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Abstract: Alkali-resistant (AR) glass textiles are used as the main reinforcement in several composite
applications due to their good performance-to-cost ratio. A huge variety of textiles are already present
in the market; they differ on various parameters, such as, for example, the filaments’ diameters, the
geometry, the type of weaving, or the nature of the impregnation coating. To orient manufacturers
towards the production of efficient textiles, the most important aspect is the balance between cost and
performance. In this paper, a series of different fabrics designed for textile-reinforced cementitious
composites were considered. Performance was assessed by means of uniaxial tensile tests and the
results are presented in terms of load vs. displacement. Then, the selected AR-glass textiles were
compared in terms of fabric efficiency, targeting the effect of each parameter on the textile capacity.
The research here presented is part of a comprehensive campaign aimed at the optimization of glass-
fabric-reinforced cementitious composites for structural retrofitting. To better discuss the different
solutions tested, at the end, only considering a small number of the investigated textiles, an efficiency
evaluation was carried out at the cementitious composite level.

Keywords: alkali-resistant glass textile; weaving; epoxy coating; filament diameters; roving fineness;
fabric efficiency; textile-reinforced concrete; TRC; fabric-reinforced cementitious matrix; FRCM

1. Introduction

The use of textile-reinforced composites has steadily been growing in various sectors
during recent years. In the construction field, alkali-resistant (AR) glass fabrics are mainly
used due to their cost-to-performance ratio [1].

Typical cementitious-based composites embedding textiles of different nature (e.g.,
glass, carbon, basalt, PBO, etc.) are textile-reinforced concrete (TRC) [2,3], generally em-
ployed in new buildings, and fabric-reinforced cementitious matrix (FRCM) [4,5], conceived
for the strengthening and retrofitting of existing structures. In TRCs and FRCMs the tensile
capacity is ascribed to the reinforcing fabrics and a proper uniaxial response should result
in a trilinear behavior in which the initial elastic branch is followed by the multi-cracking of
the fine-grained inorganic matrix and, finally, by a marked strain-hardening phase mainly
governed by the textiles.

For both manufacturers and designers, the most important aspects in devising and
employing efficient composites for construction are, respectively, the reduction of the
manufacturing cost and the selection, among many textiles available in the market, of those
characterized by the highest performance-to-cost ratios. The weaving, the geometry, and
the coating process influence the mechanical performance of the woven textiles [6,7], their
suitability for the various applications, the sustainability of the different solutions, and the
manufacturing costs. Moreover, the chemical nature of the coating [8–12] and the weaving
characteristics [13–15] significantly affect the behavior of cementitious-based composites.

In this paper, several alternative textiles are characterized in tension and compared in
terms of efficiency and costs, on the basis of the main textile characteristics. The here pre-
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sented investigation represents the preliminary part of an extensive experimental campaign
devoted to the optimization of AR-glass textile-based cementitious composites, namely
fabric-reinforced cementitious matrix (FRCM), used in the strengthening and retrofitting of
existing reinforced concrete structures, in particular those exposed to seismic actions.

2. Textiles Description: Production Method and Geometrical Properties

In this section, the description of the twenty different investigated AR-glass textiles
is reported, together with the explanation of the procedures for their production and im-
pregnation. To identify the effects of the different textile characteristics on their mechanical
responses, the main differences between the various fabrics are highlighted. A summary
of the main geometrical properties of the fabrics investigated in this study is reported in
Tables 1 and 2.

The AR-glass textiles are ordered at increasing equivalent thickness in the warp
direction and they mainly differ in terms of roving fineness, weaving pattern, grid spacing,
and nature of the coating used for the impregnation.

With the aim to compare the manufacturing costs of the different AR-glass textiles
(considering material, weaving, and impregnation), the ratio between the cost of each fabric
and that of one of the cheapest textiles, i.e., the raw fabric cost of F1-(S1), was computed
and is reported in Table 1 as normalized cost, CN.

Table 1. AR-glass fabric properties and costs (part 1, equivalent thickness in the warp direction lower than 0.05 mm/m).

Fabric Roving
Fineness

Filament
Diameter

Wire
Spacing

Equivalent
Thickness

Coating Normalized Cost, CN

Nature Percentage Raw Fabric Coated Fabric

ID. dir. [Tex] [µm] [mm] [mm/m] [%] [-] [-]

F1-(S1)
warp 1200 19 25 0.035

SBR 1 18.8 1 1.2weft 2 × 1200 19 25 0.035

F1-(E2)
warp 1200 19 25 0.035 Epoxy 2 18.75 1 2.3 *weft 2 × 1200 19 25 0.035

F2-(S1)
warp 640 14 25 0.038

SBR 1 17.1 1 1.3weft 2 × 1200 19 25 0.035

F2-(E1)
warp 640 14 25 0.038 Epoxy 1 17.1 1 2.2weft 2 × 1200 19 25 0.035

F3-(S1)
warp 2400 27 38 0.046

SBR 1 18.75 1.3 2.2weft 2 × 2400 27 38 0.046

F4-(S1)
warp 1200 19 38 0.046

SBR 1 19 1.3 2.2weft 2 × 2400 27 38 0.046

F4-(S2)
warp 1200 19 38 0.046

SBR 2 19 1.3 2.2weft 2 × 2400 27 38 0.046

F4-(E2)
warp 1200 19 38 0.046 Epoxy 2 15 1.3 2.3 *weft 2 × 2400 27 38 0.046

F5-(S1)
warp 1200 19 18 0.049

SBR 1 14.2 1.5 2.3weft 2400 27 18 0.05

F6-(S2)
warp 1200 19 18 0.049

SBR 2 11.5 1.5 2.3weft 2400 27 18 0.05

* evaluated in proportion to the epoxy 1 coating cost and in proportion to the coating percentage.

2.1. Roving, Weaving, and Pattern Descriptions

The investigated textiles are based on the weavings of AR-glass rovings produced with
filaments of different diameters. The roving is a flat yarn, without any torsion, composed of
continuous AR-glass filaments. The diameter of each filament corresponds to the fineness
of the single yarns, computed in Tex. The Tex is a direct measurement of the linear density,
corresponding to the weight in grams per 1000 m of a yarn (glass yarn density is considered
equal to 2680 kg/m3). The employed AR-glass rovings are the following:
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1. Roving 320 Tex, composed of 800 filaments of 14 µm diameter;
2. Roving 640 Tex, composed of 1600 filaments of 14 µm diameter;
3. Roving 1200 Tex, composed of 1600 filaments of 19 µm diameter;
4. Roving 2400 Tex, composed of 1600 filaments of 27 µm diameter.

Table 2. AR-glass fabric properties and costs (part 2, equivalent thickness in the warp direction higher than 0.05 mm/m).

Fabric Roving
Fineness

Filament
Diameter

Wire
Spacing

Equivalent
Thickness

Coating Normalized Cost, CN

Nature Percentage Raw Fabric Coated Fabric

ID. dir. [Tex] [µm] [mm] [mm/m] [%] [-] [-]

F7-(S1)
warp 1200 19 33 0.053

SBR 1 13.5 1.5 2.4weft 2 × 2400 27 33 0.053

F7-(E1)
warp 1200 19 33 0.053 Epoxy 1 17.9 1.5 2.7weft 2 × 2400 27 33 0.053

F8-(S2)
warp 2400 27 38 0.093

SBR 2 13.5 2.6 3.3weft 4 × 2400 27 38 0.093

F8-(E2)
warp 2400 27 38 0.093 Epoxy 2 13.8 2.6 4.8 *weft 4 × 2400 27 38 0.093

F8-(E1)
warp 2400 27 38 0.093 Epoxy 1 17 2.6 5.3weft 4 × 2400 27 38 0.093

F9-(S1)
warp 2400 27 38 0.093

SBR 1 10.2 2.5 3.2weft 4 × 2400 27 42 0.085

F10-(E1)
warp 2400 27 33 0.106 Epoxy 1 11.7 2.9 4.6weft 4 × 2400 27 33 0.106

F11-(S2)
warp 2400 27 10 0.179

SBR 2 12.9 3.3 4.3weft 2 × 1200 19 14 0.062

F11-(E1)
warp 2400 27 10 0.179 Epoxy 1 12.9 3.3 5.9weft 2 × 1200 19 14 0.062

F12-(S1)
warp 1200 19 5 0.179

SBR 1 16 3.1 3.7weft 2400 27 12 0.071

* evaluated in proportion to the epoxy 1 coating cost and in proportion to the coating percentage.

In the weaving process, the AR-glass spools forming the warp direction, according
to the mesh construction, are placed on the creel and pulled in parallel to the weaving
loom, where the weft rovings are inserted in the perpendicular direction, Figure 1a,b. The
pattern of the mesh is built by the loom during the weaving process. Fabrics realized by
two different patterns were taken into account in this study: plain and leno weave ones. In
the case of the leno weave pattern, two warp yarns are twisted around the weft yarns, in
order to guarantee a strong shear resistance of the mesh junctions. Leno weave produces
an open fabric, with almost no yarn slip and higher flexibility to the warp direction, while
the weft yarns remain completely flat. To increase the junction stiffness and the textile
grammage, it is possible to produce textile meshes with double or triple leno patterns.

Plain weave is a textile pattern in which each warp roving crosses the perpendicular
direction, passing alternatively over and under subsequent weft rovings during the entire
weaving process. The rigidity and the tensile responses of the plain weave mesh are
substantially the same in the two main directions, because both the warp and the weft
rovings remain flat.

The different patterns of the textiles investigated in this study were: (i) the plain one
for fabrics F1, F3, and F5; (ii) the leno one for the F11 and F12 meshes; and (iii) the double
leno one for the F2, F4, F6, F7, F8, and F9 textiles (see Figure 2). The effect of the pattern
on the mechanical response of the textiles is not herein discussed, due to numerically
insufficient data.



Textiles 2021, 1 390
Textiles 2021, 1, FOR PEER REVIEW 4 
 

 

  

(a) (b) 

  
(c) (d) 

Figure 1. Textile manufacturing phases: AR-glass spools on the creel (a), weaving loom machine (b), impregnation ma-

chine (c), and detail of the dip-coating process within the impregnation tank (d). 

Plain weave is a textile pattern in which each warp roving crosses the perpendicular 

direction, passing alternatively over and under subsequent weft rovings during the entire 

weaving process. The rigidity and the tensile responses of the plain weave mesh are sub-

stantially the same in the two main directions, because both the warp and the weft rovings 

remain flat. 

The different patterns of the textiles investigated in this study were: (i) the plain one 

for fabrics F1, F3, and F5; (ii) the leno one for the F11 and F12 meshes; and (iii) the double 

leno one for the F2, F4, F6, F7, F8, and F9 textiles (see Figure 2). The effect of the pattern 

on the mechanical response of the textiles is not herein discussed, due to numerically in-

sufficient data. 

Figure 1. Textile manufacturing phases: AR-glass spools on the creel (a), weaving loom machine (b), impregnation machine
(c), and detail of the dip-coating process within the impregnation tank (d).
Textiles 2021, 1, FOR PEER REVIEW 5 
 

 

 

Figure 2. Overview of the some of the investigated AR-glass textiles (70 × 70 mm2 in size). 

2.2. Impregnation Phase and Coatings Description 

Following the weaving of the raw mesh, fabrics are impregnated through a dip-coat-

ing process (Figure 1c,d), by means of wet liquids obtained with various chemical formu-

lations; such compounds provide the impregnated textiles with stability, durability, 

higher stiffness under tensile actions, and an increase of mechanical performance with 

respect to the uncoated fabrics. 

The most common chemical formulations for the impregnation of the textiles, in the 

case of building applications, are: (i) the butadiene-styrene rubber copolymer latex (SBR) 

and (ii) the epoxy (E) resin system. Both were considered in the process of impregnation 

of the textiles investigated in this study. 

The SBR coating is an aqueous, anionic dispersion of a carboxylate self-crossing bu-

tadiene styrene copolymer, in which the dry content of polymers is equal to around 50% 

of the weight and the viscosity corresponds to approximately 250 mPa∙s. After drying and 

curing at temperatures above 140 °C, the polymer forms a tack-free, flexible, and tough 

film (glass transition of 0 °C) with an excellent water and alkali resistance (needed in case 

of cementitious-based composites). The crosslinking reticulation is guaranteed by the re-

action with the heat reactive monomer, as the N-methylacrylamide groups are grafted on 

the co-polymer chain. The condensation of two methylol groups forms a methylene bridge 

between the two amide functions, releasing water and formaldehyde. Carboxylic acids, 

mostly used as functional co-monomers, provide a good adhesion with the sizing of the 

AR-glass yarns. 

In this study, two alternative SBR latex formulations were used: (i) without any ad-

dition of additives, called SBR 1 (S1), and (ii) with the addition of a thermoset stiff additive 

in a fraction of 10% by weight, named SBR 2 (S2). This was done in order to evaluate the 

effect of the film rigidity on the mechanical responses of both the plain mesh and of the 

cementitious-based composite. 

The epoxy resin system is a bi-component thermoset formulation consisting of an 

epoxy resin, based on bisphenol A, and a polyamine hardener, which should be intro-

duced according to a stochiometric ratio in order to ensure the complete reticulation of 

Figure 2. Overview of the some of the investigated AR-glass textiles (70 × 70 mm2 in size).



Textiles 2021, 1 391

2.2. Impregnation Phase and Coatings Description

Following the weaving of the raw mesh, fabrics are impregnated through a dip-coating
process (Figure 1c,d), by means of wet liquids obtained with various chemical formulations;
such compounds provide the impregnated textiles with stability, durability, higher stiffness
under tensile actions, and an increase of mechanical performance with respect to the
uncoated fabrics.

The most common chemical formulations for the impregnation of the textiles, in the
case of building applications, are: (i) the butadiene-styrene rubber copolymer latex (SBR)
and (ii) the epoxy (E) resin system. Both were considered in the process of impregnation of
the textiles investigated in this study.

The SBR coating is an aqueous, anionic dispersion of a carboxylate self-crossing
butadiene styrene copolymer, in which the dry content of polymers is equal to around 50%
of the weight and the viscosity corresponds to approximately 250 mPa·s. After drying and
curing at temperatures above 140 ◦C, the polymer forms a tack-free, flexible, and tough film
(glass transition of 0 ◦C) with an excellent water and alkali resistance (needed in case of
cementitious-based composites). The crosslinking reticulation is guaranteed by the reaction
with the heat reactive monomer, as the N-methylacrylamide groups are grafted on the
co-polymer chain. The condensation of two methylol groups forms a methylene bridge
between the two amide functions, releasing water and formaldehyde. Carboxylic acids,
mostly used as functional co-monomers, provide a good adhesion with the sizing of the
AR-glass yarns.

In this study, two alternative SBR latex formulations were used: (i) without any
addition of additives, called SBR 1 (S1), and (ii) with the addition of a thermoset stiff
additive in a fraction of 10% by weight, named SBR 2 (S2). This was done in order to
evaluate the effect of the film rigidity on the mechanical responses of both the plain mesh
and of the cementitious-based composite.

The epoxy resin system is a bi-component thermoset formulation consisting of an
epoxy resin, based on bisphenol A, and a polyamine hardener, which should be introduced
according to a stochiometric ratio in order to ensure the complete reticulation of the system
after curing. The latter takes place at 250 ◦C and the system becomes highly reticulated
and forms a very stiff resin film.

As for the SBR, two different epoxy systems are used: (i) epoxy 1 (E1), a medium-
viscosity (around 300 mPa·s) solvent-free epoxy system that provides high adhesion with
the glass fibers, and ii) epoxy 2 (E2), a very low-viscosity (less than 100 mPa·s) and low-
surface-tension solvent-based system that allows users to “open” the glass fibers, improving
the resin impregnation of the roving filaments (a study on the effect of the epoxy viscosity
on the textile-reinforced mortar composites performance is reported in [16]).

Due to the chemical formulation and to the differences in the curing process (i.e.,
temperature and process velocity), the costs of the two alternative coating solutions, SBR
and epoxy, are substantially different. The SBR solution is generally cheaper than the epoxy
one and a small variation is already present between the SBR 1 and SBR 2 coatings due to
the addition of a thermoset stiff additive.

As declared by the manufacturer, the epoxy coating has a glass transition temperature,
Tg, of around 60 ◦C, higher than the one of the SBR coatings. The study of its effect on the
textile’s efficiency was not investigated in the present study.

With the exclusion of the epoxy 2 system, all the coatings were made by the manufac-
turing company that weaves the AR-glass meshes. In order to ensure a fair comparison,
the cost of the impregnation of epoxy 2 textiles was taken as equal to the one of the epoxy
1 system, proportionally to the applied coating percentage. This preliminary hypothesis,
which was aimed at excluding the seller markup on epoxy 2 coating, can be considered
acceptable, considering the balance between the lower cost of the resin and the higher cost
of the impregnation process with respect to the epoxy 1 solution. In fact, the production
process of solvent-free epoxy resin requires much more steps, compared to the manufactur-
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ing of the epoxy solvent-based system, which, on the contrary, implies a higher cost of the
raw material (i.e., the resin).

3. Mechanical Characterization of the AR-Glass Textiles

The selected AR-glass fabrics were tested under uniaxial tensile action, according
to the strip method [17], in both the warp and the weft directions. The fabric samples
(70 × 400 mm2 in size) were clamped to an electromechanical jack and tested in displace-
ment control at a stroke rate of 100 mm/min. To prevent stress localization and slip within
the clamps, epoxy resin tabs were created at the specimen ends. Three or five nominally
identical specimens were tested for each fabric type; it is worth noting that some results
were removed from the comparison due to their premature failure, not complying with
the [17] prescriptions (i.e., yarn misalignment and failure in the clamping zones). The
nominal free lengths of the different samples were chosen equal to 300 mm; the effect of
the effective free length of the tested samples on the global response is not discussed in
this paper. The average peak loads, Pmax, are reported in Tables 3 and 4 and the standard
deviations (std) were computed for all the cases in which at least three samples exhibited a
satisfactorily failure. Starting from the average loads over 70 mm width, the corresponding
maximum value over 1 m was computed (Pmax divided by the number of yarns in 70 mm
and multiplied by the number of yarns in 1 m). Then, the efficiency of the fabric was
evaluated, as proposed by Rampini et al. [18], as:

EF f =
Pf ,max,avg

A f ·σf u
, (1)

where σfu is the glass filament strength, assumed equal to 2000 MPa accordingly to the
manufacturer data. This efficiency parameter provides important information about the
rate of utilization of the glass material, identifying the quantity of AR-glass filaments that
effectively contributed to the mechanical performance of the fabric under tension. The
computed parameters for both the warp and the weft fabric directions are reported in
Tables 3 and 4.

In order to introduce cost-efficiency considerations, the normalized costs, CN, eval-
uated as explained before, were divided by the maximum load, referring to a 1 m width
mesh. This parameter, reported in Table 3 only for the warp direction, represents the
normalized cost needed to obtain 1 kN of tensile load. Please note that, to evaluate the
CN value referring only to the warp yarns, the total fabric costs of all the textiles were
multiplied by the relative grammage ratio in the warp direction.

In Figure 3, some examples of the tensile response curves in terms of load vs. dis-
placements are reported. It is possible to appreciate the similar slope of the different curves
when geometrically identical fabrics (i.e., F4-F6-F7 in Figure 3c,d) are considered and the
general increase of the maximum capacity with increasing grammage content.
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Table 3. Tensile test results in the warp direction and normalized cost per kN of the AR-glass textiles.

Fabric
Nr.

Sample
Pmax

over 70 mm
Af

over 70 mm
Pmax

over 1 m
EFf

Normalized Cost CN per kN

(Raw Fabric) (Coated Fabric)

ID. [-] [kN] [mm2] [kN] [-] [1/kN] [1/kN]

F1-(S1) 5 avg. 3.57 2.687 47.62 0.66 0.010 0.013
(std) (0.21)

F1-(E2) 5 avg. 3.90 2.687 52.02 0.73 0.010 0.022
(std) (0.33)

F2-(S1) 5 avg. 5.17 2.866 68.93 0.90 0.008 0.010
(std) (0.52)

F2-(E1) 4 * avg. 5.47 2.866 72.98 0.95 0.007 0.016
(std) (0.11)

F3-(S1) 5 avg. 5.19 3.582 67.44 0.72 0.010 0.016
(std) (0.23)

F4-(S1) 5 avg. 5.77 3.582 74.99 0.81 0.009 0.015
(std) (0.28)

F4-(S2) 4 * avg. 5.25 3.582 68.25 0.73 0.010 0.016
(std) (0.99)

F4-(E2) 5 avg. 6.41 3.582 83.34 0.89 0.008 0.014
(std) (0.29)

F5-(S1) 5 avg. 5.06 3.518 70.89 0.72 0.010 0.016
(std) (0.17)

F6-(S2) 5 avg. 5.72 3.518 80.13 0.81 0.009 0.014
(std) (0.27)

F7-(S1) 5 avg. 5.67 3.582 85.04 0.79 0.009 0.014
(std) (0.68)

F7-(E1) 3 avg. 6.65 3.582 99.68 0.93 0.008 0.014
(std) (0.13)

F8-(S2) 4 * avg. 11.44 7.164 148.72 0.80 0.009 0.011
(std) (0.63)

F8-(E2) 4 * avg. 12.50 7.164 162.46 0.87 0.008 0.015
(std) (0.67)

F8-(E1) 3 avg. 13.16 7.164 171.04 0.92 0.008 0.015
(std) (0.25)

F9-(S1) 5 avg. 10.54 7.164 137.08 0.74 0.010 0.012
(std) (0.76)

F10-(E1) 2 * avg. 12.83 7.164 192.47 0.90 0.008 0.012
(std) -

F11-(S2) 4 * avg. 12.20 12.537 174.29 0.49 0.014 0.018
(std) (0.20)

F11-(E1) 5 avg. 13.99 12.537 199.80 0.56 0.012 0.022
(std) (0.36)

F12-(S1) 5 avg. 15.98 12.537 228.25 0.64 0.010 0.012
(std) (0.15)

* one sample removed from the comparison.
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Table 4. Tensile test results in the weft direction of the AR-glass textiles.

Fabric Nr.
Sample

Pmax
over 70 mm

Af
over 70 mm

Pmax
over 1 m EFf

ID. [-] [kN] [mm2] [kN] [-]

F1-(S1) 5 avg. 4.01 2.687 53.47 0.75
(std) (0.22)

F1-(E2) 4 * avg. 4.15 2.687 55.32 0.77
(std) (0.13)

F2-(S1) 5 avg. 4.43 2.687 59.08 0.82
(std) (0.33)

F2-(E1) 4 * avg. 4.12 2.687 54.94 0.77
(std) (0.43)

F3-(S1) 5 avg. 5.37 3.582 69.81 0.75
(std) (0.21)

F4-(S1) 5 avg. 5.58 3.582 72.60 0.78
(std) (0.30)

F4-(S2) 5 avg. 5.58 3.582 72.51 0.78
(std) (0.11)

F4-(E2) 5 avg. 4.81 3.582 62.54 0.67
(std) (0.33)

F5-(S1) 5 avg. 4.97 3.518 69.64 0.71
(std) (0.32)

F6-(S2) 5 avg. 5.36 3.582 74.98 0.75
(std) (0.27)

F7-(S1) not tested
F7-(E1) 3 avg. 6.41 3.582 96.13 0.89

(std) (0.06)

F8-(S2) 4 avg. 11.44 7.164 131.17 0.70
(std) (0.63)

F8-(E2) 4 * avg. 12.41 7.164 161.33 0.87
(std) (0.74)

F8-(E1) not tested

F9-(S1) 5 avg. 10.54 7.164 126.52 0.74
(std) (0.76)

F10-(E1) not tested

F11-(S2) 5 avg. 6.34 4.478 88.76 0.71
(std) (0.41)

F11-(E1) 4 * avg. 6.66 4.478 93.27 0.74
(std) (0.53)

F12-(S1) 5 avg. 8.69 5.373 115.93 0.81
(std) (0.71)

* one sample removed from the comparison.

4. Discussion of the Results: Performance and Cost Considerations

In this section, the effect of the main fabric characteristics on the mechanical perfor-
mance of the different textiles is discussed, starting from the experimental results reported
in Figure 3 and in Tables 3 and 4. Moreover, both the performance efficiency and the
manufacturing costs of the various textiles are accounted for in the comparison.

4.1. Considerations on the Fabric Efficiency

As visible from Figures 4a and 5a, the increase of AR-glass quantity (reported in
terms of the equivalent thickness on a 1 m width strip) generally corresponds to higher
average maximum capacities. This observed trend can be considered linear up to medium
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grammage textiles (equivalent thickness up to about 0.1 mm/m), while, for high grammage
textiles (i.e., F11 and F12 fabrics in the warp direction) the load increment is limited. It is
also interesting to observe the crucial effect of the coating nature and process on the fabric
efficiency; in fact, as clearly visible in Figure 4b for the warp direction, the epoxy-based
coating entails a higher rate of utilization of the AR-glass strength with respect to SBR-
coated fabrics. This is probably related to the already mentioned better impregnation of the
filaments offered by the epoxy resin (better penetration due to lower resin viscosity and
glass fibers opening in case of solvent treatment), which limits the telescopic failure [19],
increasing the overall capacity.

In the weft direction, as shown in Figures 4b and 5b, due to the flat shape of the weft
yarn, which generally favors the resin penetration, the effect of the different coating nature
appears negligible.

The limited load increase in case of high grammage textiles is probably related to both
the crimp effect on the warp strand and the to the higher filament diameters. Moreover, in
those cases, the yarn impregnation results are more complicated, limiting the beneficial
effect of the use of an epoxy coating.

From the results reported in Figure 6, it is possible to observe the effect of the filament di-
ameter on the fabric efficiency. Higher diameters imply lower flexibility of the AR-glass yarns
and, consequently, the development of damage to the yarns at different stages of the weav-
ing process due to abrasion and breakage when sliding against the loom machinery [20,21].
Moreover, increasing filament diameter causes a higher amount of surface defects, reducing
the wire tensile strength [22]. In case of the F11 textiles, the limited fabric efficiency is related
to both the filament diameters and the above-mentioned high grammage.
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warp direction.

As previously observed, the coating process based on epoxy resin improves the me-
chanical performance with respect to the SBR case in the presence of higher filament
diameters. In particular, considering geometrically identical meshes and comparing the
fabric efficiency achieved with different coatings (normalized fabric efficiency in Figure 7 is
the ratio between the fabric efficiency of each textile and the one of the mesh impregnated
with SBR 1 coating), it is possible to appreciate that the effect of the better impregnation
offered by the epoxy resin is more influenced by the increasing of the filament diameters
than by the equivalent thickness. The beneficial effect of the epoxy coating is more sig-
nificant in the cases with higher filament diameters, which suffer the most from the poor
impregnation offered by the SBR coatings.
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warp direction.

Please note that, in case of fabric F4-(S2) impregnated with the stiffer solution of
the SBR coating (SBR 2), the lower tensile capacity is related to an overestimation of the
maximum load due to the significant dispersion of the test results (a standard deviation
of 0.99 kN and an average maximum load of 5.25 kN were recorded). The effect of the
stiffer SBR coating, with respect to the base version, becomes visible in the cementitious
composite application, as discussed in the following section.

4.2. Cost–Performance Considerations

The previous observations on the main features influencing the fabric efficiency of
the textile can be a starting point to orient practitioners and manufacturers, respectively,
to the design and to the production of more efficient textiles. In parallel to the efficiency
considerations, the manufacturing cost of the AR-glass textiles must be taken into account
in order not to waste raw glass and to make the process of production more sustainable
from an economic standpoint. Due to this reason, the ratio between the normalized cost, CN,
which comprises both the raw material and impregnation costs, and the maximum tensile
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capacity experimentally obtained, Pmax, were computed for each investigated textile. From the
comparison of these parameters, which substantially represent the required cost to improve
of 1 kN the fabric capacity, it is possible to highlight the balance between cost and mechanical
performance, targeting optimized solutions. The following observations refer only to the
warp direction, which, as mentioned, is the most influenced by the textile characteristics.

Textiles 2021, 1, FOR PEER REVIEW 12 
 

 

  

(a) (b) 

Figure 7. Normalized fabric efficiency vs. equivalent diameter (a) and filament diameters (b) in the warp direction. 

4.2. Cost–Performance Considerations 

The previous observations on the main features influencing the fabric efficiency of 

the textile can be a starting point to orient practitioners and manufacturers, respectively, 

to the design and to the production of more efficient textiles. In parallel to the efficiency 

considerations, the manufacturing cost of the AR-glass textiles must be taken into account 

in order not to waste raw glass and to make the process of production more sustainable 

from an economic standpoint. Due to this reason, the ratio between the normalized cost, 

CN, which comprises both the raw material and impregnation costs, and the maximum 

tensile capacity experimentally obtained, Pmax, were computed for each investigated tex-

tile. From the comparison of these parameters, which substantially represent the required 

cost to improve of 1 kN the fabric capacity, it is possible to highlight the balance between 

cost and mechanical performance, targeting optimized solutions. The following observa-

tions refer only to the warp direction, which, as mentioned, is the most influenced by the 

textile characteristics. 

Although the effect of the coating in the yarn impregnation—especially in case of 

epoxy resins—is evident, the correlation between the coating percentage and the increas-

ing of the mechanical capacity needs more investigation. In some cases, such as, for exam-

ple, observed by visual inspection of the fabric F9-(S2), the increasing coating percentage 

does not correspond to a deep impregnation of the filaments and a significant amount of 

coating remains on the external surface of the fabrics. Moreover, in parallel to the coating 

percentage, other parameters influence the impregnation quality, such as, for example, 

the process velocity and the temperature and time of curing. Due to this reason, in addi-

tion to the normalized cost per unit load, CN/Pmax, for the coated textiles, the same param-

eters were evaluated neglecting the impregnation cost (both resin and dip-coating pro-

cesses). 

From the results reported in Figures 8a and 9a, it is possible to observe that the vari-

ation of the defined cost/performance parameter on coated fabrics is not particularly in-

fluenced by either the equivalent thickness or the filament diameters. This means that in-

creasing manufacturing costs correspond higher fabric capacities (see the CN/Pmax vs. EFf 

data in Figure 10a). On the contrary, considering only the cost of the uncoated fabrics, as 

shown in Figures 8b, 9b, and 10b, the effect of the geometrical characteristics and of the 

coating nature are obviously more evident, confirming the observations related to the fab-

ric efficiency trends highlighted in the previous section. 

Figure 7. Normalized fabric efficiency vs. equivalent diameter (a) and filament diameters (b) in the warp direction.

Although the effect of the coating in the yarn impregnation—especially in case of
epoxy resins—is evident, the correlation between the coating percentage and the increasing
of the mechanical capacity needs more investigation. In some cases, such as, for example,
observed by visual inspection of the fabric F9-(S2), the increasing coating percentage
does not correspond to a deep impregnation of the filaments and a significant amount of
coating remains on the external surface of the fabrics. Moreover, in parallel to the coating
percentage, other parameters influence the impregnation quality, such as, for example, the
process velocity and the temperature and time of curing. Due to this reason, in addition to
the normalized cost per unit load, CN/Pmax, for the coated textiles, the same parameters
were evaluated neglecting the impregnation cost (both resin and dip-coating processes).

From the results reported in Figures 8a and 9a, it is possible to observe that the
variation of the defined cost/performance parameter on coated fabrics is not particularly
influenced by either the equivalent thickness or the filament diameters. This means that
increasing manufacturing costs correspond higher fabric capacities (see the CN/Pmax vs.
EFf data in Figure 10a). On the contrary, considering only the cost of the uncoated fabrics,
as shown in Figures 8b, 9b and 10b, the effect of the geometrical characteristics and of
the coating nature are obviously more evident, confirming the observations related to the
fabric efficiency trends highlighted in the previous section.

Note that, in real applications, the input data are the required tensile capacities of the
textile. In Figure 11a, entering in the graph abscissa with the target load value, it is possible to
identify the textile solution, which allows for a reduction in the manufacturing costs (both
raw material and impregnation). In addition to this, observing the fabric efficiency reported
in Figure 11b, it is worth noting that, once the input load is fixed, the cheapest textile may not
correspond to the one with the highest rate of utilization of the AR-glass. This is an important
aspect that may orient the decision-making process of the textiles, ensuring the best balance
between cheapness, performance, and sustainability, minimizing the waste of raw material.
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5. Cementitious-Based Composites: Preliminary Performance and
Cost Considerations

From an economical point of view, the choice of the textile to be used in different
applications cannot be related only to the cost to the previously computed fabric per-
formance ratios (CN/Pmax). In fact, for any kind of application, the requests in terms of
mesh geometry (grid spacing, thickness, or raw material grammage) are different and they
might mutually affect the interaction of the fabric with the surrounding matrix. The latter
plays the most important role in the overall composite behavior. For example, in the case
of cementitious-based composites (textile-reinforced concrete, TRC, or fabric-reinforced
cementitious matrix, FRCM) the fabric-to-mortar bond is generally improved by more rigid
warp-to-weft junctions and by stiffer coatings.

In this section, some of the previously investigated fabrics were used as reinforcements
in cement-based TRC composites and performance and cost considerations have been
similarly drawn. Three different fabrics (F1, F4, F8) coated with both SBR and epoxy
resins were considered. In particular, only the epoxy 2 system was taken into account,
with the aim of quantifying the beneficial effect of the coating on the overall response in
case of the most expensive textiles. The chosen matrix was a fine-grained self-compacting
high-performance concrete (HPC), characterized by an average flexural tensile strength of
around 14 MPa and an average cubic compressive strength of around 90 MPa.

Three nominally identical samples (70 × 400 × 6 mm3 in size and free length between
the clamps, L0, of about 300 mm) for each TRC composite system were cast and tested
under tensile action, after at least 28 days of natural curing. Please note that, in case of
composites made with fabric F8, the sample nominal thickness was increased to 9 mm,
to account for the higher grammage of the fabric. For the sake of brevity, the details of
the mortar mix design, its mechanical characterization, as well as the casting and testing
procedures are here omitted and reported in [18].

From the average curves of the uniaxial tensile tests depicted in terms of load vs.
displacement curves in Figure 12, the beneficial effect of the epoxy coating on the overall
composite response appears clearly visible. In fact, the reached maximum loads in case of
epoxy-impregnated textiles are higher than the SBR ones for all the tested TRC composites.
Moreover, in the composites reinforced with SBR-impregnated low-grammage textiles,
F1-(S1) and F4-(S1)/(S2), a slip of the fabric within the mortar occurred, preventing the
development of the typical tri-linear response of TRC/FRCM composites and of a dense
multi-cracking. The reason of that may be found in the lower impregnation, which implies
that a certain amount of coating remains on the surface, degrading the bond with the
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cementitious mortar, and in the limited stiffness of the warp-to-weft nodes in the case of
SBR coatings. Similar observations were already shown by several authors in [18,23].
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In Table 5, in addition to the geometrical and mechanical parameters, the efficiency of
the composite system, EFTRC,f, computed with respect to the maximum tensile strength of
the AR-glass filaments (2000 MPa), is reported. This parameter, originally proposed in [18],
was evaluated as follows:

EFTRC, f =
Pmax

A f · σ f u
=

σTRC, f ,max

2000 MPa
(2)

where the Af is the glass section over a width of 70 mm.
As in the case of the tensile tests on the plain textile samples, the increasing of the

equivalent fabric thickness is accompanied by an increase of the experimentally evaluated
maximum tensile capacity. Please note that the trend is close to linear, as was the one reported
in Figure 4a for the low and medium-grammage textiles in the warp direction. However, the
main difference between the results at the fabric and at the composite levels appears visible
by computing the system efficiency. In fact, on the contrary to what was observed for the
plain textiles and depicted in Figure 4b, by augmenting the fabric grammage it is possible
to obtain at least a constant value of the utilization rate (or even an increasing evolution of
the EFTRC,f in case of SBR-coated mesh) with respect to the ultimate tensile strength of the
glass filaments (Figure 13b). Even in case of poor impregnation, the stiffness of the grid nodes
grows if more AR-glass yarns are introduced in the fabric weaving.

As for the plain textiles, the normalized cost per unit load was computed for the TRC
composites and is reported in Table 5. In Figure 14, those values are expressed as a function
of the equivalent thickness of the fabrics and of the maximum load recorded during the
tensile test on the composites. The cost over performance ratio is generally lower in the
case of epoxy-impregnated textiles. Only with regard to the F8-based composites does the
difference obtained between the two types of impregnations seem negligible.

As determined for the plain textiles, the choice of the optimum composite solution
should start from the required tensile capacity. In this way, for example, it is possible to
highlight the effect of the epoxy impregnation, which leads to cheaper and more sustainable
solutions with fixed required mechanical performance (See Figures 13a and 14a). For
example, assuming a target capacity of around 5 kN over a 70 mm wide strip, the F4-
(E2)-HPC system would be less expensive than the F8-based one and require half of the
glass quantity (equivalent thickness in the warp direction of 0.046 mm/m instead of
0.093 mm/m). Moreover, it is important to notice that, to reach certain load values, the
adoption of an epoxy impregnation appears imperative.
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F1-(S1)-HPC avg. 5.72 69.97 295.67 1.64 2.69 611.94 0.31 0.36
(std) (0.12) (0.50) (1.53) (0.14) (50.63)

F1-(E2)-HPC avg. 5.97 70.35 294.67 3.69 2.69 1371.67 0.69 0.31
(std) (0.21) (0.36) (0.58) (0.41) (151.89)

F4-(S1)-HPC avg. 5.68 69.90 298.00 1.71 3.58 477.96 0.24 0.64
(std) (0.42) (0.48) (1.00) (0.40) (112.25)

F4-(S2)-HPC avg. 5.97 70.43 295.33 2.82 3.58 785.95 0.39 0.39
(std) (0.39) (0.96) (1.53) (0.32) (90.60)

F4-(E2)-HPC avg. 5.89 70.04 295.67 5.26 3.58 1468.86 0.73 0.22
(std) (0.23) (0.26) (1.53) (0.15) (42.76)

F8-(S2)-HPC avg. 8.77 70.58 294.00 6.46 7.16 902.36 0.45 0.26
(std) (0.12) (0.89) (1.00) (0.82) (114.31)

F8-(E2)-HPC avg. 8.89 70.66 293.33 9.84 7.16 1373.14 0.69 0.24
(std) (0.29) (0.57) (0.58) (0.68) (94.33)
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Note that an important aspect that deserves further investigation is the possibility of
using a combination of different fabrics within the same TRC composite. Further develop-
ments of this research could address the possible variation of the system efficiency, in the
case of a single fabric with a defined sectional area or, as an alternative, multiple fabrics
ensuring the same total amount of reinforcement. In those cases, the cost increase can be
considered linear with the number of fabric layers (cost of the single fabric times the num-
ber of layers, neglecting the labor cost, which may increase with multiple fabric layers), but
the performance efficiency may vary, affecting the identification of the optimum solution.

6. Conclusions

The behavior of the AR-glass based textiles under tension is significantly influenced
by the mesh characteristics, such as the equivalent thickness, the filament diameter, and
the nature of the impregnation coating. The fabric efficiency generally increases with the
reduction of both the glass grammage and the roving fineness (i.e., filament diameters).
Epoxy-impregnated textiles generally imply an increase of the manufacturing costs, but
the better penetration within the filaments with respect to SBR-based solutions improves
the fabric efficiency, making them excellent from a cost–performance point of view.

Similar observations regarding the efficiency increase due to the coating nature may
be drawn at the TRC composite level. In the case of reinforcement with low-grammage
textiles, the stiffer and low-viscosity epoxy coating is required to develop the typical tri-
linear composite response and ensure the multi-crack of the cement-based sample. This
aspect plays a key role, especially when fabric-reinforced cement-based composites (e.g.,
FRCM) are used in retrofitting/strengthening applications. Note that the above-mentioned
observation shall be confirmed in the case of lime-based mortar composites (typically used
in masonry applications), since the efficiency may be limited by the poor characteristics
of the inorganic matrix. Moreover, cost–performance considerations are needed in order
to limit the waste of raw glass material, orienting towards more sustainable and efficient
fabric-reinforced composites.

Some open problems deserve further investigation, including the effects of the differ-
ent weave patterns (plain or leno) and the relationship between the performance increase
and the coating percentage at the textile levels, as well as the use of multiple fabric layers
or different mortars at the composite scale.
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