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A B S T R A C T   

Textile-reinforced concrete (TRC) offers a solution to the drawback associated with the production of cement and 
its use in construction. It also promotes the design of concrete in a post-cracking stage as the yarns bridge cracks 
once the concrete fails in tension. The pull-out behaviour of TRC has and still receives considerable attention to 
progress its use, but the full extent and types of mechanisms associated with the pull-out is not yet fully un-
derstood. This research sets out to investigate the pull-out mechanism when considering various embedment 
lengths, as well as employing the use of X-ray computed tomography and scanning electronic microscope im-
aging on the post-pull-out elements. The study identified a bottleneck mechanism, resulting from the undulating 
imprint the warp yarn produces, which improves the pull-out resistance of yarns. Additionally, the latter 
mentioned mechanism is also enhanced by the effect of congestion caused by filament debris, resulting from the 
telescopic failure.   

1. Introduction 

Textile-reinforced concrete (TRC) is a composite fabricated by 
embedding technical textiles in a cement-based matrix (CBM). The 
textiles are typically made from non-corrosive filaments referred to as a 
yarn, which in turn may comprise one single macro filament or made 
from a series of multi-filaments. Two sets of yarns are laid orthogonally 
to form a grid-like structure and are termed the weft and warp yarns as 
shown in Fig. 1. Generally, the textile has high tensile strength and when 
used in conjunction with the CBM, which has a low tensile threshold, 
can create a composite with favourable mechanical properties [1–5] and 
provides a solution to durability related topics [6–8]. 

Strain-hardening can be achieved in TRC when the volume per-
centage of a textile of adequate strength is sufficient. This behaviour can 
be demarked to have three distinct stages based on the Aveston-Cooper- 
Kelly (ACK) model, as shown in Fig. 2 [9,10]. 

Stage I is the region in which the TRC exhibits an elastic-linear 
behaviour. The end of this stage is denoted by the occurrence of the 
first crack within the matrix and the onset of Stage II. Stage II can be 
divided into two subsections: Stage IIa and Stage IIb. Stage IIa denotes 
the formation of new cracks across the matrix as the applied load in-
creases and ends when no new cracks are formed. The latter is referred 

to as the crack saturation point. Stage IIb is defined as the point after 
crack saturation and encompasses the crack-widening process of pre- 
existing cracks as the load intensity increases. The end of Stage IIb is 
marked by the failure of the composite, as the commonly used technical 
textiles have no plastic capacity and Stage III is typically not reached for 
TRC. 

Textiles composed of multi-filament yarns have a variation in the 
stress distribution across the yarn cross-section when the filaments are 
not impregnated by an epoxy. This variation results in the yarn not 
behaving as a cohesive unit when loaded. Instead, the yarn can be 
described to be presented as a series of concentric filament layers, as 
shown in Fig. 3. Three layers can be distinguished: (i) the sleeve fila-
ments that are in direct contact with the matrix, (ii) the intermediate 
filaments that are in contact with both filaments and the matrix, and (iii) 
the core filaments that are only in contact with other filaments. The 
sleeve layer is stressed to a higher degree as loading commences due to 
the higher degree of friction and starts rupturing before the remaining 
layers. The successive rupturing causes the forces to be transferred to the 
subsequent intact layer. At the same time, the intermediate and core 
filaments start slipping as the cracks widen but at greater ease due to the 
reduced frictional resistance. That is to say that the inner filaments can 
slip out at a lower applied force. This process of systematic slipping of 
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the layers is referred to as telescopic failure [12]. 
The bonding mechanism and behaviour between the textile and the 

concrete matrix have gained attention in numerous studies as it does 
influence the nature of the TRC failure modes [13–28]. 

Understanding the global behaviour of TRC composites is essential 
and can be achieved by outlining and understanding the factors and 
mechanisms that play a role in the bond between the textile and matrix. 
Signorini et al. [28] found that uncoated specimens do not reach the full 
potential of reinforced textiles and that the mechanical performance is 
greatly insensitive to the type of textile. Additionally, the aforemen-
tioned provides information on creating and improving models used to 
predict TRC behaviour [20,29–31]. 

Factors that influence bonding have been highlighted to include, but 
not limited to: the use of supplementary cementitious materials [12,32] 
and fillers [33–35], production process [20,36,37], textile geometry 
[38–40], textile type [19,40,41], and the use of coatings [42–49]. An 
additional factor affecting bonding also originates from the presence of 
weft yarns [12,50–53]. 

Jiang et al. [23] studied the effect of embedment length and textile 
geometry on bonding behaviour. Their study concluded that the shear 
stress decreases with an increase in embedment length and that an 
optimal mesh spacing exists for uniform textile mesh impregnation. 
Furthermore, three failure modes were identified: pull-out, textile 
rupture, and a combined failure. Williams Portal et al. [6] reports the 
same failure modes yet state that the failure is dependent not only on the 
length but also on the type of textile used. For example, carbon-based 
textiles failed by slipping in all instances, but basalt bases textiles var-
ied between slipping and rupturing. 

Coating, such as styrene butadiene, enhances the bond properties 
[44–46]. Scheffler et al. [54] report that adding a coating influences the 
interphase, between the filaments and the matrix, by increasing the 
stiffness. Moreover, the former mention states that coatings also affect 
the load transfer between the textile and the matrix. The application of 
styrene butadiene does not compare, in terms of performance, to epoxy 
impregnation. The former results in lower stiffness and this, in turn, 
leads to the formation of a wider crack spacing [55]. Similarly, Zhu et al. 
[48], found that the addition of an expoxy improves the stiffness of a 
TRC sample during the first stage of the pull-out process due to the 
improved bond. 

Generally, the studies conducted focus on the coatings and type of 
material the textile consist of. Similarly, the post-pull-out behaviour is 
generally limited to the extracted yarns to deduce what mechanisms are 
at play. However, studies of focussing on single fibre pull-out of steel 
fibres have yielded interesting results when employing CT-scanning 
methods on the post-pull out test specimens, including the matrices 

[56,57]. Extending these methods to TRC specimens could also prove 
valuable in providing insights into the factors that add to the increasing 
bond and pull-out resistance of yarns. 

This study aims to add to the knowledge of the mechanisms involved 
in the telescopic failure of textiles when used as a constituent of TRC. 
This in turn can provide information relating to more consistent and 
comprehensive design approaches. This work focuses on the damage 
evaluation of a yarn during and after it has been pulled out and how it 
relates to the mechanisms attributed to the damage. Alkali-resistant 
(AR) glass textiles are used in studies due to its low cost in compari-
son to other textiles, such as carbon-based textiles. This study considers 
the behaviour of AR glass textiles when being pulled out and the damage 
mechanisms by evaluating the extracted yarns and the matrix it is 
extracted from. 

2. Experimental programme 

2.1. Materials 

This study used an alkali-resistant (AR) glass textile in union with a 
CBM. Each filament of the yarn is coated with a styrene butadiene layer 
that gives the textile resistance against the alkaline concrete environ-
ment during the curing process before testing [58]. However, during 
testing the styrene butadiene layer might be damaged, exposing the 
glass filaments to chemical deterioration. The impact of the deteriora-
tion is considered to be negligible due to the short duration of exposure 
during the quasi-static tests (less than 15 min) conducted in this study 
[59,60]. The impact of the deterioration on the pull-out behaviour is 
likely to be more significant for long-term tests, such as creep testing, 

Fig. 1. The levels and components of a typical textile-reinforced concrete (TRC).  

Fig. 2. Typical mechanical response of TRC during static loading (redrawn 
from [11]). 
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which does not form part of this article [61,62]. Fig. 4 illustrates the 
mesh size of the textile (23 × 23 mm2) and a typical cross-section of the 
warp and weft yarns. The physical and mechanical properties of the 
textile are provided in Table 1 as per the supplier’s specifications [63]. 
The diameter provided in Table 1 is the equivalent diameter of the yarns 
represented by a circular cross-section with an equal area. 

The constituents and proportions of the mentioned CBM are given in 
Table 2. The constituents for the concrete matrix were all locally 
sourced. The cementitious components consisted of a CEM II/A-L (52.5 
N) cement, a class F fly ash, and silica fume. The only aggregate used in 
the mix was a natural quarry sand locally referred to as Malmesbury 
sand. The maximum particle size of the fine aggregate was limited to 
2.36 mm. The grading of the sand is illustrated in Fig. 5. A high-range 
water-reducing super-plasticiser, Dynamon SP1 as supplied by Mapei 
[64], was incorporated into the mix to achieve a mix with good work-
ability and plastic consistency. The average compressive strength of the 
matrix at 28 days, taken as the average of seven 100 mm cubes, is 53.3 
MPa (standard deviation of 1.9 MPa). 

2.2. Specimen preparation 

Pull-out test samples were cast in wooden moulds with dimensions of 
500 × 80 × 12 mm. The moulds are oiled and filled with the mixture to 
half the volumetric capacity and vibrated briefly for 5–10 s, using a table 
vibrator set to a low level, even though the mixture has a relatively good 
flowability (average slump flow of 234 mm). Hereafter, a single layer of 
the textile measuring 500 mm in length and 80 mm in width was laid 
down by hand and slightly pressed to ensure good contact between the 
matrix and the entire textile’s bottom surface. The mould was then filled 
with the matrix and vibrated lightly for 5–10 s. These specimens were 
demouled after 24 h and placed in water curing tanks at 23 ◦C for a 
further 27 days. 

At an age of 28 days after casting, the specimens were cut in half to 
produce two samples measuring 250 × 80 × 12 mm, based on the rec-
ommendations set out by [65]. The cut sections also aided in identifying 
and confirming the location of the warp yarns. After identifying the 
locations of the warp yarns, two holes were drilled along the central line 
of the specimen at predetermined locations where the central yarn of the 
textile was located. The upper hole (H1), shown in Fig. 6, was used as a 
connection duct for the experimental set-up discussed in the next section 
(Section 3.3). 

The second/lower hole (H2) was introduced to ensure that the warp 
yarn was disconnected at the required location for the required 
embedment length being tested. As measured from H2 as shown in 
Figure 4.6, a distance equal to the embedment length marked the 
location for notching the concrete sample. The notch was made to 
ensure that only one warp yarn is being tested during the loading pro-
cess, i.e. that only the central warp yarn is effectively continuous and 
taking part during the pull-out procedure. This sample preparation al-
lows for the double-sided pull-out test as described next [66,67]. 

2.3. Pull-out tests 

There currently exists no standardised test exists for pulling-out tests 
for single yarn in CBM. However, there are two ways of performing pull- 
out tests, namely, (i) a single-sided pull-out test (SSPOT) [13] and (ii) a 
double-sided pull-out test (DSPOT) [66,67]. For this study, the DSPOT 
test was chosen and a discussion on the benefits and shortcomings of the 
tests can be found elsewhere [6]. 

The set-up used in this study for the DSPOT is shown in Fig. 7. The 
tests were performed using a Zwick Z250 universal testing machine. The 
upper clamp of the machine secured a connection plate connected to a 
50 kN load cell. The upper section of the samples is connected to the load 
cell using a pin connection at H1, ensuring that no clamping pressure is 
imposed on the upper portion of the matrix containing the shorter yarn 
portion. The cross-head displacement was recorded, but two additional 
50 mm spring-loaded linear variable differential transducers (LVDT) 
were introduced to compare the yarn’s actual displacement. The lower 
half of the specimen was gripped by the pneumatic clamps of the test 
machine at the same position (the bottom 100 mm length) for each 
specimen. 

Care was also taken not to damage the matrix connecting the two 
sections at the notched section. Achieving this proved problematic as the 
area and level of reinforcing was low and therefore susceptible to being 
easily damaged. 

Five embedment lengths were chosen for investigation: 25, 30, 40, 
50, and 60 mm. The test was controlled by the cross-head displacement 
at a rate of 1 mm/min. The notation used to distinguish the samples is 
denoted as S-(embedment length)-(sample number). For example, S25-1 
would represent Sample 1 at an embedment length of 25 mm. 

2.4. Imaging 

The post-pull-out damage was investigated using macro-X-ray 
computed tomography (CT) imaging and a scanning electron micro-
scope (SEM). A prismatic section of the matrix surrounding the yarn was 
procured by cutting out a 10 × 10 mm section along the embedment 
length, as shown by the highlighted portion in Fig. 6 for post-pull-out 
analysis. These cut-outs were only done for the upper section of the 
matrix that contained the shorter end of the yarn being pulled out. These 
sections are, in turn, x-rayed and the results analysed. The yarns that 
were pulled out were also analysed using a SEM to assess the damage on 
the yarn after it has been pulled out. 

3. Results and discussion 

This study aimed to investigate the bonding mechanism of yarns in 
TRC on a single yarn level. The AR-glass textile was embedded at 
different lengths to determine if the failure mode was affected by this 
difference and the impact that the weft yarns might have with the 
subsequent increase in embedment length. All the points of interest for 
the experiments are given in Table 3. The stress is calculated by dividing 

Fig. 3. Typical depiction of the telescopic nature of technical textiles and the stress distribution.  
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the load by the cross-sectional area of an equivalent fictive yarn with a 
0.75 mm diameter. The utility ratio, in turn, is determined as the ratio of 
the peak stress to the theoretical tensile capacity of the yarn, as given in 
Table 1. 

Figs. 8 to 16 depict the results of the DSPOT for the various 
embedment lengths and the failure of a select few samples, chosen at 
random, to illustrate the different failure modes. Fig. 8 shows an excerpt 
of the embedment length where the matrix must be damaged before the 
yarn transmits the load. Due to the nature of the experimental set-up, the 
matrix at the vicinity of the notch for most of the samples had cracked 
while being handled and therefore they lacked the pronounced peaks 

Fig. 4. AR-glass textile: (a) mesh size (values in mm), (b) Section 1-1: weft yarn -, and (c) Section 2–2: warp yarn cross-section.  

Table 1 
Mechanical and physical properties of the AR-Glass [63].   

Equivalent 
Diameter 

Tensile 
Strength 

Filament 
Size 

Tex 
Size 

Specific 
Gravity  

[mm] [MPa] [μm] [g/ 
km] 

[g/cm3] 

Warp 0.75 1200 18–20 1200 2.68 
Weft 0.75 1200 18–20 1200 2.68  

Table 2 
Constituents and mix proportions of the matrix.  

Constituent Description Relative 
Density 
(RD) 

Quantity 
[kg/m3] 

Cementitious 
Binders 

Cement CEM II/A-L 52.5 N 
supplied by PPC. 

3.14 438.0 

Fly Ash Class F as supplied by 
Durapozz. 

2.20 196.5 

Silica 
Fume 

Microfine silica as 
supplied by Silicon 
Smelters. 

2.21 22.5 

Aggregate Sand A locally available 
natural quarry sand 
which has been sieved 
to allow a maximum 
particle size of 2.36 mm 
and a fineness modulus 
(FM) of 1.35. 

2.56 804.0 

Super-plasticiser Dynamon SP1 as 
supplied by Mapei [64]. 

1.05 3.3 

Water Municipal tap water. 1.00 217.5  
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displayed in the aforementioned excerpt. Thus, only Fig. 8 depicts the 
excerpt. Also, the dashed lines, denoted with an additional prefix of Wx, 
shown in the Figs. 8 to 16 denotes the location of the weft thread in 
relation to the extraction point. 

Initially, the average pull-out force (PMax) values decrease as the 
embedment length increases from 25 mm to 30 mm by 14.4 %. Never-
theless, there is an ensuing increase in the pull-out force as the 
embedment length increases from 30 mm to 40 mm and 50 mm by 38.7 
% and 61.2 %, respectively. This increase can be explained by the in-
crease in the contact area between the yarn and the matrix as the 
embedment length increases: the greater the contact surface area, the 
greater the frictional and bonding force required to be overcome. At 60 
mm of embedment length, the failure mode transition to rupturing and 
the pull-out force decreases by 7.6 %. The failure mode is reported to be 
telescopic for the shorter embedment lengths, as shown in Figs. 9 and 
11. 

The location of the weft yarns (W1 and W2) in relation to the 
extraction point, as shown in Fig. 17, is also indicated in the respective 
figures. The tested TRC specimens were cut parallel to the warp yarn to 
establish the location of the weft yarns in relation to the notch, as shown 
in Fig. 17. As previously mentioned, the same notation is used for the 
load-slip curves in Figures 4.8, 4.10, 4.12, 4.13 and 15. However, an 
additional suffix is added, and it must be noted that this is merely the 
distance of the weft yarn from the extraction point. The suffix W1 
therefore refers to the first weft yarn and W2 refers to the second weft 
yarn as measured from the extraction point, as shown in Fig. 17. 

Table 3 provides a sense of variation of the primary peak loads which 
decreases with increasing embedment length. The variance is also 

reflected in the pull-out responses (Figs. 8, 10, 12, 13, and 15). The 
former mentioned is likely due to defects which cannot easily be avoi-
ded. The decrease in the variation is also attributed to the increased 
frictional resistance associated with the greater embedded lengths. In 
other words, the level extent of the defects may be less significant with 
the increasing resistance. 

The variation at shorter anchorage lengths is also increased by 
samples which have primary peaks, which is the first peak achieved 
during the pull-out process, which is lower than the average. For 
example, S25-4 has a primary peak of 97.4 N, which is 73.3 N lower than 
the average and 173.9 N lower than the highest recorded primary peak 
(S25-2). Similarly, S30-2 recorded a peak of 61.2 N which is 71 N and 
137.8 N lower than the average and maximum (S30-3) recorded primary 
peaks, respectively. The variation of these two samples can be because of 
an array of factors, or the compounding effect of these factors. Some of 
the causes of the reduced resistance can be the increased number of 
defects, air pockets which reduce the frictional resistance, human error, Fig. 5. The grading curve of the fine aggregate.  

Fig. 6. Example of the specimen used for the pull-out tests.  

Fig. 7. Test set-up for the double-sided single yarn pull-out test.  
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yarn alignment, and test inadequacies [68]. 
The following section provides an in-depth discussion of the results. 

The discussion involves the pull-out behaviour, microstructural char-
acterisations, and textile geometry. 

3.1. Pull-out results behaviour 

The results for the pull-out behaviour, as shown in Figs. 8 to 16, can 
be idealised as shown in Fig. 18. Three stages can be identified from this 

generalised behaviour model. 
Firstly, a nearly linear response (Stage I) of the load-slip curve rep-

resents a perfect and elastic bond between the yarn and the matrix. In 
this instance, all the filaments are presumed to be intact. Hereafter, the 
response progresses to be non-linear (Stage II), indicating the debonding 
phase until the maximum load, PMax, is reached. During Stage II, fila-
ment ruptures also occur [34,69]. Also, no slippage of the end section of 
the embedded yarn has yet occurred. The subsequent rupturing and 
reduction in the frictional resistance cause the load to drop. Stage III 
now represents the dynamic stage; strain-softening or strain-hardening 
develops depending on the mechanisms at hand. The latter mentioned 
occurring due to the frictional resistance of the fibre exceeding that of 
the maximum pull-out force (PMax), and the former when the converse is 
true. 

Strain-hardening is noted to be the primary response at the 25 and 
30 mm embedment lengths (Figs. 8 and 10), which can be classified as 
the shorter embedment lengths. Strain-softening defines the pull-out 
response at longer embedment lengths, i.e. 40, 50 and 60 mm 
(Figs. 12, 13 and 15). 

The aforementioned behaviour of the dynamic (slipping) stage, 
namely Stage III, can be justified by the effect of the telescopic behaviour 
of the textile. At shorter embedment lengths, the debonding takes place 
and the core and majority of the sleeve components pull out, as seen in 
the post-pull-out images of the 25 and 30 mm samples shown in Figs. 8 
and 10. The sleeve is primarily intact due to the filament capacity not 
being reached. Valeri et al. [70] reported similar results and stated that 
the resistance of the yarn is related to the anchorage length. 

For a longer embedment depth (40 and 50 mm), telescopic failure 
occurs as the sleeve filaments rupture (Stage III). There is a successive 
decrease in the circumferential area due to the sleeve filaments 
rupturing and disconnecting which leads to the core elements being the 
only element resisting the pull-out. Simultaneously, the core filaments 
are also reported to slip at a lower frictional surface, reducing the fric-
tional resistance [12]. Fig. 14 shows the reduction in the yarn radius as a 
result of telescopic failure at longer embedment depths. However, Valeri 
et al. [70] do state that a certain level of slip is also required before the 
bond is activated. The former is noted in the strain hardening behaviour 
of the yarns with longer embedment which represents the second peaks 
forming as noted in the results of Figs. 12, 13, and 15. 

When the embedment length increases to 60 mm, the third stage, i.e. 
Stage 3, is reduced to rupturing. The ductility of the pull-out curve is 
near absent for this series. The lack in the pull-out phase is likely due to 
the increase in circumferential area and embedment depth. This increase 
in the circumferential area increases the frictional resistance provided 
by the sleeve, resulting in rupturing to be the dominant failure mecha-
nism for the 60 mm embedment length. 

Additionally, the behaviour noticed in Stage III of the load-slip curve 
can be explained as a collective interaction of the following mechanisms: 
(i) the presence of fly ash and silica fume in the matrix composition, (ii) 
the straightening of the filaments, (training effect), and (iii) the inter-
action between the warp and weft yarns. These factors form the bases for 
the discussion of the following sections. 

3.2. Microstructural characteristics 

Figs. 9, 11, 14 and 16 shows the yarns of all embedment lengths post- 
pull-out. In these figures, the effect of telescopic failure is noticeable, 
especially with longer embedment lengths (40, 50, and 60 mm). 
Furthermore, Fig. 19 shows SEM images of the 25 mm versus 50 mm 
embedment lengths and further corroborates the evidence of the tele-
scopic mechanism occurring. For instance, Fig. 19 (a) and (b) show the 
presence of ruptured filaments near the extraction point and halfway 
along the length of the specimen. These ruptured filaments are most 
likely located in the sleeve sections and it is also clear that more 
rupturing is present for the longer embedment lengths. 

Fig. 19 (c) images display the end or tip of the extracted yarn after 

Table 3 
The pull-out test results.  

Specimen Length Primary 
Peak Load 

Stress Utility 
Ratio 

Failure 
Mode  

[mm] [N] [MPa] [%]  

S25-1 25 183.7  415.8  34.7 Pull-out 
S25-2 25 271.3  614.1  51.2 Pull-out 
S25-3 25 156.1  353.3  29.4 Pull-out 
S25-4 25 97.4  220.5  18.4 Pull-out 
S25-5 25 142.0  321.4  26.8 Pull-out 
S25-6 25 173.5  392.7  32.7 Pull-out 
Average  170.7  386.4  32.2  
Standard 

Deviation  
57.8 (33.9)*    

S30-1 30 144.1  326.2  27.2 Pull-out 
S30-2 30 61.2  138.5  11.5 Pull-out 
S30-3 30 199.0  450.4  37.5 Pull-out 
S30-4 30 121.2  274.3  22.9 Pull-out 
S30-5 30 112.3  214.2  21.2 Pull-out 
S30-6 30 115.2  260.8  21.7 Pull-out 
Average  132.2  299.2  24.9  
Standard 

Deviation  
46.2 (35.0)*    

S40-1 40 232.6  526.5  43.9 Telescopic 
S40-2 40 155.6  352.2  29.4 Telescopic 
S40-3 40 151.8  343.6  28.6 Telescopic 
Average  183.3  414.9  34.6  
Standard 

Deviation  
35.3 (19.3)*    

S50-1 50 261.5  591.9  49.3 Telescopic 
S50-2 50 299.7  678.3  56.5 Telescopic 
S50-3 50 325.4  736.6  61.4 Telescopic 
Average  295.5  668.9  55.7  
Standard 

Deviation  
32.2 (10.9)*    

S60-1 60 295.2  668.2  55.7 Rupture 
S60-2 60 279.8  633.3  52.8 Rupture 
S60-3 60 243.3  550.7  45.9 Rupture 
Average  272.8  617.5  51.5  
Standard 

Deviation  
26.7 (9.8)*    

*The coefficient of variation (CoV) is given within the parenthesis. 

Fig. 8. The force versus displacement plot of double-sided pull-out for the 25 
mm embedment with an insert of the truncated section. 
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being pulled out and can be presumed to represent the core section of the 
extracted yarn. The latter-mentioned images still indicate signs of 
ruptured filaments and relative slipping for the extracted yarn with a 
shorter embedded length (S25-1). The presumed core section of the 
yarns embedded at a longer depth (S50-1) has a reduced diameter and 
fewer ruptured filaments present, which is indicative of this portion 
being more inclined to slip out, as seen with the pull-out vs displacement 
curves (Figs. 8, 10, 12, 13, 15, and 18). Moreover, the thinner core 
portion has a reduced pull-out capacity due to the lower frictional 
resistance. 

3.3. Presence of finer particles 

The presence of finer particles, which include hydration products 
and silica fume, is suggested to increase the frictional resistance during 
pull-out [13,71]. Peled et al. [12] reports that adding fly ash in a CBM 
increased the pull-out force compared to a control mixture with no 
supplementary binders. The results in this study, particularly the pres-
ence of multiple peaks, are similar to those published by the authors as 
mentioned earlier. 

Although the current study does not primarily focus on the influence 
of the matrix composition, it is worth mentioning that it does influence 
the pull-out resistance by affecting the interphase bond. Fig. 20 shows a 
typical case where smaller products can be seen to have penetrated a 

Fig. 9. Typical failure for the S25-series.  

Fig. 10. The force versus displacement plot of double-sided pull-out for the 30 
mm embedment. 

Fig. 11. Typical failure for the S30-series.  

Fig. 12. The force versus displacement plot of double-sided pull-out for the 40 
mm embedment. 
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yarn that has been pulled out. Upon closer inspection, S25-3 shown in 
Fig. 20, shows patches where the matrix has penetrated the yarn. These 
areas are also observed to contain fractured filaments, possibly due to 
the increased friction at these locations. 

3.4. Slack 

Individual filaments also have a certain degree of slack within the 
yarn and studies have shown that pre-stressing enhances the bond per-
formance and therefore the mechanical performance of TRC 
[16,17,36,37,72]. Textiles may be pre-stressed during the production 
process of TRC to reduce the initial slack in the filaments. The TRC 
specimens for the current study were created using the hand-lay method. 
Hence, the filaments may be considered to have a certain degree of slack 
within it before being tested. The undulating pattern seen in the load- 
slip curves of Figs. 8, 10, 12, 13 and 15 can be explained to a degree 
by the straightening effect of the embedded textile. As these filaments 
start to become tauter, the strain within the filaments increases. The 
increase in strain causes an increase in the pull-out resistance, resulting 
in secondary peaks of the force versus displacement curves. 

3.5. The presence of weft yarns 

3.5.1. Mechanical interlock and geometry 
The junction points of the warp and weft yarns are reported to 

contribute to the pull-out resistance [18,23,73]. A mechanical interlock 
is said to be generated by the presence of the weft yarn, as illustrated in 
Fig. 21 [12,50–53,74]. 

The presence of weft yarns also affects the geometry of a yarn within 
the textile. The periodic presence of weft yarns induces a crimping effect 
on the warp yarns which is mentioned to have a more significant impact 
than the anchoring mechanism shown in Fig. 21. The textile used in this 

study was also detected to have the geometry of the warp yarn affected 
along its length, as shown in Fig. 22. There is an apparent narrowing 
near the warp-weft junction due to the yarn stitching. The material 
packing of the warp yarn does increase further away from the junction 
due to the stitching and decreases again further away from the yarn 
junction. This variation in the thickness generates a bottlenecking effect 
closer to the intersection. 

3.5.2. Bottleneck congestion 
Fig. 23 to 25 depict the effect of the bottlenecking and geometry of 

the yarn junction on the pull-out of the warp yarn. These images are 
generated from the X-ray CT-scans of the sections that contained the 
embedded warp yarn (Fig. 6). These images indicate a congestion of 
warp yarn filament fragments accumulating near the bottlenecking 
junctions and are marked on the images. 

It can be seen in Fig. 23 that there is a bundling of yarns on the side of 
the junction furthest from the extraction point, that is to say, at a 
location post-junction. This is corroborated by the images shown Fig. 24, 
displaying the cross-sectional view in the vicinity of the yarn junction, 
both ante- and post-junction. Ante-junction refers to the side of the 
intersection closer to the extraction point and post-junction is the side 
further away from the junction being investigated. For instance, Fig. 24 
(a) indicates a section ante-junction where no weft yarn is present and 
minor warp filament fragments are noticed. Fig. 24 (b) – (c) shows how 
the accumulating fraction of warp yarn filament fragments increase at 
the location of a weft-warp yarn node, moving from the ante- to the post- 
junction, increases. 

The same effect, where filament fragments cause congestion near the 
weft-warp yarn junction, is also seen in the specimens with a longer 
embedment depths. Fig. 25 (a) – (c) shows the progressive nature of the 
duct left in the matrix by the warp yarn and the accumulation of warp 

Fig. 13. The force versus displacement plot of double-sided pull-out for the 50 
mm embedment. 

Fig. 14. Typical failure for the S50-series.  

Fig. 15. The force versus displacement plot of double-sided pull-out for the 60 
mm embedment. 
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yarn fragments in the duct at the post-junction location. In addition, 
Fig. 25 (d) shows the impact of the presence of a secondary junction on 
the bottlenecking and fragment conglomeration. The second junction 
shows a greater portion of warp yarn fragments compared to the first 
junction. 

The congestion of the filament fragments has the beneficial effect of 
increasing the resistance of the yarn during the pull-out process. During 
the debonding process, filaments rupture during the loading process and 
start pulling out. As the pull-out process continues, the filaments are 
guided through the duct left by the warp yarn during the casting process 
and go through regions that may be narrower in certain sections than 
others. In more limited regions, the packing density of the filaments 
increases and there is an increase in the inter-filament friction, which 
creates resistance. Moreover, the debris of ruptured filaments also cre-
ates blockages in the ducts, adding to the aforementioned packing sce-
nario, especially near the yarn junction. The increasing material 
congregating in the ducts therefore intensifies the frictional resistance. 
Thus, the stresses in the filaments increase at the weft-warp intersections 
and can cause additional filament rupturing while also increasing the 
resistance. Fig. 26 shows the damage on extracted yarns with damage 
visible and the associated resistance using the load–displacement graph 
at the respective levels. 

In a study by Preinstorfer and Kollegger [75], the impact of bot-
tlenecking is declared to have a minor impact on the bond behaviour 
between the textile and mortar. However, the study as mentioned 
earlier, focussed on a fully impregnated carbon-based textile. The 
aforementioned congested bottleneck mechanism is likely to be 

Fig. 16. Typical failure for the S60-series.  

Fig. 17. A section cut through the matrix to identify the location of the weft 
yarn in relation to the notch. 

Fig. 18. A typical representation of the load-slip curve for a DSPOT and representation of the yarn degradation.  
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prevalent in uncoated or surface-coated textiles (but that are not fully 
impregnated by the coating medium) since fully impregnated fibres do 
not exhibit telescopic failure to the same degree as a coated textile and 
are more likely to rupture. In other words, textiles that fail through 
telescopic failure may show signs of a congested bottleneck mechanism 
that enhances its resistance during pull-out. Thus, the congested 
bottleneck is shown to be another mechanism that is activated during 
the pull-out process. 

4. Conclusions 

This work was undertaken to research the impact of the damage done 
to a single yarn during the pull-out process. Imaging technology, in the 
form of SEM imaging and CT-scans, was used to investigate the post- 
pull-out damage on the yarn that is pulled out and the matrix from 
which the yarn is pulled. Telescopic failure was noted to occur, and the 
following mechanisms were identified to contribute to the failure mode 
based on literature and the experimental investigation in this study: 

Fig. 19. SEM images showing the damage and slip occurring during yarn pull-out. (a) SEM images close to the extraction point. (b) SEM images at half the extracted 
length. (c) SEM images of the yarn-end. 
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1. The presence of hydration products and nanoparticles infiltrate the 
yarn and generate interlocking joints as suggested in literature;  

2. The warp-weft junctions cause resistance against pull-out by 
anchoring the warp yarn as has been noted in literature;  

3. At low levels of embedment (25 and 30 mm), pull-out with minor 
levels of telescopic failure dominates the failure mechanism. The 
telescopic mechanism is more dominant at longer embedment 
lengths (40 and 50 mm).  

4. Beyond a 60 mm embedment length rupturing is seen to be the main 
failure mechanism. This is argued to result from the increase in 
surface area with an increase in length. That is, as the length in-
creases, so does the frictional resistance. Hence, at an embedment 
length greater than 60 mm the frictional resistance is greater than the 
capacity of the filaments and rupturing ensues;  

5. A general pull-out behaviour model is developed (Figure 4.18). This 
model takes into consideration the effect of the length and the fila-
ment degradation. Additionally, this model set out to describe the 
effect that the debris has on the behaviour in terms of strain- 
hardening and softening; 

6. The yarn junction also generates a bottleneck scenario which in-
creases the pull-out resistance as congestion of particles and fila-
ments accumulate at the junction as seen by this investigation. The 
bottleneck effect, and associated congestion, is argued to be present 
in textile’s that exhibit telescopic failure. Further studies on its 
presence with epoxy-impregnated textiles would be beneficial. 

The last mechanism related to bottlenecking has not been discussed 
in literature to date and provides a means of explaining the presence of 
secondary loading peaks during the pull-out process. The impact of the 
debris in the system adds value as it can potentially increase the resis-
tance of the yarn during pull-out. 

Furthermore, this means that more research, focusing on the undu-
lating geometry, can provide insights on how to increase the capacity of 

Fig. 20. SEM imaging of smaller particles penetrating the layers of the warp yarns for S25-3. (a) The presence of matrix penetration and ruptured filaments. (b) Small 
particles and fractured filaments. 

Fig. 21. The anchoring mechanism of weft yarns during the pull-out of warp 
yarns [53]. 

Fig. 22. SEM imaging displays the varying width of the warp yarn used in this 
study along its length before being embedded in a cement-based matrix. 

Fig. 23. The bottleneck effect of the yarn junction for an embedment length of 
25 mm. The red line denotes the section of the CT-scan being shown. (For 
interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

V.J.F. Alexandre et al.                                                                                                                                                                                                                         



Construction and Building Materials 403 (2023) 133055

12

TRC after cracking. This would include adjusting the stitching and 
spacing of junctions to establish the extent of influence the bottleneck 
mechanism has. Moreover, as the mechanical interlock may be increased 
by the adding finer materials (SCMs or sand) to the coating, it is worth 
studying the extent of this enhancing on the congestion of the bottleneck 
mechanism. Additional research is recommended on this mechanism as 
only one textile, a surface-coated AR-glass textile, was tested. 
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Fig. 24. The bottleneck effect of the yarn junction for an embedment length of 25 mm viewed from the top to the bottom of a warp-weft yarn connection: a) the 
location of the cross-section, b) away from the weft yarn, c) at the start of the weft yarn (ante-junction), d) middle section of the weft yarn, e) bottom of the weft yarn 
(post-junction), and f) away from the weft yarn. 

Fig. 25. The bottleneck effect of the weft-warp yarn connection for an 
embedment length of 50 mm. The progressive slides through the junction for 
S50-1 is shown in (a) to (c). Specimen S50-2 highlights the filemant fragments 
noted at two weft-warp junctions. The red line denotes the section of the CT- 
scan being shown. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 

Fig. 26. Indication of the yarn resistance decreasing with the decrease in yarn 
cross-sectional area for S50-1. The load versus displacement plot for the asso-
ciated sample is merged with an image of the yarn post-pull-out. 
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