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ONTHEMECHANICALPROPERTIESOF

ADUALTUNNELSUBJECTEDTO

AVERTICALDISTURBANCE

KqjiUenish1-I

KazuhiroTsuji2)

Abstract:ThiscontrlbutionaddressesthemechanlCalcharacteristicsordualtunnelsthatarelmpmgeduponby

bodywavesgeneratedduetonearbyearthquakesorblastlng･Atwo-dimensionalmodelanalystsShowsthatnot

onlythedistancebetweeneachtunnelbutalsotheoverburdencancontrolthedynamicbehaviorofthistypeof

undergroundstructures･ItlSSuggestedthattheconventionalassessmentcr-terlafわrthestatlCStabilltyOfdual

tu-elsarenotvalidfわrthedynamicstabilityrelatedtotheincidenceorvertlCa】osclllat10nS,lftheincident

wavesareinthehighfrequencyrange.
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1.INTRODUCTION

The1995Hyogo-kenNanbu(Kobe)andthe2004Niigata-kenChuetsuJapanearthquakesbothcaused

similar(andpreviouslyunrecognized)damagepatternsinthetunnelslnthemountainousandurbanregions,

whichwerepossiblyInducedbythedirectinteract10mOflongitudinal(p-)bodywaveswlththeunderground

structuresE-2):InthemountainousregionOfGreaterKobe,InthecentralsectionOftheBantaklTunnelwhereit

passesthroughanorlglnallyfracturedzone,WeobservedexfoliatlOnOfthellnlngCOnCreteandbuckllngOfthe

reinforcingsteelonthesldewaH,aswellasdetachmentofthesubgradefromtheinvert(aboutIOcm)(Figure

I)1-1)･Thefactsthat(1)thedamageoccurredinthecentralsectionoftheI,766m-longNATMtunnelこand(2)We

foundnopermanentdeformation(oftheinvertetc.)2-4'Suggeslthatthefailurewascausednotbyfault

displacementorlnStabllityneartheportal,butbythedynamlClnteraCtlOnOrtheseismlCWavesWiththetunnel二

ThepreviousinvestlgatlOnSIntotheeffectofseismicvlbrat10nSOnundergroundstructuresIndicatethatonly

verticalp-wavesofrelativelyhighfrequenciesCaninducedynamiccompressiononthesidewall,impartlarge

accelerationtOthesubgarde,andconsequentlygeneratethedamagepatternssuchasobservedlntheBantaki

Tunnel二-ち)･sincethenumberofdualtunnels-typICallytwotunnelsrunnlnglnParalleト isincreaslng,eSpeClally
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inurbanareas,.itmaybeimportantatthismomenttolnVeStlgatetheeffectorsuchbodywavesonthe

mechanlCalbehaviorofduaLtunnels5).
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Figure1 TheDamagetotheBantaklTunnelcausedbythe1995Hyogo-kenNanbu(Robe),Japan,earthquake･
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Flgure2 Geometryortheproblem･
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2.ANALYTICALMODEL

Conslderatwo-dimensionalmodelshowninFigure2.Assumethreecirculartunnels,underplanestrain

condlt10nS,arelocatedlnaninfimtelyextendinglinearelastlCbodytha(isfree什om initialstresses,Aplane

harmonlCPIWaVeimpingesonandinteractsw)【hthetunnels(Figure21eft).Thecoordinates(r,0),(rl,OJ),

(r2,02)and(r:"01)aresetasshowninFlgure2.TheposltlOnSOfpolntPandthecentersofthetunnelscanbe
expressedrespectlVelyas

r=rf)l十rl=ro2+rっ=rり_1+r3,
rl:=rl-rつ=rり2-r()l= -rヱh

rLl=ri-rl=r()3-r()1= -rll,
r21=r--rl=ro1-roヱ = -r32･ tH

ThestressesanddlSPlacementslnthemedium canbeanalytlCallyobtalnedbyuslngthescalarandvector

displacementpotentlals3,5-1H,andtheeffectofthefree(flat)SurfacecanbeevaluatedquantltatLVelyfromthe

dlStnbutlOnSOrthestressesanddisplacementsfわrthellmltlngCaseWheretheradluSOrTunnet31Sinfinite(｡う

cx,;seeFlgure2right)ITnthefollowingtext,theanalyticalprocedurewILlbedescribed･Then,theresultsobtained

bytheanalysLSWillbegivenandtheirphysica)meaningswlHbedlSCuSSed･-nthefollowlngtext,～()m

correspondstoTunne)S(S =I,2,3)andthenumberorreflections′れ

(1日ncidentwave

Uslngthescalarandvectordisplacementpolentials,中,andv,,theincidentplaneharmonicp-wave

propagatlnglnthesu汀OundlngmedlumlSglVenby

¢′-¢oeー'̀de仙 …tO~6',V,=0, (2)

where中り1SaCOnStantrelatedtothearnplltudeofthewave,IlStlme,Oistheangularfrequencyoftheharmonic

wave,andthedilatattonalwavenumberα=OA,Icywithcpbeingthep-wavevelocltylnthesurroundingmedium･

ByapplyingJacobi'sexpansiontheorenl,OneCaneXPreSS中,=.中,(incldentwaveforTunneH )inpo一ar
coordinates(rトOl)as

L中,-中りe州e'̀D",Lt叫 ,I~占■∑J"(町 )e'り̀O･-8十花二' (3)

whereJ′,日 denotestheBesselrunctlOnOfthefirstklndofordern.Slmllarly了¢,andl¢larereSpeCtlVelyglVenby

1中,-中｡e~lbJe''叫い叫･-rふ'∑J,.(叫 e"'103~8+約/1=~吋

i中,-o(,e州el'D"州 ‖~占'∑ ･/′,(叫 )e''-lUl'6+冗二'
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(2)RenectedⅥ′aves

whentheincidentp-wave-中.(20,,30,)impingesuponTunnelI(2,3),itisreflected,refractedanddiffracted,

andbothp-andshear(S-)wavesaregenerated.【nthesurroundingmedlum,reflectedwaveslや∴lv,1(2¢∴2V∴

30,I,-Iv,I)aregeneratedaroundTunnel1(2,3),respectively.Thereflectedwaves-¢∴ .V,.1(ヱ¢∴ヱV′L;3¢∴.tv,L)

fromTurnel1(2,3)impingesonandinteractswithTunnels2and3(Iand3こIand2)astheincidentwavesヱ¢∴
つ
-V,■and'¢∴3V′-(L中,.,.V,-and30∴3V∴領 一V,iandコ¢∴ヱV.i)Jespectively.Asaresult,reflectedwavesl¢∴

lv′2(2¢∴ 2V,三了¢∴-V,･ヱ)aregene,aledaroundTunnel1(2､3).ThisrenectionprocessISrepeatedinfinitely.The

renectedwavesaroundTunnelS(S=し2,3)generatedbythem-threnectlOnareexpressedas

旬''-e~Jtu∑ TA:."iI:,一一(叫 )e"'tO､~む汀2', 'V:n-e-'M∑ ～B:,nFI:,=(PrJe州 O､~8+f･･' (5)

where†AnmandSBnmareconslanlslobedetermlnedforeachmfromtheboundaryconditlOnS.Hn川()isthe

Hankelfunctionofthefirstklndorordern,thedlStOrtionalwavenumberβ= dL･ゞWithcsbeingtheS-wave
velocltyinthesurroundingmedlum,andE,.=7U'(2n)lfnISaPOSLtlVeevennumberande,.=0fortheother

lntegerS･

ThepotentialsassoclatedwLththetotalrenectedwavesareobtainedbyaddingeachref一ectedwaveandthey

areglVenby

や,-e~'tu∑∑∑ ､月::LIL:,''(cv諦 ′叫 ~丘+汀 3'†=lm=lrJ=一丈

V,-e~''u∑∑∑ヾB:."FI∴h(β津 〝.O､心 rr'S=llrI=llr=-ン

andfinaHy,theruHwavefieLdcanbeexpressedustngtheroHowlngtwoPOtenllals:

¢-やす+¢′-0.,eー'W e'm･･LLOM0･L､Id'∑J..(町 )e叫 8'汀 ヱ'+ビ~'Lu∑∑ ∑ ～A:,"FI,I,h(叫 )e"'10､小穴ヱ}/7=-l>わ

V-V′-e~FM∑∑∑～B:,"Fl:,h(p,･Je叫~b'亡'て=l/n=lIT=-℃

ThedisplacementsandstressesareglVenby

LL,=坐 +1坐
∂r r∂0､

1∂¢ ∂V
'''.･二㌦,り∴㌃ ､

0,-(九+2堵 +壮 +譜 ),
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00-(九十2聴 ･ 語 )･母 ,

･･O-p(普一㌢･譜)･

Here,久anduareLami'sconstants.

(3)Boundaryconditions

Atthetraction-freesurfaceofeachTunnelS,theradialandshearlngStressesVanlSh:

(cF,),t=t,､-0, (て′o,､二̀′､-0･ (S=L2,3;m=1,2,.･.,-)

whereuI=a,aヱ=bandul=C.FromequatlOnS(7)-(9),oneoblalnSthecoefrlCientsform =1rlrSt

-AI,=中りe'W･･.C一叫 ･､~8日 A",

～Bl,-中.,e'仲･L州 O-~6日B.JJIll Jr

Here,

TA -(-D".JK".,+Eǹ′Fl,,̀I)/A,J†

＼B"=e"'1" ィ .I)(D,.,,e〝,,-E〝.,D...,)/A,

A=D"LIK,,., - e ,",Fl.,u･

Then,byapplym gNeumann,sadditiontheoremonBesselfunctionslコ)

Fl,I,:'(αr一･)e"''0､-∑ FI:,リ,,,(町～.､一)J川(αr､)eL'''卜′′′-0～､e叫

thecoefficientsform≧2canbeobtainedandtheyareglVenby

～A:･n-[-i∑‡(VIA:･7-Ze"'L■~古川コ'H:･L'n･(恥 ノ)e~J-''-J7'"uD-J了B:･7-le''''-i+L'･･'H･'7L-n凧 ･)e-I-'ト''''Ovt'Hn･,)iK-"(I1≠†'〃

･i∑∑(､'A:,7.1e…̀{~る'"'H,-,I:"I(a)･t～･)eLl-"~''′畑､､E.,I,･Y'B:1':~'e''''{L6't"'FI:,LJn･(Pr",)eー'{''-1'''0､､iK"")tH-".,]～,t†′11

TB:,n-[≡∑∑PJA:,i+'e''''卜6'"'Fl,I,L',,,(wssJ)e~'''卜 叫 ､D"了 8::･'-'e"''16十t･r'Fl:.リ,,･(Pr",)elf''-''''0､､IIF1,,.,)Ie",
†≠～'/7

-≡∑‡(9'A:'1e'"'卜占+冗コ'Fl:･L'〃J(CV～一･)e-I""'7̀-0" E･,LJ-(B:,'J'-Eel"'f-ふ十̀'り'H,{･L'"I(Prts･)el'小 '''畑 K･J iDJ･,J]
9≠S'/I

･e-ll,卜 占+tT"1/A.

where

D",=(n2+n-0.5β守)J′.(町～卜wJ′卜L(叫 ),
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D-,り=(n=+n-0･5βIr;)H∴'}(cu･十 αr耳 ∴'.(叫 ),

E =n(n+1)JJ,(W､卜 nCVノ ′卜l(叫 ),■

E…=n(n+1)H:,l-(αrJ-ncu･P ,告(αr～).

H,,′二一n(n+1)J,,(βr､)+nβrノ′卜l(βr､),

H-,,,=-n(a+I)H′̀,-J(β,J+nPr耳 ∴'.(βr､),

K′,′--(n二十n-0.5β]r:)JH(βr9)+β′訂 ,_i(B小

K-… = -(n与 n-0,5βlr/)H∴■}(βrJ'βr耳 Tl_-.(βrJ. (14)

and D,",D ,7̀′,E"I,E,,I,,F I ノ,ll,HHLJ,K,,(,,K"̀IareObtaineduslngequation(14)with rs= us･TheclrCumferentlal

stressGooatanarbltraryPOlntlnthesurroundlngmedlum lSexpressedas

00-2pr{コ[0.,e'恥 CL'州･＼~6'∑FmeI'''O＼占+冗コ■+∑ ∑ ､A:.nFT,,e'n'O＼~6+nコ)+ ∑ ∑ ､B:Tn(-I.H-,")e'′?̀0､~6'り17=--- /Tl=l/7=-- In=tり=-Ⅶ

十∑∑∑≡V'A:77- 1e'7'ト6十汀三根 ･,(cu･N)e-lLILf叫 ､F le'170b

'∑∑∑≡ V'B:,I,7Jt,J7't~6十とり'H :,L'",(Prv･vJ)e~~'-''-''''0､､(-t'H …)押 ]e~′…′,
where

つ 1
F"′ニー(nl+n-α-r{+o耳 r■ /′7(叫 )十CVノ ′T_.(αr～),
FTJ′ニー(nj+n-αヱr{･ 0 .5βlr/)H:,L'(叫 )+α ,､H告(αrJ.

ThestressInducedbythelnCldentwaveis

o(,-耳 勅 ,,

andfinally,thedynamicstressconcentratlOnfactorGO//O()Canbeobtalned.

(15)

(16)

(17)

3.R且SULTSANDDlSCUSSION

Followlngthemathematicalproceduredescribedabove,Onecanevaluatequantitativelytheamplification

andreductlOnOrthestressesanddisplacements(particlevelocitleS,aCCeleratlOnS)duringthedynamic

p-wave-tunnelinteract10nProcess.RefemngtotheactualdlmenS10nSOftheBantaklTunnel.wesetthemass

denslty2200kg/ml,poISSOn,sratlOO･25,shearmodulus16GPa,andtheradluSOfTunnel1and2asa=b =4m.

(npractice,thesurfaceofTunnel3canberegardedasaflatplanewhenItsradiuscissufficientlylarge.

Therefore,intheanalysts,C/aissettobe(･/a=10001andtheeffectoftheoverburdenHandthedistanceBIS

evaluatedcomputationally什omthosestressanddisplacementdlStributions.Forexample,Figure3indlCateSthat,

atshallowdepth(〟/〟 =1),thenormalstressesinducedonthesldewallatpointsCandDaresensltlVetOthe

changeofdistanceBwhenB/aissmaller･lnthecaseoflowfrequencylFigure3(a)],whenB/a>4,thevaluesof

thestressesbecomenearlyconstant(uptoacerlalnValueofB/a),clearlyshowingtheeffectofdistanceB_tnthe

-40-



CaseofahighfrequencywavelFigure3(b)いheinduceddynamicstressdropsatpointsDwlththeIncreaseof

B/a(<4),butitIncreasesWhen4<B/a<6･5LThecircumferentialstressatpointsCincreasesevenintherange

orβ/〟 <4.ConventlOnalassessmentcriterlagenerallyrecommendthatthedistanceshouldbeatleastβ′′′〟>4fわr

the static stabilityoradualtunne15㌧ butth e presentstudy ind lCateSirth e incidentwaves arelnthe hlgh

frequencyrange,damagemaybecausedevenwhenthedistancebetweenthetunnelsissufficientforthestatic

stability.Giventhesameβ/〟(=2.2),Flgure4showstherelSaCertaindepth(〟/〟～75fわrthelow什equency

incidentwave;I.6forhlghfrequencies)wherethestressamplificationonthesldewaHbecomesmaxlmum,

implylngaShallowtunnelisnotalwaysmorestressedthanatunnelatdepth.
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Figure3 TherelatlOnbetweenthemaximumclrCumferentlalstressesinducedonthesldewall(atpolntSC､Din

Figure2)andthedistanceβ/〟betweenthecentersorthetunnels(Overburden〟/〟=1)ITheincldentwave

frequencylSf=3Hz(a)and100Hz(b)A
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Figure4 TherelationshlPbetweenthemaximumclrCumferentialstressesinducedonthesldewall(atpointsC,

D)andtheoverburdenH/a(dlStanCebetweenthecentersofthetunnelsB/a =2.2).Asbefore,theincldentwave

frequencyisf=3Hz(a)and100Hz(b)･

4.CONCLUSIONS

WehaveconsideredthedynamicstabllltyOfundergroundstructures,morespecifically,dualtunnels,whlCh
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aresubjectedtobodywaves･Thesimp一eeLastodynamicanalystshasshownthatvertical(longitudinal)

dlSturbancesmayinducelargecompressivestressonthesidewallSofthedualtunnelsandhencegeneratethe

unlquedamagepatternssuchasobservedontheoccasionortheKobeearthquake,dependingontheoverburden

andthedistancebetweentunnels･ThesedamagepattemshavenotprevlOuSlybeenpredicteduslngthe

convent10naJanaJyticalandnumerlCalmethodsthatprimarilytakeaccountoftheshear(horizontal)vlbrat)ons.

ThlSCOntnbutionalsosuggeststhatundergroundstructuressubjectedtoseismlCWavesVibratewlththelr

surroundingsandtheyareexpectedtoRJnCt10naSSensorsthatrespondonlytowavesofspeclficcharacters.
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