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Abstract:Forbracedexcavationsindeepdepositsofsoftclaysorresidualsoils,thegroundsurface
settlementbehindtheexcavationiscorrelatedwiththeextentofbasalheaveaswellasthewalldeflections
andisalsoaffectedbythemagnitudeofthegroundwaterdrawdownbehindtheretainingsystem.Reliability
analysisbasedonarecentlydevelopedsimplifiedlogarithmregressionmodelforestimationofthemaximum
groundsurfacesettlementispresented.Thefirst-orderreliabilitymethodimplementedwithavariance
reductiontechniquewhileconsideringsoilspatialvariabilityisemployedtoinvestigatetheprobabilitythat
certaingroundsurfacesettlementthresholdisexceeded.Thispaperpresentstheeffectsofspatialaveraging
andtheinfluenceofseveralkeydesignparametersincludingthestiffnessofthewallsystem,themagnitude
ofthethresholdgroundsurfacesettlement,thecoefficientofvariationofthesoilproperties,andthe
magnitudeofthegroundwaterdrawdownonthegroundsurfacesettlement.Itisconcludedthatsoilspatial
variabilityresultsinahigherprobabilityoffailure(i.e.,alowerreliabilityindex),withoutconsideringit
wouldresultinanunreliabledesign.Alargercharacteristiclengthresultsinalowerprobabilityoffailure
andahigherreliabilityindex.Whenthespatialvariabilityofboththecu/σ'vandE50/cuareconsidered,the
influenceon�ismoresignificant.
Keywords:groundsurfacesettlement;bracedexcavation;groundwaterdrawdown;spatialreliability;
variancereduction

考虑空间变异性的基坑降水支护开挖
引起地面沉降的可靠度评估
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摘 要:对于软黏土或残积土中的深基坑支护开挖,开挖后的地面沉降与基底隆起和挡墙变形密切



相关,且受墙后地下水变化的影响显著。提出一种基于最新开发的简化对数回归模型的可靠性分

析方法预测地面最大沉降,采用考虑土体空间变异性的方差缩减技术实现一阶可靠性方法

(FORM),探讨了地面沉降超过既定阈值的概率,验证了方差缩减技术的高效性。通过分析关于空

间平均及关键设计参数的影响发现,土体空间变异性会导致较高的破坏概率,挡墙的系统刚度、地
面沉降阈值的大小、土体特性的变化系数以及地下水下降深度也对可靠性指标� 有不同程度的影

响,忽略其影响会导致不可靠的设计,较大的特征长度会导致较低的破坏概率和较高的� ,同时考虑

cu/σ'v和E50/cu的空间变异性会比单独考虑其中一项对� 影响更大。
关键词:地面沉降;基坑支护开挖;降水;空间变异性;方差缩减
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1 Introduction
Rapid urbanization and continuous

developmentofinfrastructureconstructionhaveled
toanincreaseddemandfordeepbracedexcavations
inurbanbuiltenvironments.Onemajorconcern
withtheconstructionofdeepexcavationsupport
systemsisthepotentialdamagetonearbybuildings
andtunnelscausedbyexcavation-inducedground
movement.Theground movementbehindthe
excavationiscorrelatedwiththeextentofbasal
heavesandthemagnitudeofthewalldeflections.
Groundsettlementisanimportanthydro-geological
factorinfluencing the groundwater drawdown
behindtheexcavation,duetopossibleleakage
throughthewall,flowalongthewallinterface,or
poorconnectionsbetweenwallpanelsasaresultof
poorqualitycontrol.Therefore,assessingthe
distributionandmagnitudeofthegroundsurface
settlementadjacenttoabracedexcavationisthe
mostimportantconsiderationinthedesignphase.
Numericalmodelingiswidelyused,butit􀆳stime-
consumingandrequiresconsiderablecomputational
effort,especiallythree-dimensionalcomputation.
Theuseofempirical/semi-empiricalmethodsto
predictexcavation-induced ground movementis
moreconvenient[1-10].
Reliability-based analysis via the first-order

reliabilitymethod(FORM)isincreasinglyemployedin
variousgeotechnicalapplications[11-13]tocalculatethe
reliabilityindexaswellastheprobabilityoffailure.
Thismethodadoptsthemeanaverageandthestandard
deviationortheequivalentvaluetopresentuncertain

parameters.Thesafetyfactororsafety marginis
determinedbymeasuringtheshortestdistancefromthe
safetyaveragetothedirectionalstandarddeviationof
themostlikelyfailurecombinationofparameterson
the limit state surface. However,natural soil
propertiesvary spatially duetothecomplicated
geological, environmental, and physical-chemical
processestowhichthesoilhasbeensubjectedduring
itsformation[14-15].Severalresearchershavehighlighted
theeffectsofthespatialvariationofsoilpropertieson
various geotechnical problems[16-21]. Reliability
analysisconsideringspatialvariabilityhasbeen
carriedoutbymanyresearchers.Luoetal.[22]

presentedasimplifiedapproachforthereliability
analysisofbasalheaveinabracedexcavation
consideringthe spatialvariability ofthe soil
parametersusingthefirst-orderreliabilitymethod
(FORM).Wangetal.[23]modeledtheinherent
spatialvariabilityofthesoilpropertiesofdrilled
shaftsby developing areliability-based design
(RBD)approachthatintegrateda MonteCarlo
simulation (MCS)-basedRBD withtherandom
fieldtheory.Cheonetal.[24]describedthespatial
variabilityofgeotechnicalpropertiesforfoundation
designindeepwaterintheGulfofMexico,viaa
randomfieldmodelthatdepictedspatialvariations
inthedesignofundrainedshearstrength.Liet
al.[25]investigatedthereliabilityofstripfootingin
thepresenceofspatiallyvariableundrainedshear
strengthwithanon-stationaryrandomfield.Gong
etal.[26]proposedanewframeworkconsideringthe
spatialvariabilityofsoilpropertiestoanalyzethe
probabilisticabilityofabracedexcavationinclay,
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whichwasmodeledwiththerandomfieldtheory.
Liuetal.[27]analyzedthereliabilityofslopes
consideringthespatialvariabilityofthesoilusinga
simplifiedframeworkthatappliedastrategyof
variancereductiontoenablemorethanoneshear
strengthvaluetobeconsideredinslopereliability
problemsbasedonMonteCarlosimulationandthe
multipleresponse surface method (MRSM).
However,studiesontheprobabilisticassessment
ofgroundsurfacesettlementinducedbythebraced
excavationthatconsidertheuncertaintiesarising
fromthesoilstiffnessandstrengthparametersare
limited.Inaddition,theinfluenceofthespatial
variability ofsoilproperties,as wellasthe
influenceofgroundwaterdrawdown,arescarcely
investigated.

Thispaperadoptsaframeworkcombininga
recently developed simplified LR model[28] to
estimatethemaximumgroundsurfacesettlement
usingtheFORM EXCELspreadsheetmethodto
analyzethereliability.Thevariancereduction
techniqueforconsideringsoilspatialvariabilityis
employedtoinvestigatetheprobabilitythata
certainthreshold ground surfacesettlementis
exceeded.Someusefulconclusionsregardingthe
effectsofspatialaveraging,andtheinfluenceof
severalkeydesignparameterssuchasthestiffness
ofthewallsystem,themagnitudeofthethreshold
ground surface settlement,the coefficient of
variationofthesoilproperties,aswellasthe
magnitude ofthe groundwater drawdown are
presented.

2 Reviewofthedevelopedlogarithm
regression(LR)model
  Thedevelopedlogarithmregression(LR)model
isasemi-empiricalmodelproposedbyZhangetal.[28]

forestimatingthemaximumgroundsurfacesettlement
induced by the braced excavation considering
groundwaterdrawdowninresidualsoils.Itisbasedon
theresultsof746planestrainfiniteelement(FE)

simulationsusingPlaxis2D[29].Torevealtheincreased

stiffnessofsoilsatsmallstrainlevels,thehardening
smallstrain (HSS)modelwasadoptedinthe
analysis.Manystudieshaveutilizedthe HSS
constitutivemodelinthemodelingofexcavationin
soft/mediumclay[30-32].Forthe746FEmodel,the
rangeoftheexcavationwidth(B)is30~40m,the
excavationdepth(He)is14~20m,thethickness
ofthesoftclay (T)is25~30m,thesystem
stiffness(lnS)is7.3~8.8,therelativeshear
strengthratioofthesoil(cu/σv')is0.25~0.35,

therelativestiffnessratioofthesoilis(E50/cu),

andthegroundwaterdrawdown (dw)is0.3~
12m.

Forsimplicity,thephysicalandgeometrical
modelisnotshowninthispaper.Thediaphragm
wallwasinserted5mintothestiffclaylayer,

whichwasfoundtobeadequateagainstbasalheave
failure.MoremodeldetailscanbefoundinZhang
etal.[28].

Plaxiscannotdirectlymodeltheconsolidation
settlement when it is based on undrained
parameters.Therefore,methodAinPlaxiswithc'
andφisusedintheanalysis,simulatingthelong-
term settlement incurred by groundwater
drawdown,withoutconsideringthetimeeffects.
Foranassumedcu/σ'vratio,theeffectivefriction
angleφiscomputedusingthecorrelationproposed
byWrothetal.[33]

cu
σ'v=0.5743= 3sinφ

3-sinφ
(1)

  Thegroundwaterdrawdownsimulationinthis
paperisimplementedbychangingthehorizontal/

verticalpermeabilityratioofthesoil,kx/ky.The
numericalanalysisperformedviaPlaxisconsiders
fully coupled flow-deformation,in which the
groundwaterdrawdownof12.0m,6.0m0.3m
canberealized.Theuseoftherelativeshear
strengthratioandthestiffnessratiosisbasedon
Kungetal.[3],Zhangetal.[32],Xuan[34]).

Asimplelogarithmregression (LR)model
based on the numerical results from 746
hypotheticalcases[28],wasdevelopedtopredictthe
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maximumgroundsettlementδvm.Itisvalidatedby
atotalof19well-documentedactualcasehistories
fromvarioussites.Theequationforδvm(mm)with
thecoefficientofdeterminationR2=0.9245takes
thefollowingform:

δvm =24.26B0.3747T0.7251(He)1.2032(cu/σ'v)-1.4687·
(E50/cu)-0.5479S-2.2223(dw)0.1013 (2)

  TheindexforthedrawdownintheLR
analysiswasonly0.1013,whichisrelativelysmall
comparedtotheexcavationdepth,therelative
shearstrengthratio,andthesystem stiffness
value.BasedonEq.(2),whenotherparameters
arekeptconstant,anincreaseofdwfrom0.3mto
6.0m willalmostdoublethemaximumground
surfacesettlement,whichisconsistentwiththe
findingsbyWenetal.[35].

3 Reliabilityanalysisconsideringspatial
variability

  SincetheFEanalysisandtheproposedLR
estimationmodelareunabletotakeintoaccount
theinherentspatialvariabilityofsoilproperties,

thissectionintroducesareliability-basedmethodto
estimatethebracedexcavationinducedground
surface settlement considering groundwater
drawdownbyadoptingtheFORM spreadsheet
methodandimplementingthespatialfactors.
3.1 Briefintroductiontospatialvariability

Spatialvariabilityreferstothenonuniform
distribution of basic soil properties such as
permeabilityorthedeformation modulus.The
changeinthespatialaverageofsoilpropertiesina
certainareaissmallerthanatacertainpoint,to
someextent,andasthesizeoftheareaincreases,

thechangeinthesoilpropertiesdecreases.A
dimensionless variance reduction function Γ2

calculatedbythescaleoffluctuationθandthe
characteristic length L, as proposed by
Vanmarcke[36],wasusedtoquantifythereduction
inthepointvarianceunderlocalaveraging.Itis
subsequentlyadopted by Vanmarcketoreveal
spatialaveragingforreliabilityanalysis[37],by

meansofwhichthesoilparametervariancescanbe
reducedbymultiplyingafactorlessthantheunity,

i.e.thevariancereductionfactor.Thisvariance
reductiontechniquehasbeensuccessfullyapplied
using different constant, triangular, and
exponentialmodels[37-38],amongwhichthelatteris
morecommonlyassumedforgeotechnicalrandom
fieldmodeling,expressedas:

Γ2=12
θ
L  2 2Lθ -1+exp-2Lθ    (3)

Thereducedvarianceσ2Γcanbeobtainedthrough:

σ2Γ =Γ2·σ2 (4)

inwhichσisthestandarddeviationofcu/σ'vorE50/

cu.Inthisstudy,Γisthestandarddeviation
reductionfactor.

Forreliability analysis usingthe variance
reductiontechnique,thecharacteristiclengthisof
mostimportance.Schweigeretal.[39]foundthat
fortheanalysisofsupportedexcavations,the
characteristiclengthiscorrelatedtothelengthof
theslidingsurface.Luoetal.[22]investigatedthe
valueofLthatshouldbeusedandexaminedthe
influenceofdifferentL ontheprobabilityof
excavation-induced basal-heave failure. For
simplicity, the commonly adopted scale of
fluctuationvaluesθof2,5,20,50,100m[40-41],

andthecharacteristiclengthsL=19,26,72mare
considered,whicharecloselyassociatedwiththe
excavationdepth,thediaphragmwalldepth,and
thefinalstrutdepth.

Fig.1 Schematicdiagramoftheslipsurfaceforbraced

excavationstabilityanalysis
 

AsshowninFig.1,the1stL=19misthe
lengthofod(thedistanceofthefinalstruttothe
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bottomofthediaphragmwall),the2ndL=26m
equalsthelengthofthearccd,andthe3rdL=
72misthelengthoftheslidingsurface (arc
abcde).Thismethodhasbeensimilarlyadoptedby
Wuetal.[16]andLuoetal.[22].
3.2 DevelopedExcelspreadsheet

Fig.2plotstheFORM EXCELSpreadsheet
setupthatimplementsthespatialvariabilityforthe
calculation ofthe reliabilityindex � and the

probabilityoffailurePfbasedontheproposed
estimation modelofgroundsurfacesettlement.
ThespatialfactorsareinsertedviaCellsR3∶S5.
Thetwovariablesofcu/�v'andE50/cuareassumed
to be normally distributed.Other parameters
includingB,T,He,lnS,anddwareassumedto
bedeterministic.IntheexampleshowninFig.2,

B=30m,T=30m,andHe=20mareadoptedin
thespatialvariabilityanalysisforthedetaileduse
ofthedevelopedspreadsheet[13].Thereliability
index �iscalculatedin Cell O4,numerically

expressedasEq.(5)

��� min
x∈F

x-m
σ  

T
[R]-1 x-m

σ  (5)

wherexisthevectorofrandomvariables;misthe
vectorofmeanvalues;σisthevectorofstandard
deviation;Risthecorrelationmatrix;andFisthe
failureregion.Cellg(x)containstheexpressionof
δvm-δvm_cr,whichindicatesthatiftheinduced
maximumgroundsurfacesettlementisgreaterthan
thethresholdvalueδvm_cr,itwouldberegardedasa
failureorunsatisfactoryperformance.Thecolumn
labeledxicontainsthedesignpoint.Forspatial
variance,SD=Mean×COV×�,inwhichSDis
thestandarddeviation,Meanisthemeanvalue,

COVisthecoefficientofvariation,�isthestandard
deviationreductionfactor.Forrandomvariables,the
off-diagonaltermsarezero.ForGaussian-distributed
randomvariables,adirectrelationshipexistsbetween
�andPf,i.e.,Pf=1-Φ(� ),inwhichΦisthe
cumulativenormaldensityfunction.

Fig.2 FORMEXCELsetupforevaluatingthe�andPf
 

3.3 Influenceofthecu/�v'andE50/cuofthesoil
Fig.3 presents � and Pf, which were

calculatedfromseveralcombinationsofthespatial

variabilityofcu/σ'vandE50/cuforL=19,26and

72m,i.e.,considerationofcu/σ'vvariabilityonly,

consideration of E50/cu variability only,and

considerationofthevariabilityofbothcu/σ'vand

E50/cu.Thecasewithoutconsideringanykindof
spatial variability, which represents uniform

groundconditions,isshownasacomparison.The
increasesofθdenoteamoreuniformground,�

convergestothevalueof1.183whilePfconverges

tothevalueof11.845%.�ismoderatelyhigher
thanthecasewithoutconsideringspatialvariability
only whenthespatialvariability ofcu/σ'v is

considered.However,�ismarginallyinfluencedby
thespatialvariabilityofE50/cu.Whenthespatial

variabilityofbothcu/σ'vandE50/cuareconsidered,
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theinfluenceon �ismoresignificant,implying
that neglecting the influence of soil spatial
variabilityresultsinanunreliabledesign.Alarger
Lresultsinalowerprobabilityoffailureanda
higherreliabilityindex.

Fig.3 �andPfresultsfromdifferentspatialvariability
 

3.4 Influenceofln(S)

Fig.4showstheeffectsofln(S)on�andPf

forthecaseofB=30m,He=20m,ln(S)=

8.176,anddw=4m.�increasesasthesystem
stiffnessln(S)becomeslarger.Itisreasonable
that�increaseswithastifferexcavationsupporting
system.Thesystemstiffnessshowsasignificant

influenceon�andPf;alargerln(S)willresultin

agreater�andasmallerPf.

3.5 Influenceof�vm_cr

Inthissection,thechoiceofthethreshold
(critical)maximum groundsettlement�vm_crfor

service ability considerations is considered.

Typically,thethreshold�vm_crischosenas0.75%-

1.0%ofHe.Fig.5plotstheeffectsofθandδvm_cr
on�andPfforB=30m,He=20m,ln(S)=
8.176andL=19,26,72 m,respectively.It
indicates that both θ and δvm_cr significantly

Fig.4 Influenceofthelogarithmicsystemstiffnessln(S)on�

andPfforthecaseofB=30m,He=20m,

ln(S)=8.176,anddw=4m
 

influencethevalueof�andPf.However,the
effectsofθon�andPfarenotasremarkableas
thatofδvm_cr,especiallywhenθisgreaterthan20.
�tendstoincreasewithδvm_cr,whiletheprobability
offailureismuchlowerwhenagreaterthresholdis
exceeded.Inaddition,�decreaseswiththeincrease
ofθ.Furthermore,�slightlyincreaseswithL,as
indicatedinFig.5(a)and(b).

3.6 Influenceofdw

Fig.6comparestheinfluence ofdifferent

groundwaterdrawdowndwon�andPfforthecase
ofB=30m,He=20m,ln(S)=8.176,andδvm_cr=
200 mm.Greaterdw resultsinasmaller� ,

indicating that the greater the groundwater
drawdown,thegreatertheprobabilitythatδvm
exceedsthethresholdδvm_cr.Themagnitudeofthe
groundwaterdrawdowndw showsasignificant
influenceon�andPf.

3.7 InfluenceoftheCOVofE50/cu

Fig.7showstheinfluenceofthecoefficientof
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Fig.5 Influenceofθ,�vm-crandLon(a)reliabilityindex�and(b)Pf
 

Fig.6 Effectsofdwon(a)�and(b)Pf
 

variation,theCOVofE50/cuon�andPfforthe
caseofB=30m,He=20m,dw=4.0m,ln(S)=
8.176,andδvm_cr=200mm.BoththeCOVofE50/
cuandLhaveasignificantinfluenceon�andPf.
However,whenθisgreaterthan50,theinfluence
oftheCOV ofE50/cu on �andPfisnotas
significantasthatofL.� decreases withthe
increaseoftheCOVofE50/cu.
3.8 InfluenceoftheCOVofcu/�v'

Fig.8showstheinfluenceoftheCOVofcu/

Fig.7 EffectsoftheCOVofE50/cuon(a)�and(b)Pf
 

σ'von�andPfforthecaseofB=30m,He=20
m,ln(S)=8.176,dw=4.0m,δvm_cr=200mm.
Boththe COV ofcu/σ'v and L significantly
influence�andPf.However,theinfluenceofthe
COVofcu/σ'von�andPfisnotassignificantas
thatofL,especiallywhenθisgreaterthan20.�

decreaseswiththeincreaseoftheCOVofcu/σ'v.
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Fig.8 EffectsoftheCOVofcu/σ'von(a)�and(b)Pf
 

5 Summaryandconclusions
Areliability-basedframeworkthatconsiders

thespatialaveragingeffectofsoilpropertiesis

proposedtoassesstheprobabilitythatthreshold
maximumgroundsurfacesettlementisexceededby
combiningtheFORM spreadsheetandtheLR
modelproposedpreviouslybyZhangetal.[28].Itis
concludedthatsoilspatialvariabilityresultsina
higherprobability offailure (i.e.,alower
reliabilityindex).

Theparametricanalysisshowsthatthespatial
variability of soil, the threshold ground
settlement,thestiffnessofthesystem,thelevelof

groundwaterdrawdown,aswellastheCOVofcu/

sv'andE50/cuhaveasignificantinfluenceonthe
reliabilityindex.Whenthespatialvariabilityof
bothcu/σ'vandE50/cuareconsidered,theinfluence
on�ismoresignificant.Alargercharacteristic
lengthresultsinalowerprobabilityoffailureanda
higherreliabilityindex.Theproposedapproach
requiresmuchlesscomputationaleffortindealing
withthespatialvariabilityofsoilproperties.Itis
expectedthattheseconclusionswillprovideuseful

referencesandinsightsforthedesignoffuture
excavationprojectsinvolvingspatialvariability.

Forfurtherstudy,adetailedcharacterization
ofgeotechnicalmodeluncertainties,especiallyfrom
theperspectiveofthespatialvariabilityofinsitu
soilproperties,isindispensable.Theauthorsare
workingonthisbycollectingboreholeandborelog
informationregardingfieldinstrumentationand
tests.
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