International Journal of Architectural, Civil and Construction Sciences
ISSN: 2415-1734
Vol:10, No:10, 2016

Seismic Fragility Curves for Shallow Circular
Tunnels under Different Soil Conditions

Siti Khadijah Che Osmi, Syed Mohd Ahmad

Abstract—This paper presents a methodology to develop fragility
curves for shallow tunnels so as to describe a relationship between
seismic hazard and tunnel vulnerability. Emphasis is given to the
influence of surrounding soil material properties because the dynamic
behaviour of the tunnel mostly depends on it. Four ground properties
of soils ranging from stiff to soft soils are selected. A 3D nonlinear
time history analysis is used to evaluate the seismic response of the
tunnel when subjected to five real earthquake ground intensities. The
derived curves show the future probabilistic performance of the
tunnels based on the predicted level of damage states corresponding
to the peak ground acceleration. A comparison of the obtained results
with the previous literature is provided to validate the reliability of
the proposed fragility curves. Results show the significant role of soil
properties and input motions in evaluating the seismic performance
and response of shallow tunnels.

Keywords—Fragility analysis, seismic performance, tunnel
lining, vulnerability.

[. INTRODUCTION

DERGROUND structures are classified as complex
engineered structures that require detailed analysis and
design. Tunnels, for instance, are massively constructed as
transportation infrastructures and utility network, especially in
urban environments where space is very limited. Although the
construction cost of underground structures is very expensive,
such structures are as the less vulnerable structures during
earthquakes compared to aboveground structures [1].
However, due to severe damage experienced on the several
Dakai subway stations after being attacked by the Hyogoken-
Nambu earthquake on 17 January 1995, experience suggests
that tunnels become vulnerable during an earthquake event. In
fact, any instability of the structure will provide some level
degree of damage that may highly detrimental the overall
performance of the network (e.g. [2]-[4]). Considering their
utmost importance to the public safety that cannot be
compromised, engineering practitioners have become more
aware of the safety of such structures during an event of an
earthquake because if the structures are damaged, the repairing
works are not only costly and time-consuming but it is also
difficult to carry out the rescue works. However, a very
limited amount of studies has been carried out to study and
understanding the dynamic performance of tunnels under such
unpredictable extreme hazards. In view of the importance to
enhance the resilience of these structures, the overall aims of
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the study are drawn in order to evaluate the probabilistic
future performance of tunnels during an earthquake event.
This can be done by constructing the fragility curves as a
representation of a conditional probability of a structure to
endure a specific damage level when subjected to a given
hazard. Recently, [6] developed methodologies for the
construction of numerically derived fragility curves for tunnels
(circular and rectangular sections) in alluvial deposits. They
investigated the seismic response of shallow tunnel under
quasi-static 2D plane-strain conditions, where the induced
seismic ground deformations calculated through 1D free field
analysis are applied at the boundaries of the soil-tunnel
system. They compared the numerically derived curves with
the previous empirical curves and highlighted that the
important role of soil conditions and typology of the tunnel in
modifying the response of the tunnel lining. Along these lines,
it is strongly suggested that the tunnels behave differently due
to uncertainties of soil, structure and induced seismic hazard.
Instead of performing 2D analysis, the 3D nonlinear time
history analyses are considered to evaluate the seismic
dynamic response of a circular shallow tunnel. Particular
emphasis is given to the influence of surrounding soil material
properties because the dynamic behaviour of the tunnel mostly
depends on it. The tunnel models are assumed to be buried in
four homogenous ground media (i.e. [7]) ranging from stiff to
soft soils and are expected to experience a strong earthquake
ground motion.

This paper is intended to tackle several important
shortcomings of the 2D analysis on evaluating the seismic
response of tunnels and to highlight the effect of soil material
properties of soil in describing the interaction.

II. METHODOLOGY

The proposed procedure for the derivation of fragility
curves of the 3D tunnel models subjected to strong ground
shaking is depicted in Fig. 1. This procedure has been
developed by neglecting the 1D equivalent linear analysis of
the soil profiles which usually conducted to estimate the
dynamic properties of layered soil as presented by the
previous studies (see [6], [8]-[10]). Instead, in this study, the
material properties of the homogeneous soil profiles were
taken as suggested in [11]. The representative soil-tunnel
models are developed to describe the specific geometry and
characteristic of the proposed models, in which consideration
has been made for the uncertainties of soil parameters.

In this paper, the dynamic response of the tunnels was
evaluated by performing 3D nonlinear time history analyses
using the sophisticated finite element software, Midas GTS
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NX. The software is widely used for various geotechnical
engineering and tunnel engineering problems. Prior to the
nonlinear analyses, the representative soil-tunnel models are
developed to investigate the seismic responses of the tunnel
models subjected to a given transversal loading. In particular,
the four homogenous soil profiles and five seismic input
motions are used to highlight the influence of soil material
properties on the seismic fragility of the shallow tunnel. The
fragility curves are constructed as a function of damage level
and the type of seismic excitation. This approach allows an
evaluation of fragility curves for tunnels with respect to the
distinctive features of tunnel's geometries, input motion
characteristics, and soil properties.

Defmition of the structural
and ground characteristic

.

Selection a set of earthquake
ground motion records

.

3D nonlmear time history
analysis

.

Defmition of damage states (DS)
and estimation damage mdex (DI)
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T

Construction of Seismic Fragility Curve using
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Fig. 1 Procedure for numerically derived fragility curves

TABLEI
DEFINITION OF DAMAGE STATES FOR TUNNEL LINING [6]

Damage state Range of damage index Central value of

(DS) (D) damage index
DS1. Minor/slight 1.0 <M/Mgy< 1.5 1.25
DS2. Moderate 1.5 <M/Mgy<2.5 2.00
DS3. Extensive 2.5<M/Mpg<3.5 3.00
DS4. Collapse M/Mgq> 3.5 -

A. Damage States

The damage states as described in Table I were adopted in
the present study as an approach to evaluate the seismic
performance of the proposed tunnels models. Due to lack of
references available for definition of damage index for
tunnels, in this present study, the damage index (DI) is defined
as the ratio between the actual (M) and capacity (Mgq4) bending
moment of the tunnel cross section [6]. In particular, the
tunnel is assumed to behave as an elastic beam and will be
deformed due to imposed seismic waves propagating
perpendicular to the tunnel axis [5]. M is calculated as the
combination of static and seismic loads using the Midas GTS

NX finite element software [12], while Mgy is estimated
through a section analysis [13] accounting for the seismic
induced axial forces (N) and bending moment (M). Many
studies suggest that four damage states (i.e. minor, moderate,
extensive and complete) of tunnel lining are considered due to
ground shaking.

B. Fragility Curves Parameters

As refer to (1), most of the available fragility curves (i.e.
[6], [14], [15]) are usually described by a lognormal
probability distribution function:

P (ds = ds|S) = ® [i.ln (%)] 1)
where P((-) is the probability of exceeding a particular damage
state, ds, for a given seismic intensity level defined by the
earthquake intensity measure S (e.g. peak ground acceleration
(PGA)), S,; is the median threshold value of S required to
cause the " DS, and P 1s the total lognormal standard
deviation. According to (1), the development of fragility
curves requires the definition of two critical parameters, S,,;
and Sy

Thus, the lognormal standard deviation (f,,,) is estimated as
the root of the sum of the squares of the component
dispersions as described in (2). The value of S, is largely
depended on three primary sources of uncertainty [15],
namely; the definition of DS (f,), the response and resistance
(capacity) of the element (f¢), and the earthquake input
motion (Sp).

ﬁtnt =, ﬁds2 + ﬂCZ + BDZ (2)

As mentioned earlier, in order to determine total lognormal
standard deviation (f,,), two crucial parameters fp and S,
have to be estimated first. Considering the lack of more
rigorous estimation, the parameters S, and S are taken as 0.4
and 0.3, respectively [6], [15]. The last source of uncertainty,
associated with seismic demand, is described by the average
standard deviation of the damage indices that have been
calculated for different input motions at each level of PGA.

III. NUMERICAL MODELLING

The seismic response of the tunnel models was evaluated
through 3D nonlinear time history analyses, subjected to five
seismic ground motion which applied in the transverse
direction of tunnel axis. The analyses were performed using
the Midas GTS NX finite element software [12], in which the
representative soil-tunnel model as depicted in Fig. 2. The
model with dimension 150m x 75m x 60m (xyz) was chosen to
avoid the effects of boundary condition to the numerical
results [16].

The tunnel lining is composed of 10m diameter, 0.5m thick
lining, and is buried at 25m overburden depth which measures
from the ground surface up to the crown of tunnel lining. The
behaviour of the tunnel lining was assumed to be linear elastic
beam and was simulated as shell elements. In total, for one
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particular model required the total number of nodes, elements,
DOFs and EQNs are 4904, 9539, 20043, and 18945
respectively. As shown in Fig. 2, the adopted mesh dimension
and element size was adopted to ensures the efficiency of
reproduction of all the waveforms for the whole frequency of
the simulated tunnel models [7].

Several boundary conditions are considered as
recommended by the previous literature [17]. In this present
study, the surface of soil was assumed to be flat and free from
loadings, while fixed boundary condition at the bottom of the
homogenous soil which overlaying the rigid bedrock, was
assumed at x, y and z-axes of the tunnel model. However, the

- 150m

sides boundaries of the soil are allowed to move on x and z but
fixed on y-axes. The input motion is introduced at the base
boundary in terms of acceleration time history.

A. Modeling of Materials

Considering the uncertainties of the geological condition,
four homogeneous ground properties adopted in this study are
ranging from stiff to soft soils as described in Table II. The
selected geometrical and material properties of tunnel lining
was taken from the available previous literature review (i.e.
[11]) are listed in Table III.

25m

10m

25m

Ground medium

Tunnel liung

3D view

6l

Fixed
Bottom 2D view
boundary .\ z
3D view Side
boundary
Fig. 2 Geometry, meshing and boundary conditions of the soil-tunnel system
TABLEII
MATERIAL PROPERTIES OF THE SOIL MODELS [7], [19]
TYPES OF SOIL
MAIN PROPERTIES -
Dense Sand Loose Sand Stiff Clay Soft Clay
Element type 3D Solid 3D Solid 3D Solid 3D Solid
Material model Modified Mohr-Coulomb Modified Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb
Unit weight [kN/m?] 20 17 17 16
Modulus of elasticity, E [kN/m?] 15x 10* 10x 10* 2.5x10* 1.0x 10*
Poison ratio, v 0.3 0.3 0.3 0.3
Cohesion, ¢ [kN/m?] 20 10 10 10
Friction angle, ¢ [°] 36 30 18 17.5
At-rest earth pressure coefficient , K, 0.4 0.5 1.0 1.0
Damping ratio 0.05 0.05 0.05 0.05

B. Modeling of Seismic Loading

Five real records of earthquake time histories as
summarised in Table IV were considered as input motion in

outcrop condition for the 3D nonlinear time history analyses at
the transverse direction of the tunnel axis (x-axis). The
unscaled strong ground acceleration time histories was
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selected in order to calculate the response of the soil-tunnel

) . R . 1,10
systems for increasing levels of seismic intensity. The selected O

.. . 1,00
records for seismic loadings was taken from two sources; _
PEER Ground Motion Database [18] and the default values g 0%
available in the Midas program. g 080
§ 0,70
TABLEIII £ 060
MATERIAL PROPERTIES OF THE TUNNEL MODELS [20]; [21] 2 050
Lining Main Properties Value § 0’40
Element type 2D Shell S 030
Material model Elastic 0’20
Unit weight [kN/m’] 24 ’
Modulus of elasticity, £ [kN/m?] 3C5 4)6 /15%6 (()), :)(())
( ) ’ ® Dense Sand
Poison ratio, v 0.2 # Loose Sand
Diameter, d [m] 10 u Stiff Clay
: A
Radius, r [m] 3 Longitudinal Length (m) © LS Cllay
Thickness of lining, t [m] 0.5
. - )
Area o,f tur}nel hm““% (Per unit w@th)ﬁ Arfm /nrz] 0-5 Fig. 4 The maximum longitudinal crown displacement of liner
Moment inertia of the lining (per unit width), I [m"/m] 0.01042 subjected to the Hyougoken earthquake record
Damping ratio 0.05
TABLE IV 1600 -
SELECTED REAL EARTHQUAKE RECORDS [12], [22] _
PGA Duration g 1400 -
EARTHQUAKE NAME Year XX XAs
(@ ) ElzoO_xA‘i Lakpm |,
Kobe, Japan 1995 0.452 32.00 =3 =
Hyougoken South, Japan 1995 0.781 30.00 g 1000 1 ] ¢ Dense Sand
L
Northridge, Los Angeles, USA 1994 0.6047 59.98 g 800 - ¢ B Loose Sand
. . . = ™ ‘I . 4 Stiff Clay
Loma Prieta, California, USA 1989 0.288 39.99 g 600 - ey ’ X Soft Clay
El Centro, California, USA 1979 0.777 37.68 g [
400 -
ERURE A < .
= J
IV. COMPARISON OF NUMERICAL RESULTS § 200
0 T T T T r ,
A. Displacement and Structural Forces 0 5 10 20 25 30

15
In the present study, the influence of the most critical Time (s)
parameters affecting the structural response is determined and Fig. 5 The overall maximum bending moments of the shell element
critically discussed through parametric analysis. The effect on subjected to the Hyougoken earthquake record
soil material properties on the obtained displacement and

structural forces of the investigated tunnel models is

summarized in Figs. 3-6. 3500 4
£3000 - $
Z
=2500 - .X
g 2000 - A @ Dense Sand
19) X = : B Loose Sand
€ 1500 - x A Stff Clay
£ * & % Soft Clay
£ 1000 - am ¢
E A x .
s 500 - A X .*
§ A XA Ao
Dense Sand 0 ; . ; . hd_S
. L 0 0 15 20 25 30
— - @ - Loose Sand Time (S)

e Stiff Clay
et Soft Clay Fig. 6 The overall maximum axial forces of the shell element
subjected to the Hyougoken earthquake record

*unit in meter (m)
The obtained numerical results are compared to four
Fig. 3 The maximum transverse displacement distribution in the different types of soil material properties. It is found that the
lining subjected to the Hyougoken earthquake record both the transverse and longitudinal displacement of the liner
in Soft Clay is higher than the values obtained for other types
of soil properties (Figs. 3 and 4). Meanwhile, in Figs. 5 and 6,
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it is noted that high level of PGA resulted to the higher value
of seismic induced structural forces (i.e. axial force and
bending moment). Although, this parameter was not been the
only parameter that attributed to the failure of the lining [23]
because the response and performance of the tunnels are
depending on various uncertainties factors as suggested by
[24], [25] (i.e. typology of tunnels, geological condition, and
earthquake parameters).

B. Derivation of Fragility Curves

Prior to the derivation of fragility curves, two fragility
functions: S,; and S, were calculated for each type of soil.
The example of evolution graph with the function of damage
index and the PGA is illustrated in Figs. 7 (a) and (b). The
relationship of damage index and the PGA is described by the
solid trendline and the input dataset is fitted by an average
linear regression analysis. The medium threshold value of the
PGA (S,,;) for minor, moderate and extensive damage state can
be estimated using the equation of linear regression. The graph
is constructed by considering the natural logarithm of the
damage index (InDI) as the dependent variable and PGA as
the independent variable.
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= 00

5
E 04

S 08

g
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5 04

& o
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g -08
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12 InDI = 2.551PGA - 0.924
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Fig. 7 The example of the evolution of damages with PGA at the
ground surface for circular tunnel model buried in (a) Dense Sand
and (b) Loose Sand

In particular, the set of fragility curves derived for dense
sand, loose sand, stiff clay and soft clay are depicted in Figs.
8-11. The derived seismic fragility curves describe the
percentage probability of exceeding different damage states
for a given value of ground shaking (i.e. PGA). The curves are
estimated using the lognormal probability distribution function
as provided in (1). A clear trend between percentage

probability of damage and PGA was observed for all types of
soil. The fragility curves are derived based on the
extrapolation values of the computation results. As can be
seen, the higher percentage of minor damage state is expected
to occur in each type of soil compared to the moderate and
extensive damage states. Similarly, the rate of damage
increases with the increment of PGA, while the vulnerability
of tunnel model is gradually increasing from soil type dense
sand to soft clay. The results could be attributed from the
different value of soil material properties such as modulus
elasticity, Poisson's ratio, cohesion and friction angle [6], [26].
It is noted that soft clay soil will suffer high probability of
damage compared to other types of soils.

PROBABILITY OF DAMAGE
12 DENSE SAND
[
g 104
g
a 0,8
o
°
£ 0,6 A
B
S 044
2 e==g=== Minor Damage
= 0,2 e=i=== Moderate Damage
Extensive Damage
0,0 EomeeTErs r T T T T T )
00 02 04 06 08 1,0 12 14 16 18

PGA (g)

Fig. 8 Fragility curves of circular tunnel for dense sand

PROBABILITY OF DAMAGE
LOOSE SAND

e Minor Damage
eige= Moderate Damage
Extensive Damage

Probability of Damage
=
[=)}

02 -

0,0 EEsiE 8 T r T T
00 02 04 06 08 1,0 1,2 14 16 18
PGA ()

T T d

Fig. 9 Fragility curves of circular tunnel for loose sand

In comparison, the derived fragility curves are predicted to
experience a higher percentage of minor damage compared to
the previous fragility curves (Fig. 12). Overall, it can be seen
that a good agreement is achieved in the for all comparative
fragility analysis especially for the fragility curve of clay
medium. This can be attributed to the input parameters of soil
material properties such as stiffness and damping of the soils.
The obtained results also revealed that better agreement in the
seismic tunnel responses is recorded although a different type
of analysed conditions was adopted by the researchers (3D
nonlinear time history versus 2D quasi-static). In fact, the
proposed 3D models provided a better representation for
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analysing complex structure like tunnels, and not only
accounted the effect of SSI, but it also produced acceptable
results for nonlinear time history analysis [16]. In addition, the
definition of damage index, damage states, and beta values
also can alter the obtained results. These assumptions are
made due to the complex nature of the seismic fragility
problem.

PROBABILITY OF DAMAGE
STIFF CLAY
1,0 1 =00 -V
0,9
0,8
0,7
0,6 -
0,5 4
0,4 4
0,3 4
0,2
0,1 -
0,0 Em=t ¢ : : : . .
00 02 04 06 08 10 12 14 16 1,8
PGA ()

emgu=s Minor Damage
ez Moderate Damage
Extensive Damage

Probability of Damage

Fig. 10 Fragility curves of circular tunnel for stiff clay

PROBABILITY OF DAMAGE
SOFT CLAY
1,0 =2 5 B e S
0,9
0,8
0,7
0,6
0,5
0,4

emgu=s Minor Damage
@iz Moderate Damage
Extensive Damage

Probability of Damage

0,2

0,1
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Fig. 11 Fragility curves of circular tunnel for soft clay
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Fig. 12 Comparison of analytical fragility curves for Minor Damage
State

V.CONCLUSION

The comprehensive methodologies for the derived seismic
fragility curves of the proposed shallow tunnel models
embedded in four homogenous soil medium presented herein
refer to the future probabilistic performance experienced by
the structure when subjected to transversal seismic loading. In
particular, the proposed methodology presented and applied to
a representative soil-tunnel system. Tunnel dynamic response
is evaluated through 3D nonlinear time history dynamic
analyses, for increasing levels of seismic intensity in the
transverse direction of tunnel axis. Critical analysis has been
presented about the current methods of analysis, structural
typology, ground motion characteristics, the effect of soil
conditions and associated uncertainties on the tunnel integrity.
The damage state thresholds are defined based on the
exceedance of the lining capacity due to the development of
lining forces. The fragility curves are estimated in terms of
peak ground acceleration at the ground surface, based on the
evolution of damage with increasing earthquake intensity. The
results are compared and validated with available literature
study.

It was found that the surrounding soil plays an important
role in evaluating the future performance of the tunnel. The
curves modified due to different soil condition, where the
tunnel that buried in high stiffness behaves better than the
lower ones. The results show that there is a strong relation
between the soil condition and the seismic response of the
tunnels. The lowest percentage probability of tunnel damage
occurs in well-constructed tunnels in good ground conditions,
especially in stiff soil. Results denote the significant role of
soil condition and input motions in evaluating the performance
and response of the tunnel. It is interesting to remark that soil
with high strength (stiffness) which is stiff soil perform better
compared to the typical soft soil.

It can be concluded that the 3D nonlinear time history
analysis provides a better representation and acceptable result
in evaluating the seismic behaviour and response of the
complex structure like tunnels, with consideration of soil-
structure interaction. In fact, the derived fragility curves can
be readily adopted as a guide for preliminary assessment of
tunnel response against different seismic scenarios in typical
soil profiles. However, critical analyses are required to ensure
that the proposed fragility curve is reliable to cover a major
aspect of the study and might be useful to provide new
knowledge for risk assessment and loss estimation.
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