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ABSTRACT: This paper describes tlpull-out behavio of glass muli-filaments yarns embedded ircemen-
titious matrix. The pull-out behavior is characted by direct pull-out tests performed on differglatss rov-
ings. For these tests, different pre-treatmentthefroving are used, that induce different impréignapat-
terns. In this way, the effect of the impregnat@nthe pull-out behavior is characterized. Theatftd the
constitutive parameters of the yarn on the meclbiehavior is also studied through the use ofetlaiiéer-
ent glass yarns for the experimental study.

1 INTRODUCTION 1.2 Multi-filaments reinforcement

1.1 Textile reinforced concrete 1.2.1 Yarns characteristics

. . . .Yarns are multi-filaments reinforcements made of a
Textile reinforced concrete (TRC) is a new cementhbundle of elementary fibres, so-called filamentseO

tious composite that appeared in the early 1980°S,5 consists of several hundreds up to thousahds o
when the combination of new yarn types with 3D-gingle filaments. Therefore the fineness of thenyar
production processes leads to an increasing numbgy tex (g/km), depends on the number of filaments,
of new textile applications. Materials used for TRCfilament diameter (range between 10 tou8@) and
application are mainly alkali-resistant glass féore fibre density.

and carbon fibres. The yarn structures includeezhbl  Filaments can be gathered in two different ways to
yarns and friction spun yarns which were develope@roduce a yarn: direct roving and assembled roving.
to improve the bonding behaviour. They both have &irect roving consists in a mass agglomeration of

structure that looks like the one of steel reinferc thousands of single filaments, coated with a sizing
ments with rods (see below). Assembled roving consists in the ag-

The development of TRC is based on the funda%lomerat'on of strands, themselves constituted from

mentals of shortcut glass fibre reinforced concrete ur;]dredls oflsmgle fllame;?ts. Assemblcel:d roving ﬁre
In order to increase the effectiveness of the s@ibreat ree levels structure (filament-strand-yarn)ew

embedded in the concrete matrix, the fibres argireCt roving presents a two level structure (flet

aligned in the direction of the tensile stresseslar ya{rq])host of the applications. filaments are coated
to ordinary steel reinforced concrete. Textile fein ith a sizing which pl?)al is 10 énhance the intdoant
forced concrete offers many advantages compared lo g 9

traditional concrete (Hanisch and,zo6 ) The most with the matrix or to ease the building procesthef

important reason for a reinforcement of concreté/":‘)r]r'1 L?gxs'zr']g%orgaters'ﬁ;ria cfgelmnl]cezil melr)gtljlrseio%f
parts with textiles is that the concrete parts ban polyny yp ' POy

very thin as there is no risk of corrosion of tkef (PVAC) and additives. The detail of the chemical

forcement materials. This allows to reduce thecomposmon of the sizing Is generally unknown, be-

weight of the concrete parts, and therefore to co cause of the industrial protection imposed by manu-

: \ : . Yacturers.
tribute to the reduction of the environmental intpac The type of sizing influences the interfacial prop-

of construction. In addition, the reinforcement iserties of the cement matrix — filaments bond. There
more flexible and therefore the shape of the cdacre ; . ' .
fore, the mechanical properties of TRC may be in-

elements can be varied in a wide range. fluenced by the sizing, as the quality of the adires



between filaments and matrix influences the com-
posite performances.

But the main element that influences the mechani-
cal comportment of yarns reinforced concrete is the
specific structure of the yarn itself. The ten$iad-
strain relationship of the yarn is significantlyflin
enced by the specific organisation of the filameamts
the yarn (Chudoba et al. 2006). If all filamentghe
yarn were strictly straight and aligned, the striess
each filament of a yarn submitted to a given strain
should be homogeneous in the yarn and the stress-
strain relationship of the yarn would correspond to
those of filaments, i.e. to the linear elasticthaibe-
haviour of the bulk material, in the case of glass , _ ,
carbon filaments. In this case, the failure of yaen Elgure 1. Typ|.cal .Ioad vs.-straln curve observed rfaulti-
should be associated to the simultaneous failure dfaments yarn in direct tension.
all constitutive filaments.

Real yarns lead to a different behaviour, as fila-
ments are not initially aligned. As an example,-Fig g
ure 1 shows the tensile behaviour of a glass yarn | Core
measured by the way of a direct tensile test. e f
stage of the loading is characterized by the psagre
sive stiffening of the mechanical behaviour, indlice
by the differed tension of the filaments due toirthe
initial mis-alignement. When all filaments are
tensed, the load-strain curve is linear until thistf Figure 2 Cross section (left); longitudinal section (riglat)
filaments begin to fail. This results in the pragre multi-filaments yarn embedded in micro concrete
sive softening of the behaviour until the load ressc
its maximum values R, For increasing strain, Two interactions between the yarn and the matrix
filaments breaking continue until full failure offa can been formed. Ohno et al., 1994 & Langlois,
filaments. Residual friction between failed filanten 2004 assume two families of yarns: sleeve filaments
then results in a residual load that progressively Wwith direct contacts with the matrix and core fila-
duces to zero for high strain. The main observatioments without direct contacts. Sleeve filaments are
is that during yarn elongation, the filaments workmechanically anchored to the matrix. Core filaments
almost independently one from the other, and thaare submitted to tension due to friction with skeev
the yarn behaviour results from the coupling actiorfilaments. As filaments are not straight and patall
of the individual behaviour of all yarns. into the yarn, a filament that is located in thetee

part of the yarn, in a given cross section of tamy
1.2.2 Influence of the yarn impregnation on the me-can be located in the impregnated peripherical part
chanical behaviour of the yarn in another cross section. This meaas th
Due to the specific geometry of the yarn and to théhe relative importance of the sleeve filaments and
penetration of the cementitious matrix inside thecore filaments does not only depends on the impreg-
yarn during the casting of TRC, the behaviour of im nation process, but depends also on the embedded
pregnated yarn in the cementitious matrix is veryength of the yarn. The longer this length is, riere
dissimilar from the behavior of ordinary steel rods numerous the anchored sleeves filaments are.
The penetration of the cementitious matrix is not This phenomenon also depends on the fiber / ma-
homogeneous: the cross section of the impregnatdtix chemical bond strength (Kabele et al., 200@) t
yarn shows that the outer filaments are embedded @#pnditions the filament debonding and the filamfent
a hardened cement paste that provides them a goftiment and filament / matrix slip properties. Fro
anchorage (figure 2). The penetration depth of th#his point of view, the sizing may also play an im-
cement paste inside the yarn is not sufficientrte e portant part in the pull-out behaviour.
sure a full impregnation of the yarn. The inneafil  As explained, the impregnation process greatly in-
ments are not reached by the hydrated cement padteences the bond conditions of each individual-fil
and thus are not directly anchored in the cementiment of the yarn. The resulting bond conditions of
tious matrix. Only the friction between these fila-the yarn are then also mainly guided by the impreg-
ments can generate a certain bond resistance wheation process, as well as by the matrix and yarn
the yarn is pulled out, when differential slips app properties. This specificity of multi-filaments mei
between filaments. This phenomenon induces a nofiorcements, compared to monolithic reinforcements,
uniform stress and strain distribution in the yarn.  induces a very specific mechanical behaviour, which

0 0.01 0.02 0.03 0.04
strain, (mm/mm)

o % i
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cannot be modelized with the same methods a2.2.2 Cementitious matrix

monolithic reinforcements. The aim of this paper is Fine grain (1.25 mm maximum size) CEM | 52.5
to give some experimental explaination of themortar was used as cementitious matrix. Mixing pro-
mechanisms involved in the yarn/ matrix interac-portion was as follow: W/ C = 0.5, S/C = 1.4 and
tion, and to provide the modelization communitySP/C= 0.0035 (W, C, S and SP are respectively the
with experimental data that describe the pull-ce#t b mass of water, cement, sand and superplasticizer
haviour of multi-filaments reinforcement. used for the composition). The compressive and
flexural strength were measured according to NF
196-1. Mean values of these properties were 55 MPa
2 EXPERIMENTAL PROCESS and 10.83 MPa respectively.
2.1 Obijectives of the experimentation

The hereafter-presented experimentation focuses ¢h3 Samples
the influence of the fibre impregnation on the pull
out behaviour of a glass multi-filaments yarn em
bedded in a cementitious matrix, in relation wtike t

constitutive parameters of the yarn. In this experi
ment, pull-out tests have been performed to chara
terize the micromechanical behaviour of the multi-

2.3.1 Samples preparation

Samples were 3.4 cm diameter cylinder made from
the mortar described in the previous part. A shiaig
yarn was positioned along the axis of the cylinder.

filaments yarn / cementitious matrix interface. 12007 oci

In these tests, a yarn was embedded into a matr 4 - 7
with various condition of impregnation and loaded ’ \ \
in tension until the filaments slip, or break. 300 1

Parameters of the study were the yarn propertie:
the embedded length and the matrix impregnatior x
Yarn properties were controlled through the use 0 = o - v |
three different types of yarns. The impregnatiors wa / h\ \

600 -

Load (N)

varying trough the use of three preparation proces ™| /

applied to the yarn before the casting of the putl- 0 : : : — ‘

Samples 0 0,01 0,02 0,03 0,04 0,05
Strain (mm/mm)

2.2 Materials

1200

2.2.1 Glass yarn o

Three types of glass yarns (named in the follov " |
ing OC1, OC2 and SG2) have been used in th | o
study. OC1 and OC2 yarns are made from E-gla 2 W\
filaments and came from a first manufacturer. SCg o \ \
yarn is made from AR-glass and came from a secoi )] !
manufacturer. OC1 and SG2 yarns are assemb™ ™
rovings. OC2 is a direct roving (see 1.2.1). Thénma 1 - 19
characteristics of these yarns are given in table 1 }
Figure 3 gives the results of tensile tests peréorm  * o oo o " s
on the three yarns. These tests were performed ’ Strain, (mm/mm) ' .
10 cm long yarns of the three studied type. The fiv
curves in each chart correspond to the same type of

yarn and give an idea of the variability classicall " | SG2
observed in the case of yarns. 1000 |
800 -
Table 1. Characterization of the glass multi-filamseyarns (n: = g | i
number of strands in assembled rovings). ;
fl 400
Filament Young's Glass bulk
Yarn diameter n_ Fineness modulus density e
pm tex GPa kg/m 0 ‘ ‘ ‘ o ‘
(g/km) 0 0,01 0,02 0,03 0,04 0,05
oc1 12 39 2400  57.73 2530 strain, (i)
ocC2 17 / 2400 59.38 2530

SG2 14 30 2450 49.11 2680 Figure 3. Tensile test on yarns.




The height of the cylinder varied from 1 to 25 cm, Table 2. Diameter of the impregnated yarns (mm) aaides
which results in a variation of the embedded lengthof the impregnation index iy (%).

of the yarn.

One of the three hereafter described pre-treatment W D Pl
was applied to each yarn before casting the sample: oc1  3.52 mm 3.26 mm 4.19 mm
- Pre-wetting (W): yarn was saturated with water so 38% 67% 100%
that the inter-filaments voids are filled with wate oc2 2.69 mm 3.39 mm 4.26 mm

which prevent the cement paste to enter the yarn du 24% 19% 100%
ing casting. It should be noticed that in this ¢ase sc2 2.84 mm 3.14 mm 3.42 mm
capillarity forces induce the agglomeration of the 29% 70% 100%

glass filaments which became more parallel than
without this treatment. these values as the ratio of he impregnated area of
- Drying (D): yarn was air dried at room tempera-the yarn to the apparent area of its_ Cross section.
ture before casting. Capillarity leads to penetrati Values ofiy for the different combinations of yarns
of water and cement particles in the yarn at theeti and pre-treatments are given in table 2. .
of casting. As the filaments act as a filter, pemet ~ Flow tests realized by Aljewifi et al., 2009 give
tion of cement particles into the yarn was limited. ~ complementary information about the porosity of the
- Cement pre-impregnation (PI): the yarn wagdmpregnated yarn. This test allows to measure the
manually saturated with a cement slurry before-castvater flow rate along an embedded yarn under a con-
ing. Saturation was obtained by manual action en thstant pressure gradient of 107.5 kPa/cm.
yarn placed in a slurry batch. The cement slurry For a given yarn, the measured flow rate decreases
composition corresponds to the micro-concrete mavhen the impregnation becomes more important (see
trix cement paste composition. figure 5). Figure 5 also shows that the lowest @alu
After 24 h hardening at room conditions (aboutof the flow rate corresponds to the PI pre-treated
50% relative humidity and 20°C), samples were reyarns and that this value is roughly independefr
moved from mould and placed in 20°C water duringhe type of yarn. This is the signature of a smait
24 days. They were then removed from water for onéer-flow inside the tortuous cement paste porasity
day to allow the air drying of the yarn. The frewle the impregnated yarn.
of the yarn was glued in between two epoxy plates
for fastening in the pull-out device.

2.3.2 Characterization of the yarn impregnation ———
Aljewifi et al., 2010 have studied the impregnation "

of the yarns obtained from the three pre-treatments

applied to the three types of yarns used in thidyst g
Different methods of characterization were used,
among them scanning electron microscopy (SEM)
observation of longitudinal sections of yarns and
flow tests.

The main result of these SEM observations is the
strong influence of the pre-treatment on the impreg
nation. As an example, figure 4 gives the three SEM Pt
photographs corresponding to each pre-treatment ' o _ _
applied to OC1 yarn. The pre-wetting of the yamFlgure 4. OC1 yarns; longitudinal sections corresiag to W,
(W) leads to straight parallel mainly un-impreguiate P and Plyam pre-treatment.
filaments. Conversely, the pre-impregnation wité th
cement slurry (PI) induces a full impregnation fué t
yarn, with filaments partially interlocked due teet
mechanical action during pre-treatment. Dried yari
(D) shows an intermediate facies, with the mairt pal
of the filaments embedded in the matrix, which sig:
nifies that the free length of most of the filangent
(the distance between two embedded points) |
smaller than the length of the specimen (4 cm)
Similar observations were made for all other typies
yarns.

The penetration depths of the cementitious matri
in the yarns were estimated from the SEM observa-
tions. An impregnation indey was calculated from  gigyre 5. Fiow rate vs. impregnation indgx

o
o
F S

0,02

Flow rate, (ml/h)

*

0 T T T T 1
0% 20% 40% 60% 80% 100%

Imprégnation index, iy




the embedded fibre length, a dynamic mechanism of
_ pull-out is observed. Moreover, a displacement at
Fixed member : the end of the free length is also accompanied by a

G : lower gri .
D';dismafeﬂemtransduce, displacement at the embedded end (Naaman et al.,

M obile member: 1991)- . .

Gy: upper grip In the case of yarn, the above described behaisour
- sample basket observed for individual filaments but cannot be di-
sample: rectly applied to the whole yarn.

S: mortar cylinder with em-
bedded yarn
E: epoxy plates

P: applied load 3 RESULTS
3.1 Load / displacement curves

Figure 6. Experimental setup. 3.1.1 Measurements

As the stress is hot homogeneous in all filamehts o

In the case (.)f the Iowest impregnation index, thefhe tested yarns, it was chosen to present thétsesu
flow rate is higher and influenced by the yarn typeof the pull-out tests as load / displacement cumes

This is explained by a flow of water that takescpla stead of stress / strain curves.

:nmsmrlee n?ti d 'Qéirtg'rlargﬁné? thpeor(;srlr:y Agfthtehs/)v auer;-i Load and displacement are measured through the
preg P yarn. press sensor. In particular, the displacement is

in direct contact with the filaments in this catiee

— - :OC1W, Le=25cm

chemical composition of the filament surface (siz- ™ | v
ing) influences the flow, which explains the differ octwie o
ences observed for the yarns in this situation. _ ——oCt W.Le= e

As a conclusion of this part, it is shown that ¢her S 4°
are strong evidences that the yarn impregnation is >
only partial in most of the case. As a consequence, *° |
the pull-out behaviour of the yarn will be strongly 17 J
influenced by this fact and the overall behavioull w 0
diverge from the pull-out behaviour of monolithic
reinforcements.

Displacement, (mm)

W pre-treated OC1 yarn

—=—OC1D, Le=1cm
700 4
—=—0C1D, Le=3cm

2.4 Pull-out test 600 | - 0C1 D, Le= 5 em

OC1D, Le=10cm
- - OC1D, Le=15¢cm

Pull-out tests are performed on yarns embedded in asoo - ——0C1 D, Le=23em
cylinder of micro-concrete. As explain in 2.3.1eth = ,,, |
free end of the yarn (i.e. the end which is not emg , )
bedded in the micro-concrete) is glued between twd A\
epoxy plates. A universal mechanical device is used **° | /.. ‘\,

to perform the tests (see also figure 6). The micro 100+ /s 1\
concrete cylinder is positioned in a specific baske o B e,
clamped on the upper grip of the test device. The o 1 2 3 4 5 & 7 8 9 10

free end of the yarn is clamped on the lower gfip o Displacement, (mm)

the tension device. The mortar cylinder is pregisel D pre-treated OC1 yarn

centred so as to ensure that the tension load-is ap 1o00 -

plied parallel to the embedded yarn. ToctriLeasem
For all test, the free length LL of the yarn (tlee 800 1 T octmiieztoem

length of the yarn from the micro-concrete cylinder,
to the epoxy plates, figure 6) has a constant satfie
10cm. Tests are realized at constant speed soo -
(0.01 mm.mir?). YA
In this test, a load P is applied to the tip of ylaen 200 S/
embedded in a cementitious matrix over an embed- | - ¢ | | | |
ded length Le which was a parameter of the study. 0 1 2 3 4 5 6

In the case of monolithic fibre, a monotonic in- Displacement, (mm)
crease in the load P is accompanied by a displace-
ment from the tip of the fibre and leads to progres Pl pre-treated OC1 yarn
sive debonding along the fibre / matrix Ir]terf""ce'Fi ure 7. Load vs. displacement curves for OC1 yard dif-
Once the debonding process has reached the endQbnt embedded lengths in fine concrete.

600 -




measured through the displacement transducer of thiee different measurements made for a given embed-
test device: it is the relative displacement ofdipe  ded length are presented as a single average behav
per grip supporting beam regardless to the lowier gr iour curve. This curve is obtained from three tests
support (figure 6). Therefore, the measured disperformed in the same conditions.
placement is not directly the extracted lengthhaf t
yarn but also take into account the strain of lee f 3.1.2 Three stages behaviour
length of the yarn. As this length stay constardgrov Generally, pull-out curves are divided into three
all the tests, it is considered that the comparisen stages (Hegger and al., 2004). In our study, ahef
tween the behaviours observed in all different saseobtained results obey this statement, except may be
that have been tested remains pertinent. This a$r the third stage, as explain later.
sumption is clearly true when working with a given The first stage is determined by the elasticity of
type of yarn. It remains roughly true for companiso the adhesion bond and corresponds to the progres-
between two different types of yarns, as yarns mesive tension of the filaments that constitute they
chanical properties are in the same range. Stiffening is generally observed at the beginnifig o
Figures 7 to 9 give the load / displacement curvethe loading, associated to the delayed tensiomef t
for each of the three tested yarns. Each figures prfilaments. The slope of the linear ascending paortio
sents three charts, one for each type of yarn’s prés not similar for all curves and seems to be an in
treatment. In each chart, the results corresportding creasing function of the embedded length.

700

—=—SG2W, Le=1cm
600 | 700 - —=—8G2W, Le=3cm
—=—O0C2W, Le=1cm —+—8G2W, Le=5cm
+—~0C2W, Le=3cm 600 - SG2W, Le=10cm
500 - —=—O0C2W, Le=5cm - 8G2 W, Le= 15 cm

OC2 W, Le=10cm -
——SG2W, Le= 25 cm
- OC2 W, Le= 15 cm 500 -

g 400 ——0C2W, Le=25cm
- 400 -

Load

300

Load, (N)

300 -
200 -

100 1 /7

0 1 2 3 a4 5 6 7 8 9 10 0 1 2 3 4 5 6 7

Displacement, (mm) Displacement, (mm)
W pre-treated OC2 yarn W pre-treated SG2 yarn
700 ~ —=—0C2D,Le=1cm 700 -
+—0C2D,Le=3cm
i —=—0C2D,Le=5cm _
600 0C2D, Le=10cm 600 - izgi B: t:;;z::
- 0C2D,Le=15cm —+—SG2D,Le=5cm
500 - ——0C2D, Le=25¢cm SG2D,Le=10cm
500 - SG2D,Le=15cm
E 400 | ; ——SG2D, Le=25cm
= Z 400 -
B ' <
o 300 - i 3
3 / N S 300 -
2007 \ 200 -
100 4 /7
100 -
0 ; T i ; t i SRR o L T
4 T : =S e,
0 1 2 3 4 5 6 7 8 9 10 o 1 2 3 4 5 6 7 8 9 10
Displacement, (mm) Displacement, (mm)
D pre-treated OC2 yarn
P y D pre-treated SG2 yarn
1000 -
—=—0C2Pl,Le=1cm 1000 4
——OC2Pl,Le=3cm - 222 z:'teilcm
+—0C2Pl, Le=5cm cressem
800 1 OC2Pl, Le=10cm 800 - SG2 Pl Le=5cm
- OC2Pl,Le=15¢cm
g 600 = 600 |
k] g
S 400 - 3 400
200 -+ 200 1
0 ; = ; e ; : = 0 | ; = ‘ ‘
0 1 2 3 4 5 6 [] 1 2 3 4 5 6
Displacement, (mm) Displacement, (mm)
Pl pre-treated OC2 yarn Pl pre-treated SG2 yarn

Figure 8. Load vs. displacement curves for OC2 yah dif- Figure 9. Load vs. displacement curves for SG2 yauch dif-
ferent embedded lengths in fine concrete. ferent embedded lengths in fine concrete.



In the second stage of the behaviour, the chemlcabfore Pul-out test :
bond between the strands and the matrix break (tt &=
smooth surface of the filaments do not ensure a goc
mechanical anchorage of the strands on short lengt
The breaking of the strand / matrix bond is accom-
panied by filaments breaking. This phenomenon inAfter Pull-out test:
duces a smoothing of the mechanical behaviou

failure progressively appears as a slow decrease
the load.

After the breaking of all the filaments and strandsg &
(tensile or adhesion failure), broken filamentsere
tracted from the matrix. During this stage, frictab
stresses appear at the filament/ filament and fila
ment / matrix contacts. This results in a residoatl g .=
which progressively reduces to almost zero, when a# -
filaments become extracted from the matrix. Thigigure 10. Longltudlnal section of OC1 D yarn affedl-out
observation corresponds to the third stage of the btest. Arrow: direction of extraction.
haviour mentioned by Hegger and al., 2004.

this tendency is not respected and some lower em-

3.1.3 Complementary elements on the residual loadPedded length gives highest frictional level. Ttas
The values of the residual frictional load fortgppes  be attributed to the appearance of local disorganiz
of yarn and embedded lengths show a tendency épn in the yamn, due to differential slip of thiat

the residual load level to increase with the embddd ments. Evidences of this phenomenon have been
length, which is consistent with the increase ai-co seen on longitudinal sections of samples made after

tact points along the filaments. In some case, the pull-out test (figure 10). By comparison wigf-r
erence longitudinal sections made before pull-out

test, the structure of the loaded yarns has bes-di

1200

1000

= o ganized. In some location, node looking structures
g eoo (see detail on figure 10) appear and seem to be the
T e _1p P consequence of the blocking of a group of filaments
ey 7 m ’ P . ﬂ H H | H ’T H in a small cement cluster pulled by another graafps
Ju BN RNNN wBUUN BR 1 .
& il aoded | v B e i o filaments.
$N§:§§-§tazfu§e;iu°° SIS S & It should be noted that this third stage of the be-
FESINT S F 0 %° oe‘;cr‘:o;o@ @,«s*‘ haviour is in some cases reduced to almost nothing.
e & This is systematically the case for Pl pre-treated
yarns, whatever the embedded length was. The ex-
1200 planation is, that in this case, the anchoragetteng
1000 necessary to anchor the whole yarn (i.e. all its fi
€ 8004 ments) is very short. Most of the filaments’ fadar
§ 600 1 then take place in the vicinity of the surface loé t
400 concrete, producing failed filaments with short em-
2°°‘ﬁ i ﬂ I ﬂ il m m ﬂ i ﬂ H bedded length. As the embedded length of the failed
o] T T T T I —

filaments is short, the remaining frictional loagl i
very low and comes back to zero for small extrarctio
N displacement.

o&od;;o"'od"od" o&oéo(%d"ooz"oc; o&o&oc’go":oo"' ,"@‘e
o(;
1200 3.2 Behaviour law parameters
1000 1 3.2.1 Maximum pull-out load Rax
= 800
? 600 | Raw data described in 3.1 were used to determine
£ 400/ the maximum value Pmax of the pull-out load dur-
200 ] ‘ H H ] H H H ing the test.
olm I H =HHE : Values of Pmax are given in figure 11. As a gen-
ST S S o eral trend, it is seen that Pmax is an increasing-f
SNRTQIISET VTGS AT QN o tion of the embedded length for the low valueshef t
VoV v OV GV OV A el AU ) .
FEELLG TTTLL FEE embedded length. For higher values of the embedded

length, R.ax remains roughly constant but do not
Figure 11. Values of Rxvs. embedded length. reach the tensile strength of the yarn, which iaigis



that a portion of the filaments remains inactiveé-du Table 3. Optimum embedded length and efficiencyaohs

ing the pull-out test. SG2 yarn gives the best- effi

ciency (about 90% of the tensile strength), when Lomin Prnax fim [
OC1 and OC2 give lower efficiencies. cm N %
Concerning the effect of the pre-treatment, D andpc1 W 10 333 29
Pl pre-treatment does not show major differences fo D 5 334 30
the evolution of Rax Pl pre-treatment gives higher Pl 3 354 34
values of Rax than D pre-treatment, which itself 0C2 W 10 206 21
gives higher values than W pre-treatment. In tlseca D 10 367 36
of OC1 yarn, values of R« are rather independent Pl 5 484 48
of the pre-treatment.
SG2 W 15 395 49
3.2.2 Optimum embedded length and efficiency of D 15 452 55
PI 3 748 81

the yarn.

The minimum embedded lengthyk necessary to
reach the maximum value of,& was determined
for each pre-treated yarn. The maximum valu
Prax iim Of Pmax Was determined as the average valueg,
of Pmax for

7000 1 ®kbond, N/mm) IS Obtalned for SGZ yarn
6000 - Okdebond, (N/mm) M
A - 3.2.3 Stiffnesses
4000 - Kbond @Nd Kgebond are respectively the ascending and
3000 - descending stiffnesses measured for the ascending
2000 - and descending part of the behaviour curve. Calcula
1000 JJW ”% J I'F 1 tion is made for load values in the range 0.5 to
ormal i@l desow @il 0.8 Rhax Figure 12 gives the values of these two pa-
RAASOLICALS IO ran:jeters for the different configurations usedhie t
K AFAF el N \}‘ N o 7 3 N ¢ 7 N StU y
Q& 4»\)4\})@}) DCHCY A ™M, \,\) 00 . .
FELPOE CEERY LLES Values lower than those measured in direct ten-

sion (right bars on figure 12) reveal a lake of&dh

423g R sion of the sleeve filaments. This is specially the
o Okdebond, (N/mm) case for OC2 W pre-treated yarn. OC2 and SG1
3500 yarns give kpong Values for pull-out tests comparable
] to those measured in direct tensi@fnongiS an in-

2000 | creasing function of the embedded length. The ob-
1500 | served values fokgenond are dependent of the pre-
. J treatment. In particular, Pl pre-treated yarns give
"ol 1 high values Ofigepona allowing xgebond to reach the

&ensile st

SELEEE £EESES eSS @ values measured in direct tension.

NPT NP PN S PN &

_ B kbond, (N/mm)
j(,z?, ] aledeonll (imm 3.3 Core and sleeve filaments
o To evaluate the ratio between sleeve and core
2500 filaments, the ratio of the linear massgerof the ex-
2008 tracted part of the yarn (damaged due to filaments
1500 . .

1000 | failure) to the linear mass n of the undamaged

500 - m ﬁjﬁiﬁ yarn was determined after each pull-out test (fig-
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embedded length greater thagL The pull-out effi-
ciency g, was calculated as the ratio gfaRim to the
rength of the yarn. Values of thesesrpara
rs are given in table 3. The efficiency is al th
more high that the pre-treatment favours the panetr
tion of cement paste in the yarn. The best effgyen

¢ This signifies that in this case the anchoragénef t
sleeve filaments is very efficient and that thisily
of filaments behaves as if they were in directitams

ure 13). This ratio gives an idea of the amounirof

anchored core filaments in the loaded yarn. Asethes
filaments could include some small cement particles
in between them, the value of the ratio is in some
case an over estimated value of the real fraction o

Figure 12. Values okpons@NdikaenonaV's. the embedded length.  core filaments (this fact is particularly true for



Free length LL : Embedded length Le :
Linear mass m Linear mass m

Figure 13. Determination of the yarn’s linear masafter the

pull-out test.
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embedded length is high enough), the similarity of
W and D pre-treated yarns (except for OC2, PI pre-
treatment leads to much better anchoring of tlze fil
ments, which appears as a marked reduction of the
me / my ratio) and the specificity of OC2 yarn,
which kept a large amount of core filaments, even
for high embedded length.

4 RELATIONSHIP TO THE IMPREGNATION
4.1 Optimal embedded length and efficiency

Figure 15 gives the relationship between the opti-
mal embedded length s, the efficiency and the
impregnation indexyldetermined from SEM obser-
vation (see table 2).

The optimal embedded length is a decreasing
function of the impregnation index. This is dirgctl
connected to the increase of cement paste presence
inside the yarn, which reduces the distance between
the anchorage points of the filaments.

The efficiency tends to increase when the im-
pregnation index increases, which is linked toithe
crease of the sleeve filaments due to the penatrati
of the matrix in the yarn. It should be noted tthet
efficiency never reach 100%.

OC1 and OC2 data are very similar, despite of the
difference of structure of these two yarns. Thigyma
be related to the type of sizing, not design irs thi
case for a use with concrete. Sizing for SG2 yarn i
dedicated to concrete applications and favours the
load transfer between yarn and matrix.
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Figure 14. Values of p@m,_vs. embedded length. 5 50 - B, EFw sl
40 - T
. . . . % 30 - -———"—‘:;——'—”__"
yarns, which explains why in some case the ratio € 20 -
exceeds 100%). 3 40 .
Figure 14 gives the values of the ratigerh my 0 : : : : ‘
for the different yarns, pre-treatments and embedde 0% 20% 40% 60% 80% 100%

lengths. The main trends that should be notedhare t
decrease of the ratio when the embedded length in-
creases (for OC1, the ratio falls to zero when theigure 15. I, and & VS. impregnation indey i

Impregnation index, (iy)



600 casting of concrete. Most of these parameters-influ
ence the way the concrete penetrate the yarn at the
time of casting and the resulting impregnation ap-
pears as playing a major part in the control of the
pull-out behaviour. Impregnation, by influencingth
partition between sleeve and core filaments, influ-
ences the maximum pull-out load and the efficiency
of the yarn. It also determined the anchorage kengt
necessary to reach the maximum efficiency of the
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0% 20% 40% 60% 80% 100% yarn. . ) . .
What is now needed is to take into account this
Impregnation index, (i,) complexity in models, so as to evaluate the efbéct
the different scenarios that can explain the putl-o
behaviour.
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However, despite of this complexity, the experi-
mental approach presented above allow the main pa-
rameters that determined the pull-out behaviour of
the yarn to be highlighted. These parameters ae th
following: the structure of the yarn itself, itezsig,
the embedded length, the state of the yarn beffigre t



