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ABSTRACT
Low moduluspolymericyams (fibers)can be used as primaryreinforcement
in thin sheetcementproductsif their bondingto the matrixcan be made suf-
ficientlyhigh. Straightyams usuallyhave a low bonddue to the hydrophilic
nature of the yam and its low moduluswhich does not allow for sufficient
clampingstressesto developand enableeffectivefictional bond. In the pres-
ent paper the potential of modifying the shape of the yarn to achieve a
crimpedgeome~ was studiedto enhanceitsbondresistance.Suchgeometry
can be achievedin the productionof individualyams and it is the geometry
which exists in wovenfabrics.The crimpedyams investigatedhere were ob-
tainedby untyingyams fromwovenfabrics.The fabricswere producedespe-
cially for this work to achievecontrolledgeometryof the yam, which was
characterizedin termsof the wavelengthand amplitudeof the crimpedshape.
The bondingperformancewas characterizedby pull-outtests of the crimped
yams. The crimped shape enhancedthe bondingconsiderably,and the pull
out resistancewas found to be a linear functionof the product of the wave
amplitudeof each crimp and the number of waves (i.e., yam length/wave
length)along the yam. The dominant bondingmechanismwas mechanical
anchoring.Cl1997ElsevierScienceM

Introduction

Low moduluspolymeryams (fibers)are being increasinglyused as cementreinforcement,
and they are particularlyattractivebecauseof their durabilityin the cementitiousmatrix (l-
5). However their reinforcementefilciency is limitedbecause of their low modulus, low
bond, and the difficultyof incorporationin the matricesufficientlylarge yarn content (l).
The lowbond is the resultof the hydrophobicnatureof the fiberas well as the lowmodulus.
The latter has an indirect influenceas it does not allow for sufficientclampingstressesto
developwhenthe matrixshrinksaroundtheyam; suchlateralstressesare neededto generate
frictionalbonding (6). These deficienciescan be overcomewhen using woven fabrics as
reinforcement.The hand lay up productionmethodscan providea means for obtaininga
compositewith sufficientlylarge volumeof reinforcementand the geometryof the fabric
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can provide improvedbonding,which is associatedwith the crimpednature of the yarn in
the fabric(Fig. 1)as well as the additionalanchoringeffectof the yarnsperpendicularto the
reinforcingyarns.

The majority of reinforcing textile fabrics used in commercialreinforced plastics are
woven. Woven fabrics consist of interlacingx,y (fill and warp) coordinatesystems. The
warp andthe fill yarnspassunderand overeachotherandthereforean individualyarn in the
fabrichas a crimpedgeometry(Fig. 1).Thiscrimpedgeometrymay reducethe efllciencyof
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FIG. 1
Schematicpresentationof the structureof the fabricandthe crimpedyarn.
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TABLE1

MechanicalPropertiesof theUntiedYarns

ModulusofElasticity Tensile Strength YarnType
MPa MPa

1032.0 233.2 5

948.7 224.2 7

972.3 248.6 10

1728.0 337.7 22

1765.0 260.0 StraightYarn

the reinforcement,becausethe stressesdevelopedin the compositeare not parallel to the
yarn direction,and due to stress concentrationthat maybe generatedin the matrix (7). To
overcomethese limitationsdifferentfabricformshavebeen developedto be used in plastic
composites.

The advantagesof fabric forms for compositematerialsare based on the possibilityof
designingthe compositecharacteristicand reducingcostwhile increasingthe qualityof the
composite.In the field of cementitiouscomposites,the use of fabric form as reinforcement
can possess several advantages.Wovenfabric mightprovidea mechanicalanchoringwith
the cementmatrix due to it specialgeometry,which is inducedas the cementpenetratesin
between the openingsin the fabric (when it is in an open net form) and by the curved ge-
ometryof the individualyarns.Thisadvantageis importantwhen syntheticfibersare incor-
porated in the cementmatrix.The potentialof suchreinforcementhas been demonstratedin
severalpublications(8-10).

The issueof improvedbondinghasbeenstudiedmainlywithrespectto straightyarnswith
differentsurfacetreatments(2-6).In orderto betteimptirnizethe use of wovenyarnsthere is
a need to addressmoresystematicallythe parameterswhichcontrolthe bondingin this type
of reinforcement,in particularthose related to its geometry.The objectiveof the present
paperis to resolvethe significanceof oneparameterof the geometricalstructurewhich is the
crimped shape of the yarn. The studyof this parameteris of significancenot only with re-
gard to fabric reinforcementbut also in relationwith reinforcementby discrete dispersed
shortyarnswhichcan alsobe producedin a crimpedgeometry.
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FIG.2.
Schematicpresentationof thepull-outspecimenandtestingarrangement.
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FIG.3.
Effectof fill yarn diameteron the structureof theweftyarn(a) wefiyarn amplitude,and (b)
weftyarn wave length.

The yarns investigatedin the presentwork were obtainedby untyingfrom fabricsof con-
trolled geometrywhich were producedespeciallyfor this study. Thus controlledcrimped
geometrywas obtainedand its influenceon the natureof bond was evaluatedby means of
pull-outtestsof the individualcrimpedyarns.
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FIG.4.
Effect of initialtensionand yam density(i.e. numberof crimpsper cm) on the structureof
the crimpedyarn (a) amplitude,and(b)wave length.
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Experimental

Yarn G-. The crimpedyarns were obtainedby untyingthe yarns from plain weave
fabrics. In plain weave fabricsthe fills (lateraldirection)and the warps (longitudinaldirec-
tion) pass over and under each other, on and off, resultingin the crimpedwavy structure.
The yarn curvaturein plainweavefabricdependson the spacingbetweenthe yarns (number
of yarnsper unit length)andthe yarnsdiameter.

The fabricswere producedspeciallyfor this studyso that their geometrywould be con-
trolled and thereby controlthe curvaturegeometryof the individualuntied yarn. This was
achievedby changingtwo parametersof the fabric, the fills densityand the fills diameter,
one parameterat a time: In all of the fabricsthe warps’densitywas the same,22 yarns per
cm, and the fills densityvaried:5, 7 and 10yarns per cm. Thereforethe warp yarns which
were untiedfromthe fabricshad crimpdensitiesof: 5, 7 and 10.Theuntiedfillshad a crimp
densityof 22 crimpsper cm. For fabricwith densityof 5 fillsper cm two differentdiameters
of the fills were used:0.20 and 0.25 mm. This resultedin changesin the wavy structureof
the warpyarns.

The crimpedyarnswill be referedhereby theircrimpdensity:yarn 5, yarn 7, yarn 10and
yarn 22. For comparisonstraightyarnswere alsoevaluated.

The straightand crimpedyarnsboth had a diameterof 0.25mm. The mechanicalproper-
ties of the differentyarnsare presented in Table 1.

Yarn 22 (the fill yarn in the fabric) was producedseparatelyfrom the warp yarns and
thereforeits mechanicalpropertiesare different(Table 1).In spiteof this,yarn 22 was stud-
ied here for pull-out because it provided useful additional data for a highly crimped
geometry.
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FIG. 5.
Typicalload-displacementcurvesof crimpedyarnsof differentshapes.
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FIG.6.
Effect of crimp density in the crimpedyarn on the pull-outresistancedeterminedin tests
with IOmmand 20mmembeddedlengths.

Pull-out Testing. The bond performancewas characterizedby pull-out testing. Special
specimenswere preparedin whichthe yarnwas embeddedin the centerof the cementblock.
The specimenand testingarrangementare shownschematicallyin Fig. 2. The cross section
of the block was 8 by 20mm. The length was 10 or 20mm, equal to the yam embedded
length.The specimenwas preparedin longerdimensionswith the yarn extendingfrom both
sides. After hardeningit was cut to the required length.The matrix was a paste of 0.3 wa-
tericementratio.

During the productionprocessof the pull-outspecimenit was necessaryto positionthe
yarn in place using some initialtensile loadwhich was appliedalong its longitudinaldirec-
tion. Two levelsof load were used, 0.1 and 0.6N. These loadsare equivalentto stressesof
about2 and 12MPa,whichare onlya smallfractionof the tensilestrength(0.8°/0and 4.6°/0,
respectively).The initial stress was released after 24 hours, at which time the matrix had
alreadyhardened.Thus, althoughthe stress is small it had some effect on the geometryof
the crimpedyam which was “frozen”in the hardenedmatrix. The shape of the yarn when
under tensionwas measuredand characterizedby the wave lengthand amplitude.Thus, in
the evaluation of the pull-out tests reference could be made to the actual shape of the
crimpedyarn in the matrix.

All the specimenswere water cured for 7 days and tested at this time. At this age the
matrixstrengthreached80°Y0of its28 daysstrength.

The pull-out test was carried out in an Instron testing machine at a cross-head rate of
15mm/min.

The surfaceof the yarnsbeforeand afterthepulloutprocessandthe yarn-matrixinterface
were observed by scanningelectron microscopy(SEM). The specimensfor that purpose
were driedat 60°Cpriorto beinggold-coated.
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FIG.7.
Effect of the amplitudeof the yam on the pull-outcurve. The two yarns are of the same
wave length,andtheywereobtainedfkomyarn 5 withwetl yarnsof two differentdiameters.

Results

Thegeometryof the crimpedyarnswas quantified
in terms of the wave lengthand waveamplitude(Fig. 1).The data are presentedin Table2.
It canbe seenthat the geometrywas influencedby threeparameters:(1) The fillsdiameterof
the wovenfabric;(2) The densityof the fills and warpsin the wovenfabrics:5,7,10,and 22
yarnsper cm; (3) The initialtensionapplietkdurhigtheproductionof the specimens.

The influenceof theseparametersis presentedgraphicallyin Figs.3 and 4. Severalobser-
vationscan be made:

1) Changingthe fills diameter from 0.20 to 0.25mmdid not affect the wave length but
increasedthe waveamplitude(Fig.3)

2) The wave amplitudedecreasedwith increasein the crimpdensityandthe initialtension
(Fig.4a).

3) The wave length decreasedwith increasein the crimpsdensitybut was unaffectedby
the initialtension(Fig.4b).

Pull-outperfo~~w. Typicalpull-outcurvesfor the differentgeometriesare shownin Fig.
5 demonstratingthe marked enhancementin bond achieved with the crimped geometry.
Maximumpull-oytloadsobtainedas the averageof at least5 sampleswe shownin Fig. 6.
Again,the positiveinfluenceof the crimpedstructureis evidentprovidingan enhancement
in pull-outresistancewhichexceedsby a factorof about5 that of the straightyarns (pointO
on the crimp densityaxis). When comparingthe 10 and 20mmembeddedlengthcurves in
Fig. 6, onecan clearlyseethat thereis similaritybetweenthe two.
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FIG. 9.

The surface of straight yam afier pull-out.

FIG. 10.
The surface of a crimped yam afier pull-out.
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FIG. 11.
The effect of wave lengthand initialtensionon the pull-outloadper one wave (i.e. pull-out
loaddividedby the numberof wavesalongthe embeddedlength).

The influenceof the wave amplitudefor crimpedyarns having the same wave length is
shownin Fig. 7. Increasein the amplitudeby 30Y0resultedin aboutdoublingof the pull-out
resistance.

Microstructual Characte~.. .r The overallwavy natureof the yam in the matrix can be
seen in Fig. 8. The matrixaroundthe yams is quitecompactwhich is an indicationthat the
specimenswereproperlyproduced.

The SEMresultssuggestedthat themajormicrostructuraldifferencescouldbe observedat
the yarns surface.Prior to pull-outthe surfaceof the yarn, whetherstraightor crimpedwas
smooth.Afierpull-outthe surfaceof the straightyarnremainedsmooth(Fig.9) whilethat of
the crimpedyarn was heavily abradedand hydratedcementparticles could be seen inter-
lockedintothe abradedsurface(Fig. 10).

TABLE2

CrimpedYarns’Amplitudeandthe WaveLengthfor DifferentInitialTensileLoad

Initial Tension (N)

0.6 0.1 0.0 0.6 0.1 0.0 Yarn

Wave Amplitude(mm) Wave Length(mm) Type

0.08 0.13 0.14 4.40 4,00 4.00 5(0.25)

---- 0.10 ---- ---- 4.00 ---- 5(0.20)

0.09 0.14 0.18 3.00 2.86 2.86 7

0.08 0.11 0.20 2.30 2.20 2.00 10

0.016 0.04 0.06 0.95 0,90 0.90 22

Note: the numberin bracketsindicatesthe diameterofthe fills in the wovenfabrics,whichthe
yarnuntiedof.

..-
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Discussion

The microstructuralcharacterization(Figs.9 and 10)providesomequalitativeindicationsto
the processesinvolvedin the enhancementof thebondingperformancein the crimpedyarns:
the crimped geometry apparentlyforces the yarn to abrade itself against the surrounding
matrix as it is beingpulledout. This is perhapsa manifestationof an anchoringmechanism
that is responsibleto the enhancedbond.

Attemptswere made to establishempiricalcorrelationsbetweenthe pull-outresistance
andthe geometricalparametersof the crimpedyarns.In orderto isolatethe effectof individ-
ual waves, the pull-outresistanceper individualwave was calculatedand plottedas a func-
tion of the wave lengthand waveamplitude.No clearcut relationscouldbe establishedwith
wave length (Fig. 11),but a significantsinglelinearrelationcouldbe establishedwith the
wave amplitude(Fig. 12).Linearregressionresultedin the followingrelation:

p= 8. Amp+ 0.18 (1)

Where:p = the pull-outresistanceper one wave (N), Amp= the crimpedyarn amplitude
(mm),0.18= constantwhichreflectsthe contributionof the straightyam perunit length.

The linearcorrelationcoefficientof thisrelationis 0.88.
This correlation is in agreementwith the observationin Fig. 7, which shows that in a

controlledexperimentwhere only the amplitudewas changedconsiderableenhancementin
the pull-outresistancewas obtained.One would expectthat the anchoringeffect would be
sensitiveto the deviationof the shapefromthe longitudinalaxis, and the amplitudequanti-
fies such“bulges.”

The empiricalrelation(Eq. 1)impliesalsothat the contributionof eachof the wavesalong
the pulled out yarn is the same, regardlessof its positionalong the pulled out yarn. This
suggeststhat the overallpull-outresistancewouldbe the productof the pull-outresistanceof
the individualwave (expressedby Eq. 1)multipliedby the numberof waves along the em-
bedded length, which is the length dividedby the wave length.Thus the overall pull-out
resistancecan be expressedas follows:
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FIG. 12.
The effectof waveamplitudeand initialtensionon the pull-outloadper onewave (i.e., pull-
out loaddividedby thenumberof wavesalongthe embeddedlength).



1110 A.Benturet al. Vol.27,No. 7

20 mm

- -- --

10 mm

3 Calc(llated A
Experimental■

o 1

12

9

6

3

0

0 4 8 12 16 20 24
CrimpsDensity (l/en])

m

1
Experimental ■

o 4 8 12 16 20 24
CrimpsDensity(1/cnl)

FIG. 13.
Calculated and experimental values of pull-out resistance for systems with
O.lN (a) and 0.6N (b).

[) ()pmm= P ~ = (8.Amp+O.18)~

(a)

(b)

initial tensionof

(2)

Where: P.= = the total pull-outresistance(N), p = pull-outresistanceof an individual
wave(N) 1= embeddedlength(mm),Amp= amplitude(mm),L= wave length(mm)

Insertinginto equation2 the geometricalvaluesof Table 2 enablesone to calculatethe
total pull-outresistanceof all the systemstested in this work. Comparisonbetweenthe ex-
perimentaland calculatedvaluesis givenin Fig. 13,showingan excellentagreement.

Conclusions

1) The crimpedgeometryof the yarn improvedthe bondperformancebetweenpolyethyl-
ene monofilamentyarn and cementsmatrixcomparedto straightyarn. The mechanism
involvedis probablymechanicalanchoringwhich is dependenton the wave amplitude
of the crimpedyam.

2) The pull out resistanceof the crimpedyarn dependssignificantlyon the wavy yam
structurewhich is characterizedby two main parameters,the wave amplitudeand the
wave length.Empiricalrelationwas developedbaseduponthe followingconcepts:
a) The wave amplitudeof the crimpedyarn determinesthe resistanceto pull-outof

each wave, due to mechanicalanchoring.Increasingthe wave amplitudecausesan
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3)

4)

5)

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

increase in the bond capacity of each wave and increases in the mechanical an-
choringaccordingly.

b) The wave lengthof the crimpedyarn controlsthe numberof wavesper unit length,
which influencesthe overallanchoringeffect.Decreasingthe wave lengthincreases
the crimpdensityalongtheyarn,and resultsin increasein the numberof wavesper
unit length.

Based on the wave amplitudeand wave length of the crimped yarn it is possible to
predictthe totalresistanceto pull-outof crimpedyarn of monofilamentpolyethylene.
The fabric densityaffectsnot only the wave lengthbut also the wave amplitudeof the
fills and the warps. In view of the significanceof the wave amplitudein controlling
bondingthis effectshouldbe consideredwhenoptimizingthe fabric’sstructure.
The enhancedbondingachievedby the crimpedstructuresuggeststhat crimpingshould
alsobe consideredas an importantpotentialmeansfor improvementof the efficiencyof
reinforcementby individualdispersedshortyarns.
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