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ABSTRACT

InIndia,pilesaredesignedasperIS2911:2010(Part1)fordifferentsoilconditionsconsidering
alltheloadcriteria.ButthereisnosuchprovisioninIndianStandardCodesfordesigningpilesin
potentiallyliquefiablesoils.Inthispaper,thedesignofpilefoundationinliquefiablesoilisdiscussed.
Theprovisionsfordesignofpilefoundationsinliquefiablesoilfromdifferentcodesofpracticefrom
differentcountriesarestudied,andthedesignapproachesforthesamearediscussedbasedonthose
studies.Theloadbearingcapacityofapileinliquefiedsoilandnon-liquefiedsoilismadebasedon
theforceequilibriumapproach.Astandardizegraphwhichmaybeusefulforpracticingengineers
hasbeenplotted.Further,acomparativestudyismadebasedontheforceequilibriumapproachin
Indianconditions.
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INTRoDUCTIoN

Deepfoundationsareadoptedtosupportstructuralloadswherethefoundationsoilisweakinasmaller
depthandresultsbearingcapacityfailureandsettlementproblems.Pilesarethepopularlyuseddeep
foundationstosupporthugestructuralloads.Inaddition,pilesmustberesistivetotheupliftloads
duetohydrostaticorwindpressure.PilesaredesignedasperprovisionsofIndianStandardcode
(IS2911:2010)fordifferentsoilconditionsconsideringalltheloadcriteria.Butthereisnosuch
provisioninIndianStandardCodesfordesigningpilesinpotentiallyliquefiablesoils.Liquefactionis
anearthquakeinducedphenomenoninsoilstratawithfinesandandsilt.Duringpotentialearthquakes,
soilbehaveslikeliquefiedonewithlessershearstrengthandstartsflowinglaterally.Thisphenomenon
iscalledspreadingofsoil.Duetospreadingalateralloadisappliedonthepiles.Thislateralload
producesbendingandlateraldeflectionofpiles(Unjohetal,2012).Besides,asthereislesserorno
lateralsupportduetoliquefaction,pilesbecomecriticallysusceptibletobuckling.Forthese,well-
designedstructureswithpilefoundationcollapseduringdifferentearthquakesdespitebeingwell
designedconsideringhigh factorof safety.With increasing infrastructuregrowthand increasing
earthquakeactivitiesresearchersaregivingmoreimportanceonthisproblem.Severalresearcheswere
conductedbyvariousresearchersontheanalysisandthedesignofpilefoundationsinliquefiedsoil
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andestablisheddifferenttheoriesonthisbehalf(Ashouretal,2011).Codesofpracticesavailablein
othercountriessuggestsomeprocedureforseismicdesignofpilefoundationsalso(Ghoshetal,2012).

Inthispaper,thebehaviourofpilefoundationinliquefiedsoilandthedesignofpilefoundation
in liquefiablesoilarediscussed.Theprovisionsfordesignofpilefoundations in liquefiablesoil
fromdifferentcodesofpracticearestudiedandthedesignapproachesforthesamearediscussed
basedonthosestudies(Purietal,2008).Further,acomparisonbetweentheloadbearingcapacity
ofapileinliquefiedsoilandnon-liquefiedsoilismadebasedontheforceequilibriumapproachin
Indiancondition.

CoDAL PRoVISIoNS FoR DESIGN oF PILES IN LIQUEFIABLE SoILS

Designcodesfromdifferentcountriesadoptedhighvaluesofpartialfactorofsafetyagainstplastic
hingeformation.Thoseprovisionssuggestedtodesignandconstructthepilessuchawaythatpiles
remainelastic toavoidsubsurfacerepairment.But it iseconomical toallowalimitedamountof
yielding in thepilewhiledesigning.Detailsonspecifiedcodalprovisions ispresentedbelow to
accessthisdesignview.

Euro Code 8 (EN 1998-5:2004) Provisions
Eurocode8prescribedthatpilesandpiersshouldbedesignedtoresisttheactionoftwotypesof
forces,oneisInertiaforcesfromsuperstructureandsecondoneisthekinematicforces.Kinematic
forcesaregeneratedduetothedeformationofsurroundingsoilduringpassingofshearwaves.Bending
momentsareconsideredtobeproducedwhenthereareconsecutivesoillayerswithsharpchange
ofsoilstiffnessinsomehighormoderatelyhighseismiczone.Althoughthesideresistanceofsoil
layersthataresusceptibletoliquefactionortosubstantialstrengthdegradationisignored.EN1998:5
suggestedthatpiledesigningshouldbedonewithaprincipletoremainelasticbutmayundercertain
conditionsbeallowedtodevelopaplastichingeattheirheads.AccordingtoClause5.8.4theregion
offormationofpotentialplastichingingis:

• Aregionoftwiceofpilediametersfromthepilecap.
• Aregionof±twiceofpilediametersfromanyinterfacebetweentwolayerswithexcessive

differenceinshearstiffness(whereratioofshearmodulus>6).

JRA Provisions
TheJapaneseHighwaySpecification,JRA(2002)hassuggestedanewconceptof“top-down”and
“bottom-up”effects.Thecodehasprescribedthat“thedesignofpilesagainstbendingmomentshould
bedoneconsideringthatthenon-liquefiedcrustlayerexertspassiveearthpressureonthepileand
assumingtheliquefiedsoilexerts30%oftotaloverburdenpressure.”Thisstatementinterpretsthatthe
lateralearthpressurecomingfromthenon-liquefiedcrustlayerisequalstopassiveearthpressure.In
thiscasethecoefficientofearthpressurewillbesameasthecoefficientofpassiveearthpressure.On
theotherhand,thecoefficientofearthpressurethatisconsideredfortheliquefiedsoillayeris0.3.
Basedontheshearparametersofsoil,pressurediagramsandthetotallateralloadactingonthepile
isestimatedandtheeffectofthatlateralloadonpileisanalysed.Thisestimationofpressureisbased
onbackcalculationofcasehistoriesofperformanceofpilefoundationsduringtheKobeearthquake.
TheJapaneseCodeofPractice(JRA1996)hasincorporatedthisunderstandingofpilefailureandis
showninFigure1.Thiscodealsospecifythatthemaximumbendingmomentisassumedtooccurat
interfacebetweentheliquefiedandnon-liquefiedsoillayerandsuggesteddesignerstocheckfactor
ofsafetyagainstfailureduetoinertialforce,bendingmomentandkinematicforcesseparately,not
duetothecombinationofloads.
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ASCE 7-10 Provisions
AccordingtoClause12.13.6.3ofAmericanSocietyofCivilEngineers,“pilesshouldbedesigned
andconstructedtowithstandstructuralresponseanddeformationsfromearthquakegroundmotions
includingbothfree-fieldsoilstrains(withoutthestructure)andinducedbylateralpileresistanceto
structuralseismicforces,allasmodifiedbysoilpileinteraction”.Thisprovisionmaybemaintained
onlybycalculatingseismicforceswithandwithout thesuperstructureandfinallyestimatingthe
combinedeffectofthosetwoseismicforces.Thiscodealsoprescribesthatbendingmoments,shear
forcesandlateraldeflectionsinpileshouldbeestimatedfordesignconsideringtheinteractionofthe
pileshaftandsurroundingsoillayer(clause12.13.6.7).Accordingtothisprovisionifthesurrounding
soilispotentiallyliquefiablethenthesoilstiffnessdegradationshouldbetakenintoaccountbefore
goingtoestimatethestressresultants.

AASHTo (2010) Provisions
AASHTO(2010)providesadetailedexplanationforliquefactiondesignrequirementsespeciallyfor
pilesunderbridges.Clause10.5.4.2ofAASHTO(2010)suggestedthatinSeismicZone3and4if
boththefollowingconditionsarepresentliquefactionassessmentshouldbeconducted.

• Thegroundwaterlevelanticipatedatthesiteiswithin50ftoftheexistinggroundsurfaceorthe
finalgroundsurface,whicheverislower.

• Lowplasticitysiltsandsandswithintheupper75ftarecharacterizedbyoneofthefollowing
conditions:(1)thecorrectedstandardpenetrationtest(SPT)blowcount,(N1)60,islessthanor
equalto25blows/ftinsandandnonplasticsiltlayers,(2)thecorrectedconepenetrationtest
(CPT)tipresistance,qciN,islessthanorequalto150insand,andnonplasticsiltlayers,(3)the
normalizedshearwavevelocity,Vs1,islessthan660fps,or(4)ageologicunitispresentatthe
sitethathasbeenobservedtoliquefyinpastearthquakes.

Forthesiteswhicharefoundtobesusceptibletoliquefactionaccordingtotheabove-mentioned
criteria,thefollowingeffectsshouldbeconsideredforassessment.

• Lossinstrengthintheliquefiedlayerorlayers.
• Liquefaction-inducedgroundsettlement.
• Flowfailures,lateralspreading,andslopeinstability.

Figure 1. Diagrammatic representation of JRA (1996) provision
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Withcoefficientofaccelerationlargerthan0.5g,ifliquefactionoccursthenthebridgeshallbe
designedandanalysedforliquefiedandnon-liquefiedconditionsbythemethodmentionedbelow.

“Pilesshouldinprinciplebedesignedtoremainelastic,however,undercertaincircumstancesa
plastichingemaybeallowedtodevelopatthepilehead,notingthatthisplasticrotationdoesimplythat
thepilesandpossiblyotherpartsofthebridgewillneedtobereplacediftheselevelsofdeformation
dooccur”.Specifically,forliquefactioninducedsoils,pilesshouldbedesignedbyallowingsignificant
inelasticdeformation(AASHTO2010).Insuchcasestheelasticmomentcapacityshallnotbeallowed
morethanafactorof2.Thecodeisnotexplicitabouttheusingfactoredorunfactoredloads,or
whetherlateralforcesareconsideredornotorwhereliquefactionwithnolateralspreadisexpected.
Itisalsonotifiedthatpilegroupeffectsarenotconsideredsignificantforliquefiedsoil.

DESIGN APPRoACHES

The methods of design of piles in liquefiable soil require a reliable approach of calculating the
effectofliquefactiononthepilefoundation.Themethodscurrentlyderivedfromthedifferentcodal
provisionsfromdifferentcountriesare:

1. Theforceequilibriumanalysis;and
2. Thedisplacementorp-yanalysis.

The Force Equilibrium Analysis
DifferentJapanesecodesrecommendthisapproachfordesigningpilefoundationinliquefiablesoil
undergoinglateralspreading.Thisapproachinvolvesestimationoflateralpressureofsoilonpileand
thepileresponse.Thelateralsoilpressurecanbeestimatedbymodifyingthecoefficientoflateral
earthpressurefromthehistoryofeffectsofpreviousearthquakes.Asanexample,asperJWWA
1997thelateralearthpressurecoefficientforaliquefiablesoillayerisconsideredas0.3considering
theeffectofKobeEarthquake(Japan1995).

The Load-Displacement or P-y Analysis
P-YanalysismethodinvolvesincorporatingWinklertypespringmassmodel.Thepostliquefaction
freefielddisplacementsareestimated.Itisassumedthatthisdisplacementvarieslinearly.Finally,the
estimateddisplacementsareappliedtothespringswhicharedesignedtorepresentsoil-pileinteraction
system(FinnandThavaraj,2001).Degradedp-ycurvesareusedforsuchkindsofanalysis.According
toJapanesecodalprovisionslinearlyelastic-plasticspringsareconsideredandthemodulusofelasticity
ofsoilcanbedeterminedusingsemi-empiricalformulas(FinnandFujita,2004).Plateloadtestor
standardpenetrationtestisconductedtoestimatethesoilmodulus.AsperJRArecommendation
(1996)reducedspringstiffnessisconsideredtoaccountfortheeffectofliquefaction.

DESIGN oF PILES oN THE BASIS oF FoRCE EQUILIBRIUM APPRoACH

Fromthefirstapproach,theconceptistodecreasethelateralsupportingforcefromsurroundingsoil
astheshearstrengthofsoilreduces.Butthisapproachisdependentonthecasehistoriesasthelateral
earthpressureco-efficientofsoiliscalculatedonthebasisoftheeffectsofpreviousearthquakes.Here
inthiscalculation,thevalueoftheco-efficientistakenas0.3(asforKobeearthquake,Japan,1995).

Plotting Standardized Curves
AspertheIndianstandardcodefordesignandconstructionofpilefoundationsIS2911(2010)Part
I,thepileloadcapacityiscalculatedfordifferentdiametersanddepthsofpiles.Theultimateload
capacity(Qu)ofpiles,inkN,ingranularsoilsisgivenbythefollowingformula:
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Thefirsttermgivesend-bearingresistanceandthesecondtermgivesskinfrictionresistance
where:

Ap=cross-sectionalareaofpiletip,inm2
D=diameterofpileshaft,inm
γ=effectiveunitweightofthesoilatpiletip,inkN/m3
Nγ=bearingcapacityfactorsdependingupon
Nq=theangleofinternalfriction,fatpiletip
PD=effectiveoverburdenpressureatpiletip,inkN/m2

i

n

=
∑
1

=summationforlayers1toninwhichpileisinstalledandwhichcontributetopositiveskinfriction

Ki=coefficientofearthpressureapplicablefortheithlayer
PDi=effectiveoverburdenpressurefortheithlayer,inkN/m2
di=angleofwallfrictionbetweenpileandsoilfortheithlayer
Asi=surfaceareaofpileshaftintheithlayer,inm2

Inthisstudy,singlepilesareconsideredforanalysis.Thesesinglepilesareplacedoveranon-
liquefiedfirmlayerorhardrockandtheoverlainsoilisconsideredtobeloos-mediumsand,saturated
uptothegroundsurface.Theultimateloadbearingcapacityfortwodifferentpilesonewith10m
lengthandvariablediameterandanotherwith0.6mdiameterwithvariablelengtharecalculated
accordingtotheformulagiveninequation1.Thesevaluesareplottedintwodifferentgraphs.Now,
tocomparethesamewiththeloadbearingcapacityofpilesinliquefiablesoilfollowingmethod
shouldbefollowed.Incaseofliquefiablesoil,thepilemustalsobeabletoresistthelateralloads
andthemomentscausedduringtheearthquakes.Oneofthemethodscommonlyusedforthedesign
ofthepilesforlateralloadsistheCharacteristicLoadMethod(Brettmannetal.1996).

Single piles are designed for the cases of without liquefaction and with liquefaction. The
CharacteristicLoadMethoddevelopedbyBrettmannetal.(1996)isusedtodesignthepileforthe
estimatedlateral loadandmoment in thisstudy(Sadeketal.2004).Thismethodisbasedonthe
pseudo-staticapproachandtheformulationsarebasedonnon-dimensionalrelationshipsrelatedto
loadandmoment.Incaseofpotentialliquefaction,duringdesignofpilethefollowingconditions
areconsidered:

1. Theskinfrictionresistanceofthepileisconsideredas30%duringliquefaction.
2. AccordingtothestudyofBhattacharyaandBolton(2004)duetolossoflateralsupporttothe

pileintheliquefiedsoillayer,thepileisessentiallydesignedasacolumnagainstbuckling.They
suggestedtheminimumpilediameterrequiredbasedonthicknessoftheliquefiablelayer.

3. Thebendingmomentcapacityofthepilehavetobeincreasedasthereareexcessiveextra
pressureactsonthepileduetothemovementofnon-liquefiedsoilovertheliquefiedsoil.
Additionalmomentcapacitycanbeachievedbyincreasingthereinforcementorbyincreasing
thepilesection.

4. Thepile isconsidered tobeplacedonnon-liquefied layeror firm layer; so theendbearing
capacityisunchangedafterliquefaction.

Consideringabove-mentionedpoints,thecalculationhasbeendoneforthepileloadcapacity
fordifferentdiametersanddepthsofthepileconsideringthesoilisinliquefiablesoillayerduring
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earthquake.Theresultshavebeenplottedwithrespectivegraphsofnon-liquefiablesoils.Thevariation
ofloadbearingcapacityofpilewithdiameteranddepthareshownbelow.

TheplotinFigure2showsthevariationofpileloadcapacitywithdiameterofasinglepileof
10mdeepandplotinFigure3showsthesamewithdepthofasinglepilefora0.6mdiameterpile.

Now,toemphasisethisresultobtainedfromtheaboveconceptacaseistakenasanexampleto
designthepileunderastructureinpotentiallyliquefiablesoils.Furtherthesameproblemwillbe
solvedfornon-liquefiablesoiltocomparetheresult.Inthisstudyasimplefourstoreybuildingis
takenasamodelforthispurpose.

Model of the Building and Various Parameters Considered
Tocalculatetheloadsthatactonastructureduringanearthquakeoccurrence,atypicalmultistoried
buildingframemodelisconsidered.Thebuildingframeisamomentresistingframewithreinforced
concretemembers.Theplanandelevationoftheconcretebuildingframeconsideredareshownin
figure4.Hereonlyafour-storiedframestructureismodelledwithequivalentdeadandliveload.The
parametersusedforthemodellingofthebuildingwerebasedonthevaluesusedingeneralpractice
duringtheconstructionofaresidentialcomplex.Suitablecross-sectionaldimensionsofbeamsand
columnswereassumed(allinaccordancewiththeIndianstandards).Theassumedvaluesareshown
intheTable1.ThegradeofconcreteandthegradeofsteelwereconsideredtobeM25andFe415
respectively.Themodellingofthebuildingwithoutthestaircasewasdoneinthecomputerprogram
SAP2000withtheassumedgeometryandmaterialproperties.SAP2000isastructuralanalysisand
designsoftwarewhichisusedtoperformstaticordynamic,linearornon-linearanalysisofstructural
systembyfiniteelementprogram.Themodelisanalysedstatically.Thedefaultconstitutivemodel
forconcreteisusedforthispurposewhichislinearelasticmodel.Inthisdefaultconstitutivemodel,
theSectionDesignerautomaticallygeneratesconcretestress-straincurves.Bydefault,thesecurves
providecompressivestrength.Stress-straincurvesmaybereviewedwithintheSectionDesignerby
usingtheconcretemodelViewcontrols.Tomodelthetensilestrengthofconcrete,amaterialstress-
straincurvemaybeconvertedintoauser-definedconstitutivemodelbyselectingMaterials.

Figure 2. Variation of pile load bearing capacity of a 10 m long pile for different pile diameter



International Journal of Geotechnical Earthquake Engineering
Volume 13 • Issue 1

7

Figure 3. Variation of pile load bearing capacity of a 0.6 m diameter pile for different depth of piles

Figure 4. Model of the building in SAP platform

Table 1. Dimensions of the members of the RC Building Frame

Members Length Dimensions

Beams 3m 300mmx300mm

Columns 3m 500mmx500mm
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Theseismicweightofthebuilding(Ws)iscalculatedasthetotaldeadloadplusone-fourthofthe
imposedload.Theseismicweightofeachfloorofthestructureiscalculatedtobe500kNandthatof
therooftobe400kN.Thentheseismicweightoftheentirestructureisfourtimestheseismicweight
ofeachfloorplustheseismicweightoftheroof.Thus,theseismicweight(Ws)oftheconsidered
structureis3600kN.

Estimation of Seismic Loads on the Structure
Itisimportanttoestimatetheloadsthosearebeingtransferredtothefoundationduringanearthquake.
Theseloadsareusedtodesignthepilefoundationefficientlyforapotentiallyliquefiablesoil.These
loadsdependontheseismicloadsthatactonthesuperstructureduringanearthquake.Different
codesaroundtheworldproposedifferentmethodsofestimationoftheseseismicloadsonthesuper
structure.ThemethodsproposedbytheIndianstandard(IS1893)isreviewedandusedtoestimate
theseismicloads.Acasestudyofatypicalmultistoriedstructureisconsideredasamodelsuper
structureforthispurpose.

Calculation of Seismic Loads as Per IS 1893
Thetotallateralforcethatactsatthebaseofthestructureduringanearthquakeiscalledthedesign
seismicbaseshear(VB).AsperIS1893,basesheariscalculatedusingtheequation2:

VB=Ah×Ws (2)

Theseismicweightofthestructure(Ws)isascalculatedabove.Thedesignhorizontalseismic
coefficient (Ah) is a functionof the soil type (its stiffnessanddamping), the timeperiodof the
structureandthezone.Equation3isbeingusedtocalculatethedesignhorizontalseismiccoefficient:

Ah=
Z I S

R g
a

× ×

× ×2
 (3)

TheZonefactor‘Z’whichisindicativeoftheeffectivepeakgroundacceleration,isassumed
as0.16(asforDurgapurinzoneIII),0.24(asforzoneIV)and0.35(asforzoneV).Thevaluesfor
theImportancefactor‘I’,whichdependsonthefunctionaluseofthestructure,aregiveninTable6
ofIS-1893.Consideringthepresentstructureasanimportantserviceandcommunitybuilding,the
valueof‘I’adoptedisI=1.5.TheResponseReductionfactor‘R’,dependsontheperceivedseismic
damageperformanceofthestructure,characterizedbybrittleorductiledeformations.FromTable
7ofthecode,thevalueofRforaspecialmomentresistingframeistakenasR=5.Thevalueof
theaveragespectralaccelerationcoefficient‘Sa/g’dependsonthesoiltype,timeperiod(T)ofthe
structureandthedampingratio.ThetimeperiodofthestructureiscalculatedforaRCframebuilding
usingtheequation4asperIScode:

T=0.075×h 0 75.  (4)

Thetimeperiodforthebuildingframeconsideredwithheight(h)=11m,T=0.453s.Assuming

5%dampingthevalueofspectralacceleration
S

g
a










fromaccelerationresponsespectra=2.5.The

baseshearactingonthestructureiscalculatedandthevalueis216kN,324kNand472.5kNfor
threezonesrespectively.Thebaseshearactingoneachstoreyiscalculatedfromequation5:
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Theresultsobtainedfromthecalculationsusingabovementionedequationsareshownbelow
intabularform.Table2showsthedifferentvaluesoffactorsandtheobtainedvalueofbaseshear.
Table3showsthebaseshearactingoneachstoreyindifferentearthquakeZones.

Foundation Loads
Todetermine the loadsactingonfoundation,buildingframeshownin4 is takensubjectedwith
normalloadsandearthquakeloadsorseismicloadcalculatedabove.Forstructuralanalysisoftheses
buildingframemodel,computerprogramSAP2000isused.Theanalysisisperformedforthedead,
liveandtheearthquakeloadsforvariousloadcombinationsprescribedinthecode.Theresultsof
theanalysisconsistedoftheforces,displacementsandreactionsofallthemembersofthestructure.
Theresultsaresortedtofindthemaximumloadthatistransferredtothefoundationofthesystem.
Table4showsthemaximum(design)loadstransferredtothefoundationineachcase.Where‘P’is
theaxialload,‘V’isthelateralforceand‘M’isthemoment.

Table 2. Values of different factors and base shear

ZONE Z I R Sa/g Ah Ws Vb (kN)

III 0.16 1.5 5 2.5 0.06 3600 216

IV 0.24 1.5 5 2.5 0.09 3600 324

V 0.35 1.5 5 2.5 0.13125 3600 472.5

Table 3. Values of base shear acting on each story in different earthquake zone

ZONE III ZONE IV ZONE V

Wi 
(kN)

Hi 
(m)

Wi.hi 
(kN-m) Qi (kN) Wi 

(kN)
Hi 

(m)
Wi.hi 

(kN-m) Qi (kN) Wi 
(kN)

Hi 
(m)

Wi.hi 
(kN-m) Qi (kN)

900 2 1800 39.27273 900 2 1800 58.90909 900 2 1800 85.90909

900 3 2700 58.90909 900 3 2700 88.36364 900 3 2700 128.8636

900 3 2700 58.90909 900 3 2700 88.36364 900 3 2700 128.8636

900 3 2700 58.90909 900 3 2700 88.36364 900 3 2700 128.8636

total 9900 total 9900 total 9900

Table 4. Maximum values of axial load, lateral load and moment used for design

Zone Max P (kN) Max V (kN) Max M (kN)

III 405 59 56

IV 677 105 107

V 918 167 166
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Pile Design
Nowfromthestandardizedplots,requiredpiledimensionscanbeobtained.Here,afactorofsafety
3.5isconsideredinthisregard.Then,fromtheplotstherequireddiameteranddepthsareobtained.
FromthestandardizedplotinFigure1requireddiameterisobtainedfora10mdeeppile.Theresult
showsthattherequireddiameterfora10mlongpileis0.505mincaseofnon-liquefiablesoilwhereas
0.575mincaseofliquefiablesoilforthesameloadandsameseismiczone(ZoneIII).Similarly,we
candeterminerequireddiameterfora10mpileforotherearthquakezones.IncaseofZoneIVand
ZoneVtherequiredpilediameterforthegivenconditionare0.71mand0.864mrespectivelyfor
liquefiablesoil.Whereasincaseofnon-liquefiablesoil0.64mand0.79mpilediameterisacceptable
forZoneIVandVrespectivelyshowninTable5.FromthestandardizedplotinFigure2required
depthisobtainedfora0.6mdiameterpile.Here,theresultshowsthattherequireddepthfora0.6m
diameterpileis2.6mincaseofnon-liquefiablesoilwhereas4.7mincaseofliquefiablesoilforthe
sameloadandsameseismiczone(ZoneIII).Fortheotherearthquakezonescalculationsaredone
similarlyandshowninTable6.

ThevaluesoffactoredloadanddesignedparametersareshowninTable5andTable6.
Further,thepileperformanceisstudiedfordifferentzonesaccordingtoIndianstandardprovision.

Consideringthreezones(zoneIII,IV,V)acceptablediameterforvariableseismicweightofbuilding
isstudiedandthegraphicalrepresentationsareshowninthefiguresshownbelow.InFigure6,the
variationofdiameterofasinglepilewithrespecttoseismicweightinZoneIII(forapiledepthof
10m)isshown.Inthisfigureacomparisonbetweenliquefiablesoilandnon-liquefiablesoilismade.
ThesameresultsforZoneIVandZoneVareshowngraphicallyinFigure5andFigure6respectively.
Itisclearlyshownthatforacertaindepthofpile(here10m)thedifferenceindiameterrequiredfor
liquefiablesoilovernon-liquefiablesoilishigherforlowerearthquakezone.

Allthepreviouscurvesarerepresentingpileloadbearingcapacityfordifferentseismicweight
ofsuperstructurewhenfullsoillayerthroughthepiledepthisliquefied.Butinpractice,oftenlimited
liquefactionisobservedwhenapartofthesoillayerisliquefiableandpileloadbearingcapacity
isaffectedbytheliquefactionofthatpartofsoil.Forthatreason,inthissectionaparametricstudy
iscarriedtopresenttheeffectofliquefiablesoilthicknessonpileloadbearingcapacity.Theplot

Table 5. Required diameter for a 10m pile

ZONE Factored load on the 
pile (kN)

Required diameter for a 
10m deep pile in non-

liquefiable soil (m)

Required diameter for a 10m 
deep pile in liquefiable soil 

(m)

III 756 0.504 0.575

IV 1134 0.64 0.71

V 1653.75 0.79 0.864

Table 6. Required depth for a 0.6m diameter pile

ZONE Factored load on the 
pile (kN)

Required depth for a 0.6m 
dia pile in non-liquefiable 

soil (m)

Required depth for a 0.6m 
dia pile in liquefiable soil (m)

III 756 2.6 4.7

IV 1134 12 21.7

V 1653.75 18.1 33
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showninFigure8representthecurvesforvariationofpileloadcapacityfordifferentliquefiable
soilthicknesswithpilediameter.

LIMITATIoNS

Intheabovestudy,asimplifiedapproachisfollowedtopresentausefulwaytodesignpilefoundation.
Fromthecurvespresentedabove,therequireddesignparameterslikedepthanddiametermaybe
determinedforaspecificliquefiablesoilthickness.However,someassumptionsandlimitationsare
consideredthroughthestudy:

Figure 5. Variation of diameter of piles with seismic weight of structure for Zone III

Figure 6. Variation of diameter of piles with seismic weight of structure for Zone IV
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1. Thesinglepileconsideredfortheanalysisisassumedtobeplacedonafirmnon-liquefiedsoil
stratum.Modificationofendbearingcapacityduetoliquefactionisnotconsideredinthestudy.

2. Theloadcarryingcapacitythatisdeterminedfordifferentparametersaretotallyvalidonlyfor
differentseismiczonesofIndia.

3. Thoughthelateralloadcarryingcapacityofpileisanimportantparameter,thisisnotconsidered
inthestudy.

DISCUSSIoN

Fromtheabovestudy,itisclearthatforacertaindepthofpile,diametershouldbemoreforagiven
siteconditioninliquefiablesoil.Foracertaindiameterofpilemoreembeddedlengthisrequiredfor

Figure 7. Variation of diameter of piles with seismic weight of structure for Zone V

Figure 8. Variation of pile load bearing capacity with pile diameter for different liquefiable soil thickness
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liquefiablesoil.Towithstandtheextrabendingmomentandbucklinginliquefiedsoil,weshould
considerthesoilstiffnessdegradationbeforegoingtodesignapiledfoundationinsomepotentially
liquefiablesoil.IndianstandardcodesfordesignofpilefoundationIS2911(2010)doesnotprescribe
any formulation for liquefiable soil. Structural failure of piles passing through liquefiable soils
hasbeenobservedinmanyrecentstrongearthquakes.Thissuggeststhatthebendingmomentsor
shearforcesthoseareexperiencedbythepilesexceedingthosepredictedvaluesestimatedfromthe
formulationsprescribedinIS2911.ThelimitationsoftheIndianStandardforpiledesignmaybe
summarizedasfollows:

1. IS2911(2010)forpiledesignassumesthatthepileremainsinstableequilibriumconditionand
doesnotbuckleasincaseofliquefactioninducedlateralspreading.Inotherwords,thecode
ignoresthestructuralnatureofpile.

2. Theeffectofaxialloadthatgeneratesduringliquefactionisignoredinthiscode.
3. Thereisnoconsiderationofliquefactioncriteriainthespecificationsorformulationsprescribed

forpiledesign.

Toovercomethisdisadvantagetheproposedstandardizedplotsmaybeusedtodesignthepiles
inliquefiablesoil.Themethodusedtoformulatethepiledesigninliquefiablesoilistotallybasedon
thecodalprovisionsfromdifferentcountries.Inthisstudy,theformulagiveninIS2911(2010)part
1tocalculatebearingcapacityofapiledfoundationismodifiedwiththehelpofthecodalprovisions
fromothercountries.AccordingtoJRAprovision,thelateralpressurecomingfromthesoilasa
supporttothepileisreducedto30%forliquefiablesoil.Alongwiththat,thepileisdesignedasa
columntoresistthebucklingproducedduetosupportreductioninliquefiedsoil.Accordingtothe
estimatedpiledeformation,pilediameterorthicknessisprovided.Finally,structuralreinforcement
isincreasedinconcretepiletowithstandtheincreasedbendingmomentliquefiedsoil.

CoNCLUSIoN

From the recent earthquakephenomenon, an efficientdesignofpile foundationwas required to
resisttheestimatedearthquakeloads.Fromthispointofview,therearedifferentcodalprovisionsfor
designingthepilesinliquefiablesoilsindifferentcountries.InIndiancodesfordesignofpilesthere
isnoprovisionforliquefiablesoil.Fromthisstudyitmayconcludedthatthepilediameterrequired
foranyestimatedstructuralseismicloadinliquefiablesoilcanbefoundfromthegraphicalplots
giveninthisstudy.Finally,therearethreegraphsplottedonthebasisofperformancestudy.From
theseplotsrequireddiametercanbecalculateddirectlyfromestimatedseismicweightofstructure.
Theabovegraphicalplotsmaybeusedsatisfactorilyinthisregard.
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