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Evaluation of seismic performance of road tunnels in operation
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ABSTRACT: This study evaluates the seismic performance of road tunnels designed before the provisions for seismic
design of tunnels were first established in 1999. Extensive design data and site investigation reports are investigated to
select tunnels sections that are considered to be most susceptible to seismically induced damage under earthquake
loading. Detailed analyses are performed on selected tunnels. The methods used are method of displacement and dynamic
analysis. In performing the method of displacement, which is a type of pseudo-static analysis method used for
underground structures, full domain and reduced domain modeling were used. The dynamic analyses are performed using
finite difference method and using nonlinear constitutive model. Comparisons show that the reduced domain method of
displacement match very closely with the dynamic analysis, demonstrating that it is the most suitable method for
evaluating the seismic performance of road tunnels built in rocks. It is also shown that road tunnels, for which seismic
design were not applied, are safe under the seismic risks corresponding to an earthquake with a return period 1000 years.
Tt is concluded that additional seismic retrofit of tunnels is not necessary.
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Hard Rock 26 1500.0 0.25

Tunnel lining

Thickness = 0.30 m, Elastic Modulus= 23,000 MPa,
Moment of inertia = 0.00225 m4, Poisson’s ratio = 0.2

76



[

Pl Y elold S wefsh S ks A gho] WASHE Z0® Akt ek
= =31 AlgHalo| Bz ofe} o] FAJsiA #-8-5t A A 71ETt viet o], SEHR 3 Al
ZE AP e o= ey e B = ARG (Fig. 2)3 2P Y(Fig 3)ollht A=
ol 4] Fig. 60|50 AASE E Avp= BE =2t 4af1eo Case 1, 29 disia AxE vlwskick
AR Ale] 7se AR eR WARE sjde] Axjelct. (Fig. 9). B Zheldoll A8she Ad 53 %
34 A, Case 19]4= B8 22to= Qlste] kg AAYY sfiido] g st 2
WAL= Scto] 2|20 R Qlste] HhYEh= St AAEATE o]l AAIGY 4] 43 Al = U
ulato] AJoid o= & A 2RI 4= AriFig. 8). A Aol ALk HfIE A8kl s g0l
ol HEd2 ol ARbo]| fjAJste] Hehiglo] 24 F7] wiZol| Sl fIRIRk Hdel Al 28
7] diZolch ESh S22 ofiftolM 7H AAl sk MS7E s AEEA] ¢hom g o] A7)
At vhd RHlER) A2 skt SHoA 7} gasshr] wiEooh whebA, o)ef 2 Al

. .

Element (No.15) : 466.3 kN Element {No.15): 243.8 kN Element 015) 710.1 kN (Max.)
Element (No. 6): 364.5 kN Element (No. 6):-284.9 kN Element 0. 6): 79.6 (Mm)

ﬁi al

rlr

rr

0 kN-m Element (No.15) :13.20 kN-m Element (No.15) : 40.40 kN-m (Max.)
J9kN-m Element (No. 6): (.45 kN-m Element (No. 6): 1.64 kN-m

lement (No.15): 27.2
151

Element (No. 6):

Shear Force m
el ! - | .

Element (No.15) : 60.60 kN Element {No.15) : 33.50 kN Element 0]5) 94 kN (Max.)
Element (No. 6):-2.14 kN Element 6): 2.15kN Element 0. 6): Mm)
(a) Due to tunnelling (b) Response due to shear deformation (c) Total

during seismic loading

Fig. 8. Response of tunnel lining (a) due to tunnelling (b) response due to shear deformation during seismic loading (c) total
(tunnelling + shearing)



DAY - W - BT - AR

54299 i8S Ysfof qtt. Fig 100= 549 & 2fuldith 6719] el A B A[xluke] g
ofl it SEHAE ARt Sl Ak 2ol FA] k2 Ao ARKERI R Bl Akkd
Fo] o} By Ao MeEsHS vjasiint 5 wed ¥ s 2AE 2old 385
TR FAsA o] Apol= il 2> ﬁ_i Y wlaete] QRS Breklnh A8 E gold

ERtom ol ollo) Qx)3F =2 gye] A% 4 87 = Y 28 ZHEQl fi24MPaS 48510
Gao] olele BASIAS 4T Wk Qs A WS W TS S 17t 0.6MPa, 0.39MPac R
5 0.3
[] Reduced Scale
4 B Full Scale
g —
]
2 S o02p
7] 3L <
5 2
Z =
£ 7
£ 27 5
=] 2 011
£ w
1L
0 !
Casel Case2 0 Casel Case2

(@) (b)

Fig. 9. Comparison of calculated stress between full-scale and reduced-scale simulations (a) maximum bending stress (b)
maximum shear stress

12
a
10 7( ) Allowable Stress (9.6 MPa)
[ R S el .
E @® Dynamic Analysis (Hachinohe)
e 8 - O Pseudostatic Analysis (Hachinohe
6 6 Dynamic Analysis (Ofunato)
7 r 0  Pseudostatic Analysis (Ofunato)
%D 4 L ] a =
3 H @)
53
Q2 L
0
0.5
(b)
04 L Allowable Stress (0.39 MPa)
Tv\ M
%/0.3 -
2 e
= a
702 ~ ° = =
§ g
0.1 -
0 I \ \ \ \ \
1 2 3 4 6
CASE

Fig. 10. Comparison of bending and shear stresses computed by method-of-displacement and dynamic analyses

78



+g ¢ == H29 Wi A5 57t

AEQl AR AT BE EHdold 5889
(MOCT, 2007b) i} 217 Aikelo] mie Qb Ao
= tpehgte.

5. 2 2

B Aol WAL 95l 1999 oA
of A 9 AlTE £ 20l B2 HY & HE}
dpago] ejabEls Edo] tiste] 27 Al QRS
AESh HYe) ehyAde Sl E 24
e i Aes)x Brlsielon eloldo] 2kgais
2T} Ackgelo] 58212 2el=x|2 Hrle}

Aok & =wold Ead A2 v doh

L

1. EH31 43 Al Rayleigh 71218410] A4t
A} QR Zo] 247k kA A g=jofof B
B2 1340} BA(EE 1%)9} 57 o] 4S5}
£ AGE A8k sl ghEe 13 meot
QX i) etk et A4S 28
of k. QulZel B} FAUT T 243}
v ke Pee 4 QomE Fopt a7

2
oo
ol
i)
-
e T >
ot L S
Hoo g
o 4o 2t
g 2 oh
Bt
ol of
ﬁ‘ x e
i) o8 1o
18 o
2
ofN b
0> 2
2

o Mo

o 2 F

s

>

3

X

&2,

2

D)

g 8l
2 H o =
&
o e B oA o

o
I
[
oN
%
o
o F
o

ol
- =
(e
R
N o
&
o 1o
[‘_E oo
X or
s
of oX o
12 o o

2 qlo &t 2 o
L
b
i
o
20
)
J-Ql
P
2
2
:?L
DY
<
>
:?L
>

rugi ue
o O{N
WY, o
SR
r
&
L ol
loéo
_‘ELrJN?LJ
o
_%A
o =
&
n
Y
S]

I.|.4
& oFo K
o
2
I
ol
o

R
)
m0)
olo
)
filo
ot
)
=)
=2
i)
o

ol

ol
s
oy Mo
=0
E o
ofll

N
O_>§ mlO 52
2
o 2

79

- B ARelA HEo| s feH

1
= Sl

No. 2011-000-0000-1762) o] 742 Al =Yk

B ol ST 22k SAs Azt
ol

Fe 7o Uehgrh webd] mhs

[¢)
A
2)
okt 2JRtof| wiet siAE =aslA] b= 787l

Uehdek 2 WAAAE 285 oS
e A@zs] 10009 A2o] thatol kg
Aoz weken] F714el BRe SEad Jlo
= AlzHk

il
g2 385l vlsto] dATHA A2 o=

i

o

E A= 201U R A7 s Ade] R
[e) 2l

H2d F2 B Uikl Bl A&

. Hashash, YM.A.,, Park, D. (2002), “Viscous damping

formulation and high frequency motion propagation
in non-linear site response analysis”, Soil Dynamics
and Earthquake Engineering, Vol. 22, No. 7, pp.
611-624.

. ITtasca. (2008), FLAC: Fast Lagrangian Analysis

of Continua, Itasca Consulting Group Inc.

. Kwok, A.O.L., Stewart, J.P., Hashash, Y.M.A.,

Matasovic, N., Pyke, R., Wang, Z., Yang, Z. (2007),
“Use of exact solutions of wave propagation problems
to guide implementation of nonlinear seismic
ground response analysis procedures”, Journal of
Geotechnical and Geoenvironmental Engineering,
Vol. 133, pp. 1385.

. Lee, LM., An, D.J. (2001), “Seismic analysis of

tunnel structures”, Journal of Korean Tunnelling
and Underground Space Association, Vol. 3, No.
4, pp. 3-15.

. MOCT. (1997), Korean Seismic Design Standard,



o

(] =T

1

|PE RS A=t

157 - 494G

10.

11.

12.

13.

Ministry of Construction and Transportation (in
Korean)

. MOCT. (1999), Manual on tunnel design, Ministry

of Construction and Transportation (in Korean)

. MOCT. (2007a), Manual on tunnel design, Ministry

of Construction and Transportation (in Korean)

. MOCT. (2007b), Concrete Structure Design Criteria,

Ministry of Construction and Transportation (in
Korean)

. Park, D., Hashash, Y.M.A. (2004a), DEEPSOIL,

University of Illinois at Urbana-Champaign.
Park, D., Hashash, Y.M.A. (2004b), “Soil damping
formulation in nonlinear time domain site response
analysis”, Journal of Earthquake Engineering,
Vol. 8, No. 2, pp. 249-274.

Park, D., Shin, J.H., Yun, S.U. (2010a), “Seismic
analysis of tunnel in transverse direction part I:
Estimation of seismic tunnel response via method
of seismic displacement”, Journal of Korean Geo-
technical Society, Vol. 26, pp. 57-70.

Park, D., Shin, J.H., Yun, S.U. (2010b), “Seismic
analysis of tunnel in transverse direction part II:
Evaluation of seismic tunnel response via dynamic
analysis”, Journal of Korean Geotechnical Society,
Vol. 26, pp. 71-85.

Park, I.J. and Yoo, J.H. (2010), “Aseismic design
concept for underground space based on site response
analysis”, Journal of Korean Tunnelling and

80

14.

15.

16.

17.

18.

19.

Underground Space Association, Vol. 12, No. 3,
pp. 257-264.

Park, S.Y., Park, 1.J., Lee, J.J., Choi, S.-H., Kim,
S.-I. (2007), “Analysis of dynamic behavior for
underground structures under earthquake loading”,
Journal of Korean Tunnelling and Underground
Space Association, Vol. 9, No. 2, pp. 205-217.
Rayleigh, J., Lindsay, R. (1945), “The theory of
sound, 1945”: Dover, New York.

Schnabel, P.B., Lysmer, J.L., Seed, H.B. (1972),
SHAKE: A computer program for earthquake
response analysis of horizontally layered sites,
EERC-72/12,Earthquake
Center, Berkeley, CA.

Sedarat, H., Kozak, A., Hashash, Y.M.A., Sham-
sabadi, A., Krimotat, A. (2009), “Contact interface

in seismic analysis of circular tunnels”, Tunnelling

Engineering Research

and Underground Space Technology, Vol. 24,
No. 4, pp. 482-490.

Seed, H.B., Idriss, .M. (1970). “Soil moduli and
damping factors for dynamic response analyses.”,
Report EERC 70-10, Earthquake Engineering
Research Center, University of California, Berkeley.
Wang, J.N. (1993), “Seismic design of tunnels: A
state-of-the-art approach”, Monograph 7. New
York, NY: Parsons Brinckerhoff Quade & Douglas,

Inc.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


