
 

1 INTRODUCTION 

1.1 Textile reinforced concrete  

Textile reinforced concrete (TRC) is a new cementi-
tious composite that appeared in the early 1980’s, 
when the combination of new yarn types with 3D-
production processes leads to an increasing number 
of new textile applications. Materials used for TRC 
application are mainly alkali-resistant glass fibres 
and carbon fibres. The yarn structures include cabled 
yarns and friction spun yarns which were developed 
to improve the bonding behaviour. They both have a 
structure that looks like the one of steel reinforce-
ments with rods.  

The development of TRC is based on the funda-
mentals of shortcut glass fibre reinforced concrete. 
In order to increase the effectiveness of the fibres 
embedded in the concrete matrix, the fibres are 
aligned in the direction of the tensile stresses similar 
to ordinary steel reinforced concrete. Textile rein-
forced concrete offers many advantages compared to 
traditional concrete (Hanisch and al.,2006 ). The most 
important reason for a reinforcement of concrete 
parts with textiles is that the concrete parts can be 
very thin as there is no risk of corrosion of the rein-
forcement materials. This allows to reduce the 
weight of the concrete parts, and therefore to con-
tribute to the reduction of the environmental impact 
of construction. In addition, the reinforcement is 
more flexible and therefore the shape of the concrete 
elements can be varied in a wide range. 

1.2 Multi-filaments reinforcement  

1.2.1 Yarns characteristics 
Yarns are multi-filaments reinforcements made of a 
bundle of elementary fibres, so-called filaments. One 
yarn consists of several hundreds up to thousands of 
single filaments. Therefore the fineness of the yarn, 
in tex (g/km), depends on the number of filaments, 
filament diameter (range between 10 to 30 µm) and 
fibre density.  

Filaments can be gathered in two different ways to 
produce a yarn: direct roving and assembled roving. 
Direct roving consists in a mass agglomeration of 
thousands of single filaments, coated with a sizing 
(see below). Assembled roving consists in the ag-
glomeration of strands, themselves constituted from 
hundreds of single filaments. Assembled roving are 
a three levels structure (filament-strand-yarn), when 
direct roving presents a two level structure (filament-
yarn).  

In most of the applications, filaments are coated 
with a sizing which goal is to enhance the interaction 
with the matrix or to ease the building process of the 
yarn. The sizing material is a chemical mixture of 
polyhydroxyphenols, silane, polymer emulsion 
(PVAC) and additives. The detail of the chemical 
composition of the sizing is generally unknown, be-
cause of the industrial protection imposed by manu-
facturers.  

The type of sizing influences the interfacial prop-
erties of the cement matrix – filaments bond. There-
fore, the mechanical properties of TRC may be in-
fluenced by the sizing, as the quality of the adhesion 
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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 tensile load-
strain relationship of the yarn is significantly influ-
enced by the specific organisation of the filaments in 
the yarn (Chudoba et al. 2006). If all filaments in the 
yarn were strictly straight and aligned, the stress in 
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 elastic brittle be-
haviour of the bulk material, in the case of glass or 
carbon filaments. In this case, the failure of the yarn 
should be associated to the simultaneous failure of 
all constitutive filaments.  

Real yarns lead to a different behaviour, as fila-
ments are not initially aligned. As an example, Fig-
ure 1 shows the tensile behaviour of a glass yarn 
measured by the way of a direct tensile test. The first 
stage of the loading is characterized by the progres-
sive stiffening of the mechanical behaviour, induced 
by the differed tension of the filaments due to their 
initial mis-alignement. When all filaments are 
tensed, the load-strain curve is linear until the first 
filaments begin to fail. This results in the progres-
sive softening of the behaviour until the load reaches 
its maximum values Pmax. For increasing strain, 
filaments breaking continue until full failure of all 
filaments. Residual friction between failed filaments 
then results in a residual load that progressively re-
duces to zero for high strain. The main observation 
is that during yarn elongation, the filaments work 
almost independently one from the other, and that 
the yarn behaviour results from the coupling action 
of the individual behaviour of all yarns.   

1.2.2 Influence of the yarn impregnation on the me-
chanical behaviour 
Due to the specific geometry of the yarn and to the 
penetration of the cementitious matrix inside the 
yarn during the casting of TRC, the behaviour of im-
pregnated yarn in the cementitious matrix is very 
dissimilar from the behavior of ordinary steel rods. 
The penetration of the cementitious matrix is not 
homogeneous: the cross section of the impregnated 
yarn shows that the outer filaments are embedded in 
a hardened cement paste that provides them a good 
anchorage (figure 2). The penetration depth of the 
cement paste inside the yarn is not sufficient to en-
sure a full impregnation of the yarn. The inner fila-
ments are not reached by the hydrated cement paste 
and thus are not directly anchored in the cementi-
tious matrix. Only the friction between these fila-
ments can generate a certain bond resistance when 
the yarn is pulled out, when differential slips appear 
between filaments. This phenomenon induces a non-
uniform stress and strain distribution in the yarn.  

 
Figure 1. Typical load vs. strain curve observed for multi-
filaments yarn in direct tension. 

 
Figure 2. Cross section (left); longitudinal section (right) of 
multi-filaments yarn embedded in micro concrete. 
 

Two interactions between the yarn and the matrix 
can been formed. Ohno et al., 1994 & Langlois, 
2004 assume two families of yarns: sleeve filaments 
with direct contacts with the matrix and core fila-
ments without direct contacts. Sleeve filaments are 
mechanically anchored to the matrix. Core filaments 
are submitted to tension due to friction with sleeve 
filaments. As filaments are not straight and parallel 
into the yarn, a filament that is located in the center 
part of the yarn, in a given cross section of the yarn, 
can be located in the impregnated peripherical part 
of the yarn in another cross section. This means that 
the relative importance of the sleeve filaments and 
core filaments does not only depends on the impreg-
nation process, but depends also on the embedded 
length of the yarn. The longer this length is, the more 
numerous the anchored sleeves filaments are.  

This phenomenon also depends on the fiber / ma-
trix chemical bond strength (Kabele et al., 2006) that 
conditions the filament debonding and the filament / 
filament and filament / matrix slip properties. From 
this point of view, the sizing may also play an im-
portant part in the pull-out behaviour.  

As explained, the impregnation process greatly in-
fluences the bond conditions of each individual fila-
ment of the yarn. The resulting bond conditions of 
the yarn are then also mainly guided by the impreg-
nation process, as well as by the matrix and yarn 
properties. This specificity of multi-filaments rein-
forcements, compared to monolithic reinforcements, 
induces a very specific mechanical behaviour, which 

Penetration 
depth 1 mm 

  1 mm  1 mm  1 mm  1 mm    



cannot be modelized with the same methods as 
monolithic reinforcements. The aim of this paper is 
to give some experimental explaination of the 
mechanisms involved in the yarn / matrix interac-
tion, and to provide the modelization community 
with experimental data that describe the pull-out be-
haviour of multi-filaments reinforcement.                    

2 EXPERIMENTAL PROCESS  

2.1 Objectives of the experimentation   

The hereafter-presented experimentation focuses on 
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 with the 
constitutive parameters of the yarn. In this experi-
ment, pull-out tests have been performed to charac-
terize the micromechanical behaviour of the multi-
filaments yarn / cementitious matrix interface.  

In these tests, a yarn was embedded into a matrix 
with various condition of impregnation and loaded 
in tension until the filaments slip, or break.  

Parameters of the study were the yarn properties, 
the embedded length and the matrix impregnation. 
Yarn properties were controlled through the use of 
three different types of yarns. The impregnation was 
varying trough the use of three preparation process 
applied to the yarn before the casting of the pull-out 
samples.  

2.2 Materials  

2.2.1 Glass yarn 
Three types of glass yarns (named in the follow-

ing OC1, OC2 and SG2) have been used in this 
study. OC1 and OC2 yarns are made from E-glass 
filaments and came from a first manufacturer. SG2 
yarn is made from AR-glass and came from a second 
manufacturer. OC1 and SG2 yarns are assembled 
rovings. OC2 is a direct roving (see 1.2.1). The main 
characteristics of these yarns are given in table 1. 
Figure 3 gives the results of tensile tests performed 
on the three yarns. These tests were performed on 
10 cm long yarns of the three studied type. The five 
curves in each chart correspond to the same type of 
yarn and give an idea of the variability classically 
observed in the case of yarns.  

2.2.2 Cementitious matrix 
Fine grain (1.25 mm maximum size) CEM I 52.5 

mortar was used as cementitious matrix. Mixing pro-
portion was as follow: W/ C = 0.5, S/C = 1.4 and 
SP/C= 0.0035 (W, C, S and SP are respectively the 
mass of water, cement, sand and superplasticizer 
used for the composition). The compressive and 
flexural strength were measured according to NF 
196-1. Mean values of these properties were 55 MPa 
and 10.83 MPa respectively.      

2.3 Samples  

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

 

 

 

 
Figure 3. Tensile test on yarns. 

Table 1. Characterization of the glass multi-filaments yarns (n: 
number of strands in assembled rovings). 

 

Yarn 
Filament   
diameter 

 
   n       Fineness 

Young’s 
modulus 

Glass bulk 
density 

 µm  tex 
(g/km) 

GPa kg/m3 

OC1 12 39 2400 57.73 2530 
OC2 17 / 2400 59.38 2530 
SG2 14 30 2450 49.11 2680 



The height of the cylinder varied from 1 to 25 cm, 
which results in a variation of the embedded length 
of the yarn.  

One of the three hereafter described pre-treatment 
was applied to each yarn before casting the sample:  

-  Pre-wetting (W): yarn was saturated with water so 
that the inter-filaments voids are filled with water, 
which prevent the cement paste to enter the yarn dur-
ing casting. It should be noticed that in this case, 
capillarity forces induce the agglomeration of the 
glass filaments which became more parallel than 
without this treatment.  

-  Drying (D): yarn was air dried at room tempera-
ture before casting. Capillarity leads to penetration 
of water and cement particles in the yarn at the time 
of casting. As the filaments act as a filter, penetra-
tion of cement particles into the yarn was limited.  

-  Cement pre-impregnation (PI): the yarn was 
manually saturated with a cement slurry before cast-
ing. Saturation was obtained by manual action on the 
yarn placed in a slurry batch. The cement slurry 
composition corresponds to the micro-concrete ma-
trix cement paste composition. 

After 24 h hardening at room conditions (about 
50% relative humidity and 20°C), samples were re-
moved from mould and placed in 20°C water during 
24 days. They were then removed from water for one 
day to allow the air drying of the yarn. The free end 
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 this study. 
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 
photographs corresponding to each pre-treatment 
applied to OC1 yarn.  The pre-wetting of the yarn 
(W) leads to straight parallel mainly un-impregnated 
filaments. Conversely, the pre-impregnation with the 
cement slurry (PI) induces a full impregnation of the 
yarn, with filaments partially interlocked due to the 
mechanical action during pre-treatment. Dried yarn 
(D) shows an intermediate facies, with the main part 
of the filaments embedded in the matrix, which sig-
nifies that the free length of most of the filaments 
(the distance between two embedded points) is 
smaller than the length of the specimen (4 cm). 
Similar observations were made for all other types of 
yarns.  

The penetration depths of the cementitious matrix 
in the yarns were estimated from the SEM observa-
tions. An impregnation index iy was calculated from 

these values as the ratio of he impregnated area of 
the yarn to the apparent area of its cross section. 
Values of iy for the different combinations of yarns 
and pre-treatments are given in table 2.  

Flow tests realized by Aljewifi et al., 2009 give 
complementary information about the porosity of the 
impregnated yarn. This test allows to measure the 
water flow rate along an embedded yarn under a con-
stant pressure gradient of 107.5 kPa/cm.  

For a given yarn, the measured flow rate decreases 
when the impregnation becomes more important (see 
figure 5). Figure 5 also shows that the lowest value 
of the flow rate corresponds to the PI pre-treated 
yarns and that this value is roughly independent from 
the type of yarn. This is the signature of a small wa-
ter-flow inside the tortuous cement paste porosity of 
the impregnated yarn.  
  

 

 

Figure 4. OC1 yarns; longitudinal sections corresponding to W, 
D and PI yarn pre-treatment. 

 
Figure 5. Flow rate vs. impregnation index iy. 

Table 2. Diameter of the impregnated yarns (mm) and values 
of the impregnation index iy (%). 
 
 W                   D                      PI                     
OC1 3.52 mm 

38% 
3.26 mm 
67% 

4.19 mm 
100% 

OC2 2.69 mm 
24% 

3.39 mm 
19% 

4.26 mm 
100% 

SG2 2.84 mm 
29% 

3.14 mm 
70% 

3.42 mm 
100% 

W 

D 

PI 

1 mm 

1 mm 

   1 mm 



 
 
 
 
 
 
 
 
 
 
 
 

   Figure 6. Experimental setup. 
 
In the case of the lowest impregnation index, the 
flow rate is higher and influenced by the yarn type. 
This is explained by a flow of water that takes place 
inside the inter-filaments porosity of the un-
impregnated center part of the yarn. As the water is 
in direct contact with the filaments in this case, the 
chemical composition of the filament surface (siz-
ing) influences the flow, which explains the differ-
ences observed for the yarns in this situation.   

As a conclusion of this part, it is shown that there 
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 
influenced by this fact and the overall behaviour will 
diverge from the pull-out behaviour of monolithic 
reinforcements.  

2.4 Pull-out test  

Pull-out tests are performed on yarns embedded in a 
cylinder of micro-concrete. As explain in 2.3.1, the 
free end of the yarn (i.e. the end which is not em-
bedded in the micro-concrete) is glued between two 
epoxy plates. A universal mechanical device is used 
to perform the tests (see also figure 6). The micro-
concrete cylinder is positioned in a specific basket 
clamped on the upper grip of the test device. The 
free end of the yarn is clamped on the lower grip of 
the tension device. The mortar cylinder is precisely 
centred so as to ensure that the tension load is ap-
plied parallel to the embedded yarn.  

For all test, the free length LL of the yarn (i.e. the 
length of the yarn from the micro-concrete cylinder 
to the epoxy plates, figure 6) has a constant values of 
10 cm. Tests are realized at constant speed 
(0.01 mm.min-1).  
In this test, a load P is applied to the tip of the yarn 
embedded in a cementitious matrix over an embed-
ded length Le which was a parameter of the study.  

In the case of monolithic fibre, a monotonic in-
crease in the load P is accompanied by a displace-
ment from the tip of the fibre and leads to progres-
sive debonding along the fibre / matrix interface. 
Once the debonding process has reached the end of 

the embedded fibre length, a dynamic mechanism of 
pull-out is observed. Moreover, a displacement at 
the end of the free length is also accompanied by a 
displacement at the embedded end (Naaman et al., 
1991).  
In the case of yarn, the above described behaviour is 
observed for individual filaments but cannot be di-
rectly applied to the whole yarn.  

3 RESULTS  

3.1 Load / displacement curves  

3.1.1 Measurements 
As the stress is not homogeneous in all filaments of 
the tested yarns, it was chosen to present the results 
of the pull-out tests as load / displacement curves in-
stead of stress / strain curves.  
 Load and displacement are measured through the 
press sensor. In particular, the displacement is  

W pre-treated OC1 yarn 

                          D pre-treated OC1 yarn 

PI pre-treated OC1 yarn 

Figure 7. Load vs. displacement curves for OC1 yarn and dif-
ferent embedded lengths in fine concrete. 
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measured through the displacement transducer of the 
test device: it is the relative displacement of the up-
per grip supporting beam regardless to the lower grip 
support (figure 6). Therefore, the measured dis-
placement is not directly the extracted length of the 
yarn but also take into account the strain of the free 
length of the yarn. As this length stay constant over 
all the tests, it is considered that the comparison be-
tween the behaviours observed in all different cases 
that have been tested remains pertinent. This as-
sumption is clearly true when working with a given 
type of yarn. It remains roughly true for comparison 
between two different types of yarns, as yarns me-
chanical properties are in the same range.  
 Figures 7 to 9 give the load / displacement curves 
for each of the three tested yarns. Each figures pre-
sents three charts, one for each type of yarn’s pre-
treatment. In each chart, the results corresponding to  

 

W pre-treated OC2 yarn 

D pre-treated OC2 yarn 

PI pre-treated OC2 yarn 
 

Figure 8. Load vs. displacement curves for OC2 yarn and dif-
ferent embedded lengths in fine concrete. 

the different measurements made for a given embed-
ded length are presented as a single average behav-
iour curve. This curve is obtained from three tests 
performed in the same conditions.  

3.1.2 Three stages behaviour  
Generally, pull-out curves are divided into three 
stages (Hegger and al., 2004). In our study, all of the 
obtained results obey this statement, except may be 
for the third stage, as explain later.  

The first stage is determined by the elasticity of 
the adhesion bond and corresponds to the progres-
sive tension of the filaments that constitute the yarn. 
Stiffening is generally observed at the beginning of 
the loading, associated to the delayed tension of the 
filaments. The slope of the linear ascending portion 
is not similar for all curves and seems to be an in-
creasing function of the embedded length. 

 

W pre-treated SG2 yarn 

D pre-treated SG2 yarn 

PI pre-treated SG2 yarn 
 

Figure 9. Load vs. displacement curves for SG2 yarn and dif-
ferent embedded lengths in fine concrete. 



In the second stage of the behaviour, the chemical 
bond between the strands and the matrix break (the 
smooth surface of the filaments do not ensure a good 
mechanical anchorage of the strands on short length. 
The breaking of the strand / matrix bond is accom-
panied by filaments breaking. This phenomenon in-
duces a smoothing of the mechanical behaviour. 
When broken filaments are in sufficient number, 
failure progressively appears as a slow decrease of 
the load.    

After the breaking of all the filaments and strands 
(tensile or adhesion failure), broken filaments are ex-
tracted from the matrix. During this stage, frictional 
stresses appear at the filament / filament and fila-
ment / matrix contacts. This results in a residual load 
which progressively reduces to almost zero, when all 
filaments become extracted from the matrix. This 
observation corresponds to the third stage of the be-
haviour mentioned by Hegger and al., 2004.  

3.1.3 Complementary elements on the residual load 
The values of the residual frictional load for all types 
of yarn and embedded lengths show a tendency of 
the residual load level to increase with the embedded 
length, which is consistent with the increase of con-
tact points along the filaments. In some case,  

 
 

 

Figure 11. Values of Pmax vs. embedded length. 

 

Figure 10. Longitudinal section of OC1 D yarn after pull-out 
test. Arrow: direction of extraction. 
 
this tendency is not respected and some lower em-
bedded length gives highest frictional level. This can 
be attributed to the appearance of local disorganiza-
tion in the yarn, due to differential slip of the fila-
ments. Evidences of this phenomenon have been 
seen on longitudinal sections of samples made after 
the pull-out test (figure 10). By comparison with ref-
erence longitudinal sections made before pull-out 
test, the structure of the loaded yarns has been disor-
ganized. In some location, node looking structures 
(see detail on figure 10) appear and seem to be the 
consequence of the blocking of a group of filaments 
in a small cement cluster pulled by another groups of 
filaments. 

It should be noted that this third stage of the be-
haviour is in some cases reduced to almost nothing. 
This is systematically the case for PI pre-treated 
yarns, whatever the embedded length was. The ex-
planation is, that in this case, the anchorage length 
necessary to anchor the whole yarn (i.e. all its fila-
ments) is very short. Most of the filaments’ failures 
then take place in the vicinity of the surface of the 
concrete, producing failed filaments with short em-
bedded length. As the embedded length of the failed 
filaments is short, the remaining frictional load is 
very low and comes back to zero for small extraction 
displacement.  

3.2  Behaviour law parameters  

3.2.1 Maximum pull-out load Pmax 

Raw data described in 3.1 were used to determine 
the maximum value Pmax of the pull-out load dur-
ing the test. 

Values of Pmax are given in figure 11. As a gen-
eral trend, it is seen that Pmax is an increasing func-
tion of the embedded length for the low values of the 
embedded length. For higher values of the embedded 
length, Pmax remains roughly constant but do not 
reach the tensile strength of the yarn, which indicates 

Before Pull-out test : 

OC1 D 
After Pull-out test : 

Direction of extraction 

3 mm 

3 mm 



that a portion of the filaments remains inactive dur-
ing the pull-out test. SG2 yarn gives the best effi-
ciency (about 90% of the tensile strength), when 
OC1 and OC2 give lower efficiencies.   

Concerning the effect of the pre-treatment, D and 
PI pre-treatment does not show major differences for 
the evolution of Pmax: PI pre-treatment gives higher 
values of Pmax than D pre-treatment, which itself 
gives higher values than W pre-treatment. In the case 
of OC1 yarn, values of Pmax are rather independent 
of the pre-treatment.   

3.2.2 Optimum embedded length and efficiency of 
the yarn. 
The minimum embedded length Lmin necessary to 
reach the maximum value of Pmax was determined 
for each pre-treated yarn. The maximum value 
Pmax lim of Pmax was determined as the average values 
of Pmax for 
  

 

 

Figure 12. Values of  κbond and κdebond vs. the embedded length. 
 

embedded length greater than Lmin. The pull-out effi-
ciency epo was calculated as the ratio of Pmax lim to the 
tensile strength of the yarn. Values of theses parame-
ters are given in table 3. The efficiency is all the 
more high that the pre-treatment favours the penetra-
tion of cement paste in the yarn. The best efficiency 
is obtained for SG2 yarn.  

3.2.3 Stiffnesses 
κbond and κdebond are respectively the ascending and 
descending stiffnesses measured for the ascending 
and descending part of the behaviour curve. Calcula-
tion is made for load values in the range 0.5 to 
0.8 Pmax. Figure 12 gives the values of these two pa-
rameters for the different configurations used in the 
study. 

Values lower than those measured in direct ten-
sion (right bars on figure 12) reveal a lake of adhe-
sion of the sleeve filaments. This is specially the 
case for OC2 W pre-treated yarn. OC2 and SG1 
yarns give  κbond values for pull-out tests comparable 
to those measured in direct tension. κdebond is an in-
creasing function of the embedded length. The ob-
served values for κdebond are dependent of the pre-
treatment. In particular, PI pre-treated yarns give 
high values of κdebond, allowing κdebond to reach the 
values measured in direct tension. 

This signifies that in this case the anchorage of the 
sleeve filaments is very efficient and that this family 
of filaments behaves as if they were in direct tension. 

3.3 Core and sleeve filaments 

To evaluate the ratio between sleeve and core 
filaments, the ratio of the linear mass mLe of the ex-
tracted part of the yarn (damaged due to filaments 
failure) to the linear mass mLL of the undamaged 
yarn was determined after each pull-out test (fig-
ure 13). This ratio gives an idea of the amount of un-
anchored core filaments in the loaded yarn. As these 
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 of 
core filaments (this fact is particularly true for PI  

Table 3. Optimum embedded length and efficiency of yarns 
     
  Lmin 

cm 

Pmax lim 

N 

epo 

% 
OC1 W 10 333 29 
 D 5 334 30 
 PI 3 354 34 
     OC2 W 10 206 21 
 D 10 367 36 
 PI 5 484 48 
     SG2 W 15 395 49 
 D 15 452 55 
 PI 3 748 81 



 
Figure 13. Determination of the yarn’s linear masses after the 
pull-out test. 

  

  

Figure 14. Values of  mLe/mLL vs. embedded length. 
 
yarns, which explains why in some case the ratio 

exceeds 100%). 
Figure 14 gives the values of the ratio mLe / mLL 

for the different yarns, pre-treatments and embedded 
lengths. The main trends that should be noted are the 
decrease of the ratio when the embedded length in-
creases (for OC1, the ratio falls to zero when the 

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 the fila-
ments, which appears as a marked reduction of the 
mLe / mLL 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 Lmin, the efficiency and the 
impregnation index Iy determined from SEM obser-
vation (see table 2).  

The optimal embedded length is a decreasing 
function of the impregnation index. This is directly 
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 to the in-
crease of the sleeve filaments due to the penetration 
of the matrix in the yarn. It should be noted that the 
efficiency never reach 100%.  

OC1 and OC2 data are very similar, despite of the 
difference of structure of these two yarns. This may 
be related to the type of sizing, not design in this 
case for a use with concrete. Sizing for SG2 yarn is 
dedicated to concrete applications and favours the 
load transfer between yarn and matrix. 

  

 

Figure 15.  Lmin and epo vs. impregnation index iy 
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Free length LL : 
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Figure 16.  κbond lim and  κdebond lim vs. impregnation index iy 
 

Concerning the effect of the impregnation index 
on the stiffness, the three yarns, despite of their dif-
ferences, roughly present the same increasing of 
κbond lim with the impregnation index (figure 16). 
This is consistent with the evolution of Lmin: when 
Lmin becomes lower, the working length of the fila-
ments (i.e. length from the grip to the first anchorage 
point in concrete) decreases. As a consequence, the 
displacement is reduced for a given load, which tra-
duces an increase of stiffness. Values of κdebond lim 
also increase with the impregnation index. They are 
about ten times highest than κbond lim one for full im-
pregnation. κbond lim and κdebond lim are the values of 
κbond and κdebond that correspond to Lmin.  

5 CONCLUSION 

The results presented in this paper give detailed 
information on the influence of the pull-out behav-
iour of multi-filaments yarns. They show all the 
complexity induced by the non-monolithic structure 
of the yarn. This complexity is also a consequence of 
the variability generated by the specific constitution 
of yarns.  

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 are the 
following: the structure of the yarn itself, its sizing, 
the embedded length, the state of the yarn before the 

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 influencing the 
partition between sleeve and core filaments, influ-
ences the maximum pull-out load and the efficiency 
of the yarn. It also determined the anchorage length 
necessary to reach the maximum efficiency of the 
yarn.  

 What is now needed is to take into account this 
complexity in models, so as to evaluate the effect of 
the different scenarios that can explain the pull-out 
behaviour.  
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