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A B S T R A C T   

The tensile behaviour of textile reinforced mortar (TRM) is sensitive to the adopted matrix, textile, and their 
interfacial bonding. The matrix–textile bond varies with the nature of the adopted textile. In this study, the 
influence of textile crimp and orientation on the tensile and cracking responses of cement matrix-based TRM was 
studied for coated and noncoated (uncoated) carbon textiles using digital image correlation. This study also 
examined the behaviour of a hybrid TRM incorporating layers of coated and noncoated carbon. The results 
showed that the presence of load-aligned crimped yarns influenced the deformation, damage mode, cracking 
evolution, and crack opening of the TRMs. Finally, based on the observed deformations of the load-oriented 
crimped-yarn TRMs, a simple modification term for the second phase strains of the ACK model was proposed 
based on the textile geometry. The modified term produced strain values within 9.7–15% of the experimental 
strain.   

1. Introduction 

Textile reinforced mortar (TRM) is a composite composed of a 
mineral-based matrix reinforced with a continuous fabric [1]. The fab-
rics are generally composed of carbon, glass, aramid, polyphenylene 
benzobisoxazole, and steel. Research on TRMs has gained momentum 
over the last few decades and has continued because of their suitable 
performance as strengthening alternatives to fibre-reinforced polymers 
(FRPs). For instance, the compatibility with concrete substrates, 
breathability, applicability to wet surfaces, and enhanced fire resistance 
provide the basis for advancing our understanding of TRMs [2,3]. 
Additionally, the replacement of traditional steel rebars with noncor-
rosive reinforcements makes them preferred candidates for new struc-
tures [4]. 

The performance of TRMs under tensile testing has been studied by 
various authors to understand their constitutive behaviour [5–10]. The 
typical uniaxial tensile response of the TRM (Fig. 1) is composed of three 
phases: 1) the first phase corresponds to pre-cracking, where the 
response is dominated by the matrix properties; 2) the second phase is a 
multi-cracking phase governed by the redistribution of stress between 
the textile and matrix; and 3) the third phase is characterised by load 
transfer across the cracked matrix through the textile, along with the 

widening of the cracks [1,11]. 
The pre-mentioned trilinear behaviour and mechanical capacity of 

TRMs are sensitive to the properties of textiles, mortars, and their bonds 
[11]. The mechanical performance is affected by parameters such as the 
textile mesh, textile orientation, textile geometry, reinforcement ratio 
(Vf), and nature of the coating. Similarly, matrix characteristics such as 
strength, flowability, [12] and aggregate particle size [13] also influence 
the constitutive behaviour of TRMs. 

The reinforcement ratio is an influencing factor, and various authors 
have analysed its impact on the response of TRMs [7,14–20]. For 
instance, Saidi and Gabor [7] observed that the load-transfer length 
between the textile and mortar decreases with an increase in Vf, 
demonstrating enhanced textile–mortar bonding. The results in [7] 
showed that an increase in the number of layers results in a higher ul-
timate strength. Additionally, the influence of textile reinforcement on 
the tensile response was sensitive to the nature of the mortar. In contrast, 
[15] showed that, on average, a higher number of overlapping basalt 
layers results in a reduced ultimate strength (calculated for the textile 
area) owing to the modification of the failure mode, which restricted 
complete textile breakage. Similar results have been reported [21] for 
one-, two, and three layers of Basalt TRM. Similarly, [22] reported the 
modification of the failure mode with an increasing number of carbon 
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layers, but without reduced ultimate strength. 
Another factor that influences the properties of TRMs is the use of 

hybrid reinforcement. For example, [23] and [5] studied the effects of 
hybrid reinforcements on the tensile responses of TRMs. The study in 
[23] used TRMs formed with laminae of polypropylene (PP) and AR 
glass. The study showed that the arrangement of the layers had a sig-
nificant influence on the load-bearing behaviour, with enhanced per-
formance when the AR glass layer was sandwiched between two layers 
of PP. The combination of glass and PP resulted in a composite stronger 
than the PP-only layer TRM and was more ductile than the AR glass 
TRM. In [23], significantly different lamina properties resulted in 
delamination, which was more prominent when the ductile PP layer was 
located between two AR glass layers. 

In addition to the influence of Vf and the hybrid reinforcement, the 
performance of TRMs is affected by the presence of telescopic failure, 
where the core filaments are not fully utilised in the load-bearing 
function [15,23,24]. Polymer-coated fabrics in TRMs have been 
explored to improve the interaction across filaments [17,24–26]. In the 
study of [25] epoxy combined with rice husk ash was used to improve 
the performance of basalt- and glass-based TRMs. The coating improved 
textile utilisation with denser cracking and three times enhancement of 
basalt TRM strength. [17] showed that coating basalt textiles with epoxy 
led to a 25% improvement in the ultimate strength. However, the in-
compatibility of polymer coatings with cementitious products poses the 
challenges of delamination, inconsistent cracking, larger crack widths, 
and deterioration under high temperatures [18,27]. Therefore, efforts 
have been made to use mineral-based products for yarn impregnation 
[28,29]. 

Similarly, the TRM behaviour is sensitive to textile orientation. To 
date, few studies have been conducted on the impact of textile orien-
tation on the load-bearing capacity of TRMs [23,30–32]. [30] observed 
that TRMs with weft yarns placed in the load direction had a higher 
capacity than those with warp yarns placed in the load direction. 
Although the tensile strength of the fabric was superior in the warp di-
rection owing to the round and compact nature of the roving, which 
enhanced the frictional interaction between the filaments, but within 
TRM the flat and loose nature of the weft yarns resulted in a larger 
contact surface between the mortar and textile. The mortar–textile bond 
was further bolstered by the better penetration of the matrix, leading to 
a superior load-bearing capacity [27]. [23] observed that the influence 
of textile orientation on the load-bearing capacity was reversed when 
TRM was formed through the pultrusion process, with warp roving 
pulled in the pultrusion direction. This is because of the enhanced 
penetration of the matrix into the warp yarns. In addition to textile 
orientation, studies have shown that the behaviour of TRMs is sensitive 
to the shape of the yarns [32], [33]. For instance, [33] reported that 
crimped yarn-based TRMs demonstrated superior flexural performance 

to TRMs with straight yarns. 
In addition to its aforementioned impact on mechanical capacity, the 

cracking behaviour of TRMs is also affected by the properties of the 
textile [15,32]. [34] showed that the application of a sand coating on 
textiles reduced the crack width by approximately 33%. While in some 
mortar–textile combinations, the longitudinal splitting of the TRMs at 
the mortar–textile interface affected the overall cracking behaviour. 

The tensile behaviour of TRMs has been extensively explored, and 
the influencing parameters have been identified. However, according to 
[34], the absence of standardisation of textile reinforcement and the 
availability of various reinforcement options necessitates expanding the 
understanding of the behaviour (including cracking) of TRMs. For 
instance, one such factor of importance is textile crimp. Limited studies 
have been reported on the influence of crimp on tensile and cracking 
behaviours. Therefore, this study contributes to the understanding of 
carbon-based TRMs by systematically analysing the influence of crimp 
on the load-bearing and cracking response under tension. Based on the 
influencing parameters identified in the literature, the analysis of the 
effect of the crimp was extended to 1) the number of layers, 2) influence 
of the polymer coating, 3) textile orientation, and 4) hybrid TRMs. The 
case of hybrid TRMs extends their existing limited database while 
reducing the risks of delamination owing to the mismatch of the textile 
properties. The studied cases were further analysed in terms of their 
cracking behaviour using stereo digital image correlation [25,35]. 
Finally, a modification term was added to the ACK model to account for 
the large strains in the crimped textile composites. 

2. Material and methods 

2.1. Textile and mortar 

2.1.1. Textile 
In this study, two types of balanced biaxial carbon fabrics were used 

in the TRMs. Tuncoated and TCSBR, with a tex of 12000 and a mesh size of 
5 mm × 5 mm. The filament diameter was 7 µm (Table 1). The warp 
yarns of Tuncoated were crimped in-plane (Fig. 2). TCSBR was obtained 
through the industrial application of a styrene butadiene coating (SBR) 
on the Tuncoated fabric. Because of the coating process, the weft yarns of 
the TCSBR developed a substantial out-of-plane crimp, whereas the 
warp crimp was significantly reduced. A third modification of the Tun-

coated textile was obtained by manual/hand application of a microsilica 
(Emsac 500 SE) coating. The microsilica was in a suspension form, with 
the largest particle diameter of 0.15 µm. 

2.1.2. Mortar 
A commercial hydraulic mortar formulated for strengthening and 

repair applications was used. The maximum particle size of the fine 
aggregates was limited to 1 mm, which was crucial for the penetration of 
the mortar into the textile mesh. 

The compressive and flexural strengths of the mortar (shown in  
Table 2) were obtained using three specimens with dimensions of 
40 mm × 40 mm × 160 mm tested according to the EU Norm EN-196–1 
[36]. The adherence/bond strength was provided by the manufacturer. 

2.2. Preparation of TRM specimens and testing method 

A total of 24 TRM samples were tested, three for each of the eight 
cases studied (Table 3). With the weft yarns placed parallel to the load 
direction, TunW, T1W, and T2W were formed with one-layer of un-
coated textile and one and two layers of coated textile, respectively 
(Fig. 3). TunM, T1M, and T2M had textile configurations similar to those 
of TunW, T1W, and T2W, respectively, but different yarn orientations, 
with the warp yarns aligned in the load direction (Fig. 3). TsiW was 
formed by placing a single layer of the microsilica-coated textile with 
weft yarns parallel to the load axis. The textile was dipped and hand- 
pressed in a microsilica slurry and set to dry for at least 24 h before its 

Fig. 1. Typical tri-phasic response of TRMs in tensile test.  
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placement in the mortar. Finally, ThM was formed by placing a layer of 
polymer-coated textile between two uncoated textile layers (separated 
by 2–3 mm of mortar in between), all in a warp orientation (Fig. 3). 

For each TRM, a 500 mm × 700 mm × (n + 1) × t mm plate was 
prepared using the wet-hand layup method [37], where ‘n’ represents 
the number of textile layers and ‘t’ is the thickness of a single mortar 
layer, which ranged between 2–3 mm. The plates were laminated in 
plywood moulds and nailed with wooden strips. The wooden strips were 
dimensioned according to the expected TRM thickness. 

The plates were wet-cured for 7 days, followed by storage at a 
relative humidity of approximately 50% for 21 days. After 28 days, a wet 
saw was used to cut three samples, each 650 mm × 70 mm in size. Note 
that all edges of the plates were discarded with a width of 20 mm to 
eliminate any weaknesses generated by mould-plate interaction during 
the manual lamination process. The specimens were stored for 60 more 
days (90 days in total) at 25 ℃ and relative humidity of about 50% 
before finally tested. 

Finally, it is important to mention that the minimum thickness of 
6 mm recommended by RILEM TC-232-TDT could not always be strictly 
respected because of the hand-lay-up implementation (coupled with 
shrinkage). However, the difference (from the RILEM’s threshold of 
6 mm) remained limited and did not significantly compromise the 
relevance of the test or its application. 

2.3. Tensile test setup 

The recommendations of RILEM TC-232-TDT [38] were adopted to 

perform the tensile tests on the composites. The clamps used for gripping 
the TRMs were 100 mm × 200 mm and attached to the machine 
through a ball/spherical joint to mitigate the transfer of parasitic 
moments. 

At 200 mm, the ends of the specimens were attached to rubber pads 
on both faces to mitigate the risk of bearing failure in the clamps (Fig. 3). 
The TRM was carefully centred in the width of the clamp to avoid un-
desired in-plane bending. The test was performed on a 100 kN WOL-
PERT machine with a displacement rate of 0.5 mm/min. The adopted 
test setup is shown in Fig. 4. 

For deformation acquisition, the finished surface of the composite 
was always reserved for the digital image correlation (DIC) measure-
ments. The second face (the one that was always in contact with the 

Table 1 
Properties of textile.         

Warp Weft 

Textile Mesh (mm) Material Coating area weight g/cm2 No. filaments Fil dia σf (MPa) Ef (GPa) σf (MPa) Ef (GPa) 

TCSBR 5 × 5 Carbon Styrene butadiene  0.034  12000 7 µm  1400  120  1400  120 
Tuncoated 5 × 5 Carbon non  0.025  12000 7 µm  1400  114  1850  114  

Fig. 2. Representation of the styrene butadiene coated (TCSBR) and uncoated (Tuncoated) textile.  

Table 2 
Properties of mortar.  

Mortar  

σm.f [MPa] (CoV) 9 (0.14) 
σm.c [MPa] (CoV) 51 (0.10) 
max grain size [mm] 1 
Adherence [MPa] 2  

Table 3 
Description of the studied TRM configurations.  

TRM 
Type 

Thickness 
(mm) 
/CoV (%) 

Width 
(mm) / 
CoV 
(%) 

Total 
Length 
(mm) 

Vf 

(%) 
Textile 
orientation 

Textile 
Layers 

T1W 5.5/3.27 69.01/ 
0.31 

650 1.2 Weft 1 TCSBR 

T2W 7.76/4.38 68.99/ 
0.49 

650 1.6 Weft 2 TCSBR 

TunW 6.91/1.3 68.94/ 
0.44 

650 1.2 Weft 1 Tuncoated 

TsiW 5.49/2.72 69.87/ 
0.38 

650 1.2 Weft 1 Tuncoated- 
silica 
modified 

T1M 5.71/0.78 70.23/ 
0.28 

650 1.2 Warp 1 TCSBR 

T2M 9.66/5.4 70.29/ 
0.22 

650 1.6 Warp 2 TCSBR 

TunM 5.93/3.7 69.84/ 
0.57 

650 1.2 Warp 1 Tuncoated 

ThM 13.13/1.06 69.86/ 
0.45 

650 1.8 Warp 1 Tuncoated- 
1 TCSBR- 
1 Tuncoated  
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mould) was equipped with a linear variable differential transformer 
(LVDT). The LVDT was supported on the TRM surface using a glued 
pedestal. The measurement of the displacement on opposite faces 
enabled the computation of average strains to accommodate for defor-
mation induced by out-of-plane bending, possibly caused by misalign-
ment and/or curvature in the TRMs owing to shrinkage [16]. Stereo DIC 
was performed using two cameras of 5 mega pixels. For measurement 
consistency, the DIC process was assisted by a light source of constant 
luminosity adjusted for the region of interest, which was defined by the 
gauge length of the samples, covering the width and length of the 
composite between the clamps. The images were acquired at a frequency 
of 2 Hz. 

The software MatchID was used for image correlation. A subset size 
of 45 and step size of 15 pixels were adopted as a suitable trade-off 
between the computational time and accuracy of the obtained defor-
mation. Quadratic shape functions were used for the subsets and cross- 

camera matching. The correlated data were processed in MATLAB to 
obtain the desired representation of the outputs. One of the objectives of 
the DIC measurements was to gain further insight into the cracking 
behaviour of the TRMs by acquiring full-field deformation during the 
test. 

The mobilised tensile test is considered to be controversial to the 
extent that the results obtained are not entirely decoupled from the 
tightening carried out at the clamps and that the load transfer mecha-
nisms favour the mobilisation of the textile more than that of the com-
posite (strictly speaking). However, the test in question is not devoid of 
interest and is of certain utility for understanding, although imperfectly, 
the tensile strength of TRM composites. Moreover, it enables a com-
parison of various TRM configurations to identify the determining or 
decisive parameters. Based on this observation, an experimental 
campaign and its exploitation were conducted. 

Fig. 3. Representation of the studied TRM samples.  

Fig. 4. Adopted tensile test setup; left to right: global view and zoomed sample.  
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2.4. Tomography 

For microscale observation, 20 mm × 20 mm pieces were cut from 
the T1W, TunW, and TsiW TRM plates. The plates used to obtain these 
samples were undamaged and were not used for the tensile tests. The 
obtained samples were exposed to tomography, with achievable voxel 
size of 6 μm. The test arrangement comprising the X-ray tube, exposed 
TRM piece, and background screen is shown in Fig. 5. The acquired 
images were analysed using the software Fiji. 

3. Results and discussion 

3.1. Failure modes 

The observed failure modes for the tested TRMs were classified as 
shown in Fig. 6. Representative failures for each tested TRM type are 
shown in Fig. 7. TunW and TsiW exhibited failure by telescopic slip of 
the textile either in the gauge length or at the clamp mouth (Mode C). 
The damage remained identical on both the faces of TunW and TsiW. 

T1W failed through textile rupture (either in the gauge length or near 
the clamp) with the associated severe chipping of the mortar on one face 
of the TRM (Modes A, B, and E). In T2W, in addition to the chipping 
damage, textile rupture was accompanied by severe interlaminar 
delamination (Modes A, B, E, and F). The observed conditions for the 
chipping damage at failure are shown in Fig. 7b (T1W); such chipping 
damage attributed to the textile crimp was reported in [24,39]. 
Delamination in T2W was initiated locally near the end of the hardening 
(second) phase (Fig. 1). However, complete separation between the two 
layers was only observed after the rupture of the textile. 

The warp-oriented TRMs failed by the partial or complete breakage 
of the textile. The failure of TunM was marked by limited telescopic slip, 
followed by the brittle partial rupture of yarns (Mode D). T1M (Mode ‘A 
and B’) and T2M (Mode ‘B’) failed due to the rupturing of the textile 
without interlaminar delamination. Finally, ThM exhibited partial/full 
textile rupture with limited slip (near the clamps) accompanied by local 
delamination (Modes A, D, and G). The delamination in ThM was 
localised at the TCSBR textile–mortar interface. The extent of the 
delamination was limited. compared with the severe delamination sce-
narios observed in other hybrid TRM studies [23]. 

The absence of crimped yarns in the load directions of T1M and T2M 
mitigated severe spalling and delamination, respectively. Additionally, 
the presence of uncoated crimped yarns in the load orientation did not 
influence the global failure mode. This showed that the effect of the 
crimp on the failure mode is sensitive to the textile coating and the 
nature of the crimp. 

3.2. Tomographic analysis 

Images of the TRMs cross-sections for T1W, TunM, and TsiW are 

shown in Fig. 8. In comparison with T1W and TunM, agglomeration of 
micro-silica at the textile matrix interface in TsiW was observed. This 
resulted in an additional layer between the textile and mortar. The 
microsilica deposition was cracked, as shown in Fig. 8c (TsiW), which 
resulted in degradation of the textile–mortar interfacial bond. Hence, 
the diminished load-bearing performance of the TsiW was triggered by 
the adverse impact of the manual modification of the textile with 
microsilica. 

3.3. Global tensile response: stress–strain behaviour 

The stress–strain responses of the three samples of each of the eight 
different composites are shown in Fig. 9. The stress (left ordinate in 
Fig. 9) was calculated over the average cross-section of the composite. 
The average cross-section was computed based on the average value of 
the composite thickness over the gauge length. The composite stress was 
used to relate various parameters throughout the text. However, for 
comparison, the stress calculated for the textile area is also given in 
Fig. 9 (as shown by the right ordinate). Globally, the obtained stress–-
strain responses demonstrated good repeatability for the three tested 
samples of each TRM type. 

The TRMs exhibited distinct triphasic behaviours, except for TsiW-A 
and TsiW-B, where the distinction between the second and third phase 
was not apparent. The biphasic response was triggered by the compro-
mised textile–mortar interface of TsiW. The post-peak response could 
not be recorded because of brittle failure, except for TunW and TsiW, 
where a softening branch was observed because of the telescopic mode. 
For TsiW and TunW, the post-peak response exhibited either an increase 
or a counterintuitive decrease in strain. The reduction in strain was due 
to the slip near the clamps, which could not be captured by the LVDT/ 
DIC. 

Qualitatively, as shown in Fig. 9, the shape of the stress–strain curve 
was sensitive to the textile coating, textile orientation, number of layers, 
and hybrid reinforcement. These factors influenced the strain-hardening 
behaviour, stiffness, failure mode, and ultimate properties [11]. The 
effects of the crimps on the global responses of TunM, T1W, and T2W 
were also evident (Fig. 9b, e, and f). The stress–strain response was 
stretched to longer deformation values when the crimped yarns were 
oriented along the load direction. 

For a quantitative comparison, the stress–strain response parameters 
were evaluated according to the definitions given in Fig. 1 ([16,40]). 
The cracking stress and corresponding strain of the composite are rep-
resented by σ1 and, ε1respectively, whereas σ2 and ε2 represent the stress 
and strain corresponding to the end of cracking and/or the point of 
noticeable stiffness change in the stress–strain response, respectively. 
The ultimate strength is represented by σ3, and ε3 is the ultimate strain. 
E1 is the pre-cracking modulus (calculated as the slope of the stress–-
strain line in Phase 1. Finally, E3 is defined as the modulus of the third 
phase, calculated as slope of the line between σ2, ε2 and σ3, ε3. The 
parameters are listed in Table 4. 

3.3.1. Cracking stress and pre-cracking modulus 
Notably, the warping of the TRMs was observed owing to the sus-

ceptibility of the mortar to shrinkage. [16] showed that the curve of 
TRMs influenced the first phase of the stress–strain response, which was 
partly adjusted with the average of the deformations calculated on the 
two faces of the specimen. 

Fig. 10. shows the average cracking stress (σ1) and the pre-cracking 
stiffness (E1) of the studied composites. A relatively large scatter was 
observed in E1 owing to the impact of the shrinkage-led curvature on 
both the cracking stress and strain. In Fig. 10(a), the horizontal solid line 
shows the calculated average tensile strength of the mortar using FIB 
Model Code 2010, and the dotted lines mark the 1 standard deviation 
threshold. 

The average cracking stresses of T1W, T2W, TunW, and TsiW were 
53.15%. 65.26%. 56.32% and 106.94% of the calculated tensile strength Fig. 5. Overview of the tomography setup.  
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of the mortar, respectively. In contrast, T1M, T2M, TunM, and ThM 
exhibited cracking stresses of 101.2%, 93.8%, 70.8%, and 87.6% of the 
mortar’s strength, respectively. 

The higher cracking stress of TsiW can be attributed to the dispersion 
of microsilica particles from the textile to the mortar, resulting in a 

denser microstructure and improved cracking stress performance. 
Except for T1W, in accordance with [26], the coated textile-based 
composites exhibited a higher average cracking stress than their un-
coated counterparts. However, based on the observed scatter, an overlap 
between the cracking stresses of T1M with TunM and those of T1W with 

Fig. 6. Classification of the observed failure modes.  

Fig. 7. Failure modes of the tested TRMs: (a) TunW, (b) T1W, (c) T2W, (d) TsiW, (e) TunM, (f) T1M, (g) T2M, and (h) ThM.  
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TunW was observed. 
Additionally, the one- and two-layer warp-oriented TRMs (T1M and 

T2M) exhibited enhanced cracking stress compared with the corre-
sponding weft TRMs. This could have been induced by the ‘global’ 
modified shrinkage control, rooted in the altered textile mortar inter-
lock, when the out-of-plane crimp is introduced in the transverse 
orientation of the specimen. Shrinkage control (although induced by 
short-fibre inclusions) has been associated with increased cracking stress 
[41–43]. For T1W and T2W, the direct pull on the out-of-plane crimp in 
the weft direction may have resulted in a lower cracking stress because 
of its adverse influence as a discontinuity or weakness along the load 
direction. For TunM and TunW, the influence of the crimp and/or textile 
orientation remained within the observed variance in their cracking 
stress. The pre-cracking modulus was observed to have a larger scatter 
and fluctuated across different TRM configurations. These fluctuations 
can be attributed to the influence of mortar shrinkage on both the 
cracking stress and the corresponding cracking strain. 

3.3.2. Strain contribution of the second phase 
With the exception of T2W, the stiffness in the second phase did not 

significantly contribute to the overall response. For T2W, a noticeable 
improvement in the stress was recorded in the second phase. However, 
in this study, the TRMs exhibited significantly varying behaviours in 
terms of strain contributions in the second phase. The average strain 
difference (ε2 − ε1) was used to evaluate the contribution of the second 
phase to the overall response (Fig. 11). The largest value of (ε2 − ε1) was 
observed for T1W (1.091), followed by TunM (1.06). As reported in 
[21], multiple layers are associated with a swift cracking process, 
resulting in a lower deformation. This influence of the number of textile 
layers was validated for ThM and T2W, with a shorter cracking phase 
compared with TunM and T1W, respectively. However, no significant 
difference in (ε2 − ε1) was observed for T1M and T2M. The effect of 
the silica coating on the average stretching of the second phase remained 
within the range recorded for TunW. 

The ratios of (ε2 − ε1) for TunM to TunW and T1W to T1M were 4.8 
and 6.4, respectively. Similar trends were observed for T2M and T2W. 
The larger stretch of the cracking phase (second phase) for TunM and 
T1W was due to the placement of crimped yarns parallel to the load 
direction. In addition to straightening of the crimp, a delay in the stable 
redistribution of stresses led to longer hardening phases. The interrup-
tion in the stable stress redistribution can be attributed to the alternating 
interlock and damage caused by the nature of the crimp. 

3.3.3. third phase parameters 
Fig. 12(a) shows the average ultimate strengths of the tested 

composites. On average, TsiW exhibited a slightly lower ultimate stress 
than TunW. The polymer coating was associated with a significant 
improvement in the ultimate strength. Compared with TunM and TunW, 
T1M and T1W had 94% and 188% improvements in ultimate strength, 
respectively. As explained in [27], polymer coating enhances the uni-
formity of the stress distribution on the yarn cross-section and improves 
the ultimate performance. 

Although not proportionally, a higher number of textile layers has 
been associated with a higher ultimate strength [18]. Similar global 
trends were observed in this study. The ultimate strength of T2M was 
1.43 times of T1M, whereas ThM exhibited 1.24 times higher peak 
strength than TunM but 0.63 times than that of T1M. For ThM, the in-
clusion of the TCSBR layer had a slight influence on the improvement in 
the strength relative to that of TunM. This can be explained by the larger 
deformations induced by the slipping of the uncoated textile layers, 
which led to higher strains on the surfacial zones of the coated yarns, 
resulting in telescopic cum rupture mode of failure of the coated yarns. 

Counterintuitively, T2W resulted in lower strength compared with 
T1W; however, this behaviour may have resulted from the nonuniform 
stress on the T2W cross-section due to misalignment and/or bearing 
damage in the clamp. A more plausible explanation is that a higher 
number of textile layers shifted the failure mode (as observed for T2W in 
Fig. 7c), which prevented the full utilisation of the textile, thereby 
reducing the peak strength [15,21]. 

The effect of textile orientation on strength was noticeable only for 
one-layer TCSBR-based composites, with the ultimate stress of T1W 
being 1.6 times that of T1M. This can be explained by the possible dif-
ference in the effectiveness of the mortar–textile interlocking mecha-
nisms associated with crimped yarns. Additionally, a superior load- 
bearing capacity of the weft orientation was also reported in [30]. Ac-
cording to [30], the flatness of the weft yarns created a larger 
mortar-to-textile contact surface along with increased penetration of the 
matrix in flatter weft yarns compared with round warp yarns. This 
phenomenon resulted in a higher bearing capacity of the weft TRM 
despite the larger strength of the warp yarns. The absence of this 
strength improvement in T2W compared with T2M was due to the 
observed delamination in T2W. It is worth mentioning that the in-
fluences of the textile crimp and orientation on the ultimate strength 
were not identical when uncoated textiles or multiple textile layers were 
used. First, this indicates the different effectiveness of the mortar–textile 
bonding in the crimped coated and uncoated yarns and the superseding 
influence of the failure mode shift in multilayer TRMs. The last-phase 
modulus (E3) exhibited trends identical to those observed for the ulti-
mate stress. However, the E3 value of TsiW was based on that of TsiW-C, 
which was the only TsiW sample with a distinct linear third phase. 

Fig. 8. Description of the integrity of various mortar–textile interfaces. (a) T1W, (b) TunM, and (TsiW).  
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Fig. 9. Experimental stress–strain response of TRMs; (a) TunW, (b) TunM, (c) TsiW, (d) ThM, (e) T1W, (f) T2W, (g) T1M, and (h) T2M.  
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The ultimate strains (ε3) for T1M, T2M, TunM, and ThM were 1.22%, 
1.18%, 2.02%, 1.18% and 1.18%, respectively (Fig. 13(a)). Corre-
spondingly, 2.02%, 1.69%, 0.67% and 0.42% (ε3) was recorded for 
T1W, T2W, TunW and TsiW. The sensitivity of the ultimate strain to the 
textile crimp preceded that of the polymer coating. The higher value of 
(ε3) in TunM was due to the deformations contributed by straightening 
of the in-plane crimp, and its influence was identically reduced in ThM 
when a layer of TCSBR was added. Similarly, T1W exhibited the highest 

ultimate strain in the weft direction. Note that TunM, with an in-plane 
crimp, and the TCSBR-based T1W, with an out-of-plane crimp, exhibi-
ted identical average ultimate strains. Similar influence of crimp was 
observed for T2M and T2W. 

For T2M, the number of layers had a marginal effect on the average 
ultimate strain reduction. However, a reduction of 19.5% was observed 
for T2W relative to T1W owing to the alteration of the failure mode 
(Fig. 7b and c). TsiW had the lowest ultimate strain owing to ineffective 

Table 4 
Parameters of the observed stress–strain response.   

ε1 (%) σ1 (MPa) ε2 (%) σ2 (MPa) ε3 (%) σ3 (MPa) E1 (MPa) E3 (MPa) Toughness 
(MPa) 

T1W 0.048 2.30 0.95 5.97 1.89 33.42 4744.89 2919.81 21.96 
0.046 1.90 1.28 4.50 2.25 25.44 4136.51 2172.36 19.40 
0.041 2.24 1.17 5.18 1.94 26.63 5501.22 2774.70 16.45 

Average 
(CoV) 

0.044 
(7.16%) 

2.14 (8.21%) 1.135 
(12.17%) 

5.21 
(11.51%) 

2.028 
(7.76%) 

28.49 
(12.32%) 

4794.2 (11.6%) 2622.2 
(12.3%) 

19.27(11.6%) 

T2W 0.043 3.27 0.96 7.50 1.75 31.93 7534.77 3122.11 19.64 
0.018 2.00 0.93 7.24 1.65 23.94 11,222.17 2320.27 15.01 
0.020 2.62 0.95 6.72 1.68 22.00 9042.91 2074.60 14.31 

Average 
(CoV) 

0.026 
(34.75%) 

2.63 
(19.62%) 

0.947 
(1.32%) 

7.15 (4.5%) 1.694 
(2.29%) 

25.95 
(16.54%) 

9266.6 (16.3%) 2505.66 
(17.8%) 

16.3 (14.4%) 

TsiW 0.029 5.89 0.29 6.65 0.38 8.70 20,290.08  2.34 
0.036 3.98 0.28 5.75 0.36 7.59 10,960.79  1.69 
0.045 3.09 0.31 3.81 0.52 7.01 6878.07 1540.86 2.02 

Average 
(CoV) 

0.036 
(17.68%) 

4.31 
(27.05%) 

0.292 
(5.40%) 

5.40 
(21.90%) 

0.420 
(16.99%) 

7.76 (9.02%) 12,709 (44.1%) 1540.86 2.01 (13.2%) 

TunW 0.071 1.93 0.25 2.90 0.66 8.52 2709.83 1359.26 2.88 
0.014 2.64 0.19 4.11 0.56 10.38 18,604.83 1733.40 3.32 
0.016 2.25 0.33 3.25 0.82 10.74 14,315.28 1532.18 4.32 

Average 
(CoV) 

0.033 
(78.63%) 

2.27 
(12.77%) 

0.257 
(21.81%) 

3.41 
(14.91%) 

0.679 
(15.97%) 

9.88 (9.87%) 11,876.65 (56. 
%) 

1541.61 
(9.9%) 

3.5 (13%) 

T1M 0.099 3.8 0.2 3.82 1.43 19.27 3838.38 1256.09 13.46 
0.039 3.9 0.25 4.9 1.27 17.22 10,000 1207.84 11.77 
0.05 4.6 0.25 4.1 0.98 17.05 9200 1773.97 8.65 

Average 
(CoV) 

0.062 (41%) 4.1 (8.6%) 0.233 
(10.10%) 

4.27 (10.7%) 1.226 
(15.1%) 

17.84 (5.6%) 7679.4 (35.6%) 1412.63 
(18.1%) 

11.29 (17.6%) 

T2M 0.052 3.26 0.18 3.83 1.19 23.84 6269.23 1981.18 14.34 
0.07 3.89 0.22 4.55 1.24 24.32 5557.14 1938.23 14.96 
0.031 4.48 0.27 5.73 1.13 28.69 14,451.61 2669.76 15.69 

Average 
(CoV) 

0.051 (31%) 3.87 (12.8%) 0.22 (16.4%) 4.70 (16.6%) 1.18 (3.8%) 25.61 (8.5%) 8759.3 
(46.07%) 

2196.37 
(15.2%) 

14.99 (3.6%) 

TunM 0.047 3.81 1.32 3.99 2.2 8.76 8106.38 542.04 10.5 
0.035 1.15 1.2 3.02 1.81 8.21 3285.71 850.81 6.99 
0.12 3.67 0.87 3.02 2.06 10.5 3058.33 628.57 10.61 

Average 
(CoV) 

0.067 
(55.7%) 

2.87 (42%) 1.13 (16.8%) 3.34 (13.6%) 2.02 (7.9%) 9.15 (10.6%) 4816.8 (48.3%) 673.8 (19.3%) 9.36 (17.9%) 

ThM 0.028 2.54 0.38 4.05 1.18 10.77 9071.42 840 6.89 
0.026 3.8 0.27 4.49 1.25 13.2 14,615.38 888.77 9.09 
0.038 4.33 0.46 4.61 1.12 10.11 11,394.73 833.33 6.62 

Average 
(CoV) 

0.030 
(17.11%) 

3.55 (21.1%) 0.37 
(21.05%) 

4.38 (5.49%) 1.18 (4.48%) 11.36 
(11.7%) 

11,693.8 
(19.1%) 

854.03 
(2.89%) 

7.53 (14.6%)  

Fig. 10. Cracking stress for the studied TRMs (a), First phase modulus (b).  
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stress transfer at the textile-mortar interface and poor adhesion. 
Fig. 13b represents the deformation capacity (ductility) factor of the 

third phase, calculated as the ratio of ε3toε2. For the TCSBR-based TRMs, 
the effect of the crimp on the (ductility) factor was significant, but no 
apparent influence of the two layers was observed. Additionally, it is 
worth noting that for TunM and T1W the average ε3/ε2 factors were 
identical within 2%. The inclusion of crimp in the load direction resulted 

in decrease in ε3/ε2, with 66% reduction for T1W compared with T1M 
and 30% decrease for TunM compared with TunW. Thus, the inclusion 
of the out-of-plane crimp led to larger reduction in ε3/ε2 compared with 
the reductions observed for in plane crimp. 

The comparison of load oriented crimped yarn TRMs (T1W, T2W, 
and TunM) showed that ε3/ε2 was insensitive to the polymer coating. In 
contrast, the load aligned non-crimped yarn TRMs (T1M, T2M, and 
TunW) showed that TCSBR-based TRMs had higher ε3/ε2 than Tuncoated 
textile-based TRMs. However, this explanation is based on the 
assumption of insensitivity of the ε3/ε2 factor to textile orientation. 

The third phase deformation capacity of TsiW was reduced by 46% 
compared with that of TunW. For ThM, the inclusion of the TCSBR layer 
resulted in 83% increase in ε3/ε2 relative to TunM. ThM had both lower 
ε3andε2 values than TunM; however, its influence on reduction of ε2 was 
more paramount, as demonstrated by increase in ε3/ε2 . 

3.4. Toughness 

The variation in the average toughness (area under the stress–strain 
curve) with the strain for the studied TRMs is shown in Fig. 14. The 
corresponding stress–strain curve is also plotted in the same figure. The 
shaded regions under the toughness–strain curve separate the contri-
butions of each phase. Each shaded area represents the toughness–strain 
product, and the height of the shaded region (along the ordinate) in-
dicates the toughness value. 

The variation in toughness with strain was nonlinear. In the presence 
of a crimp and/or polymer coating, the toughness was distributed 
relatively at larger strains. The placement of crimped yarns parallel to 

Fig. 11. Extent of deformation observed in the second phase of the stress–-
strain response. 

Fig. 12. Ultimate strength (a) and last-phase modulus (b) of the studied TRMs.  

Fig. 13. Ultimate strain (a) and the third phase strain contribution factor of TRMs (b).  
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the load, irrespective of the textile coating, resulted in a higher tough-
ness than their uncrimped counterparts. The application of microsilica 
resulted in a 42% decrease in total toughness compared with that of 
TunW. The number of layers had a marginal effect on the total toughness 
because of sensitivity to the observed failure mode. T2M exhibited a 
20.5% enhancement in the total toughness compared with that of T1M. 
However, T2W showed an 18.1% reduction compared with T1W. The 
higher toughness of TunM was attributed to its ability to sustain larger 
strains. Compared with TunM, the inclusion of a TCSBR layer in ThM 
reduced the toughness by approximately 20%. 

Fig. 15 shows that, on average, the major percentage contribution to 
toughness was by the third phase except for TsiW, where the response 
was dominantly biphasic. The contribution of the pre cracking phase to 

the toughness was relatively negligible. 

3.5. Displacement fields and cracking behaviour 

Fig. 16 shows the normalised vertical displacement (normalised with 
the displacement at the peak load) for the representative case of the 
studied TRMs, plotted at 50% of the peak load Pult. In the observed re-
gion of interest (Fig. 4), the data points from DIC were used to fit a 
surface using scattered 2-D linear interpolation [44]. The jumps along 
the displacement represent the crack opening displacement (COD). The 
distance between jumps (along the length) denotes the crack spacing 
[8]. Globally, with an increase in crack density, a reduction in the COD 
was observed. 

3.5.1. Crack spacing 
Fig. 17 shows the representative normalised crack spacing (Cs) 

evolution plotted over the stress–strain response based on the DIC. The 
average number of cracks (for three samples) observed at the end of the 
test is shown in Fig. 17. The crack spacing was calculated by dividing the 
length between the clamps/gauge length by (n + 1), where n is the 
number of cracks. The computed crack spacing was normalised using the 
observed length of the TRM. 

The crack spacing reduction showed that in some cases (where the 
TCSBR was used), cracking continued into the stiffer phase (third) of the 
response [16,45]. 

Both coating modification and textile orientation and/or crimp 
influenced the cracking behaviour. The largest crack spacing was 
observed for TsiW (Fig. 17c). Unlike microsilica, the polymer coating 
significantly reduced the crack spacing in T1W (Fig. 17e) compared with 
that of TunW (Fig. 17a). However, TunM exhibited a higher number of 
cracks than TunW, which demonstrated that the presence of in-plane 
crimped yarns in the load direction led to a higher number of cracks 
than when the crimp was placed in the transverse direction. With respect 
to the effect of orientation and crimp on the TCSBR-based composites, 
T1W and T2W had more cracks than T1M and T2M, respectively. This 
may have been caused by the presence of 1) an out-of-plane crimp and/ 
or 2) enhanced bonding of the flatter weft yarns [30]. 

The cracking behaviours of T1W and T2W associated with the second 
phase of the stress–strain response can be classified into two different 
stages. The case of T2W in Fig. 17 g is used to elaborate on the different 
segments (see a-b, b-c, and c-d in Fig. 17g).  

• Zone 1: First cracking segment (a-b), where the cracking stress of the 
mortar was exceeded 

Fig. 14. Variation in toughness with strain for a representative stress–strain 
response of TRMs; (a) TunW, (b) TunM, (c) TsiW, (d) ThM, (e) T1W, (f) T2W, 
(g) T1M, and (h) T2M. 

Fig. 15. Percentage contribution of each phase to the toughness.  
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• Zone 2: The second segment (c-d), where denser microcracking was 
initiated by pull on the transversal yarns owing to the stretching of 
the textile in the pre-established cracks (as shown in Fig. 17). 

The two zones were often separated by a lag (b-c) in the crack- 
spacing reduction (T1W and T2W), but not necessarily as there might 
have been cracking during the lag (T2W in Fig. 17g). The lag phase was 
associated with chipping damage at approximately every transverse 
yarn distance (see in failure modes Fig. 7b). Note that, particularly for 
T2W, the end of Zone 1 marked the take-off of stiffness, which can be 
explained by the established stretch on the textile bridging the formed 
cracks. Globally, the delay in stiffness take-off with the associated lag in 
cracking (T1W and T2W) can be attributed to the subsequent anchoring 
and release of the out-of-plane crimp of the weft yarns. Fig. 18. 

3.5.2. Crack opening displacement (COD) 
The evolution of the COD with stress was obtained using MatchID 

(Fig. 19). For T1W and T2W, the COD was noticeably influenced by the 
position of the crack, time of appearance, and density of cracking. 

For T1W and T2W, the COD–stress behaviour can be idealised by 
bilinear behaviour: 1) rapid crack widening and 2) a mild crack opening 
stage. While for T1M and T2M, a linear idealization can be adopted. The 
presence of bilinear behaviour for T1W and T2W resulted from the 
initially higher crack-opening rate owing to the straightening of the 
crimp. 

For TunM, the combined influence of the crimped yarns and the 
ineffectiveness of the filament-to-filament interaction of the uncoated 
yarns led to larger slips and COD values. Unlike the TCSBR-based TRMs, 
the crack formation in TunM was associated with identifiable stress 
drops. This points towards the stiffer function of the polymer-coated 
textile during crack formation. Similar behaviour was observed for 
ThM, where the inclusion of a coated textile layer significantly reduced 
the extent of stress drops and the peak COD. 

For both TunW and TsiW, the cracks at telescopic slip were not 
included in the analysis. Slips in some specimens occurred at or near the 
clamps, which prevented the exploitation of the DIC results at that 
particular location. These cracks ranged between 3.5 and 4 mm in 
width, when manually measured after the test. For the other cracks, 
Fig. 19a and c illustrate the COD–stress relation for TunW and TsiW, 

respectively. Here, the COD–stress response comprised four distinct 
stages: 1) abrupt opening of the crack, 2) stress drop (owing to redis-
tribution), 3) followed by increase in COD until peak stress, and 4) 
reduction in COD as post-peak stress decreased with the progression of 
telescopic slip. The maximum COD at the peak stress can be considered 
an apparent value, as the decrease in stress led to a reduction in COD. 
The test was stopped at different instances with at least 70% reduction in 
the peak stress. The idealised behaviour of the COD–stress for TsiW and 
TunW is shown in Fig. 20. Theoretically, the residual value of COD at 
zero stress can be obtained through linear extrapolation of the post-peak 
COD–stress relationship, which will be interesting for the serviceability 
limit state to identify the extent of crack closure with the stress removal. 

COD − CODf =
CODp − CODf

σp − σf

(
σ − σf

)
(1)  

COD =
CODp − CODf

σp − σf

(
σ − σf

)
+CODf (2)  

[for σ = 0,COD = CODR]CODR =
(
− σf

)CODp − CODf

σp − σf
+ CODf (3)  

where σp, CODp represents the values at peak and σf , CODf 

denotes the values at the end of the test 

3.5.2.1. Peak COD. Fig. 21 shows the average peak COD values for the 
tested composites along with the corresponding ultimate stresses. Owing 
to the influence of progressive filament rupture at various cracks, the 
largest scatter in the average COD was observed for TunM, followed by 
T2W and ThM, where delamination may have influenced the relative 
opening of the cracks [34]. The highest average COD at the lowest stress 
was recorded for TunM owing to the presence of crimped yarns in the 
load direction. This influence of the crimp was not visible for T1W and 
T2W. The higher crack density in T1W and T2W led to lower crack 
openings than in T1M. 

The effectiveness of the polymer coating in controlling the crack 
width was evident, and a significantly large stress was required to reach 
higher COD values. Moreover, the use of a silica coating resulted in an 
increase in the average COD owing to the compromised textile–mortar 
interface. Finally, increasing the number of textile layers did not 

Fig. 16. Displacement fields from DIC at 50% of the ultimate load.  
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Fig. 17. Crack spacing evolution and the corresponding stress–strain response of TRMs; (a) TunW, (b) TunM, (c) TsiW, (d) ThM, (e) T1W, (f) T2W, (g) T1M, and 
(h) T2M. 

K. Junaid et al.                                                                                                                                                                                                                                  



Construction and Building Materials 417 (2024) 135321

14

guarantee a reduction in the average COD owing to the risk of 
delamination. 

3.5.2.2. COD–stress drop. Unlike the TCSBR-based TRMs, the formation 
of cracks in TsiW, TunW, and TunM was associated with identifiable 
stress drops. The magnitude of the stress drop exhibited direct correla-
tion with CODp (crack opening at the peak stress, where ‘p’ signifies 
peak/ultimate stress) for TsiW and TunM. while indirect correlation was 
observed with TunW (Fig. 22). This contradictory behaviour may be 
related to the observed magnitude of the stress drop. For TunW, the 
stress drop varied in the range 0.15–0.5 MPa, and for TsiW and TunM, 
the stress drop fluctuated in the range 0.40–2.04 MPa. The estimation of 
CODp could provide an estimate of the largest possible COD observed at 
the peak stress, excluding the cracks where telescopic failure was 
recorded for TsiW and TunW. Note that the stress drops can be easily 
identified through the force-time signal. The R2 value for the TunM vs. 
the stress drop fit was 0.4. For TunM, the scatter can be explained by a) 
the nature of the progressive filaments/yarn ruptures which accelerated 
the crack opening (Fig. 19b), and 2) the relative anchoring and 
straightening of loaded in-plane crimped yarns. Further studies are 
required to enhance our understanding of the relationship between COD 
and stress reduction. This understanding will provide a basis for better 
control of crack openings by managing the redistribution of effort to 
textiles. Maintaining smaller crack openings in TRMs is crucial for 
durability, particularly when TRMs are used to strengthen RC structures. 

3.6. Analytical modelling 

The ACK theory in [46,47] has been used to simulate the triphasic 
behaviour of the TRMs under uniaxial tension [48]. The three phases are 
modelled using the material properties of the textile and mortar, as 
discussed further: 

The first phase is calculated till the cracking strength σ1 of the 
composite is reached. 

σ1 = Vmσm (4) 

The pre-cracking modulus is given by 

E1 = Vf Ef +VmEm (5) 

In Eq. (5) Vm and Vf represent the matrix and reinforcement ratios, 
respectively. Ef and Em are the moduli of the textile and matrix, 
respectively. σm is the direct tensile strength of the matrix. 

According to the ACK, no increase in stress is associated with the 
second phase, i.e. σ1 = σ2. The corresponding strain (ε2) at the end of 
second phase is given by 

ε2 =

(

1+ 0.666 ∗
VmEm

Vf Ef

)

∗
σm

Em
(5) 

The third phase ends with the failure by breakage of the 

reinforcement. The ultimate strength (σ3) and modulus of the third 
phase (E3) are calculated as follows: 

σ1 = Vf σf (6)  

E3 = Vf Ef (7) 

The results obtained using the ACK model are shown in Fig. 23. 
Because the failure in Tuncoated-based TRMs was dominated by the partial 
rupture and slip of the fibres, a modification factor was used to obtain an 
improved fit of the model. According to [30], the strength efficiency 
factor of the textile in the TRM was 0.49. Therefore, σ3 for TunW, 
TsiW, TunM, and ThM was multiplied by 0.49. Additionally, the stiffness 
Ef values for TunM and ThM were also modified by a factor of 0.49. On 
average, the ACK curves exhibited a good match with the experimental 
curves of TunW, ThM, T1M, and T2M. For TsiW, the ACK overestimated 
the strength because no adjustments were made for the compromised 
interface of TsiW. 

3.6.1. Strain modification term 
For TunM, T1W, and T2W, the ACK model did not match the 

experimental data well. From Eq. (5), ε2 is dependent upon material 
properties of the matrix and reinforcement, which assume a constant 
value for a particular case of mortar and textile. However, TunM, T1W, 
and T2W exhibited longer secondary phases because of the presence of 
crimped yarns in the load direction. Considering this, an additional term 
(ε2,crmp) for the modification of ε2was proposed in this study based upon 
the geometry of textile. 

ε2,mod =

(

1+ 0.666 ∗
VmEm

Vf Ef

)

∗
σm

Em
+
(
ε2,crmp

)
(8) 

In Fig. 24, the proposed mechanism of crimp straightening that 
contributes to the additional deformation observed for TunM, T1W, and 
T2W is presented. The geometry around the crimped yarn was approx-
imated by a triangular region ‘abc’. The average height of crimp ‘b’ was 
calculated from the tomography, ‘a’ is half the distance between two 
transverse yarns, and ‘c’ is half the curved length of the yarn between 
two transverse roving. The average value of ‘b’ for Tuncoated was 0.72 and 
0.54 mm for TCSBR. 

The modification term is based on the following assumptions:  

• Complete and uniform straightening of the yarns at cracks. This 
implies that a uniform crack opening was assumed across the width 
and thickness of the TRM. Additionally, the intra-filament slip was 
ignored.  

• A linear approximation of the crimped geometry was performed. The 
maximum crimp was assumed to be located midway between the two 
transverse rovings.  

• The average crimp value was used without considering its stochastic 
nature. 

The additional displacement due to straightening at a single crack 
was calculated using Eqs. (9) and (10): 

dadd = 2 ∗ (c − a) (9)  

c =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a2 + b2

√
(10) 

The total displacement and strain were obtained using Eqs. (11) and 
(12), respectively. 

dadd,total =
(
dadd ∗ NC,2

)
(11)  

ε2,add =
dadd,total

L
(12)  

where NC,2 is the number of cracks formed till the end of phase 2, and L is 
the gage length of the sample. 

Fig. 18. Schematic representation of the crack evolution in T1W and T2W.  
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Fig. 19. Evolution of crack opening displacement with stress for TRMs; (a) TunW, (b) TunM, (c) TsiW, (d) ThM, (e) T1W, (f) T2W, (g) T1M, and (h) T2M.  
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Fig. 23 (for TunM, T1W and T2W) shows that, globally, the proposed 
modification term provided a good match of the analytical (ACK-MOD) 
and experimental results. However, for T2W, the stiffening of the second 
stage could not be simulated based on the ACK assumptions. Addition-
ally, the average T1W strength was underestimated by the model. 

The comparison of experimental ε2 and the modified ACK ε2 values is 
shown in Fig. 25. Compared with T2W, T1W and TunM exhibited close 
approximation of ε2 to the experimental results within 1 standard de-
viation. The error bars in Fig. 22 correspond to a standard deviation of 1. 
From the corresponding error bars, the ACK ε2 for TunM was over-
predicted but within the standard deviation limit. For both T1W and 

T2W, the ACK ε2 was underpredicted. A comparison of the difference 
between the average experimental and modified ACK ε2 showed that the 
prediction was off by 15.4%. 10.2%, and 9.7% for T1W, T2W, and 
TunM, respectively. The respective ε2 values are shown in Table 5. 

The proposed modification term permitted a simple approach to 
address the deformations contributed by the crimp of the textile. One of 
the limitations is the requirement for microscale observations for the 
measurement of the crimp, which can also prove to be sufficiently var-
iable (particularly in the case of uncoated textiles). Further studies can 
be conducted to relate the crimp to easily measurable properties (like 
the diameter of the yarns). Finally, the modification term requires in-
formation regarding the crack spacing at the end of the second phase of 
the stress–strain response. 

4. Conclusion 

This study analysed the influence of crimped textiles on the tensile 
and cracking responses of textile-reinforced mortar composites. For this 
purpose, uncoated, SBR, coated and microsilica-modified textiles were 
used. This study was also extended to assess the influence of the number 
of coated textile layers and hybrid multilayer textiles (coated and un-
coated) on TRMs. Stereo DIC was used to elicit cracking behaviour. 
Finally, a modified strain term for the second phase of the ACK model 
was proposed to cater to the crimped geometry of the textile. The 
following were the main conclusions of this study.  

• The stress–strain response of TRMs was sensitive to crimped yarns 
when oriented in the load direction. Larger deformations were 
observed due to the straightening of the crimp, irrespective of the 
number of textile layers adopted (TunM, T1W, and T2W). The de-
formations were reduced when an uncrimped load-oriented TCSBR 
layer was placed between two crimped Tuncoated textile layers in the 
ThM. The influence of the textile crimp and/or orientation on the 
ultimate strength was sensitive to the polymer coating and the 
number of layers.  

• The polymer coating was associated with a significant improvement 
in the ultimate capacity of TRMs. The manual addition of the 
microsilica coating resulted in the agglomeration of silica at the 
textile mortar interface of TsiW. The deposited silica acted as a weak 
zone, compromising the TRM capacity.  

• TCSBR-based one-layer TRMs (T1M and T1W) failed owing to textile 
rupture. TunM and TunW exhibited partial breakage with textile slip. 
The adoption of two layers in T2W led to delamination at failure, 
which was not observed in T2M. The extent of delamination in ThM 
was less severe than that in T2W.  

• The use of load-oriented coated crimped yarns was associated with 
chipping damage, completely exposing the textile to one of the faces 
of the TRMs (e.g. T1W). 

Fig. 20. COD vs Stress idealization for TunW and TsiW.  

Fig. 21. Average peak COD and the corresponding ultimate stress.  

Fig. 22. COD–stress drop relationship for TunW, TsiW, and TunM (left to right).  
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Fig. 23. Experimental and analytical stress–strain response of the TRMs; (a) TunW, (b) TunM, (c) TsiW, (d) ThM, (e) T1W, (f) T2W, (g) T1M, and (h) T2M.  

K. Junaid et al.                                                                                                                                                                                                                                  



Construction and Building Materials 417 (2024) 135321

18

• The use of polymer-coated textiles led to the continuation of cracking 
in the third phase of the stress–strain response. T1W and T2W 
showed two different zones of cracking in the second phase, sepa-
rated by a lag owing to the alternate interlocking and release of 
crimped yarns.  

• The presence of a textile coating can significantly reduce the crack- 
opening displacement. However, the presence of load oriented Tun-

coated crimped yarns resulted in the highest COD at minimum effort.  
• The relationship between the maximum COD and its respective stress 

drop showed that the effectiveness of effort redistribution at cracking 
plays a crucial role in determining the crack widths.  

• Finally, the modification term proposed to ε2 values of ACK 
approximated the experimental values within 9.7–15%. 

Further studies are required to understand the overall stress–strain 
and cracking behaviours of crimped textile-based TRMs formed with 
different types of coatings, textiles, and crimp geometries. Similarly, 
more supportive data are required to understand the relationship be-
tween crack width and the corresponding stress redistribution during 
cracking in TRMs. 
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