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Abstract:Paralleltunnelsaregenerallyconstructedinurbansubwaystofacilitatethemovementoftrafficin
moderncities.Commonsolutionsforpredictingsettlementinducedbytheexcavationoftwoparallel
tunnelsarebasedonthesingletunnelcaseandthesimplifiedsuperpositionmethodisutilizedtogenerate
thedeformationprofilewithoutconsideringtheinteractionbetweenthetwotunnels.Inthisstudy,
transparentsoilmodeltestswereperformedtovisualizethesurfaceandsubsurfacesettlementinducedby
theexcavationoftwoparalleltunnelsinsandyground.Severalkeyfactorsinfluencingtheinteractionofthe
paralleltunnels,aswellasthesurfaceandsubsurfacesettlement,wereinvestigated,includingthespacing
betweenthetwotunnels,thevolumeofgroundlossandthedepthatwhichthetunnelswereburied.Then
therelationshipbetweenvolumeofthegroundlossandthesettlementwasestablished.Itishopedthatthis
studycanprovideguidelinesforthedesignandconstructionofurbanparalleltunnelsexcavations.
Keywords:transparentsoil;paralleltunnels;modeltest;surfacesettlement;subsurfacesettlement

平行隧道开挖引起场地沉降的透明土模型试验研究
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摘 要:为了便捷现代城市交通,地铁系统普遍采用平行隧道模式。平行隧道开挖引起的场地沉降

预测一般基于单一隧道工况,利用简化叠加法生成变形剖面,而没有考虑两个隧道之间的相互作

用。采用透明土模型试验技术,自主研发平行隧道模型试验装置及试验方法,研究了在砂质场地上

开挖平行隧道引起的地表和地层沉降特性。通过模型试验探索了平行隧道间距、土体损失率、埋深

等要素对地表和地表沉降的影响规律。在此基础上,量化了土体损失率和场地沉降值间的数值关

系。此数值关系可为砂质场地中平行隧道施工与设计提供参考依据,也为隧道间距初选以及埋深

的初步确定提供理论支撑。
关键词:透明土;平行隧道;模型试验;地表沉降;地层沉降
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1 Introduction
Withtherapiddevelopmentofthemodern

city,buryingthesubwaytunnelshasproventobe
aneffectivewaytorelievetrafficpressureonthe
ground.Accurateestimationofgroundsettlement
is vitalto ensure safety during the tunnel
excavation.Tothisend,manyearlyscholarshave
studied both the surface and the subsurface
settlement for the excavation of the single
tunnel[1-4].However,singletunnelconstructionis
rarelyencounteredinpractice.Instead,parallel
tunnels excavated sequentially are commonly
constructedinurbansubwaystofacilitatethe
movement of traffic in modern cities. In
comparison to monitoring the deformation in
clays[1-2],thesettlementcausedbytunnelingin
granularsoils(e.g.,sandsandgravels)aremore
difficultandcomplexwhenconsideringkeyfactors
suchastherelativedensity,whichinfluencesthe
shape and magnitude of the deformation[5].
Recently,thesettlementofsingletunnelsinsand
hasbeenstudiedthrough modeltesting[6]and
numericalsimulation[7-8]. Yetthe deformation
inducedbysequentialexcavationofparalleltunnels
hasnotbeenfullyrevealed.Therefore,itmaybea
researchhotspotingeotechnicalengineeringto
investigate the deformation induced by the
excavationsoftwoparalleltunnels.

Manystudiesbasedonanalyticaldeduction
havebeencarriedouttoinvestigatethedeformation
inducedbytunnelexcavation,butthey mainly
aimedatthesingletunnel[9-13].Parallel-tunneling
deformation prediction generally utilizes the
simplified superposition method with the
assumption the deformation arising from the
excavationofthe2ndtunnelisunaffectedbythat
ofthe1sttunnel.However,previousresearch,

particularly numerical studies that can fully
considertheinteractionbetweentwotunnels,have
indicatedthatthismethod maynotbedirectly
applicabletoestimatingtheparalleltunneling-

induced settlementin practice,sinceit may
underestimatetheresultantsettlement,whichmay
exertanegativeeffectonthesafetyofthenearby
constructions[14].The numericalsimulation of
tunnelingwhichpermitscalculatinginternalsoil
deformationiswidelyusedinthelastdecade[14-18].
However,notonlyisinternalsoildeformation
difficult to validate against the actual
measurements,butthekeyinputparameters,

whichcandirectlyandsignificantlyimpactthe
accuracyoftheresults,arequitedifficultto
obtain.Manyscholarshavefocusedonin-situ
surfacesettlementinducedbysequentialexcavation
ofparalleltunnelsinavarietyofsoils.Sincethein-
situtestiscostlyandtime-consuming,laboratory
tests are widely used in performing two-
dimensionaltrapdoortestsindrysand[19]and
lininginstallationinacentrifuge[20-21].However,it
ischallengingtoobtaintheinnersoildeformation
andthefailurepatternfromtheconventionalmodel
tests. Moreover,the resultsfrom traditional
laboratorytestareinevitably affected bythe
boundaryconditionsandtheembedmentofthe
rigidsensorshasaneffectoninstrumentation
accuracyduetothearchingeffect[22-23].Recently
thedevelopmentofdata-drivenandsoftcomputing
methods,Zhangetal.[24-25]and Shahrourand
Zhang[26]predictedthesurfacesettlementinduced
by earth pressure balance shield tunneling,

estimatedthelining response fortwin-tunnel
construction,and performed TBM tunneling
optimization.However,thiskindofdata-based
methodhasanobviousdeficiencyinrevealingthe
deformation characteristics in tunneling
constructions,wheretheinternalphysicalfailure
mechanismisoftenignored.
To visualize the interioror the full-filed

deformation,anadvancedmodelingtechniqueusing
thetransparentsoilisadoptedinthisstudy,which
wasfirstlydevelopedbyAllersma[27]andutilizedby
many scholars worldwide[28-29], including in
tunnelingbyAhmedandIskander[30-31].Andthe
intendofthispaperistoexploretheparallel-tunnel
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interaction and its influence on surface and
subsurfacesettlementsduetothesecondtunnelin
sandygroundconsideringthespacing(S)between
twotunnels,the magnitudeofthevolumeof
groundlossatthetunnel(Vl)andburialdepth(H
andH0).

2 Experimentaldesign
2.1 Testingapparatus

Themodeltestingsystem wasadoptedto
monitorthesettlementvariationduringexcavation.
Itconsistedofacomputer,anopticalplatform,a
chargecoupleddevice(CCD)camera,adisklaser,

aplexiglassmodeltank,andprocessingsoftware
for particleimage velocimetry (PIV)digital
images.Theopticalplatform wasferromagnetic
stainlesssteelandtheinnercorestructureonthe
top side offered considerable anti-disturbance
capacity.ThehighresolutionoftheCCDcamera
was1280×960pixels,whichcouldrecordthe
settlementduringtunnelexcavationcontinuously
operatedbythecontrolprogramofthecomputer.
ThedisklaserwasEP532-3W alongwith3 W
outputpower,532nmwavelength,10°-25°light
angle and less than 1 mm thickness. The
multifunctional model box made of acrylic
plexiglasswitheachsurfacebondedbystrongglue
wascapableofsimulatingthesingletunneltest,

paralleltunnelstestandcrosstunnelstest,fora
totaloffourtunnels(threeonthefrontandoneon
theside).Additionally,ribswerefixedatthe
bottomtorestrainthedeformation.
2.2 Testingmaterials

Fusedsilicasand,whichhassimilarphysical
andmechanicalpropertiestotheproxynaturally
graded sand, was adopted in this study to
manufacturethetransparentsoilsamples.The
particleswere0.5-1.0mminsize.Themaximum
drydensitywas1.278g/cm3,andtheminimum
was0.907g/cm3.Therelativedensitywas55%
andtheinternalfrictionanglewasbetween34°and
38°.Theporeliquidwasmixedwithn-dodecane
andthe15thmineralwhiteoilwiththemassratio

of1:4anditsrefractiveindexwas1.4585.The
peripheryofthetunnelwasisolatedfrom the
surroundingsoilwithaself-madefilmtubemadeof
transparent and highly elastic thermoplastic
polyurethane(TPU)filmtopreventtheporeliquid
fromflowingoutalongthetunnelmodelhole
duringthetest.Thedrainagemethodwasusedto
simulatethetunnelexcavationprocess.Oneendof
arubbertubewithadiameterof50mmwastied
withawire,andtheotherendwassleevedona
rubberplugwithadrainagetubeandtiedwitha
rubberbandtopreventpotentialwaterleakage.
Beforethetest,themodelboxwascleaned,and
thetunnelmodel,aswellasthewaterprooffilm
tube,wassetup.

Topreparethetransparentsoil,markswere
madeevery10mmalongtheverticaldirectionof
the modelbox,thenthe volume of10 mm
thicknessofthetransparentsoilwascalculatedas
theunitvolumeandtheweightofthefusedsilica
andtheamountofdrainagefortheunitvolume
weredetermined.Theprepared mixedoilwas
slowlypouredintothemodelboxandthenthe
weighedfusedsilicasandwasuniformlypoured
intothemodelboxandthemixedoilandthesilica
sand were mixed together. During the
configurationprocess,thetransparentsoilwas
slowlystirredwithaglassrodtoeliminatetheair
bubbles.Then,thestratifiedcompactionmethod
(eachlayerwas10mmthick)wasusedtomakeit
satisfytherequiredtargetdensity.Finally,the
load1 000 kN wasexerted ontheprepared
transparentsoilfor24hourstoensurethatthe
relativedensitywasconstant.
2.3 Testingprocess

ThePIVpost-processingprogramwasusedto
obtainthedisplacementfrompicturesduringthe
test[32-33].Thevolumeofthesettlementtroughwas
directlymeasuredbyimportingtheexperimental
resultsintoAutoCADsoftwareaccordingtothe
displacementcurveofthesettlementpoint.The
stabilityofthesandafterexcavationispoorandit
isdifficulttoformanarch.Therefore,itcanbe
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assumedthatthedrainagevolumeisequaltothe
convergencevaluearoundthetunnel,indicating
thatthevolumeofsoillossisequaltothevolume
ofdrainage.

ThetotalliquidvolumeisVw = 687 mL.
Therearetotally10timesofdrainageforthe
simulationofincrementaltunnelexcavation.The
drainagevolumeis10mLforeachtime.Priorto
thetest,placethemodelboxinasuitableposition,

putthecamerarightbesidethemodelboxaimingat
thecenterofitscrosssectionthenadjusttheir
relativepositiontomaketheimageclear.Adjust
thelaserintensitytoensurethefigurefromthe
transparentsoilformastableandclearbrightspot.
TA(TunnelA)andTB(TunnelB)areexcavated
sequentiallyviadrainingtheliquidintherubber
tubeandeveryexcavationfootagelengthis0.5D
(tunneldiameter).Thelaserpositionshouldbe
movedalongtheslidingrailaccordinglywiththe
excavationfootage.
2.4 Keyinfluentialparametersandtestingschemes

Forbothsurfacesettlementandsubsurface
settlement,sixtests,dividedintotwogroups,

wereperformed(showninTable1).Group1and
Group2eachconsistedofthreeteststoinvestigate
theeffectsofthevolumeofgroundlossattunnel
(Vl),burialdepth(HandH0)andtunnelspacing
(S)on the twin-tunnel-induced surface and
subsurfacesettlement.Thesizeofthemodelboxis
plottedinFig.1,whereF=1600 N.Fig.2
presents the cross-section diagram of the
settlement trough and parts of the related
parameters.

Table1 ModelTestingScheme
(a)Testingschemeforsurfacesettlement

Group TestID H/D S/D

1

T1 2 1.5

T2 2 2.0

T3 2 4.5

2

T4 5 1.5

T5 5 2.0

T6 5 4.5

(b)Testingschemeforsubsurfacesettlement

Group TestID H0/D H/D S/D

1

U1 1 5 1.5

U2 2 5 1.5

U3 4 5 1.5

2

U4 1 5 4.5

U5 2 5 4.5

U6 4 5 4.5

Fig.1 Schematicdiagramformodeldimensionsand
boundaryconditions

 

Fig.2 Cross-sectionaldiagramofthe
settlementtroughandrelevantparameters

 

3 Testingresultandanalysis
3.1 Surfacesettlement
3.1.1 Surfacesettlementduetoexcavationofthe
1sttunnel

Fig.3 presents the measured surface
settlementSV_AinducedbyTAunderH (Depth
fromthesurfacetothetunnelaxislevel)/D=2.0

4 JournalofCivilandEnvironmentalEngineering            Vol.43



and5.0,respectively.Thenormalprobability
GaussiancurvesproposedbyPeck[3]wereusedtofit
themeasureddata.Thesurfacesettlementofthe1st
tunnelexcavationhasgoodagreementwithO􀆳Reilly
andNew[2],whichisexpectedsinceTAisexcavatedin
agreenfieldsiteandthisbehaviorisreflectedinthe
firsttunnelsettlementforalltests.Moreover,the
GaussiancurvesgiveagoodfitwhenVl=1.455%and
2.911%,thenthegoodnessofthefitdeclineswiththe
increaseinVl,whichcoincideswiththeobservations
byMarshalletal.[5].

Fig.3 Gaussiancurvefittingtothesurfacesettlement
inducedbytheTAunderdifferentH/Dvalues

 

AsseeninFig.4(a),themaximumsurface
settlementSmax_AlinearlyincreaseswithVl,which
canalsobeseeninShahinetal.[34].FromFig.4
(b),thesoilvolumelossofsurfacesettlementVS_A

issmallerthanVlinallperformedtests,especially
atlargeVlandHwhichisingoodagreementwith
Zhengetal.[35],whopointsoutthatthesoilwithin
thesubsurfaceground mayexhibitan overall
dilatingresponseconsideringthatthetestswere
conductedinalow-stresscondition.
3.1.2 Surfacesettlementduetoexcavationofthe
2ndtunnel

The resultant surface settlement SV of

Fig.4 VariationsofSmax_A/DandVS_AwithVl
 

different groups is plotted in Fig. 5.
Fundamentally,thedistributionoftheresultant
groundsettlementunderH/D=2.0and5.0
changesfroma“V”shapetoa“W”shapestepby
stepasSbecomeslarger.

From Fig.5,itisclearthattheposition
correspondingtoSmax_AisdirectlyaboveTAduring
thetunnelexcavationofTA.Withtheincreaseof
Vlin TB,thepositioncorrespondingtoSmax_B
graduallymovestowardstheaxisofTBandthe
asymmetryofthesettlementtroughbecomesmore
significantinT1,T2,T3andT4(S=1.5Dand
2.0D).Butforthetests(T3andT6)thathave
largerS,thepositioncorrespondingtoSmax_Bisalso
justaboveTB,whichmeanstheexcavationofTA
haslittleinfluenceonTB.

FromFig.6,itisclearthatforT1,T2,T4and
T5,thecorrespondinglocationofthemaximumsurface
settlementXmovestowardTBasVlincreasesandthe
asymmetryofthesettlementtroughalsobecomesmore
significant.ForT3,thecorrespondinglocationsofthe
maximumsurfacesettlementXremainsconstantand
theexcavationofTAhaslittleimpactonTB.ForT4,

althoughXdoesnotchange,thesettlementtrough
curvesappearasaninflectionpointatX=1.5D.
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Fig.5 SurfacesettlementofTAandTBfordifferentgroundvolumelosses
 

Fig.6 VariationsinX/DwithdifferentVl
 

  Tofurtherinvestigatethesettlementcaused
byeachexcavation,thenetsurfacesettlementSV_B
inducedbyTBisshowninFig.7.Thesettlement
ofTBisobtainedfrom theresultantground
settlementsubtractingthe1sttunnelsettlement.
Gaussian curves are again used to fit the
experimentaldata.The goodness-of-fitofthe
Gaussiancurvesisshowntodecreasewiththe
developmentofVlintheTBexcavation,whichis
similartotheobservationsintheTAexcavation.

Fig.8(a)showstheSmax_B/D-Vlcurvesgained
from the six tests. Basically,a non-linear
relationshipisfoundbetweenSmax_BandVl·Smax_B
growsupgraduallyasVldeveloped.Moreover,its
magnitudeislargercomparedwithSmax_Aasplotted
inFig.3,whichisconsistentwiththeconclusion
obtainedinclayeysoilsthatthelargersettlementin
the2nd tunnelexcavation is caused by the
interactionbetweenthetwotunnels[36-37].

Fig.7 Gaussiancurvefittingtothesurfacesettlement
inducedbyTB

 

Tofurtherillustratetheimpactofparallel-
tunnelinteractiononSmax_B,variationsinSmax_B/

Smax_AwithdifferentVlareplottedinFig.8(b).
Basically,Sappearstobethemostdominantfactor
influencing the values of Smax_B/Smax_A. The
influenceofthetwin-tunnelinteractionismore
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Fig.8 VariationsofSmax_BandSmax_B/Smax_AwithVl
 

significantinT1,T2,T4andT5(S=1.5Dand
2.5D),thaninT3andT6(S=4.5D)aswellasin
thecaseofsmallerH(H=2D).

Fig.9presentsthevaluesoftheempirical
coefficientforsurfacesettlementkunderdifferent
VlfordifferentH/D.Here,klandkrrepresentthe
empiricalcoefficientsoftheleftandrightsidesof
thesettlementtrough,respectively.kgradually
increaseswithVlunderthesameS.Conversely,it
decreasesstepbystepwiththeincreaseofS.
Moreover,klgetsclosertokrasSincreases,

indicatingthatbothsidesofthesettlementtrough
tendtobesymmetrical.
3.2 Subsurfacesettlement

TheresultantsubsurfacesettlementSu of
differentgroupsisplottedinFig.10.Basically,the
distributionofGroup1graduallychangesfroma
“W”shapetoa“V”shapeasH0(Depthfromthe
subsurfacetothetunnelaxislevel)/D becomes
larger.AndthedistributionofGroup2remainsin
theshapeofa“W”.FromFig.11,itisclearthat
forGroup1,thecorrespondinglocationofthe
maximumsubsurfacesettlementXumovestoward
TB asVl increases.The asymmetry ofthe
settlementtroughforU1andU2becomesmore
significant,whilefor U3,thecurvesofthe

Fig.9 VariationsofkwithdifferentVlfor

H/D=2.0and5.0
 

settlement trough undergo a process from
asymmetry to symmetry and then back to
asymmetry.AsforGroup2,Xuisalsojustabove
TBandtheirsettlementtroughcurvesarequite
similar,whichmeanstheexcavationofTAhas
littleinfluenceonTB.

4 Summaryandconclusions
Based upon the surface and subsurface

settlementsobservedduringthetransparentsoil
modeltest,someusefulconclusionsaredrawnas
shownbelow:

1)Withtheincreaseofthegroundvolume
loss,theGaussiancurveusedtopredicttheground
settlementinducedbytheexcavationofthetwo
paralleltunnelsdemonstratesadecreasingtrend.
2)Theinteractionoftheparalleltunnelsleads

to greater maximum surface settlementSmax_B
duringtheexcavationofTBcomparedwiththatof
TA.Thiseffectweakensasthespacingbetween
theparalleltunnelsincreases.

3)WhenS=1.5Dand2.0D,theexcavation
ofthe1sttunnelhasasignificanteffectonthe
surfacesettlementofthe2ndtunnel,andthe
correspondinglocationofSmax gradually moves
towardstheaxisofthe2ndtunnelwiththeincrease
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Fig.10 SubsurfacesettlementofTAandTBfor
differentgroundvolumelosses

 

Fig.11 VariationsofXu/DwithdifferentVl
 

ofVl.Moreover,theasymmetryofthesettlement
troughbecomesmoreobvious.WhenS=4.5D,
theexcavationofthe1sttunnelhasamarginal
influenceonthedeformationofthe2ndtunnel.
  4)UnderthesameS,kgraduallyincreases
withthegrowthofVl whileitdeclinesasS
develops.Theempiricalcoefficientskoftheleft
andrightsidesgetcloserasSincreases.
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