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ABSTRACT: We develop seismic fragility curves ofa double box tunnel for three damage
states from nonlinear frame analyses. A suite of site profiles is used to evaluate the effect of
soil characteristics on the calculated fragility curve. We use two ground motion intensity
measures, which are peak ground acceleration (PGA) and the ratio of the peak ground vel-
ocity to the average shear wave velocity within 30m from the surface (PGV/Vs30). The fragility
curve is demonstrated to be highly dependent on the site profile. The influence of the site
effects on the fragility curve is reduced when PGV/Vs30 is used. This is because both the inten-
sity of the ground motion and the soil stiffness is accounted for in the parameter PGV/Vs30. It
is therefore recommended that PGV/Vs30 be used instead of PGA to generate fragility curves
for underground structures.

1 INTRODUCTION

Even though underground structures are considered less vulnerable to seismic excitations
compared with above-ground structures, significant destructions of tunnels were observed
during previous earthquake events (Downding & Rozan 1978; Hashash et al. 2001, Iida et al.
1996). These damages have raised a need to assess the seismic vulnerability of existing under-
ground structures. For that, the fragility curve is a useful tool to predict the probability of
damage of structures at a given level of seismic intensity measure.
Fragility curves of tunnels can be developed by using either empirical or numerical

approaches. The American Lifelines Alliance (ALA 2001) proposed empirical fragility curves
for mountain and cut-and-cover tunnels with respect to the peak ground acceleration (PGA).
HAZUS (2004) also presented a set of empirical fragility curves for bored and cut-and-cover
tunnels with respect to PGA and the permanent ground displacement based on the field obser-
vation data. Due to limitations of observed damage data from earthquake events, the numerical
simulation is a preferable method for deriving fragility curves of tunnels. Argyroudis & Pitilakis
(2012) developed a set of fragility curves for a shallow circular and cut-and-cover tunnels with
respect to PGA. Argyroudis et al. (2017) generated fragility curves for two circular shallow tun-
nels considering the effect of corrosion of the tunnel lining. Liu et al. (2016) performed the incre-
mental dynamic analysis to deriving fragility curves for Daikai subway station with respect to
the peak ground velocity (PGV). Recently, seismic fragility curves for a group of circular tunnels
using spectra acceleration were proposed in Qiu et al. (2018). The previous studies mostly con-
sidered a specific site and an earthquake intensity measure in fragility curves.
The purpose of this study is to develop fragility curves for a double box metro tunnel in

various site profiles using PGA at the ground surface and PGV/Vs30 as seismic intensity
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measures. Vs30 is the average shear wave velocity within 30 m of the site profile depth. Three
damage states, proposed by Lee et al. (2016) based on nonlinear frame analysis, were used to
construct fragility curves. The effect of used intensity measures and site profiles on fragility
curves were assessed.

2 TUNNEL CONFIGURATION AND SITE PROFILES

The investigated structure is a double box cut-and-cover tunnel which was built for subway in
South Korea. The height and width of the tunnel are 7 m and 13 m, respectively. The thickness of
the outer frame is 1.0 m, while the center column dimension is 0.4 x 1.0 m, as shown in Figure 1.
Sixteen site profiles classified into site class B, C, and D were selected for analyses, in which

four profile depths are included 30, 50, 100, and 150 m. Figure 2 shows the site profiles in
terms of the shear wave velocity (Vs).

3 PROCEDURE FOR DEVELOPING FRAGILITY CURVES

Numerous studies pointed out that the difference between a pseudo-static and dynamic ana-
lysis was insignificant (Hwang & Lu 2007, Hashash et al. 2010, Argyroudis & Pitilakis 2012).
Also, the pseudo-static approach has been commonly used in both practical design (MLTM
2009, Iai 2005, Wang 1993, Wood 2004) and research (Anderson 2008, Argyroudis et al. 2013,
Argyroudis et al. 2017, Park et al. 2009, Tsinidis et al. 2016, Debiasi et al. 2013, Yoo et al.
2017, Zou et al. 2017). Therefore, a series of pseudo-static analyses were performed to derive
fragility curves of the tunnel in this study. The procedure for developing fragility curves of
tunnels is briefly described as follows.

• Step 1. Perform 1D site response equivalent linear analysis for a suite of ground motions.
• Step 2. Build up the soil-tunnel system using the soil spring nonlinear frame model.
• Step 3. Impose the soil displacement from Step 1 on the structural model.
• Step 4. Obtain bending moment at the critical section of tunnel lining
• Step 5. Define damage state based on damage index (DI), which is expressed as the ratio of

the bending moment (M) to the yield moment (My) of the critical section of the tunnel.
• Step 6. Develop the relationship between DI (M/My) and seismic intensity measures.

Figure 1. Tunnel cross section (a) and reinforcement detail of tunnel lining (b)
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• Step 7. Calculate mean and standard deviation for each damage state using regression.
• Step 8. Generate fragility curves based on mean and standard deviation parameters.

4 1D SITE RESPONSE ANALYSIS AND STRUCTURAL MODELING

The horizontal displacements of sixteen selected site profiles were calculated by the 1D equiva-
lent linear site response analysis using Deepsoil v6.0 (Hashash et al. 2015). The sand soil type
was assumed for all site profiles and the model of Darendeli (Darendeli 2001) was used. The
over-consolidation ratio was set to 1.0, the horizontal at-rest earth pressure factor was 0.5,
plasticity index was zero, and the number of cycles of loading and the excitation frequency
were defined as 10 and 1.0, respectively. The input motions were imposed as rock outcrop
motions. Figure 3 illustrates the peak horizontal displacements of site profiles under different
ground motion records.
The racking behavior is the dominant response of rectangular tunnels under a seismic load-

ing. The double box tunnel was modeled using frame elements available in SAP2000 (CSI
2011). We performed the mesh convergence analysis to determine the mesh size, which con-
cluded that 64 elements were required per a structural frame member. One dimensional non-
linear material models were applied for both concrete and reinforcing bar of the tunnel linings
whose details can be found in Lee et al. (2016). A series of soil springs in the normal and the
shear directions were attached to all nodes to account for the soil resistance. The spring con-
stants were calculated according to the seismic design code for metropolitan subway of Korea
(MLTM 2009). The horizontal (KH) and vertical (KV) normal spring constants were defined as

KH ¼ kh0
h

30

� ��3=4

ð1Þ

Figure 2. Selected site profiles
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KV ¼ kh0
b

30

� ��3=4

ð2Þ

where Kh0 = (1/30)ED, h and b are the height and the width of the tunnel, respectively, ED is
elastic modulus of the surrounding soil. The shear springs for vertical (KSS) and horizontal
(KSB) frames were defined as

KSS ¼
1

4
KH ð3Þ

KSB ¼
1

4
KV ð4Þ

We also developed the relationship between racking (R) and flexibility ratio (F) of this
study and compared with the published results (Andeson 2008, Penzien 2000, Wang 1993).
This comparison was presented in Nguyen et al. (2018), showing a good agreement. The
pseudo-static analysis procedure presented by Iai (2005) was adopted in this study. Figure 4
depicts the boundary conditions and imposed loads on the tunnel.

5 DAMAGE STATES AND FRAGILITY CURVES

The bending moment of the tunnel was calculated by applying the soil displacement on the
tunnel-soil model. We observed that the top-right and bottom-left corners of the tunnel frame
are the critical sections. The damage states were developed based on nonlinear pushover ana-
lyses. The damage index (DI) was defined in terms of the ratio of the moment demand (M) to
the yield moment (My) of the critical section and number of plastic hinges formed in the
tunnel frame. A detailed simulation and results were presented in Lee et al. (2016). Table 1
shows the damage states and the corresponding DIs adopted in this study.
The engineering demand parameter (EDP) used in this study is the ratio of the moment

demand (M) to the yield moment (My) at the critical section of tunnel lining. Figure 5 plots
the natural logarithm of DI against PGV/Vs30 for two selected sites. It is shown that DI is
strongly correlated to PGV/Vs30.
A fragility function expresses the conditional probability that a structure reaches or exceeds

a damage state when subjected to a given level of ground motion intensity. In this paper, the
fragility function is assumed as a log-normal cumulative distribution function, expressed by

P½DS IMj � ¼ F
lnðIMÞ � μ

β

� �

ð5Þ

where P[DS|IM] is the probability of exceeding the damage state (DS) at a given ground
motion intensity measure (IM): PGA or PGV/Vs30.Φ[-] is standard normal cumulative

Figure 3. Peak displacement of site profiles
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distribution function. μ and β are the median and standard deviation of ln(IM), respectively.
The total standard deviation β is calculated by combining of two uncertainties, the capacity of
tunnel (βC) and the ground motion demand (βD), expressed by

β ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

β2C þ β2D

q

ð6Þ

The capacity uncertainty (μC) is set to 0.3 (Salmon et al. 2003). The demand uncertainty due
to earthquakes (μD) is calculated by the average standard deviation of the damage indices in

Figure 4. Boundary condition and applied loads to the tunnel

Table 1. Damage states and corresponding

damage indices (Lee et al. 2016)

Damage state Damage index (DI, M/My)

None DI < 1.0

Minor/Slight 1.0 ≤ DI < 1.2

Moderate 1.2 ≤ DI < 2.0

Extensive 2.0 ≤ DI

Figure 5. DI and seismic intensity measure and estimation of mean values for damage states
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the linear regression analysis (Ang & Tang 2007). The uncertainty due to the definition of
damage states was neglected in this study.
Figure 6 shows the fragility curves of the tunnel for three damage states in various site pro-

files. The solid curves represent the mean fragility curves of site classes. It was found that the
seismic vulnerability decreases with an increment of the soil stiffness, because a stiffer soil
yields a smaller displacement that produces smaller internal forces in the tunnel lining.
Figure 7 shows fragility curves of the tunnel for all site profiles using PGV/Vs30, which is an

intensity measure widely used to approximate the free-field shear strain. PGV/Vs30is used because
both the intensity of the ground motion and the soil stiffness is accounted for in the parameter.

Figure 6. Fragility curves of the double box tunnel using PGA

Figure 7. Fragility curves of the double box tunnel using PGV/Vs30
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The effect of the site profile is considerably reduced when PGV/Vs30 is used where the fragility
curves for all site profiles fall within a relatively narrower band. This means that the variability of
the fragility curve caused by the soil characteristics is reduced by including the soil parameter in
the intensity measure. Table 2 describes the fragility function parameters for damage states of the
tunnel using PGA and PGV/Vs30. The standard deviations of fragility curves in the case using
PGV/Vs30 are shown to be smaller than those using PGA, highlighting that the uncertainty in the
fragility curve is reduced when using of PGV/Vs30 as the intensity measure instead of PGA.

6 CONCLUDING REMARKS

A set of fragility curves of a double box cut-and-cover tunnel were developed using a series of
pseudo-static analyses. Sixteen site profiles were considered for calculating horizontal soil dis-
placement in 1D site response analysis. Fragility curves for three damage states were derived
with respect to PGA and PGV/Vs30. The influence of site profile on the developed fragility
curves was shown to be important. The site effects resulted in a wider distribution for the
PGA based fragility curves compared with the PGV/Vs30 based curves. The standard deviation
of PGV/Vs30 based fragility functions were smaller because the site stiffness is accounted for in
addition to the intensity. It is thus demonstrated that PGV/Vs30 is a better parameter to
develop fragility curves of tunnels than PGA.
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