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Abstract:lnbendsofpressurepIpelines,thrustforcesaregeneratedduetointerna)pressure･Concreteblocksareinstalledat

thetxndstoresistthelhruslforces.Howevertheconcreteblocksdlltx=weakpolntSduringearthquakes.lnourprevious

s(udy.alightweightthrustrestraintuslnggeOgridsandananchorplatewasproposed･Lnaddition.theadvantageofthe

proposedlhruslrestraintwasverirledbylaboralorymodeltestsandfh‖-sea)elesls,andtheresistancemechanismwas

examinedbynumer血Ianalyses･BasedontheraHuremechanism,1hcmaximumlateralresistancewasevaluatedbysolvlng

equationsfortheforceequilibrium.Tnthepresentstudy,thelateralresistanceoftheproposedmethodwasformulated

consideringtheelongationorthegeogrid･tnaddition､thecarcuJalcdresuJIswerecomparedwiththeexperlmentalresultsin

ordcrtoverifytheaccuracyortheproposedrormula･I:urtherrnoreparamelTicstudieswereperformedtoexaminethe

innucnceorvariationsconditionsonthelateralresistance.As results,itwasclarlrledthatthelateralresistancecanbe

evaluatcdbytheproposedroTmula,andtheslifhessofthegeogridandthewidthoftheanchorplatesignificantlyinnuenced

onthelateralresistance.

Keywords:plpetincs,thrustForce.geos)llthetics.anchorplale,Iateralrcsislance

I.【NTR()DUCT10N

TrustForcesaregeneratedlnr)lPetXndsdependingonthebendingangle,thediameterortheplpe andthemagnitudeof

in(erna)pressureandlendlomovethebendstowardthebackside･GeneraHy,concreteblocksarcinslaHedatthebendsto

resistthethrustrorccs(M .̂ド.ド..]998)

Ontheotherham(いIwasrcporledthatsuchathrustblockwasaweakpointduringanearthquakeduetoitsinenlaforce

(Mohrielal.,1995).ItcanbealsoexpectedthatsuchweightyconcretebI∝ksinducedifferentialsettlementsorpipc]ineson

sollgrotmdFortheseproblems,asshowninFig･l,anewllghtweightthrustrestraintuslnggCOgridsandananchorplateWas
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proposedbyKawabataetal･(2004)･tnourprev10uS

study,theeffectivenesswasverifiedbylaboratory

modeHestsuslngthemodelp)pe havingadiameterof passIVePressure

90mm (Kawabataetal.,2004).Astheresu一ts,the

lateralresistance of'the proposed restraint was

approximately1.6timesofthatofthemodelplpe

withouttherestralnt.

ln addition,the resistance mechanism orthe

ontheBend

PassivePressure

AnchorP一ate

FlgIScheTnatlCdlagramOHlghtwelghtthrustrestralnt

proposedmethodwasexaminedbyimageanalysestlor

groundsurfaceinmodeltests(Sawadaetal,,2006a)andnumericalanalyses(Kawabataetal,2006a).As theresults,two

faHuremechanismswereobserved,andtheydependedonthedepthofcoverandthelengthofthegeogrid,SawadaetaL

(20鵬a)assumedthefailuresurra∝Sorthegroundinfrontortheanchorp一atebasedonthe払Huremechanismsandevaluated

themaximumlateralresistanceortheproEX)Sedrestraintbysolvingequationsfortheror∝equilibrium.Sawadaetal.(20(泊b)

alsoformu)aledtherelat10nShipsbetweenti℃lateraldisplacementandtheIatera】resistanceuslngaParabolicfuncllOnOnthe

assuJTlPt10nthatgeogTidswereentJ'relyrigid.

Furtherlargesca一etestswerecarriedoutusingaヒend(¢300)andtwotype geogridsbyKawabataetal.(2006b).As

results,itwasfoundthatthelateralresistancewasStronglyinf一uencedbytheelonga110nOrthegeogrid.Thus,itisimportant

toevaluatethelaIeralresistanceconsideringtheelongationofthegeogrid.

ReccntlygeogTidsarewidelyusedloil1lPrOVethestabilityorembankmenlS･ManyrescaTChersfocusedonthesoiトgeogrid

interactionbypull-outtests(e.g.PaJmeriaandMiHgan,1989)ordirectshearlests(C.g.NakamuraetaL )999)putting

geogridunderthevariousexperlmentalconditions･

Theoreticalformulationsfortherelalionshipbetweenthepull-outresistanceEndthepulkutdisplacementweresuggested

bynlanyresearchers(e.g･MitachieLal･,1991)･lmaizumietal･()995)Suggestedasimpleelasticformulaconsideringthe

deformationorgeomembranesandverirledtheaccuracyorthero-ulafromcomparisonwithexperlmentalresults･

Tnthepresentstudy,thelateralresistancebyproposedmethodwasevaluatedconsideringtheelongationoFthegeogrid.

TheformulationwascaLTriedoutintwosteps.Firstly,thepul1-Outresistanceorthegeogridwasformulatedbasedonthe

conccplproposedbylmalZumietaL(1995)･SecondlylhepassivercsislanceactingontheanchorplatewasFormulated-ln

addition,thea∝uracyortherormulawasverifiedbycomparlngWithexperlmCntalresults.Furthermore,inordertoexamine

theinnuenceofvariousconditionsonthe)ateralresistance.paramctricsludleSWereperrOrmed･

2.FORMULATJONFORLATERALRESISTANCEBYuGHTWtGHTTHRUSTRESTRArNT

rhelateralresistanceprovidedby(helightweightthrust

restraintisdividedintotworesistantcomponents,oneisthe

pun-outresistanceofthegeogridandneotherispassive

resistanceactlngOntheanchorplate,asshowninFig･IITk

relationships between the lateralresistance and the

displacementofthebendcantx:postulatedasshownln

Fig.2.(i)FirstJythepull-Outresistanceincreaseswiththe

displacementofthebenduptothedisplacementy'･Lnthis

step,geogridsaregTaduallypulledout斤omtherorerrontto

theposteriorendorthegeogrid･(ii)Secondly,anertheend

orthegeogridispulledout,passiveresistanceactLngOnthe
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anchorplatedevelops.meput)-Outresistanceisrorrnulaledbasedontheelasticequationproposedbyhla血rnietaI(I995).

lmaizumielaLfocusedonthegeomembraneplacedhorizontal一yintheground.Itshouldtx:notethatthegeogridsareplaced
verticaHyinproposedmcth(dasshowninFig･I

Fig.3schematicallyshowsthe rrictionaJstress

alonggeogridandtheelongationofthegeogrid,

Considering theelongation ds(x) in theelement

geogridhavinga)engthofdx･,tensilestraindx)is

expressedasfollow.

E(I,-筈 等 (1,

inwhichI(I)ist1℃tensi)eforccperunitwidth(kN/m),

Etheistensileslim-essofthegeogridperunitwidth

(kN/m),

Incaseof､pJacLngthegeogTjd verticaHy,the

geogridissubjectedtohorizontalearthpressure.
Fig3SchematlCdlagramOr什ictlonalstressalonggeogr-dandelongation

FTictionalstressTCantKObtainedbyassumlngthe orgeogrld

earthpressuredistributlOna5atrapeZlumrOrrn.

T=K.Y,Frtan6 (2)

HereK.isJaky'sc∝fflcientorearthpressurealrest.71istheunitweightorsoil(kN/m3),II'isthedepthfromlhcground

surfacetothecenterorlhegeogrid(m),∂istherrjctionanglebetweensoilsaJldgeogrids(o).FromtheforceequHibriumJhe

pulll0utresistancecanbeexpressedasroHows,

lo=t(I)+2･TX (3)

whereloisthepu川-outresistanceperunitwldth(kN/rn).SubstitutingEqs(2)and(3)intoEq.(1),ds(I)canlXexpressedas

follows.

ds(xlt()-2K"･Y,I/'･tanb'xdx (41
E

ConsiderLngthatTdevelopsuptoL',thepulレoutdisplacementycanbeobtainedhyintegratingEq(4)from0toI,I

Y-Li''ds(I)
toIL･-Ko･yI･H･LanbtL･2

(5)

SolvingJiq.(3)undertheboundarycondition(I=I..:/'(L')-0),thefollowingEq･(6)canbeobtained.

2･Ko･Y,.FI'･taJlb'
(6)

Thepulトoutresistancet｡CanbeobtainedbysubstitutingLq.(5)intoEq.(6).Thus,forbothsidegeogTids,thelotalpul1-mt

resistaJICeCanbeexpressedasfollow,

T=4･D.r･Kor,lr･tanblE (7)

whereTisthetotalpun-outTeSislance(kN)andDisthediameterofthctxndortheheightorthegeogrid(m)lllisequation

canbeapp)iedfrom0tothedisplacemen‖′'･y'canbeobtainedbyintegratingFq･(4)From0toL･

r･=Koy,･H･･tanbl･L2 (8)
I･:

Hereiisnelengthorthegeogrid(m)･AtthedisplacementYl,thepull-仙tresistanceT'Canbeobtainedbysubstituting

Eq.(8)intoEq.(7).

r-4D Kor,JI'tanbl･L (9)
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hcaseofY2Y',theanchorplatecontributestotheincreaseorthelateralresistance･Consideringtheelongationofthe

geogridduetothepassiveresistanceontheanchorplate,thedisplacementofthebendcantxexpressedasthefollowlng

equation.

Y-y'=YG+yA ()0)

NotethatYGistheelongationofthegeogTidduetothepassiveresistanceontheanchorplate(m)aJldYAisthedisplacement

oftheanchorplate(m)･lnadditiontherelationshipt㌍tweenthetensilestressandthetensilestrainisobeyingHooke'slowup

totherupturestrengthofthegeogrid･

T(;=E･D.yG/L (ll)

HereTGisthetensileforceduetothepassiveresistanceontheanchorplate(kN).

Ontheotherhand,therelationshipbetweenthepassive

resistanceTA andthedisplacemenlI'A wasformulatedusinga

parabolicfunctionasshowninFig･4(SawadaetaL,2006b).

TA-a･J打

a-恵 1̀2'

NotethatTA〝.aJisthemaximumpassiveresistanceandYAmorlS

thedisplacementoltheanchorplatealTAmar,1npreviousstudy,

TAmarwasevaluatedbysolvlngequationsoftheforceequilibrium

forthefhHuremechanjsmsasshowninFig.5.(Sawadaetal.,

2006a)ForFl/i≦0.6,

･Anax-W 1- g･(与 Al･号 A2) Y,〃2 (13,

where

W =L･β.Y,.(FI+D)+
L2･tana･fl･yJ

AL-義 (Ko･cos2p･sin2β)I(.-sinβ)tang

.｣ - K｡･(C.sa･tanQ.-sinα)十tanα.Ko
COSα

A?=K/)-Ka

andrbrJ〟上>0.6,

TAma,=b-L･B･Y′･(2･F/+D)tan〆 (14)

HereFlisthedepthorcover(m),Qlislhcetrectiveinternal

f'rictionangle(o),Bisthewidthortheanchorplate(m),Kais

Rankinactiveearthpressurec(姫mClent,KI,isRankinpaLSSive

c∝frLCientzuldb(-I,3)lSaCOCIrICientfortheincreaseof'normal

earthpressureactingontheshearplane.lnaddition､αandP(α-

4'/2,tamp-itanα/〟)aretheangLeorthefailurernassasshown

inrig.5,Jnaddition.YA〝mCanbcgivenas,

YAma.=dpL,PAL (15)
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FIE4SchemallCdlagramOflrc)al10nShlPSbetween
dlSPlacementoranchorplateandpassIVereSIStBTICe

〃化<0.6

〟化>06

Flg.5Falluremechanism

inwhichdlStheshetu.displacementrat10atthemaximumshearstresslnadirectsheartest･Notethatthedisplacementration

l'sdefinedastheratioofthesheardisplacementtothediameterof-thespcclmenindirectsheartest,

Consider]'ngtheforceequHibriurn,therelationtx:lweenTGandT̂canbeexpressedasfollow.

TA=2･T(, (16)

-370-



ThepassiveresistanceTJcanbeobtamedbysolvingsimultaneousequationsorEqs(10),(日),(12)and(16).Consequently

thetotallateralresistanceTcant光ObtainedconsideringlhefrictionalresistanceT'gLVenbyEq.(9).

11=Tl+T,l

L.̂⊥_I,.2⊥.A,Y_Y.､l (17)

where

(トL

t17=7~石

3.LAR(iESCAl.ETESTS

3.IOutlineorTests

Fig.6showsacrosssectionoratestpithavingawidthor5.4∩,alengthofL8.4mandaheightor4.0m.lnthepit,a

foundationt器dhavingathicknessoH mwaslaidandabendhavinganangleof'90degrceSandstraightpipeshavinga

diameterorOl3mwereinstaHedontheroundation･̂ RerinstallingtheplpeJjne,geogridsandananchorp)atewereconnected

withthebendandtheywerebackrtlledupto0.6m,Twotypesorgeogridswereusedinthesetestsandtheresultsortensile

testsareshowninFig.7.StimleSSOfGeogridA islargerthan(jeogridBasshownFig･7･Arigidsteelplatehavinga

dimensionL2m x0.3mwasusedastheanchorplate.Thegroundwascompactedwithavibrationcompactorevery0.15m.

ARerbackflHing,theinternalwaterr)ressurewasloadedbyahydrostaticpump･Jnthesetests,thedisplacementofthetx:nd

andthetensilestrainlngCOgTidweremeasuredwithpulleytypedisplacementtransducersandstraingaugesresrだCtivelyas

showninFig･6TableIsummarizedthe-estconditlonsforthreecasesIThreecasesaredifferentinthelcngthandthetensile

stifThessorthegeogrid.

+YJaterPressureCeJI
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Case B

.CaseA

0 1 2 3 4 5

TensHeStrain(%)

Flg7ReLatLOnShlpsbetweentensJlestralnandtenslleforce

lable1Summaryof'leStCases

'rypeOrGeogrid I,

CascA GeogridA 0.50

CaseB GeogridA 0.83

CaseC GeogridB 0.50

Note/.15kngthorCeogrld(m)



3.2TestResultsandDiscussions

Figl8shows,elationshipstx3tWeenthedisplacementofthebendandthelateraJresistanceortheproposedrnethcd･Notethat

thelateralresistancecanbeobtainedbymultlplylngtheten511estraininforeftontorthegeogridbythetensilestiffhess･From

Fig･8thelateralresistanceinCaseAaJldCase_Buslnghighslim-essgeogridsismuchIargerthantha-inCaseC･TTle

differenceisaboutl･8tinleS･Thusthelateralresistanceisextrcmelyinfluencedbythestifhessorthegeogrid.Comparlng

CaseAwithCaseB,thedifferencecannotbeclearlyseen.ThedelajlorthisbehaviorisexpLainedinparametricstudies.

O Experiment
Calculation
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FlgaRelall0nShlPSbetweendlSPlacementandlateralresIStanee

4.COMPARISONOFRt=,SUl:rSFROMTl三STSANL)ESTIMATIONS

Table2summarizedparametersusedintheproposedformula.TheunltWeightofsoils7;WasglVena5theaveragedrydensity

measuredintests.】norderlodeterminetheinternal斤ictionangleQ'andthesheardisplacernentratiod,directsheartests

wereconducted.1､hedjrcctsheartestsWereCOnductedundernormalpressurewhichisequivatenltothedepthofthe

embedmentinlargescalelests･Inaddition,thedrydenslt)IOFlhcspecimenWasaPPrOXimatedas-7･OkN/m3forCaseA

andCaseBand16･5kN/m3f･orCase-CITherela-ionshipsbeI､代Cnthenormalstressandthemaximumshearstressare

showninFigl9･FromFig･9,theinternaIfrictionangleis38･8oand3212ofor17･OkN/m3andl65kN/m3,especlively･ln

addition,Fig･10showstherelationshipsbetweenthedisplacementratioandtheshearstress･FromFig110,dis3160xtO-2and

4.70×10~2for17.0kN/mjand16.5kN/m3respectively.AccordingtoP.W.R.C.(2000),the斤ictionangle,bl,tx'tweensoils

andgeogridscanbeassumedasequaltotheinternalLtic-ionangle･Th心,a.is38･8oand32120ForthegroundoH710kN/m3

and16･5kN/m3respectively･･tTletensilestiHnessorthegeogTid,E･wasdeterminedbasedonresultsofthetensiletestsof

thegeogridasshowninFig･7･NamelythestrainvahjeSalthedisplacementofthebendof15mmayel･5%forCaseA,

I.2%forCaseBand2.0%forCaseーC.Lnpracticaldesign,ItisreasonabletogiveEasecanta12%･

Comparisonsofthelatera)resistanceftomlargescaletestsandcalculationsaleshowninFig･81Thelatera一resistances

werecalculatedfiomEq･(7)orEq･(17).Notethatcalculatedresu)tsareindicatedwithlines･FromFigl8.itcanbeseenthat

calculatedresultsglVegoodagreementwithexperlmentalresultsalthoughtheyareslightlyunderestimatedinCaseAand

CaseBandoverestlmatedinCaseC.Fromthisresult,itcanヒだJudgethaHhelateralresistancecanbepredictedbythe

proposedformulaconsideringtheelongationofthegeogrid･
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'lable2Summaryorparametcrslnanalysls

/) 〟 ∫. β 〟 4'(a) a r

Case_A 0.3 0_60 0.50 1,20 1().8 38.2 3.60XlO-2 1875.0

Case_B 03 0.60 0.83 L20 ー7_0 38.2 3.60x10-2 225().0

NoteDISPII光 dlameter(m).fIISdepthorcover(m),iISlengthorslderestraLnt(m),BIS､V)dthofanchorplate(m),
Y,Jsumtwelghtorsol】(kN/m-),少'lSCfTect川e.ntCrna=†】Ct10nangle(O),♂.srrlCltOnang一ebetweenso)lsandgeogrld
(○),aISSheardlSPLacemenlrat10atmaJYlmumShearstress(%),LIslensIIestinlleSSOrgeOgrld(kN/m).
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5.rNFLUENCEOFVARlOUSCONDIT10NSONLATERALRESIATNECE

Juimitednumtx=rorinvestigaLJOnSWereCaTTiedoutinlarge-sca一etestsinprecedingsession.JtisappaTenlthatEq･日7)isa

functionorthestiffness,thelength,thewidth.theheightoFthegeogTidandsoonTtisimportanttoexaminethebehavioror

theproposedthrustrestraintundervariousconditions.However,anumberorexperlrnCntalinvestlgationsarel10tOnly

expensiveandbutalsotime-consummg.lnthepresentstudy,paTamelricstudlCShavetuncarriedoutinordertoinvest)gate

thelnfluenceorthevariousconditionsonthelateralresistanceoftheproposedmeth(山.lntheparamctricstudies,parameters

werevariedbasedonCaseAasshowninTablc2.日crcitshouldtxtnotedthattheerrorstXtWeeneXrX:rlmentSand

calculationsremalnnottOberemoved.

5.ilnf]uenccofStLfrnessofGeogrids

Fig.Hshowstherelahonshipsbetweenthedisplacementorthe

bendandthelateralresistanceroT･variousstim1eSSOfthe

geogrid.From theseresults,itcanbeseenthatthe)ateral

resistance tendsto increase with the tensile stiffness.

Comparlngthesecanlslope aldisplacementor20mmincase

orE-3000 kN/mandL1-500kN/m,theformer(0.92kN/

mm)isI,6timesaslargeaSthe)ater(0･56kN/mm)･ln

addition,consideringE=co,lateralresistance can be

calculated付omEq.(17)asfollows･

).I.mJ -T'･aJ7 (18)
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lnEq･(18),therlrSttermexpressesthefTictionalresistanceandthesecondtermexpressesthepassiveresistanceassociated

withthedisplacementoftheanchorplateasshowntnEq.(12).171ecalculatedresult斤omEq.(18)isalSoindicatedinFigI1

ltcantxunderstoodthaHhiscurveisan upperlimtloftheIateraLresistanceunderthepresentcondition.

Ontheotherhand,thepeakvalueorthelateralresistanceisaconstantvalueregardlessofthestiffnessofthegeogrid.

ThisreasonisthatthefailuremechanismshowninFig.5isnotinfluencedonthestifhessofthegeogrid.

5.21nnuenceofLengthof-GeogTids

Fig12showstherelationshipst光tWeenthedisplacementofthe

bendandthelateralresistanceforvariouslengthofthegeogrid.Jt

isroundthatthepeakvalueorthelaleralresistancetendsto

increasewiththelengthofthegeogrid.Thisisduetotheincrease

orthevolumeorthesoilmassinFrontortheanchorplateas

showninFig.5.However,atinitialdisplacementofthebendupto

10mm,thedinTerenceineachcaseis良)undtobesll'ghl.Forthis

reason,itcanbeconsideredthatlonggeogrldsareeasytoderorm･

Lnaddition,duetothisreason,ltCanbeconsideredthaHhc

dilferenccbetweeninCase_AandCaseBwassHghtinFig.8.

lnpractlCaldeslgn,theincrementorthelateralresistanceat

initialdisplacementorthe t光nd isslgnlficantly imporlaLnt

Thcrerore.itcanbejudgedthaHheinfluenceorthelengthofthe

geogTidonthelateralresistanceissma11･

53lnnuenceof'widthofAnchoTP)ate

Displacement･resistancecurvesforchaTlgCOfthewidth()日he

anchorplateare)ndicatedinFig･13･As beexpected･itlSapparent

thaHhelateralresistancetendstoincreasewiththeWidthorthe

anchorp)ate.Theresistancefor8-20misabout3timesaslarge

asthatForB-0.4matthedisplacementor10mm･Inaddition.it

cantx:seenthatthepeakvalueofthelateralresistaJICealso

increaseswiththeincreaseorthewidthortheanchorplate.

Judgingfrom theseresults,theeffectoftheanchorwidthis

sLgnif7cantlylarge.

5.41nnuenccorLnternalFrictionAng一eorSoils

Fig.14Showstherelationshipsbetweenthedisplacementofthe

bendandthelateralresistancefわrvariationortheintemal什lClion

angleofsoils.Ingeneral,thefrictionanglebetweensoHsand

geogridsa一soincreaseswlththeinternalfrictionaJlgle･tnFig･14-bl
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isalsochangedwith〆'.FromFig.14,asmightbeexpecled･themaximumresistanceincreaseswiththeincreaseof4'･The

resistanceforダニ45oisaboutI.6timesaslargeasthatTord'-250althedisplacementor1()mm･ltcanbcjudgedthatthe

effectofthestrengthorlhebackrlllmaterialsissigTlificantlylarge･
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6CONCLUS10NS

lnthisstudy,forthelightweightthrustrestraintwithgeogridsandananchorplate,the一ateralresistancewasformulated

consideringtheelongationofthegeogridinordertoestablishthedetai)design.lnaddition,calculatedresistanceswere

comparedwithresultsinlargescaleexperimentstoexaminetheaccuracy.As theresults,agoodagreementcanbeseen

betweencalculatedresultsandexperlmenta)results.ltcanbejudgedthatthelatera]resistanceoftheproposedthrustrestraint

canbepredictedbytheprofX)SedFormula.FuTlhermore,toexaminetheinnuenceorvariousconditionsonthe一ateral

resistance,paTametricstudieswereperfumed.Consequently)Iwasfoundthatthe)ateralresistanceStronglydependedonthe

stimIeSSOfthegeogrid,thewidthoFtheanchorplateandthefrictionalangleofthebackrlllmaterials･haddition.itwas

foundthattheinf一uenceofthelengthorthegeogridwasnotconsiderablyimportantfactorfortheinitiallateralresistance.
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