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Abstract: Five different continuous glass yarns have been embedded in cement 
based micro concrete. The pull-out behaviour of the yarns has been characterized 
by the way of a classical pull-out test when the physical state of the impregnation 
has been characterized by different dedicated methodology (differential mercury 
intrusion porosimetry, flow test, SEM characterization). By studying the correla-
tion between the mechanical behavior and the physical properties of the impreg-
nated yarns, groups of physical parameters have been identified as associated to 
each of the three stages of the pull-out behavior. The overall result of this work is 
a better understanding of the relationship between, on one hand, the physical state 
and the impregnation of the yarns and, on the other hand, the pull-out behavior. 

1. Introduction 

Glass fiber reinforced cement composite have been used for many nonstruc-
tural applications since the early 1970s. An important step in the development of 
this kind of reinforcement was the introduction of the first alkali-resistant (AR) 
glass fiber by Pilkington about three decades ago [1]. As glass fibers are not sensi-
tive to corrosion, unlike steel, the concrete cover can be reduced in order to mini-
mize the thickness of the structural members. This reduction is particularly high in 
the case of textile reinforced concrete (TRC).  

The properties, performances and applications of TRC have been described by 
many authors [2]. Current studies have confirmed that complex processes of inter-
action occur inside the composite between the yarns and the cementitious matrix, 
and inside the yarns between the glass filaments and the penetrating cement paste 
or between the filaments themselves [3]. These interactions are largely influenced 
by the yarns impregnation, and govern the mechanical properties of the TRC.  

The purpose of this paper is to present results of measurements of different 
physical parameters related to the yarn impregnation made for different yarns and 
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different impregnation conditions and to study the relationship between these pa-
rameters and the mechanical pull-out behaviour.  

Especially, attention was paid to the relationship between the physical state of 
the impregnation and the three stages of the pull-out behaviour.      

Table 1. Physical and mechanical characteristics of the multi-filament yarns. 

 SG1 SG2 SG3 OC1 OC2 

Type of glass AR AR AR E E 

Type of roving Assembled Assembled Assembled Assembled direct 

Filament diameter (µm) 14 14 14 12 17 

Finesses (tex=g/km) 2450 2450 2500 2400 2400 

Glass density (kg/m3) 2680 2680 2680 2530 2530 

Max.strength (N) 714.4 856,6 830.4 1116,3 900.5 

Yarn stiffness (kN/mm/mm) 56.5 44.9 45.5 54.8 55.9 

2. Glass yarn embedded in matrix 

2.1. Yarn impregnation  

    Five different kinds of multi-filament yarns have been used in this work (the 
basic properties of the yarns are given in table 1). It should be noticed that the 
geometrical properties of the yarns are much more numerous than given in ta-
ble 1, due to the multi-scale assembly of the filaments. Moreover glass filaments 
were coated by sizing which influenced the yarns processing but also the adhesion 
with the matrix. Yarns were centered in a cylindrical shape cementitious matrix 
using a specific mold [4]. The matrix was a micro-concrete made from CEM I 
cement (0.48 water on cement ratio; 1.4 sand on cement ratio with 0-1.25mm 
sand; a superplasticizer was used with a dry extract dosage of 0.125 % of the ce-
ment mass). Properties of the matrix were as follow: 2.135 g/cm3 density, 
31500 MPa Young’s modulus, 55 MPa compressive strength.  
Before casting, yarns were applied one of the three following pre-treatments: wa-
ter pre-wetting (W); air drying (D); mechanically induced pre-impregnation by a 
cement slurry (PI; composition of the slurry was identical to those of the cement 
paste of the matrix). The pre-treatment had an influence on the resulting impreg-
nation of the yarn by the matrix [4].  
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2.2. Physical characterisation of the impregnation 

    Impregnation of the yarns was characterized by the mean of three different 
techniques: SEM observations of longitudinal section of impregnated yarns, flow 
rate measurements, differential mercury intrusion porosimetry.  

 The SEM observation allows the average penetration depth of the cementitious 
matrix into the yarn to be determined. An impregnation index iy was defined as the 
ratio of the impregnated area to the apparent area of the cross-section of the yarn 
[4]. It was determined considering a cylindrical shape of the yarn with constant 
penetration depth of the matrix.  

The values of the impregnation index significantly vary with the pre-treatment 
applied to the yarn. W pre-treatment, by water- saturating the porosity of the yarn, 
prevents the yarn from matrix penetration and gives low values of impregnation 
index. D pre-treatment leads to a moderate increase of the impregnation index for 
SG2, SG3 and OC1 yarns when the increase was almost unobserved for SG1 and 
OC2 yarns. This can be explain by a filter effect of the glass filaments, that stops 
the in-depth penetration of the water carried cement particles during the wetting of 
the yarn. The wettability of the yarn, which depends on the type of sizing, is also 
an influential parameter. PI pre-treatment, by forcing the introduction of matrix 
inside the yarn, allow the full impregnation (100%) to be obtained. 

      Flow rate measurements were achieved on 2cm thickness sample of micro 
concrete in which a pre-treated yarn was embedded. The test consists in measuring 
the steady state flow rate of water along the yarn, under a 107.5 kPa/cm pressure 
gradient [4].  

Mercury intrusion porosimetry (MIP) was used to determine the total pore vol-
ume of samples of embedded yarns and surrounding cementitious matrix. Samples 
were obtained by coring the center of the cylindrical specimens detailed in 2.1. By 
comparison with reference matrix samples for capillary diameter in the range 0.3 
to 30µm, the void volume inside the impregnated yarn was determined (see [4] for 
details). It is called “yarn pore volume” in the following. 

Fig 1, left, shows the relationship between the impregnation index and the flow 
rate measurement. Flow rate decreases when the impregnation index increases, 
which is the consequence of the matrix filling of the inter-filaments voids. For low 
impregnated yarns, water is in direct contact with glass filaments and the flow rate 
depends on the wettability of the yarn when for high impregnation there is no in-
fluence of the yarn (flow occurs in the porosity of the matrix).  

Fig 1, right, gives the relationship between the impregnation index and the yarn 
pore volume. This volume is generally more important when the impregnation in-
dex is high, due to the disorder in the filaments organization induced by the intro-
duction of the matrix. This is particularly the case for PI pre-treatment for which a 
mechanical action is required.  
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Fig 1. Impregnation index, iy vs flow rate (left) and yarn pore volume (right). 

 

                   Fig 2. Parameters of the pull-out behaviour. 

3. Mechanical pull-out behaviour of the embedded yarns 

3.1. Testing method 

    The load-displacement (P-δ) curves for pull-out tests were obtained from ten-
sion test performed with a universal testing device (30 kN capability) as described 
in [5]. The pull-out tests were made by applying a tensile load on the free end of a 
yarn, which extremity was embedded in a micro-concrete cylinder (6 embedded 
lengths have been used in the range 1 to 25 cm). The free length of the yarn was 
10 cm. Loading was applied at constant strain rate (0.01 mm/min). Three tests 
were performed for each configuration (one set of yarn type, pre-treatment type, 
and embedded length).  
Three different stages are usually observed for the pull-out behaviour of yarns (St1 
to 3 in fig 2). The first stage (St1) corresponds to the progressive loading of the fi-
laments. It is characterized by delayed activation of the filaments associated to the 
progressive failure of some of them. In the second stage of the behavior (St2), the 
maximum strength is reached and a majority of filaments progressively failed, 
leading to a progressive fall of the load when the pull-out displacement is in-
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creased. The third stage (St3) of the pull-out behaviour corresponds to the residual 
friction of the intermixed broken filaments. It is characterized by slowly decreas-
ing level of friction. 
Fig 2 shows the parameters retained as characteristic for the pull-out behaviour:  
maximum pull-out strength Pmax; stiffness kbond and kdebond of the first and second 
stages of the pull-out behaviour (determined in the range 0.5-0.8 Pmax); stiffness 
kfrictional of the third stage (residual load; determined in the δ range 5-8 mm);  and 
second to third stages transition load Presidual.   
 

 
 

Fig 3. Values of Pmax and kbond versus the embedded length (SG1 yarn). 

3.2. Contribution of the embedded length to the pull-out 
behaviour 

The evolution of the maximum pull-out strength Pmax for increasing embedded 
length is given in fig 3 (example of SG1 yarns). The pull-out strength increases 
when the embedded length increases as long as the embedded length is lower than 
a threshold length Lmin (defined in fig 3 by the slope change of the line). This 
length corresponds to the length needed to have all the filaments of the yarn in 
contact with the matrix, considering the twisted shape of the yarn. For embedded 
length lower than Lmin, the number of anchored filaments and therefore the pull-
out strength increases when the embedded length increases. Over Lmin, the pull-out 
strength remains constant as a change of the embedded length does not modify the 
anchoring conditions of the filaments. Lmin is influenced by the yarn pre-treatment. 
In particular, PI pre-treatment gives very low Lmin (under 1 cm). The same analy-
sis can be done with the values of the stiffness kbond. In the following section, we 
retain the average values of the behaviour parameters obtained for embedded 
length over Lmin as characteristic of the pull-out behaviour.  

W                                             D                                   PI 
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4. Relationship between physical and mechanical 
parameters   

4.1. Pre-peak stage of the pull-out behaviour 

   The pre-peak stage of the pull-out behaviour is characterized by the maximum 
pull-out load (Pmax, lim) and the first stage stiffness kbond,lim. Index “lim” refers to 
the average of the values obtained for embedded length higher than Lmin.  
As shown in fig 4, the pull-out load is an increasing function of the impregnation 
index. Differences are observed from one yarn to the other. In particular, OC yarns 
give slightly lower values of the pull-out load and seem to be less sensitive to the 
impregnation index. These tendencies are also observed for the relationship be-
tween the stiffness and the impregnation index but in this case stiffnesses of OC 
and SG yarns are very similar. The increase of the impregnation index traduces a 
better penetration of the matrix in the yarn, which tends to reduce the free length 
of the filaments. As a consequence, filaments work more simultaneously, leading 
to enhanced pull-out load and stiffness.  

 

 

Fig 4. Pmax,lim (left) and kbond,lim (right) vs impregnation index iy. 

 

Fig 5. Pmax,lim (left) and kbond,lim (right) vs flow rate. 

As the penetration of the matrix in the yarn creates obstacles to the flow of wa-
ter, the correlation between iy and the pre-peak behaviour is also observed with 
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the flow rate (fig 5): a decrease of the flow rate is associated to an increase of pull-
out load and stiffness. The correlation with the flow rate is particularly good in the 
case of kbond where it seems to be almost uninfluenced by the type of yarn.   

Concerning the relationship to the yarn pore volume, no general correlation are 
observed (fig 6), neither for the pull-out strength nor for the stiffness.   

 

 

Fig 6. Pmax,lim (left) and kbond,lim (right) vs yarn pore volume. 

4.2. Post-peak stage of the pull-out behaviour 

The post-peak stage of the pull-out behaviour is characterized by the second 
stage stiffness kdebond,lim. Fig 7 gives the values of kdebond,lim versus flow rate and 
impregnation index.  As there is no specific correlation, relationship of kdebond,lim to 
the yarn pore volume is not given.     

 

   

Fig 7. kdebond,lim vs impregnation index (left) and flow rate (right). 

Whatever the type of yarn is, values of kdebond,lim is low for W and D pre-
treatment, when they vary significantly with the type of yarn for PI pre-treatment 
(Fig 7). In the case of PI yarns, kdebond,lim is very close to the measurements made 
on yarns in direct tension. Concerning the relationship to the flow rate, it is similar 
to those observed for kbond,lim with enhanced variation of the stiffness (Fig 5).  
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4.3. Residual stage of the pull-out behaviour 

The residual stiffness and load that characterized this stage of the pull-out behav-
iour are both increasing when the yarn pore volume increases. As explained in 2.2, 
this can be linked to the penetration of the matrix in the yarn that induces disorder 
in the filaments arrangement and therefore enhances the friction between filaments 
(possibly with cement particles acting as a third body).      

 

 

Fig 8. Relationship between kfrictional (left), residual strength (right) and yarn pore volume. 

5. Conclusion 

    The here-presented results appear as complex because the specific structure of 
impregnated yarns generates multi-influenced behaviour. Despite of this difficulty, 
the results gives general trend associated to the pull-out behaviour. In particular, it 
appears that the pre- and post-peak behaviour are linked to the capability of water 
to flow along the impregnated yarn, when the residual behaviour can be correlated 
to the specific pore volume of the yarn. These results make possible to connect the 
micro-structure of the impregnated yarns to its pull-out behaviour.  
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