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ABSTRACT 

Like most countries, major infrastructure construction in Pakistan is done using 

concrete as a building material due to its various positive aspects such as high 

compressive strength, durability and stability. To improve tensile strength of 

concrete, extensive reinforcement is provided. A better proposed solution for 

enhancing structural performance compared to conventional reinforcing techniques 

is Engineered Cementitious Composite (ECC). ECC is a composite of fibers, 

cement, fine sand and water. Other admixtures such as super plasticizer and 

Supplementary Cementitious Materials (SCMs) can also be used. Due to absence 

of coarse aggregate and presence of randomly oriented fibers, ECC shows ductile 

behavior. Hence, ECC can be used to improve structural performance. 

Polyvinyl-Alcohol fibers are most commonly used in the production of 

ECC. Due to the high cost of these PVA fibers, ECC is an uneconomical for use on 

an industrial scale. Furthermore, ECC requires more cement per unit volume due to 

absence of aggregate, which further increases the cost.  

 In order to reduce the cost, the materials used in ECC were replaced with 

locally available cheaper materials. Instead of PVA fibers, a low modulus locally 

available fiber was used, and cement was partly replaced with a supplementary 

cementitious material(SCM) that was cheaper than cement. For this purpose, six 

mix variations were cast. Two out of these six variations were of mortar, containing 

no fibers and varying fly ash content at 0% and 60%. The remaining four were 

ECC variations, all having fiber content at 2% by volume and varying amount of 

fly ash content at 0%, 60%, 90% and 120%. In order to study the mechanical 

properties of these variations, cubes measuring 100mm x 100mm x 100mm, 

cylinders measuring 100mm x 200mm (diameter x height) and prisms measuring 

250mm x 100mm x 25mm (length x width x depth) were cast and cured underwater 

for 7, 14 and 28 days. For testing, these samples were taken out, air dried and used 

for conducting compressive strength, tensile strength and flexural strength tests. 

 PVA-ECC has compressive, tensile and flexural strengths in range of 30-90 

MPa, 4-12 MPa and 10-15 MPa, whereas Nylon-66 ECC gave these properties in 

the range of 43.9 - 50.1 MPa, 3.63 - 4.28 MPa and 4.32 - 11.52 MPa respectively. 
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This clearly shows that ECC produced with nylon 66 fiber having 12mm length 

and 150µm diameter shows comparable mechanical properties to that of PVA-

ECC.  Furthermore, the prism samples tested under the three-point bend test 

showed strain hardening behavior which was absent in the mortar samples. Nylon 

66 ECC was found to be 65.5% cheaper than PVA-ECC without the addition of fly 

ash which reduces cost by 1.73% for each 10% increment but also takes a toll on 

the mechanical properties i.e. 60% fly ash increment causes a 20% decrease in 

flexural strength, 8% decrease in tensile strength and 3% decrease in compressive 

strength. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 General 

As iwe iknow iconventional iconcrete iis istrong iin icompression ibut iweak iin 

itension. iTo iincrease iits itensile icapacity, iit iis ireinforced iwith isteel ibars iwhich iarrests 

itensile icrack ipropagation ias iwell ias iprevents ian iabrupt ifailure. iSteel iis iused ifor 

ireinforcement ibecause iit iis istrong iin itension ibut iextensive isteel ireinforcement iof 

iconcrete ientails isignificant iexpense iand ilabor. 

Concrete ihas ia iwide irange iof iuses ibut iit ihas isome idraw ibacks. iFirstly, ithe 

itensile istrength iof iconcrete iis ialmost iten ipercent iof iits icompressive istrength. iAlso, 

ithe itensile istrain icapacity iof iconcrete iis iin ithe irange iof i0.0001 ito i0.0002 iwhich 

imakes iit ia ibrittle imaterial. iThe iweight iof iconcrete iis ialso ivery ihigh. 

A ipotential ialternative ito iextensive isteel ireinforcement, ias ia imethod iof 

ienhancing itensile iand iflexural iload ibearing icapacity, iis iengineered icementitious 

icomposites i(ECCs). 

Engineered iCementitious icomposite iis ia ispecially idesigned icementitious 

icomposite iby iaddition iof ifibers iin ia ilow ivolume ito ienhance iductile iperformance 

iwith ia ilarge iamount iof ienergy idissipation, ihigher itensile istrength iand ireduction iin 

ishear ifailure. iOther iadmixtures isuch ias isuperplasticizers iare ialso iadded ito ireduce 

ithe iwater idemand iin iorder ito iincrease icompressive istrength. iDue ito iaddition iof 

ifibers ithat iare irandomly ioriented iin ithe imix, imicro icracks iare igenerated iwhich ihelp 

iin idispersing ienergy ifrom ione ipoint ion ito ithe iwhole isurface iand ihence iincrease ithe 

ibearing icapacity iin itension iphase. iUnlike inormal iconcrete, ithe istrain icapacity iof 

iECC iis iin ithe irange iof i3 ito i7 ipercent icompared ito ionly i0.1 ipercent ifor iordinary 

iPortland icement ipaste. 

ECC iwas ifirst iformed iat ithe iUniversity iof iMichigan iby iVictor iLi iin i1993 

iwith imoderate itensile istrength iof i4-6 iMPa iwith ivarious irecommended iapplications. 

[1] 
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Figure i1.1: iECC iunder i4-point ibend itest. [1] 

 

1.2 Concept iBehind 

Unlike iFiber iReinforced iConcrete i(FRC), ithese iare imicromechanically 

idesigned icomposites iwhich ifeature ilarge itensile iductility. iECC iis ia ibroad iterm 

iwhich iincludes icomposites idesigned ion inano-, imicro-and imacro- iscales. iCompared 

ito iFRC, ithese imaterials idoes inot iincorporate iaggregates, ihence imuch ivolume iand 

iweight iis ireduced. i 

Research iand idevelopment ihave ibeen idone iin imany iuniversities iincluding 

iUniversity iof iMichigan, iUniversity iof iCalifornia, iIrvine, iDelft iUniversity iof 

iTechnology, iUniversity iof iTokyo, ithe iCzech iTechnical iUniversity, iUniversity iof 

iBritish iColumbia iand iStanford iUniversity. 

Drawbacks iof iconventional iconcrete iincluding ilack iof idurability iand ifailure 

iunder ihigh istrain ivalues icausing ibrittle ibehavior iare ithe idriving iforces ifor 

idevelopment iof iECC. 

 

1.3 Limitations iof iECC 

As ifar ias ihaving iits ibenefits, iECC ihas iits ilimitations ias iwell. iThe itopmost iis iits 

ihigher iinitial icost ias icompared ito iconventional iconcrete ithat imay ilead ito ilesser 
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iinterest itowards iECC. iThis iis iprimarily idue ito iabsence iof iaggregates iand iaddition iof 

ifibers iin iconcrete. iECC imix irequires iskilled ilabor ias iit iis inecessary ito ihave ievenly 

imixed iand irandomly ioriented ifibers iwithin ithe imatrix. iThe imost icommon iissue iis 

ithe iunavailability iof ithe imaterial ifor iECC. iECC ihas ilesser ior icomparable istrength 

ithan iconventional iconcrete ibut iit iis iexpensive. i 

 

1.4 Problem iStatement 

The imaterials iused iin ithe iproduction iof i“conventional” iECC iare inot ieasily 

iavailable iin iPakistan iand iimporting ithose imaterials ifrom ioutside ithe icountry iis itoo 

iexpensive ito ibe ifeasible ion ian iindustrial iscale. iTo idesign ian iECC iwhich ican ibe iused 

iin ithe iPakistani iconstruction iindustry ione ineeds ito iexplore imaterials iavailable iin 

iPakistan ithat ican iadequately ireplace ithe imaterials iused iin iconventional iECC 

iwithout icompromising ithe imechanical iproperties. 

 

1.5 Objective 

ECC iis ia ivast ifield iof imaterials ithat iincorporate ielements ithat iare idifficult ito 

iprocure iand ieach iof ithese ielements ihave itheir ieffect ion ithe isubsequent iproperties iof 

iECC. iFor icommercializing iECC iin iPakistan, ithere iis ia ineed ito iformulate ian 

iapproach ito idesign ia icost ieffective iECC iwhose icomponents ican ibe ieasily iprocured 

iwithin iPakistan. iHence, ithis iProject iaims ito iunderstand imechanical iproperties iof 

iECC iand icomponents iwhich icontrol ithese iproperties. iThis irequires ithe iin-depth 

istudy iof imaterials iand ito imarket isearch ifor ithe icomparable imaterials. iHence, ithis 

istudy iaims ito iachieve ithe ifollowing iobjectives: 

 

 

1.5.1 Design iof iECC 

The istudy iinvolves ifollowing itwo iaspects iin ithe idesign isegment 

1. To idesign iECC iwith ilocally iavailable imaterials ifor iits iproduction ion 

icommercial iscale. 
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2. To icompare imechanical iproperties iof idesigned iECC iwith iconventional 

iECC, iin iorder ito ifollow iInternational istandards. i 

 

1.5.2 Cost iComparison 

Cost ianalysis iof ithe idesigned iECC iwill ibe idone ito iensure ifeasible ieconomic 

iproduction iin iPakistan. iFollowing itwo iparameters iwill ibe iconsidered: 

 To iinvestigate ieffect iof iFly iAsh ivariation iin iECC. iThe iuse iof iFly iAsh ias 

iSCM imay ihelp iin ilowering ithe icost iof iECC. 

 To icheck icost ieffectiveness iof iDesigned iECC ias icompared ito 

iConventional iECC. iThis iwill iexplore ithe ipossible ieconomic ibenefits iof 

ithis idesign ias icompared ito iconventional idesign. i 
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CHAPTER i2 

LITERATURE iREVIEW 

 

2.1 Properties iof iECC 

ECC iexhibits ithe ifollowing imechanical iproperties. 

2.1.1 Tensile iStrength 

High itensile iductility iis ione iof ithe imost iimportant icharacteristics iof iECC 

iwhich iis irepresented iby ia iuniaxial itensile istress-strain icurve. iECC ihas ia istrain 

icapacity ias ihigh ias i5%. iAt ithe iend iof ithe ielastic istage iwhen ithe ifirst imicrocrack 

iappears ion ithe ispecimen ia iyield ipoint ican ibe iseen ishowing ia imetal ilike ibehavior. iIf 

iload iis ifurther iincreased, iit iresults iin ia istrain ihardening iresponse iaccompanied iby ia 

irise iin iload. iAfter ithe ifirst icrack, ithe iload icontinues ito iincrease iwithout ifracture 

ilocalization. iMore iand imore icracks idevelop iresulting iin ithe iinelastic istrain iat 

iincreasing istress. iWhen ione iof ithe imultiple icracks iform ia ifracture iplane ithe isamples 

ifails. iBeyond ithis ipeak iload iECC ishows ia itension isoftening iresponse ijust ilike 

inormal iFRC. iECC ican ioffer istructural iimprovements ibecause iof iits ihigh itensile 

iductility. iThe iformation iof imultiple imicro icracks iis inecessary ito iachieve ihigh 

icomposite itensile iductility. 

The ivalue iof itensile istrength iof iECC ilies ibetween i4-12MPa iwhich iis ihigher 

ithan ithe itensile istrength iof iconcrete iwhich ilies ibetween i2-5MPa. [1] 

The ifigure igiven ibelow icompares ithe iincrease iin itensile istrain iwith ithe itensile 

istresses iand imicrocrack iwidth. iMicro icracks irange ifrom i80-100 imicrometer. 
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Figure i2.1: iComparison iof itensile istrain iwith itensile istress iand imicrocrack iwidth [1] 

The imicro icracks iare iso ismall iand iso imany ithat iit imakes iit ivery ihard ifor 

iaggressive imedia ito ienter iand iattack ireinforcing isteel ias iwell ias ihelping iin ishowing 

iself-healing. iIn ipresence iof iwater ithe iunreacted icement iparticles iexposed idue ito ithe 

icracks ihydrate iand iform ia inumber iof iproducts iwhich ifill iup ithese icracks. iThis iself-

healing inot ionly ifills iup ithe icracks ibut imechanical iproperties iare ialso iregained. 

iAbove ia icertain icrack iwidth ithis iself-healing ibecomes iless ieffective. 

 

2.1.2 Flexural iStrength 

The itensile iductility iof iECC iis ireflected iby iits iflexural iresponse. iIt’s ialso 

iknown ias i“bendable iconcrete” ibecause imultiple imicro icracks iare iformed iat ithe ibase 

iof ithe ispecimen iallowing iit ito iundergo ia ilarge icurvature idevelopment. iFlexural 

istrength iof iECC iusually iranges ifrom i10-15MPa ias icompared ito ithe iflexural istrength 

iof iconcrete iwhich iranges ifrom i4-6MPa. 

Fatigue iresponse iof iECC iis ibetter ithan inormal iconcrete iand iFRC. iFlexural 

ifatigue itests iconducted ion iECC ishow ihigher iductility iand ihigher ifatigue ilife ias 

icompares ito ipolymer icement imortars. 

For ievaluating ithe istrain-hardening iproperties ithe ifour-point ibending itest ican 

ibe iused. iMicro icracks iare iuniformly idistributed iwith ian iaverage ispacing iless ithan 

i1mm. iThis icracking ipattern ialso iindicates ithe ivery igood istrain-hardening iproperties 

iof iECC. 
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Following igraph ishows ithat ideflection iincreases ias ibending istress iincreases 

iup ito ia icertain ilimit. iThe ipicture idemonstrates ithe imode iof ibehavior iof iECC. [1] 

 

 

 (a) (b) 

Figure i2.2: i(a) iRelation iof ibending istress iwith idisplacement iin i4 ipoint ibend itest, 

(b) iECC ibeam ispecimen iunder i4 ipoint ibend itest [1] 

According ito itests iperformed ithe imidspan ideflection iat ifailure iwas i20.5mm. 

iThe ifirst icracking istrength iwas i7.7MPa iand iflexural istrength iwas i14.7MPa iwhich iis 

imuch ihigher ithan ithose iof inormal iconcrete ior imortar. iThe iflexural ibehavior iof iECC 

iis ishown ibelow. 

 

 

Figure i2.3: iRelation iof istress iwith imidspan ideflection iunder i4-point ibend itest i[2] 

2.1.3 Compressive iStrength 

The icompressive istrength iof iECC iis inot ithat imuch idifferent ifrom inormal-

high istrength iconcrete. iECC’s icompressive istrength iusually iranges ifrom i30-90MPa. 
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iDue ito ithe iabsence iof icoarse iaggregate iits ielastic imodulus iwhich iis iaround i20-

25GPa iis itypically ilower ithan iconcrete. iIts icompressive istrain icapacity ihowever iis 

ihigher iat iaround i0.45-0.65%. [1] 

Its ipost ipeak ibehavior idescends imore igently ithan iconcrete iunder icompression. 

iThere iis ia igradual ibulging iof ithe ispecimen iinstead iof ian iexplosive icrushing ifailure. 

 

2.2 Fibers 

The iinductions iof iFibers iin iconcrete ihave ibeen iobserved iin ithe ipast. iThe 

iinitials istudies iwere iconducted iunder ithe itopic iof iFRC ialso ireferred ias ifiber 

ireinforced iconcrete iwhich ihave iuniformly idistributed iand irandomly ioriented ishort 

idiscrete ifibers isuch ias iglass, icarbon, isynthetics, inatural ifibers iand ihybrids ithat 

icombine ieither idifferent ifiber itypes ior ifiber ilengths. i 

By ithe ibeginning iof i1980’s, istudies iwere ibeing icarried iout ifor icreating ifiber 

ireinforced iconcrete iwith ihigh itensile istrength iand iductility iby iusing idiscontinuous 

ifibers iat ihigh idosage iaround i4-20% iin iconcrete, ithese isamples iwere inot ibrittle ibut 

ihad imuch iless iductility ithan itheir icontinuous ifiber iand itextile ireinforced 

icounterparts. iThese imaterials iwere iadded iin ithe icategory iof iECC ihave iproperties iof 

itypical imoderate itensile istrength iof i4-6MPa iand ia ihigher iductility iof i3-5%. i iThe 

iapproach iwas ito icreate ia iproduct ihaving isynergetic iinteraction ibetween ifiber, 

imatrix iand iinterface, icausing ihigher itensile iductility idue ito iclosely ispace iand 

imultiple imicrocracks iwhile iminimizing ifiber icontent i(generally i2%). i 

 

2.2.1 Reason ifor iadding ifibers 

In iECC, ifibers iare iadded ito iresist ithe ihigh ibrittleness iof ithe idensified imatrix 

i(cement iand isand ipaste). iThe icombination icauses ia istrong ibond ibetween ifibers iand 

ithe irest icontents, ihence iresulting iin ipost icracking istrength iwhich ibecomes ieffective 

ionly iwhen ithe istructural iultimate ilimit istate iis iapproached i(more ias ilong ias ihigh 

istrength ifibers iare iused). iThe imechanical iproperties, idurability iand isustainability 

iperformances iinfluences ithe idecision ito iuse iwhich itype iof ifibers, iand itheir 

icharacteristics isuch ihas idiameter, ishape iand isizes ias iwell ias iin icase iof iany 

inecessary ineed ifor isurface icoating iof ifibers. 
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2.2.2 PVA iFibers: 

PVA iFibers i(polyvinyl ialcohol) iare ihigh-performance ireinforcement ifibers 

ifor iconcrete iand imortar. iThe ioptimum iamount iis ifound iout ibe i2% iof ithe itotal 

ivolume. 

Following iare iits iadvantages: 

• PVA-ECC idelivers itensile istrain icapacity iexceeding i3%, ialong iwith itensile 

istrength i> i5 iMPa, iflexural istrength i> i15 iMPa, iand icompressive istrength i> 

i70 iMPa. 

• Resistant ito ioil igrease iand isolvents, 

• With ihigh imelting ipoint iup ito i230C i 

• Close ito iincompressible iwith iPoisson iratio i0.42-0.48. 

• Tests ishowed ithat iwithout iaggregate isamples i5% itensile i 

• Strain icapacity iwas iobserved iprior ito ithe isoftening istage. 

• Help ireduce ishrinkage iand icreep iof ispecimen. 

 

Figure i2.4: iRelation iof ibending istress iwith idisplacement iin i4-point ibend itest [1] 

Following iare idisadvantages iof iusing iPVA ifibers: 

• Not ilocally iavailable i 

• Cost iis ihigh 

• Though iit iis iobserved ithat iPVA ifibers ihave ichemical ireaction iat isome 

iextend iwith ithe iECC icomponents idue ito isurface iaction, ifor ithis ipurpose ithe 
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ifibers iare isurface itreated ibefore imixing ithem iwith ithe irest icomponents iof 

iECC. 

 

2.2.3 Nylon iFibers: 

 i i i i i i i i i i iNylon i66 iis ilow imodulus ifiber, iyet iit iis icheaply iavailable iand ican ibe iused ias ia 

isubstitute ifor iPVA ifibers iin iECC. iExperiments iwere idone ion iECC ireinforced iwith 

iaddition iof iNylon ifibers. i 

 i i i i i i i i i i iFollowing ia iresearch ipaper, i2% iby ivolume iaddition iof inylon i66 ifibers iwas 

idone, iof itwo ilengths i6mm iand i12mm iand iresults iwere icompared ialong iwith 

icomparing iwith icontrolled isample. i[3] 

 

Figure i2.5: iFlexural istress ivs ideflection iin i3 ipoint ibend itest ifor inylon-ECC i[3] 

 

Table i2.1: iThree-point ibending itests iresults ifor iECC ispecimens i[3] 

Fiber itype 

iin iECC 

isamples 

Fiber’s 

ilength 

(mm) 

Strength 

i(Mpa) 

Max 

ideflection i 

(mm) 

Stress iat 

isecond 

iPeak 

(Mpa) 

Deflection 

iat isecond 

ipeak 

(mm) 

Control 

i(w/o ifiber) 

- 6.15 0.46 - - 

Nylon i66 6 6.51 37.13 4.63 2.12 

Nylon i66 12 7.20 76.64 5.10 5.01 
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It iwas iobserved ithat iwith iincrease iin ilength iresulted iin iflexure istrength iand 

i130 itimes ibetter iresults iwere iobtained. iThe isamples iwere itested iin isheet ishapes. 

iPrimarily, iflexure iand itensile iproperty iwere iobserved ito ihave ibetter iresults ithan ithe 

iPortland icement. iSecondary ireinforcement, iresulted iin ithe iplastic ishrinkage icontrol, 

iprevent icrack icreation iand ipropagation iin icement imix. 

 

 

Figure i2.6Flexural itoughness ifor iNylon-ECC iwith ivarying ifiber ilength i[3] 

 

 

 

Figure i2.7: iFailure imode icomparison iin iNylon-ECC iand iPVA-ECC ibeam 

ispecimens [3] 
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2.2.4 Discussion iof iFibers 

From iabove iobservation, iit ican ibe iconcluded ithat iPVA ifibers iare ibetter ito iuse 

ifor iour idesired ipurpose. iYet, ithe iproblem ithat iarises iis iits iavailability iand icost. iIt iis 

iobserved ithat iNylon i66, ishows iapprox. iresults ias ithat iof iPVA i(as ishown iin ifigure 

i2.7), iwhich ican ibe iset ias iour ifirst ipriority ifor itesting. i 

 

2.3 Cement 

Cement iconsists iof ia imixture icontaining icalcareous, isiliceous, iargillaceous 

iand iother isubstances. iCement iis iused ias ia ibinding imaterial iin imortar, iconcrete, iECC 

ietc. iThe itype iof icements iwill igovern ithe iproperties iof ithe iECC iin ithe isame iway ias 

ithe itype iof icement iwill iaffect ia iconventional iconcrete. iThe iuse iof icement icontent iin 

ithe iECC iis inearly i5 itimes ihigher ithan ithat iin inormal iconcrete iHigh iusage iresults iin 

ihigher ishrinkage, iheat iof ihydration, iand icost. iThe iincreased iutilization iof iECC iled 

ito iincreased iCO2 iemissions. i[4] 

Following iare ithe itypes iof icements ithat iare iused; i[5] 

Type iI icement 

• It iis ia istandard icement iused iin iconcrete ifor ipaving, iflooring, istrengthened 

iconcrete iconstruction, iwater itanks, ietc. i 

• Used iwhere iother icement icharacteristics iare ineeded, isuch ias isoil iand iwater 

isulfate iattacks ior iadverse itemperature iincreases. 

Type iII icement 

• It igenerates iless ihydration iheat iso ifavored iin iwarm iclimates i 

• It ihas imild iresistance ito isulfate ibecause iit iincludes ino imore ithan i8% 

ialuminum itricalcium i(C3A). 

 

Type iIII icement 

• Just ilike isort iI, ionly iparticles iare ianchored imore ifinely i 

• At ian iearly istage, igenerally ia iweek ior iless, iit ioffers ielevated iearly istrength. 

Type iIV icement 
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• Used iwhere ihydration iheat ishould ibe iheld ito ia iminimum. 

• It icreates ia islower ilevel iof iresistance ithan iother ikinds iof icement. 

• It iis imost isuitable ifor iuse iin imassive iconcrete istructures, isuch ias ilarge 

igravity idams, iwhere ithe itemperature irise ifrom iheat igenerated iduring ithe 

ihardening iprocess imust ibe iminimized ito icontrol ithe icracking iof iconcrete. 

Type iV icement 

• Used iwhere iconcrete iis iexposed ito isulfate iaction iwhich iis isevere i 

• Its ihigh isulphate iresistance iis idue ito iits ilow iC3A icontent iof iabout i4%. 

• It iis inot iresistant ito iacids iand icorrosive isubstances. 

• Air-Entraining iPortland iCements i(Types iIA, iIIA, iand iIIIA) 

Same ias ioriginal ibut ia ismall iair ientraining iis iintroduced. 

 

 

Table i2.2: iCement itype icharacteristics i[5] 

Type Name 

Type iI Normal 

Type iIA Normal, iair-entraining 

Type iII Moderate isulfate iresistance 

Type iIIA Moderate isulfate iresistance, iair-entraining 

Type iIII High iearly istrength 

Type iIIIA High iearly istrength, iair-entraining 

Type iIV Low iheat iof ihydration 

Type iV High isulfate iresistance 
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2.4 Supplementary iCementitious iMaterials 

These iare ithe imaterials iwhich iare iused iin iplace iof icement iin imortar, 

iengineered icementitious icomposite iand iconcrete. iSome iof ithem iare irelatively 

icheaper, isome iof ithem ihave ihigh iadhesive iproperties iand isome iadd iearly istrength ito 

ithe imixture. iSupplementary icementing imaterials iare ireplacement ifor ithe icementing 

icomponent iof iconcrete iused ias iper irequirements. i 

Following iare ithe itypes iof iSCM’s i 

 

2.4.1 Silica iFume 

It iis iconjointly ibrought iup ias ismall isilicon idioxide ior icondensed isilica ifume. iit's ia 

ibyproduct. isilicon idioxide ifume irises ias iassociate idegree ialter ivapor ifrom ithe 

i2000°C ifurnaces. ionce iit icools iit icondenses iand iis icollected iin iimmense imaterial. 

iThe icondensed isilicon idioxide ifume iis ithen iprocessed ito iget irid iof iimpurities iand ito 

imanage iparticle isize. i 

It iis iused iin iapplications irequiring ia ilarge idegree iof iimpermeability iand iin iconcrete 

iof ielevated istrength. iWhere ithe iconcrete imust ibe iresistant ito ideicer-scaling. i[6] 

Following iare ithe iproperties iof isilica ifumes 

• Silica ifume ireduce ithe iworkability iand icontribute ito ithe ibinding 

• Reduce ithe isetting itime ias icompared ito istandard iOPC i 

• Increase iin iplastic ishrinkage icracking idue ito ithe ieffect iof ilow ibleeding 

• Increases istrength ias ishown iin ithe igraphs ibelow 

 

Figure i2.8: iIncrease iin icompressive, itensile iand iflexural istrength iwith iaddition iof 

iSilica ifumes i[6] 
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2.4.2 Wood iAsh 

The iWood iAsh i(WA) iwas iobtained ifrom iopen ifield iburning iwith iaverage 

itemperature ibeing i700 i°C. 

For ithe istudy, isix idifferent iproportion iof iconcrete imixes) iincluding ithe 

icontrol imixture iwere iprepared iwith iwater ito ibinder iratio iof i0.40 iand i0.45 ifor idesign 

icompressive istrength iof i20 iN/mm2.10% iof iWood iash iincreases icompressive 

istrength iwhile iSplit iTensile iand iFlexural iStrength idon’t ivary ithat imuch iwith irespect 

ito ithe iquantity iof iwood iash. [7] 

It ialso iimparts iother iproperties ilike ireduced ipermeability, idurability, 

iresistance ito ifire. 

 

Figure i2.9: iStrength iparameter ivariation iat i28 idays iwith idifferent ireplacement 

ipercentages. i[7] 

 

2.4.3 Fly iAsh 

;”; Fly iash, ialso iknown ias iPulverized iFuel iAsh i(PFA), iproduced ias ia ibyproduct 

iwhen icoal iis iburned ito iproduce ielectricity. iFollowing iare isome icharacteristics iof 

iFly iAsh: [8] 

➢ Fly iash, iconsists iof isilicon idioxide iand icalcium ioxide 

➢ The imaterials iwhich imake iup ifly iash iare iPozzolanic, imeaning ithat ithey ican 

ibe iused ito ias ibinder 

https://www.sciencedirect.com/topics/chemistry/compression-strength
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➢ Adds istrength iand idurability i 

➢ Using ifly iash icement iin iplace iof ior iin iaddition ito iPortland icement iuses iless 

ienergy iand ireduces iboth iresource iconsumption iand iCO2. i 

➢ Using ifly iash ireduces ithe iexpenses ion i(energy i& icost) icement. iReduce 

ileaching iof ilime ifrom iconcrete. iMake icement istructures idenser iand ithus 

iimprove itheir idurability. i 

➢ It iincreases ithe iworkability 

➢ It icauses iless isegregation iand ialso iless ibleeding ithan iplain iconcretes. 

➢ Fly iash ialso icauses iincreases isetting itime i 

➢ The iplastic ishrinkage ialso iincreases 

➢ By iadding ifly iash irate iof ihydration iget ireduced itherefore iexpected iresults 

iachieve ilater ithan i100% icement iis iused. i 

From ithe iassorted itrials itesting itaken ias ishown iwithin ithe itable ibelow, iit iis ioften 

iover ithat ireplacement iof icement iby isolely iash ican ibe iwrapped ito isixty ififth. iit 

iabsolutely ias idetermined ithat, ias iwe itend ito ipress iadding iashen icombine istyle 

iworkability igets iaugmented. icommutation icement iby iash iup ito isixty ififth ioffers 

iregarding iforty- isix.77% ivalue ihelpful ito iit iof ioriginal icombine icost. ithence iit's ia ilot 

iof ieconomical. [9] 

Test i1 

The iIndian istandard i(IS i10262-1982) iwas iconducted ito idevelop ithe iblend ifor im40-

grade iconcrete iwith ithe iparameter ibelow. iThe icontrol iblend i(without ifly iash) iwas 

iintended iin iM40 igrade iand i30, i40, i50, i60 iand i65 ipercent iglue iwas isubstituted iwith i 

iflyash irespectively. 
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Table i2.3: iStrength ivariation iwith iincreasing ireplacement iof icement iwith iflyash i[9] 

 

From ithe imultiple itests icarried iout, iit ican ibe ifound ithat icement ican ionly ibe 

ireplaced iby ifly iash iup ito i65%. i iIt ihas ibeen inoted ithat ias iwe icontinue ito iadd ismoke 

iash ito ithe iblend ilayout iworkability iincreases. i iReplacing icement iwith ifly iash iup ito 

i65 ipercent iprovides ithe icost iof ithe iinitial imix iprice ito iabout i46.77 ipercent. iHence iit 

iis imore ieconomical. [9] 

Test i2 

Mix iproportions iof i5 ierror icorrection icode imixes i(ECC iG0-G4) iwith ihigh iash 

icontent iare ilisted, ibeside ithe ireference iconcrete icombine iand ia ireference ierror 

icorrection icode imix i(ECC iR0). iThe icement iutilized iin ithis istudy iis istandard icement 

i(OPC). iapart ifrom ithe iconcrete, ithat icontains ieach icoarse iand ifine icombination, ithe 

iaggregates iin ierror icorrection icode imixes ientirely iconsists iof ifine ioxide isand iwith ia 

imedian isize iof ione ihundred iten iµm. ivinyl iresin iREC15 ifiber, ispecially ideveloped 

ifor ierror icorrection icode imaterials i(Li iet ial. i2002), iis iemployed iduring ithis istudy 

iwith ia ihard iand ifast ivolume ifraction iof itwenty-two. ibody iagent ihydroxypropyl 

imethylcellulose i(HPMC) iand isuperplasticizer i(SP) iare inecessary iin ierror icorrection 

icode imixes ifor iachieving iadequate iworkability. 
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Table i2.4: iECC iand iConcrete imix ivariation i[8] 

 

There iare iinvestigations iinto itwo ikinds iof ifly iash iand ione isort iof ibottom iash. 

iFine ifly iash iis ia iunique iClass iC ifly iash iwith ia ihigh icalcium icontent iand imuch ilower 

iparticle isize i(average i2 iμm) ithan iF ifly iash i(average i13 iμm) iand ilow iash i(average i50 

iμm). iTable i3 ishows ithe imechanical iproperties iand iMSI iof ithe imixes, iwhere ithe 

icompressive istrength iand itensile istress icapacity iare imeasured iat i28 idays. 

As ishown iin iTable i2.4, ithe iintroduction iof ia ihigh icontent iof iashes iends iup iin ivery 

ilittle iamendment iin icomposite imalleability, iwhereas iit iconsiderably iimproves ithe 

iMSI iover icurrent iversions iof icode. ithough iash ihas ibeen iwide iemployed iin istructural 

iconcrete, ithe imagnitude irelation iof iash ito icement i(typically i10%-30%) iis iway 

ibelow iin ithese icode imixes i(ranging ifrom i120% ito i220%). iaside ifrom icode iG1, ithat 

ishows ian ioutsized ivariability iin istrain icapability, iall idifferent imixes iwith ihigh iash 

icontent idemonstrate ia ihigh istrain icapability iprodigious ifour-dimensional. [8] 

Table i2.5: iMechanical iproperties iof iECC ivariation ishown iin itable i2.4 i[8] 
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2.5 Fine iAggregate 

Fine imixture i(sand) iis ithat ithe inecessary imaterial ifor iconstruction iwork. iIt iprepares 

icement imortar iand icement iconcrete iby icompounding iwith icement ilike ibinding 

imaterial. iIt iacts isort iof ia ifiller. iThey istock iup ithe ivoids iin ibetween icoarse imixture 

iitems iin icement iconcrete. 

2.5.1 Properties iof iSand iwith irespect ito iMortar [10] 

BULK: iIt idoes inot iboost ithe imortar's ipower. iBut ias ian iadulterer iit ioperates. iThe 

ibulk iof i imortar iis itherefore iboosted, iresulting iin ia idecrease iin icosts 

SETTING: iIf ithe ibuilding imaterial iis ifat ilime, icarbon idioxide iis iabsorbed iby ithe 

isand ivacuum iand ifat ilime iis iefficiently iset. 

SHRINKAGE: 

It iavoids iexcessive imortar ishrinkage iduring ithe idrying iprocess iand ithus iavoids i 

imortar icracking iduring isetting. 

STRENGTH: i iIt ienables iby ivarying iits ipercentage iwith icement ior ilime iin ithe 

iadjustment iof i imortar istrength. iIt ialso iimproves imortar iresistance ito icrushing. 

SURFACE iAREA: iIt isubdivides ithe ibinding imaterial's ipaste iinto ia ithin ifilm iand 

itherefore ioffers imore isurface iarea ito ispread iand iadhere ito iit. 

2.5.2 Fineness iModulus 

Index iNumber iof irelative idimensions iof iboth icoarse iand ifine iaggregates iis icalled i 

i"Fineness iModulus”. 

 

 

 

 

Table i2.6: iFineness iModulus iranges iof iSand 

Sand iFineness iModulus i 

Fine i  i i2.2 ito i2.6 i 
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Medium i  i i2.6 ito i2.9 i 

Coarse  i i2.9 ito i3.2 

Various icomparisons iamong idifferent iFM iof isand iw.r.t icompressive 

istrength, itensile istrength iand iflexural istrength iare iused iin iECC ishown iin ithe itable 

ibelow: [11] [12] 

Table i2.7: iStrength ivariation iwith ivariation iof iFM iof isand. i[11] [12] 

Fineness 

iModulus 

Compressive 

iStrength 
Tensile iStrength Flexural iStrength 

2.56 41.32 4.92 7.41 

2.76 41.6 5.92 6.12 

2.85 37.5 5.6 7.64 

2.87 39.25 4.32 7.12 

 

AASTHO iDesignation: iM6-93 ias ithe iFM iincreases ithere iis ian iincrease iin 

ithe istrength. iFor ievery iincrease iof i0.1 iin iFA, ifrom i2.3 ito i3.1, ithere iis i2.5-3% 

iincrease iin istrength. [13] 

2.6 Admixture 

We iuse isuperplasticizers ias iour iadmixture ias ia iresult iof isuper iplasticizers iscale 

iback ithe iwater idemand iup ito ia iparticular ishare icounting ion itheir inature iand iwill 

iadditionally ihave ian ieffect ion ithe iinitial isetting itime. iThey ienhance iworkability 

iwith ia ibated iwater ito icement imagnitude irelation. iPrimarily, iin ihigh istrength 

iconcretes, isuper iplasticizers iare iwont ito iaccomplish ia iwell ispread icement iparticle 

imixture iwithin iwhich ithe icement iinter-particle iforce iis ireduced. 

Types iof isuper iplasticizers iavailable: 

i- Polycarboxylate iether i(PCE) 

ii- Melamine iformaldehyde iSulfonate i(SMF) 

iii- Modified ilignosulfonates i(MLS) 

iv- Sulfonated inaphthalene-formaldehyde icondensates i(SNF) 

The iamount iof isuperplasticizer ithat iis ineeded iis idetermined iby ia imarsh icone itest. i 
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To iachieve iproper iworkability iwith ia iw/c iratio iof i0.35, ichemical iadmixtures i(Poly-

carboxylate) iwere iused. 

2.7 Applications iof iECC 

Due ito ihaving iproperties isuch ias itensile itoughness, iand ibetter iflexural istrength 

iand istain icapacity, inumber iof iapplications iwas iexpected ithat ican ibe iperformed iby 

ithe iusage iof iECC. iDue ito ipresences iof iFibers irandomly ioriented, ithis iforms ithem ito 

ihave istrong ibond iwith ithe icementitious imatrix iwhich iultimately ileads ito imicro-

crack igeneration. iThe iconcept iof imicro-crack igeneration iis ithat iinstead iof ione isingle 

icrack ithat iwill ipropagate iwithin ithe istructure, imultiple imicro icracks iwill ibe 

igenerated ithat iwill ihelp ito idisperse ithe ienergy ias iwell ias ilead ito ibetter istructural 

istability iand idurability. iThese iusages iwere idone ion iresearch ilevel ias iwell ias 

ipractical iapplications. i 

Following iare ithe iapplications iproposed ion iresearch ilevel: 

 Application iin ienergy iabsorption idevices 

 Damage itolerance istructures 

 Upgrade istructural iperformance 

 Safety iagainst ishear iinduced ijoint ifailures 

 Beam iColumn iInterior iConnections 

 Isotropic ienergy iabsorption ibehavior 

 

In icase iof iits ipractical iapplication iit ihas ibeen iused iin: 

 Mitika iDam i i(2003) i 

The istructure iwas iseverely idamaged iand iit iwas irepaired iby ithe iusage iof iwater 

iproof iECC, idue ito iits ienergy iabsorption iapplication iand imicro icracking. iThe 

iECC iwas icomposed iof iwater iproofing iadmixture. i 

 



37 

 

 

Figure i2.10: iApplication iof i iECC ifor irepair iof iMitika iDam 

 

 

 Glorio iRoppongi ihigh-rise iapartment ibuilding, iTokyo 

ECC iBeam icoupling iwere iinstalled iin ithe ibuilding iwhich iwas idone ito imitigate 

iEarthquake idamage i(seismic iresistance) idue iit icapacity ifor ienergy iabsorption 

imechanism. 

 

Figure i2.11: iECC ibeam icoupling itechnique iin iGlorio iRoppongi iHigh-rise i[14] 
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CHAPTER i3 

METHODOLOGY 

 

3.1 Selection iof iMaterial 

 

3.1.1 Fibers 

Nylon i66 iselected ias isuitable ifiber iwith iapprox. i12mm ilength iand i0.2mm 

idiameter, ilocally iavailable iand iavailable iat ia icheaper iprice ias icompared ito 

iPVA(Polyvinyl-Alcohol) i ifibers. iIt iwas iprocured ifrom iKarachi. 

3.1.2 Cement 

Ordinary iPortland iCement iType iI iis iselected ibecause iit iis icommonly 

iavailable iand iwidely iused. iThis imaterial iwas iprocured ifrom iwithin iIslamabad. 

 

3.1.3 Sand 

AASTHO iDesignation: iM6-93- iby iincreasing ithe ifineness iof isand, ithe 

istrength iincreases ibut ithe iFineness iModulus ishould iless ithan i3. iFor ievery iincrease 

iof i0.1 iin iFineness iModulus, ifrom i2.3 ito i3.1, ithere iis i2.5-3% iincrease iof i28 idays’ 

icompressive istrength. 

Only i“Lawrencepur iSand” ihas ithe irequired ifineness imodulus iof isand. iThe 

iother itwo iare inot isuitable ias ishown iin ithe itable ibelow ifor ithe iECC ibecause ithe iFM 

iof ithese itwo isands iis ivery ilow iand ihence ithe idesired iresults ican’t ibe iachieved. i 

 

 

 

Table i3.1: iFineness iModulus iranges ifor ilocally iavailable isands 

Sand iName Fineness iModulus iranges 

Lawrencepur iSand 1.20-2.94 
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Chenab iSand 0.90-1.32 

Ravi iSand 0.71-1.10 

Thus, ilocally iavailable isand ican ibe iused iin ithe imanufacturing iof iECC, isand 

i(fine iaggregate) ito ibe iused iin iour iproject iwill ibe i“Lawrencepur isand” ias iit iis ieasily 

iavailable iin iIslamabad iand imeets ithe irequirement. 

3.1.4 Supplementary iCementitious iMaterials 

Fly iAsh ihas ibeen ichosen ias ithe isupplementary icementitious imaterial 

ibecause iit iis icheaper, imaking iconcrete istructure idenser, ithus iimproving iits 

idurability. iVarious istudies ihave ialso ishown ithat ifly iash ihas igiven inoticeably iwell 

iresults iwhile ibeing iused iin iECC([8]). iIt iwas iprocured ifrom iKarachi. 

3.1.5 Admixture 

Polycarboxylate iEther i(PCE) ibased iGlenium-51 isuper iplasticizer iprocured 

ifrom iKarachi iis iselected ias iit imeets iour irequirements. 

3.2 Casting iVariation 

In iorder ito iunderstand iand ifulfil iproject ithe iobjectives, iit iis inecessary ito 

iunderstand ithe ivariation iof iECC icomponents. iFor ithis ipurpose, ithe itargeted imaterial 

iwas iSCMs, ias iit iwas ithe imain icomponent ito iinfluence ithe icost. iThe ibehavior iof 

iaddition iof ifiber iwas ialso iobserved iby iusing ithe ioptimum iamount ias iused 

iinternationally. 

3.3 Testing iTypes 

To iunderstand ithe imechanical iproperties iof iECC, ifollowing itests iwere icarried iout: 

• Compression iTest i i(Standard: iBS iEN-206) 

• Split iTensile iTest i i(Standard iASTM-C496) 

• Three-point iBend iTest i i(Standard iASTM-C293) 
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CHAPTER i4 

EXPERIMENTAL iWORK 

 

4.1 Material iTesting 

Each imaterial iprocured iduring ithe icourse iof iour iproject iwas ibased ion isome iproperty 

ithat iit iwould iimpart ito ithe iproposed icementitious icomposite. iTo iensure ithat ithe 

iprocured imaterial iexhibits ithe irequired iproperties, ifollowing itests iwere iconducted. i 

4.1.1 Cement iTests 

The imain irequirements iof icement iused ito ibuild iany istructure iare iits istrength, 

isoundness iand ia irate iof isetting ithat iis isuitable ito ithe idemand iof ithe iwork. iThere iare 

inumerous itests ithat ican ibe iused ito iascertain iboth ichemical iand iphysical iproperties 

iof ithe icement. iFor iour iproject ithe iphysical itests iwere imore iimportant ithan ithe 

ichemical itest iand ihence ithey iwere icarried iout. iThe iphysical iproperties iof icement 

ichange iwith iits itypes. 

Consistency itest: 

This itest iis iused ito idetermine ithe iwater icontent ithat igives ius idesired 

iconsistency. iIt iwas icarried iout iin iaccordance iwith ithe iASTM-C187 istandard iin 

iwhich iVicat iapparatus iis iused. iThis itest ifurther ihelps iin idetermining ithe iwater 

icontent ifor iother itests ilike ithe iinitial iand ifinal isetting itime iand isoundness itest. 

Cement itype: iOPC itype iI 

Room iTemperature: i21o 

Temperature iof iwater: i23o 

Humidity: i55% i
 

 

Table i4.1: iResults ifor iConsistency itest 

S/no Cement 

(g) 

Amount iof iwater 

(%) 

Penetration 

(mm) 
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1 500 26 12 

2 500 26 8 

3 500 28 26 

4 500 28 30 

5 500 30 33 

6 500 30 34 

 

Conclusion: iThe iplunger isettles ito ithe irange iof i33 i– i35mm iwith i30% iwater iwhich 

iis ithe iwater icontent ifor idesired iconsistency. i 

 

Initial iand iFinal isetting itime itest: 

This itest iis icarried iout ito iensure ithat ithe icement ipaste isets iat ia isuitable irate ifor ia 

iparticular iwork. iThe itest iwas icarried iout iin iaccordance iwith ithe iASTM-C191 

istandard. i 

Cement itype: iOPC itype iI 

Room iTemperature: i30o 

Temperature iof iwater: i29.2o 

Humidity: i58% 

 

 

Table i4.2: iResults ifor iInitial iand iFinal isetting itime i 

S/no Cement 

(g) 

Amount iof 

iWater 

(%) 

Initial isetting 

itime 

(minutes) 

Final isetting 

itime 

(minutes) 

1 500 30 78 i 265 

2 500 30 82 272 

3 500 30 76 244 
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Conclusion: iThe iinitial iand ifinal isetting itime iof icement iare iwell iwithin ithe idefined 

ilimits. iThe iinitial isetting itime iis igreater ithan i30 imins iand ithe ifinal isetting itime iis 

iless ithan i10 ihours. iHence, icement iprocured ihas iappropriate irate iof isetting ifor iour 

idesired iwork. i 

 

Soundness itest: 

Soundness iof icement irefers ito ithe iability iof icement ito iretain iits ivolume iafter isetting. 

iThis itest iwas icarried iout iin iaccordance iwith iASTM-C151 istandard iin iwhich ithe iLe-

chatelier iapparatus iwas iused. 

Cement itype: iOPC itype iI 

Room iTemperature: i23o 

Temperature iof iwater: i24o 

Humidity: i55% 

Table i4.3: iResults iof iSoundness itest ifor icement 

S/no Expansion ibefore 

iboiling i(D1) 

(mm) 

Expansion iafter 

iboiling i(D2) 

(mm) 

Difference 

(D2-D1) 

(mm) 

1 8 9 1 

2 9 10 1 

3 9 11 2 

Conclusion: iThe iOPC itype iI icement iprocured iin iour iproject iis isound ias idifference 

iof ireadings itaken iafter icuring iand iafter iboiling iis iless ithan i10mm. 

 

4.1.2 Sieve iAnalysis iof iFine iAggregate 

As istudied iin ithe iliterature ithe ifineness imodulus iof isand ito ibe iused iin ithe 

iECC ihas ia ispecified irange. iTo iensure iwhether ithe iprocured iLawrencepur isand ihas 

ithe irequired ifineness imodulus, isieve ianalysis iwas icarried iout iin iaccordance iwith 
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iASTM-C136 istandard. iFineness imodulus iis ia irepresentation iof iparticle isize 

idistribution iand ihelps iin idetermining ibehavior iof isand. i i 

Sample itaken: i500 igrams 

Table i4.4: iSieve ianalysis ito idetermine iFineness iModulus iof iSand 

SIEVE 

iNO. 

Weight 

iRetained(g) 

Percentage 

iRetained 

Cumulative 

% iRetained 

Cumulative 

i 

% iPassing 

ASTM 

% 

ipassing 

#4 0.9 0.18 0.18 99.81 95-100 

#8 21.3 4.27 4.45 95.54 80-100 

#16 87.74 17.6 22.06 77.93 50-85 

#30 126.26 25.3 47.4 52.59 25-60 

#50 147.4 29.5 76.98 23.01 10-30 

#100 101.72 20.4 97.39 2.6 02-10 

#200 10.38 2.08 99.47 0.52  

Pan 2.6 0.52 100 0  

Total 498.3     

Sum iof icumulative iretained iabove isieve i#100 i= i248.46 

Fineness iModulus i= i248.46 i/ i100 i= i2.48 

Conclusion: iThe ifineness imodulus iof iLawrencepur iSand iis i2.48 iwhich iis iwithin ithe 

iacceptable irange iwhich iwas iobserved ito ibe iabove i2.3 iin ithe iliterature istudy. 

 

4.1.3 Marsh iCone iTest 

This itest iis iused ito idetermine ithe iquantity iof isuperplasticizer ithat iis ioptimum 

ifor iour icement itype. iThis itest iwas iperformed iin iaccordance iwith iASTM-C939 

istandard. i 

 

 

Table i4.5: iMarsh icone itime ifor iincreasing iSuperplasticizer icontent 
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Superplasticizer idosage(%) Marsh icone itime(sec) 

0.005 86 

0.008 72 

0.01 64 

0.015 63 

Conclusion: isuperplasticizer idosage iof i0.01 i% iby iweight iwas ifound ito ibe ioptimum 

ifor iour icement itype. 

 

4.2 Mix iDesign 

Mix idesign ican ibe ireferred ito ias ithe iselection iof isuitable imaterials iand 

idetermination iof itheir irelative iproportions iin iorder ito imake ia imix iwith idesirable 

iproperties. iDesign iof iconcrete iis ia icomplex itask iwhich irequired iknowledge iof 

ivarious iproperties iof ithe iconstituent imaterials iand itheir icontribution ito ithe imix. iThe 

iapproach iused ifor iconventional iconcrete iis ithe icement: isand: iaggregate iapproach 

iwhich iis inot iapplicable iin icase iof iECC isince iit idoes inot icontain iany icoarse 

iaggregate. iIn iorder ito iselect ia isuitable imix idesign ifor iour istudy, iliterature iwas 

iconsulted, iand ithe imix idesign iused iin ithe iprevious iresearches imost iclosely irelated 

ito iour iwork iwas iselected. 

Table i4. i6: iMix iproportion [3] 

Ingredients Cement Fly iAsh Sand Water Super 

iplasticizer 

Fiber 

(vol%) 

Content 1 1.2 0.8 0.56 0.01 2% 

This imix iproportion iis ichosen ias ian iincentive imix idesign ito iobserve ithe ibehavior iof 

ithe imix iand imake iadjustments iin iaccordance iwith ithose iobservations. 

4.3 Parameters iUnder iStudy 

For ithe ipurpose iof iachieving ithe iobjectives itargeted iin ithis iproject, ithe iparameter 

iunder istudy iis ithe ieffect iof idifferent iquantities iof ifly iash iadded iin ithe imix. 
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Table i4.7: iMix ivariations icast iwith ivarying iFly iash icontent 

Variation iName Fly iAsh iQuantity Fibers iPresent 

C0 0% No 

C6 60% No 

E0 0% Yes 

E6 60% Yes 

E9 90% Yes 

E12 120% Yes 

Variations iC0 iand iC6 ihaving i0% iand i60% ifly iash icontent irespectively, iwere 

icast ito icheck ithe ieffect iof ivarying iquantities iof ifly iash iin imortar iwithout iany ifibers 

ipresent. iVariations iE0, iE6, iE9 iand iE12 ihaving i0%, i60%, i90% iand i120% ifly iash 

icontent, iwere icast ito icheck ithe ieffects iof ifly iash iin iECC. iVariation iC0 iand iC6 idid 

inot icontain iany ifibers iwhereas ivariations iE0, iE6, iE9 iand iE12 icontained i2% ifibers 

iby ivolume ifraction ias ishown iin itable i4.7. 

4.4 Specimen iPreparation 

 Three itypes iof ispecimens iwere ito ibe imade ifor ithe icompressive, itensile iand 

ithe iflexural istrength itests. i 

4.4.1 Compressive iStrength iTest iSpecimen 

Three ispecimens ifor ieach itest iwere imade ifor i7-day, i14-day iand i28-day 

icompressive istrength. iThe ispecimens iwere icubical iwith idimensions i100mm ix 

i100mm ix i100mm. i 
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Figure i4.1: iCubical iSamples ifor icompressive itest 

 

4.4.2 Tensile iStrength iTest iSpecimen 

Three ispecimens ifor ieach itest iwere imade ifor i7-day, i14-day iand i28-day 

icompressive istrength. iThe ispecimens iwere icylindrical iwith idimensions i100mm ix 

i200mm i(diameter ix iheight). i 

 

Figure i4.2: iCylindrical isamples ifor isplit itensile itest 
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4.4.3 Flexural iStrength iTest iSpecimen 

 Three ispecimens ifor ieach itest iwere imade ifor i7 iday, i14 iday iand i28 iday 

icompressive istrength. iThe ispecimens iwere irectangular iprism iwith idimensions 

i250mm ix i100mm ix i25mm i(length ix iwidth ix idepth). i i 

 

Figure i4.3: iBeam/Prism isamples ifor iflexural itest 

 

4.5 Testing iMethods 

 The itests iconducted ito idetermine ithe imechanical iproperties iconformed ito 

iInternational iStandards. iDetails iare ias ifollows:- 

 

4.5.1 Compressive istrength itest: 

The icompressive istrength iof iconcrete iis idetermined ithrough itesting icubical 

isamples iby iplacing ithem iin ia icompression itesting imachine. iThe icompressive 

istrength iis idetermined ito iensure ithat ithe iconcrete imixture imeets ithe irequired ilevel 

iof ispecified istrength, if’c. iThis ihelps iin iestimating iconcrete istrength iin ia istructure 

ifor ischeduling iof iconstruction ioperations ii.e. iformwork iremoval, icuring ineeds ietc.  
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This itest iwas iperformed iin iconformance iwith iBS iEN-206. 

 Compressive istrength iwas idetermined iusing ithe iformula: 

𝐹′𝑐 =
𝑃

𝐴
 

f’c i= icompressive istrength iin iN/mm2
 ior iMpa 

P i= iLoad iin iN 

A i= iSurface iarea iof icubical ispecimen 

Furthermore, ithis itest iwill ialso ibe iutilized iin ianalysis iof istrain ihardening 

ibehavior. iStrain ihardening ibehavior irefers ito ithe iability iof ia imaterial ito itake istress 

ieven iafter ithe iformation iof ifirst icrack iand iinitiation iof iplastic ideformation. iSince 

inylon ifibers iare iincorporated iin ithe imix ithe istrain ihardening iof iECC iwill ibe 

iobserved ito iget ian iidea iof ithe iability iof iECC ito iundergo istrain iafter ifracture. 

 A ineedle ideflection igauge iwas ideployed iduring ithese icenter ipoint iloading 

itests ito imeasure ideflection iof iprism isamples iand itheir irelation ito iflexural istress iin 

iorder ito iget ian iidea iof istrain ihardening ibehavior iof iour iECC. i 

4.5.2 Split itensile itest: 

The iability iof iconcrete ito iwithstand ipulling iforce iwithout ifailure iis iknown ias 

ithe itensile istrength iof iconcrete. iIt iis ithe iamount iof iunits iof iforce iper icross-sectional 

iarea iin iN/mm2
 ior iMPa. iFurthermore, ithe itype iof ifailure iassociated iin ithe itensile itest 

iwill ialso ibe ianalyzed ias iit ishifts ifrom ibrittle ito iductile idue ito ithe iaddition iof ifibers. i 

This itest iwas iperformed iin iconformance iwith iASTM-C496. 

 Split itensile istrength iwas idetermined iusing ithe iformula: 

𝐹𝑡 = 2𝑃/𝜋𝐷𝐿 

Where, i i i i i i i iFt i= iSplit itensile istrength i(N/mm2) 

P i= iLoad iat ifailure i(N) 

 i i i iL= iload iof icylinder i(mm) 

 D= iDiameter iof icylinder i(mm) 
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4.5.3 Flexural istrength itest: 

Flexural istrength iis ione iof ithe imeasures iof itensile istrength iof iconcrete. iIt iis 

imeasured iby iplacing ia ibeam ispecimen iunder ithree-point iloading ior icenter ipoint 

iloading. iIt iis ia idirect imeasure iof ihow imuch ibending istress ican ia ispecific iconcrete 

itake iand ispecifies ithe ibeam idimensions irequired ifor igiven iload. iIn ithis iproject ithis 

iis ithe imain istrength ithat iis ibeing ianalyzed ito istudy ithe ieffect iof inylon ifibers ithat iare 

iadded iin ithe imix. iNylon ihas ia ihigh itensile istrength icapacity iwhich iin-turn ishould 

ienhance ithe iflexural istrength iof iECC. iIn iaddition, iwith ia ihigher iflexural icapacity 

ithe ifailure imode iof iECC iwill ialso ibe ianalyzed ias iit ishould ihave ia iductile imode iof 

ifailure irather ithan ibrittle. 

 

This itest iwas iperformed iin iconformance iwith iASTM-C293. i 

Flexural istrength iof ithe isample iwas idetermined iby iusing ithe ifollowing iformula: i 

𝛿𝑓 =
3𝐹𝐿

2𝑏𝑑2
 

where, i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iδf=Stress iin iouter ifibers iat imidpoint i(N/mm2) 

    F= iload iat iany igiven ipoint iduring ithe itest i(N) 

 L= isupport ispan i(mm) 

  b= iwidth iof itest ibeam i(mm) 
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CHAPTER i5 

RESULTS iAND iDISCUSSION 

 

On icarrying iout ithe itest, ithe iresults iwere iobtained iand itabulated ifor ianalysis. iA itrend 

iwas iobserved idue ito ivariation iof iamount iof iFly iAsh ifor iwhich iits iCost ianalysis iwas 

ialso icarried iout. iThe iaddition iof ifiber icaused ivariation iin ibehavior iof ithe iECC. 

5.1 Compressive iStrength 

The icompressive istrengths iof iall ithe isamples iis igiven iin itable i5.1 

Table i5.1: iSummary iof iCompressive istrength itest iresults 

Variation Days 

Compressive iStrength 

i(MPa) 

C0 

7 34.92 

14 45 

28 53.2 

C6 

7 34.23 

14 47.4 

28 52.14 

E0 

7 31.6 

14 43.54 

28 50.1 

E6 

7 35.3 

14 44.14 

28 48.7 

E9 

7 31.92 

14 41.4 

28 45.8 

E12 

7 29.91 

14 40.1 

28 43.9 

 

 

 

1. Mix ivariation iC0 igives ithe ihighest istrength 
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Figure i5.1 ishows ithe iincrease iin icompressive istrength iof iindividual imix ivariations 

ifrom i7 idays ito i28 idays. 
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(c) 

 

(d) 

 

(e) 

 

(f) 
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Figure i5.1: i(a) iCompressive istrength igain iof iC0 ivariation i(b) iCompressive istrength 

igain iof iC6 ivariation i(c) iCompressive istrength igain iof iE0 ivariation i(d) iCompressive 

istrength igain iof iE6 ivariation i(e) iCompressive istrength igain iof iE9 ivariation i(f) 

iCompressive istrength igain iof iE12 ivariation 

Figure i5.2 ishows ihow ithe icompressive istrength iof iC0 iis igreater ithan iall 

iother imix ivariations. iC0 ihas ithe ihighest i28-day icompressive istrength iof i53.2 iMPa 

iand iE12 ihas ithe ilowest i28-day icompressive istrength iof i43.9 iMPa. iHigher ithe 

iquantity iof ifine iaggregate, ihigher iwill ibe ithe istrength iand ithis iis ievident ifrom ithe 

iresults iachieved ias iC0 ihas ithe ihighest iamount iof ifine iaggregate ias icompared ito 

iothers. i 

 

Figure i5.2: iBar ichart icomparison iof iCompressive iStrengths 
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Figure i5.3: iCombined igraph ifor iCompressive iStrength igain 

 

2. Introduction iof ifibers iin ithe imix idecreases ithe icompressive istrength 

It iwas iobserved ithat iintroduction iof ifibers iin ithe imix idecreases ithe icompressive 

istrength iof ithe isamples. iThe icompressive istrength iof iC0 iis i53.2MPa iwhile ithe 

icompressive istrength iof iE12 iis i50.1MPa iwhich iis ilower ithan iC0 ias ishown iin ifigure i 

i5.4, ithis ican ibe iexplained iby iunderstanding ithe ibehavior iof ifibers iin iFRC i(fiber 

ireinforced iconcrete) iin iwhich ithe iaddition iof ifibers iprovide ia iconfining ieffect iand 

ienhance ithe icompressive istrength. iBut ithe ilength iof ifibers inormally iused iin iFRC iis 

iaround i25 imm ito i50 imm iwhich ican iadequately iprovide iconfinement iand ihence, 

ienhance ithe icompressive istrength i[15]. iWhen iwe icompare ithis iwith iour iscenario, 

iwe isee ithat ithe ifibers iused iin iour istudy ihave i12 imm ilength iwhich iis isignificantly 

ismaller icompared ito ithose iused iin iFRC iand ihence ithese ifibers iare inot iefficiently 

iproviding iconfinement iin iour isamples ito ienhance ithe icompressive istrength, irather 

ithese ifibers ipresent iat i2% iby ivolume ifraction ibecome ia ihindrance iin ithe ibonding iof 

ithe icementitious imatrix iand ihence ireduce ithe icompressive istrength iby isome 

iamount. i 
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Figure i5.4: iEffect iof iaddition iof ifibers ion iCompressive iStrength 

3. Introduction iof ifly iash iin ithe imix idecreases ithe icompressive istrength 

It iwas iobserved ithat iintroduction iof ifly iash iin ithe imix idecreases iits icompressive 

istrength. iCompressive istrength iof iC0 iis i53.2MPa iand icompressive istrength iof iC6 iis 

i52.14MPa iwhich iis ilower ithan ithat iof iC0 ias iseen iin ifigure i5.5. iTo iexplain ithis 

idecrease iin istrength idue ito iaddition iof ifly iash iwe ineed ito iunderstand ithe ieffect iof ifly 

iash ion ithe ihydration iprocess iof ithe icomposite. iWhen ia icement ipaste iis iformed 

iCa(OH)2 iis ireleased iupon ireaction iof iwater iwith idi-calcium isilicate iand itri-calcium 

isilicate ipresent iin ithe icement. iNormally, ithis iCa(OH)2 isaturates ithe isystem iand 

istarts ito icrystallize ialong iwith iCSH i(calcium isilicate ihydrate). iDue ito ithe iaddition 

iof ifly iash, isome iof ithe iCa2+
 ireleased iupon ireaction iof icement iwith iwater iare 

iadsorbed ion ithe isurface iof ithe ifly iash iparticles. iThis icauses ia idelay iin ithe itime ifor 

iCa2+
 ito ireach isaturation iand ihence ithe ihydration iprocess iof ithe ientire icomposite iis 

islowed idown ifor ithe ifirst i28 idays igiving ius ia idecrease iin ithe iobserved istrength. [16] 
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Figure i5.5: iEffect iof iFlyash ion iCompressive iStrength 

 

4. Increment iof ifly iash iin ithe imix idecreases ithe icompressive istrength 

It iwas iobserved ithat ias ifly iash iis iincreased iin ithe imix ivariations iits icompressive 

istrength ishows ia igradual idecrease. i iThis iis idue ito ithe ifact ithat ithe iaddition iof ifly iash 

icauses ia imore ieffective iadsorption iof ithe iCa2+
 ion ithe ifly iash iparticles iand ihence, ithe 

ihydration iprocess iis imore ieffectively islowed idown iwith iincreased ifly iash icontent. 

iFigure i5.6 ishows ithe iobserved idecrease iin icompressive istrength. 

 

Figure i5.6: iEffect iof iFlyash iIncrement 
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5. Mode iof ifailure 

ECC isamples idid inot icrumble ibut iremained ia isingle ichunk iunder 

icompression ibecause iof ithe ipresence iof ifibers. iSamples iwithout ifibers ifailed iin 

icompression iand icrumbled iinto ipieces ibecause iof iits ibrittle inature. i 

 

Figure i5.7: iPost iFailure iCompressive itest isample 

 

5.2 Split iTensile iTest iResults 

Split itensile istrength itest iperformed ion iall isix ivariations ishowed ithe ifollowing 

iresults. i 

1. Mix ivariation iE0 igives ithe ihighest istrength 

The itensile istrengths iof iall ithe isamples iis igiven iin itable i5.2 

Table i5.2: iSummary iof iSplit iTensile itest iresults 

Variation Days Tensile iStrength i(MPa) 

C0 

7 1.87 

14 2.54 

28 2.82 

C6 
7 1.67 

14 2.17 
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28 2.4 

E0 

7 2.79 

14 3.86 

28 4.28 

E6 

7 2.87 

14 3.54 

28 3.93 

E9 

7 2.69 

14 3.44 

28 3.86 

E12 

7 2.56 

14 3.28 

28 3.63 

 

Figure i5.8 ishows ithe iincrease iin itensile istrength iof iindividual imix ivariations 

ifrom i7 idays ito i28 idays. 
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(b) 

 

(c) 
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(e) 

 

(f) 

Figure i5.8: i(a) iTensile istrength igain iof iC0 ivariation i(b) iTensile istrength igain iof iC6 

ivariation i(c) iTensile istrength igain iof iE0 ivariation i(d) iTensile istrength igain iof iE6 

ivariation i(e) iTensile istrength igain iof iE9 ivariation i(f) iTensile istrength igain iof iE12 

ivariation 

Figure i5.9 ishows ithe itensile istrength iof iE0 iis igreater ithan iall iother imix 

ivariations, iE0 ihas ithe ihighest i28-day itensile istrength iof i4.28MPa iand iC6 ihas ithe 

ilowest i28-day itensile istrength iof i2.4MPa. iSince ifibers iare igood iin itension ithat iis 

iwhy iall ithe imixes iwith ifibers ishow ia ibetter itensile istrength ithan ithose iwhich idon’t 

ihave ifibers iin ithem. i 

It ican ibe iclearly iobserved ithat isample iE12 ishows ia igreater itensile istrength 

ithan iC0. 
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Figure i5.9: iBar ichart icomparison iof iTensile iStrengths 

 

Figure i5.10: iCombined igraph ifor iTensile iStrength igain 

 

 

2. Addition iof ifibers iin ithe imix iincreases ithe itensile istrength 

It iwas iobserved ithat iaddition iof ifibers iin ithe imix iincreases ithe itensile istrength iof 

ithe isamples. iThe itensile istrength iof iE0 iis i4.28MPa iwhile ithe itensile istrength iof iC0 

iis i2.82MPa iwhich iis ilower ithan iE0. iThis iincrease ican ibe iattributed ito ithe ifact ithat 

ithe inylon ifibers ihave ia ihigh itensile istrength iand itheir irandom iorientation idisperses 

ithe iproduced itensile istress iaway ifrom ithe imain iplane iof ifailure iand ihence, ithe 

isample ihas ian iincreased itensile istrength. iThis ican ibe iseen ifrom ifigure i5.11 
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Figure i5.11: iEffect iof ifiber iaddition ion itensile istrength 

 

3. Introduction iof ifly iash iin ithe imix idecreases ithe itensile istrength 

It iwas iobserved ithat iintroduction iof ifly iash iin ithe imix idecreases iits itensile 

istrength. iTensile istrength iof iC0 iis i2.82 iMPa iand itensile istrength iof iC6 iis i2.4MPa 

iwhich iis ilower ithan ithat iof iC0 ias ishown iin ifigure i5.12. iAs iexplained iearlier, ithe 

iaddition iof ifly iash islows idown ithe ihydration iprocess ifor ithe ifirst i28 idays idue ito 

iadsorption iof iCa2+
 ion ifly iash iparticles. iThis icauses ithe ientire imatrix ito igain istrength 

iat ia islower irate ithan inormal ifor ithe ifirst i28 idays iand ihence, ithe idecrease iin itensile 

istrength iis ialso iobserved iwith ifly iash iaddition. i[16] [17] 

 

Figure i5.12: iEffect iof iFly iash iaddition ion iTensile istrength 

4. Increment iof ifly iash iin ithe imix idecreases ithe itensile istrength 
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It iwas iobserved ithat ias ifly iash iis iincreased iin ithe imix ivariations iits itensile 

istrength ishows ia igradual idecrease idue ito iefficient iinhibiting iof ihydration iprocess. 

iThis iis ievident ifrom ifigure i5.13 iwhich ishows ithe igradual idecrease iof itensile 

istrength ias iamount iof ifly iash iis iincreased iin ithe imix. 

 

 

Figure i5.13: iEffect iof iFly iash iIncrement ion itensile istrength 

 

 

5. Mode iof ifailure 

Samples iwithout ifibers ifail iabruptly. iWhen ithe ifirst icrack iis iformed ithe isample 

ithen isplits iinto itwo ipieces ialong ithe ifracture iplane iwithout itaking iany ifurther iload 

ithan ithe imaximum iload ithey ican itake. 
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Figure i5.14: iAbrupt iFailure iof imortar isample iin isplit itensile itest 

Samples iwith ifibers ihowever ido inot ifail iabruptly. iAfter ithe ifirst icrack iis 

ideveloped ithe ispecimen ikeep ion itaking iload iand idoes iso iuntil iit iis itotally ideformed. 

iThis ishows ithat ithe ifibers iin ithe imix ihelp iin itensile istrength ikeeping ithe ispecimen 

iintact iand ihelping iit ito itake imore iload iwithout ifailing. iThis ican ibe iobserved ifrom 

ithe ifailed isample ishown iin ifigure i5.15 
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Figure i5.15: iDuctile imode iof ifailure iof iECC isample iin isplit itensile itest 

5.3 Flexural iTest 

Flexural itest iperformed ion iall isix ivariations ishowed ithe ifollowing iresults. 

1. Mix ivariation iE0 igives ithe ihighest istrength 

The iflexural istrengths iof iall ithe isamples iis igiven iin itable i5.3 

Table i5.3: iSummary iof iFlexural itest iresults ifor itested ivariations 

Variation Days Flexural iStrength i(MPa) 

C0 

7 3.84 

14 3.84 

28 4.32 

C6 

7 3.84 

14 3.84 

28 4.32 

E0 

7 6.72 

14 11.04 

28 11.52 

E6 
7 6.72 

14 8.64 
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28 9.12 

E9 

7 5.28 

14 6.24 

28 6.24 

E12 

7 3.84 

14 3.84 

28 4.32 

 

Figure i5.16 ishows ithe iincrease iin iflexural istrength iof iindividual imix ivariations ifrom 

i7 idays ito i28 idays. 
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(c) 

 

(d) 

 

(e) 

6.72

11.04
11.52

6

7

8

9

10

11

12

0 5 10 15 20 25 30

St
re

n
gt

h
 in

 M
P

a

No of Days

E0

6.72

8.64

9.12

6

6.5

7

7.5

8

8.5

9

9.5

0 5 10 15 20 25 30

St
re

n
gt

h
 in

 M
P

a

No of Days

E6

5.28

6.24 6.24

5.2

5.4

5.6

5.8

6

6.2

6.4

0 5 10 15 20 25 30

St
re

n
gt

h
 in

 M
P

a

No of Days

E9



68 

 

 

(f) 

Figure i5.16: i(a) iFlexural istrength igain iof iC0 ivariation i(b) iFlexural istrength igain iof 

iC6 ivariation i(c) iFlexural istrength igain iof iE0 ivariation i(d) iFlexural istrength igain iof 

iE6 ivariation i(e) iFlexural istrength igain iof iE9 ivariation i(f) iFlexural istrength igain iof 

iE12 ivariation 

Figure i5.17 ishows ihow ithe iflexural istrength iof iE0 iis igreater ithan iall iother 

imix ivariations iE0 ihas ithe ihighest i28-day iflexural istrength iof i11.52 iMPa iand iC6 ihas 

ithe ilowest i28-day iflexural istrength iof i4.32 iMPa. iSince ifibers iare igood iin itension 

ithat iis iwhy iall ithe imixes iwith ifibers ishow ia ibetter iflexural istrength ithan ithose iwhich 

idon’t ihave ifibers iin ithem i[3]. i 

It ican ibe iseen ithat ieven isample iE12 ishows ithe isame iflexural istrength ithan 

iC0. iThis iis ibecause iof ithe ieffects iof ifly iash iwhich ihas igreatly ireduced ithe iflexural 

istrength iof ithe ispecimen. 
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Figure i5.17: iBar ichart icomparison iof iFlexural iStrengths ifor itested ivariations 

 

Figure i5.18: iCombined igraph ifor iFlexural iStrength igain iof itested ivariations 
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i5.19. iThis iincrease iis idue ito ithe ifact ithat ithe ifibers ipresent iin ithe imatrix ihelp iin 

idispersing ithe iflexural istress iaway ifrom iits ipoint iof iapplication iand ihence, ia ihigher 

iflexural istrength iis iinduced iin ithe isample. i 

 

Figure i5.19: iEffect iof ifiber iaddition iof iflexural istrength 

3. Introduction iand iIncrements iof ifly iash iin ithe imix idecreases ithe iflexural 

istrength 

It iwas iobserved ithat ias ifly iash iin iincreased iin ithe imix ivariations iits iflexural 

istrength ishows ia igradual idecrease. iThis ican ialso ibe iattributed ito ithe islowing idown 

iof ihydration iprocess iexplained iearlier iin ithis isection. iAs ithe ihydration iprocess 

islows idown ithe istrength igain iof ithe ientire imatrix iis iinhibited icausing ithe iflexural 

istrength ito idecrease ias iwell. [16] [17] iThis iis ievident ifrom ifigure i5.20 iwhich ishows 

ithe igradual idecrease iof iflexural istrength ias iamount iof ifly iash iis iincreased iin ithe 

imix. 

 

3.84

6.72

3.84

11.04

4.32

11.52

0

2

4

6

8

10

12

14

C0 E0

St
re

n
gt

h
 in

 M
P

a

Effect of Fibers

7 days

14 days

28 days



71 

 

 

Figure i5.20: iEffect iof iFlyash iIncrements ion iFlexural istrength 

 

4. Mode iof ifailure 

Samples iwithout ifibers ifail iabruptly. iWhen ithe ifirst icrack iis iformed ithe isample ithen 

isplits iinto itwo ipieces ialong ithe ifracture iplane iwithout itaking iany ifurther iload ithan 

ithe imaximum iload ithey ican itake. 

 

Figure i5.21: iAbrupt ifailure iof iprism imortar isample iin iflexural itest 
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Samples iwith ifibers ihowever ido inot ifail iabruptly. iAfter ithe ifirst icrack iis 

ideveloped ithe ispecimen ikeep ion itaking iload iand idoes iso iuntil iit iis itotally ideformed. 

iThe iload igoes ito ia ipeak ivalue iand ifirst icrack iis ideveloped. iAfterwards ithe iload igoes 

idown ia ibit iand istays iconstant iproducing ia ilot iof idisplacement iat ithe icenter ipoint. 

iThis ishows ithat ithe ifibers iin ithe imix ihelp iin iflexural istrength ikeeping ithe ispecimen 

iintact iand ihelping iit ito itake imore iload iwithout ifailing. iThis ican ibe iobserved ifrom 

ifigure i5.22 

 

 

Figure i5.22: iDuctile ifailure iof iECC iprism isample iin iflexural itest 

 

5.4  iPseudo iStrain iHardening 

As ievident ifrom ithe igraphs iin ifigure i5.23, ithe ibeam ispecimen itested iunder ithe 

icenter-point iloading icontinues ito itake istress ieven iafter ithe ipropagation iof ifirst 

icrack. iThe ispecimens iundergo isignificant ideformation iand icontinues ito itake 

iincrement iin iapplied istress. iOn ithe iother ihand, ithe imortar isamples idid inot ishow 

isuch ibehavior iand ifailed iinstantly iafter irupture istress iwas ireached. 

This iis ievident iproof iof istrain ihardening ibehavior iof iECC iunder iflexural istress. 
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(c) 

 

 

(d) 
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(e) 

Figure i5.23: i(a) iPseudo-Strain ihardening iof iE0 iprism isample i(b) iPseudo-Strain 

ihardening iof iE6 iprism isample i(c) iPseudo-Strain ihardening iof iE9 iprism isample i(d) 

iPseudo-Strain ihardening iof iE12 iprism isample i(e) iCombined igraph iof iPseudo-Strain 

ihardening ibehavior iof iall ivariations. 

 

5.5 Cost iAnalysis 

Cost iAnalysis iwas idone ion iall ithe imix ivariations iand iconventional iconcrete 

iand iresults iwere icompared iwith ithe icost iof iPVA iECC. iThe icost iwith ithe isample 

inames ican ibe iseen iin itable i5.4 

Table i5.4: iCost iAnalysis ifor idifferent ivariations 

Sample Cost i(Rupees/cft) % iCost iReduction 

PVA iECC 2196 - 
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E12 599 72.723% 

Concrete 540 75.409% 

 

From ithe iresults iit iis iobserved ithat ithe icost iof ithe isample iincreases idue ito iaddition 

iof ifibers ias ithey iare icostly, iyet iNylon i66 iacquired ifrom iKarachi iwas icheaper ithan 

iPVA ito ibe iprocured ifrom iinternational isource iwhich ihelped iin ibringing idown ithe 

icost iof ithe isample iby i65.5%. i 

Fly iAsh iacts ias ia isubstitute ifor icement ias iit idoes ihave ibinding iproperties, ibut iit 

icannot ifully ireplace ithe ifunction iof icement ihence ithe isample iwas iobserved ito ihave 

ilower icost ias ithe iamount iof ifly iash iincrease ias iper itable i5.4, ibut ithis ihappens iat ithe 

iexpense iof ithe istrength. 

By icomparison iof icost iwith ithe istrengths iof icorresponding isamples, ithe ibest isuitable 

isample iwas iobserved ito ibe iE6 ihaving i60% iFly iAsh iand i2% iof iFibers ithat ireduces 

icost iby i69% icompared ito iPVA-ECC iand iis i25% imore iexpensive iin icomparison 

iwith iconvention iconcrete. 
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CHAPTER i6 

CONCLUSIONS 

 

From ithe iresults, ithe icorresponding ianalysis iwas idrawn iregarding ieach iof ithe itest 

iresults. iThe itrends ifollowed idue ito ichange iin ithe icomponents iindicated ithe ipossible 

ibehaviors. i 

 

6.4 Mechanical iStrength 

According ito ithe itest iresults iECC imade iwith ilocally iavailable imaterial ishows 

icomparable iproperties iwith ithat iof iconventional iECC. 

1. ECC ivariations i(E0, iE6, iE9, iE12) ishowed icompressive istrength iin irange 

iof i43.9 i- i50.1 iMPa, itensile istrength iin irange iof i3.63 i- i4.28 iMPa, iand 

iflexural istrength iin irange iof i4.32 i- i11.52 iMPa, iwhile ithe icompressive, 

itensile iand iflexural istrengths iin iconventional iECC i(PVA-ECC) iare iin 

irange iof i30 i- i90 iMPa, i4 i- i12 iMPa iand i10 i- i15 iMPa. iThis ishows ithat iECC 

iprepared iwith ilocally iavailable imaterial iexhibits isimilar imechanical 

iproperties ias iconventional iECC. 

2. Owing ito ithe ifact ithat ifly iash icauses ithe ihydration iprocess iof icement 

icomposite ito islow idown ifor ithe ifirst i28 idays, ihence iincrements iof ifly iash 

iinto ithe imix idecreases iit’s icompressive, itensile iand iflexural istrength. i 

3. The iaddition iof iFlyash iup ito i60% icauses ia i20% idecrease iin iflexural 

istrength ii.e. i11.52 ito i9.12 iMPa. iEach isubsequent iincrement iin iFlyash 

iquantity iby i30% icauses ia i25-30% idecrease iin ithe iflexural istrength. 

4. The iaddition iof iFlyash iup ito i60% icauses ian i8% idecrease iin itensile 

istrength ii.e. i4.28 ito i3.93 iMPa. iEach isubsequent iincrement iin iFlyash 

iquantity iby i30% icauses ia i2-6% idecrease iin ithe itensile istrength. 

5. The iaddition iof iFlyash iup ito i60% icauses ia i3% idecrease iin icompressive 

istrength ii.e. i50.1 ito i48.7 iMPa. iEach isubsequent iincrement iin iFlyash 

iquantity iby i30% icauses ia i4-6% idecrease iin ithe icompressive istrength. 
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6. Since ifibers iare igood iin itension ihence, itheir iaddition iimproves iflexural 

istrength ifrom i4.32 iMPa ito i11.52 iMPa iwhich iis ian iincrease iof iabout 

i166%. 

7. Addition iof ifibers iincreases itensile istrength ifrom i2.82 iMPa ito i4.28 iMPa 

iwhich iis ian iincrease iof iabout i51%. 

8. Addition iof ifibers icauses ia idecrease iin icompressive istrength ifrom i53.2 

iMPa ito i50.1 iMPa iwhich iis ia idecrease iof iabout i6%. 

9. The isample iC0 igives ithe ihighest icompressive istrength iof i53.2 iMPa iwhile 

ithe ihighest icompressive istrength ifrom iECC isamples iwas igiven iby isample 

iE0 iwhich iis i50.1 iMPa. i 

10. ECC ishows iductile ibehavior iwith ipseudo istrain ihardening iwhich iis inot 

ipresent iin imortar. iAll iof iour iECC isamples ii.e. iE0, iE6, iE9, iE12 ihad ipseudo 

istrain ihardening ibehavior iwhile ithe icontrol isamples idid inot. i 

Hence, ithe ikey iinfluencing icomponents ithat iaffect ithe iECC imechanical 

iproperties ihave ibeen idetermined iand ithe ieffect iof ivariating itheir iquantities 

ihas ialso ibeen irecorded iand iquantified. i 

 

6.5 Cost 

According ito ithe icost ianalysis: 

1. Nylon iECC iis i65.5% icheaper ithan iPVA iECC iowing ito ithe ifact ithat iPVA 

iis i525% iexpensive ithan iNylon ifibers i(more ithan i5 itimes). 

2. An ieconomical iECC iwas isuccessfully ifabricated ias iE6 iwhich ireduced 

icosts iby i69%. 

3. Addition iof i60% ifly iash iin iNylon iECC ireduces iits icost iby i10.4% ibecause 

ifly iash ias ia ibinding iagent iis icheaper ithan icement. i 

4. Every i10% iincrease iin ifly iash iamount ireduces ithe icost iof iNylon iECC iby 

i1.73%. 
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