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ABSTRACT
Fragility curves represent an operative tool to evaluate seismic vulnerability of different type of
structures. In particular, analytical fragility curves seem especially suitable to deep tunnels because, as
consequence of the availability of relatively few and well-documented case-histories, other approaches
(e.g. empirical or judgmental) appear not always representative. Differently from above-ground
facilities, for which are available different methodologies to simulate seismic damage, the lower
seismic vulnerability of deep tunnels has generated a delay in the definition of damage models for this
type of complex infrastructures. At present, the vulnerability assessment of tunnels is mainly based on
empirical or judgmental fragility curves. This paper describes a 2D numerical model that, by using
nonlinear constitutive models both for the tunnel lining and surrounding ground, allows to derive
analytical fragility curves. The proposed damage model, which has been developed with the aim to
simulate seismic damage on tunnels, is able to reproduce different failure mechanisms of the final
lining and to quantify the accumulation of damage on the whole system during a seismic sequence.

INTRODUCTION
Numerical models able to assess losses caused by future earthquakes are important tools for
authorities of civil protection as well as for the insurance sector. An effective method to preliminary
examine whether a structure is susceptible to seismic action is that based on fragility functions. In
particular, analytical fragility curves represent an effective tool to assess the seismic vulnerability of
deep tunnels (e.g. mountain tunnels) because for this type of construction the availability of relatively
few, well-documented case-histories, make other type of fragility functions (e.g. empirical or
judgmental) not always representative. In this sense, the vulnerability assessment using analytical
fragility curves, which allow to reproduce numerically scenarios with different hazard conditions,
geotechnical parameters and structural data, are ideal to fill the gaps of other approaches. Additionally,
the analytical fragility functions, which allow to estimate the susceptibility to seismic damage in
probabilistic terms, fit well the risk analysis associated with the early stages of the preliminary design
generally adopted for complex infrastructures like deep and long underground structures (e.g. LTF,
2013).
Conventionally, the vulnerability assessment based on fragility functions follows an approach
that is independent from the initial damage state of the system; the input structure for the analysis is
always considered undamaged. However, the aftershocks (and also the foreshocks) in a seismic
sequence, though they are less severe than the mainshock, they can worsen the damage or even cause a
collapse because they may act on a damaged structure. For this reason the traditional or “state1
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independent” approach, which makes predictions on undamaged structures, is prone to underestimate
seismic vulnerability.
The residual capacity of already damaged facilities can be assessed numerically by performing
seismic vulnerability analysis using numerical models that simulate a structure with a certain degree of
damage. This process can be implemented by performing a certain number of dynamic analyses with
the aim to reproduce different levels of seismic damage on an intact model and then repeat the
analyses to increase the level of damage on each damaged system. This type of approach, originally
set-up for above-ground constructions, is commonly referred to as “state-dependent” or “timedependent” approach (Luco et al., 2004; Bazzurro et al., 2004; Yeo & Cornell, 2005).
For above-ground facilities are available several approaches and well consolidated procedures
for the execution of the seismic vulnerability assessment with the use of nonlinear analysis. This is
true for bridges, masonry and reinforced concrete structures following both state-independent and
state-dependent approaches. However the situation is different for underground structures as for
instance deep tunnels. For this category of structures, the seismic analysis and consequently the
vulnerability assessment based on numerical simulation has received much lesser attention. As a
matter of fact, the seismic analysis is not a common practice in tunnel design (Amberg and Russo,
2001). The result is that up to now there is not a standard procedure to derive analytical fragility
functions for deep tunnels (e.g. mountain tunnels). Furthermore, their uncommon seismic response
makes the existing procedures, set up only for shallow tunnels (for more details see Argyroudis and
Pitilakis, 2012), not readily applicable.
In this paper is proposed a numerical damage model which is able to simulate the typical failure
mechanisms caused by seismic waves that propagating in a direction perpendicular or nearly
perpendicular to the tunnel axis (i.e. damage generated by ovaling and racking deformations). By
using nonlinear constitutive models, both for the tunnel lining and surrounding ground, a distinctive
feature of the proposed model is the possibility to simulate the most important failure mechanisms
and, at the same time, to calculate numerically the damage accumulation during repeated dynamic
analyses on the same numerical model of tunnel. This feature allows you to take advantage of this
damage model not only to perform a conventional vulnerability assessment (i.e. state-independent
fragility curves) but also to obtain “state-dependent” fragility curves (Luco et al., 2004; Bazzurro et
al., 2004; Yeo & Cornell, 2005) in order to evaluate the residual capacity of a damaged system.

THE NEED FOR A NEW METHODOLOGY FOR TUNNELS
Ovaling and racking are typical deformations which develop in a tunnel cross-section when
shear waves propagate normal or nearly normal to the tunnel axis, resulting in a distortion of the crosssectional shape of the tunnel lining (e.g. transversal response). Racking deformations are generally
associated with box cross section while ovaling is related to circular or similar cross section (i.e.
polycentric or horseshoe) typically used in the design of deep tunnels.
A very important issue for the description of two-dimensional seismic response of tunnels is the
difficulty in the definition of a representative indicator of displacement able to capture both ovaling
and racking deformation (Figure 1). The horizontal component of displacements (x), which is
generally adopted for buildings (e.g. in the interstory drift ratio), it seems only suitable to describe the
seismic response of shallow tunnels in incoherent soil but it does not seem representative for deep
tunnels bored in rock. Figure 1 shows the main differences between seismic response of shallow and
deep tunnels and it may help to better clarify this statement.
Seismic response of shallow tunnels can be properly described only by the horizontal
component (x) because vertical displacements (y) can be neglected. Unfortunately this assumption
cannot be made for deep tunnels because y may become equal or even higher of x. This fact has
important implications on the definition of damage indexes suitable for this type of infrastructures.
In other words, while for shallow tunnels can be used standard methodologies and software oriented to
structural engineering, for deep tunnels this is not the best option due to the role of the vertical
component of displacements (y). Since at present are not available consolidated procedures to derive
analytical fragility functions for underground deep tunnels bored in rock, the first steps towards this
direction are the definition of a numerical procedure to generate seismic damage and the definition of
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a damage index suitable for this type of complex infrastructures. In this paper it is proposed a
numerical procedure to perform repeated 2D plain-strain, fully nonlinear dynamic time history
analyses on the same model of deep tunnel using simple but nonlinear constitutive models for both the
surrounding ground and the tunnel lining. Since data on seismic damage are the basic elements needed
for the definition of fragility curves, the core of the proposed procedure is the numerical damage
model able to reproduce different failure mechanisms during a seismic sequence and that incorporates
a damage index used to quantify numerically the accumulation of the damage on the system.

TYPICAL DIFFERENCES BETWEEN SEISMIC
RESPONSE OF SHALLOW AND DEEP TUNNELS

Shallow tunnels
δx

Representative component of
displacement: δx

CAPACITY CURVE
(like above-ground constructions)

H



Deep tunnels

x
Hi

Representative displacement: δ=f(δx; δy) or rotation 
δ

Vertical component of
displacement (δy) is not
always negligible

Drift ratio seems not
suitable for deep tunnels

Figure 1. Differences in the seismic response of shallow and deep tunnels. Modified after Miyabayashi
et al. (2008) and Wang (1993).

NUMERICAL DAMAGE MODEL
Tunnels can be analysed numerically on the basis of different methods (e.g. Finite Element
Method, Finite Difference Method, Boundary Element Method) with the opportunity to use different
dimensional approach (e.g. 1D, 2D and 3D). A good overview of the developments and applications of
numerical methods to tunnelling is given by Gioda and Swoboda (1999).
Seismic vulnerability assessment with the use of dynamic time history analysis usually requires
high computational efforts. This is because you need to perform a large number of executions on
numerical models relatively large, in order to avoid boundary effects, and at the same time with a
mesh relatively small, in order to allow a correct transmission of seismic waves and an accurate
computation of soil-structure interaction. Furthermore, the large uncertainties associated to the
difficulties to simulate numerically this kind of very complex problems make more preferable the use
of relatively simple formulations but at the same time able to reproduce nonlinear behaviour of
materials and the most important failure mechanisms (i.e. tensile, compressive, bending and shear
failure).
Generally, software oriented to geotechnical engineering (e.g. PLAXIS or FLAC) is much prone to
simulate the seismic response of soil and rock with a comprehensive formulation for problems of soil-

structure interaction, however the nonlinear behaviour of structural elements is more difficult to
model. For structural engineering oriented software it is true exactly the contrary.
The damage model proposed in this paper is completely implemented in the well-known commercial
software FLAC-2D v.7.0 (Itasca, 2011) which offers a built-in programming language (FISH, short for
FLACish) that represents a very important feature. FISH is essential especially when you have to deal
with unusual problems, as for example the modelling of the nonlinear behaviour of structural
elements, for whom it is required the customization of commands and procedures. Another important
characteristic of FLAC, which is based on the finite difference method (FDM), is the possibility to
subdivide the analysis in several phases. The output of each stage can be saved and then used as input
for the following steps. These distinctive features are well suited to the development of a numerical
damage model able to simulate the accumulation of the damage of a tunnel during a seismic sequence.
The intent was to fully take advantage of the potentialities of FLAC-2D and try to overcome its limits
by writing new commands and algorithms with FISH. The final objective was to create a formulation
which considers accurately the soil-structure interaction and at the same time solves the structural
problem with a simplified nonlinear approach comparable to that used by structural software, where
the soil-structure interaction is more difficult to model (e.g. SeismoStruct or Ruaumoko).
The developed numerical model is capable to simulate geotechnical and structural cumulative
damage on deep tunnels during a seismic sequence and it can be used to derive both state-independent
(traditional approach) and state-dependent fragility functions. Final lining of the tunnel is modeled as
1D elements (i.e. beam) while primary lining and surrounding ground with 2D mesh. The nonlinear
response of the system has been introduced using a consistent approach for both the lining and the
ground. The proposed methodology does not make use of 3D formulation and therefore the
longitudinal response of tunnels cannot be assessed.
Since critical sections of deep tunnels are usually located in poor geological conditions, the
constitutive model suitable for weak rock is the elastic-perfectly-plastic (Alejano et al., 2009). For this
reason the rock surrounding the lining has been idealized using the standard Mohr-Coulomb model
associated to a perfectly elastic response when the induced stress does not exceed the yield stress. On
the other hand, material nonlinearities of the lining have been introduced using the lumped plasticity
approach with the insertion of potential plastic hinges (Figure 3 and 5) based on a bi-linear hysteretic
model with strength and stiffness reduction (Matsushima, 1969).
More in detail, the final lining has been modelled using a sequence of beams (Figure 3 and 5)
and the material nonlinearity has been introduced by the insertion of a certain number of potential
plastic hinges at nodes where the seismic damage is most likely to occur. The localization of potential
plastic hinges within the model has been defined after a careful literature review on the seismic
damage occurred during past earthquakes, from reports of experimental tests and from results of
numerical analysis (e.g. Asakura et al., 2001; Shimizu et al., 2007; Miyabayashi et al. 2008). The
evidences of the localization of damage in certain zones of the final lining make consistent the use of
the lumped plasticity approach. In this sense, the potential plastic hinges have been defined at ten fixed
nodes (Figure 3 and 5). Three at invert arch, three at crow arch and four on side wall. In addition, each
of these nodes represents a control point regarding axial, bending and shear failure implemented on the
base of Eurocode 8 indications (i.e. European standards). As discussed after, these failure modes have
been introduced in the newly-developed model using FISH.
In this procedure, axial failure (i.e. compression and tension) is governed by interaction
diagrams (M-N), bending failure is based on the flexural capacity u (i.e. ultimate rotation) of the
lining section while shear failure is imposed when, during the analysis, shear force in the lining
exceeds shear strength (Vu) of the lining cross-section. When brittle failure happens (i.e. axial and
shear failure) the system is tagged as severe damaged. Regarding the ductile mechanism, when the
bending moment approaches flexural strength (Mu) in a control point, a potential plastic hinge is
activated and the damage accumulation is simulated through the recording of plastic rotation. The use
of lumped plasticity approach in a 2D formulation lets to simulate cracking with the assumption that
large displacements occur in a small portion of the lining (i.e. plastic hinges) while the other parts of
the structure remain elastic. The behaviour of plastic hinges, or in other words the regions where most
of the permanent rotations occur, is governed by the moment-rotation hysteresis relation assigned prior
to the analysis. A very important problem is to assign the hysteretic model more suitable for the type
of material in use.
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Hysteretic relation for plastic hinges and failure mechanisms
The seismic response obtained using the lumped plasticity approach is strongly influenced by
the type of hysteretic relation assigned to plastic hinges. The elastic-perfectly-plastic model is the
standard hysteretic relation offered by FLAC-2D (Itasca, 2011) to simulate the cyclic behaviour of a
nonlinear material without axial interaction. Obviously this kind of relation seems oversimplified and
does not allow to capture the degenerative behaviour generally associated to concrete or reinforced
concrete materials. With the aim to simulate more accurately the seismic response of the tunnel, in the
proposed procedure it has been implemented a bi-linear model with strength and stiffness reduction
(Matsushima, 1969) and axial interaction. As better discussed later, with this simplified model the
nonlinear behaviour of lining cross-sections can be modelled with different degree of ductility (μ).
It is interesting to consider that parameters used in the hysteretic relations vary depending on the
type of formulation adopted, material properties, reinforcement ratio and the axial load level on the
element. For this reason in the proposed methodology, flexural strength (Mu) is not constant but it
varies during the dynamic analysis, on the base of the axial load (N) and the degree of damage. The
dependency from the degree of damage it is introduced considering the number of hysteretic cycles
achieved (i.e. Matsushima model, 1969) while the variation of Mu with N is well synthesized by the
moment-thrust (M-N) interaction diagram where Mu represents the dependent variable.
The relation between flexural strength and axial loading obviously assumes an important role in
earthquake engineering because the seismic action generally induces high variations of axial load in
the structural elements. Consequently also Mu undergoes significant variations during analysis. In
order to consider the influence of axial load on the parameters of moment-rotation hysteretic relation,
in the numerical model it has been introduced the axial interaction with the stepwise definition of the
bending moment Mu from the interaction diagram (M-N). The updating of Mu is forced only in the
elastic phase of the analysis. When Mu is reached at one control node, the cracking is simulated by the
activation of the plastic hinge and, starting from this moment, flexural strength (Mu) is governed also
by the number of plastic cycles achieved. The degenerative behaviour of materials is reproduced by
the degradation of flexural strength (Mu) and stiffness EJ (where E is the elastic modulus and J is the
moment of inertia of the lining section) every time unloading takes place from the post-yield part of
the bi-linear relation. As shown in Figure 2, tunnel linings of brittle materials (i.e. unreinforced
concrete elements) generally present a marketed post-peak degradation. Nevertheless also reinforced
concrete linings, which show a ductile behaviour more pronounced, exhibit post-peak stiffness and
strength reduction (Figure 2).

Figure 2. Tunnel lining specimens with different degree of ductility resulted from cyclic tests on
unreinforced concrete (a) and fiber-reinforced concrete (b). From Miyabayashi et al. (2007).
In the Matsushima model (1969), flexural strength and stiffness reduction are governed by
coefficients A and B which are raised to the power n, where n is the number of times the system
unloads from the bi-linear hysteresis backbone (Carr, 2008). A decay of 80% of the bending strength it
is imposed when the ultimate rotation (θu) or the ultimate shear strength (Vu) is achieved. With the
appropriate definition of ultimate rotation (θu) and coefficients A and B, this model can be used to
simulate, in a simplified way, the cyclic response of materials with different degree of ductility (μ):
-

reinforced concrete lining (i.e. μ > 1).

-

unreinforced concrete lining (i.e. μ = 1).

IMPLEMENTATION OF THE DAMAGE MODEL
IN FLAC-2D ver.7 (ITASCA, 2011)

Stepwise definition of Mu
from the interaction diagram (M-N)
M

M1 (N1 )

N1

Simulation of ductile and brittle
failure mechanisms:

Mu

M

N

θu= θy + θpl,u



BENDING



SHEAR



COMPRESSION



TENSION

θ

Figure 3. Distinctive characteristics of the damage model proposed in this paper and fully
implemented in FLAC-2D.
The main differences between the nonlinear model proposed in this paper and the standard
features offered by FLAC-2D consist in:
1. Implementation of hysteretic relations for plastic hinges more complex respect to the standard
version (i.e. axial interaction).
2. Possibility to simulate stiffness degradation.
3. Implementation of the verification for bending and shear failure.
4. Implementation of a specific damage index in order to compute damage accumulation.
The last point will be discussed in the next section.

Definition of damage index and damage states
Structural vulnerability can be assessed by performance indicators which can be qualitative or
quantitative. One of the important objectives of the post-earthquake investigations is to understand
reasons behind the occurred damage. Try to reproduce the seismic damage through laboratory tests
and numerical analysis is useful to assess the reliability of predictive models. In this sense, it is
important to define general methods capable to quantify the complex hysteretic behaviour of an
element or a whole structure. Damage indexes (DI) are important tools to provide a means of
quantifying numerically the damage sustained by a structure during seismic action. The problem of
classifying damage indices was approached by Kappos et al., (1992), Williams & Sexsmith (1995),
Golafshani et al. (2005), Hernandez (2007) and others. Damage indexes may be local if they are
associated to a limited portion of a structure (e.g. structural elements) or global if they take into
account the behaviour of the whole structure. Both types of indexes are generally based on two
different models:
1. Non-cumulative models. These indexes may quantify the capacity of a structural element or
the global response of a structure but are unable to capture their hysteretic behaviour caused
by a cyclic load.
2. Cumulative models. The indexes based on this formulation are able to quantify the damage
considering the hysteretic response of one element or a whole structure.
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The modelling of damage accumulation under cyclic loading is usually performed either by using a
deformation-based formulation, in which damage is taken as a function of the accumulated plastic
deformation, or by incorporating a term related to the hysteretic energy absorbed during the loading.
Early deformation-based cumulative damage model simply attempted to extend the ductility concept
to cover repeated loading. Banon et al. (1980) and Banon and Veneziano (1982) used a normalized
cumulative rotation (NCR) defined as the ratio of the sum of all plastic rotations that happen in a
plastic hinge, normalized to yield rotation as follows:
j

NCR  

 m ,n   y ,n
 y ,n

n

(1)

where θm,n and θy,n are the maximum rotation and the yield rotation in the hysteretic cycle n. This
damage index has some similarity to the common monotonic rotational ductility and represents a local
index because it account for the accumulation of the damage in one element. One shortage of this
index is that it shows a considerable scatter (Mehanny and Deierlein, 2000).
NCR (Normalized Cumulative Rotation), which is defined as ratio between rotations, seems the
damage index most suitable for the methodology proposed in this paper because, differently from
damage indexes based on the horizontal component of displacement (x), it can be used indifferently
for deep and shallow tunnels. However, since this index is able to compute only the damage
accumulation on a single plastic hinge, for the purposes of this procedure it has been necessary to
make some modifications in order to quantify the damage of the whole tunnel lining. For this reason it
has been defined a new global damage index called “GNCR” (Global Normalized Cumulative
Rotation) defined as follows (Figure 4):
4
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where θm,in and θy,in are the maximum rotation and the yield rotation at the plastic hinge i in the cycle n
while θpl,u represents the ultimate plastic rotation which can be computed with the formulation
proposed by the Eurocode 8 (i.e. European standards). A constant ultimate plastic rotation has been
assigned to each control node and has been computed using the worse condition of static axial load. In
other words, the global cumulative index (GNCR) returns the summation of the total plastic rotation
accumulated at each cycle and in all active plastic hinges (Figure 4).
According to the kinematic failure mechanism, when in four nodes of the lining the internal
bending moment exceeds the ultimate moment (Mu) a mechanism of failure is triggered. This means
that, locally along the longitudinal profile, the structure is unstable because the equilibrium of the
lining is not guaranteed anymore. During seismic action, the deformations induced by the surrounding
rock to the tunnel support can be sustained only until certain thresholds beyond which the triggering of
a kinematic failure mechanism is simulated by the activation of at least four plastic hinges. At this
stage the lining is no longer able to contrast the plastic deformation of the ground which may
potentially induce uplift of the floor and falling of materials. It is pointed out that both these events are
potentially dangerous either for hydroelectric tunnels (i.e. performance of the waterproofing) and
transportation tunnels (i.e. safety of passengers).
Starting from these assumptions, when the fourth plastic hinge is activated and the kinematic
mechanism of failure is triggered, even if the lining is supported at certain extent by 3D effects and the
surrounding rock, the model is tagged as severe damaged because, locally, the equilibrium of the
elements is no longer guaranteed. Although the proposed formulation of damage states is not yet fully
documented, it has been selected because give a mechanical description for the expected damage.
According to these considerations, all damage states can be defined numerically as function of the
number of activated plastic hinges using the definition of GNCR as follows:

4
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Given the difficulty of distinguishing five different levels of damage through numerical
simulation, it seems preferable to distinguish only four damage states as follows:
1. DS0 (no damage): no plastic hinge activated.
2. DS1 (slight damage): on activation of the 1st plastic hinge.
3. DS2 (moderate damage): on activation of the 2nd plastic hinge.
4. DS3 (extensive damage): when active plastic hinges i ≥ 3.

Global Normalized Cumulative Rotation
4

j

i 0

n

GNCR  
i=1
n=1

GNCR

m,in   y ,in
 pl ,u

i=2 (n of plastic hinge activated)
n=i (n of hysteretic cycle in the plastic hinge)

Figure 4. Analytical and graphical interpretation of the newly-proposed damage index.

APPLICATION OF THE PROPOSED MODEL AND RESULTS
The numerical procedure has been applied to a case study whose details are briefly summarized
in this paper. More specific details can be found in Andreotti and Lai (2014). The case study refers to
the reference project of a of long railway tunnel at great depth (LTF, 2013). Past earthquakes have
proved that, for deep tunnels, the cross-sections most vulnerable to seismic action are those immersed
in weak rock with poor geological conditions. For this reason in this paper it has been selected a
typical cross-section designed for deep tunnel in weak rock. Specifications about sizes, lining and rock
characterization can be found in Figure 5 and Table 1, 2 and 3.
The procedure proposed in this paper has been used to simulate numerically the seismic
response of a deep tunnel immersed in fractured rock (i.e. Geological Strength index GSI=15) at 100
m depth from ground level. Two time histories recorded on outcropping rock in near-fault condition
(i.e. PGV=0.92 m/s and PGV=0.84m/s) have been selected. These two records are the mainshock
signal of two different earthquakes but for the purposes of the analysis and in order to simulate a
seismic sequence, the less severe signal has been used as aftershock with an intensity comparable to
that of the mainshock.
The newly-developed procedure has been used to simulate the effects of the seismic sequence
on the numerical model of tunnel. An important feature of the proposed methodology is that the output
of each dynamic analysis can be used directly as input for other dynamic analyses until the
achievement of a severe damage state (DS3).
Both records have been applied, in terms of velocity time histories, at the base of the numerical
model with half intensity to remove the free surface effect. Since the objective is to reproduce the
seismic response of a deep tunnel bored in rock, it has been made the simplifying assumption that
local amplification effects do not occur on the input motion.
The procedure has proved to be able to fulfil the purposes for which it was designed. Figure 6
shows the results from repeated dynamic analyses on the same numerical model using the two ground
motions with a different level of severity.
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Table 1. Properties of final lining.
FINAL LINING OF REINFORCED CONCRETE
Steel rebars Stirrups

Section Thickness Width Height
S1

[m]

[m]

[m]

[kg/m3]

[cm2]

0.7

1.0

1.0

50

14.13

Table 2. Materials of final lining.
MATERIALS
Concrete
C30/37

Steel
B450C

Ec

fc

Ec

fs

[MPa]

[MPa]

[MPa]

[MPa]

33000

25.5

210000

450

Table 3. Properties of rock formation.

Figure 5. Sizes and properties of the numerical
model generated in FLAC-2D with localization
of 10 potential plastic hinges.

GSI

E
[MPa]

15

400

ν

ROCK PARAMETERS
K
G
ϕ
c
γ
Ko
[MPa] [MPa] [°] [MPa] [kN/m3]

0.35 444.44 148.15 20

0.3

22

0.6

More in detail, the first phase of the procedure consists in the static analysis which defines the
initial conditions of the model before dynamic analysis. The static analysis generates a numerical
model of tunnel that, despite a certain degree of plasticization of the rock all-around the lining, it is
considered intact. In fact, with the assumption that the lining is correctly designed for the static
conditions, this model does not present structural damage.
It is pointed out that the area of plasticization of the rock surrounding the lining, coherently to
the formulation adopted for the structural part of the system, in this paper it is considered a qualitative
indicator of geotechnical damage. This because, even if are not defined any damage states for the
ground, the plasticization of the rock in contact with the tunnel lining has important consequences on
soil-structure interaction.
In the first dynamic analysis (Figure 6), the numerical model of tunnel has been tested against
mainshock. During this analysis there was an increase of the area of plasticization of the rock and the
activation of two plastic hinges in the lining. This means that the tunnel has been damaged by the
mainshock. The quantification of the damage has been computed using the damage index GNCR
(Global Normalized Cumulative Rotation). The outcome from this first dynamic analysis represents
the post-mainshock damaged model of tunnel that from an undamaged condition (DS0) has achieved a
moderate damage state (DS2). The damaged system has been subsequently subjected to the second
input ground motion, used to simulate an aftershock. During this second analysis there was a further
increase in both geotechnical (i.e. increase of area of plastic zone around the tunnel lining) and
structural damage given by the activation of a third plastic hinge. The aftershock brought the model to
a worse damage state. From a state of moderate damage (DS2) the system has achieved a condition of
severe damage state (DS3) with an increment of the value of the damage index GNCR. Figure 6
summarizes the seismic sequence described above and shows the hysteretic cycles of the plastic hinges
which have been activated during the two analysis.
By relating damage states (DS), values of damage index (GNCR) and the respective intensity
measures of seismic shaking (e.g. represented in this case by the peak ground velocity or PGV) it is
possible obtain all the parameters required for the definition of state-independent and state-dependent
fragility curves. A detailed description of how to derive analytical fragility functions using the
proposed damage model is shown in the work of Andreotti and Lai (2014).

1st DYNAMIC ANALYSIS

STATIC ANALYSIS
PGV=0.46 m/s

PGV=0.42 m/s

Free surface
PGV= 0.92 m/s

Free surface
PGV= 0.84 m/s

1st DYNAMIC ANALYSIS

i=1
n=1

2nd DYNAMIC ANALYSIS

DAMAGE INDEX
GNCR=0.065

2nd DYNAMIC ANALYSIS

i=2
n=1

i=1
n=1
DAMAGE INDEX
GNCR=0.166

i=2
n=3

i=3
n=1

Figure 6. Damage evolution on a representative cross-section of deep tunnel (i.e. 100 m depth from
ground level) in weak rock (GSI=15) during a seismic sequence composed by mainshock and one
aftershock of comparable severity.

CONCLUSION
Analytical fragility functions represent a valuable tool to assess the seismic vulnerability of
deep tunnels. The vulnerability assessment of tunnels is generally based on simple empirical fragility
curves, without properly considering depth, soil type and lining details.
This paper describes a numerical procedure to perform repeated 2D plain-strain, fully nonlinear
dynamic time history analyses on the same model of deep tunnel using simple but nonlinear
constitutive models for both the surrounding ground and the tunnel lining. The rock surrounding the
lining has been idealized using the standard Mohr-Coulomb constitutive model associated to a
perfectly elastic response when the induced stress does not exceed the yield stress. Material
nonlinearities of the lining have been introduced using the lumped plasticity approach with the
insertion of an adequate number of potential plastic hinges based on using an elastic-perfectly-plastic
model with strength and stiffness reduction (Matsushima, 1969).
The proposed damage model is able to simulate several failure mechanisms of the final lining
and accumulation of the seismic damage on the whole soil-structure system during a seismic sequence.
It can be used to derive analytical fragility curves in a systematic way considering the influence of
different types of rock, lining details, sizes as well the variability of input motion.
Except for the case of the tunnel being directly sheared by a fault, the most critical deformation
produced in a tunnel lining during a seismic event is racking or ovaling of the cross-section (Penzien,
2000). This statement is confirmed also by Miyabayashi et al. (2008). Therefore, the proposed
approach has been focused on damage mechanisms caused by seismic waves that propagate
perpendicular to the tunnel axis. This means that this model account only for transversal response of
deep tunnel while neglects other types of damage patterns (e.g. slide of a fault, longitudinal response
or slope collapse at the entrance). Further developments of this research also could lead to the
inclusion of these effects.
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