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Fig. 1. The extent of tunnel damage due to earthquakes,
depending on the type of structure [3]

b fgd Slody sUdy 95 Choe 1Y
) gl Sles gosle s s bolesle boalis s
e S 13 A5 5 AU lacaal (2 53 S iy
Slos ot das o QL - 5b s 0 oS 351 5 g2y ol Loyl
3 SG8s bl e s b o b5 S Gl e s JB
A b 8 Jls S Sl asle Byl ) ol
L3 Jlab g S o pdaB 1y Jg5 S A ey S XS 8
53 ol sy o5 Sy 1S, saSl Jlh b o
03,57 S5 0S5 Sla JS s (e slafis Wb i
B3 St sl S3lopslie SLIGH S 550 53 bl o

g dal s oS 0SS (il el el
ool G Sl B Wl S AN (ke O Sia g3
s sles ) Lk, o I8 5L sle mll s edd edalie
Slasle 5 SoS555 ks (Jir by s ool
Slais b Some g fis bl ol 2 g8 sllie ) e
Sor SIS s s Soal IS sk 4 (S

4] sl os g iy Syl 0518 ahols 2alS 505 ) yues

dodo -
AU gl i G dais & ol e S50 SO W5
Aal g ool Ol ol s 55 S5 03 ) ey SO (g3l
A3 Kl e o5 e 45 Aas o DL sl o Mo 4y S
Ol pl blE aen 55 ol b slaole das Fo olal abad
ool OF Csanl el o ol oL 5L e 23l 3525
o3l OF ol Oljee & aels « 2liil Loy SRSl 355 0
GV il a3l e slaesle S0 b 5l
o5 Slesd glsel 2l 0o ees e lacsle 4 o
o sladl s el BLisl sladl )y 56 w4 55 b Lol cizes
Sleelsn Sl 5 goladl Coeal 5 fws s glaesle
GGl s s B slos 3 ol sl (el 23
A Al ST gl )

NS 5 Sl Sl Gl e s s sbaesla
Jop Sose o3 i welr olatl 5 el el
s laesle pl 4 Colls 4 e &S glasl> IR
s oE 5 el D)y 4 33 4 (035 Sl Slay S
o el pl cxle VL e sy bl el o)
Lol cnl Glos ) b 4 ol a5 o1 b laasl ol
S b iS eodke skia ans bulsl b o= Lol oS
SIS Slos ) Coslsm s a4 e s slaeile 4 ool
do adle b wbe G Jb- ool U 21T el o
s esls VYV Sl eslizad LAAY Jle 5o ool 4 S ) 50
VE S S ens Sl i Gl oS Sl oS a8 S e
o o> Sy ol (S sl i 5 ey GRS Sled
O 1) Geios cnl s 51 glawadls (1) s 3] e

'M)Lf



\erY JL»/\ w\-wi/ry;%e)};

uﬂ)-\.&&‘;@& w&éﬂdﬁ.@}x—w.lﬁé\ku

[81 015l 53 Lo 1898 W35 ol&in s e (518 s bs ol slacll= & IS

Spalling

—
< Local
Cracks spailing

Lining shear off by
displaced fauit

Fig. 4. Tunnel failure modes reported during the 1999 Chi-Chi earthquake in Taiwan [8]
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Fig. 6. Examples of the effects of seismically-induced
ground failures on tunnels [8] earthquake in Taiwan [8]
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Table 1. Summary of assumptions and
applicability of analytical solutions for the
analysis of tunnels under ground shaking (R -
the method does not cover it / S- the method
covers it.) [8]
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Table 3. Summary of assumptions and applicability of
modeling heterogeneity of soil profiles to investigate the
effects of earthquakes on tunnel structures (R - the
method does not cover it / S - the method covers it / 1:
Gaussian Normal Random Field / 2: Gaussian
Lognormal Random Field)
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Abstract

Advancements in tunnelling technologies and ease of implementation of drilling methods in addition of other
political and security issues made the construction of underground structures as an important alternative for
answering the demands of population growth and the limitations of surface spaces in urban areas. Underground
roads and highways, various types of tunnels and urban subway networks are the examples of underground
structures being constructed and rapidly implemented in different countries. Meanwhile, for reducing negative
effects to the environment, shortening the routes and improving traffic efficiency, urban tunnels should have
high level of safety standards in design, construction and operation. Tunnels are considered major national
projects and infrastructure investments, and huge costs are incurred around the world to build these structures.
In countries located in highly active seismic zone, such as Iran, seismic researches for such important
underground structures should not be ignored. The safety of such structures should be provided with respect
to all loading demands and hazards issues associated with the site, including seismic loads. Reviewing seismic
events in the past shows that underground structures have suffered less damage than above ground structures
against seismic loads. However, in recent years, major earthquakes such as the 1995 Kobe earthquake in Japan,
the 1999 Chi-Chi earthquake in Taiwan, the 1999 Kocaeli earthquake in Turkey, and the 2008 Wenchuan
earthquake in China have caused underground structures to experience significant damage. There is evidence
to conclude that the structural vulnerability of a tunnel in seismically active areas is an important issue but is
either not yet well understood or not well assessed at the time of construction, emphasising that dynamic
analysis of these structures against seismic loads is necessary. Earthquakes are likely to significantly affect
tunnel performance by causing severe damage or excessive deformation of the tunnel structure. To understand
the seismic-induced behaviour and performance of urban tunnels, this paper provides the state of the art in
modelling studies of seismic design and assessment of tunnels. The review includes an investigation in seismic
responses of real tunnels reported during past seismic events, the probable mechanisms caused damages in
tunnels and physical and numerical methods used until now to either investigate those mechanisms or
implemented in new designs. As an introduction, the seismic performance of tunnels affected by previous
seismic events discusses first, emphasising the effective parameters in evaluation of tunnel seismic response
and the relationship between the parameters, and the damage levels caused during earthquakes. Subsequently,
the paper continues with a comprehensive literature review on the experimental methods used to investigate
seismic-induced response in tunnels including physical testing, centrifuge tests, shaking table tests, and static
tests. Analytical, quasi-static and numerical methods of dynamic analysis of tunnels and the accuracy of these
methods are discussed then in details referring to some examples. The paper also reviews the effects of soil
heterogeneity in the seismic response of tunnel and application of the random field for dynamic analysis of
underground structures. Examining the achievements and challenges remained in the field, the paper
concludes with the existing gaps in the field to stimulate readers for doing more relevant researches.

Keywords: Tunnel, dynamic analysis, analytical methods, physical methods, numerical modelling
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