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Abstract: The study of the interaction between Hiildtment yarn and cementitious matrix
can give a good comprehension of bond and failugehanism of this type of composite. This
study may be carried out by means of pull-outwdsth is an applicable tool to investigate
the shear bond properties. In order to better ustind the bond behavior of a continues
glass fiber /matrix system, in this work a seriépuwll-out tests is performed with different
types of fiber. Applied a uniform tensile load wigh from one side on the composite, hence
matrix cracking strength are required as soon asckrbegin formed along continuous fiber.
Furthermore, it has been shown that the load bepgapacity do not only depend on the
properties of materials constitutive (micro conerét fibers) but in reality the principal
feature depends on the interaction of the fiber #melmatrix. This interaction between fiber
and matrix is characterized by different parametsush as bond strengths Ga, bond
modulus k, ascending stiffnesgnk descending stiffnessgiekongand pull-out toughness A.
These parameters are determined from pull-out eyt curves for different types of fiber.
The comparison of these parameters for differgmegyof fiber allows us to analyse the bond
behaviour of the fiber/matrix system.

1. Introduction

Composite materials combining cementitious matith vinulti-filaments yarns reinforcement

have been used more and more in civil engineenpmiGations because of their numerous
advantages. The study of the interaction betwedti-flament yarn and cementitious matrix

can give a good comprehension of bond and failueehanism of this type of composite.
This study may be carried out by means of pull-tmst which is an applicable tool to

investigate the shear bond properties. Complex ibgndnodel analysis due to the

inhomogeneous internal structure of the glass Hildthents yarn and non-uniform bond

conditions in the longitudinal direction and withthe cross-section lead to a different
stressing of the filaments forming the roving wasdged by [1]. Since the filaments of the
yarn aren’t fully enclosed to the cementitious matirom which it depends on their

geometrical position in the yarn [2]. Interactidre tfilaments of the yarn within the matrix is
characterized by difference stress-displacemerttioalship. Konrad et al. [3] shown the
elementary behavior describes the interaction flarmatrix including the bonding,

debonding and friction, and interaction filamenlafhents is negligibly for greatest part of
authors ( i.e. they stress only by bonding).

This paper gives an investigation on fragile mataforced by glass multi-filaments yarn.
Besides, mechanical parameters observed at theo néwel were studied. Different

parameters which have major influence on pull-ceftdviour are determined from pull-out
experiment curves for different types of yarns.
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2. Interaction of multi-filamentsyarn and cementitious matrix

The study of the interaction between multi-filamgatn and cementitious matrix can give a
good comprehension of the bond and failure mechanibhis interaction is studied by
analyzing the pull-out behavior of a yarn/matrixxgmosite. Mechanical behaviour depends on
interface characteristics because the filamentsixnaiteraction is at this level. When a
uniaxial tensile load applied on free end of thdtriilament yarn reaches a critical value, the
yarn is pulled out of the matrix. This phenomenan be considered as yarn debonding and
the propagation of a tunnel crack along the yartimnaterface from the free end toward the
embedded end. We have studied this process andogedean analytical model to analyse
this pull-out behaviour [4]. The relationship beemethe pull-out displacement of a multi-
filaments yarn and the pull-out forée can be established using this model. The model is
based on fracture mechanics concept. The sheardaf the interface between the yarn and
the matrix is considered as the creation of a tucnraek at interface.

In present work, we use this model to calibrate esdronding behaviour parameters such as
bond strengths Gac and bond modulus k. Here we present briefly niaimulas of this
model. The following hypotheses are made: (a) Thé#i+filaments yarn is considered as one
entire; (b) The materials of the yarn and the cdiiens matrix are respectively
homogeneous, isotropic and linearly elastic; (c¢ Fhear stressat interface between yarn
and matrix is in proportion to the displacementhaf yarnu in the bonding partr = ku where

k is the bond modulysit reaches its maximal value at the outset ofodeing and then it
becomes constant (called frictional bond strength) along the debeshgart of the yarn.

matrix | = .
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Figure 1. (a) Yarn in cementitious matrix (b) Equilibrium of the yarn

By analyzing the equilibrium of a small lengtix of the yarn (Fig.1), the pull-out
displacement of the yarn can be obtained:

0, =u(x=0)=—AE D) AP 2L,
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Where D is diameter anl is Young's module of the yarhe is embedded length arids
debonded length of the yarh.is considered as the length of a cracis a bond parameter

witch depends on the quality of the interface betwgarn and matrixa =/ 4k/DE .

According to the concept of fracture mechanics ahergy release ra@&for the creation of a
new length of a crack is introduced:
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WhereSis the area of the cracB£7DI). n is the potential energy. Replaci@goy its critical
valueG; (called chemical bond strength [5] ), one can iobfi@low expression:

_ 2F? 2, o 2r.F . 2F?-2/D1Fl
° mDE 7D°E ATDEth(L, 1) 7 D°EsA(L, -1)

3)

The pull-out curve can be obtained by using equnat{d@) and (3). This allows us to calibrate
the essential bonding behaviour parame@ecsz . andk according to experiment pull-out
curves performed in this work

3. Experimentally study
3.1 Materials

An ordinary Portland cement (CEM 52.5 I) and maximaggregates size of micro concrete
in mixtures no except 1.25 mm has used, it pertotsindamaged filaments of the fiber
during manufacturing process and no hinder thetpatien in the fine meshed than grain size
ordinary concrete moreover the reduce of aggregjageresults in a composite of high fiber
holding capacity. Admixture is an active mateaalded in small quantities (often liquid) in
order to influence certain chemical or physical pemties. A polycarboxylate based
superplasticizer type of high water reducing CIMADWR002 with solid content of 35.6%,
according to the standard NF P18-380 was used. éqaestly, mortar compositions were
W/C= 0.48 % (water/cement ratio), S/IC = 1.4% (sesmient ratio), SP/C = 0.0035%
(Superplasticizer/cement ratio), the matrix of theystems could consider as a mortar. The
composition of matrix is listed in Table 1.

Table 1. Composition of cementitious matrix.

Mixture ingredients Micro-concrete [kg/m3]
CEMI 52.5 (C) 735.84

Sand (S) 1030.35
Water (W) 364.91
Superplasticizer (SP) 0.917
Package density 2203.6

Five kinds of fibres were used to produce cylindpecimens compound of glass fibre as
structural reinforced: Owens Corning 359A-AA mudtid continuous E-glass fibres (nominal
fibre diameter 12um, called OC1), Owens Corning 111A*11 type 30 stnghd continuous
E-glass strand (nominal fibre diameter @M, called OC2) and three types of Saint Gobain
Vetrotex AR-glass fibres consisting from thousahdilaments with ones diameter of 14n,
called SG1, SG2 and SG3. All these yarns coateditipg dissimilar from one another
except OC1 and OC2 have approach composition ofgsinaterial. The fineness of the yarn
known by tex (gram per 1000m) depend on this awefégment diameter, the number of the
filaments and the density of the yarn. Furthermahe, proprieties of the yarn influence
heavily by the applied size. The sizing materiahisnixture composition of polyhydroxy
phenols or silane and a polymer emulsion (PVAC)s Hize helps to protect the filament as
to combine hundreds of filaments in the yarn beeatietching and bobbing operations aren’t
sufficient effect (the glass is fine to agglomeyag&zing has major influence on the quality of
the adhesion between the filaments and the mditig dbn strength composite performance.
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Yarn mechanical proprieties such as tensile stredgect of the yarn have been determined
according to ISO 3341

Table 2. Data on Filament, yarns proprieties accordingrterfess fibers.

Yarn Fineness | Glass density Dsjament Nr. Nr. Yarn strength Young's

a 3 ) modulus
type | [tex= g/km] [kg/m”] [um] Strands | filaments [N/tex] [GaPal
OC1 2400 2530 12 39 8388 0.465 57.73
OC2 2400 2530 17 / 4180 0,375 58.89
SG1 2450 2680 14 55 5939 0,292 62.24
SG2 2450 2680 14 30 5939 0.349 49.12
SG3 3000 2680 14 36 7272 0.277 40.59

3.2 Preparation of specimensand curing

Specific molding has been used to precisely cahtefibers in a cylindrical matrix of 3.4 cm

of diameter and the higher was varied from 3cm3aith. Cement was dry mixed with the
sand for 1 min in a Hobart mixer. Afterward the @ramixed with the superplasticizer were
added and the mixing was continued with slowly spfeg a period of 15 sec. stopping the
mixing during 15 sec for descending the dispersioxing on the side of the Hobart mixer

and continued the mixing with quickly speed foregipd of 30 sec.

After 24h all specimens were removed from mould mncherge under water 28 days at 20
°C. For the specimens after curing time, the freg @bre no embedded in micro concrete)
was constant 10 cm and glued in between two pfaigyeby help epoxy resin.

3.3 Mechanical tests

In order to characterize micromechanical behavigucementitious matrix reinforced by
glass multi-filaments yarn, one way pull-out teas been used to illustrate interfacial bonding
between the fiber and the matrix. Micro concretkes€ribed in part 3.1) was placed on a flat
beam in basket was clamped to upper grip of theidendevice (Instron 5567, maximum
capacity of 30 kN) centered specimens mad by aifspeapport to avoid inclining them so
as to ensure that the tension load is applied lpatalthe embedded yarn. The free end of the
yarn was clamped on the lower grip of the tensiemiak. In this test a displacement is
applied on free end loaded of the yarn under cabhsigeed of 0.01 mm/min and continues to
increase until the yarn is fully pulled and debahadé the matrix. A monotonic increasing of
load is realized by a relative displacement of gmelsasket on the upper grip [6].

4. Results
4.1 Load pull-out-displacement measur ement

Figure 2 presences the load / displacement cumedifferent kinds of glass yarn used as
structural reinforcement in a cementitious matéach figure is correspondent to the mean of
three tests identical. From behaviour curves, dusth be noted that pull-out strength of
cementitious composite is increased function wittbedded length [6]; again demonstrating
that tensile failure after reached to peak depenaisly on yarn/matrix interface rather than
yarn and matrix strength. It is importance notingttchemical composition and cell structure
of multi-filaments yarn are quite complicated besmtheir sizing [7]. The interface between
the yarns and the matrix heavily influence by cleainbonding with them [8]. Therefore, the
displacement measured here is not directly theaeted length of the yarn but also take into
account the strain of the free length of the y&nom displacement measured, it necessary to
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remove the displacement generates by undulatiopaof (manufacture process) for force
measured (P) is less thag, 2 Naaman et al. [9] shown that a displacement atetid of
embedded fibre is accompanied by a displacemethtdip of free end. Load —displacement
curve can be divided in three parts [10]. The fiatt is determined by elastic adhesion bond
between the yarn and the matrix. In beginning afling core filaments needed to stretch out
before activated while sleeve filaments directlipmsit to stress? Due to filaments’ waviness
(manufacture process), then is accompanied by asecrg loading. In second part the
chemical bond between the yarn and the matrix oraken frictional bond become weaker
due to smoothing interface between the filamentstha matrix. In third part, frictional bond
remains constant and residual load tends to dexrélse curves don't need have zero
ordinate to intercept [11].
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Figure 2. Load pull-out versus displacement of means curves.

Break up of the fiber depend on maximal anchoredtle With short embedded length all
filaments slipped and pulled up even case witHilalinents of the difference yarns. On the
other hand, fiber diameter doesn’t constant onritss section or along the yarn, thus variable
filaments impregnation induce difference behaviaeny complex to understand.
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4.2 Bonding behaviour parameters
4.2.1 Maximum pull-out strength

Maximum pull-out strength Jzx is increasing as function of embedded length Le.
Furthermore, influence each yarn on the strengtiele&ged to yarn impregnation capadaiy
the cementitious matrix (effect if sizing) as appeafig 3. In reality, maximum strength
measurement is far to being equal in all filamefasning in the roving. Despite the
maximum strength of OC1 is less than SG2 and S&3triength tends to stabilize or almost
constant after then after Le= 3 cm. On the otherdhanaximum strength of other yarns
approximately stable after embedded length of 10lonaddition, yarn structure has a major
influence on maximum strength when lower strengdls drawn with OC2 (without strand) or
direct roving (see fig 3).

800

600 -

Fnax (N)
F
=]
o
|

L aid) a0dl

Figure 3. Maximum pull-out strength measurement in functibembedded length.

Due to insufficient yarn impregnation in the matiix results with OC2, poor adhesion
between yarn and the matrix reduces the maximumngtn. SG1 and SG2 measured
approximately approach values of maximum stren§®B3 remains the once yarn able to
measured maximum strength in function of embeddedth.

4.2.2 Bond strength and bond modulus

According to equations (1) and (3), the pull-outveis can be obtained. Experiment pull-out
curves obtained from different types of fibers ased to calibrate the bond streng®s, z.
and bond moduluk.

As example, figure 4 shows some pull-out curvesl isealibrate the values Gfc, 7. andk.

It is found that few variation of chemical bondestgthGc for different types of fibersGc is
equal about 1 J/frfor all types of fibers. However, the valueszqfandk vary with the type
of fiber. Table 3 shows the average valueg andk for different types of fiber.

As indicated in table 3, presence OC2 in the maisixhat it induces very lower bond strength
resulting to its structure but the adhesion of G@dl SG3 were robustly as SG1 and SG2 of
so the bond shear stress distribution at interfagel aren’t homogenous where which each
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filament independently done (heterogeneous in thectsire of the yarn) and the effect of
sizing material.

. # 14™ EUROPEAN CONFERENCE ON COMPOSITE MATERIALS

(OC1, L=50mm) (OC2, L=50mm)
350 160
o —e— experinmert restits 140
® ﬁ —8— nodel resuits 10 N\ i
%‘ 250 \} Z 10 # \i —o— Experinert resuts
g 200 x E o /f \ —#— Mode restits
i A
AR .
"5 N
o s
° o] 2 4 6 8 10 12 -20 2 4 s 8 0 ?
Full-out Oisplacement Lt (mm) . Pull-out displacement Lt (mm)
(SG1, L=50mm) (SG2, L=50 mm)

—&— Experiment resuts

ﬂ —e— Experiment results
250
140 —=— Model resits = Mbdel resuits
120 200
100
\ o

N M . K
- ® e ———

!
2 4 6 8 10 12
-20

Pull-out force F (N
3
Pull-out force F (N)

Pull-out displacement Uc (mm) Pull-out displacement Uc (mm)

Figure 4. Pull-out curve for different types of fiber.

Table 3. Values of frictional bond strengtly and bond modulus k for different types of fiber.

7. [MPa] K [MPa/mm]
ocC1 1.78 3.45
oc2 0.68 1.11
SG1 0.80 0.75
SG2 1.43 1.17
SG3 1.33 1.60

4.2.3 Stiffness

Ascending part of load-displacement behaviour cisvessumed linear-elastic, [11] designed
by ascending stiffness,dq it corresponds to the relation between crack-mgeand crack-
bridging force transferred by the sleeve filamdthjsDescending stiffness of behaviour curve
KdebondWas determined too with the accuracynkand kenongCorrespondent to load values in
rang 0.5 to 0.8 [ All results ware obtained ofqand kenongare shown in fig 5.

Despite OC2 impregnated yarn measured lower stieagti gives poor impregnation in the
matrix, it appears average bonding stiffness, wase®G1 is slightly higher than OC2, but it
is less than SG2 and SG3, see table 4. On the o#hed, due to sizing material this
determines the adhesion between the yarn and tihexn@aG1l and SG2 appear difference
stiffness parameters. However, glass volume inha&ix doesn’'t has major influence on the
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bonding (i.e. OC1 roving). When the first crack egs after reaching to peak, we can assume
that a debonded process between the fiber and #iteixmnduces. For glass yarn the
debonded fiber of the matrix is very complex dueirtbomogeneous yarn structure and
heterogeneous penetration cement particles in leetwiee filaments, and interaction with
matrix away. kond@ndKgenongtend to increase with short embedded length aeg biecome
approximately stable with higher embedded lengém thO cm, again see fig 5.
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Figure5. Bonding and debonding parameters between multiéiats yarn / cementitious matrix.

Maximum displacement klxindicated in table 4 correspondent to alignmentfilaenents to
rupture then no all filaments aligned at the saime.tCore filaments can be induced delayed
activation with the small displacement or they ramwaithout activation. Wax tends to
decrease with embedded length except with Le =n1&md for OC2 is approximately stable.

Table 4. Mean pull-out parameters calculated of differenbedded length.

Fma [N] Umax kbond kdebond A-total A-pre peak A-post peak
* [mm] | [N/mm] [[N/mm]| [N.mm] | [N.mm] | [N.mm]
OC1,Le=3cm 193.4 0.86 399.8 1950 403|2 80.p 2.2
OC1,Le=5cm 303.4 0.72 1100}5 3313 6038 834 20.56
OC1,Le=10cm 333.1 0.66 115113 224.0 1437.0 2108. 1328.7
OC1,Le=15cm 359.3 0.81 11695 2535 479.4 133.1 346.3
OC2,Le=3cm 78.1 0.74 113.0 89.7 215)9 39.2 6L76.
OC2,Le=5cm 150.9 0.72 66.0 185(3 365]7 66.0 7299
OC2,Le=10cm 205.8 0.90 344.7 217.0 70019 865 14.46
OC2,Le=15cm 194.9 0.78 324.0 154.5 1721.5 84,81636.7
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SG1,Le=3cm 89.1 1.52 80.7 52.6 449.8 89.8 360.5
SG1,Le=5cm 187.8 1.21 201.)7 91)9 79313 1299 3.3%6
SG1,Le=10cm 324.7 1.04 4746 184.7 11727 170.21002.6
SG1,Le=15cm 336.4 1.09 4912 155.0 1800.7 184.31616.3
SG2,Le=3cm 140.0 1.28 145.9 83)9 5083 10116 6.740
SG2,Le=5cm 259.6 1.08 3311 1579 12144 151.81062.6
SG2,Le=10cm 361.0 1.10 5518 1740 212%.4 197.51927.9
SG2,Le=15cm 395.2 1.37] 8148 2181  1893.7 211.41682.3
SG3,Le=3cm 196.5 0.94 6454 1383 677\5 728 5.%0
SG3,Le=5cm 266.5 0.88 873.3 169.0 1833.2 139.81693.4
SG3, Le =10cm 496.9 0.78 14465 2435 1628.8 1166. 1462.7
SG3, Le =15cm 525.2 1.01 9996 280.5 1398.7 319.51079.2

4.2.5 Pull-out toughness

Pull-out toughness of the specimen was calculasednaarea (noted..,) under the load-
displacement pull-out curve up to failure of thee@men correspondent to the average of
three curves of the same the yarn. The full debandf the continuous glass yarn from the
matrix can be characterized by the integral measen¢ based on the energy dissipation
interpretation of the surface under the load-disptaent curve until fy (noted Aprepeal-
Since the composite exhibited a fairly complex loégplacement relationship for every
curve. Besides, it appears the behaviour as whileopit toughness tends approximately to
increase with embedded length, see table 4. Frguudi6, it can be observed again that the
energy dissipation of OC2 (direct roving) is lowtban the other fibers. With SG3, create
debonded process is needed more energy dissipad@Gi; and SG2 appear approach
behaviour. The estimated s peakvalues were made by subtractgfeaxof total area until
the stopping of the test. It tends to increase witibedded length until 10 cm after this it
decreases. This due to fibre and matrix interacdway and to speed debonded the yarn from
the matrix due to poor yarn impregnation.
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Figure 6. Pull-out toughness of different fibers.
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5. Conclusion

Five kinds of glass multi-filaments yarn were swstelly used in this research. Despite the
specific geometry of the yarn which lead to compieteraction with the matrix. It gave
interesting results. This paper appears weakerfat® bonding due to smooth mechanical
behaviour obtained with short embedded length. Heamiore, the effect of misalignment
glass multi-filaments yarn embedded in micro cotecren mechanical behaviour take in
account by subtracted from the behaviour curveeréation contact way between the yarn
and the matrix remain influenced by heterogeneounsact points along interface yarn/matrix.
In addition impregnated yarn is very complex bebawito understand from which several
hundred or thousands of filaments interacts with mhatrix undependably. In addition, it
depends heavily on yarn capacity to saturate tceoempaste. Characterization parameters of
pull-out experimental test: maximum pull-out loagF ascending stiffnesspdq and
descending stiffnessidsondgei@nd pull-out toughnessere determined. The effect of embedded
length on maximum strength and the stiffness wadietl. On the other hand, the bonding
behaviour parameters;G. and bond modulus k according to experiment pulleaves are
also calibrated from pull-out experiment curvesaadimg to an analytical model developed
recently. The comparison of different parametensdifferent types of fiber allows us to
analyse the bond behaviour of the fiber/matrix exyst
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