.174∗ 1√𝑆𝐸 + 167.566∗ 1CAV +0. 1∗√VSI−– 0.139∗√𝐼𝐻 – 0.0  ∗ 1SMA + 3. 08∗ 1SMV − 0. 33∗ 1T𝑚𝑒𝑎𝑛 }  

  
                                                                   (3) 

R2
adjusted = 0.95 

𝜇𝑑𝜇𝑐 =  XP{   
   4. 33∗√PGA + 7.5 1∗ 1PGV –  .999∗ 1PGD +0.999∗ 1√𝐷𝑅𝑀𝑆 + + 1.91∗√I𝑐 –  4. 01∗ 1𝑆𝐸2 + 999 .605∗ 1CAV2 − 46.358∗ 1√VSI + + 79.057∗ 1𝐼𝐻 – 0.0003 ∗ 1SMA2 −  .045∗𝐴952 – 0.7 7∗ 1√𝑇𝑚𝑒𝑎𝑛 }   

   
                                                                                            (4) 

R2
adjusted = 0.95 

𝛿𝑟,𝑚ax =  XP[  
  0.459∗LN PGA + 6.706∗ 1PGV −1.681∗ 1√PGD− 8.704∗𝐴𝑅𝑀𝑆2+1.1 ∗ 1√𝐷𝑅𝑀𝑆– + .307∗ 1SMV + 0.109∗LN 𝑇𝑃 – 0.  ∗ 1T𝑚𝑒𝑎𝑛+ 0.071∗√𝐷𝑠𝑖𝑔. ]  

  
                                                                                  (5)      

R2
adjusted = 0.96 

  μd μc   =   XP[3.955∗√PGA –  .335∗ 1PGD –  7.93 ∗ARMS2 +1. 68∗ 1√DRMS+ 5.768∗√Ic− −33.871∗ 1√VSI + 68.673∗ 1IH ––  .354∗A952 – 1.631∗ 1√Tmean ]
                                                                                        (6)     

R2
adjusted = 0.94 

 

In Equations 3 through 6, the independent variables (IMs) on the right hand side are all found to be statistically significant, 

at a 0.95 level of confidence. While including the IMs in the econometric models, attention was given to common model 

estimation mis-specification issues (multicollinearity, endogeneity, heteroscedasticity, autocorrelation, spurious correlation, 

etc.). The estimated models are thus well specified. The models’ overall statistical fit can be assessed through the Adjusted 
R-squared, as follows: 

 𝑅𝑎𝑑𝑗𝑢𝑠𝑡𝑒𝑑 = 1  [ 𝑛  1  𝑛  𝑝  ] ∗ [(∑ (𝑌𝑖  𝑌̂𝑖) 𝑛𝑖=1 )   ∑  𝑌𝑖  𝑌̅  𝑛𝑖=1  ⁄  ]                                                                  (7) 

 

where Yi and 𝑌𝑖̂ are the observed and predicted values, respectively, of the dependent variable (i.e., DI) for observation i (i = 

1, 2, …, n), 𝑌̅ is the observed mean value of the dependent variable, and p is the number of 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. This makes the Adjusted R-squared a robust goodness-of-fit measure 

when comparing competitive models with different number of parameters. Overall the Adjusted R-squared values for the 

developed nonlinear regression models are quite satisfactory. 

 

Efficiency Of The Simplified Method 

 

The efficiency of the nonlinear regression model equations is examined comparing the predicted structural damage of the 

simplified model (and therefore of the bridge) by using the corresponding equation, to the observed one, as obtained from the 

numerical analyses. Figure 18 presents the results of 300 dynamic time history analyses in terms of observed vs. predicted 

structural damage for the two DIs and for both loading directions. The mean average percentage error (MAPE) is about 16% 

and 36% for δr,max and μd/μc (both directions), respectively. The MAPE values are considered quite satisfactory. Overall, it 

can be concluded that the nonlinear regression model equations reduce significantly the discrepancies between predicted and 

observed values. 
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Figure 18. Summary of the 300 dynamic time history analyses in terms of predicted (nonlinear regression model equation) 

vs. observed (FE analysis using the simplified model) structural damage expressed with the maximum drift ratio (δr,max) and 

ductility demand over ductility capacity (μd/μc) for: (a) the longitudinal; and (b) the transverse direction. 

 

The previously discussed comparison is quite satisfactory, but still, refers to the same dataset that was used to develop the 

nonlinear regression model equations. It is therefore considered important to verify the predictive capability of the derived 

equation using out-of-sample data. For this purpose, the 5 out-of-sample historic earthquake records of Fig. 19 are used. A 

new series of nonlinear dynamic time history analyses are performed, this time using the rigorous 3D model of the A01-TE20 

bridge (see Fig 4a). This is a non-trivial test for the nonlinear regression model equations, which were developed using the 

simplified models, and are now tested against the detailed 3D benchmark model. 

 

 

Figure 19. Out-of-sample records used for further verification of the simplified method. 

 

Figure 20 presents a summary of the results of the dynamic time history analyses for the 5 out-of-sample seismic excitations, 

in terms of predicted (using the nonlinear regression model equations) vs. observed (FE analysis of the detailed 3D model) 

maximum drift ratio δr,max and ductility demand over ductility capacity μd/μc. The discrepancies are within the expected range 

and are considered rather minor, given the fact that the equations used for the prediction are based on the simplified model, 

while the observed structural damage is computed using the rigorous 3D model of the bridge. The results can be seen to test 

simultaneously the efficiency of the simplified models, and of the nonlinear regression technique. 
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Figure 20. Efficiency of nonlinear regression model equations for out-of-sample historic records. Predicted (nonlinear 

regression model equation) vs. observed (FE analysis using the detailed 3D model) drift ratio δr,max and ductility demand 

over ductility capacity μd/μc, for: (a) the longitudinal; and (b) the transverse direction. 

 

Finally, the efficiency of the developed nonlinear regression model equations is comparatively assessed in Fig. 21 in terms 

of observed damage states, based on the results of the detailed 3D benchmark models, vs. predicted ones, using the developed 

nonlinear regression model equations. The comparison is performed for the two DIs and for the 5 out-of-sample historic 

records. The damage states considered are based on typical values of maximum drift ratio δr,max and μd/μc for each damage 

state, with reference to Response Limit States (Priestley et al., 1996). It is also shown on how many cases (out of the 5 

dynamic analyses) the observed damage state is the same with the predicted one and on how many there is no more than one 

state difference. 

 

In the case of δr,max, the nonlinear regression model equation correctly predicts the damage state in all cases examined and for 

both directions. The performance is slightly worse in the case of μd/μc, in which case the correct prediction rate is 80% (4 out 

of 5), while a one-state difference is observed in 20% of the examined cases (1 out of 5). Therefore, overall it is shown that 

the nonlinear regression model equation constitute a satisfactory way to estimate the structural damage of such bridge systems 

in both directions of seismic loading, as far as a RARE System is concerned. 

 

SYNOPSIS AND CONCLUSIONS 

 

The present paper presents the necessary methodological framework for a rapid response system (RARE) for typical overpass 

bridges of metropolitan motorway networks. The proposed method is applied in the modern Attiki Odos motorway in Athens, 

Greece. According to the RARE method, the bridges of a motorway network are classified based on the scheme proposed by 

Anastasopoulos et al. (2015b), presented in Fig. 8. The MSCF/B class includes about 30% of the bridges of Attiki Odos that 

is considered the most vulnerable and typical class. The efficiency of the scheme was assessed for 6 bridges (Fig. 6) belonging 

to this class. For these bridges, simplified models that account for the key structural components and SSI were developed, 

according to the methodology developed by Anastasopoulos et al. (2015b) (Fig. 5). Their seismic response varies significantly 

(Fig. 7) calling for further classification. 
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Figure 21. Efficiency of nonlinear regression model equations for out-of-sample historic records. Predicted, using the 

nonlinear regression model equation (1st column) vs. observed, using the detailed 3D FE model (2nd column) damage state 

based on maximum drift ratio δr,max and ductility demand over ductility capacity μd/μc, for: (a) the longitudinal; and (b) the 

transverse direction. 

 

A criterion of equivalence is proposed and validated herein for SDOF systems. According to this, two systems with similar 

natural period (T), yield acceleration (ay) and ductility capacity in terms of curvature (μc) have similar seismic response (Fig. 

9). Its efficiency is further assessed for the proposed simplified models of bridges. To that end, two substantially different 

bridges are selected in each direction of seismic loading (Figs. 10, 13). Their response is comparatively assessed in terms of 

nonlinear dynamic time history analysis (Figs. 11, 12, 14 and 15) and shown to be similar.  Therefore, it is then applied to 

the bridges of the Attiki Odos motorway belonging to the MSCF/B class. According to this classification, 5 representative 

cases can be examined in each direction reducing the computational effort. 

 

The RARE methodology is then applied indicatively for one class using the bridge A01-TE20 as representative in both 

directions. The extended simplified model (Fig. 5) of the A01-TE20 bridge is developed and its seismic response is examined 

using 30 historic records (Fig. 2). The records were scaled to PGA from 0.1 to 1 g yielding a dataset of 300 dynamic analyses. 

Based on the results of the analysis, the dataset was used to develop the nonlinear regression model equations, correlating a 

single DI (δr,max, μd/μc) with the statistically significant IMs. Their efficiency was assessed in terms of predicted (nonlinear 

regression model equation) vs. observed (FE analysis of rigorous 3D model) structural damage for 5 out of the sample records 

(Fig. 19) in both directions. The latter is expressed in terms of maximum drift ratio (δr,max) and ratio of ductility demand over 

ductility capacity (μd/μc) (Fig. 20), and in terms of the relevant damage states (Fig. 21). It can be concluded that the 

multivariate equations (using the simplified model) estimate very satisfactorily the expected structural damage of the bridge, 

having as a benchmark the rigorous 3D model (Fig. 4a). This methodology can be then applied for each of the 5 proposed 

classes in each direction. As schematically illustrated in Fig. 1, in the event of an earthquake the real-time system will record 

seismic accelerations at various locations along the motorway. For each structure, the nearest record(s) will be used to assess 

the seismic damage employing the multivariate equations for the corresponding class. 
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