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Abstract 15 

This study aims to identify optimal intensity measures (IMs) for use in 16 

probabilistic seismic demand models (PSDMs) for circular tunnels in soft 17 

soil deposits. To this end, we performed an extended numerical 18 

parametric study involving two-dimensional time history analyses of 19 

selected soil-tunnel configurations to evaluate the response of the selected 20 

tunnels under transverse seismic shaking. A series of 18 IMs were 21 

selected and tested, corresponding to free field conditions. The selected 22 

IMs were tested on several metrics, such as correlation, efficiency, 23 

practicality, and proficiency, based on an extended number of regression 24 

analyses between the IMs and the damage measure (DM), for the studied 25 

tunnels. DM is defined as the ratio of the actual bending moment (M) to 26 

the capacitive bending moment (MRd) of the tunnel lining. The results 27 

indicate that the peak ground acceleration (PGA) at the ground surface 28 

can be considered as the optimal IM for the shallow tunnels, whereas the 29 

peak ground velocity (PGV) can be considered as the optimal IM for both 30 

the moderately deep and deep tunnels. Finally, various fragility curves 31 

were constructed for the studied circular tunnels under the context of 32 

PSDMs. The findings of this study can serve as a reference for the 33 

seismic fragility analysis of circular tunnels in soft soil deposits, toward 34 

more reliable quantitative risk analysis (QRA), improved resilience, and 35 

adaptability of transportation networks. 36 
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1. Introduction 39 

In recent decades, large-scale tunnel construction projects have been 40 

conducted worldwide to meet various public needs, particularly as part of 41 

transportation and utility networks in densely populated urban areas [1-3]. 42 

Observations of severe earthquakes that have occurred in the past have 43 

revealed that tunnels are typically less susceptible to damage and have 44 

better behaviour than above-ground structures [4, 5]. However, several 45 

cases of severe damage, and even collapse of tunnels and other 46 

underground structures, have been reported in the literature. The 47 

earthquake-induced damage and failure of Daikai Station in Japan in 1995 48 

[6, 7], Bolu Tunnel in Turkey in 1999 [8, 9], and Longxi Tunnel in China in 49 

2008 [10, 11] are representative examples, all of which resulted in 50 

significant losses [5, 12]. Considering the crucial role of tunnels in the 51 

transportation and utility networks of countries, regions, and cities, it is of 52 

paramount importance to investigate the seismic fragility and perform 53 

quantitative risk analysis of these structures [13, 14]. 54 

Fragility curves are commonly used to describe the conditional probability 55 

of a structure reaching or exceeding predefined damage states against a 56 

selected intensity measure (IM). The selection of appropriate IMs is one of 57 

the main prerequisites for reliable fragility and probabilistic seismic 58 



 

 

demand analyses [15, 16], and previous studies have recognised the 59 

importance of this prerequisite [17]. In particular, IM serves as an 60 

intermediate variable between seismic hazard analyses and structural 61 

demand assessments [18-20]. More importantly, an appropriate IM should 62 

be able to reflect the main characteristics of amplitude, frequency content, 63 

and duration of motions, reduce the variance of seismic structural 64 

performances, and accurately predict the responses of structures.  65 

In recent decades, a variety of fragility curves has been proposed by 66 

different researchers for underground structures under different soil 67 

conditions, by using different IMs. Such fragility curves were originally 68 

based on expert elicitations [21] or damage data obtained from 69 

observations of previous earthquakes [23-25]. More recently, numerical 70 

approaches have been developed and applied to construct fragility curves 71 

for circular tunnels [25-31], rectangular tunnels [26, 32-34] and other 72 

underground structures [35-38]. A more detailed introduction of fragility 73 

curves for tunnels and other underground structures can also be found in 74 

Huang et al. [14] and Tsinidis et al. [3].  75 

Most of the aforementioned fragility curves have been constructed in terms 76 

of various intensity measures, selected on the basis of expert judgment. In 77 

particular, the frequently selected IMs for tunnels include peak ground 78 

acceleration (PGA) [25], peak rock acceleration (PRA) [22], peak ground 79 

velocity (PGV) [14], permanent ground displacement (PGD) [24], and 80 



 

 

Arias intensity (AI) [27]. The selection of these IMs has not been 81 

well-discussed or defended in most of the aforementioned studies. For 82 

practical reasons, PGA is the most commonly used IM for constructing 83 

fragility curves for tunnels. In contrast, some researchers [34, 36, 39] 84 

reported that PGV exhibits a better correlation with the seismic response of 85 

underground structures, in comparison with PGA, particularly in the case 86 

of deep tunnels. Therefore, there is no clear consensus as to which IM can 87 

be considered as the optimal IM for constructing analytical or empirical 88 

fragility curves of tunnels. Moreover, the optimal IMs used in the fragility 89 

analysis tend to vary significantly with local soil conditions, structure 90 

typologies, or even the seismic demand parameters used in the analysis [3]. 91 

This work aims to determine, for the first time in the literature, the optimal 92 

IM for constructing analytical or empirical fragility curves of tunnels by 93 

analysing 18 IMs commonly used in earthquake engineering and risk 94 

analysis of tunnel structures.  95 

Several metrics have been proposed to identify optimal seismic IMs for 96 

structural evaluation, including efficiency, practicality, proficiency, 97 

sufficiency, and hazard computability [15, 16, 18, 40]. To date, these 98 

evaluation metrics and related works have focused on buildings [41-44], 99 

bridges [45, 46], and more recently, pipelines [47] and dams [48]. To the 100 

best of the authors’ knowledge, there exists no relevant work dealing with 101 

tunnels. 102 



 

 

The analytical framework of this paper is illustrated in Fig.1. First, we 103 

present a detailed description of the numerical modelling for the 104 

investigated tunnels. The proposed numerical framework takes into 105 

account the effects of soil-structure-interaction, local soil conditions, 106 

ground motion characteristics and tunnel burial depths. Then, the general 107 

concept of a probabilistic seismic demand model (PSDM) and an optimal 108 

IM are briefly introduced. Then, the selected 18 IMs are examined based 109 

on the calculated seismic responses of the tunnels using selection criteria, 110 

such as correlation, efficiency, practicality, and proficiency. Thorough 111 

analysis of the results leads to the identification of the optimal IMs for the 112 

PSDMs of the examined tunnel-soil configurations. Different fragility 113 

curves are established for the investigated systems in the context of 114 

PSDMs. The derived fragility curves are expected to be used within a 115 

critical infrastructure risk quantification framework, while the analysis of 116 

different IMs provides comprehensive insights into the selection of 117 

optimal IMs for the construction of fragility curves for underground 118 

structures. 119 
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Fig.1 Schematic of the analytical framework for the fragility analysis of tunnels 121 

2. Numerical model and analyses 122 

2.1 Description of numerical model 123 

A detailed two-dimensional (2D) numerical model of the soil-tunnel 124 

system was established using the general-purpose finite element software 125 



 

 

package ABAQUS [49], as depicted in Fig.2. The analysis was conducted 126 

under plane strain conditions.  127 

Dashpots
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 128 

Fig.2 2D numerical model of the soil-tunnel system 129 

We conducted a sensitivity analysis for various model dimensions to 130 

investigate the potential boundary effects and finally selected a soil grid 131 

with a width of 400 m to ensure ‘free-field’ conditions at the lateral 132 

boundary. The depth of the model was set at 100 m and elastic bedrock 133 

was used as the ground beyond this depth.  134 

The tunnel lining was simulated using two-node beam elements, 135 

concerning the calculation efficiency. The type of beam elements used 136 

could model the lining forces and deformations well [36,49]. The soil was 137 

discretised using four-node quadratic reduction integral plane strain 138 

elements. A visco-elasto-plastic model with the Mohr-Coulomb yield 139 

criterion was adopted to simulate the soil’s constitutive characteristics, as 140 

described below. A finer discretisation was adopted near the tunnel 141 

structure, as illustrated in Fig.2, to better capture the soil-tunnel 142 

interaction effects. The selected element size in the model satisfied the 143 



 

 

accuracy requirement for the dynamic analysis. It was found that a denser 144 

mesh size had a negligible effect on the final results, while the 145 

computational cost increased significantly. 146 

The interface between the soil and tunnel lining was simulated using a 147 

finite-sliding hard contact algorithm [49]. The tangential behaviour of the 148 

interface followed the penalty algorithm with a friction coefficient of  = 149 

0.6, corresponding to a friction angle of 31° for the soil-tunnel interface. 150 

As for the normal interface behaviour, a hard contact formulation was 151 

adopted to enable the potential separation of the lining and surrounding 152 

soil elements and transfer of tensile stresses to the soil element. The 153 

interface simulation approach described above has been commonly used 154 

by other researchers in similar studies [31, 36, 50]. 155 

The base boundary was modelled as an elastic bedrock, by introducing 156 

proper dashpots, in accordance with the scheme proposed by Lysmer and 157 

Kuhlemeyer [51]. The selected acceleration time histories were imposed 158 

through the aforementioned dashpots in the horizontal direction, to assure 159 

‘quasi transparent’ conditions, as shown in Fig.2. The dashpot coefficient 160 

C is defined by Eq. (1), as follows: 161 

                       b sbC V A=                         (1) 162 

where b and Vsb  are the mass density and shear wave velocity of the 163 

underlying elastic bedrock, corresponding to 2.1 t/m3 and 500 m/s, 164 

respectively. A is the ‘effect area’ of each dashpot and is determined by 165 



 

 

the horizontal element size at the base of the numerical model. 166 

Additionally, horizontal kinematic constraints were imposed on the nodes 167 

at the two lateral boundaries of the model, forcing the opposite vertical 168 

sides of the numerical model to exhibit the same horizontal movement.  169 

With regard to the simulation of the nonlinear soil response, 1D soil 170 

seismic response analyses were first performed using the numerical code 171 

EERA [52], to obtain the strain-compatible shear modulus G gradients of 172 

soil profiles along the depth of the model. The adopted modelling method 173 

for calculating the equivalent soil stiffness is recommended in the 174 

relevant FHWA guidelines [53] for seismic analysis of tunnels. The 175 

estimated soil properties were integrated with a Mohr–Coulomb yield 176 

criterion in the 2D soil-tunnel analysis, to account for the soil response 177 

under higher strains. The soil modelling approach described above has 178 

been extensively validated against experimental results and predictions of 179 

other numerical models; for example, please refer to [54, 55]. 180 

Previous studies have highlighted the importance of damping on the 181 

seismic response of underground structures [56]. In this study, two types 182 

of damping were considered: hysteretic damping induced by the soil 183 

constitutive model used during elasto-plastic analyses and 184 

frequency-based viscous damping. The latter was modelled in terms of 185 

the Rayleigh type and ranged from 2% to 8%, based on results of the 1D 186 

soil response analyses performed for the selected soil deposits. The 187 



 

 

commonly adopted double frequency calibration method [26, 56] was 188 

utilised to determine the Rayleigh coefficients.  189 

Each numerical analysis was performed in two steps. The first step aimed 190 

to apply the gravity load and, thus, establish the geostatic stress field in 191 

the model. In this step, the base boundary of the numerical model was 192 

fixed both in the horizontal and vertical directions. Subsequently, an 193 

implicit dynamic step was conducted wherein the dynamic load was 194 

applied uniformly over the dashpots and the base boundary in the 195 

horizontal direction in terms of an acceleration time history. In general, 196 

the specific tunnel excavation process can be expected to change the 197 

initial state of geostatic stresses around the tunnel [9], thus affecting the 198 

seismic response of the tunnel lining to a certain degree. However, in this 199 

study, we simply applied the geostatic stresses on the entire model and 200 

consequently, to the tunnel lining as well, to produce a reasonable 201 

“reference” initial stress state of the ground, because the main focus of 202 

the study is the dynamic inelastic response of the soil. This simplified 203 

modelling method has proven to be reasonably accurate and has also been 204 

used in previous works by Argyroudis et al. [26], Hatzigeorgiou and 205 

Beskos [4], de Silva et al. [30], Hu et al. [31] and Huh et al. [33].  206 

 207 

The main numerical analyses were used to calculate the lining forces to 208 

compute the DM and to determine the optimal IM for the corresponding 209 



 

 

fragility curves. Moreover, the results of the analyses were used to 210 

compute the ground motion at the ground surface under ‘free-field’ 211 

conditions, i.e., away from the tunnel and the boundaries of the model. The 212 

time history motion of the latter was used to define the values of the 213 

examined IMs. 214 

All the numerical simulations presented below were conducted under 215 

total stresses assuming undrained conditions. This assumption is in line 216 

with previous studies [14, 26, 58]. The potential development of excess 217 

pore water pressures during strong shaking, and the phenomena 218 

associated with it, are beyond the scope of this study. 219 

2.2 Soil-tunnel configurations  220 

The properties of the examined soil profiles, denoted as soil deposits D1, 221 

D2, and D3 herein, were selected based on the stratigraphy of the real 222 

metro tunnels in Shanghai, China. The profiles above correspond to soil 223 

type D according to EC8 [59], or equivalently ground type III or IV 224 

according to the Chinese seismic design code [60]. In all the soil profiles 225 

used in this work, we adopted the same depth of 100 m for the ‘seismic 226 

bedrock’ where the input motions were applied. It is actually the 227 

underlying stiff ground (such as soil type B of EC8 or soil class II of the 228 

Chinese seismic design code) with an average shear wave velocity of 500 229 

m/s or higher. In Shanghai City, the real bedrock, with Vs > 1000 m/s, is 230 

found at greater depths (i.e. > 400 m). The selected depth of 100 m 231 



 

 

satisfies the requirement for limited boundary effects on the computed 232 

response of the tunnels, while keeping the dimensions of the numerical 233 

models ‘bounded’ to allow for reasonable computational times. Fig.3 234 

illustrates the main soil properties, including shear wave velocities Vs, 235 

density , cohesion c, and friction angle φ, for the examined soil deposits, 236 

derived based on site investigations and laboratory tests. Additionally, the 237 

nonlinear behaviour of the selected soil profiles under ground shaking is 238 

described by virtue of the G/Gmax-γ-D(%) curves, as illustrated in Fig.4, 239 

following the code for the seismic design of underground structures in 240 

Shanghai [61]. 241 

D2 D3

 242 

Fig.3. Soil properties for the examined soil deposits 243 
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Fig.4. Adopted G--D curves for clayey and sandy deposits 246 

A typical circular tunnel cross-section, commonly found in the Shanghai 247 

metro system of China, was considered in this study. The lining ring has 248 

an outer diameter Do of 6.2 m and is 0.35 m thick. The detailed properties 249 

of the investigated tunnel are summarised in Table 1. The burial depth h 250 

of the investigated tunnel ranges between 9, 20, and 30 m, to account for 251 

shallow, moderately deep, and deep tunnel sections, respectively. Hence, 252 

the overburden depth ratios (defined as h/Do) vary between 1.45 and 4.84.  253 

Table 1. Physical and mechanical properties of the examined tunnels  254 

Parameters Typical values 

Burial depth, h (m) 9.0, 20.0, 30.0 

Bending reinforcement, As (cm2/m) 21.0, 43.0, 58.0 

Tunnel external diameter, Do (m) 3.1 

Lining wall thickness, t (m) 0.35 

Concrete elastic modulus, Ec (Gpa) 3.55 

Concrete Poisson ratio, vc 0.2 

Steel elastic modulus, Es (Gpa) 200 

Steel Poisson ratio, vs 0.2 



 

 

Concrete cover depth of lining, cs (cm) 5.0 

 255 

2.3 Ground motions 256 

Selection of ground motions is vital for the seismic vulnerability analysis 257 

of structural elements or systems at risk. In this study, the most 258 

commonly used spectral matching method [62] was adopted to conduct 259 

the selection of the seismic records. The selection satisfied the following 260 

three criteria: (1) 5.0 < moment magnitude Mw < 8.0, (2) 1 km < 261 

epicentral distance R < 80 km and (3) 0.1 < PGA < 0.8. A suite of 12 262 

ground motions was finally selected to cover the variability of the 263 

intensity [63] and frequency characteristics of the seismic waves. Various 264 

approaches may be found in the literature to examine the relationship 265 

between a numerically predicted engineering demand parameter EDP and 266 

a selected seismic IM, i.e. the incremental dynamic analysis (IDA), 267 

multiple-stripe analysis, and cloud analysis. In this study, the first method, 268 

i.e. IDA, was employed because with this approach, a wide range of 269 

ground motion amplitudes may be covered; hence, the effect of an 270 

increment in seismic intensity on the seismic response of the tunnel lining 271 

may be thoroughly evaluated. In general, the number of ground motions 272 

required for IDA [57] is dependent on the research objectives and 273 

structural properties. Previous research [63] indicated that a series of 10 274 

to 20 real ground motion records can adequately capture the epistemic 275 



 

 

uncertainty in ground motion and provide sufficient accuracy for the 276 

calculation of seismic demands. Hence, in this study, a suite of 12 ground 277 

motions was selected and the PGA value for each ground motion was 278 

scaled from 0.1 g to 1.0 g, to evaluate the effect of the increment of 279 

seismic intensity on the seismic response of the tunnel lining. All ground 280 

motions were selected from the PEER strong earthquake record database 281 

[64]. The selected ground motions were recorded under soil conditions 282 

with Vs30 higher than 380 m/s, similar to those of soil type B of EC8 [59] 283 

or soil class II of the Chinese seismic design code [60]. We selected 284 

appropriate ground motions representative of soil type B, because the 285 

assumed seismic bedrock, where the records were applied in the 286 

numerical models, was considered at a depth of 100 m with a Vs = 500 287 

m/s. Hence, the records from sites similar to the underlying stiff ground 288 

of Shanghai soil conditions were adopted in this work. Table 2 lists the 289 

basic information regarding the selected ground motions, while Fig.5 290 

depicts the comparison of the acceleration response spectra of the 12 291 

unscaled ground motions with the design response spectrum from the 292 

Chinese seismic design code [60]. As shown in Fig.5, the average 293 

spectrum of the selected earthquake matches well with the design 294 

spectrum. In the numerical analyses, each selected record was scaled 295 

from 0.1 g to 1.0 g with a gradient of 0.1 g in accordance with IDA [57], 296 

to obtain the structural response of the tunnel lining under a gradually 297 



 

 

increasing intensity of ground motion. Thus, a total of 120 input motions 298 

were used to develop the fragility curve. 299 

0

1

2

3

4

5

0 1 2 3 4 5 6

T/ (s)

S
a

/A
m

a
x

 300 

Fig.5. Acceleration response spectra of the selected records 301 
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Table 2. Selected records used in this study 303 

No

. 
Earthquake Station name 

Tim

e 

Mag. 

(Mw) 

R 

(km) 

PGA 

(g) 

1 
Superstition 

Hills-01 

Imperial Valley W.L. 

Array 
1987 6.22 17.59 0.13 

2 Parkfield-02_ CA 
Parkfield-Cholame 

2WA 
2004 6.00 1.63 0.62 

3 Tottori_ Japan TTR008 2000 6.61 6.86 0.39 

4 Kobe_ Japan Port Island 1995 6.9 3.31 0.32 

5 
Imperial 

Valley-07 
El Centro Array #11 1979 5.01 13.61 0.19 

6 Loma Prieta Treasure Island 1989 6.93 77.32 0.16 

7 Kern County Taft Lincoln School 1952 7.36 38.42 0.15 

8 Parkfield 
Cholame-Shandon 

Array  
1966 6.19 12.9 0.24 



 

 

9 Borrego Mtn El Centro Array #9 1968 6.63 45.12 0.16 

10 San Fernando 
Castaic - Old Ridge 

Route 
1971 6.61 19.33 0.34 

11 Northridge-01 
LA - Hollywood Stor 

FF 
1994 6.69 19.73 0.23 

12 
Imperial 

Valley-02 
El Centro Array #9 1940 6.95 6.09 0.28 

 304 

2.4 Representative numerical results 305 

 306 

Representative numerical results are presented as follows. Fig.6(a)–(c) 307 

depict the time series of the dynamic bending moment at a critical 308 

location (θ = 45°) for all three tunnel cases in soil type D3, under the 309 

excitation of EQ2 with intensities of 0.10 g and 1.0 g, respectively. For 310 

all three tunnel cases, the dynamic bending moment typically increases as 311 

the intensity increases. In particular, for a low intensity of 0.10 g, the 312 

dynamic bending moment is small, oscillating typically around 0 kN·m/m. 313 

For a high intensity of 1.00 g, three typical stages are observed for the 314 

evolution of the dynamic bending moments, including a transient stage, 315 

steady-state stage, and post-earthquake residual stage. Considering the 316 

results from the shallow tunnel as an example, presented in Fig.6 (a), the 317 

dynamic bending moment increases significantly to a high value of 536 318 

kN·m/m after few cycles, and then oscillates around a mean residual 319 

value, and finally, a permanent residual bending moment of 264 kN·m/m 320 



 

 

is observed at the end of the earthquake loading. The observed residual 321 

bending moment is due to the effects of stress redistribution of the soil 322 

around the tunnel, caused by potential nonlinear behaviour of the 323 

soil-tunnel interface and soil yielding. 324 

Further results and discussion on the evolution of the dynamic bending 325 

moments at the critical sections of the tunnel lining, dynamic soil plastic 326 

strain distributions in the vicinity of the tunnel, as well as typical total 327 

bending moment distributions computed along the tunnel perimeter can 328 

be found in the authors’ previous work, i.e. in [14]. 329 
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 330 

Fig.6. Bending moment time histories computed for EQ2 at a crucial lining section (θ 331 

= 45°) of the tunnel located in soil type D3: (a) shallow tunnel, (b) moderately deep 332 

tunnel, and (c) deep tunnel cases 333 
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3. Selection of optimal intensity measures (IMs) 335 

3.1 Definition of damage states 336 

An important step in the definition of fragility curves of any element at 337 

risk is the selection of adequate damage measures (DMs) [13]. The 338 

definition of damage states, based on the DM, constitutes the subsequent 339 

step in the definition of a PSDM and, thus, in the assessment of seismic 340 

vulnerability. To date, there are few relevant damage measures for 341 

tunnels, in comparison with those for above ground civil infrastructure, 342 

i.e. bridges and buildings. The few damage measures that have been 343 

proposed and successfully applied in the vulnerability analysis of tunnels 344 

may be typically classified into two types: force-based DMs [25-30] and 345 

displacement-based DMs [37]. For example, one of the first proposed 346 

DMs by Argyroudis and Pitilakis [25] is defined as the ratio of the actual 347 

bending moment to the capacity bending moment of the tunnel 348 

cross-section. Nguyen et al. [34] considered a DM defined as the ratio of 349 

the elastic bending moment to the yield moment at the critical sections of 350 

the tunnel frames. More recently, Andreotti and Lai [37] used a DM 351 

calculated as the relative displacement between the crown of the arch and 352 

the inverted arch divided by the equivalent diameter of the tunnel lining 353 

cross-section. A term defined as the ratio between the actual ratio e 354 

(e=M/N) and the capacity (e)Rd may be also considered as a potential DM 355 

in future work, where e is defined as the eccentricity of the actual axial 356 



 

 

force N of the tunnel lining cross-section and defined as the ratio of the 357 

actual bending moment M to the actual axial force N. However, further 358 

work is deemed necessary to determine different e/eRd limits for the 359 

corresponding damage states, namely no damage, minor damage, 360 

moderate damage, extensive damage, and collapse. This work, similar to 361 

one conducted by Du et al. [38], is certainly interesting but beyond the 362 

scope of this study. In general, the selection of the optimal DM is among 363 

the main research challenges in the risk assessment of structures; thus, it 364 

should be among the priorities of future research on the vulnerability 365 

assessment of underground structures, such as tunnels. To this end, a 366 

widely used DM proposed in similar research works [e.g. 25-28] was 367 

considered in this study, leaving the comparative research of other DMs 368 

as a future endeavour. This DM is defined as the ratio of the actual 369 

bending moment (M) to the capacity (MRd) bending moment of the tunnel 370 

cross-section. Herein, the actual bending moment (M) is obtained from 371 

the full dynamic time history analysis, whereas the capacity bending 372 

moment (MRd) is computed based on the material properties and 373 

geometric characteristics of the tunnel cross-section. Five different 374 

damage states are determined, including no damage, minor damage, 375 

moderate damage, extensive damage, and collapse, as listed in Table 3. 376 

Table 3. Definition of damages states [25] 377 

Damage state 

(dsi) 
ds0, 

no 

ds1, 

minor 

ds2, 

moderate 

ds3, 

extensive 

ds4, 

collapse 



 

 

damage  damage damage damage 

Range of DM 
Msd/MRd≤

1.0 
1.0<Msd/MRd 

≤ 1.5 
1.5<Msd/MRd 

≤ 2.5 
2.5<Msd/MRd 

≤ 3.5 
Msd/MRd≥ 

3.5 
Central value 

of DM 
- 1.25 2.00 3.00 - 

 378 

3.2 Selection of examined seismic intensity measures 379 

The seismic response of the soil-tunnel system is considerably complex, 380 

and this complexity can affect the accuracy and efficiency of numerically 381 

derived fragility curves. Consequently, it is essential to examine a wide 382 

range of potential IMs and identify the optimal IM for predicting the 383 

seismic response of the tunnel. The effect of the optimal IM on the fragility 384 

curves should subsequently be verified. In this study, 18 commonly used 385 

IMs were considered for the development of the PSDMs (Table 4). More 386 

information on the selected seismic IMs can be found elsewhere, e.g. see 387 

references in the last column of Table 4. 388 

Table 4. Intensity measures used in analysis  389 

No. IMs (units) Notation Reference 

1 Peak Ground Acceleration (g) PGA Kramer [64] 

2 Peak Ground Velocity (m/s) PGV Kramer [64] 

3 Peak Ground Displacement (m) PGD Kramer [64] 

4 PGV/PGA (s) FR1 Kramer [64] 

5 Acceleration Root-Mean-Square RMS (g) Arms 
Housner and Jennings 

[65] 

6 Velocity RMS (cm/s) Vrms 
Housner and Jennings 

[65] 

7 Displacement RMS (m) Drms 
Housner and Jennings 

[65] 

8 Arias Intensity (m/s) IA Arias [66] 

9 Characteristic Intensity (-) Ic Park et al. [67] 

10 Specific Energy Density (cm2/s) SED - 

11 Cumulative Absolute Velocity (cm/s) CAV Kramer [64] 



 

 

12 Acceleration Spectrum Intensity (g*s) ASI Housner [17] 

13 Velocity Spectrum Intensity (cm) VSI Housner [17] 

14 Housner Intensity (m) HI Housner [17] 

15 Sustained Maximum Acceleration (g) SMA Nuttli [68] 

16 Sustained Maximum Velocity (cm/s) SMV Nuttli [68] 

17 Effective Design Acceleration (g) EDA Benjamin [69] 

18 A95 Parameter (g) A95 Sarma and Yang [70] 

 390 

3.3 Overview of PSDM 391 

PSDM provides a relationship between an engineering demand parameter 392 

EDP, which describes the response of the structure or system under study, 393 

and the seismic IM. A lognormal distribution is commonly used to 394 

describe such a relationship [71-75], as given in Eq.(2) below: 395 

            
D IM

ln( ) ln( )
[ IM] 1 ( )

EDP IM
edp S

p EDP edp


−
 = −                 (2) 396 

where edp or EDP is the peak engineering demand, (•) is the standard 397 

normal cumulative distribution function, SEDP/IM is the median demand with 398 

respect to a seismic hazard IM, whereas D|IM is the logarithmic standard 399 

deviation of the demand conditioned on the IM. Furthermore, the 400 

relationship between the structural demand SEDP/IM and IM can be given in 401 

the power-law function, as indicated in Eq.(3): 402 

                        IMb

EDP IM
S a=                              (3) 403 

where a and b are the coefficients of the regression. Eq.(3) can also be 404 

redefined as in Eq.(4), which describes a linear expression of the natural 405 

logarithms of the demand SEDP/IM and the IM: 406 

                    ln ) ln(IM) ln
EDP IM

S b a=  +（                       (4) 407 



 

 

The uncertainty in the seismic demand D|IM is approximated as the 408 

dispersion of the simulated demand with respect to the regression fit for 409 

the calculated damage data obtained from the non-linear time history 410 

analyses, as shown in Eq.(5): 411 

                  

2

D IM

(ln( ) ln( ))

2

i EDP IM
edp S

N


 −


−
                   (5) 412 

IMs have a significant impact on the uncertainty associated with the 413 

derived fragility curves of the element at risk, and hence, an optimal IM 414 

should be able to reflect the most accurate correlation between the 415 

structural response and the IM. In this study, four different criteria were 416 

examined for determining the optimal IMs for tunnels, namely correlation 417 

[20], efficiency [16], practicality [18], and proficiency [16]. The selected 418 

metrics and the corresponding testing results of the examined IMs for the 419 

shallow, moderately deep, and deep tunnel cases are presented and 420 

discussed below. 421 

3.4 Results of PSDM study  422 

3.4.1 Correlation testing 423 

The correlation criterion indicates how well the regression model of Eq.(4) 424 

fits the calculated seismic demand. This criterion is known as the 425 

correlation coefficient R2 and ranges from 0 to 1. A higher R2 indicates 426 

less scattering and a better correlation relationship between DM and IM.  427 

Correlation testing of the examined IMs is based on the results of linear 428 

regression analyses between the natural logarithm of the intensity 429 



 

 

measure lnIM and the damage measure lnDM (i.e. Eq.(4)). Representative 430 

examples of regression analyses for four selected IMs are provided in 431 

Fig.7. The regressions refer to the results obtained from the shallow 432 

tunnel cases, as listed in Table 4, namely PGA, PGV, PGD, and FR1. The 433 

estimated regression parameters for all the examined IMs are summarised 434 

in Table 5 for the shallow tunnel case.  435 

 436 

Fig.7. Regression analyses between four representative seismic IMs and DM (shallow 437 

tunnel) 438 

 439 

Table 5. All regression parameters for shallow tunnels 440 

IM Parameter b Parameter a 
Correlation 

coefficient (R2) 

PGA 0.860 3.086 0.859 



 

 

PGV 0.597 2.223 0.804 

PGD 0.229 2.649 0.194 

FR1 0.111 2.257 0.010 

Arms 0.603 7.729 0.643 

Vrms 0.422 0.618 0.438 

Drms 0.196 3.168 0.162 

Ia 0.259 1.201 0.527 

Ic 0.376 3.536 0.583 

SED 0.160 0.444 0.318 

CAV 0.324 0.155 0.341 

ASI 0.655 2.965 0.668 

VSI 0.416 0.168 0.397 

HI 0.348 0.257 0.335 

SMA 0.450 2.872 0.434 

SMV 0.332 0.507 0.34 

EDA 0.760 2.945 0.647 

A95 0.758 2.977 0.644 

 441 

An optimal IM is characterised by a higher value of the correlation 442 

coefficient R2. Figs.8, 9, and 10 summarise the calculated correlation 443 

coefficients R2 for the considered DM with regard to the 18 IMs listed in 444 

Table 4 for the shallow, moderately deep, and deep tunnel cases, 445 

respectively. It can be observed (Fig.8) that PGA has the strongest 446 

correlation with the DM for the shallow tunnel cases, followed by PGV 447 

and ASI. The correlation coefficients R2 for the three most correlated IMs 448 

are 0.859, 0.804, and 0.668, respectively. Furthermore, the weakest 449 

correlation between IM and DM is FR1 with a correlation coefficient of 450 

0.010, followed by Drms and PGD (i.e. correlation coefficients of 0.162 451 



 

 

and 0.193, respectively).  452 
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Fig.8. Regression parameter R2 for the 18 tested IMs based on the numerical analyses 454 

of the shallow tunnel cases 455 

For moderately deep tunnels, PGV tends to correlate most strongly with 456 

IM and DM, and the three most strongly correlated IMs are PGV > VSI > 457 

HI (see Fig.9). Their corresponding correlation coefficients are 0.922, 458 

0.883, and 0.835, respectively. Moreover, FR1 tends to be the least 459 

correlated IM, as it has the lowest correlation coefficient of 0.410. 460 

Interestingly, this finding is well in line with the results of the shallow 461 

tunnel cases, indicating that FR1 demonstrates the weakest correlation for 462 

both the shallow and moderately deep tunnel cases. The second and third 463 

weakest correlated IMs are ASI and Drms, with correlation coefficients of 464 

0.457 and 0.528, respectively.  465 
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Fig.9. Regression parameter R2 for the 18 tested IMs based on the numerical analyses 467 

of the moderately deep tunnel cases 468 

Fig.10 depicts the computed results of the correlation coefficients for the 469 

deep tunnel cases. It can be demonstrated that PGV is again the most 470 

correlated IM in comparison with the other examined IMs; this finding 471 

holds true for the moderately deep tunnel cases as well, as discussed 472 

above. VSI and HI are two of the other highly correlated IMs. The 473 

correlation coefficients for the three most highly correlated parameters 474 

are 0.892, 0.864 and 0.837, respectively, whereas the lowest correlated 475 

IM with DM is ASI, followed by FR1 and A95. Their corresponding 476 

correlation coefficients are 0.401, 0.432, and 0.541, respectively. 477 
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Fig.10. Regression parameter R2 for the 18 tested IMs based on the numerical 479 

analyses of the deep tunnel cases 480 

3.4.2 Efficiency testing 481 

Efficiency is the most readily examined criterion for selecting an optimal 482 

IM. A more efficient IM leads to less variation in demand estimations for 483 

different values of the considered IM. In particular, in this study, an 484 

efficient IM is the one that provides the lowest value of standard 485 

deviation D|IM, as shown in Eq.(5). 486 

The results of the efficiency analyses are depicted in Fig.11–13 for the 487 

shallow, moderately deep, and deep tunnel cases, respectively. For the 488 

shallow tunnels, PGA, PGV, and ASI are considered more efficient 489 

measures since they have smaller standard deviations D/IM (Fig.11). 490 

Among them, PGA is the most efficient IM with the lowest standard 491 

deviation D/IM, i.e. 0.186. The corresponding D/IM for the next two most 492 



 

 

efficient IMs are 0.219 and 0.285, respectively, which are slightly higher 493 

than that for PGA. The maximum standard deviation D/IM is observed for 494 

FR1, i.e. 0.492, indicating that this measure is the least efficient. This is 495 

followed by Drms and PGD. Their corresponding standard deviations D/IM 496 

are 0.453 and 0.444, respectively, which are slightly lower than that for 497 

FR1.  498 
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Fig.11. Regression parameter D/IM for the 18 tested IMs based on the numerical 500 

analyses of the shallow tunnel cases 501 

Fig.12 shows the computed standard deviations D/IM
 for moderately deep 502 

tunnel cases. It can be observed that PGV is the most efficient IM with 503 

the smallest standard deviation of 0.135, followed by VSI and HI among 504 

the tested IMs. The values of D/IM for the latter IMs are 0.164 and 0.196, 505 

respectively. FR1 proves to be the least efficient IM, followed by ASI and 506 

Drms. Their corresponding standard deviations are 0.369, 0.355, and 0.331, 507 



 

 

respectively.  508 
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Fig.12. Regression parameter D/IM for the 18 tested IMs based on the numerical 510 

analyses of the moderately deep tunnel cases 511 

For the deep tunnel cases, PGV proves to be the most efficient IM, and 512 

the three best correlated IMs are PGV > VSI > HI (Fig.13). Interestingly, 513 

the above observation is also reported for the moderately deep tunnel 514 

cases. Their corresponding D/IM values are 0.173, 0.195, and 0.213, 515 

respectively. In contrast, ASI exhibits the worst efficiency with the largest 516 

standard deviation of 0.408 among the tested IMs. FR1 and A95 are the 517 

other two least efficient IMs with slightly lower standard deviations, i.e. 518 

0.398 and 0.357, respectively. 519 

 520 
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Fig.13. Regression parameter D/IM for the 18 tested IMs based on the numerical 522 

analyses of the deep tunnel cases 523 

 524 

3.4.3 Practicality testing 525 

Practicality refers to the dependence of the structural response demand on 526 

the IM, and is represented by the regression parameter b in Eq.(4). A 527 

larger b indicates that the corresponding IM is more practical, since the 528 

structural response demand has higher dependence on the IM. Similarly, a 529 

smaller value of b indicates that the examined IM is less practical. If the 530 

value of b is close to zero, it implies that there exists no correlation 531 

between the structural response demand and IM.  532 

Figs.14–16 summarise the b values calculated from the regression models 533 

for each IM-DM pair, for the shallow, moderately deep, and deep tunnel 534 

cases, respectively. For shallow tunnels, the comparisons in Fig.14 535 



 

 

suggest that PGA is the most practical IM among others, because it has 536 

the maximum slope b of 0.86. EDA and A95 proved to be the second and 537 

third most practical IMs, with the corresponding slope b equal to 0.76 and 538 

0.758, respectively. In contrast, FR1 is found to be the least practical IM 539 

among the other tested IMs, as it exhibits the minimum slope b of 0.111 540 

for the examined cases. SED and Drms prove to be the other two least 541 

practical IMs, with slightly higher slope values b, i.e. 0.160 and 0.196, 542 

respectively.  543 
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Fig.14. Regression parameter b for the 18 tested IMs based on the numerical analyses 545 

of the shallow tunnel cases 546 

Fig.15 summarises the slopes b calculated for all tested IMs for the 547 

moderately deep tunnel cases. EDA is identified as the most practical IM, 548 

with the three most practical IMs being EDA > A95 > PGA. Their 549 

corresponding slopes b are 0.739, 0.715, and 0.700, respectively. On the 550 



 

 

contrary, SED exhibits the lowest slope b among the others, while the 551 

second and third lowest slopes b are reported for IA and Drms, respectively. 552 

The slopes b for these three least practical IMs, i.e. SED, IA, and Drms, are 553 

equal to 0.239, 0.290, and 0.355, respectively.  554 
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Fig.15. Regression parameter b for the 18 tested IMs based on the numerical analyses 556 

of the moderately deep tunnel cases 557 

For deep tunnels, FR1 turns out to be the most practical IM, followed by 558 

EDA and PGA (Fig.16) The corresponding slopes b are 0.758, 0.735, and 559 

0.711, respectively. SED again proves to be the least practical IM, 560 

because the slope b is equal to 0.266. The second and third least practical 561 

IMs are IA and Drms, with slopes b of 0.313 and 0.399, respectively. 562 

Similar results for the least practical IMs are also reported for the cases of 563 

moderately deep tunnels. 564 

 565 
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Fig.16. Regression parameter b for the 18 tested IMs based on the numerical analyses 567 

of the deep tunnel cases 568 

 569 

3.4.5 Proficiency testing  570 

Proficiency ζ describes the composite effect of practicality and efficiency 571 

and was first proposed by Padgett et al. (2008). It is defined according to 572 

Eq.(6). Typically, a lower proficiency ζ indicates that using the IM 573 

introduces less uncertainty into the analysis, i.e., the corresponding IM is 574 

more proficient. 575 

                                  
D IM

b


 =                         (6) 576 

Figs.17–19 compare the computed ζ for the considered DM with regard to 577 

the 18 tested IMs for the shallow, moderately deep, and deep tunnel cases, 578 

respectively.  579 



 

 

For the shallow tunnel, PGA is the most proficient IM due to the 580 

corresponding smallest ζ of 0.216, followed by PGV and EDA (Fig.17), 581 

which have ζ values of 0.367 and 0.387, respectively, which are quite 582 

close to the value for PGA. FR1 is the less proficient measure, as it has 583 

the maximum ζ, i.e. 4.432. The next two least proficient IMs are SED and 584 

Drms. Their corresponding values of ζ are 2.556 and 2.311, respectively, 585 

which are considerably lower than the value for FR1.  586 
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Fig.17. Regression parameter ζ  for the 18 tested IMs based on the numerical analyses 588 

of the shallow tunnel cases 589 

Fig.18 shows the calculated ζ for the moderately deep tunnel cases. For 590 

this case, it can be concluded that PGV is the most proficient IM indicated 591 

by the smallest ζ of 0.218 compared to other tested IMs. Furthermore, VSI 592 

and HI are two of the other proficient IMs with ζ values of 0.272 and 593 

0.368, respectively. SED is the least proficient IM, followed by Drms and IA 594 



 

 

with corresponding ζ values of 0.996, 0.932, and 0.910, respectively.  595 
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Fig.18. Regression parameter ζ  for the 18 tested IMs based on the numerical analyses 597 

of the moderately deep tunnel cases 598 

Finally, for deep tunnels (Fig.19), PGV tends again to be the most 599 

proficient IM, followed by VSI and HI. Their corresponding ζ are equal to 600 

0.261, 0.300 and 0.366, respectively. Interestingly, the above observation 601 

is also reported for the moderately deep tunnel cases. On the contrary, IA 602 

is found to be the less proficient measure having the highest ζ of 0.952 603 

among all other tested IMs. SED and Drms are found to be the next two 604 

least proficient IMs with slightly lower ζ of 0.925 and 0.850, respectively. 605 

 606 
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Fig.19. Regression parameter ζ  for the 18 tested IMs based on the numerical analyses 608 

of the deep tunnel cases 609 

 610 

3.4.6 Optimal IM selections 611 

Table 6 summarises the three most correlated, efficient, practical and 612 

proficient IMs for shallow, moderately, and deep tunnel cases, based on 613 

the above tests. It can be observed that for shallow tunnels, PGA is the 614 

optimal IM, followed by PGV and ASI or A95. These results are in line 615 

with the recent work of Zhong et al. (2020), who also reported that PGA 616 

is the optimal IM for shallow underground structures in the case of Dakai 617 

station in Japan. Moreover, PGV is identified as the optimal IM for both 618 

moderately deep and deep tunnels, followed by VSI and HI. This 619 

observation is consistent with some existing works, which reported that 620 

PGV has better correlation with seismic response of deep underground 621 



 

 

structures [24, 39]. The above observations highlight the significant role 622 

of tunnel burial depth in the selection of IM for fragility curve 623 

construction. When various tunnel burial depths are considered, PGV 624 

could be adopted as the unique optimal IM at a preliminary stage of 625 

quantitative risk analysis. However, it should be noted that PGA is still 626 

the most widely used IM to generate fragility curves for both 627 

aboveground structures [76-78] and underground structures [21, 23, 26].  628 

Table 6. Three most correlated, efficient, practicable and proficient IMs for shallow, 629 

moderately deep, and deep tunnels 630 

Testing 

criteria 

Shallow tunnel Moderately deep tunnel Deep tunnel 

IM 

1st 2nd 3rd 1st 2nd 3rd 1st 2nd 3rd 

Correlation  PGA PGV ASI PGV VSI HI PGV VSI HI 

Efficiency PGA PGV ASI PGV VSI HI PGV VSI HI 

Practicality PGA EDA A95 EDA A95 PGA FR1 EDA A95 

Proficiency PGA PGV A95 PGV VSI HI PGV VSI HI 

 631 

4. Proposed fragility curves 632 

Based on the PSDM results (Fig. 7) and the selection of the optimal IM 633 

(Table 6), seismic fragility curves are proposed for shallow, moderately 634 

deep, and deep tunnels in terms of minor, moderate, and extensive damage 635 



 

 

states. Fig.20 depicts the computed analytical fragility curves of the 636 

examined circular tunnels with respect to PGA or PGV at the ground 637 

free-field conditions. The parameters of the fragility functions in terms of 638 

median IMmi (PGA or PGV) and standard deviations βtot for circular 639 

tunnels in soil type D are listed in Table 7 for the three damage states. 640 

Note that the final variability of each fragility curve is described by the 641 

total lognormal standard deviation βtot [12], which is modelled by 642 

combining three primary sources of uncertainty, as shown in Eq.7: 643 

                              
D IM

2 2 2

ds Ctot   = + +                             (7) 644 

where βds is the uncertainty related to the definition of damage state, ds, 645 

βC is the uncertainty related to the response and resistance (seismic 646 

capacity) of the element, and D|IM is the uncertainty from the earthquake 647 

input motion (seismic demand). The parameter D|IM represents the 648 

variability in the response of the investigated structure due to the 649 

variability of the ground motion and is estimated as the dispersion of the 650 

simulated DMs with respect to the regression fit for the calculated 651 

damage data. The parameters βds and βC are considered as 0.4 and 0.3, 652 

respectively [25]. The treatment of uncertainties in the fragility analysis is 653 

a central issue and the determination of βds and βC is challenging. 654 

Variable values of βds and βC have been adopted for different geotechnical 655 

components [13, 79]. To the best of the authors’ knowledge, the 656 

uncertainty in the threshold value of the damage states βds and in the 657 



 

 

capacity βC of tunnels has not been studied in detail thus far and, hence, 658 

further research is needed by employing experimental and monitoring 659 

data [80]. The value of βds is typically ranging between 0.20 and 0.71 [13], 660 

while an average value of 0.4 is usually adopted for tunnels [13, 14, 661 

25-35]. Furthermore, the uncertainty in the capacity βC is commonly 662 

between 0.14 and 0.50 [13], whereas a value of 0.3 is usually assumed 663 

based on engineering judgment for tunnels [13, 14, 25-35]. In this paper, 664 

the adopted values of βds and βC are consistent with previous similar 665 

studies [25-35] due to the absence of relevant studies and a more rigorous 666 

estimation. A more detailed introduction on the treatment of uncertainties 667 

for the fragility curves of tunnels and other underground structures can 668 

also be found in Argyroudis et al. [13], Selva et al. [79] and Huang et al. 669 

[14]. 670 

The case of shallow tunnel is used in this study to evaluate the influence 671 

of the values of βds and βC  on the total standard deviation βtot and finally 672 

on the resulting fragility curves. The uncertainty in the demand D|IM is 673 

equal to 0.186 for shallow tunnels. Hence, based on Eq.7, a total standard 674 

deviation βtot, between 0.307 and 0.888 is calculated, when the 675 

aforementioned range of βds and βC values is considered. The average 676 

value of βtot in this case is equal to 0.597, which is close to the 677 

corresponding value in Table 7, i.e. 0.533. Moreover, a higher value for 678 

βds and βC would increase βtot, resulting in a larger slope of the fragility 679 



 

 

curves. For example, an increase of 0.1 for βds and βC would increase the 680 

values of βtot in Table 7 to 0.667 for the shallow tunnel case, which 681 

corresponds to an average increase of 1.8% in the slope of the fragility 682 

curves for minor damage state. The opposite effect is expected when 683 

lower values of βds and βC were assumed, i.e., decrease in the slope of the 684 

fragility curves. Similar conclusions can be drawn for the moderately 685 

deep and deep tunnels. 686 

The fragility curves developed in this study can be applied to assess the 687 

seismic vulnerability of circular tunnels in similar soft soil deposits. For 688 

instance, for the shallow circular tunnels located in Shanghai, China, the 689 

design ground acceleration for an exceedance probability of 10% in 50 690 

years according to the Code for Seismic Design of Buildings [61] is 0.10 691 

g and 0.20 g, respectively. For PGA=0.10 g, the probability of exceeding 692 

minor damage is equal to 1.0%, whereas the probabilities of exceeding 693 

moderate and extensive damage are negligible. When the PGA increases 694 

to 0.20 g, the probability of minor damage increases to 14.9%, while the 695 

probabilities of moderate and extensive damage increase slightly but are 696 

still very small. These results show that the studied tunnels can maintain 697 

their basic performance but suffer some minor damage under these 698 

earthquake intensities. 699 
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(c) Deep tunnel 703 

Fig.20. Fragility curves for shallow, moderately deep and deep tunnels 704 

 705 

Table 7. Derived parameters of the fragility curves in terms of PGA or PGV at 706 

free-field ground surface for circular tunnel with various burial depths in soil type D 707 

 708 

Damage states Minor  Moderate Extensive  tot 

Shallow tunnel (h = 9 m) 0.350 (g) 0.604 (g) 0.968 (g) 0.533 

Moderately deep tunnel (h = 20 

m) 

0.542 

(m/s) 

1.156 (m/s) 2.225 (m/s) 0.518 

Deep tunnel (h = 30 m) 0.833 

(m/s) 

1.694 (m/s) 3.124 (m/s) 0.529 

 709 



 

 

5. Conclusions 710 

In this work, different seismic IMs are tested to identify the optimal ones 711 

for the development of PSDMs for circular tunnels embedded in soft soil 712 

deposits, when subjected to transverse seismic excitation. Critical 713 

parameters affecting the seismic response of tunnels, including soil 714 

conditions, tunnel burial depth, and ground motion characteristics, were 715 

thoroughly considered. The tunnel lining response under ground shaking 716 

was evaluated using 2D nonlinear dynamic analyses, for gradually 717 

increasing seismic intensity. The DM was defined based on the 718 

exceedance of the bending moment capacity of the tunnel lining, while 719 

the values of the selected IMs were generated from the free-field ground 720 

surface for each analysed case. The selected IMs were tested using the 721 

correlation, efficiency, practicality, and proficiency metrics, with the aim 722 

of identifying the optimal IMs from the selected ones for the examined 723 

soil-tunnel systems. The significant effect of tunnel burial depths on the 724 

selection of optimal IMs was highlighted. The results indicated that PGA 725 

was the optimal IM for shallow tunnels, followed by PGV and ASI or A95. 726 

Moreover, PGV was found to be the optimal IM for moderately deep and 727 

deep tunnels, followed by VSI and HI. This observation highlights that 728 

PGA, the most commonly used metric, is not always the best IM for 729 

seismic fragility analysis of tunnels. Finally, the proposed optimal IMs 730 

were adopted to generate seismic fragility curves of circular tunnels 731 



 

 

embedded in soft soil deposits. The study provides a guide for more 732 

accurate and reliable performance-based assessment of seismic risk and 733 

resilience of circular tunnels embedded in soft soil deposits. The findings 734 

can be used in future studies as a basis for investigating the effects of 735 

other tunnel typologies, soil conditions, or damage measures, and for 736 

selecting the optimal IM for seismic fragility analysis of tunnels and 737 

underground infrastructure. Future research can consider the effect of the 738 

tunnel excavation process, examine alternative damage measures for the 739 

derivation of analytical fragility curves, and investigate the uncertainties 740 

in the capacity and definition of limit states based on experimental studies 741 

and monitoring data. 742 
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