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Abstract 

The seismic response of metro tunnels is of major importance for the sustainability of urban centers, as tunnels are 

critical elements of metro networks and they transport millions of passengers per day. Although ground tunnels may 

suffer less damage than conventional aboveground structures, recent experimental and post-earthquakes reconnaissance 

studies have shown that extensive damage under typical design earthquake scenarios may be possible. Evaluating the 

seismic response of metro tunnels on a scenario-based approach is difficult without a well-calibrated numerical 

constitutive model suitable for soil-structure interaction problems. In addition, published fragility functions for tunnels 

are very scarce; most of them developed for tunnels in regions affected by shallow crustal earthquakes, and derived 

from numerical analyses that rely on a small number of ground motions recordings. Traditional approaches may provide 

reasonable estimates of the median tunnel response; however, they are not well suited to characterize the uncertainty in 

the response, which is vital for risk-based assessments. To address some of these limitations, the current study uses a 

performance-based approach to estimate mean rates of exceedance of critical engineering demand parameters (EDPs) 

used in tunnel design (e.g., internal forces on the lining, diametral strains, ground deformation parameters, among 

others). Additionally, a new set of fragility functions for EDPs are developed taking into account an earthquake dataset 

with large number of records to capture the mean EDP values as well as a quantification of uncertainties. The fragility 

functions are derived from finite element model (2D) and dynamic analyses of a dual-track circular tunnel on medium 

dense soil; the tunnel has a depth of 15 m, 6 m in diameter, and a 30 cm thick sprayed concrete lining with steel rebar, a 

typical design for interstation tunnels used in dense urban areas. The numerical model implemented in OpenSees uses 

linear elastic elements for the lining and the non-linear pressure dependent constitutive model PDMY02 [1] to model 

the soil response. To guarantee reliable simulations, the model parameters were validated with dynamic centrifuge test 

results of a circular tunnel on Leighton Buzzard Sand (LBS) subjected to harmonic base excitation, laboratory tests for 

the sand, and results derived from the theory of elasticity. The numerical model considers a no-slip condition for the 

soil-structure interaction. The numerical model captured the stiffness, strength, and energy dissipation properties of the 

materials, as well as the dynamic response of the soil deposit and the tunnel. The preliminary results show that the peak 

ground acceleration at bedrock is an efficient intensity measure to characterize the tunnel response at shallow crustal 

regions.  

Keywords: tunnels, seismic fragility functions, performance-based design, numerical modelling, damage parameters 

1. Introduction 

Urban tunnels are a critical component of transport infrastructure; in seismic regions, these systems must 

remain operational and not suffer damage after an exceptionally severe earthquake. Although tunnels are 

regarded as seismically safe structures, there is a possibility that a tunnel will experience significant damage 

during its lifespan, which can lead to cascading effects of direct and indirect consequences. For example, the 

Metro system in Santiago, Chile, has a tunnel network of more than 140 km and transports almost 2.6 million 

passengers daily. A severely damaged arc of the network can lead to loss of human lives, extended service 

interruptions (e.g., weeks or months), and economic losses to the state.  
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Recent histories show that tunnels can suffer significant damage due to high ground shaking levels and 

site amplification effects, which increase the level of deformations in the tunnel [2]. For instance, Power et 

al. [3] analyzed more than 200 cases of seismic tunnel response, mostly from the 1995 Kobe earthquake (Mw 

7.5) and the 1994 Northridge earthquake (Mw 6.7). The authors conclude that underground structures are 

less vulnerable to earthquake damage relative to ordinary aboveground structures (i.e., fixed base, without 

added energy dissipation), and that tunnels through soil exhibit higher damage rates than rock tunnels. Most 

importantly, tunnels that suffered severe damage or collapse typically involve some form of ground failure 

(e.g., liquefaction, slope failures in tunnel portals, or tunnels across active faults, among others). Likewise, 

Yashiro et al. [4] documented the tunnels damaged during the 1923 (Mw 7.9) Kanto earthquake in Japan, 

where over 90 tunnels near the rupture area were damaged and service was interrupted for approximately 2 

months. The study also documents the response of tunnels during the 2004 Niigataken-Chuetsu earthquake 

(Mw 6.8), where 24 tunnels were damaged. During the 1989 Loma Prieta earthquake (Mw 6.9) no damage 

was reported on the BART (Bay Area Rapid Transit) tunnels in San Francisco and the Los Angeles Metro 

[5]; indeed, these systems were operative within 24 hours of the earthquake. In contrast, the Oakland-

Alameda tube suffered extensive cracking due to lining deformations induced by liquefaction of the 

surrounding media. 

Kuesel [6] developed a simplified soil structure interaction (SSI) method to evaluate the seismic 

response of tunnels, which was then applied in the design of BART. His pioneering work led to further 

developments of ‘deformation analyses’, in which the ground deformations due seismic waves are 

transmitted to the lining. The author noted that small diameter tunnels (e.g., buried pipelines, conduits), are 

more sensitive to tensile deformations and shear deformations occurring along the tunnel’s axis, whereas 

larger tunnels (e.g., metro systems) are more sensitive to shear deformations parallel to the tunnel’s cross 

section.  

Estimating the seismic tunnel deformation and internal forces remains a challenging problem in 

earthquake engineering. Available methods range from simplified analytical solutions based on the theory of 

elasticity (e.g., [7, 8]), sophisticated numerical analyses (e.g., [2]), and experimental methods [9-11], out of 

which the geotechnical centrifuge is one of the most reliable for studying scaled models. Its main advantage 

over 1-g shaking tables is the ability to simulate dynamic stress increments; on the other hand, centrifuge 

models do not reproduce K0 conditions very accurately, which could be a limitation is many practical cases. 

Recently, Lanzano et al. [12] studied the seismic response of tunnels in dry sand in the centrifuge at 

Schofield Centre, UK. The main objective of this experiment was to characterize the dynamic SSI and obtain 

benchmark response histories to calibrate numerical models. Contrary to the low risk perception that many 

engineers have on tunnels, this study concludes that tunnels may undergo significant damage during strong 

seismic events. After the work by [12], five research teams performed a numerical round-robin to simulate 

the centrifuge models using state-of-the-art software. All participants were given the same information to 

build their numerical models (e.g., soil parameters, geometry, base excitation) and performed blind 

prediction of the key response parameters, including ground acceleration, tunnel deformations and internal 

forces. The five groups matched the ground acceleration histories at several locations reasonably well. 

However, the bending moments in the tunnel could not be reproduced numerically.  

Despite the recent advances in the characterization of seismic tunnels response, computing risk in 

these complex SSI systems is not straightforward. Available fragility functions for deep rock tunnels (e.g., 

[13]) or tunnels through alluvial deposits (e.g., [14]) have been derived from a small number of ground 

motions, and therefore, more research is required to characterize the propagation of ground motion 

uncertainties and the influence of different ground motion datasets on the tunnel response. The present work 

develops vulnerability functions for a circular tunnel in medium dense sand using a performance based 

approach. The results are derived from a finite element implementation of a soil-tunnel system subjected to 

285 ground motions from shallow crustal earthquakes, allowing for a hazard-consistent assessment of risk 

variables. 
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2. Numerical Modeling 

Fragility functions for key response parameters of a circular tunnel in dry Leighton Buzzard Sand (LBS) [15] 

were obtained from a plain strain finite element model implemented in OpenSees [16]. The model geometry 

is based on the scaled centrifuge test by Lanzano et al. [12], which consist of a 23.2 m × 40 m (height × 

width) soil deposit and a circular tunnel 6 m in diameter located 12 m below the surface. The model 

geometry was discretized in 1328 nodes, 1238 quadrilateral soil elements, and 40 linear-elastic frame 

elements in no-slip conditions to represent the sprayed-concrete lining as shown in Fig.1(a). The stress-strain 

relation of LBS elements is described using the PressureDependMultiyield constitutive PDMY02 [1], with 

model parameters characteristic of a medium dense sand (Dr = 75 %, Gs = 2.65, emin = 0.613 y emax = 1.014). 

The small strain shear modulus (also referred to as Gmax) was defined as G/pa = Gb f1(e) f2(p’) [17], with Gb = 

1155, f1(e)=(2.17-e)2/(1+e) and f2(p’)=(p’/pa)0.5, where pa = 100 kPa. Profiles of G/pa versus depth are 

presented in Fig.1(b) and the parameters of the PDMY02 model are shown in the Table 1.   

h

dc

Beam Elements Equal DOF’s Nodes Fixed Nodes

b

d

(a) (b)

 
Fig. 1 – (a) Finite element mesh of the soil-tunnel system (h = 23.2 m, b = 40 m, dc = 12 m, d = 6 m), and (b) 

depth profiles of shear modulus for different relative densities 

Table 1 – Model parameters for LBS using the constitutive relation PDMY02  

Density ρ = 1.55 ton/m3 

Reference shear modulus Gr = 143 MPa 

Reference bulk modulus Br = 310 MPa 

Friction angle ϕc = 32 deg 

Peak shear strain γmax = 0.1  

Reference confining pressure pr’ = 100 kPa 

Pressure dependent coefficient d = 0.5  

Phase transformation angle ϕPT = 27 deg 

Contraction ct = 0.05  

Dilation 1 di1 = 0.6  

Dilation 3 di3 = 3  

Initial void ratio e = 0.71  

 

To create the soil mesh we adopted the recommendations by Kuhlemeyer & Lysmer [18], who 

prescribe elements of maximum size Δl = VS/(8fmax), where Vs = 300 m/s is the average shear wave velocity 

of the soil and fmax the maximum frequency of interest. Both, the centrifuge ground motions and the ground 

motion dataset used to compute risk (discussed in the next section) deliver most of the energy in frequencies 

up to 30-35 Hz, which results in Δl = 1 m. To simulate the free field boundary conditions of the centrifuge 

experiment, an ‘equalDOF’ constraint was assigned to the edge nodes, such that pairs of nodes having the 

same elevation share the same horizontal displacements and vertical displacements. In addition, the base 
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nodes were fixed in both directions. To compute fragility functions and risk, we adopted a three-step 

procedure: (i) estimation of seismic hazard at the tunnel site and ground motion selection, (ii) for each 

selected ground motion, computation of the tunnel response parameters from a non-linear dynamic analysis, 

and (iii) computation of the mean annual rate of exceedance of the tunnel response parameters.  

In the current study, we analyze a hypothetical tunnel located in Oakland-CA and selected 285 shallow 

crustal ground motions from the PEER NGA database. The scaling of ground motions, required to simulate 

severe earthquake loading, was performed with the Conditional Scenario Spectra (CSS) method [19]; this 

method assigns each ground motion in the subset an annual rate of occurrence, such that the annual rate of 

exceedance of PGA and spectral ordinates is consistent with the seismic hazard obtained from standard 

seismic hazard calculations. The 5 % damped pseudo acceleration spectra of selected ground motions is 

shown in Fig.2(a), this particular subset allows to capture both the mean ground motion intensities and the 

uncertainty about the mean. The seismic hazard curves for PGA, and pseudo accelerations at periods T = 0.3 

s and T = 2.0 s are presented in Fig.2(b), where dashed lines represent the hazard curves obtained from the 

2014 National Seismic Hazard Map [20].  

(b)(a)

 
Fig. 2 – (a) Response spectra (ξ = 5 %) of selected ground motions and mean response spectrum; and (b) 

seismic hazard curves for Oakland, CA 

The continuous dotted lines in Fig.2(b) represent the hazard curves reconstructed from the ground 

motion subset in accordance with Eq. (1), where Ne = 285 is the number of acceleration records, IM is the 

ground motion intensity (e.g., PGA or Sa ordinates), ratei is the occurrence rate assigned to the i-th ground 

motion, and H is the Heaviside function. The main advantage of the CSS approach for ground motion 

selection and scaling is that the rates of exceedance of tunnel response parameters are compatible with the 

seismic hazard. 

 

(1) 

 

The equations of motion for the soil-tunnel system were solved using a Newmark scheme (γ = 0.5 y β 

= 0.25) and a uniform timestep Δt = 0.001 s. This scheme proved stable and simulations converged for all the 

285 ground motions. In addition to the energy dissipated by hysteretic cycles, a minimum Rayleigh damping 

of ξmin = 2 % at the fundamental frequency of the soil deposit fmin = 3.2 Hz was supplemented for numerical 

stability and to attenuate high spurious frequencies. 
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3. Model Validation 

The numerical model was validated at the element level through single element tests in cyclic simple shear, 

and at the free field level through the wave propagation on 1-D soil columns, where the ability to reproduce 

equivalent linear results was tested. Finally, the full model response was validated against the centrifuge test 

results by Lanzano et al. [12] using harmonic base excitations. No field data of actual tunnels during 

earthquakes is yet available for validating the finite element model at the required level of detail; thus, the 

current three-stage validation is our best estimate of the model parameters and will be used to compute 

tunnel responses due to severe ground motions. 

 A summary of the single element test results is presented in Fig.3, showing the shear modulus 

reduction curves and damping ratios versus shear strain. Notice that the PDMY02 curves are in good 

agreement with the empirical results by Seed and Idriss [21] and Darandeli [22] for medium dense sands, and 

the resonant column test conducted on LBS [23]. 

(a) (b)

 
Fig. 3 – (a) Shear modulus reduction curves, and (b) damping amplification curves 

The free field validation test results are presented in Fig.4. In this exercise, a 1-D soil column of 

PDMY02 elements was subjected to the Kobe (RSN1104) ground motion scaled to PGA = 0.11 g and PGA 

= 0.05 g. These two ground motion levels induce moderate to light stress non-linearity, with G/Gmax values 

that drop as low as 68 % and 80 % at the bottom of the soil deposit, respectively. For both shaking 

intensities, the OpenSees implementation reproduces the surface response predicted by a linear equivalent 

SHAKE model in terms of acceleration time histories (not shown), peak ground acceleration (PGA), and 

pseudo accelerations. Thus, it is verified that the finite element model captures the soil stiffness and energy 

dissipation correctly. 

In the final validation stage, the dynamic response of the soil-tunnel system was compared to 

Lanzano’s [12] centrifuge experimental data. Four harmonic ground motions of increasing predominant 

frequency (0.375, 0.50, 0.625, 0.75 Hz) and increasing amplitude (0.05, 0.10, 0.12, 0.15 g, respectively) 

were used for comparison purposes. The acceleration histories computed in OpenSees are an excellent 

agreement with the measured response at multiple control stations, including points within the soil near to 

and away from the tunnel, as well as points located at the free surface. A comparison of acceleration times 

histories and 5% damped response spectra due to the 0.15 g amplitude motion is shown in Fig.5. Although 

some minor discrepancies are apparent at point A4 (located right underneath the tunnel), the computed 

response at points A6 and A8 (located right above the tunnel and at the free surface, respectively) matches 

the experimental data reasonably well, both in terms of amplitude and frequency content. In terms of 

volumetric response, the measured surface settlement at 10 m from the centerline was 7.8 cm, whereas the 

computed settlement was 6 cm. The remaining three ground motions led to good comparisons as well.  
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(a) (b)

 
Fig. 4 – Comparison of 5 % damped response spectra on a 1-D soil column due to the Kobe (RSN1104) 

ground motion scaled to (a) PGA = 0.11 g, and (b) PGA = 0.05 g 

 
Fig. 5 – Comparison of acceleration histories (left plots) and response spectra (right plots) at three control 

points on a full 2D model. Harmonic input motion with predominant frequency 0.75 Hz and PGA = 0.15 g 
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4. Seismic Response 

The finite element model was subjected to the 285 selected ground motions. Several model parameters were 

monitored and were later used to compute engineering demand parameters (EDPs), including the internal 

forces on the lining, the drift or ‘ovaling’ deformations, diametral strains, ground accelerations, among other. 

Because of the limitations of plain strain models to account for the construction sequence and stress buildup 

in the elements, EDPs such as forces or deformations are reported as increments relative to the initial static 

conditions, which in this case (e.g., medium dense sand) should not be a serious limitations. All the 

computations were performed in an Ubuntu Server 16.04.4 (128 GB RAM, 2 Intel Xeon processors E5-2660 

v4 2.0GHz each) with a total runtime of approximately 14 days. 

4.1 Internal lining forces 

Fig.6 shows the largest curvature increment on the lining (moment increment normalized by the bending 

stiffness EI) as a function of three alternative intensity measures: peak ground acceleration PGA, peak 

ground velocity PGV, and the pseudo acceleration at the natural period of the soil deposit Sa(T0), with T0 = 

0.3 s, all three referred to the ground motion input (rock motion). From this figure, it is apparent that the 

median curvature increases linearly with the ground motion intensity in a log-log space, and that the 

uncertainty about the median remains approximately constant. A similar pattern was observed for axial 

forces and shear forces.  

 
Fig. 6 – Dynamic increment of curvature as a function of PGV, PGA and Sa(T0) 

This result allows defining a linear scaling model for the internal forces as in Eq. (2), where ‘a’ and ‘b’ 

are regression parameters. Although there is no consensus among engineering on what is the most optimal or 

efficient ground motion intensity to characterize the seismic response of shallow tunnels (e.g., see discussion 

in [24]), the current study shows that PGA gives the largest coefficient of determination (R2) in the linear 

regression out of the three IMs considered. Additionally, a normality tests was applied to the residuals and it 

is verified that they come from a normal distribution. 

 (2) 

In addition, the axial load and bending moments on the lining were compared to the analytical 

solutions by Wang [7] and Penzien [8], who develop closed form equations for a tunnel on a linear elastic 

soil in no-slip conditions (i.e., no relative displacement between the soil and tunnel). The comparison was 

performed using the Kobe (RSN1113) ground motion scaled to PGA values of 0.12, 0.42 and 0.57g. The 

results in Fig.7 show that the computed bending moment distribution in the lining is consistent with 

Penzien’s [8] solution for the different intensity levels. On the other hand, the axial load falls in between 

Wang’s and Penzien’s solution for low shaking levels and approaches Penzien’s solution for high shaking 

levels. Similar results were observed for other ground motions; for more details, refer to [25].  

4c-0016 The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 4c-0016 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

  

8 

(a)

(b)

(c)
Finite elements solution

 
Fig. 7 – Dynamic increment of axial load (left) and bending moment (right) in the tunnel lining; comparison 

between finite element models and analytical solutions by Wang [7] and Penzien [8] for the ground motion 

Kobe (RSN1113) scaled to (a) PGA = 0.12 g, (b) 0.42 g, and (c) 0.57 g 

 

4.2 Seismic Response of the soil and tunnel 

The site amplification (bend over curves) at the free surface are shown in Fig.8 for point C, located above the 

tunnel, and point E located 20 m to the right. From these plots, it is apparent that input acceleration at 

bedrock are amplified up to PGArock ≈ 0.7 g and are attenuated for larger PGArock values. The response of this 

soil deposit for PGArock < 0.7 g is similar to that of soil class AB and C3 according the Seed et al. [25]. 

Interestingly, the tunnel’s drift ratio increases linearly with the average shear strain in the soil 

computed at a depth of 15 m away from the tunnel (point E). The direct implication is that the lining 

deformation of flexible tunnels (e.g., coefficient of flexibility F = 18.3 in this example) can be well 

approximated by the free field deformation [7], which greatly simplifies the analysis. Earthquake induced 

surface settlements up to 10 cm were computed in the simulations, which are the result of shear induced 

volumetric deformations. However, several ground motions with PGA > 1 g resulted in surface heaving; a 

close inspection of the data shows that the dilative response of the soil is caused by strong acceleration 

pulses at the early stages of ground shaking. Although this behavior is possible, the available experimental 

data is insufficient to validate this numerical result.  

4c-0016 The 17th World Conference on Earthquake Engineering

© The 17th World Conference on Earthquake Engineering - 4c-0016 -



17th World Conference on Earthquake Engineering, 17WCEE 

Sendai, Japan - September 13th to 18th 2020 

  

9 

(b)(a)

Seed et al. 

(1997)

 
Fig. 8 – PGA amplification at the free surface at two locations: (a) above the tunnel, and (b) 10 m to the right 

of the tunnel 

The tunnel distortion or ovaling can be described through the peak diametral strain, εdmax. Notice from 

the results in Fig.9 that εdmax takes mostly negative values (diameter contraction), but in cases of severe 

loading (e.g., PGA > 1 g) εdmax can also be positive. In any case, the peak distortions concentrate near the 

±45° lines with respect the horizontal, a result that is consistent with the observations by Penzien [8] and 

Anderson [26].  

(a) (b)

       

 
Fig. 9 – (a) Peak diametral strain versus input PGA, and (b) histogram of peak diametral strain location along 

the circumference 

4.3 Seismic Risk Assessment 

The annual rate of exceedance of tunnel EDPs was evaluated using two distinct methods. The first one, 

referred to as ‘risk by convolution’, follows PEER’s convolution of the seismic hazard curve and the EDP 

fragility function defined implicitly by Eq. (2). The second method, referred to as ‘scenario-based’ takes 

advantage of the rate of occurrence assigned to each ground motion as described above. Thus, analogous to 

Eq. (1), the rate of exceedance of an EDP takes the form of Eq. (3). 

 

(3) 
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 The annual rate of exceedance of the peak lining curvature, shear forces and axial loads is presented in 

Fig.10 using both formulations. For instance, the curvature associated to return periods of 500 and 1000 

years is 0.0034 m-1 and 0.004 m-1, respectively. The corresponding axial loads increments are 354 kN∙m-1 

and 386 kN∙m-1. From this figure, it is apparent that the scenario-based risk curves match the convolution-

based curves very well, in this case for exceedance rates less than 0.01 events/yr. Although the convolution 

approach produces continuous curves and seems to capture the entire range of exceedance rates, the fragility 

functions are not known a priori and, in general, their development is computationally intense.    

(a) (b) (c)

 
Fig. 10 – Risk curves for the dynamic increment of (a) axial load, (b) shear forces, and (c) lining curvature, 

obtained using the convolution (dashed lines) and scenario-based (continuous lines) approaches 

Risk curves for other EDPs such as diametral strain, accelerations within the tunnel lining, or residual 

deformations can be derived with a similar approach, see more details in [25]. This allows quantifying the 

risk exposure of multiple tunnel components in a performance based framework and supports the risk 

informed decisions. Work is underway to extend the risk analysis of a single tunnel to evaluate risk in a 

tunnel network, where spatial variability of ground motions leads to spatial variability of damage. 

5. Conclusions 

This article presents fragility functions and quantifies risk on a tunnel through medium dense sand located on 

a shallow crustal setting. The results are derived from a plain strain finite element model that accounts for 

soil non-linearity and a simplified tunnel representation. A thorough validation of the soil parameters was 

performed in three levels; consisting of (1) single element tests, (2) shear waves propagation through a 1-D 

soil column, and (3) comparison of the seismic response of the soil-tunnel system against available 

centrifuge results. The seismic response of the model was evaluated for 285 records obtained from the 

PEER-NGA database, selected and scaled using a conditional scenario approach (CSS). From the study the 

following conclusions can be drawn:  

• Validation of the soil constitutive relation at the element level is the most critical step in the model 

development. A correct characterization of stiffness and stress-strain cycles in single element tests 

was key to reproduce the centrifuge results. 

• Both the centrifuge experiment and the plain strain numerical model are limited in their capacity to 

reproduce insitu K0 conditions, which are rather an experimental outcome. In consequence, the 

dynamic response in both cases is expressed in terms of incremental variables with respect to the 

initial static conditions. 

• The tunnel´s bending moments increments (computed at the time of peak shear strains in the soil at 

the tunnel depth) are reasonably well approximated by Penzien’s [8] solution derived from the 

theory of elasticity under the no-slip assumption. 
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• In flexible tunnels, i.e., coefficient of flexibility F >> 1, the ovaling deformations are controlled by 

free field deformations, which can be used as a proxy to estimate the tunnel’s seismic response and 

evaluate damage.  

• The input PGA is an efficient parameter for the estimation of tunnel EDPs. In general, and despite 

the soil non-linearity, a linear relation was observed between log(PGA) and log(EDP), with residuals 

that follow a normal distribution. 

• The scenario-based approach to compute seismic risk is an efficient method that does not rely on 

existing fragility functions. Its main advantage is the coherence between the local hazard, the use of 

region specific ground motions, and the causal relation between the ground motion intensities and 

tunnel response parameters.  
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