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Abstract: This study discusses the modeling of Esfahan metro tunnels subjected to earthquake and mteraction
of tunnels. In critical structures like subway tunnels, performing a time history dynamic analysis 1s the only
acceptable method for determining the seismic-induced forces. For sites with no recorded earthquake ground
motion, artificially generated accelerograms to represent the real earthquake records has been suggested by
many experts. This study addressed the modeling of metro tunnels subjected to earthquake with finite
difference numerical model. FDM model 1s developed to estimate the long-term support system. The numerical
results of obtained in this research were compared with the analytical solutions. The analytical procedure in
this study is limited in scope; it appears to be useful for a preliminary design of tunnel linings to estimate the

seismic effect.
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INTRODUCTION

In modem wurban areas, underground facilities,
including subways, underground rail and road tunnels,
underground storage tanks and common utility ducts, are
essential to human life. Hence, 1n critical structures like
subway tunnels, performing a time listory dynamic
analysis is the only acceptable method for determining the
seismic-induced forces.

Underground structures are generally considered less
vulnerable to seismic loading than above ground
structures. However, even if dynamic effects are small,
response of underground structures may mflict significant
loads on the support system, which have to be included.

Esfahan 1s one of the largest and most well known
cities in Tran. With the rapid economic development and
reform of the last two decades, construction activities of
civil infrastructures and builldings n the Municipality of
Esfahan have been increasing sigmficantly. North-south
line has 15 stations and a total length of 12.5 km, which
comprises a 12 km long underground tunnel. The
underground tunnels have horseshoe cross sections. The
twin tunnels excavation discussed m this study 1s located
between Azadi Station and Soffeh Station (Fig. 1).
Underground structures do not fall in resonance with the
ground but react in accordance with the reflex of the
surrounding ground.

Although, generally, underground structures exhibit
a better performance than surface structures, in some
situations they may be particularly vulnerable to seismic

Fig. 1: Cross-sectional sketches of Esfahan metro tunnels

loading depending on: (1) the size, shape and depth
of underground structure; (2) the geotechnical
ground conditions and (3) the severity of ground shaking
(St John and Zahrah, 1987).

DEFINITION OF SEISMIC ENVIRONMENT

Regardless of the qualitative characterizations of
earthquake, an engineer concemed with design of
underground struchures requires that the
enviromment be defined in a quantitative marmner.

Specifically, the characteristics of earthquakes and
ground movement pertinent to the development of seismic
input criteria are the size of the earthquake, the intensity
and the frequency content of the ground motion and the

seismic
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Fig. 2: Development of the seismic parameters procedure
(Hashash et ol., 2001)

Fig. 3: Recent seismicity map of Iran (Tavakoli and
Ashtiany, 1999, Amirn et al., 2003)

duration of strong shaking (St John and Zahrah, 1987).
Therefore, the assessment of underground structure
seismic response requires an understanding of the
anticipated ground shaking as well as an evaluation of the
response of the ground and the structure to such shaking.
Figure 2 shows a systematic procedure for evaluating the
seismic environment and development of the seismic
parameters for analysis (Hashash et al., 2001).

Iran is one of the most seismic countries of the world.
It 1s situated over the Himalayan-Alpied seismic belt and
15 one of those countries which have lost many human
lives and a lot of money due to the occurrence of
earthqualkes. Figure 3 shows the recent seismicity of Tran
(Tavakoli and Ashtiany, 1999). In this country, a
destructive earthquake occurs every several vears due to
the fact that 1t 1s situated over a seismic zone.

672

The aim of earthquake-resistant design for
underground structures 1s to develop a facility that can
resist a given level of seismic action with damage not
exceeding a pre-defined acceptable level. The design level
of shaking is typically defined by a design ground motion,
which 1s characterized by the amplitudes and
characteristics of expected ground motions and their
expected return frequency (Kramer, 1996). A Seismic
Hazard Analysis (SHA) is used to define the level of
shaking and the design earthquake(s) for an underground
structure.

In order to find the base design acceleration of a site,
one customary method is based on seismic hazard
analysis. In this method, the base design acceleration is
derived from seismic activity of the region, ground type,
attenuation relationships and use of statistical and
probabilistic methods. One of the essential components
of this method 1s existence of suitable attenuation
relationships for different parameters (Tavakoli and
Ashtiany, 1999). There are two methods of SHA: (a) the
deterministic seismic hazard analysis (DSHA) and (b)
the probabilistic seismic hazard analysis (PSHA)
(Hashash et al., 2001).

A DSHA develops one or more earthquake motions
for a site, for which the designers then design and assess
the underground structure. The more recent PSHA, which
explicitly quantifies the uncertainties in the analysis,
develops a range of expected ground motions and their
probabilities of occurrence (Hashash et al., 2001). These
probabilities can then be used to determine the level of
seismic protection in a design.

Ground-motion parameters: In order to be of use to the
engineer, the severity of ground motion must be
quantified concisely whilst retaining the important
damage-inducing characteristics of the earthquake record.
There are many ways of deing this, based on time
histories of ground motion, although no single parameter
15 considered sufficient to accurately explain all of the
significant ground-motion characteristics (Kramer, 1996).
For earthquake engineering applications, amplitude,
frequency, duration and energy content are the strong-
motion characteristics of most mterest.

The commonest measure of the amplitude of
earthqualke motion is the peak ground acceleration (PGA).
Though accelerations are related directly to inertial forces,
PGA itself 1s not a particularly good measure of damage to
structures, except in certain special cases (Le., very stiff
structures ).

Velocity is a parameter less sensitive to high
frequency components of the ground motion. As such,
the peak ground velocity (PGV) 1s a helpful component of
the effect of ground motion on structures such as tall or
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Fig. 4: Results of seismic hazard analysis

flexible buildings, which are sensitive to intermediate
frequencies. Velocity parameters i general are closely
linked to the energy associated with an earthquake record,
so may be better indicators of structural damage potential
(Newmark and Hall, 1982).

Peak ground displacements (PGD) are related more to
the low-frequency content of strong ground motion.
Where, displacements are calculated from the integration
of acceleration time-histories, their reliability
characterizing aspects of the true ground motion is

in

significantly limited by maccuracies in processing the raw
data and by the presence of long period noise. PGA, PGV
or PGD normally refer to the maximum amplitudes of
motion as measured in the horizontal plane. The peak
ground-motion amplitudes m the vertical plane are usually
lower than those measured in the horizontal plane
(Hashash et al., 2001).

The selected accelerogram for this area has a peak
acceleration of about 0.57 g. Figure 4 shows the results of
seismic hazard analysis for evaluating the seismic
environment and development of the seismic parameters.

NUMERICAL APPROACH

To study the seismic response of underground
structures, a forceful computer code is to be used. The
computer code has to have the ability to mcorporate key
factors and phenomena that influence the behavior of
unimproved and improved ground. The flexibility of the
computer code for alternative soil models has to be taken
nto account.

In this study the numerical models perform a time
domain analysis under absorbing boundaries to simulate
a semi-infimte medium,

Geotechnical parameters of the model: The material
properties of the lined tunnel, soil and earthquake
properties are given in Table 1. Figure 5 shows Numerical
model and boundary condition for dynamic analysis.

Quiet boundary: In dynamic analysis, the application of
boundaries to the model may cause the applied
propegating waves to reflect back mto the model. Using
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Fig. 5: Numerical model and boundary condition for
dynamic analysis

Table 1: 8oil and earthquake properties used in the analysis

Sail and earthquake parameters Valie

Peak ground acceleration at surface 0.57 g
Density of medium 2600 kg m™?
Poisson’s ratio of medium 0.32
Modulus of elasticity of medium 2554 MPa
Peak particle velocity associated 610 msec™!

with §-waves

a larger model may reduce this problem but consequently,
a large computational time becomes a problem. An
alternative 1s to use quiet (absorbing) boundary to
overcome the problem. Lysmer and Kuhlemeyer (1969)
suggested quiet boundary. Quiet boundary runs in the
time domain and was based on the use of independent
dashpots in the normal and shear directions applied at the
model boundaries.

Quiet boundary 1s best suited for dynamic source
applied within a grid. It should not be used along the side
boundaries of a model when the dynamic source 1s
applied at the top or bottom boundaries because the
propagating wave will leak out of the side boundaries.
For this case, free field boundary should be used
(Ttasca, 1999).

Free field boundary: The purpose of using free field
boundary is similar to that of Quiet boundary in that it is
used so that the outward waves propagating from inside
the model can be properly absorbed by the side
boundaries.

Free field boundary supplies similar conditions to
that of an mnfimte model. A one-dimensional column width
1s created adjacent to the side boundaries of the model
and are coupled each other by viscous dashpots.

Baseline correction: Baseline correction usually applies
only tocomplex waveforms derived, for example, from field
measurements. When using a simple, artificial waveform,
it 15 easy to arrange the process of generating the
waveform to ensure that the final displacement 1s zero.
Usually, in dynamic analysis, the mput wave s an
acceleration record. A baseline correction procedure can
be used to force both the final velocity and displacement
to be zero. Earthquake engineering texts should be
consulted for standard base-line correction procedures
(Ttasca, 1999).



J. Applied Sci., 9 (4): 671-679, 2009

T

LILJ I'll_"‘

AbNMbhornwd

Displacement (cm)

10 15

Time (sec)

20 25

Fig. 6: Procedure of baseline correction

This can be done by applying a fixed velocity to the
mesh to reduce the residual displacement to zero (Fig. 6).
This action will not affect the mechanics of the
deformation of the model (Fakhimi, 1997, Itasca, 1999).

Numerical distortion of the
propagating wave can occur i a dynamic analysis as a
function of the modelling conditions. Both the frequency
content of the input wave and the wave-speed
characteristics of the system will mfluence the numerical
accuracy of wave transmission. Kuhlemeyer and Lysmer
(1973) show that for accurate representation of wave
transmission through a numerical model, the spatial
element size, 1, must be smaller than approximately one-
tenth to one-eighth of the wavelength associated with the
highest frequency component of the input wave:

Wave transmission:

(1)

where, A 1s the wavelength associated with the highest
frequency component that contains appreciable energy.

For dynamic input with a high peak velocity and
short rise-time, the Kuhlemeyer and Lysmer (1973)
requirement may necessitate a very fine spatial mesh and
a corresponding small time step. The consequence is that
reasonable analysis may be prohibitively time and
Memory-consuming.

This problem can be overcome by filtering the input
time listory and by removing the high frequency
components. By filtering, the history and removing high
frequency components, a coarser mesh may be used
without significantly affecting the results (Fig. 7).

The difference in power between unfiltered and
filtered input is less than 1%. Table 2 shows the difference
in parameters between unfiltered and filtered inputs.

In this study, the seismic loading was represented by
upward propagation of plan wave, shear or S-wave. The
seismic record was corrected based on the power
spectrum specified by Earthquake Design Spectra Code
for Iran (1999).

Figure 5 shows the typical modelling mesh used in
this study. The plane strain condition is assumed and the

Baseline
correction

—
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Fig. 7. Kozam earthquake accelerogram recorded, total
energy released and definition of the parameters

Table 2: Difference in parameters between unfiltered and filtered inputs

Parameters Unfiltered Filtered
Maximum velocity (cm sec™) 23.725 23.73
Maximum displacement (crmn) 4.08 4.04
Vi Ay (5€C) 41.300 39.639
Arias intensity (m sec™!) 2.0975 2.097
Characteristic Tntensity (Ic) 0.096 0.096
Specific energy density (cm? sec™!) 503.73 503.43
Acceleration spectrum intensity (g) 0427 0.43
Velocity spectrum intensity (cm) 117.38 115.95

Table 3: The results of the numerical analysis (small twin tunnels)

Point T (N) Mo (Nm) Viar (IN)
A 48EA 6E4 -19E4
B TOE4 40EA 25E4
C 67E4 20E4 22E4
D 130E4 20FE4 -45E4
E 200E4 28E4 -59E4
F 69E4 2.5E4 -49E4

lining is modeled by a series of continuous flexural beam
elements. The lining is assumed to be linear elastic
material.

Figure 9-12 present the time histories of axial forces at
various key points (Fig. 8) of the roof, walls and floor of
the turmel.
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Fig. 8: Selected points to monitor the history of force in

the hming (twin tunnels)

Table 4: The results of the numerical analysis (big section tunnel)

Point T N M. (Nm) Ve (N)
A 125E4 30E4 15E4

B 175E4 40E4 15E4

C 230E4 35E4 10E4

D 160E4 19.5E4 20E4

E 130E4 33E4 10E4

F 310E4 90E4 91E4

G 300E4 150E4 105E4
H 52E4 33E4 4F4

The results of the numerical analysis of dynamic
analysis for Esfahan subway twin tunnels are shown in
Table 3

The results of the numerical analysis of dynamic
analysis for big section tunnel (Fig. 13) are shown in
Table 4.

COMPARISON OF NUMERICAL AND CLOSED
FORM SOLUTION

Review of closed form solution: Ovalling deformations on
circular tunnel are produced by wave propagation
perpendicular to tunnel axis and are therefore designed for
in trangverse direction (typically under 2D, plane-strain
conditions). According to studies made, propagation of
vertical shear wave (SV); which cause vibration in
horizontal direction are most effective on producing
ovalling deformation around tunnel (Hashash et al., 2001).

For a deep tunnel m homogeneous soil or rock,
Newmark’s simple method may give mtellectual
assessment of such deformations around tunnel free-field

maximum shear strain is obtained as following accordingly
(Hashash et al., 2001):

(2

A
=y

where, C,, shear wave velocity and V, particle shear wave
velocity.

By using free field maximum shear strain, produced
free field diametric deflection around turnmel can be
obtained m two forms (Hashash et al., 2001):
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Assuming no presence of tunnel cavity in the ground
the ovalling effects from ground, in which case the
diametrical strain is a function of maximum free field strain
only
(3)

_ oy Y g
2

Ad

free field
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LINING.

Fig. 13: Selected points to monitor the history of force n
the lining

Ground deformation occurs in the presence of a
cavity due to tumnel excavation, in which case the
diametrical stram will be

“4)

Adg gy = B2Y,,d0-v,,)

where, . the Poison’s ratio of the ground material and
d, diameter or equivalent diameter of tunnel. Both of these
equations assume the absence of the lining, therefore,
1gnoring tunnel-ground nteraction.

This deformation 1s much greater in the case where
the presence of the tunnel is included compared to the
case where only the continuous ground deformation is
assumed. Tn most cases, the lining ground interaction has
to be taken into account.

In case of tunnel in soft ground, the above
relationships do not consider the real behavior of the
tunnel. In a case of rigid lining no deformation can be
produced by the ground and for a flexible lining, on the
other hand interaction between lining and ground exists.
In this regard, flexibility and compressibility ratio
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suggested by Peck et al. (1972) based on earlier study by
Hoeg (1968) can be used to take into account this factor
(Hashash et al., 2001 ):

_ E Qv (5)
Etd+v, ){d-2v)
P E, 0vhr (6)

C6EIA+V,)

where, F 1s flexibility ratio; C 1s the compressibility ratio,
E,, 18 modulus of elasticity of the medium, E, 13 modulus of
elasticity of tunnel lining, T is the moment of inertia of the
tunnel lining (per unit width) and r and t is the radius and
thickness of lining. If F<20, mteraction between lining
and ground must be taken mto account, otherwise free
field approach explained above can be used. According to
Wang (1993) solution (Hashash et af., 2001 ):

1 E

Ty === n (M
tmax 5 dtv) T¥ poax
1 2
M,.=%t— o (8)
max 5 ! a+v.) Ve
Ad,
lining  _ %KIF (9)
Ay, s

where, T, 18 maximum thrust in tunnel lining, M .
1s maximum bending moment in tunnel lining, Ad,,,. is the
lining diametric deflecion and K, 1s full-slip lining
response coefficient.

121-v,)

'T2F15-6v, (10)

This solution is based on fullslip assumption
between limng and ground. This assumption 1s valid only
for the case of very soft soil or earthquake of high
intensity. In many situation condition of partial or no-slip
exist. For trust force in lining (T), assumption of no-slip
between lining and soil is acceptable and following
relationship is suggested (Hashash et of., 2001 ):

_ m 11
T =T K, v | - ( )
In which:
Fl(-2v, - (1-2v,)C] -%(1—2\;,“)2 +2
K= F[@3—2v, )+ (1—-2v,)C] (12)

+CEvam+6vfh}+678vm
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Fig. 16: Comparison of shear force distribution (small
twin tunnels)

Penzien (2000) developed similar analytical solutions
for thrust, shear and moment in the tunnel lining due to
racking deformations. Assuming full slip condition,
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Fig. 18 Comparison of bending moment distribution (big
section tunnel)

solutions for thrust, shear in circular tunnel limngs caused
by soil-structure interaction during a seismic event are
expressed as (Hashash ez al., 2001):

Adz, = R® vm;d (13)

o 12E md;’mg _ L SEIR™,, (14
=P PV

WL M .
Pl-vhH d* =)

v oy MEIAG.,  12BR%,, (16)
e Fa-vH  Fa-v)

The lining-soil racking ratio under normal loading only is
defined as (Hashash ef ai., 2001 ):



J. Applied Sci., 9 (4): 671-679, 2009

Table 5: Comparison of numerical results with analytical solutions (small twin tunnels)

MNumerical analysis Wang (1993) method Penzien (20007 method
Variables AB,CF (t=40 cm) D,E (t = 60 cm) t=40cm t =60 cm t=40cm t=60cm
Maximum thrust, T,... (N) 67E4 170E4 208.3E4 229.4E4 5.58E4 18.2E4
Maximum motnent, M,,,, (Nm) 40E4 28E4 9.79E4 32.0E4 9.79E4 32.0E4
Maximum shear, V.. (IN) 25E4 S59E4 - - 5.58E4 18.2E4
Table 6: Comparison of numerical results with analytical solutions (big section tunnel)
MNumerical analysis Wang (1993) method Penzien (2000) method
Variables AB,CF (t=60 cr) D.E (t=80cm) t=60cm =80 cm t =60 cm t =80 cm
Maximum thrust, T,... (N) 230E4 310E4 384.4E4 416.7E4 4.75E4 11.2E4
Maximum motnent, M,,,, (Nm) 40E4 150E4 16.65E4 39.2E4 16.65E4 39.2E4
Maximum shear, V.. (IN) 20E4 52E4 - - 4.75E4 11.2E4
g Al-v,) (17) The results of the mumerical analysis compared to
(" +1) analytical solutions in Table 5 and 6.

o 12EI5-6v,) (18)
&G, (1-vi)
where, Ad,, 1s the lining diametric deflection under
normal loading, R" 15 lining-soil racking ratio under normal
loading and G, is shear modulus of soil or rock medium.
In the case of no-slip condition, the equations are
presented as (Hashash et al., 2001 ):

Ay, =R Vm;‘d (19)
;o MEIA,, (20)
e T v
M ot 6EIAd ., . 3E IRy, . (21)
n TV Al
v L MELd.,  LERy,, (22)
mE T (L= v -1
where, R 1s the liming-soil racking ratio:
R:i4(1_v'“) (23)
(c+1)
CUEIG-4v,) (24)

G, a-vD)

The results of comparison between numerical and
analytical solution: The numerical results presented in the
above were compared with the analytical solutions
proposed by Wang (1993), Penzien (2000)
Hashash et al. (2001).

and
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Figure 14-16 show the comparison of axial force,
bending moment and shear force distributions for two
lining thickness, respectively. Figure 17-18 show the
comparison of axial force, bending moment for big section
tunnel. Figure 18 shows that analytical value in points G
and F are very lower than numerical results.

The numerical results of axial force distribution are
slightly lower than Wang (1993) solution results. The
(2000)
distribution in pomts D, E are very lower than numerical
results (Fig. 16).

Penzien solution results of shear force

CONCLUSION

The safety of tunnel lining in Esfahan subway has
been evaluated by using a numerical analysis. The
numerical studies were obtained by time domain analysis
using accelerogram generated according to prescribed
seismic hazard analysis (SHA) and power spectra.

The available analytical selutions for the seismic-
induced ovalling of the lining in a circular tunnel were
investigated by compering the results of thrust and
moment with those of the numerical analysis (horseshoe
tunnel).

The solutions by Penzien (2000) and Wang (1993)
provided identical results of moment, whereas differ in the
axial force distribution. The solution by Penzien (2000)
results in underestimate of axial force distribution.

Although the analytical procedure in this study is
limited m scope, 1t appears to be useful for a preliminary
design of tunnel linings to estimate the seismic effect.
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