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Abstract. The deconvolution effect of the near-fault earth- 2002; Gazetas et al., 2005; Hashash et al., 2005; Liu and
quake ground motions on the stochastic dynamic respons8ong, 2005; Pakbaz and Yareevand, 2005; Kouretzis et al.,
of tunnel-soil deposit interaction systems are investigated by2006).

using the finite element method. Two different earthquake s clear from the literature review that the effect of earth-
input mechanisms are used to consider the deconvolutiogy ke ground motions on the underground structures was in-
effects in the analyses: the standard rigid-base input angegtigated by many researches. All of these studies were
the deconvolved-base-rock input model. The Bolu tunnelyerformed by deterministic methods. Almost all the stud-
in Turkey is chosen as a numerical example. As near-faulies except for the study performed by Kirzhner and Rosen-
ground motions, 1999 Kocaeli earthquake ground motion ishoyse (2000) considered the earthquake motions theoreti-
selected. The interface finite elements are used between Ryl acting at an infinite depth as a simplification. In this
nel and soil deposit. The mean of maximum values of quasiy,qy the earthquake motion will be applied at a plane which
static, dynamic and total responses obtained from the tWQg |gcated under the bottom of the tunnel-soil deposit inter-
input models are compared with each other. action system. For this purpose, two different earthquake
input mechanisms are used to consider the deconvolution ef-
fect of the near-fault ground motions on the stochastic dy-
namic response of tunnel-soil deposit interaction systems:
namely, the standard rigid-base input model (Model-1) and

, I 4 th q q ﬁ the deconvolved base-rock input model (Model-1l) (Leger
It is usually accepted that underground structures suffer, Boughoufalah, 1989; Haciefendioglu, 2010).
less from earthquakes than superstructures. However, re-

cent earthquakes as in the Kobe, Japan earthquake (EQE IN the standard rigid-base input model (Model-l), the
Summary, 1995; Sinozuka, 1995), Chi-Chi, Taiwan earth-€arthquake motion that will be applied to the base of the
quake (Chen et al., 2002; Wang et al., 2001; Uenishi et al.tunnel-soil deposit interaction system, is an accelerogram
1999) and Kocaeli, Turkey earthquake (Hashash et al., ZOOﬁJVhiCh is recorded previously by a strong motion seismograph
caused extensive failure in tunnels. Underground structurdocated at the soil surface. The obvious deficiency of Model-
damages were also observed in different earthquakes, sudniS that the motions actually occurring at the base of the
as 1976 Tangshan earthquake in China (Wang, 1985) ant¥nnel-soil deposit interaction system cannot be the same as

the Loma Prieta earthquake in USA (Schmidt and Hashashihose recorded at its free surface. Accordingly, in the model
1998). It is obvious that the safety of mountain tunnels in @ COITection must be made to overcome this deficiency by
seismically active areas is still an important issue to tunnelc@lculation of a modified base rock motion by deconvolution

1 Introduction

engineers. The studies relating to tunnels under the seismigf the free-field surface.
effects are performed by various researchers in recent years Near-fault ground motions causing much of the damage
(Kirzhner and Rosenhouse, 2000; Karakostas and Manolisn recent major earthquakes (Northbridge in 1994, Kobe in
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1995, Chi-Chi in 1999, Kocaeli in 1999) are characterizedspatial variability of the seismic ground motions at the sup-
by pulse-like motions that expose the structure to a high inpuports of these extended structures. The spatial variability
energy at the beginning of the record. The study of near faulbf ground motion may significantly affect the seismic re-
earthquake ground motion characteristics is a very importansponses and induce additional stresses in the structure. This
topic for both seismological and engineering communities.variation causes internal forces due to quasi-static displace-
For this reason, three earthquake ground motions are selectedents. For uniform ground motion case, quasi-static dis-
to determine the effect of the near-fault earthquake groundglacements normally do not produce internal forces. There-
motions on the stochastic dynamic response of the tunnelfore, while analyzing large structures, the spatially varying
soil deposit systems. earthquake ground motions should be considered and total
The interaction effects between tunnel and soil depositdisplacements have to be used in expressing the governing

are also taken into account in this study. For this purposesquation of motion. Der Kiureghian and Neuenhofer (1991)

two dimensional interface finite elements are used betweeidentified three phenomena that are responsible for the spatial

the soil deposit and structure. This is achieved by program~variation of the ground motion. In this study, the stochastic
ming this feature into the general purpose computer progranmiesponse of the underground structures when applied to the
for the stochastic dynamic analysis of structural systems subspatially varying ground motion is investigated. The site re-
jected to random ground motion, SVEM (Dum@gho and  sponse effect is ignored in the analyses.

Soyluk, 2002). The spatial variability of the ground motion is character-
ized by the coherency function,, (). In the case of a ho-
mogeneous soil site, the cross-power spectral density func-

2 Stochastic analysis formulation tion between the acceleratioig, andii,, at the support

. . L points/ andm is written as
Since the formulation of the random vibration theory for the

spatially varying ground motion is given previously b_y many Sitgytigy, (@) = Yim (@).Siig () ()
researchers (Harichandran et al., 1996; Hacief&hdiand

Soyluk, 2011; Haciefendioglu, 2006), in this study, the fi- in which y;,,(w) is the coherency function and;;, (w)

nal equations will be used directly without any derivation. is the power spectral density function of uniform surface
The random vibration theory provides an approximate esti-and deconvolved ground accelerations. Recently, Der Ki-
mate of the mean of the absolute maximum response of thereghian (1996) proposed a composite model of the co-
structure in terms of the power spectral density function andherency function as

a coherency function. The free response can be decomposed _

into pseudo-static and dynamic parts, i®e= z; +zq when  Yim (@) = Vim (®)" expli (O (w)™'] (4)
there is a differential excitation at the supports. Assuming . , ) )

the stationary excitation, the total variance responses can b Which, yi, ()" characterizes the incoherence effect

obtained from (Harichandran, 1991)_/,1,,, (w)™ represents the wave passage
effect, andy;,,, (w)* defines the complex valued site response
UZZ = gz?; +JZ2S +2Cov(zs, 24) 1) effect, respectively. For the incoherence effect, the model

developed by Harichandran and Vanmarcke (1986) based on

in which GZZd andof;_ are the dynamic and pseudo-static vari- the statistical analysis of strong ground motion data from the
ances, respectively, anfov(z,, z4) is the covariance be- SMART-1 dense array is considered.
tween the dynamic and pseudo-static respongeand z
(Harichandran et al., 1996).

Depending on the peak response and standard deviatio?‘l
(o) of z(t), the mean of maximum valug, in the stochastic
analysis can be expressed as

Application

The Bolu tunnel is part of the Transit European Motorway
in an area where squeezing rock masses occur. The cross-
ing of the Bolu Mountain is included in the 120 km section
between @misova and Gerede. The last 25 km stretch, the

in which p is a peak factor, which is a function of the time of most challenging, runs parallel to the North Anatolian Fault.

the motion and the mean zero crossing rate (Der Kiureghiar;rhis stretch, under construction, includes several viaducts
and Neuenhofer, 1991). and the Bolu tunnel. The Bolu tunnel is a 3360 m long twin

bored three lanes tunnel. The average excavated radius is

8m, corresponding to an x-section area between 190 and
3 Spatially varying ground motion model 260 . The width of the ground pillar between tubes varies

from about 28 m at portals to almost 48 m. Depths are up to
The seismic analysis and design of lifelines, such as earth250 m; on 86 % of the total length, overburdens are higher
fill dams, bridges, pipelines, require information about thethan 100 m and on 48 % higher than 150 m.

n = po; @)
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Fig. 1. Bolu Tunnel-longitudinal profile (Amberk and Russo, 2001). L

25.0m

Table 1. Material properties for A-A cross section of the Bolu Tun-

10.0m,

nel. |
Materials Modulus of Poisson’s  Unit weights | — 1m°L
EIasticity (N m*2) Ratio (kN m*3) Shog::ritg (I:_I;]nlng Flour—n;)ded interface
element
Tunnel (Concrete)  2.00E10 0.15 24.00 Bormol Lining _
Metacristalline 2.67E10 0.24 26.38 N ° moda; Point
Clay 1.77E9 0.45 20.30 tnner Concrete Lining e
= El It Numb
Interface Element  1.40E10 0.25 24.00 ement fumber

W e =
z
S 21453 m

Bolu tunnel longitudinal profile is sketched and the lithol-
ogy encountered is indicated in Fig. 1. A wide range of soils
is represented, mainly highly tectonised series of mudstones, ‘ 17.16m ‘
siltstones, limestones and fault gouge clays. The consistence
of the soil varies from competent rock requiring blasting to Fig. 2. Finite element model of the tunnel-soil deposit system and
very weak clayey zones where heavy advancement problemge detail of the Bolu tunnel for A-A cross section.
were encountered. A-A cross section at the Ankara portal
is selected in order to investigate the stochastic response of section A feels
the Bolu tunnel. The selected cross section details and finite o Surace N 9 Uy
element model of the tunnel with soil deposits are plotted in |
Fig. 2. The properties of the Bolu tunnel, the soil deposits
surrounding the tunnel and interface elements between soil
deposit and tunnel are given in Table 1.

The tunnel-soil deposit interaction model subjected to ran-
dom earthquake ground motions in the horizontal direction s
is presented Fig. 3. The horizontal input is assumed to travel
across the tunnel-soil deposit system from the left to right &
with finite velocity of 2000ms?. First 15 modes and 10 %

Section I-1

tional degrees of freedom are assigned to each node and &
plane-strain assumption is used in the calculations. -

~v i
u dg
deconvolved

acceleration

Firm soil
V2p,=2000 m/s

5 Input ground motions = =

The stochastic analysis of the Bolu tunnel is performed forgig 3. materials surrounding A-A cross section of the Bolu Tunnel

random earthquake ground motion by taking into accounto random earthquake ground motion.

the incoherence and wave passage effects. For this purpose,

two different near-fault earthquake ground motions are con-

sidered in the analyses for the tunnel-soil deposit interactiorof acceleration and velocities of Kocaeli earthquake record

system supports. is depicted in Figs. 4 and 5, respectively. The strong motion
In this section, the 1999 Kocaeli near-fault earthquakerecords are obtained from the PEER Strong Motion Database

ground motion record was selected as input motion, corre{PEER, 2012). This database gives information about the site

sponding to station number 1ZT180. The time-history plot conditions and the soil types for the instrument locations.
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Fig. 6. Time-histories of the deconvolved ground motion accelera-

Fig. 4. Time-history of the near-fault earthquake ground motion tions for the 1999 Kocaeli earthquake.

acceleration for the 1999 Kocaeli earthquake.
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Fig. 5. Time-history of the near-fault earthquake ground motion L%
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The properties of the selected near-fault earthquake groundg 0.000 -
motion records are indicated in Table 2. These near-fault 0.0 100 20.0 300 40.0 50.0
earthquake ground motion records are recorded at firm soil Frequency (rad/s)

site conditions.

The deconvolved accelerogram of the selected near-faulfi9: 7- Acceleration spectral density function of the free-surface
earthquake ground motions are calculated by using the corr2nd deconvolved ground acceleration for the 1999 Kocaeli earth-
puter program SHAKE91 (Idriss and Sun, 1992), which is quake.
based on one-dimensional wave propagation theory. The the-

ory considers the responses associated with vertical propaga-

tion of shear waves through the linear viscoelastic systen‘?peaively' Itis apparent in Fig. 6 that local soil conditions
shown in Fig. 3. The soil system used for the deconVolu_considerably affect the frequency contents and amplitudes of
tion and simulation consists of one horizontal layer, which the groun_d acceleration records and the deconvolved ground
extends to infinity in the horizontal direction and has a half acceleration values become larger than the values recorded at

space as the bottom layer. Each layer is homogeneous arme free—;urface. Howevgr, as the acceleration spectral den-
isotropic, and is characterized by the thickness, mass der2® function values obtained from Mod_eI—I are larger than
sity, shear modulus and damping factor. The selected vaIEhose from Model-ll at the low freguenues, th.ey are smaller
ues of modulus reduction and damping factors versus shee{Pan those from Model-ll at the high frequencies (Fig. 7).
strain for rock material is based on the expressions given in

reference (Schnabel et al., 1972). The principal parameters

in the analysis of the deconvolved accelerogram are the she& Displacements

wave velocity and the damping ratio of the foundation soil.

It should be noted that the accelerogram is affected by thé'he horizontal displacements along the Section I-I (Fig. 2)
shear wave velocity and the damping ratio of the foundationof the tunnel are calculated for two earthquake input mech-
soil. The values of the shear wave velocity and the dampinganisms: the standard rigid-base input model (Model-1) and
ratio of the foundation rock are selected as 2000fand  the deconvolved-base-rock input model (Model-I1). Two dif-
10 %, respectively. The deconvolved time history of the Ko- ferent near-fault earthquake ground motions are used to de-
caeli near-fault earthquake ground motion is shown in Fig. 6.termine the effect of the base-rock characteristics on the
The acceleration and displacement spectral density functiostochastic response of the tunnel-soil deposit interaction sys-
of the free-surface and deconvolved ground acceleration areem. The acceleration spectral density functions determined
depicted in Figs. 7 and 8, for the selected ground motion, reat the free-surface are used for input Model-I and those
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Table 2. Properties of a selected near-fault earthquake ground motion record.

Near-Fault Strong Ground Motions
Earthquake Magnitude (M) PGA (crmé) PGV (cmsl) Distance to the fault (km) PGV/PGA(s)

Kocaeli 7.4 149.11 22.60 4.80 0.15

Kocaeli earthquake are obtained at the center points of the
Free-Surface Ground MotiorB finite elements.

Figures 10-12 illustrate the quasi-static, dynamic and total

"""""" Deconvolved Ground Motio horizontal and vertical stresses induced by the Kocaeli earth-

= < 0.0006 quake. It is obvious that, while the stresses obtained from
B E0.0005 . Model-I and Model-1l for the quasi-static and total compo-
;’-)_ s 0.0004 - nents are close to each other, the dynamic stresses obtained
=5 ' from Model-I are larger than those of Model-Il. The mean of
g S 0.0003 maximum quasi-static, dynamic and total shear stresses in-
2 'g 0.0002 - duced by the Kocaeli earthquake are shown in Fig.12. As the
‘_g_-;, quasi-static stresses due to Model-I and Model-II are close
2 5 0.0001 7 to each other, the dynamic and total stresses obtained from
oo 0.0000 P T T Model-1 are significantly larger than those of Model-Il.

00 20 40 60 80 100 As defined in Eq.X), the quasi-static component is depen-

Frequency (rad/s) dent on the displacement spectral density function (Fig. 8).

Because the variances of ground displacements determined
Fig. 8. Displacement spectral density function of the free-surfacePby Model-I and Model-II for selected earthquakes ground
and deconvolved ground for the 1999 Kocaeli earthquake. motion are close to each other, it is natural to have nearly
the same pseudo-static stresses.

from the deconvolved accelerogram are considered for input
Model-Il (Fig. 6).
In order to investigate the effect of two different earth-

quake input mechanisms on the quasi-static, dynamic and to-

tal horizontal displacements, the mean of maximum valued" this paper, the deconvolution effect of the random near-
of horizontal displacements obtained along the Section I-I off@ult €arthquake ground motions on the stochastic dynamic

the tunnel is depicted in Fig. 9a—c for the Kocaeli earthquakd €SPonse of tunnel-soil deposit interaction systems are in-
in 1999. vestigated by using the finite element method. For this pur-

In these figures, it is observed that the quasi-static, dyPOSe: Wwo different earthquake input mechanisms: namely,

namic and total displacement values obtained from Model-ItNe standard rigid base input model (Model-l) and the

are larger than those of Model-Ii for the Kocaeli earthquakes déconvolved-base-rock input model (Model-ll) are used.
The response components, quasi-static, dynamic and covari-

ance components, caused by the random near-fault earth-
7  Stresses guake ground motion are presented for two different earth-
quake input mechanisms. To investigate the effect of the

The mean of maximum stress values of the tunnel are als@€ar-fault earthquake ground motion on the stochastic dy-
calculated for two earthquake input mechanisms: the stanP@mic behavior of the Bolu tunnel, 1999 Kocaeli earthquake
dard rigid-base input model (Model-I) and the deconvolved-9round motion is considered in the analyses.
base-rock input model (Model-1l). Two different near-fault ~ The mean of maximum values of the quasi-static, dynamic
earthquake ground motions are used to determine the effe@nd total displacements obtained for Model-I are larger than
of the base-rock characteristics on the stochastic response #1ose of Model-Il for the Kocaeli earthquake.
the tunnel-soil deposit interaction system. It is observed that as the quasi-static stresses induced by
Section I-1 shown in Fig. 2 is selected for the comparison Model-1 and Model-II are generally close to each other, the
of the mean of maximum quasi-static, dynamic and total hor-dynamic stresses induced by Model-I are generally larger
izontal, vertical and shear stresses. The stress components ¢iman those of Model-Il. As for the total stresses, the stresses
Section I-1 are depicted in Figs. 10-12 for the two earthquakedue to Model-I have sometimes small or large values accord-
input mechanisms mentioned before. The stresses due to thieg to Model-11. It is thought that the reason for this situation

8 Conclusions

www.nat-hazards-earth-syst-sci.net/12/1151/2012/ Nat. Hazards Earth Syst. Sci., 12, 118557, 2012
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Fig. 9. Mean of maximun{a) quasi-static(b) dynamic andc) total displacements for the Kocaeli earthquake in 1999, respectively.
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Fig. 10. Mean of maximumn{a) quasi-static(b) dynamic andc) total horizontal stresses for the Kocaeli earthquake in 1999, respectively.
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Fig. 11. Mean of maximum(a) quasi-static(b) dynamic andc) total vertical stresses for the Kocaeli earthquake in 1999, respectively.
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Fig. 12. Mean of maximum(a) quasi-static(b) dynamic andc) total shear stresses for the Kocaeli earthquake in 1999, respectively.
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is the characteristic properties of the near-fault earthquakeédarichandran, R. S.: Estimating the spatial variation of earthquake
ground motion. ground motion from dense array recordings, Struct. Saf., 10,

It can be also observed that, while the pseudo-static re- 219-233, 1991. _ _
sponse components are sensitive to the displacement speid@richandran, R.S., Hawwari, A., and Sweidan, B. N.: Response of
tral density functions of the ground motions, the dynamic re- °ng-span bridges to spatially varying ground motion, J. Struct.

it - Eng., 122, 476-484, 1996.
sponse components are sensitive to the acceleration spectrﬁgshash Y. M. A Hook, . . and Schmid, J. 1. C.: Seismic design
density functions. XML A e d J.LC

and analysis of underground structures, Tunnelling and Under-
It can be concluded from these analyses that the standard ground Space in Technology, 16, 247-293, 2001.

rigid-base input model (Model-I) is inadequate to evaluateHashash, Y. M. A., Park, D., and Yao, J. |.-C.: Ovaling deformations

the stochastic dynamic response of tunnel-soil deposit inter- of circular tunnels under seismic loading, an update on seismic

action systems subjected to the random near-fault earthquake design and analysis of underground structures. Tunnelling and

ground motions. For this purpose, the deconvolved-base- Underground Space in Technology, 20, 435-441, 2005.

rock input model (Model-11) should be used to obtain more !driss, I. M. and Sun, J. I..SHAKE91: A Computer program for

accurate results in the analyses of underground structures, ~ conducting equivalent linear seismic response analyses of hor-
izontally layered soil deposits. Department of Civil and Envi-

ronmental Engineering, University of California, Davis, 65 pp.,
1992.

Karakostas, C. Z. and Manolis, G. D.: Dynamic response of tunnels
in stochastic soils by the boundary element method, Engineering
Analysis with Boundary Elements, 26, 667—680, 2002.

Kirzhner, F. and Rosenhouse, G.: Numerical analysis of tunnel dy-
namic response to earth motions, Seismic Analysis, 15, 249-258,
2000.
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