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ABSTRACT 
The seismic vulnerability assessment of tunnels is generally based on empirical fragility curves. They are derived from the 
statistical analysis of observed damages in past earthquakes. Some authors have calculated fragility curves based on the 
results of numerical analyses, defining the damage index in terms of ratio between the flexural demand and capacity of 
the structural section of the tunnel lining. 

However, the tunnel lining is generally assumed as a continuous ring, while in the case of mechanized tunneling it is made 
of jointed segments. Recent studies modeling with FEA the non-linear dynamic interaction between the segmental lining 
and the soil have shown the significant effect of the jointed pattern of a segmental lining. On one hand, it implies a lower 
structural demand than a continuous ring, due to its larger flexibility and compressibility in the transverse section; on the 
other hand, permanent rotations of the joints are often calculated at the end of the earthquake, that may represent a further 
structural fragility of a segmental lining, since they may produce dislocation of sealing gaskets among segments. Limited 
available post-earthquake reconnaissance, would seem to indicate that in some cases damage at the segments joints has 
been observed. 

In this study, a set of FEA was carried out using a strain hardening elastic-plastic model with small strain overlay. Several 
input signals were used and different ground conditions were modelled in order to define fragility curves for damage 
associated to joint permanent rotation in a segmental tunnel lining. The results are presented and discussed in the paper. 
 
 
 
1 INTRODUCTION 
 

The experience from past earthquakes reveals that 
underground structures are exposed to seismic risk and 
their seismic vulnerability, or fragility, is a function of the 
tunnel lining technology, the interaction with the 
surrounding soil during seismic shaking, the intensity of the 
event. Each of these factors plays an important role in 
terms of probability of damage and loss of functionality of 
the underground structure. 

When a tunnel is subjected to seismic shaking, the 

transversal component of tunnel deformation induces 
increment of internal forces in the transversal lining section, 
i.e. bending moment and normal force, while the 
longitudinal component of deformation induces horizontal 
bending and shear along the tunnel axis direction. 

In the case of segmental tunnel lining, typical support 
system adopted in mechanized tunnelling, these 
deformation mechanisms could additionally produce 

relative displacement/rotation in correspondence of 
longitudinal joints and at the circumferential joints, due to 
the transversal and axial component of deformation 
respectively. 

Segmental lining of tunnels generally perform better 
during earthquakes than continuous ring lining for their 
higher structurally flexibility (Fabozzi & Bilotta 2016); this 
reduces bending strains in the lining and increases the 

overall structural aseismic capability. Nevertheless, under 
high levels of ground shaking, the connections between 
segments may easily be damaged, as observed during 
Kobe earthquake (Dean 2006). Hence, joints represent a 
source of fragility for this particular technology of lining. 

This paper focuses on the effects of seismic shaking in 
the transverse section of a segmented tunnel lining, and 

introduces a study of seismic vulnerability of such a 
structure through the construction of analytical fragility 
curves, commonly adopted for the assessment of 
vulnerability of the structure, for different levels of damage 
and different soil types. 

In the technical literature, there are few works on the 
seismic vulnerability assessment of tunnels, generally 
based on empirical fragility curves (Hazus 1999; ALA 
2001), and only one based on analytical fragility curves 

(Argyroudis & Pitilakis 2012). The authors proposed a 
procedure to define fragility curves in terms of probability 
of tunnel damage in function of the Peak Ground 
Acceleration, PGA, for continuous tunnel lining. The 
procedure is based on pseudo-static analysis, defining a 
damage index, DI, in terms of ratio between the flexural 
demand and capacity of the structural section of the tunnel 
lining.  

Following the procedure proposed by Argyroudis & 
Pitilakis (2012) for continuous lining, this work proposes an 
analogous procedure for segmental tunnel lining, based on 
non-linear full dynamic analysis, assuming as potential 
damage parameter the permanent rotations of longitudinal 
joint, Dperm, since they may produce dislocation of sealing 
gaskets among segments under high value of ground 
shaking. 

The computed fragility curves have been compared 
with empirical fragility curves available in literature which 
do not distinguish among lining systems neither soil types. 
 

 



2 FINITE ELEMENT ANALYSIS 
2.1 Mechanical parameters of soil 

 

Two-dimensional full dynamic analyses of soil-structure 
interaction have been performed, modelling the non-linear 
and irreversible soil behaviour through an elastic-plastic 
strain-hardening model with small strain overlay (Benz 
2007), named ‘Hardening Soil small strain’ in the adopted 
code Plaxis 2D (Plaxis 2D Reference manual).  

The numerical study has considered three different 
ground conditions, corresponding to the soil types B, C and 

D of Eurocode 8 site classification (EC8, 2004). A layer of 
dry Leighton Buzzard sand (fraction E) at relative density 
of 75%, used in centrifuge models (Lanzano et al, 2012), 
has been adopted as soil type C (Vs,30=219 m/s). Its 
mechanical behaviour for the calibration of the constitutive 
model is described in detail in Lanzano et al. (2016). Ideal 
soil layers with equivalent shear wave velocity Vs,30 equal 
to 395 m/s and 150 m/s have been assumed as ground 
conditions of type B and D respectively. Table 1 shows the 

geotechnical and constitutive parameters adopted for the 
three different soil types.  
 
 
Table 1. Parameters of soil types. 
 

  Type B Type C Type D 

γd [kN/m
3
]  20 15,2 18 

E
ref

50 [MPa]  80 18.6 10 

E
ref

oed [MPa]  87 20.5 11 

E
ref

ur [MPa]  198 62.2 25 

νur [-]  0.2 0.2 0.2 

m [-]  0.4 0.4 0.8 

G
ref

0 [MPa]  310 72.7 40 

γ 0.7 [-]  0.00017 0.00058 0.0003 

φpk [-]  40 38.6 25 

Ψpk [-]  6 8.2 2 

c' [kPa]  0,01 0,01 0,01 

αR [-]  2.09E-01 6.68E-02 1.77E-01 

βR [-]  4.30E-04 7.04E-04 9.55E-04 

 
 
The Rayleigh damping coefficients (αR and βR) have 

been estimated according to the double frequency method, 
assuming as targets the first and the third natural frequency 
of the deposit, for an initial damping value D0=1.5%. 

The variation of the normalized shear modulus G/G0 

and the damping ratio D with the shear strain level γ are 

shown in Figure 1. For soil C the curves are taken from 
Lanzano et al. (2016): Figure 1b shows a comparison 

between experimental laboratory values (resonant column 
RC and torsional shear TS tests) and numerical 
simulations. For soil type B and D the curves made 
available by Darendeli (2001) for different soil types were 
taken as targets. In particular, the literature curves used for 

soil type B refer to a dry sand with an effective stress σ’0 

equal to 2 atm, while for soil type D they refer to a slightly 
overconsolidated clay (OCR=2) with a plasticity index IP 

equal to 25 and an effective stress σ’0 equal to 1.28 atm. 
 

 
 
Figure 1. Comparison of numerical and literature curves of 
G/G0 and D for (a) soil type B (a), (b) soil type C (after 

Lanzano et al., 2016) and (c) soil type D. 
 

 
2.2 Numerical  analyses 
 
Figure 2 shows a numerical model adopted for the 
analyses. The domain has a depth of 30 m and a width of 
200 m, the tunnel axis depth is 15 m with a diameter equal 

to 10 m.  
 



 
Figure 2. Numerical model for soil type B. 

 
 
The tunnel lining (Figure 3) is composed by ten 

concrete segments t=0.50 m thick with an external 
diameter of 10 m. The segments are isotropic elastic plate 
elements, with bending stiffness EI and axial stiffness EA 
equal to 3.18E

5
 kN/m

2
/m and 1.53E

7
 kN/m respectively; 

longitudinal joints are elastic-plastic hinges modelled with 
a simplified bi-linear moment-angular rotation relationship 

(Zhong et al 2006, Van Oorsouw 2010, Thienert and 
Pulsfort 2010, Do et al 2013). 

Janssen joint analytical solution (Janssen 1983) has 
been used to define the rotational stiffness of longitudinal 
joints, in correspondence of the 80% of the maximum limit 
moment that can be transferred Mpl (Thienert and Pulsfort 
2010). 
 

 
Figure 3. Segmental tunnel lining geometry. 

 
 
Figure 4 shows as a dashed line the reference 

(Janssen 1983) moment-rotation relationship assumed for 
each joint, for an average value of normal force equal to 
600 kN/m and a surface contact between two concrete 
segments of 0.35 m. In the same figure the bi-linear 
(elastic-plastic) approximation used in the analyses is also 
shown as a continuous line. 

Three different working stages can be defined for the 

joint, depending on the eccentricity e=N/M of the resultant 

of the normal force in the joint section.  

In the case of eccentricity e<t/6, the joint is closed, that 

is completely under compression, and it behaves as linear-

elastic; as soon as eccentricity e=t/6 the joint starts to open 

(e>t/6). At high values of rotation, third stage, plastic strains 

occur in the concrete until the joint fails.  

At the interface between the lining and the soil a 
reducing factor R= 0.7 is applied to strength and stiffness, 
compared to the surrounding soil.  

The pre-seismic state of stress around the cavity was 
defined in a simplified way (Eq 1) by reducing the initial 

lithostatic stress σ0 by a stress relaxation coefficient λ, 
assumed equal to 0.3: 
 
σ = (1-λ) σ0     (1) 

 

 
Figure 4. Moment-rotation relationship for longitudinal 
joints. 
	

 
The lateral boundary conditions during static analysis 

consisted of fixed displacements in the horizontal direction 
at the vertical sides of the model and fixed displacements 
in both directions at the bottom. Displacements along the 

upper surface were free. 
Static analysis was followed by full dynamic analysis 

solving the motion equations step by step in the time 
domain with the Newmark implicit time integration scheme. 

To minimize the effect of waves reflection during 
dynamic analysis, lateral vertical boundaries were 
modelled with viscous dashpots according to suggestions 
by Lysmer & Kuhlemeyer (1969).  

Table 2 resume the selected input signals, that are 
natural time histories of acceleration recorded on a rigid 
outcropping bedrock (soil type A according to EC8). 

The input motions were selected so as their mean 
spectrum to match the Eurocode EC8–1 spectrum for 
ground type A (rock). Figure 5 shows the spectral 
matching. 

The acceleration records were scaled at several 

maximum levels comprised between 0.1 g and 0.55 g. 
The input signal is applied at the base of the model as 

a time histories of acceleration. Preliminary it was band-
pass filtered in the interval of frequency 0.1–25 Hz, in order 
to reduce the high-frequency content, and a baseline 
correction was applied. 

Figure 6 shows the time histories of bending moment 

calculated at q = 180 degrees (see Figure 3) for the case 

of continuous and segmented lining, for a soil type B.  
A permanent accumulation of internal loads in the 

tunnel at the end of shaking can be observed, according 
with the experimental evidences obtained by Lanzano et al. 
(2012). 
 
 
Table 2. Selected earthquakes 

Station 

ID 

Earthquake Date Mw PGA 

(m/s
2
) 

ST.98 Camp. Lucano 23.11.1980 6.9 0.59 
ST.2368 SE of Tirana 09.01.1988 5.9 1.11 
ST.64 Montenegro 15.04.1979 6.9 1.77 
ST.539 Bingol 01.05.2003 6.3 5.05 
ST.20 Friuli 06.05.1976 6.5 3.50 
ST.2486 South Iceland 17.06.2000 6.5 3.12 
ST.54 Tabas 16.09.1978 7.3 3.32 
ST.3311 Avej 22.06.2002 6.5 4.37 
ST.2483 South Iceland AS 21.06.2000 6.4 5.19 
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Figure 5. Comparison between the mean spectra and EC8-
1 spectra (soil type A). 
 

 
Figure 6. Comparison of increment of bending moment in 
a continuous and segmented lining (South Iceland 

aftershock input, amax scaled to 0.35g). 
 
 

The comparison also shows a lower structural demand 
in terms of bending moment of the segmental lining 
compared to the continuous one. 
Figure 7 shows instead the time histories of joint rotation at 
90 degrees (Figure 3) of the segmental tunnel section for 

the case of soil type B.  
As for the internal forces, also in terms of joint rotation a 
permanent accumulation can be observed at the end of 
shaking. On the basis of such rotations, fragility curves 
have been defined as detailed in the following section. 
 

 
Figure 7. Rotation of joint located at 90 degrees in the 
segmented lining (South Iceland aftershock input, amax 
scaled to 0.35g). 
 
 

3 FRAGILITY CURVES 
 
The vulnerability assessment of a single structure, or of a 

class of them, represents one of the most important topic 
of the seismic engineering. Fragility curves are one of the 
most used methods for the rapid assessment of the 
structure performance at different hazard levels. They give 
the probability of reaching a defined structural damage 
level with respect to a given level of seismic intensity 
motion. The latter can be expressed in terms of ground 
motion intensity measures as Peak Ground Acceleration 

(PGA) and Velocity (PGV) or Permanent Ground 
Displacement (Dperm). The fragility curves are generally 
described by a log-normal probability distribution as 
follows: 
 

𝑃" 𝑑$ ≥ 𝑑$& 𝐼𝑀 = 𝜙
+

,-.-
𝑙𝑛

12

1234

   (2) 

 

with 𝛽676 = 𝛽8$
9 + 𝛽;

9 + 𝛽8
9 and: 

 

• Pf () is the probability of exceedance of a particular 
damage level, DS, for a given seismic intensity 
measure IM; 

• IMmi is the median of the intensity motion values 
IM, for which the tunnel reaches the damage level 
DS; 

• βtot is the total standard deviation of the natural 

logarithm. 
 
 

The log-normal dispersion is estimated by the standard 

deviation βtot. Generally, three types of uncertainties are 
taken into account: the damage level definition (βds), the 
structure capacity (βc), and the seismic input (βd). In this 
work, it is assumed that: βds = 0.4 following the Hazus 
approach, βc = 0.3 following the BART studies and βd is 
equal to the standard deviation of the damage index 
computed from different input accelerograms. 

In this case PGA and Dperm were selected as IMs, 

following the approach of previous studies (Argyroudis e 
Pitilakis, 2012). The permanent displacement at the ground 
surface was used since it may be related to permanent 
rotation at a tunnel joints. Dperm is also used as IM for other 
buried structures as pipelines subjected to ground failure 
deformations (O'Rourke and Liu 1999). 

The first step necessary to build the fragility curves is 
the definition of the damage index. The tunnel vulnerability 

in terms of stresses is defined according to Argyroudis e 
Pitilakis (2012), where the damage index is given by the 
ratio between the bending moment demand in the 
transverse section and the flexural capacity (M/MR). 

In this study, the performance of the joint was also 
expressed as a ratio between the permanent rotation and 
reference thresholds. The damage index and the criteria to 
estimate the damage states DS are specified in Table 3. 
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Table 3. Damage index definition in terms of relative 
rotations. 
 

Damage state (DSi) Damage Index (DI) 

 Range Median value 

DS1: none fr/f1≤ 1 - 

DS2: minor/slight 1 ≤ fr/f1≤1.5  1.25 f1 

DS3: moderate 1,5 ≤ fr/f1 ≤ 2fr/f1-1.5fy fy 

DS4: extensive 2fr/f1 -1.5 ≤ fr/f1 ≤ fu/f1 fy - 0.75fy+0.5fu 

 
 
Three values of rotation were set, as thresholds for 

damage state definition (Figure 8): 

• f1 is the first critical threshold, in which the joint 

opening occurred, defined as f1 = 𝑁𝑙
2
⁄6𝐸𝐼; 

• fy is the yielding rotation; 

• fu is the ultimate rotation. 

 
 

 
Figure 8. Joint moment-rotation relationship and rotation 
thresholds for damage states definition. 

 
 

Examples of the evolution of damage with PGA are 
given in Fig. 9 for joint rotation, where a linear regression 
is used to fit the data, bounded by the corresponding 
standard deviation (βd). 

Figure 10 shows the comparison for the soil type B 
between the fragility curves obtained with two different 
damage criteria: the former referring to the residual 

bending moment (Argyrudis & Pitilakis 2012); the latter to 
joint rotation (Table 3). For the same level of damage, the 
fragility curve in terms of relative joints rotation are more 
severe than those in terms of residual bending moment at 
same Dperm level. 

Figures 11 and 12 compare the computed rotation 
fragility curves in terms of Peak Ground Acceleration 
(Figure 11) and Permanent Ground Displacement (Figure 

12), respectively. When possible, the curves were 
computed for different type of soil (type B, C and D) and for 
the three different DS. 

 

 
 
Figure 9. Example of evolution of damage with earthquake 
intensity measure (in this case PGA) and definition of 
threshold median values for the damage states (DSi). 
Definition of standard deviation due to variability of input 
motion (βd)  
 

 

 
Figure 10. Comparison between the Dperm fragility curves 
relative to residual rotations and residual moments.  
 
 

From the inspection of the curves computed relatively 
the PGA, it can be noticed that the tunnels in softer soils 
are characterized by a higher probability of damage than 
those surrounded by stiffer soils. Looking to the curves 
evaluated in terms of Dperm, the probability of damage 
increases with the stiffness of soils. 

This is due to the fact that, to achieve the same Dperm, 
a stiffer soil has to be subjected to larger seismic 

accelerations than a softer soil.  
Figure 13 compares the result of this study with those 

provided by ALA (2001) for minor and moderate damages. 
Generally, it can be noticed that the numeric curves are 

less sensitive than the empirical curves to little variations 
of PGA (ALA, 2001). Since the empirical evidences can be 
affected by a large degree of uncertainties (both due to the 
IM estimation and DS classification), that this behavior 

could be generally ascribed to the difference in data 
population between simulated and empirical datasets. The 
latter could be representative of a narrow range of intensity 
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measures, with respect of numerical (artificial) one. 
Unfortunately, a direct comparison with ALA results is not 
feasible (Argyroudis et al. 2017): the standard deviation of 

empirical data is also artificially altered, on the basis of the 
expert judgment, because few data are used to obtain 
fragilities for low damage states. 

 

 
Figure 11. Fragility curves for residual relative rotation 
between the segments of the lining in terms of peak ground 
acceleration (PGA). 
 

 
Figure 12. Fragility curves for residual relative rotation 
between the segments of the lining in terms of permanent 
ground displacement (Dperm). 
 

This evidence was also found by Argyroudis and 
Pitilakis (2012). It could be generally ascribed to the 
difference in data population between simulated and 
empirical datasets. The latter could be representative of a 
narrow range of intensity measures, with respect of 
numerical one, and the empirical curves, which are soil 
independent, could be in reality more representative of 
tunnel behaviour in soft soils (Argyroudis and Pitilakis, 

2012). Moreover, the empirical evidences can be affected 
by a large degree of uncertainties, both due to the IM 
estimation and DS classification. 
 

 
Figure 13. Comparison between the fragility curves by ALA 
(2001) for the cases of minor and moderate damages and 
those obtained in this study in terms of permanent joint 
rotation/PGA. 
 
 
4 CONCLUSIONS 

 
In this study, a set of FEA was carried out using a strain 

hardening elastic-plastic model for the soil and several 
input signals. Hence, fragility curves for damage 
associated to joint permanent rotation in a segmental 
tunnel lining were defined.  

From a practical point of view, the fragility curves 
represent the estimation of the tunnel vulnerability in the 

risk analysis field. By combining these curves with 
information on the seismic hazard of the site and on the 
exposure, an estimate of the economic and human lives 
losses can be achieved. 

Preliminary results show that in segmental linings 
serviceability limit state verifications of the joints are 
needed, against excessive rotation that may produce 
dislocation of sealing gaskets among segments.  

Furthermore, the computed fragility curves can be 

adopted for a preliminary feasibility study concerning the 
use of a threshold-based Earthquake Early Warning 
Systems (EEWS) for segmental tunnel lining, which 
represents a tool for the implementation of protective 
measures aiming at reducing the vulnerability of structure 
to seismic risk. 

The choice of the input motions should be updated, 
considering different sets of accelerometers for different 

damage states. As a matter of fact, Rossetto and Elnashai 
(2005) proposed to link the damage states to different 
design limit state, in order to use an appropriate code target 
spectrum in the signal selection. The final goal is to obtain 
a broader variability of the input motion parameters (PGA, 
PGV, maximum frequency, duration, Arias intensity), 
respecting the ranges of the expected ground motion. 

In this analysis, PGA was selected as seismic index for 

transient deformation, in order to make a comparison with 
the previous studies for bored tunnels (Argyroudis & 
Pitilakis 2012; ALA 2001). However, PGV is a better 
seismic parameter to describe the response of the buried 
structures under transient deformation, as commonly 
employed for pipelines subjected to ground shaking 
(Lanzano et al. 2013). In the future, the fragility curves will 
be defined also in terms of velocity. 
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The total standard deviation βtot of the model is still 
affected by several degrees of uncertainties. The artificial 
increment of βd, obtained from seismic input, is still rough, 

because other causes of variability are not modelled; this 
assumption can lead to an overestimation of β. In the 
future, the total variability will be reproduced, using only the 
results of the numerical analyses. 
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