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ABSTRACT: iIn ireinforced iconcrete istructures ithe iengineer 

ioften ifaced iwith iregions iof ia istructure ithat icontains 

idiscontinuities, isuch ias iabrupt ichanges iin igeometry ior ithe 

ipresence iof iconcentrated iloads iand ireactions. iThe ipresence iof 

ia idiscontinuity iresults iin ia idisturbance iin ithe iflow iof istresses iin 

iregions iadjacent ito ithe idiscontinuity iand itherefore ithese 

iregions iare ireferred ito ias i“disturbed iregions”. iOne ifactor ithat 

icontributes ito ithe istructural ideficiency iof ia ibridge iis ilack iof 

ishear icapacity iin itheir ipier icaps idue ito iincrease iin ithe irequired 

itruck iloads. iTherefore iimproved iunderstanding iof ithe idesign 

imethods iand iperformance iof ithese iimportant imembers iis 

imandatory. iThis ithesis ipresents ithe ibehavior iof ireinforced 

iconcrete ihammerhead ipier icaps iusing ifinite ielement ianalysis 

isoftware iABAQUS. iThe iparameters itaken iin ito iconsideration 

iare imaterial iproperties i(both isteel iand iconcrete), ishear ispan ito 

idepth iratio i(a/d) iand iflexural ireinforcement iratio. iFinally, ithe 

iresult iobtained ifrom ithe ifinite ielement ianalysis ihas ibeen 

ipresented iand icompared iwith ia istrut iand itie imodel. iThe 

ifindings iof ithis iwork ishows ithat ias iconcrete istrength iincreases, 

iboth ithe idisplacement iand imaximum iprincipal istress idecreased 

iby i49.6% iand i28.2% irespectively iwhile ichange iin isteel igrade 

ihave ino isignificant ieffect ion ithe ibehavior iof ipier icaps. iThe 

ishear istrength ipredictions iusing istrut iand itie imodels iwere 

ifound ito ibe imore iconservative icompared ito ithe ifinite ielement 

imethod. iThe idisplacement iresultant iincreased ifrom i0.84mm ito 

i12.87mm ias ithe ishear ispan ito ieffective idepth iratio iincreases 

ifrom i1 ito i2.5 ihowever ithe ishear icapacity idecreased. iA 

icomparison iof iprincipal istress ishowed ithat ithe isolutions ibased 

ion ifinite ielement ianalysis iwas i14.45% ihigher ithan ithe istrut iand 

itie imodel. iThe iflexural ireinforcement iarea irequired iusing iSTM 

imethod iwas i14.3% igreater ithan ithat iof isectional idesign 

iapproach. i 

Key iwords: iHammerhead iPier iCaps, iStrut iand iTie iModel, 

iFinite iElement iAnalysis i 

1.INTRODUCTION i 

A ipier iis ia istructure iwhich iprovides ithe ibasic ifunction 

iof isupporting ispans iat iintermediate ipoints ibetween 

iend isupports. iLike iabutments, ipiers icome iin ia ivariety 

iof iconfigurations, ishapes, iand isizes. iThe itype iof ipier 

iselected iwill idepend igreatly ion ithe iform iof 

isuperstructure ipresent. iHammerhead ipiers iare 

ipredominately ifound iin iurban isettings ibecause ithey 

iare iboth iattractive iand ioccupy ia iminimum iof ispace, 

ithereby iproviding iroom ifor iunderpass itraffic. iThey iare 

ialso iattractive isolutions iwhen ithe istructure iis ilocated 

ion ia iskew, ithereby icreating itight ialignment iconstraints 

ifor ithe iunderpass itraffic. iWhen icompared iwith ia 

icolumn ibent ipier, ithe isingle icolumn ihammerhead 

ioffers ia isolution iwhich iprovides ifor ia imore iopen iand 

ifree-flowing ilook, iespecially iin ihigh itraffic, imultiple 

istructure ienvironments. i 

Hammerhead ipiers iare itypically iused iwhere icolumn 

ilengths ion imulti-column ipiers iwill irequire ilarger 

icolumn isizes idue ito islenderness. iThey iare ialso ian 

ioption iwhere istream iflow icould iresult iin idebris ibuild-

up ibetween icolumns iof ia imulti-column ipier. iWhere 

istream iflow iis ipresent, ihammerhead ipiers ishall ibe 

ioriented iparallel ito ithe idirection iof iflow. i 

The iminimum iwidth iand ithickness iof ithe ipier ihead ior 

icap idepends ion ithe ilayout iand idimensions iat ithe 

ibridge ibearings. iFor ihammerhead-type ipiers, ithe ihead 

iis ithe ifirst iitem ito ibe idesigned ionce ithe iposition iand 

imagnitude iof iloads ifrom ithe isuper istructure iare 

iknown. i i 

 i 

Figure i1.1 iTypical ihammerhead ibridge ipier i(WisDOT 

iBridge iManual) i 

In imost iinstances, ihammerhead ipier icap ican ibe idefined ias ideep 

ireinforced iconcrete imembers iand itherefore, ishould ibe idesigned 

iusing ithe istrut-and-tie imodeling iapproach. iHowever, imost 

ibridge iengineers ido inot ihave ia ibroad iknowledge ion ithe iSTM 

idue ito ithe iunfamiliarity iwith ithe idesign iprocedure. iTherefore, iit 

iis ilikely ithat, iwith ithe iformulation iof ia iwell-defined istrut-and-

tie imodeling iprocedure, ihaving ithe iawareness iwill ibecome 

imore icomfortable iwith ithe idesign imethod iand itherefore, 
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iemploy ithe imethod imore ioften iand iconsistently. iWith ithe irapid 

ieconomic idevelopment iof ithe icountry iin ithe ipast idecades, ia 

ilarge inumber iof ibridges iand ioverpasses iwere iconstructed iin 

iEthiopia. iHammerhead ipiers iare iwidely idesigned iand ibuilt ifor 

iits iperfect ishapes, iconvenient iconstruction iand icovering ia 

iminimum ispace. iAs ia ispecial iconcrete istructure, ithere iis ino 

idefined iset iof ilaws ifor idesigning iin icurrent iEthiopian icodes. 

iDesigners iusually ianalyze ipier icaps ias inormal iRC ibending 

imembers. iIn iparticular, ihammerhead ipier icaps idesigned iin 

iaccordance iwith iEuler-Beam iapproach imay isuffer isevere 

icracks iafter iopening ito itraffic, icaused iby iinsufficient istrength 

iand iinadequate ireinforcement idetailing. iTo iovercome isuch 

iproblems iStrut iand itie imodeling i(STM) iis ian iaccepted idesign 

imethod ito ideal iwith iD-regions isince iit isimplifies ithe inon-linear 

istresses iinto ia itruss imodel ithrough ia iseries iof istruts iand ities 

irepresenting ithe iflow iof istresses iat ifailure. iTherefore, istrut iand 

itie imodel idevelopment iaccording ito iAASHTO iLRFD idesign 

imethod iwas ipresented ifor ithe idesign iof ihammerhead ibridge 

ipier icaps iand iresults iwere icompared iwith ifinite ielement 

imethod. i iThe imain iobjective iof ithis istudy iwas ito icompare ithe 

ibehavior iof ireinforced iconcrete ihammerhead ipier icaps iusing 

ifinite ielement imethod iand istrut iand itie imodel. i 

The ispecific iobjectives iof ithe istudy iwere: i- i 

To istudy ithe ibehavior iof ihammerhead ibridge ipier icaps iand ito 

idevelop ia ibetter iunderstanding iof iways idesigning ithese 

iimportant imembers. i 

 To iconduct ia iparametric istudy ion ithe 

ibehavior iof ireinforced iconcrete ipier icaps iin 

iunderstanding ithe iactual ibehavior iof ithe 

istructure ion ivarious idimensional iand imaterial 

iparameters. i 

 To icompare ithe iflexural ireinforcing 

irequirements ifor itypical ihammerhead ipier 

icaps iusing iboth istrut-and-tie imodeling iand 

istandard isectional idesign ipractices. i 

This istudy ifocused ion ithe ianalysis iof ireinforced iconcrete 

ihammerhead ipier icaps ifor ivarious imaterial igrades, ishear ispan 

ito ieffective idepth iratio iand ilongitudinal ireinforcement iratio. 

iThe ianalyses iwere icarried iout iusing ifinite ielement imethod iand 

iresults iwere icompared iwith istrut iand itie imodel. iIn ithis istudy, 

ithe ianalysis iwas ibased ion ithe inumerical iand ianalytical imethods 

iconsidering ithe iload itransferred ito ithe ibearing iand iself-weight 

iof ithe ipier icap. i 

The isignificance iof ithis istudy iwas isummarized ias ifollow; i i 

❖ It icreates igood iawareness iin ipreparing 

isuitable ipractical iguidelines ifor idesigning 

iand isimple ianalysis iof ihammerhead ipier 

icaps. i 

❖ To ienhance ithe iunderstanding iof ithe 

iapplication iof ithe imethod iand iit iis ialso iuseful 

ito ibe iused ias ireference iin ithe iapplication. i 

❖ It iis iuseful ito idevelop iStrut iand iTie imodel iin 

ianalysis iand idesign iof ireinforced iconcrete 

ibridge ipier icaps. i 

3.RESEARCH iMETHODOLOGY i i i i i i i i i i i i i i 

3.1 iRESEARCH iDESIGN i 

Appropriate ianalysis iand idesign idetailing ifor ireinforced 

iconcrete ipier icaps iwere irequired idue ito ithe ihigh itransferred 

iloads ifrom ithe igirder ito ithe ipier icap ithrough ibearings. iA 

iparametric istudy ion ithe ibehavior iof ipier icaps iwere icarried iout 

iusing istrut iand itie imodel iby iconsidering idifferent imaterial 

iproperties i(both isteel iand iconcrete), ishear ispan ito idepth iratio 

i(a/d) iand iflexural ireinforcement iratio. iOne iparameter iis 

iconsidered iat ia itime iwhile ithe iremaining iparameters iare ifixed. i 

i 
 

Following ithe istrut iand itie imodel, ian ianalysis iwill ibe icarried iout 

iusing ifinite ielement imethod. iIdentical ipier icaps iwith isimilar 

igeometries, imaterial iproperties iand iloading iwere imodeled iand 

ianalyzed iusing ithe igeneral ipurpose isoftware iABAQUS. i 

For ithe idesign istudies, ionly ireaction iforces ion ithe 

ibridge ibearing ipads iwere iconsidered. iThe inodal izones 

iare ifirst idefined iwhere iexternal iloads, ilike ibeam 

ireactions, iact ion ithe ipier icap. iIt ishould ibe inoted ithat 

ithe icompression istruts iand itension ities ishould iintersect 

iat ithe inodal izones iand irepresent ithe ilocation iof ithe 

ireinforcing ipattern. i i 

The isolution ifor ithe itruss iforces iwas iaccomplished iby 

iusing ian iexcel itemplate. iThe itruss isolution ialso iaid iin 

idefining ithe imembers ithat iare iin itension iand 

icompression ifor icomplex itruss isystems. iThe 

idimensioning iof ithe icompression istrut, itension itie, iand 

inodal izones iwere igoverned iby iArticle i5.6.3.2 ithrough 

iArticle i5.6.3.6 iof ithe iAASHTO i 

LRFD iSpecifications. i 

Through iparametric istudies, iit icould iverify ithe 

iperformance iof imodel iin isimulating ithe iphysical 

ibehavior iof ireinforced iconcrete ipier icaps, idue ito ithe 

ivariation iin ia icertain iparameter ivalues. iHaving 

imodeled ithe iproblem iof ipier icaps ianalysis, ithe 

ifollowing iparameters iwere iused ito istudy ithe ibehavior. 

i 

Effect iof ichange iin igeometry: i- iPier icaps ihaving 

idifferent ishear ispan ito idepth iratio i(a/d) iwere 

iconsidered ito istudy ithe ieffect iof ichange iin idepth ion 

ithe ibehavior. iThe irange iof ishear ispan ito idepth iratio 

iwas i1 ito i2.5. 
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Effect iof ichange iin iconcrete istrength: i- iConcrete 

istrength ivarying ifrom iC-25 ito iC-45 iwas iused ito 

iconduct ia iparametric istudy. 

Effect iof ichange iin isteel igrade: i- ithe isteel igrade iused 

ifor ithe iparametric istudy ivaries ifrom iS-300 ito iS-460 

Effect iof ichange iin ireinforcement iratio:-The irange iof 

ireinforcement iratio, iρ, iwas i0.40% ito i0.60%. 

Effect iof ichange iin ianalyzing imethod: i- iIn iorder ito 

icompare ithe iresult iof ifinite ielement ianalysis iwith ithe 

ianalytical imethod iwhich istated iin ithe icode iprovision, 

ithe ipier icaps iwere ianalyzed iusing iSTM iwith ivariable 

ishear ispan ito idepth iratio i(a/d). i 

3.2 iSTUDY iVARIABLES i 

Independent ivariables:-geometry iof ithe ipier icap, imaterial 

igrades, iand ithe iloading icondition. i 

Dependent ivariables:-comparison iof ithe ianalysis iresults iusing 

istrut iand itie imethod iand ifinite ielement ianalysis. i 

 

3.3 iSOURCE iOF iDATA i 

The ibridge ipier icap idata iused iwas ifrom iAddis iAbaba icity iroads 

iauthority i(AACRA) isupporting ia i40m itwo ilane ibox igirder 

ibridge. iThe idead iloads iof ieach icomponent iof ithe ibridge isuper 

istructures irequired ifor ianalysis iand idesign iwere icalculated iand 

itransferred ito ithe ipier icaps ifollowing ithe iAASTHO iLRFD 

iguidelines. iThe ivehicular ilive iloads itransferred ito ithe ipier icaps 

iwere iobtained iby idrawing ithe iinfluence iline iof ithe ireaction 

iforces ifor ithe i40m icontinuous ispan ibridge. iFinally ithe iloads 

iapplied iat ithe ibearing ipoints iof ithe ipier icap iwere icalculated iby 

iusing iAASHTO iload ifactors. i 

3.4 iDESCRIPTION iOF iTHE iMODEL i 

As ian iattempt ito ido ia iparametric istudy ion ithe ibehavior iof ipier 

icaps, ia imodeling iand istress ianalysis iwas icarried iout. iThe imodel 

iused iin iorder ito ido ia iparametric istudy iwas ia ipier icap ihaving 

idifferent ishear ispan ito ieffective idepth iratio, iconcrete istrength, 

iand ilongitudinal ireinforcement iratio. iThe imodel iwas ifirst 

imodeled iby ia ifinite ielement imethod iand iconsidering idifferent 

iparameters iwhich iaffects ithe ibehavior iof ipier icaps. iThe iresults 

iof ifinite ielement ianalysis iwere icompared iwith ithe iresults 

iobtained iby istrut-and- itie imodel. i i 

 i 

Figure i3.1 iModels iof ipier icap i 

3.5 iFINITE iELEMENT iIDEALIZATION i 

The ifinite ielement iidealization iinvolves ian iassemblage 

iof itwo ior ithree idimensional ielements iin iwhich ithe 

icontinuum istarts iwith isubdivision iof ithe iphysical 

isystem iinto ian iassemblage iof idiscrete ielements. iThe 

iaccuracy iof ithe isolution iand iefficiency iof 

icomputational itime iis igoverned iby ithe imodeling 

itechnique iand ithe inumber iof ielement iused. iWith 

iproperly iformulated ifinite ielements, ithe iresult 

iconverges ito ithe iexact isolution iwith idecreasing 

ielement isize. iAccordingly ithe ilarger ithe inumber iof 

ielements ithe imore iaccurate ithe isolution iobtained. i 

Compatibility iat inodes idoes inot ialways iensure icompatibility 

iacross ithe ielement iboundaries. iTo iavoid isuch idiscontinuities, 

iinterpolation ifunctions iover ithe ielement iare iassumed iin isuch ia 

ifashion ithat ithe icommon iboundaries iwill ideform itogether. iIn 

istatic ianalysis iof ithe ifinite ielement imethod, ithe istate iof istress 

iwithin ieach ielement iis idetermined ifrom inodal idisplacement. 

iThis iis iaccomplished iusing iinterpolation ifunctions, istrain 

idisplacement irelations iand iconstitutive iproperties iof ithe 

imaterial. i 

The icommercial isoftware iABAQUS ihas ibeen iused ifor 

imodeling ithe ipier icaps iand idoing iparametric istudy. iIt iwas 

ichosen iin ithis istudy ibecause iof iits ipopularity iand icapabilities iin 

ihandling ilarge irange iof iproblems. iIt iis igeneral ipurpose ifinite 

ielement isoftware isolving ia iwide ivariety iof iproblems. iThese 

iproblems iinclude istatic/dynamic iproblems, istructural ianalysis 

i(both ilinear iand inonlinear), iheat itransfer, iand ifluid iproblems, ias 

iwell ias ielectromagnetic iproblems. iIn igeneral, iABAQUS 

isolution iprocess imay ibe ibroken iinto ithe ifollowing ithree istages. 

i 
1) iPre-processing: iIn ipre-processing igeometry iis 

idivided iinto inumber iof ielements iwhich iis iconnected iat 

idiscrete ipoints. iSome iof ithese inodes iwill ihave ifixed 

idisplacement iand iother inodes iwill ihave iloading. iThis 

imodel iis itime iconsuming ito iprepare. i 

The imajor isteps iin ipre-processing iare: i 

Parameters Ranges 

Minimum Maximum 

Shear ispan ito 

ieffective 

depth iratio i,a/d 

1 2.5 

Concrete 

istrength i(MPa) 

C-25 C-45 

Steel igrades i( 

iMPa) 

S-300 S-460 

Reinforcement 

iratio i(%) 

0.40 0.60 

Loading 

icondition 

Concentrated ibearing iloads 
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Define ikey ipoints/lines/volumes, i 

Define ielement itype iand imaterial/geometric iproperties, iand i i 

1) Mesh ilines/areas/volumes ias irequired. iThe iamount iof idetail 

irequired iwill idepend ion ithe idimensionality iof ithe ianalysis, 

ii.e., i1D, i2D, iaxisymmetric, iand i3D. i 

2.Analysis i i 

The idataset iprepared iby ithe ipre-processor iis iused ias iinput ito 

ifinite ielement icode iitself, iwhich iconstructs iand isolves ia isystem 

iof ilinear ior inonlinear ialgebraic iequations. iKij ix iUj i= iFi, iwhere 

iU iand iF iare idisplacements iand iapplied iforce irespectively. iThe 

iformation iof ithe istiffness imatrix i[K] iis idependent ion ithe itype iof 

iproblem. iThere iare ilarge ielement ilibraries iavailable iin 

icommercial icodes. iFEA ican isolve imany iproblems 

isimultaneously ithat idepend iupon ithe icode ifor iappropriate itype 

iof ielements iavailable iin ilibrary. i 

The imain igoal iof ifinite ielement ianalysis iis ito iexamine 

ihow ia istructure ior iits icomponent iresponds ito icertain 

iloading icondition. iSpecifying ithe iproper iloading 

iconditions, iis itherefore, ia ikey istepping ianalysis. 

iAssigning iloads, iconstraints, iand isolving ihere, iit iis 

inecessary ito ispecify ithe iloads i(point ior ipressure), 

iconstraints i(translational iand irotational), iand ifinally 

isolve ithe iresulting iset iof iequations. iIn ithe isolution 

iphase iof ithe ianalysis, ithe icomputer itakes iover iand 

isolves ithe isimultaneous iequations ithat ithe ifinite 

ielement imethod igenerates. iThe ielement isolution iis 

iusually icalculated iat ithe ielements iintegration ipoints. i 

2. Post-processing: iEarlier iin iFEA, ithe iuser ipores 

ithrough imany icodes, ilisting idisplacements iand 

istresses iat idiscrete ipositions iin ithe imodel. iA itypical 

ipost-processor idisplay ioverlay icolored icontours 

irepresenting istress ilevels ion ithe imodel, ishowing ia 

ifull-field ipicture isimilar ito ithat iof iexperimental 

iresults. iIt ishows ihow ithe iapplied iloads iaffect ithe 

idesign, ihow igood ifinite ielement imesh iis, iand iso ion. 

iFurther iprocessing iand iviewing iof ithe iresults iin ithis 

istage ione imay iwish ito isee i(i) ilists iof inodal 

idisplacements, i(ii) ielement iforces iand imoments, 

i(iii) ideflection iplots ietc. i i i i i i i i i i i 

 

Figure i3.2 iPrinciple isteps iof iABAQUS i 

3.6 iTHREE iDIMENSIONAL iSOLID iELEMENTS i 

Generally iC3D8R: i8 inode ilinear itetrahedral ielements 

iwith ireduced iintegration iand ihourglass icontrol iwere 

iused ito imodel ithe iconcrete. iThis ielement ihas i8 inode 

iand i3 iDOFs iat ieach inode. iIt ihas ithree itranslational 

iDOFs, ii.e. itranslation iin ithe ix, iy iand iz idirection. iIt ihas 

i3D i8 inodes istructural isolid ielement ithat iexhibits 

iquadratic idisplacement ibehavior. i i 

 i 

Figure i3.3 iFinite ielement imeshes i 

The iquadratic ieight inode ielements ishown iin iFigure i3.3 iwere 

iadopted ito irepresent iconcrete. iMaterial iproperty iis iassumed ito 

ibe ihomogenous iand iisotropic iwithin ithe imaterial. iLinear ielastic 

ibehavior iprior ito icracking iis iassumed iin imodeling iconcrete. i 

3.7 iREINFORCEMENT iIDEALIZATION i 

Linear i2-nodes ibeam ielements, iB31 iare iused ito imodel ithe 

ireinforcement iand iembedded ielements itechnique iis iused ito 

iembed ithe ireinforcement iinto ithe iconcrete. i i i 

In ithe iembedded ielement itechnique, ithe ihost iwill ibe 

ithe isolid iconcrete ielements iwhile ithe ireinforcement 

iwill ibe ithe iembedded ielements. iIn iABAQUS, ithe 

inodes iof ithe iembedded ielements iwill ilose iits 

itranslational idegrees iof ifreedom iin ithe isense ithat ithey 

iare iconstrained ito ithe itranslational idegrees iof ifreedom 

iof ithe ihost ielements. iHowever, ithe iembedded 
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ielements iare iallowed ito iretain itheir irotational idegrees 

iof ifreedoms iwhich iare inot iconstrained. iThe inumber iof 

irotational idegrees iof ifreedom iallowed iin ia inode iof ian 

iembedded ielement iis iidentical ito ithe inumber iof 

itranslational idegrees iof ifreedom iof ithe ihost ielement. i i 

In ia ithree-dimensional imodel iwith ibeam ielements iin 

isolid ielements, isince ieach inode iat ithe isolid ielement 

ihave ithree idegrees iof itranslational ifreedom, ieach 

ibeam ielements iare iable ito ihave ithree irotational 

idegrees iof ifreedom iat ieach inode. iFor ithe 

ireinforcement, iit iwill iretain iits iown itranslational 

idegrees iof ifreedom iwhile itaking ion ithe iinterpolated 

ivalues iof ithe itranslational idegrees iof ifreedom iof ithe 

ihost ielements. i 

Beam ielements iare imore isuitable ithan itruss ielements ifor 

imodeling iof ithe ireinforcement ibecause ithe iformer iexhibit ishear 

iand ibending ibehavior iwhile ithe ilatter ionly iresist iaxial iforces. 

iThe ishear iand ibending ibehavior iof ithe ibeam ielements iis 

inecessary iwhen irefined imeshes iare iused ito iobtain iconvergence 

iof iresults. i 

3.8 iMESHING i 

After icreating iof ivolumes, ia ifinite ielement ianalysis irequires 

imeshing iof ithe imodel iin iwhich ithe imodel iis idivided iinto ia 

inumber iof ismall ielements. iAfter iloading istresses iand istrains iare 

icalculated iat iintegration ipoints iof ithese ismall ielements. i i 

The imesh isize iis ian iimportant iparameter iin ifinite 

ielement ianalysis. iIn iorder ito iarrive iat iappropriate 

ielement isize, iconvergence istudy iwith idifferent isizes iof 

imesh iis icarried iout. iTo iobtain imore iprecise iand 

iaccurate iresults, ithe ielements isize ishould ibe ismall iand 

ithe ielement itype ishould icontain ia ilarge inumber iof 

inodes. i 

The inegative iaspect iof ithis iis ithat ithe isimulation ican ibe 

itime iconsuming iand ialso ithe imesh ican ibecome itoo 

icomplex ito iwork iwith. iA iconvergence iof iresults iis 

iobtained iwhen ian iadequate inumber iof ielements iare 

iused iin ia imodel. iThis iis ipractically iachieved iwhen ian 

iincrease iin ithe imesh idensity ihas ia inegligible ieffect ion 

ithe iresults. iBy ichanging ithe isize iof ithe ielements iused 

iin ithe imodel, ithe ioptimal imesh isize iwas iachieved. i 

3.9 iFINITE iELEMENT iMODELING i 

The iFEM isoftware iABAQUS ihas ithree iconcrete 

imaterial imodels iavailable ifor imodeling iplain ior 

ireinforced iconcrete. iThey iare iconcrete ismeared 

icracking imodel, icracking imodel ifor iconcrete iand 

iconcrete idamaged iplasticity imodel i(CDP). iAll ithree 

imodels ican ibe iused ifor iplain iconcrete, ieven ithough 

ithey iare iprimarily iused ifor ireinforced iconcrete. iFor 

iconcrete iin iboth ialternatives, ithe iconcrete idamage 

iplasticity i(CDP) imodel iwas iused iin ithis istudy, 

iintended ifor ibrittle imaterials iwith ithe ipossibility iof 

iestablishing ifailure icriteria iby idamage iparameters. i 

CDP iis isuitable ifor iuse iin iwhich ithe istructure iis 

isubjected ito imonotonic, icyclic iand/or idynamic iloading 

iunder ilow iconfining ipressures. iThe iconcrete ibehavior 

iis imodeled iby ithe itheory iof iisotropic idamaged 

ielasticity icombined iwith iisotropic icompressive iand 

itensile iplasticity. iThe itwo imain ifailure imechanisms 

iare ithe icompressive ifailure iand ithe itensile icracking iof 

ithe iconcrete. i 

The iconcrete iwas imodeled iusing ia i3D ideformable 

itetrahedral ihomogeneous isolid ielement, idue ito iits 

iability ito ibetter iadapt ito iany imember igeometry. 

iAlthough imesh irefinement ineeded iis iusually ismaller iif 

iquadratic ielements iare iused, ionly ilinear ielements iwere 

iutilized iin ithis istudy ibecause ithey iare imore iaccurate 

ifor iplastic ibehavior. iFor iconcrete, iAASHTO iprovides 

ia iPoisson‟s iratio iof i0.2. i 

Once idone, ithe iresults iwere iconverted ifrom inumerical 

ioutputs iinto ivisual iinformation iaccessed iin 

iABAQUS‟s ivisualization imodule. iFrom ithere, ithe 

iresults icould ieasily ibe iread ivisually iat ia iglance. iFor 

iexample, iprincipal istrains iwere iobserved idirectly iin 

ithe imodule ito istudy ithe ipropagation ibehavior iof 

icracking iover itime. iFinally, ithe iloaddisplacement 

icurves iof ithe isimulation iwere iextracted ifrom ithe 

imodule iand iexported ito ian iExcel ifile isheet, iwhere ithey 

icould ieasily ibe icompared iwith ithe iload idisplacement 

icurves iderived ifrom ithe iexperiment ireferences. i 

3.10 iCONCEPT iOF iTHE iFINITE-ELEMENT iMETHOD i i 

The ifinite ielement imethod iis ibased ion ithe 

irepresentation iof ia ibody ior ia istructure iby ian 

iassemblage iof isubdivisions icalled ifinite ielements. 

iThese ielements iare iconsidered ito ibe iconnected iat 

inodes. iDisplacement ifunctions iare ichosen ito 

iapproximate ithe ivariation iof idisplacements iover ieach 

ifinite ielement. iPolynomials iare icommonly iemployed 

ito imodel ithese ifunctions. iEquilibrium iequations ifor 

ieach ielement iare iobtained iby imeans iof ithe iprinciple iof 
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iminimum ipotential ienergy. iThese iequations iare 

iformulated ifor ithe ientire ibody iby icombining ithe 

iequations ifor ithe iindividual ielements iso ithat ithe 

icontinuity iof idisplacements iis iconserved iat ithe inodes. 

iThe iresulting iequations iare isolved isatisfying ithe 

iboundary iconditions iin iorder ito iobtain ithe iunknown 

idisplacements. i i 

The ientire iprocedure iof ithe ifinite ielement imethod 

iinvolves ithe ifollowing isteps: i i 

(1) The igiven ibody iis isubdivided iinto ian iequivalent 

isystem iof ifinite ielements, i i 

(2) A isuitable idisplacement ifunction iis ichosen, i i 

(3) An ielement istiffness imatrix iis iderived iusing 

ivariational iprinciple iof imechanics isuch ias ithe 

iprinciple iof iminimum ipotential ienergy, i i 

(4) The icorresponding iglobal istiffness imatrix ifor ithe 

ientire ibody iis iformulated, i 

(5) The ialgebraic iequations ithus iobtained iare isolved 

ito idetermine iunknown idisplacements iand i 

(6) The ielement istrains iand istresses iare ithen 

icomputed ifrom ithe inodal idisplacements. i 

 i 

Figure i3.4 iBasic isteps iin isetting-up iand isolving ithe 

iFEM imodel. i 

3.11 iBASIC iEQUATIONS iFROM iTHE iTHEORY iOF 

iELASTICITY i i 

Figure i3.4 ishows ithe istate iof istress iin ian ielemental 

ivolume iof ia ibody iunder iload. iIt iis idefined iin iterms iof 

ithree inormal istress icomponents , i  iand i  iand 

ithree ishear istress icomponents , i  iand . iThe 

icorresponding istrain icomponents iare ithree inormal 

istrains , i  iand i  iand ithree ishear istrains , i  

iand . iThese istrain icomponents iare irelated ito ithe 

idisplacement icomponents iu, iv iand iw iat ia ipoint ias 

ifollows: i 

 i i i 

 i i i 

 i i(1) i 

The irelations igiven iin iequation i(1) iare ivalid iin ithe icase 

iof ithe ibody iexperiencing ismall ideformations. iIf ithe 

ibody iundergoes ilarge ior ifinite ideformations, ihigher-

order iterms imust ibe iused. iThe istress-strain iequations 

ifor iisotropic imaterials imay ibe iwritten iin iterms iof ithe 

iYoung‟s imodulus iand iPoisson‟s iratio ias ifollows: i 

 i 

 i 

 i 

 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(2) 

i 

 

i 

Figure i3.5 iState iof istress iin ian ielemental ivolume 

i(Gerard iP. iand iNigel.H, i2008) i 

Plane istress i 

When ithe ielastic ibody iis ivery ithin iand ithere iare ino 

iloads iapplied iin ithe idirection iparallel ito ithe ithickness, 

ithe istate iof istress iin ithe ibody iis isaid ito ibe iplane istress. 

iThe i 
plate iis isubjected ito iin iplane iloading. iIn ithis icase,

 iand ithe i 

constitutive irelation ifor ian iisotropic icontinuum iis 

iexpressed ias: i 
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 i i i i i i i i i i i i i i  i i i i i i i i i i i i i i i i i i i i i i i(3) i 

Plane istrain i i 

The istate iof iplane istrain ioccurs iin imembers ithat iare inot ifree ito 

iexpand iin ithe idirection iperpendicular ito ithe iplane iof ithe iapplied 

iloads. iExamples iof isome iplane istrain iproblems iare iretaining 

iwalls, idams, ilong icylinder, itunnels, ietc. iIn ithese iproblems i 

and i  iwill ivanish iand ihence:  

i 

The iconstitutive irelations ifor ian iisotropic imaterial iare 

iwritten ias: i 

 i i i i i i i i i i i i i i(4) i 

3.12 iCHOICE iOF iDISPLACEMENT iFUNCTION i 

The iselection iof ia isuitable idisplacement ifunction iis ian 

iimportant istep iin ifinite-element ianalysis, isince iit 

idefines ithe iperformance iof ithe ielement iin ithe 

ianalysis. iA ipolynomial iis ithe imost icommon iform iof 

idisplacement ifunction. iMathematics iof ipolynomials 

iare ieasy ito ihandle iin iformulating ithe idesired 

iequations ifor ivarious ielements iand iconvenient iin 

idigital icomputation. iThe idegree iof iapproximation iis 

igoverned iby ithe istage iat iwhich ithe ifunction iis 

itruncated. iSolutions icloser ito iexact isolutions ican ibe 

iobtained iby iincluding imore inumber iof iterms. iThe 

ipolynomials iare iof ithe igeneral iform: i 

 i i i i i i i i i i i(5) i 

The icoefficients ia iare iknown ias igeneralized 

idisplacement iamplitudes. iThe igeneral ipolynomial 

iform ifor ia itwo-dimensional iproblem ican ibe igiven ias: i 

 

i i 

(6) i 

These ipolynomials ican ibe icondensed iat iany idesired 

idegree ito igive iconstant, ilinear, iquadratic ior ihigher-

order ifunctions. iFor iexample, ia ilinear imodel iin ithe 

icase iof ia itwo idimensional iproblem ican ibe igiven ias: i 

 i i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(7) i 

A iquadratic ifunction iis igiven iby: i 

 

i i 

 i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(8) i 

3.13 iFORMULATION iOF iSTIFFNESS iMATRIX i 

It iis ipossible ito iobtain iall ithe istrains iand istresses 

iwithin ithe ielement iand ito iformulate ithe istiffness 

imatrix iand ia iconsistent iload imatrix ionce ithe 

idisplacement ifunction ihas ibeen idetermined. iThis 

iconsistent iload imatrix irepresents ithe iequivalent inodal 

iforces iwhich ireplace ithe iaction iof iexternal idistributed 

iloads. iThe idisplacement ifunction imay ibe iwritten iin 

ithe iform: i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(9) i 

In iwhich i  imay ihave itwo icomponents i{u, iv}, i[P] iis 

ia ifunction iof ix iand iy ionly, iand i{A} iis ithe ivector iof 

iundetermined iconstants. iIf iequation i(9) iis iapplied 

irepeatedly ito ithe inodes iof ithe ielement ione iafter ithe 

iother, iwe iobtain ia iset iof iequations iof ithe iform: i 

 i, i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i(10) i 

in iwhich i  iis ithe inodal iparameter iand i[C] iis ithe 

irelevant inodal icoordinates. iThe iundetermined 

iconstants i{A} ican ibe iexpressed iin iterms iof ithe inodal 

iparameters i{  i i 

as: i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i(11) i 
Substituting iequation i(11) iin ito iequation i(9) i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i(12) i 
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Constructing ithe idisplacement ifunction idirectly iin iterms iof ithe 

inodal iparameters ione iobtains: i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i(13) i 

Where i[N] iis ia ishape ifunction iwritten ias ifunction iof iboth i(x, iy) 

iand igiven iby: i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i(14)  

The ivarious icomponents iof istrain ican ibe iobtained iby 

iappropriate idifferentiation iof ithe idisplacement ifunction. iThus: i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i(15) i 

Where i is iderived iby idifferentiating iappropriately ithe 

ielements iof i[N] iwith irespect ito ix iand iy. iThe istresses i{σ} iin ia 

ilinearly ielastic ielement iare igiven iby ithe iproduct iof ithe istrain 

iand ia isymmetrical ielasticity imatrix i[D]. iThus: i 

{σ}= i[D]{ε} ior i{σ} i= i[D][B]{d} i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i(16) iThe ielasticity imatrix i[D] iin icase iof iisotropic 

imaterials, ifor iplane istress i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(17) i 

And ifor iplane istrain icase i 

[D] i= i

 

The istiffness iand ithe iconsistent iload imatrices iof ian 

ielement ican ibe iobtained iusing ithe iprinciple iof 

iminimum itotal ipotential ienergy. iThe ipotential ienergy 

iof ithe iexternal iload iin ithe ideformed iconfiguration iof 

ithe ielement iis iwritten ias: i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(19) i 

In iequation i(19), i  irepresents iconcentrated iloads iat 

inodes iand i{q} ithe idistributed iloads iper iunit iarea. 

iSubstituting ifor i  ifrom iequation i(19) ione iobtains: i 

 i i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i(20) i 

Note ithat ithe iintegral iis itaken iover ithe iarea ia iof ithe ielement. 

iThe istrain ienergy iof ithe ielement iintegrated iover ithe ientire 

ivolume, iv, iis igiven ias ifollows. iSubstituting ifor i  iand i  

ifrom iequations i(15) iand i(16) irespectively. i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i i i(21) i i i i i i 

The itotal ipotential ienergy iof ithe ielement iis i i 

 i iOr i i i 

 

i i i i i i i i i(22) i 

Using ithe iprinciple iof iminimum itotal ipotential ienergy, iwe 

iobtain: i 

 i i 

Or , iWhere: i[K] i=  i i i i i i i i i i i i i i i 

i i i i i i i i i i i i i i i i i i i i i(23) iCoordinate itransformation i i 

= ix i(s, it) i i i i is i= is i(x, iy) i 

= iy i(s, it) i i i it i= it i(x, iy) i i 

Jacobian imatrix i i 

[J]= 

Where, i  

 

 

 

 

 

 

 i 
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i i 

 

i i 

 

i i 

Addition iof ithese ielement imatrices iin iaccordance iwith 

ithe inodal inumbering iof ieach ielement iyields ithe 

istiffness imatrix ifor ithe ientire istructure i[K]. i 

3.14 iSCOPE iAND iLIMITATIONS iOF iTHE iMODEL i 

This ithesis iwork ifocused ion ithe ianalysis iof ireinforced 

iconcrete ipier icaps. iThe ianalysis iwas icarried iout iusing 

ifinite ielement isoftware iABAQUS iwith iits 

iimplemented ifeatures isuch ias ithe imaterial imodels ifor 

isteel iand iconcrete. iThe ipurpose iof ithis istudy iwas ito 

istudy ithe ibehavior iof ihammerhead ibridge ipier icaps 

iand ito idevelop ia ibetter iunderstanding iways iof 

idesigning ithese iimportant imembers. iThis isignificant 

iperception ileads ito icreating ia igood iawareness iin 

ipreparing isuitable ipractical iguidelines ifor idesigning 

iand isimple ianalysis iof ipier icaps. iModeling 

idiscontinuous iregions iin iexact iway iis inot ian ieasy itask; 

iso ithat isimplifications iare irequired ibut isuch 

isimplifications imust inot iaffect ithe iresults ifrom ithe 

isimulation. iThe imost iimportant ilimitation iis ithat ithe 

iconcrete iis imodeled ias ia ilinear ielastic imaterial, iwhich 

imeans ithat iredistribution iof istress idue ito icracks iin ithe 

iconcrete iis inot iconsidered iin ithe imodel. iThe iother 

iimportant iassumption iin ifinite ielement ianalysis iwas 

ithat ithe imaterial iis iisotropic iand ihomogeneous. i i 

3.15 iDATA iPRESENTATION iAND iANALYSIS i 

Analysis iresults iobtained iusing istrut iand itie imodel iand 

ifinite ielement ianalysis iwere icompared ito ieach iother 

iand ipresented igraphically. iThe ifollowing iout iputs 

iwere ipresented iin ithis ithesis iwork. i 

❖ The ieffect iof ichange iin imaterial istrength ion ithe 

iresponse iof ipier icaps i 

❖ The ivariation iof ishear iwith ichange iin ishear ispan 

ito idepth iratio i 

❖ The ieffect iof ichanging ilongitudinal ireinforcement 

iratio ion ithe ibehavior iof ipier icaps i 

❖ The idifferences ibetween ianalysis iresults iusing ithe 

itwo imethods iwere ipresented i 

❖ Finally iconclusions iwere imade iand 

irecommendations ifor ifuture istudies iwere 

iforwarded. i 

4.RESULTS iAND iDISCUSSION i 

AASHTO iLRFD ispecifications irecommend ithe iuse iof 

iSTM ifor ithe idesign iof iDregions i(AASHTO i5.6.3.1) 

iand ipier icaps itend ito ibe icomposed iof ientirely ior 

imostly iD-regions idue ito itheir ilarge idepths iand ithe 

ifrequent iapplication iof iconcentrated iloads ifrom ithe 

igirders ithey isupport. iFigure i4.5 ishows ia ihammerhead 

ipier icap iwith irelatively ilong iand islender icantilevered 

iportions isticking iout ifrom ithe icolumn. iThe 

icompressive istruts iin ithe iSTM imodel igenerally 

irepresent ithe ielastic istress itrajectories iin ithe icap. iTies 

iin ithe imodel iare ithe isolid ilines iwhich iinclude ia iseries 

iof ilongitudinal ities iacross ithe itop iof ithe icap iand 

ivertical ities. iA ibar isize iis iusually iassumed ifor ithe 

ishear ities iand ithe irequired ispacing iis icalculated ifor 

ieach iband. i 

4.1 iPIER iCAP iDESIGN iEXAMPLE i 

The ibridge ipier icap idesigned iin ithis isection iis ifrom 

iAddis iAbaba icity iroads iauthority i(AACRA) 

isupporting ia i40m itwo ilane ibox igirder ibridge. iBridge 

imaterial iproperties iand iloading icalculations iand ithe 

iprocedure ifor ithe istrut iand itie imodeling iof ithe ipier icap 

iis idemonstrated iin ithis isection i 

 

 

 

 

 

 

 

Table i4.1 iMaterial iproperties i 
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Loading icalculations i i 

 

Table i4.2 iDead iloads i 

Point iof iloading i Super 

istructural 

idead iload 

ireaction i 

Reaction ifrom 

iwearing isurface 

i 

From iexterior 

igirders i 

RDCE i= 

i918.18 iKN i 

RDWE i= i79.09 

iKN i 

From iinterior 

igirders i 

RDCI i=818.89 

iKN i 

RDWI i= i97.01 

iKN i 

 
Vehicle ilive iloads iacting ion ithe ibridge ideck iare icarried ithrough 

ithe igirders ionto ithe ibearing isurface iof ithe ipier. iThe itruck ior 

itandem iloads itransferred ito ithe ibearings iwas icalculated iby 

idrawing ithe iinfluence iline iof ithe ireaction iforces ifor ithe i40m 

icontinuous ispan ibridge. i 

 i 

Figure i4.1 iInfluence iline ifor ithe imaximum ireaction ion ithe ipier  i 

The imaximum ireaction ion ithe ipier idue ito itruck iload 

iplus ilane iload iadjusted iby iimportance ifactor iand 

ireaction ifactor iis igiven iin itable ibelow. i 

Table i4.3 ivehicular ilive iloads i 

 i 
Truck 

iload i i 

Lane 

iload i i 

(Truck i+lane)adjusted 

iby iIm i& i 

Rf i 

Exterior 

igirder i i 

313.41 

iKN i 

145.29 

iKN i 

454.197KN i 

Interior 

igirder i i 

313.41 

iKN i 

178.23 

iKN i 

471.89 iKN i 

 i 

Bridge ipier itotal ibearing iloads i i 

The isuper istructural idead iloads, idead iload idue ito 

iwearing isurface iand ivehicular ilive iloads iare icombined 

itogether iusing ithe iload icombination iprovided ion 

iAASHTO iguideline. i 

AASHTO iload ifactors iin iTable i4-4 iwere iused ito 

icalculate ithe itotal ifactored igirder ireactions iacting iat 

ieach ibearing ipoint iof ithe ipier icap. i i 

Table i4.4 iFactored igirder ireactions iacting iat ieach 

ibearing ipoint i 

 i 
Super 

istructure 

idead 

iload(DC) i 

Dead 

iload idue 

ito 

iwearing 

isurface 

i(DW) i 

Vehicular 

ilive 

iload(LL) i 

Total iBearing iload 

i 

=1.25(DC) 

i+1.5(DW) i 

+1.75(LL) i 

Exterior 

igirder i 

918.18 

iKN i 

79.09 iKN 

i 
454.197 

iKN i 

2061.2 iKN i 

Interior 

igirder i i 

818.89 

iKN i 

97.01 iKN 

i 
471.89 

iKN i 

1995 iKN i 

 i 
In iaddition ito ithese ibearing iloads, ithe ipier icap iis 

isubjected ito iits iown iself iweight iand iis iadded ito ithe 

ibearing iloads ifor ithe idesign. iThe iself-weight 

icalculation iis ishown ihere ialong iwith ithe iresulting 

iforce idistribution ialong ithe ipier icap. i i 

Force ifrom iself-weight i= i(width) ix i(height) ix i(unit 

iweight iof iconcrete) ix i(load ifactor) i 

 i 

Figure i4.2 iBridge ipier icap iself-weight i 

The iself-weight iof ithe ipier icap iis iapplied ias iresultant 

iforces iacting ion ithe ifour ibearing ipoints ias ishown iin 

iTable i4.5. iThese iforces iare iadded ito ithe iapplied iloads 

ifrom ithe igirders iTable i4.4. iFigure i4-3 ishows ithe ifinal 

Material iproperties i i Values i i 

Concrete igrade i i C-30, ifck=25Mpa, iѵ i= i0.2 i 

Concrete idensity i i 24 iKN/m3
 i 

Steel ireinforcement i i S-400, iѵ i=0.3 i, iE i= i200Gpa i 
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iloading ithat iis iused ifor ithe iSTM idesign. iTable i4.5 

iSelf-Weight iResultant iForces i 

Bearing i 1 i 2 i 3 i 4 i 

Force iin 

iKN i 

85.69 i 168.26 i 168.26 i 85.69 i 

 i 

 

i 

 iFigure i4.3 iPier icap ifinal iloading i 

AASHTO iSTM iDesign i 

1. Delineate iD-regions ifrom iB-regions i 

The ientire ipier icap iis iconsidered ito ibe iin ithe iD-region 

isince ithe ismallest ibeam idepth idimension iis i0.975m. 

iAnd ithe idistance ibetween ithe ibearing iconcentrated 

iloads iis i2.05, iwhich iis ialmost iclose ito i2(d) i= i1.95m. 

iEven iif ipart iof ithe icap iwere ito ibe iconsidered ias ia iB-

region, iit iwould istill ibe ireasonable ito ido ithe ientire 

idesign iwith iSTM. i 

2. Determine ithe iBoundary iConditions ion ithe iD-

region i 

To igeneralize ithe ipier icap ias ia itruss, ithe icolumn iunder 

iit iis iconsidered ias itwo icompressive istruts. iThese istruts 

iare iresisted iby itwo isupports ito iprevent idisplacement iin 

ithe iy-direction ionly. i i 

3. Visualize/ isketch ithe iflow iof istresses i 

Plots iof iprincipal icompressive iand itensile istress ivectors 

iaided ithe idevelopment iof ia istrut-andtie imodel. i 

 

i 

Figure i4.4 istress idistribution icontour i 

4. Develop ia iSTM ithat iis icompatible iwith ithe iflow iof 

iforces. i 

The imodel iused ishould irealistically irepresent ithe 

idistribution iof istresses ifrom ifigure i4.4. iThe iwidth iof 

ithe icolumn istruts iare icalculated ibased ion ithe 

ipercentage iof ithe iload ithey icarry ito itotal iload iin ithe 

icolumn. iAnd ithen ithese istrut idimensions iare iused iin 

ithe icreation iof ithe itruss imodel. i 

Column istrut iwidth i= i

 i i i i i i i i

 i 

 i 

 i 

i 

Figure i4.5 iStrut iand itie imodel i 

Dimensioning ithe itruss imodel i 

It iwas iassumed ithat ithe ihorizontal itie ispanning ithe itop 

iof ithe ipier icap ishould ibe iplaced iat i0.15m i(150mm) 

ifrom ithe itop iedge iof ithe icap. iThis iaccounts i(50mm 

icover i+shear ities i+ itwo ilayers iof ilongitudinal ities) ithat 

iis iexpected ibased ion isectional ianalysis i i 

Depth iof ipier icap iD i= i1.95m iEffective idepth id=D-

cover-24(stirrup)-32(bar)-20(half ibar ispacing) i= i1950 

i-(50+24+32+20)=1824mm i

 

i i 
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i i 

 

i i 

Solving ifor  i i i

 i 

Therefore ithe iline irepresenting ithe icenterline iof ithe 

ibottom istruts iwill ibe iplaced iat i125mm ifrom ithe 

ibottom iedge iof ithe ipier icap. i i 

5. Calculate iforces iin istruts iand ities. i 

Since ithe imodel igeometry ican ieasily ibe ichanged iand 

imember iforces irecalculated iif inecessary iExcel 

itemplates iwas iused ito icompute ithe iforces iin itruss 

imembers. iHowever, iit iis ialso ia igood iidea ito icheck 

isome iof ithe imembers iby ihand icalculations ito iverify 

ithat ithe imodel iis iset iup iproperly. iAll imember iforces 

iare ishown iin iTable i4.6. i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

 iTable i4.6 iStrut iand itie imember iforces i 

Members i Forces 

i(KN) i 

Type i 

AB i& iKL i 1866.359 i Tension i 

AD i& iLJ i -2844.8 i Compression i 

BD i& iKJ i 1646.911 i Tension i 

BC i& iGK i 3019.538 i Tension i 

DE i& iIJ i -1932.2 i Compression i 

BE i& iKI i -2010.51 i Compression i 

CE i& iGI i 1337.917 i Tension i 

CF i& iHG i -3750.31 i Compression i 

EF i& iHI i -3126.06 i Compression i 

FH i -4363.53 i Compression i 

CG i 4363.529 i Tension i 

 

Size ithe iarea iof ities. i 

For ities iAB iand iKL i 

The ifactored iresistance iof istruts iand ities ishall ibe itaken ias 

ithat iof iaxially iloaded icomponents i i 

 

i i 

Where i  inominal iresistance iof istruts ior ities i(N) i 

 i i i i i i i i i i i  iResistance ifactor ifor itension ior 

icompression ispecified iin iArticle i5.5.4.2 i 

 i i i i i i i i i i For itension iin ireinforced iconcrete i i 

 i i i i i i i i i i  iFor icompression iin istrut iand itie imodels i 

i 

 iAssume i i  i 

 i i 

 i i 

Using i with i

 i 

 

i i 

 i i 

For ities iBC i& iGK i 

 i i 

 

i i 

 i i 

For itie iCG i 

 i i 

 

i i i 

 i i 

Check ithe iassumed ilocation iof ithe itie icentroid ifor itwo 

irows iof ibars i50(clear icover) i+ i24(dia. iof istirrup) i+ 

i32(dia. iof ibar) i+ i20(half iof ibar ispacing) i= i50 i+ i24 i+ 

i32 i+ i20 i= i126mm i< i150mm iso ithe iassumed ilocation 

iis iok! iCheck ihorizontal ispacing iof ilongitudinal isteel i 

 

i i 
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 i 

 

i 

Hence ihorizontal ispacing iof i8 ibars iin itwo irows iis iok! i 

Provide iadditional icrack icontrol ireinforcement i 

Shear ireinforcement i(AASTHO i5.6.3.6) iLRFD i2012 i 

Check iminimum ireinforcement i(assume i bars ito iuse) i 

The iminimum ivertical iweb ireinforcement iis igiven iby i 

 

 i 

 

i i 

Use bars i@ i250mm ic/c ivertical iweb 

ireinforcements i 

The iminimum ihorizontal iweb ireinforcement iis igiven 

iby i 

 

i 

 i 

Provide i bars i@ i250mm ic/c ihorizontal iweb 

ireinforcements i 

…ok! i 

7. Check istresses iin ithe inodal izones iand istruts. i 

Strut iFH: i  i 

Since ithere iare ino ities idesigned ito irun ithrough ithese 

istruts i  ican ibe itaken ias izero. i 

 i i 

 

i i 

 

i i 

 i i i i i i i i= 5355.00

 i i i 

 i 

Nodal izone iC iand iG i 

The ibearing ipad iarea iis i550 imm ix i550mm i 

The inodes iare iconsidered ias iC-T-T inodes iwith i  i 

Therefore, ithe ilimiting icompressive istress iin ithe iconcrete inodal 

izone iis itaken ias i i 

12.19

2163.3  i i 

 i i 
Strut iCF i 

 

Figure i4.6 iNode iC i 

 
The iangle ibetween ithe istrut iand ithe iadjoining itie iis i69 i 

Width iof istrut iCF i= i

620.9796  i 

Force iin istrut iCF i= i3750.311 iKN i 

 i i 

The istrains iin ithe itie i(  ican ibe itaken ias ithe iaverage iof ithe 

istrains iin itie iBC iand iCG iTie iBC i 

 i i 

 iin itie iBC i=  i 

Tie iCG i 

 i i 

 iin itie iCG i=  i 

Average istrain iin ities iBC i& iCG i = i0.00189 i 

 
i i 
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 i 

 

i i 

45175.5  i i 

10699.93  i i 

Nodal izone iA iand iL i 

Considered ias iC-C-T inode, i and i 2147  i 

14.06  i i 

 i i 

Strut iAD i 

 

i 

Figure i4.7 iNode iA i i 

 
The iangle ibetween ithe istrut iand ithe iadjoining itie iis i49 i 

Width iof istrut iAD i= i

 

i  iForce iin istrut iAD i= i2844.8KN i 

Tie iAB i 

 i i 

 iin itie iAB i=  i 

 
i i 

0.73428  i 

 
i i 

7998.09  i i 

9. iProvide iadequate ianchorage ifor isteel itie ireinforcement i 

According ito iAASTHO iLRFD i5.11.2.4, ifor ilongitudinal isteel, 

ianchorage iwill ibe iprovided iby i90 ihooks. i 

ithe ihook ishould ibe iat ileast i12 = The ilength iof 

i12*32= i384mm i 

Provide i400mm idevelopment ilength iand ia ifillet iradius 

iof i4 = i4*32 i= i128mm i 

 i 

Figure i4.8 iDetail iof ithe iPier iCap i 

Check ifor iminimum itransverse ireinforcement i i  i 

A iminimum iamount iof itransverse ireinforcement iis 

irequired ito irestrain ithe igrowth iof idiagonal icracking 

iand ito iincrease ithe iductility iof ithe isection. ia ilarger 

iamount iof itransverse ireinforcement iis irequired ito 

icontrol icracking ias ithe iconcrete istrength iis iincreased. i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i 

iAASHTO i5.8.2.5 i 

 i i i i i i iWhere is- ispacing iof itransverse ireinforcement 

i(mm) i 

 i i i i i i i i i i i i i i i i i Area iof itransverse ireinforcement 

iwith iin ithe idistance„s‟ i(mm) i i i i i i i i i i i i i i i i Yield 

istrength iof itransverse ireinforcement i 

 i i i i i i i i i i i i i i i Width iof iweb iadjusted ifor ithe ipresence 

iof iducts ias ispecified iin i i 

 i i i i i i i i i i i i i iArticle i5.8.2.9(mm) i 

 
i i 
Check ifor imaximum ispacing iof itransverse ireinforcement 

i(AASTHO i5.8.2.7) i 

The ishear istress ion ithe iconcrete ishall ibe idetermined ias i 

 i i  iWhere i  iis 

ithe ilarger iof i0.9d ior i0.72h i 

 

i i i i i i i i i i i i i i i iOk! i 

 
i 
Sections ithat iare ihighly istressed iin ishear irequire imore iclosely 

ispaced ireinforcement ito iprovide icrack icontrol. iHence ithe 

imaximum ispacing ipermitted iis i600mm. i 

Nominal ishear iresistance iof ithe isections i(  ibe idetermined ias 

ithe ilesser iof i i 

 i i i i i i i i iWhere i  i i i i i

i i  i 
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 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i

 i 
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i

 i 
Since ithe ireinforcement iprovided iis igreater ithan ithe iminimum 

iamount iof ireinforcement irequired i(AASTHO) ithe ifollowing 

ivalues imay ibe iused ifor i  i 

i.e. i  i 

 
i i 

5089.38 iKN i 

 i i 

 
i i 
The ishear iresistance iof ia ipier icap iwith ishear ispan ito idepth iratio 

i( ) iof i1.5= i6032.6 iKN. i 

Design iusing iconventional iapproach i 

The imaximum imoment ioccurs iat ithe iface ithe icolumn i i 

 

iKN-m i 

 i 
 i i i i i i i i i i i i i i i i i i

 i i 
The imaximum ireinforcement iis ilimited iby ithe iductility 

irequirement iwhich iis igiven iby i 

AASHTO iart. i5.7.3.31 i 

For i  ishall ibe ireduced iat ia irate iof i0.05 ifor 

ieach iof ithe i7 iMpa iof i 

strength iin iexcess iof i28 iMpa iexcept ithat i i  ishall inot ibe itaken 

ito ibe iless ithan i0.65. i 

 iwhere i

 i i 

In ithis icase i  i 

 i 

 i i i i i 
 i i i i

 
i i 

 
i i 
Therefore i  

i 

 
i 

 i i i i i i i i i i i i i i i i 

i iOk! i 

 
i i 

Provide i  i 

 
i i 

 i i 
Spacing i=

 
i i 

Provide i14 i  i 

The idifference iof iflexural ireinforcement iarea irequired iusing 

iSTM imethod iand isectional idesign iapproach iis i14.3% i 

4.2 iVALIDATION iOF iFINITE iELEMENT iMODEL i 

Verification iand ivalidation iof iFE icodes iis inecessary 

ibefore ithe iFE icode iis iused ifor ianalysis iand isimulation 

ifor iany itopics iof iinterest. iThis iis ito iimpart igreater 

iconfidence iin ithe iFE icodes iused iand ithe iresults 

iobtained. i i 

Validation ion ithe iother ihand iattempts ito iassess ithe 

iaccuracy iof ithe icomputational isolution ito ithe ireal 

iworld ior iexperimental idata. iThere iis ino ireason ito 

ibelieve ithat ithe iexperimental idata iwill ibe imore 

iaccurate ithan ithe icomputational isolution ibut ionly ithat 

ithe iexperimental idata iis ithe iclosest ibenchmarks ifor 

ivalidation. i 

The iexperimental iand inumerical iload-deflection icurve 

ifor ithe ipier icap iis ishown iin iFig. i4.10. iIt ishows ithat ithe 

iFEM imodel ipredicts ithe iload-deflection icurve ifor ipier 

icap ito ibe islightly istiffer icompared ito ithe iexperimental 

iresults.. iThe iexperimental iloaddeflection icurve ishows 

ithat ithe ipier icap iwas ifailed iat ian iultimate iload iof 

i2912.5 iKN. iThe isame iload iand igeometry iis iused ifor 

ifinite ielement isimulation. iIt iwas ifound ithat ithe 

imaximum ideflection iat ifailure iwas i6.98% ihigher iin 

ithe iFEM imodel i(15.9 imm) icompared ito ithe 

iexperimental iresults i(14.79 imm). i i 

As ishown ifrom iFigure i4.9, ithe ipier icap iwas iloaded ion 

ithe itop iand itwo isupports iform ithe ibottom. iIdentical 

iloading, igeometry iand iboundary iconditions iwere iused 

iin ithe ifinite ielement imodel iassuming ithe isupport 

iplates ias ia irigid ibody. i 

 

i i 
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Figure i4.9 iExperimental iset iup ivs. iFinite ielement 

imodel i 

The idifference iin ithe iFEM iand ithe iexperimental iresults 

icould ibe idue ito ithe iperfect ibond iassumption ibetween 

iconcrete iand isteel iin iaddition ito ithe iuncertainty 

iinvolved iin ithe iactual imaterial istrength. i 

 

Figure i4.10 iComparison iof iload ivs. idisplacement 

icurve iusing iExperiment iand iFEM. i 

 iIn igeneral, ithe iload-deflection icurve ifrom ithe 

iexperiment iand ithe iFEM ianalysis iwere iin igood 

iagreement. iThis iindicates ithat ithe iconstitutive imodels 

iused ifor iconcrete iand isteel iare iable ito icapture ithe 

ibehavior iof ipier icap iaccurately. i 

Modeling iof ithe ipier icap iwas iundertaken ias iillustrated 

iin ichapter ithree. iAfter ipreparing ithe imodel ithat idepicts 

ithe ipier icaps iproperty, imeshing iof ithe ielements iwas 

iundertaken iand istatic ianalysis iwas iconducted. iThe 

imaterial iproperties iused ifor ithe imodel iwere idescribed 

iin ichapter ithree. i 

This isection ipresents ithe iresults iobtained ifrom ithe 

iparametric istudy. iBy iexamining ithe ieffects iof idifferent 

iparameters ion ithe imodel, ia ibetter iunderstanding iof 

ihow ieach icomponent iof ithe imodel icontributes ito ithe 

isystem icould ibe ifound. iThe igeometric ifeatures 

iconsidered iin ithis istudy iare ithe ishear ispan iand 

ieffective idepth iof ithe ipier icap. iChange iin iconcrete 

istrength iand ireinforcement iratio ialso iconsidered iin 

ithis istudy. iIn iorder ito iverify ithe iresult iof ifinite ielement 

imodel, ithe ipier icaps iwere ireanalyzed iby ia istrut iand itie 

imodel. iABAQUS igeneral ipurpose ifinite ielement 

isoftware ihas ibeen iused ifor iparametric istudy. iAfter 

iseveral itrials ithe imesh ipassed iall ithe iquality itests iand 

ithe ianalysis iis idone, iABAQUS ichecks iwhether iany 

ibadly ishaped ielements iexist. iThere iwere ino isuch 

iwarning imessages iin ithe ianalysis iprogress iwindow ior 

iin ithe istandard ioutput ifile, iso iit‟s ipossible ito iinspect 

iand iaccept ithe ianalysis iresults. iThe iresults iobtained 

iwere ipresented iin ithe inext isections. i 

4.3 iEFFECT iOF iCHANGE iIN iCONCRETE iSTRENGTH i i i 

This ipart iof ianalysis iconcentrates ion ihow ichange iin 

iconcrete istrength iaffects ithe iperformance iof ipier icaps. 

iThe ioutput iof ithis ianalysis iwas ipresented ifor ieach ipier 

icaps ifor ivarying iconcrete istrength ias ifollows. i 

 

i 

Figure i4.11 iload ivs. idisplacement igraph ifor idifferent 

iconcrete istrength i 

As ithe iconcrete istrength iincreases, ithe idisplacement 

idecreased iin ipier icaps iof ithree idimensional imodels 

isubjected ito iconcentrated ibearing iload. iIt ican ibe 

iunderstood ithat iimproving ithe iconcrete igrade 

iincreases ithe icaring icapacity iof ipier icaps iin iterms iof 

iminimizing ideflection. i i 

 

Figure i4.12 iMaximum iprincipal istresses iwith ivariable 

iconcrete istrength i 

As ishown ifrom iFigure i4.12, ifor iidentical ishear ispan ito 

ieffective idepth iratio ithe istresses iwere imaximum ifor ia 

ilesser iconcrete igrade iand iit iincreases ias ithe ishear 

ispan ito ieffective idepth iratio iincreases, ithis imeans ithat 

ia ipier icap iwith iminimum iconcrete igrade iand ihigher 

ishear ispan ito ieffective idepth iratio iexperiences 

imaximum istress iand idisplacement. iAs iconcrete 

istrength ivaries ifrom iC-25 ito iC-45, iboth ithe 

idisplacement iresultant iand ithe imaximum iprincipal 
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istress iwere idecreased. iThere iwere i49.6% iand i28.2% 

idecrease iin idisplacement iresultant iand ithe imaximum 

iprincipal istress irespectively i i 

Effect iof iChange iin iConcrete iStrength iUsing iStrut iand iTie 

iModel i 

For ipier icaps iwith idifferent ishear ispan ito idepth iratio ithe 

ishear icapacities iare ipredicted ias ishown iin ifigure 

ibelow ifor idifferent iconcrete igrades. i 

 

Figure i4.13 iEffect iof iconcrete icube istrength ion ishear 

icapacity iof ipier icaps iusing iSTM imethod i 

It ishows ithat ias ithe ishear ispan ito ieffective idepth iratio 

iof ia ipier icap iincreases ithe ishear icapacity idecreases. 

iOn ithe iother ihand ishear icapacity iof ipier icaps iincrease 

ias ithe iconcrete igrade iincreases ifrom iC-25 ito iC-45. i 

4.4 iEFFECT iOF iCHANGE iIN iGEOMETRY i(  

iRATIO) iON iTHE iBEHAVIOR iOF iPIER iCAPS i i 

This ipart iof ianalysis iconcentrates ion ihow ichange iin 

igeometry iaffects ithe iperformance iof ipier icaps. iThe 

ilength iand iwidth iof ithe ipier icaps iare ikept iconstant iand 

ithe idepth ior ithe ishear ispan ito ieffective idepth iratio iwas 

iselected ito ibe ivaried ifor ithe iparametric istudy. iThe 

ioutput iof ianalysis ifor ieach ipier icaps iwith idifferent 

ishear ispan ito idepth iratios iare ipresented ias ifollows. i 

 

i 

Figure i4.14 iLoad ivs. idisplacement ifor idifferent ishear 

ispan ito idepth iratios i 

It ican ibe iunderstood ifrom iFigure i4.14 ithat ias ithe ishear 

ispan ito ieffective idepth iratio iincreases, ithe 

idisplacement iresultant iincreased ifrom i0.84mm ito 

i12.87mm. iTherefore ifrom ithe iconcept iof iFigure i4.11, 

iusing ihigher iconcrete igrades ifor ipier icaps iwith ihigher 

ishear ispan ito idepth iratio ican ilimit ithe imaximum 

ideflection iand ithe imaximum iprincipal istresses ithat 

ioccur iwithin ithe ipier icaps. iSimilarly iusing ihigher 

iconcrete igrades ifor ipier icaps iwith ismaller ishear ispan 

ito ieffective idepth iratio iincreases ithe ishear icapacity iof 

ipier icaps. i 

 

Figure i4.15 iReinforcement ilay iout iin ithe ipier icap i 

 

 iFigure i4.16 iEffect iof ia/d iratio ion ishear icapacity iof 

ipier icaps iusing iSTM imethod iIt ican ibe iinterprated ifrom 

ithe igraph ithat ias iconcrete istrength iincreases ithe ishear 

istrength ialso iincreases iwhere ias ithe ishear icapacity iof 

ipier icaps idecrease ias ithe ishear ispan ito ieffective idepth 

iratio iincreases. i 

4.5 iCOMPARISON iOF iSTM iAND iFEM i i 

In ithis ipart iof ianalysis, ithe istudy ifocuses ion ihow ithe 

ifinite ielement imethod ivaries ifrom ithe istrut iand itie 

imodel iin ithe ibehavior iof ipier icaps iwith irespect ito 

idifferent ishear ispan ito ieffective idepth iratio. iFor iall ithe 

ianalyses iconducted iin ithis isection iof iparametric istudy, 

ithe igeometry iof ipier icap, imaterial igrade iand iloading 

icondition iare ikept ithe isame. i 
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Figure i4.17 iMaximum iprincipal istresses iwith idifferent 

ianalyzing imethod i 

The iresult iof ia ifinite ielement imethod iof ianalyzing ipier 

icaps iwas icompared iwith ithe istrut iand itie imodel. iThe 

imaximum icompressive iprincipal istress iwith irespect ito 

ia ishear ispan ito ieffective idepth iratio ifor ithe ifinite 

ielement imodel iand istrut iand itie imodel iwere ipresented 

igraphically. iThe iresult ishows ithat ithere iwas ia 

imaximum ivariation iof i 

14.45% idecrease iin imaximum icompressive iprincipal 

istress iin iSTM ias icompared ito iFEM. i 

 

Figure i4.18 iMaximum ishears ivs. ishear ispan ito idepth 

iratio iby ivarying imethod iof ianalysis i 

From ithe igraph, iit ican ibe iseen ithat iSTM iis isuccessful 

iin ipredicting ithe ishear istrength iof ipier icaps. iHence 

ithis imethod ican ibe isuccessfully iused ito ipredict ithe 

ishear istrength ibehavior iespecially iwith irespect ito 

ishear ispan ito idepth iratio i(a/d) iof ipier icaps. i 

4.6 iEFFECT iOF iCHANGE iIN iREINFORCEMENT 

iRATIO i 

In ithis ipart iof ianalysis, ithe ipaper iconcentrates ion ihow 

ichange iin ireinforcement iratio iaffects ithe iperformance 

iof ipier icaps. iFor iall ithe ianalyses iconducted iin ithis 

isection iof iparametric istudy, ithe iloading, imaterial 

igrades, imodeling itype, ithe idepth iand iwidth iof ipier 

icaps iwere ikept ithe isame. iThe iresults iof ithis ianalysis 

iwere ipresented ifor ieach ipier icaps ifor ivarying 

ireinforcement iratio ias ifollows. i 

Table i4.7 iSummary iof ianalysis iresults iwith idifferent 

ireinforcement iratio. i 

Reinforcement 

i 

 ratio, i  

i 

Displacement 

iresultant i(mm) i 

Maximum 

iprincipal 

istress,(Mpa) i 

0.40 i 6.652 i 336.8 i 

0.45 i 6.189 i 287.3 i 

0.60 i 4.243 i 240.4 i 

 i 

 i 

Figure i4.19 iLoad ivs. idisplacement igraph ifor idifferent 

ireinforcement iratios i 

From ithe iresults itabulated iabove, ias ithe ireinforcement 

iratio iincreases, iboth ithe idisplacement iresultants iand 

ithe imaximum iprincipal istress idecreases. iSimilarly iit 

ican ibe iunderstood ifrom ithe igraph ithat ia ipier icap iwith 

ismall ireinforcement iratio iexperiences ilarger 

idisplacement. i 

5.CONCLUSION iAND iRECOMMENDATION i 

5.1 iCONCLUSIONS i 

The iconclusions idrawn ifrom ithis iresearch iare 

isummarized ias ifollows. i 

1. As ithe iconcrete istrength iincreases, iboth ithe 

idisplacement iand imaximum iprincipal istress 

idecreased iin ipier icaps iof ithree idimensional 

imodels isubjected ito iconcentrated ibearing 

iloads. iOn ithe iother ihand ithe ishear icapacity iof 

ipier icaps iincrease ias ithe iconcrete istrength 

iincreases. iThere iwere i49.6% iand i28.2% 

idecrease iin idisplacement iresultant iand ithe 

imaximum iprincipal istress i 

respectively. i 

2. The idisplacement iresultant iincreased ifrom 

i0.84mm ito i12.87mm ias ithe ishear ispan ito 

ieffective idepth iratio iincreases ifrom i1 ito i2.5. 

iHowever ithe ishear icapacity iof ithe ipier icap 

idecreased iwith iincrease iin ishear ispan ito 

ieffective idepth iratio. i i 

3. The icompressive iprincipal istress iusing ia istrut 

iand itie imodel iwas ilower ithan ifinite ielement 

imethod iby i14.45%. iBut ithe iprediction iof 
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 i 

ishear istrength iusing ifinite ielement imethod iis 

ilower ithan ithat iof istrut iand itie imodel. i 

4. As ithe ilongitudinal ireinforcement iratio 

iincrease, iboth ithe idisplacement iresultants iand 

ithe imaximum iprincipal istress idecreases iby 

i36.2% iand i28.62% irespectively. i 

5. It iwas iobserved ithat ithe ichange iin isteel igrade 

ihas ino isignificant ieffect ion ithe ibehavior iof 

ipier icaps. i 

6. The iflexural ireinforcement iarea irequired 

iusing iSTM imethod iis igreater ithan ithat iof 

isectional idesign iapproach iby i14.3%. i 

5.2 iRECOMMENDATION i 

1) Since ithere iis ino iunique istrut iand itie imodel 

ifor ia ipier icap ithe idesigners ican iuse iany 

ipattern iof istrut iand itie imembers ias iper ithere 

iinterest iand iexperience ihaving iin imind ithat 

ithe istress ilimits iin ithe istruts iand inodal izones 

iare isatisfied. iTherefore iin iorder ito iget ithe 

ioptimal istrut iand itie imodel iamong idifferent 

ioptions, ithe idesigner ican iperform itopology 

ioptimization itechnique iby igradually 

iremoving iinefficient imaterial ifrom ia 

istructure. i 

2) As ia ispecial iconcrete istructure, ithere iis ino 

idefined iset iof ilaws ifor idesigning ipier icaps iin 

icurrent iEthiopian icodes iexcept ia ilittle 

iguidance iin iusing istrut iand itie imodels 

iprovided ion iEBCS i2. iThe icode ilacks 

iextensive icoverage iof iSTM idesign 

iprocedures ias ia iresult iit iis idifficult ito ido ia 

icomprehensive iparametric istudy. iProviding 

iclarification ion iSTM iin iEBCS i2 iwill ibe ivery 

iimportant. iSo ithat ifinite ielement imethod 

igives ithrough iinsight ifor idifferent iparameters 

iwhich iaffects ithe ibehavior iof ireinforced 

iconcrete ipier icaps. i 

3) The ipresent istudy ifocuses ion ia inumerical iand 

ianalytical imethod iof ianalyzing ipier icaps. 

iDoing iexperimental iinvestigation iand 

icomparing ithe iresult iwith ifinite ielement 

imethod ican ibe itaken iup ias ian iarea iof ifurther 

iwork. i 
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