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In the case of fire, the carrying capacity of the textile-reinforced-concrete (TRC) depends greatly on the
thermomechanical behaviour of the reinforcement textile at elevated temperatures. Carbon textiles are
manufactured in industry as commercial products for application in TRC. The treatment of carbon fibres
by products of different natures in the manufacturing chain also influences the thermomechanical beha-
viour and mechanical property evolution as a function of temperature. This paper presents an experimen-
tal study on the tensile behaviour of three different continuous carbon textiles subjected to simultaneous
mechanical loading and elevated temperatures (varying from 25 �C to 600 �C). The results on three car-
bon textiles are compared to understand the effect of fibre treatment on the thermomechanical beha-
viour of carbon textile. The experimental results are used to calibrate a prediction analytical model
(Mouritz and Gibson), which can be applied to the thermomechanical estimation of carbon textile under
different temperature and mechanical conditions.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In the field of civil engineering, the construction industry is in
need of a new shift. One way to face this need is exploring the
use of alternative building materials. Composite materials are often
used to repair and/or strengthen the structural elements (slab,
beam, column. . .) of old civil engineering works. These composite
materials can also be used as supporting elements in new struc-
tures [1,2]. Over the past two decades, textile-reinforced concrete
(TRC) composite material (carbon fibre, glass fibre, aramid fibre,
etc.) has become increasingly widely used to repair or strengthen
structures [2–4]. The textile in composite material plays a very
important role in the carrying capacity and stiffness of composite
materials. Among textiles used, carbon textile provides better sup-
ported load capacities, high strength, and high Young’s modulus to
traction [5,6]. This is the main reason for the manufacture of car-
bon textiles as commercial products for application in TRC com-
posite to repair and/or strengthen structural elements of existing
construction works (bridge, building, tunnel, etc.) [7]. Following
paragraphs present the previous studies that have focused on
TRC and FRP behaviours under fire or different temperatures. The
objective of this study ends the introduction of this paper.

1.1. TRC behaviour under fire or different temperatures

Several studies have been conducted at ambient temperature
on the tensile or bending behaviour of textile-reinforced concretes
[8–10]. In the case of fire in a civil engineering structure strength-
ened by carbon-textile-reinforced-concrete composite (bridge,
building, tunnel, etc.), composite material is simultaneously sub-
jected to mechanical loading and elevated temperatures (poten-
tially up to 1200 �C). Until now, studies on the fire behaviour of
TRC material have been rare because of experimental difficulties
linked to fire tests. Some fire tests have been performed on thin,
high-performance concrete plates, reinforced with basalt fibre-
reinforced polymer mesh [11], on carbon fibre-reinforced, fine-
grained concrete [12], and on I-shaped beams, reinforced with
glass-fibre and carbon-fibre mesh grids [13,14]. A few studies have
been investigated on the residual mechanical behaviour of TRC
after exposure to elevated temperatures [15–18]. Few studies have
been conducted on the thermo-mechanical behaviour of TRC. The
thermo-mechanical behaviour of a carbon fabric-reinforced
cementitious matrix composite (at temperatures ranging from
20 �C to 120 �C) [19] and that of a basalt fabric-reinforced
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cementitious matrix composite (at temperatures ranging from
20 �C to 400 �C) [20] have been performed. The effects of simulta-
neous mechanical loading and elevated temperature (for tempera-
tures ranging from 20 �C to 400 �C) on the behaviour of the glass
TRC have been experimentally studied [21]. Few researchers have
focused on behaviour of TRM versus FRP composite as strengthen-
ing materials at high temperatures that were evaluated in shear,
bond and flexure [22–24]. The thermomechanical behaviour of
the TRC composite depends on several factors such as the nature
and configuration of the textile reinforcements, the reinforcement
ratio, the nature of the matrix, and the pre-impregnation of the
textiles by different products. Among these factors, the load capac-
ity of the carbon textile at elevated temperatures strongly influ-
ences the thermomechanical behaviour of the TRC composite
because the TRC matrix is strongly damaged under elevated tem-
perature conditions. At ambient and low temperature levels, the
tensile uniaxial behaviour of TRC shows a stress–strain curve with
three distinguishable phases corresponding to the TRC behaviour
before the matrix cracking (first phase), during the matrix cracking
(second phase), and during the post-cracking of the matrix (third
phase) [20,21]. At ambient temperature and low temperature level,
during the third phase of the stress–strain curve of TRC, the con-
crete matrix is completely cracked, so there is the only work of
continuous textile before the rupture of the composite. Under-
standing the thermomechanical behaviour of the continuous tex-
tile reinforcement makes it possible to estimate the
thermomechanical behaviour of TRC. This justifies the need to
study the thermomechanical behaviour of the continuous rein-
forcement textile.

1.2. FRP behaviour under fire or different temperatures

In the literature, there were few studies on the effect of fire or
elevated temperatures on the behaviour of reinforcement textiles
or continuous fibres reinforced polymer (FRP) products to
strengthen structures. In their recent works, Rambo et al. [20]
carried out tests on samples of basalt textiles in a preheating–
cooling regime with five temperature levels (25 �C, 75 �C,
150 �C, 200 �C, and 400 �C). They also explained the contribution
of a styrene-acrylic latex coating to the residual behaviour of
basalt textile. The fire behaviour of a carbon/epoxy laminate com-
posite for aircrafts [25] and the fire stability of the carbon fibre-
reinforced polymer (CFRP) shell [26] have been studied. Boyd
et al. [27], Bausano et al. [28], Feih et al. [29] and Mouritz et al.
[30] have performed experimental and numerical studies on poly-
mer composite (glass fibre, carbon fibre) under fire condition or
heat flux conditions. The tensile performance of the basalt fibe-
epoxy laminate [31] and the carbon-epoxy laminate [32] under
combined one-sided radiant heating and axial tensile loading
have been performed. Some studies have focused on elevated
temperature behaviour of CFPR [33–38]. Most of these studies
showed the evolution of the mechanical properties of carbon
fibres or CFRP according to temperature. In the work of Green
et al. [34], the carbon fibres were practically unaffected by an ele-
vated temperature up to 1000 �C, whereas the CFRP composite
lost most of its resistance at 600 �C. Wang et al. [37] presented
their study on ‘‘preheated-cooled” CFRP composite specimens
for residual behaviour at temperature levels ranging from 22 �C
to 706 �C. Yu and Kodur [38] tested CFRP rod or strip specimens
at elevated temperatures. Nguyen et al. [39] conducted the
characterization of pultruded carbon fibre reinforced polymer
(P-CFRP) under two elevated temperature-mechanical load cases:
residual and thermo-mechanical regimes. All works also showed
a reduction in tensile strength and rigidity of CFRP composite
with increasing temperature. Otherwise, the fire/heat and
mechanical performance of the glass-reinforced epoxy composites
(glass FRP) has been performed [40–42]. The microstructure and
mechanical properties of carbon microfiber reinforced geopoly-
mers at elevated temperatures have been experimentally studied
[43]. The thermomechanical properties and bond characteristics
of different fiber (carbon, basalt, glass) reinforced polymer rebars
at elevated temperatures (from 20 �C to 500 �C) have been exper-
imentally investigated [44]. The mechanical properties of CFRP
laminates at elevated temperatures and freeze–thaw cycling (for
temperatures ranging from -50 �C to 150 �C) have been studied
[45]. The thermomechanical properties of glass fibre reinforced
GFRP reinforcing bars at high temperatures (ranging from 25 �C
to 500 �C) have been experimentally identified [46]. The cyclic
thermal effects (for temperatures ranging from 20 �C to 200 �C)
on the mechanical behaviour of CFRP laminate [47] or FRP
[48,49] have been investigated.
1.3. Objective of this study

To the best of the authors’ knowledge, no results are avail-
able concerning experimental tests with simultaneous mechani-
cal and elevated temperature loadings carried out on continuous
carbon textile specimens. There are also no results regarding the
effect of fibre treatment on the thermomechanical behaviour of
continuous carbon textile at elevated temperatures. With the
synthesis of previous research works, some scientific questions
can be asked: Is it possible to experimentally obtain the
‘‘stress–strain” relation of continuous carbon textile when it is
subjected to combined thermal and mechanical loadings (at ele-
vated temperatures)? What is the thermomechanical behaviour
of continuous carbon textile at elevated temperatures? What is
effect of fibre treatment on the thermomechanical behaviour
of continuous carbon textile (evolution of mechanical properties
according to temperature, modes of rupture)? What analytical
model allows the mechanical property evolution of continuous
carbon textile according to temperature to be predicted? The
aim of this work is to contribute in answering these questions.
This work will also provide the scientific community with
experimental data concerning the thermomechanical behaviour
of three continuous carbon textiles (with different fibre
treatments).

This paper presents an experimental study on the tensile
behaviour of three different continuous carbon textiles subjected
to simultaneous mechanical and elevated temperature loadings.
By using an innovative thermomechanical machine (TM20kN-
1200C), direct tensile tests on specimens of three continuous
carbon textiles (with fibres treated by different products) were
carried out at different temperature levels varying from 25 �C
to 600 �C. The results on three carbon textiles were compared
to understand the effect of fibre treatment on the thermome-
chanical behaviour of carbon textile. In this article, an analytical
model will be chosen and calibrated to predict the effect of tem-
perature on the thermomechanical behaviour of carbon textiles.
In the following sections of this paper, experimental work
including the use of equipment, test specimens and test proce-
dure are presented (Section 2). The experimental results will
then be presented, analysed and discussed (Section 3). The ana-
lytical modelling work will then be shown (Section 4). This
paper ends with a presentation of main conclusions and future
works.
2. Experimental work

This section presents the used equipment, used materials, spec-
imen production and preparation, summary of specimens, and
tests and test procedure.
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2.1. Used equipment

In this section, the test machine, the specimen strain measure-
ment, and the temperature instruments will be presented in detail.
This section shows how to generate simultaneous action of
mechanical loading and elevated temperature and how to measure
the strain of the test specimens in the thermomechanical
condition.
                            a) 

c) 

Laser sensor

Measurement 
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Ball-joint loading
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Fig. 1. Thermo-mechanical test setup (TM20kN-1200C); (a): Test at 25 �C carried out o
Overview of the test setup; (d) Scheme of the direct tensile test at a temperature T: fur
2.1.1. Thermomechanical test setup
The experimental study of carbon textile test specimens was

carried out using a universal traction machine (TM20kN – 1200 �C)
at the LMC2 Laboratory (Lyon, France) (Fig. 1). This machine has
a mechanical capacity of 20 kN and is equipped with a cylindrical
furnace that can generate temperature loadings of specimens
potentially up to 1200 �C. Fig. 1 shows the configuration of the
used thermomechanical machine. The used furnace (Fig. 1b,c) has
b) 

d) 

Opening area 
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n carbon textile specimen; (b) Setup of the furnace around the test specimen; (c)
nace, specimen, and three thermocouples (TM1, TM2, TM3).



M.T. Tran et al. / Construction and Building Materials 183 (2018) 32–45 35
a height of 40 cm, an internal diameter of 10 cm, and an external
diameter of 27.5 cm. The maximum heating rate of this furnace
is 30 �C/min. The temperatures in the furnace are controlled by
integrated thermocouples. This experimental device makes it pos-
sible to apply simultaneous tensile mechanical and elevated tem-
perature loadings on a sample. The laser sensor equipped on the
machine is used to measure the longitudinal deformation of test
specimens at elevated temperatures (non-contact measurement
method).
2.1.2. Laser sensor
As presented in Section 2.1.1, the laser sensor (Fig. 1a,b,c) is

used to measure the strain of test specimens in the test campaign.
It is a new measurement method that takes non-contact measure-
ments of axial strains on different materials. The measurement
principle of this method is explained by the description of the laser
sensor system. A laser bobbin is deflected by a rotating, multi-
faced mirror so that it continuously scans the specimen length-
wise. A cylindrical lens between the mirror and specimen ensures
a parallel bobbin over the entire measurement path (see Fig. 2).
The light reflected from the specimen surface is guided via a lens
Fig. 2. Measurement principle of the laser sensor.

Table 1
Properties of three studied carbon textiles [GC1(or 2, 3)]; GC: grid of carbon textile (supp

Properties G

Density (g/cm3) 3
Grid geometry (longitudinal � transverse spacing) (mm � mm) 4
Type of coating e
Cross-sectional area of one individual strand 1

(a) GC1 carbon textile (b) GC2 c

Fig. 3. Images of three carbon textiles (GC1, G
system to a photodiode that generates an analogue measurement
system that is dependent upon the brightness. The measurement
marks are detected by their differences in brightness to that of
the specimen.

There are the difficulties for contact strain measurement
method: the existence of a small furnace around the test specimen,
the thinness of the test specimen of carbon textile, the high tem-
perature in the furnace. With the non-contact measurement
method by the laser sensor, the axial strain of the carbon textile
specimen is determined by the ratio of the relative displacement
of two laser bobbins and their initial distance. This method of mea-
surement has been used, developed, and validated in previous
works and has given good results for different composite materials
[21,39].

2.2. Specimens

This section first shows continuous carbon textiles studied in
this experiment. It then presents the preparation of carbon textile
specimens for thermomechanical tests.

2.2.1. Studied carbon textiles
The continuous carbon textiles used in this experiment are

industrial products that were manufactured in a factory. The three
carbon textiles were coated with different treatment products in
nature. They were manufactured in grid form with different grid
geometries. The properties of the three studied carbon textiles
are summarized in Table 1. The images and geometries of the stud-
ied carbon textile grids are shown in Fig. 3.

The technical details of the used carbon textiles (GC1, GC2, GC3)
are shown below:

– GC1 carbon textile (Fig. 3a): This textile was produced with an
epoxy resin coating. The geometry of the grid in the longitudinal
and transverse directions is 46 mm � 41 mm (see Fig. 3). The
cross section of a wire (the warp as well as the weft) is 1.85
mm2. This carbon textile has good characteristics: non-
corrosion, requirement of a less concrete cover. This character-
istic leads to lighter structures, ease of handling and use, high
strength and tensile modulus, and a remarkable mechanical
bond with concrete.
lier’s data).

C1 GC2 GC3

.43 1.79 1.89
6 � 41 17 � 17 33 � 33
poxy resin amorphous silica epoxy resin
.85 mm2 1.795 mm2 1.80 mm2

arbon textile (c) GC3 carbon textile

C2, GC3) used in the experimental study.
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– GC2 carbon textile (Fig. 3b): This textile was made of bi-
directional, high-strength carbon fibre mesh for low-thickness
structural reinforcements. This textile also has advantages such
as very high tensile strength, good resistance to corrosion, low
mass per unit area, simple and flexible application (also on
the underside of slabs), coating with amorphous silica for per-
fect adhesion with concrete aggregates, high resistance to heat,
and low reinforcement thickness. The geometry of the grid in
the longitudinal and transverse directions is 17 mm � 17 mm
(see Fig. 3), and the warp and weft are formed by approximately
3200 monofilaments (longitudinal 2 � 1600 tex/strand and
transverse 1 � 3200 tex/strand).

– GC3 carbon textile (Fig. 3c): This textile is a similar commercial
product to the first textile, but the rate of epoxy resin for the
treatment is very low. The spacing of the longitudinal and trans-
verse yarn (chain and weft) is 33 mm � 33 mm (see Fig. 3c).

2.2.2. Specimen preparation
The test specimens in this experimental study were prepared by

hand in the laboratory. First, the carbon textiles are unrolled on a
plane, and they were flattened for one day. Afterwards, a longitu-
dinal yarn (the warp) of the textile was cut to obtain carbon textile
samples of 750 mm in length. For good transmission of the
mechanical force to the textile specimens, two aluminium plates
(dimension of 60 m � 140 mm) were bonded to each end of the
specimens by the epoxy adhesive (Eponal 380) (see Fig. 4a). Some-
times, it is necessary to use bolts to better reinforce two alu-
minium plates. These bolts allowed better adhesion between the
textile and aluminium plates (see Fig. 4b). During the preparation
of the carbon textile specimens, it is necessary to cover the
(a) Embracing for specimens

Fig. 4. Preparatio

Table 2
List of tests conducted on the specimens of three carbon textiles.

Designation of the specimen Dimensions of the specimen [cross section, S (mm2)

GC1-25-a,b,c S = 1.85 (mm2); l = 425 (mm)
GC1-200-a,b,c
GC1-400-a,b,c
GC1-500-a,b,c
GC1-600-a,b

GC2-25-a,b,c S = 1.795 (mm2); l = 420 (mm)
GC2-200-a,b,c
GC2-400-a,b,c
GC2-500-a,b,c
GC2-600-a,b

GC3-25-a,b,c S = 1.80 (mm2); l = 425 (mm)
GC3-200-a,b,c
GC3-400-a,b,c
GC3-500-a,b,c
GC3-600-a,b
Total of tests
technical details that may affect the experimental results. Some
such technical details include placing the test specimens in the
same plane and avoiding torsional force in the samples. All profes-
sional preparation procedures give a better result after the test. The
specimens were stored at room temperature for 7 days for curing
of the adhesive (see Fig. 4a). Each carbon textile specimen was then
referenced and ready for the tests at different temperatures.

2.3. Summary of specimens and tests

Table 2 shows the list of the specimens and the tests carried out.
There were 42 tests carried out on the specimens of three carbon
textiles at different temperature levels varying from 25 �C to
600 �C. For some tests (1 for GC1 at 600 �C, 2 for GC2 at 600 �C
and 3 for GC3 at 500–600 �C), the carbon textile specimens were
broken at high temperature during the thermal exposure phase (at
the target temperature) before the thermomechanical loading phase.
The procedure of the tests carried out is presented in Section 2.4.

2.4. Test procedure

The loading chosen for the tests carried out on the carbon tex-
tile specimens (Fig. 5) consists of the following three phases:

– The first test phase (Fig. 5) consists of increasing the tempera-
ture around the sample to the desired temperature level. For
technical reasons, the furnace requires approximately 30 min
to reach the target temperature (Ttarget). This duration can
ensure good operation of the furnace. After 30 min, the temper-
ature is homogenized around the sample placed in the furnace.
(b) Carbon textile samples ready for test

n of samples.

length, l (mm)] Temperature (�C) Exposure duration Number of tests

25 – 3
200 1 h 3
400 1 h 3
500 1 h 3
600 1 h 2

25 – 3
200 1 h 3
400 1 h 3
500 1 h 3
600 1 h 2

25 – 3
200 1 h 3
400 1 h 3
500 1 h 3
600 1 h 2

42



Fig. 5. Loading path of thermomechanical tests carried out on specimens of three carbon textiles [21].
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The rate of temperature increase varies from 6 �C/min to
20 �C/min depending on the target temperature (from 200 �C
to 600 �C) of the test.

– The second test phase (Fig. 5) consists of maintaining the tar-
get temperature (Ttarget) for a period of 1 h to homogenize the
temperature around the textile specimens (see Fig. 5). The
laser sensor cannot measure the axial deformation of textile
samples due to technological difficulties during the tempera-
ture increase from 25 �C to Ttarget (first phase). Therefore, it
is deactivated in the first and second phases because of tech-
nological difficulties.

– The third test phase (Fig. 5) consists of applying the mechanical
quasi-static load monotonically to the specimen until failure. In
this phase, the laser sensor is activated to measure the axial
strain of the sample from the beginning of the third phase until
specimen failure. The stress of the specimen corresponding to
the failure point is quantified as the ultimate stress of the car-
bon textile (or rUTS). The axial strain of the specimen corre-
sponding to the failure point is quantified as the maximum
axial thermomechanical deformation of the textile, or eTM, UTS

(see Fig. 5).

Fig. 5 shows the thermomechanical test procedure on the test
specimens of carbon textiles with three phases. After the test, all
data, including temperatures, mechanical load, and specimen axial
thermomechanical strain or traverse movement, are recorded at
least twice per second and can then be exported in the form of
datasheets for results analysis.
3. Results

This section presents the results of thermomechanical tensile
tests and evolution of the thermomechanical properties as a func-
tion of temperature.
Fig. 6. Thermomechanical behaviour of the GC1 carbon textile: stress–thermome-
chanical strain relationship at different temperatures.
3.1. Results of thermomechanical tensile tests

This section shows the results of the thermomechanical tensile
tests carried out on three studied carbon textiles and the evolution
of the thermomechanical properties of carbon textiles as a function
of temperature.
3.1.1. Results of the GC1 textile specimens
Fig. 6 shows the experimental results carried out on the GC1

carbon textile samples; they are the ‘‘stress–strain” curves at dif-
ferent temperatures ranging from 25 �C to 600 �C. In this figure,
for each temperature level, there is an average ‘‘stress–thermo
mechanical strain” curve that was selected among the curves
obtained from the tests carried out on the GC1 textile specimens
under the same thermomechanical condition. The GC1 textile
samples exposed for 1 h at elevated temperatures gave an
almost linear behaviour up to the failure of the test specimen
(see Fig. 6). The ultimate strength of the GC1 carbon textile at
25 �C is 2616.6 MPa, whereas this value at elevated temperatures
decreases progressively as a function of temperature. At 600 �C,
the GC1 carbon textile gave an ultimate strength of 204.9 MPa
(see Table 3) corresponding to a 92.8% reduction of this value
at ambient temperature. Regarding Young’s modulus of the
GC1 carbon textile, it can be seen in Fig. 6 that the slope of
the ‘‘stress–thermomechanical strain” curves of the GC1 textile
thermomechanical behaviour also decreases when the tempera-
ture increases. At room temperature, Young’s modulus of GC1
carbon textile determined by two points corresponding to the
deformation of 0.0005 and 0.0025 was 256.2 GPa, whereas the
thermomechanical test at 600 �C gave a very low Young’s mod-
ulus value of 29.5 GPa (see Table 3) corresponding to 11.5% of
its Young’s modulus at 25 �C.



Table 3
Results of the direct tensile tests performed on the GC1 carbon textile.

Sample’s ID T �C Temperature increase
rate (�C/min)

Ultimate stress
(MPa)

Average stress
(MPa)

Standard
deviation (MPa)

Young’s
modulus (GPa)

Average
modulus (GPa)

Standard
deviation (GPa)

GC1 – 25 �C - a 25 0 2733.6 2616.6 124.9 296.8 256.2 39.7
GC1 – 25 �C - b 2485.0 254.4
GC1 – 25 �C - c 2631.1 217.5

GC1 – 200 �C - a 200 6.70 2347.6 2169.5 175.5 171.7 201.6 29.0
GC1 – 200 �C - b 1996.6 203.4
GC1 – 200 �C - c 2164.3 229.7

GC1 – 400 �C - a 400 12.52 1652.2 1652.2 40.5 126.3 138.8 23.4
GC1 – 400 �C - b 1692.7 165.8
GC1 – 400 �C - c 1611.7 124.2

GC1 – 500 �C - a 500 16.00 960.7 795.7 145.4 79.3 77.6 4.5
GC1 – 500 �C - b 739.9 80.9
GC1 – 500 �C - c 686.5 72.5

GC1 – 600 �C - a 600 17.95 204.9 204.9 0 29.5 29.5 0
GC1 – 600 �C - b NA NA
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Table 3 presents the other values in the results of thermome-
chanical tests on the GC1 carbon textile specimens at different
temperature levels varying from 25 �C to 600 �C. It also gives the
average values and the standard deviation values of the mechani-
cal properties of GC1 carbon textile as a function of the tempera-
ture. The maximum value of the standard deviation on the
ultimate stress data of the GC1 carbon textile was 175.5 MPa at
200 �C, corresponding to 8.1% of its average ultimate stress at this
Fig. 7. Thermomechanical behaviour of the GC2 carbon textile: stress–thermome-
chanical strain relationship at different temperatures.

Table 4
Results of the direct tensile tests performed on the GC2 carbon textile.

Sample’s ID T �C Temperature increase
rate (�C/min)

Ultimate stress
(MPa)

Average str
(MPa)

GC2 – 25 �C - a 25 0 1211.4 1311.5
GC2 – 25 �C - b 1494.0
GC2 – 25 �C - c 1229. 2

GC2 – 200 �C - a 200 6.91 1296.5 1152.5
GC2 – 200 �C - b 918.0
GC2 – 200 �C - c 1243.1

GC2 – 400 �C - a 400 13.11 689.9 708.8
GC2 – 400 �C - b 788.1
GC2 – 400 �C - b 648.2

GC2 – 500 �C - a 500 17.27 235.4 308.1
GC2 – 500 �C - b 319.3
GC2 – 500 �C - c 367.6

GC2 – 600 �C - a 600 20.86 NA –
GC2 – 600 �C - b NA

NA: not available.
temperature. The maximum value of the standard deviation on the
Young’s modulus data of the GC1 carbon textile was 39.7 GPa at
25 �C, corresponding to 15.5% of its average Young’s modulus at
room temperature. The standard deviation values demonstrate
the convergence of these experimental results.
3.1.2. Results of the GC2 textile specimens
Fig. 7 shows the ‘‘stress–thermomechanical strain” relation-

ships of the thermomechanical behaviour of GC2 carbon textile
for temperature levels ranging from 25 �C to 500 �C. In this figure,
for each temperature level, there is an average ‘‘stress–thermome
chanical strain” curve that was selected among the curves obtained
from the direct tensile tests in the same thermomechanical condi-
tion on the GC2 textile specimens. In Fig. 7, it can be seen that the
GC2 carbon textile typically gives a quasi-linear behaviour up to
failure. The results obtained on the GC2 textile specimens had
the same tendency in the thermomechanical property evolution
(ultimate strength, Young’s modulus) depending on the tempera-
ture as the GC1 carbon textile. There is a great reduction in the
ultimate strength and Young’s modulus from the temperature of
400 �C (approximately 50%), which will be explained and discussed
in Section 3.2. As results, the GC2 carbon textile provided ultimate
strength ranging from 1311.5 MPa (average value at 25 �C) to
308.1 MPa (average value at 500 �C) (see Table 4). The two tests
at 600 �C did not give the data on the stress and the longitudinal
ess Standard
deviation (MPa)

Young’s
modulus (GPa)

Average
modulus (GPa)

Standard
deviation (GPa)

158.3 150.4 143.8 7.2
136.1
145.0

204.9 130.4 138.6 14.0
154.8
130.6

71.8 87.2 107.1 18.6
124.0
110.4

67.8 34.5 39.7 9.5
33.9
50.7

– NA – –
NA



M.T. Tran et al. / Construction and Building Materials 183 (2018) 32–45 39
deformation because the test specimens were broken during the
temperature exposure time (second phase). Regarding Young’s
modulus, the GC2 carbon textile had progressively decreasing stiff-
ness as a function of temperature. This value was 143.8 GPa (aver-
age value) at 25 �C and 39.7 GPa (average value) at 500 �C (see
Table 4). Table 4 shows the experimental results for all GC2 textile
samples. As shown in Table 4, the tests carried out at 500 �C
yielded sensitive results, which caused the high standard deviation
value of the ultimate strength data (22.0% relative to the average
value).

In the GC2 carbon textile results, the maximum standard devi-
ation value of the ultimate strength data was 204.9 MPa at 200 �C,
corresponding to a value of 17.8% relative to the average ultimate
stress. The maximum standard deviation value of Young’s modulus
was 18.6 GPa at 400 �C, corresponding to a value of 17.4% with
respect to the average Young’s modulus. It can be seen that all
standard deviation values are acceptable in the application of com-
posite materials for construction.

3.1.3. Results of the GC3 textile specimens
Fig. 8 shows the thermomechanical behaviour of the GC3 car-

bon textile. The results were obtained from the direct tensile tests
carried out at different temperature levels varying from 25 �C to
500 �C. In this figure, for each temperature level, there is an aver-
age ‘‘stress–thermomechanical strain” curve that was selected
among the curves obtained from the direct tensile tests in the same
thermomechanical condition on the GC3 textile specimens. In the
results, the GC3 carbon textile always gave typical behaviour
Fig. 8. Thermomechanical behaviour of the GC3 carbon textile: stress–thermome-
chanical strain relationship at different temperatures (25 �C, 200 �C, 400 �C, 500 �C).

Table 5
Results of the direct tensile tests performed on the GC3 carbon textile.

Sample’s ID T �C Tempe-rature increase
rate (�C/min)

Ultimate stress
(MPa)

Average str
(MPa)

GC3 – 25 �C - a 25 0 1182.1 1442.7
GC3 – 25 �C - b 1485.3
GC3 – 25 �C - c 1660.8

GC3 – 200 �C - a 200 6.40 1234.1 1168.1
GC3 – 200 �C - b 1221.6
GC3 – 200 �C - c 1049.7

GC3 – 400 �C - a 400 13.31 948.5 845.9
GC3 – 400 �C – b 802.0
GC3 – 400 �C – b 787.3

GC3 – 500 �C – a 500 16.31 204.3 185.7
GC3 – 500 �C – b 167.1
GC3 – 500 �C – c NA

GC3 – 600 �C – a 600 – NA –
GC3 – 600 �C – b NA

NA: not available.
characterized by two properties: ultimate stress and Young’s
modulus. The test specimen failure was easily noticed by the stress
drop on the ‘‘stress–thermomechanical strain” curve. This fragile
failure mode normally could be found in the tests of carbon fibre
products.

Regarding the ultimate stress of the GC3 carbon textile, there is
a decrease as a function of the temperature. The average stress
obtained at 25 �C was 1442.7 MPa, whereas this value of the tests
at 500 �C was 204.3 MPa, corresponding with 14.2% relative to
itself at 25 �C (see Table 5). In the temperature levels ranging from
400 �C to 500 �C, a clear reduction of the ultimate stress can be
seen in Fig. 8. Other values of the GC3 carbon textile stress are
shown in Table 5.

In the experimental results, the slope of the ‘‘stress–thermome
chanical strain” curve (or Young’s modulus) of the GC3 carbon tex-
tile decreases when the temperature increases. Young’s modulus
varies from 130.2 GPa (average value at 25 �C) to 32 GPa (average
value at 500 �C). This value does not decrease significantly for tem-
perature levels ranging from 25 �C to 400 �C (approximately 30%),
but it greatly decreases at temperatures over 400 �C, which causes
a very low value at 500 �C. Table 5 presents the experimental
results on the GC3 carbon textile. In this table, the average values
and the standard deviation values of Young’s modulus and ulti-
mate stress data were calculated. The maximum standard devia-
tion value of the GC3 carbon textile of the ultimate stress data
was 242.2 MPa at 25 �C, corresponding to 16.8% of its average ulti-
mate stress at 25 �C. The maximum standard deviation value for
the Young’s modulus data of the GC3 carbon textile was 25.4 GPa
at 200 �C, corresponding to 21.6% of its average Young’s modulus
at 25 �C.
3.2. Evolution of the thermomechanical properties as a function of
temperature

Figs. 6–8 show the tensile tress evolution of three carbon tex-
tiles as a function of temperature. The normalized mechanical
properties (normalized ultimate stress and Young’s modulus) are
defined as the ratio between the mechanical property at a temper-
ature (T) and that at room temperature (rT/r25 or ET/E25). The nor-
malized mechanical properties of three studied carbon textiles are
tabulated in Table 4 and plotted in Figs. 9 and 10. Three carbon tex-
tiles gave reductions of the normalized ultimate stress values that
are similar when the temperature increases from 25 �C to 400 �C.
At 200 �C, the ultimate stress of the carbon textile (GC1, GC2 or
GC3) remained 82.9%, 87.9% or 81.0%, respectively, of its ultimate
ess Standard
deviation (MPa)

Young’s
modulus (GPa)

Average
modulus (GPa)

Standard
deviation (GPa)

242.2 135.6 130.2 7.1
122.1
133.0

103.0 143.8 117.4 25.4
93.2
115.1

89.1 85.8 95.9 21.6
120.7
81.0

18.6 32.0 38.4 6.4
44.8
NA

– NA – –
NA



Fig. 9. Evolution of normalized ultimate stress obtained for the studied carbon
textiles compared with experimental results on the CFRP composite materials
obtained by Bisby et al. 2005 [36], by Yu et al. 2014 [38].

Fig. 10. Evolution of normalized Young’s modulus obtained for the studied carbon
textiles compared with experimental results on the CFRP composite materials
obtained by Bisby et al. 2005 [36], by Yu et al. 2014 [38].

Table 6
Evolution of the normalized mechanical properties of three carbon textiles as a
function of temperature.

T �C Normalized ultimate
stressrT/r25 (%)

Normalized Young’s
modulusET/E25 (%)

GC1 GC2 GC3 GC1 GC2 GC3

25 100 100 100 100 100 100
200 82.9 87.9 81.0 78.7 96.4 90.1
400 63.1 54.0 58.6 54.2 74.4 73.6
500 30.4 21.1 12.9 30.3 23.8 29.5
600 7.8 0 0 11.5 0 0
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stress at room temperature. At 400 �C, the normalized ultimate
stresses were 63.1%, 54.0%, and 58.6% for GC1, GC2, and GC3,
respectively. At temperatures above 400 �C, the GC1 textile gave
better behaviour than the other two textiles (GC2 and GC3). At
500 �C, this carbon textile retained 32.5% of its ultimate stress
value at 25 �C, whereas the other two textiles provided an ultimate
stress less than 22% compared with the ambient temperature
value. At 600 �C, the GC1 carbon textile was not broken under ther-
mal action; its tensile stress reached 7.8% relative to the ambient
temperature value. The GC2 and GC3 carbon textiles were always
broken in the second phase (thermal exposure) of the test proce-
dure at 600 �C, and the experimental data could not be obtained.
Fig. 9 shows the evolution of the normalized ultimate stress of
three carbon textiles as a function of temperature compared with
the other experimental results on the CFRP composite materials
obtained by Bisby et al. 2005 [36] and by Yu et al. 2014 [38]. In
Fig. 9, the ultimate stress evolution of the GC1 and GC3 carbon tex-
tiles can be divided into two zones. At temperatures ranging from
25 �C to 400 �C, the ultimate stress slightly decreased as a function
of temperature. At 200 �C, these two textiles retained approxi-
mately 80% of its ultimate stress at room temperature, whereas
this normalized ultimate stress was approximately 60% at 400 �C.
At temperatures ranging from 400 �C to 600 �C, there was a sub-
stantial reduction in the ultimate stress. The complete decomposi-
tion of pre-impregnated products in carbon textiles caused this
considerable reduction. Fig. 10 shows the normalized Young’s
modulus of three carbon textiles as a function of temperature. It
can be found that there was almost the same evolution of Young’s
modulus as a function of temperature between the GC2 and GC3
carbon textiles. The normalized Young’s modulus values were
96.4% (GC2) and 90.1% (GC3) at 200 �C, 74.4% (GC2) and 73.6%
(GC3) at 400 �C, and 23.8% (GC2) at 500 �C. The GC1 carbon textile
gave a nearly linear decrease in Young’s modulus as a function of
temperature. The normalized Young’s moduli of the GC1 carbon
textile were 78.7%, 54.2%, 30.3%, and 11.5% at 200 �C, 400 �C,
500 �C, and 600 �C, respectively. All values of the normalized
mechanical properties of three carbon textiles are presented in
Table 6 below.
For the evolution of Young’s modulus with temperature in
Fig. 10, the influence of temperature on Young’s modulus of the
GC2 and GC3 carbon textiles could be divided into two tempera-
ture intervals. The first interval, from 25 �C to 400 �C, was
described by a slight reduction of Young’s modulus. At 400 �C,
the stiffness of carbon textiles GC2 and GC3 converted approxi-
mately 75% compared with that obtained at ambient temperature.
In the second interval, from 400 �C to 600 �C, Young’s modulus
greatly decreased and was almost negligible at 600 �C. Concerning
the Young’s modulus evolution of the GC1 carbon textile as a func-
tion of temperature, this textile had a progressive reduction when
the temperature increased. Fig. 10 shows only one almost linear
reduction of Young’s modulus as a function of temperature.

3.3. Failure modes

The samples of three studied carbon textiles after the tests at
different temperatures are observed to present the failure modes
of the three textiles. The results revealed two main failure modes
for the three carbon textiles. This argument is consistent with
the results available in the literature [50]. The failure modes of
the three carbon textiles are illustrated in Fig. 11.

At a temperature level below 400 �C, the three carbon textiles
exhibited a brittle failure mode marked by a drop in stress on
the ‘‘stress–thermomechanical strain” curve (see Fig. 6 (GC1),
Fig. 7 (GC2), Fig. 8 (GC3)). The treatment products in the three tex-
tiles do not yet begin to decompose, so they ensure good load
transmission in carbon monofilaments. This main reason helps car-
bon textiles retain their mechanical properties (especially Young’s
modulus) in the temperature range from 25 �C to 400 �C (see
Fig. 10). At a temperature level above 400 �C, owing to the damage
of the polymer resin and oxidation of carbon fibre, the carbon tex-
tiles become more softened and separated, which causes a signifi-
cant reduction in ultimate stress and Young’s modulus. In Fig. 11,
the carbon textiles are partially oxidized at 500 �C and 600 �C,
and the test specimens of the three textiles are grounded by the
fibre stretching. For the GC2 and GC3 carbon textiles, after reaching
the maximum value, the stress progressively decreases as a func-
tion of the deformation on the ‘‘stress–thermomechanical strain”
curve. The progressive failure of each monofilament in the textile
is caused mainly by this failure mode. The GC1 carbon textile sam-
ples sometimes exhibit a brittle fracture mode at 500 �C (see Fig. 6)
because the polymer resin pre-impregnated in this textile is not
yet completely decomposed, which ensures a co-working of the
textile filaments.



a) )belitxetnobrac1CG GC2 carbon textile 

c) GC3 carbon textile 

Fig. 11. Failure modes of the test specimens of three carbon textiles at various temperatures.
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3.4. Discussion

This section presents discussions to explain the effect of carbon
fibre treatment products on the results obtained (ultimate strength
and Young’s modulus, thermomechanical property evolution
depending on temperature, and failure modes of three carbon tex-
tile specimens), which were presented in Section 3.3.

3.4.1. Ultimate stress and Young’s modulus of the carbon textiles
According to the results obtained on the ultimate stress and

Young’s modulus of the three carbon textiles presented in Sec-
tion 3.1, the influence of treatment by different products on the
behaviour of these carbon textiles at elevated temperatures can
be determined. Three studied carbon textiles have almost equiva-
lent cross-sections for a textile yarn. The GC1 carbon textile has
an important load capacity and good rigidity owing to its very good
pre-impregnation with an epoxy resin product. This very good pre-
impregnation has assured a good load transmission between the
monofilaments of the GC1 carbon textile yarn. The ultimate stress
of the GC1 textile was always 1.8 times the value of the other two
textiles. The ratio of ultimate stress between the GC1 and GC2 tex-
tiles has varied from 1.9 (at 200 �C) to 2.6 (at 500 �C) as a function
of the temperature, whereas this ratio between the GC1 and GC3
textiles was in the range of 1.8 (at 25 �C) to 4.3 (at 500 �C). Regard-
ing the pre-impregnation of the GC2 and GC3 textiles, they are
coated with an amorphous silica (for GC2) and epoxy resin with
very low content (for GC3). This reduced the bonding between
the monofilaments in a textile yarn, which caused less
load-carrying capacity than the GC1 carbon textile. At a tempera-
ture higher than 400 �C, the epoxy resin pre-impregnated in the
GC1 carbon textile began to burn partially, but its load-
transmitting capacity is much better than the other two carbon
textiles. This gave a great ratio value of the ultimate stress between
the GC1 carbon textile and the others at elevated temperatures.
Concerning the stiffness of carbon textiles, the influence of the
pre-impregnated product on Young’s modulus could also be found.
In the experimental results, as a function of the temperature level,
Young’s modulus of the GC1 carbon textile was 1.3 to 1.9 times
greater than the GC2 textile and 1.5 to 2.0 times greater than the
GC3 textile. There is a good relationship between the miles
mono-filaments of the GC1 textile yarn, which could provide a
joint working ability in the longitudinal direction of the GC1 car-
bon textile. This capacity has caused a higher stiffness value of
GC1 than the other textiles (GC2, GC3) as presented above. The
coating treatment in the GC2 and GC3 textiles gave a similar effect
on the thermomechanical behaviour of carbon textile. The ultimate
stress and Young’s modulus of two carbon textiles (GC2, GC3) are
approximately similar.

3.4.2. Evolution of the ultimate stress and Young’s modulus of the
carbon textiles depending on the temperature

The experimental results showed that the thermomechanical
properties of carbon textiles decrease as a function of temperature.
Consequently, the effect of temperature on these decreases was
different for each studied carbon textile. The evolution of the ulti-
mate stress and/or Young’s modulus depended on the coating
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treatment and the pre-impregnation rate of the carbon textiles.
Regarding the reduction of the ultimate stress, the carbon textiles
treated with the resin product gave a typical evolution depending
on the temperature. This evolution can be divided into two stages:
a slight reduction (approximately 40%) in the temperature range
from 25 �C to 400 �C and a very important decrease at tempera-
tures of 400 �C to 600 �C. If the textile has been perfectly impreg-
nated in the epoxy resin (GC1 textile), the carbon textile ultimate
stress could remain approximately 30.4% at 500 �C and 7.8% at
600 �C compared with that at ambient temperature. The normal-
ized ultimate stress of the GC3 carbon textile was 12.9% at 500 �C
and almost zero at 600 �C. This means that the impregnated ratio
significantly influenced the evolution of the ultimate stress at
elevated temperatures (see Fig. 9). On the other hand, in the first
stage (from 25 �C to 400 �C), the normalized ultimate stress of
two carbon textiles (GC1 and GC3) was approximately similar.
These values were respectively 82.9% and 81.0% at 200 �C and
63.1% and 58.6% at 400 �C for these two carbon textiles (GC1 and
GC3). The similarity between the ultimate stress evolution of two
carbon textiles (GC1 and GC3) in this case could be explained by
a significant contribution of the impregnated resin, which can
ensure good charge transmission between monofilaments. Con-
cerning the ultimate stress evolution of the GC2 carbon textile,
which was impregnated by an amorphous silica product as a coat-
ing, the ultimate stress has decreased in a somewhat curved way
(see Fig. 9). The influence of the elevated temperature on this treat-
ment product was not significant for an important reduction at ele-
vated temperatures. The application of this product as coating has
the object of improving the bond between the carbon textile and
the matrix of the concrete in the manufacture of the composite
TRC. Fig. 10 shows that the decrease in Young’s modulus of the
GC2 and GC3 textiles was similar. This evolution began with a step
of a slight reduction (approximately 25%) in the temperature range
from 25 �C to 400 �C and finally a step from a very significant
decrease to a negligible value at 600 �C. These results could be
explained by the contribution of the treatment products of two
carbon textiles to their stiffness. At moderate temperatures from
25 �C to 400 �C, the contribution of the impregnated epoxy resin
to GC3 carbon textile stiffness was still good, so there was some
difference between the normalized Young’s modulus values of
two textiles (76.4% for GC2 and 73.6% for GC3). At temperatures
above 400 �C, the decomposition of impregnated resin in the tem-
perature range from 400 �C to 450 �C caused a slight contribution
in the GC3 carbon textile stiffness as the role of amorphous silica
product in GC2 carbon textile. The GC2 and GC3 carbon textiles
therefore had the same evolution of Young’s modulus as a function
of temperature. In the results, the impregnated resin contribution
in a GC1 textile yarn caused a nearly linear Young’s modulus
reduction as shown in Fig. 10. The effect of temperature on the
resin matrix significantly influenced Young’s modulus of the GC1
carbon textile. At a moderate temperature (from 25 �C to 400 �C),
the impregnated resin was gradually softened, which caused a les-
ser contribution to carbon textile stiffness. At an elevated temper-
ature above 400 �C, the GC1 carbon textile was gradually
decomposed and burned until its complete decomposition, which
largely influenced the working in common between carbon
monofilaments.

3.4.3. Failure modes
All three carbon textile samples in the test campaign were pre-

sented in Section 3.3. Two failure modes could be found on the
specimen images after the tests. With respect to the failure mode
of the GC1 carbon textile, at moderate temperatures (from 25 �C
to 400 �C), the pre-impregnated resin within a yarn was not com-
pletely decomposed and thus can work in common between car-
bon monofilaments. The specimen was broken in an abrupt way
which is called fragile rupture mode when the material reached a
limited state. This failure mode was clearly characterized by a sig-
nificant drop in the stress on the ‘‘stress–thermomechanical strain”
curve of the GC1 textile (see Fig. 6). This means that most of the
monofilaments were broken at the same time in a GC1 textile yarn,
and the test specimens after the test were either completely bro-
ken by the rupture energy, such as those at 25 �C, or partially
destroyed and capable of withstanding the mechanical loads after
cooling, such as those at 200 �C and 500 �C. At an elevated temper-
ature level above 500 �C, the GC1 carbon textile had a different fail-
ure mode as illustrated in Fig. 11-a. The pre-impregnated epoxy
resin was completely decomposed, the carbon monofilaments
remained single, and there is no connection between them. This
could explain the failure mode in which the rupture energy was
progressively liberated by the breakage of each monofilament in
a textile yarn after the complete decomposition of the pre-
impregnated resin. The deformation of the sample increased,
whereas the stress decreased progressively. It could be said that
the failure mode in this case is ductile. The GC3 carbon textile fea-
tured two failure modes similar to the GC1 textile, but with a low
level of pre-impregnated resin, it featured a ductile failure mode at
a temperature level higher than 400 �C, and the samples were bro-
ken on all mono-filaments. In the temperature range from 25 �C to
400 �C, there was still some pre-impregnated resin in the speci-
mens after the tests. The failure mode could be explained similarly
to the GC1 carbon textile (see Fig. 11-c). As shown in Fig. 11-b, the
GC2 carbon textile provided a single failure mode because the
coating with amorphous silica was not greatly influenced by
the action of the elevated temperature. The samples thus badly
retained their initial form. A low contribution of amorphous silica
in the textile load capacity was another reason for these results.
The damage appeared in a GC2 textile yarn from each group of
monofilaments that had less charge capacity than the others. This
means that the rupture energy was progressively liberated in part
on each group of monofilaments. The cooled test specimens could
support the mechanical load, but the residual resistance obtained
would decrease when the temperature of test increased.

4. Analytical modelling

The experimental results obtained from the tests of three car-
bon textiles are used to develop an analytical model of the temper-
ature influence on the ultimate stress and Young’s modulus of
three textiles. In the literature, some authors have proposed ana-
lytical models to predict the evolution of mechanical properties
(ultimate stress, Young’s modulus) as a function of temperature.
Normally, this mechanical property reduction relation is in the
form of either a hyperbolic tangent function or an exponential
function. All studies on analytical models of the evolution of
mechanical properties dependent on temperature are summarized
in the work of Gibson [50] and Firmo et al. [51]. Bisby [52] pro-
posed a semi-empirical sigmoid function to predict the
temperature-dependent reduction of the resistance and/or Young’s
modulus of the FRP composite. In his model, the parameters are the
empirically derived coefficients. Wang et al. [37] recently devel-
oped a model (originally for metals) to determine the tensile
strength of CFRP at high temperatures. Another author is Mahieux
et al. [53], who gave a relationship in the form of a temperature-
dependent function to calculate the high temperature resistance.

In this paper, the authors calibrated the Mouritz and Gibson
model [54] with the experimental data on three carbon textiles.
The reduction relationship of mechanical properties as a function
of temperature is described by the following equation:

P Tð Þ ¼ Rn Pu þ Pr

2
� Pu � Pr

2
tanh KmðT � TgÞ

� �� �
ð1Þ



Fig. 12. Comparison of tensile strength predicted by the Gibson model with test
data on three studied carbon textiles (GC1, GC2, GC3) as a function of temperature.

Fig. 13. Comparison of Young’s modulus predicted by the Gibson model with test
data on three carbon textiles as a function of temperature.
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where P(T) is a mechanical property at temperature T (ultimate ten-
sile strength and Young’s modulus); Pu is a value of this property at
the lowest temperature of the experiment (normally at ambient
temperature); Pr is the value of this property at the temperature
after thermal damage of the material (or after the glass transition
for fibre-reinforced polymer) but before decomposition; Km is a
coefficient to be determined as a function of the experimental
results; Tg is the temperature around which the curve is quasi-
symmetric, normally corresponding to a 50% reduction in the prop-
erty value, to be modified as a function of the experimental results;
R is a coefficient that depends on the matrix and varies between 0
and 1; and n is a parameter that depends on the stress state
(n = 1 when the properties of the resin dominate, n = 0 when the
properties of the fibres dominate) [51,54].

Regarding the GC1 carbon textile samples before the tests, it can
be seen that the epoxy resin pre-impregnated in this textile was
burned completely at 600 �C, and the ultimate stress and Young’s
modulus of the GC1 carbon textile at 600 �C were used as the Pr
value. The critical temperatures (Tg) corresponding to a 50% reduc-
tion in ultimate strength and Young’s modulus are 443 �C and 418 �C,
respectively. The Km parameter in the analytical model of the GC1
carbon textile is determined by the experimental results obtained.
This parameter value varies as a function of the temperature and is
0.004 and 0.01 for the temperature ranges of 25 �C to 500 �C and
500 �C to 600 �C, respectively, in the ultimate strength model and
0.0035 and 0.008 for the temperature ranges from 25 �C to 500
�C and from 500 �C to 600 �C, respectively, in the Young’s modulus
model (see Table 7). Regarding the parameters for the analytical
model of the GC2 carbon textile, the ultimate strength and Young’s
modulus of GC2 carbon textile at 500 �C are chosen as the Pr value
because the amorphous silica-coated product of this textile was
completely decomposed at 500 �C. The temperature Tg for the ana-
lytical model in this case is 405 �C for the ultimate strength and
448 �C for Young’s modulus. The parameter Km is a temperature-
dependent coefficient, and the experimental data on the GC2 car-
bon textile is presented in Table 6. Table 7 presents all parameters
of the analytical model for the third carbon textile (GC3). The Pu
values in two analytical models (ultimate strength and Young’s
modulus) in this case are 1442.72 MPa and 130.22 GPa, corre-
sponding to its ultimate strength and Young’s modulus at 25 �C.
The GC3 carbon textile results at 500 �C are used as the Pr values
for both analytical models.

Fig. 12 compares the tensile strength predicted from the pro-
posed empirical relationships with the measured values of the
experiment. In the results, the proposed empirical relationships
closely match the data measured for the three carbon textiles.
The average errors between the predicted maximum strength
Table 7
Parameters of the analytical model for three carbon textiles.

Material Mechanical property Parameters

Pu (MPa)

GC1 Ultimate stress 2616.6

Young’s modulus 256.2

GC2 Ultimate stress 1311.5

Young’s modulus 143.8

GC3 Ultimate stress 1442.7

Young’s modulus 130.2
and the test data are 11.1%, 6.5%, and 4.7% for three textiles GC1,
GC2, and GC3, respectively. The maximum error between the test
data and empirical equations occurred for the GC1 carbon textile
at 600 �C with a value of 21.8%. The standard deviations for three
carbon textiles are 9.8%, 5.1%, and 1.9%, respectively (see Table 7).
All these values demonstrate a reasonable agreement between test
data and empirical equations. Concerning the analytical model of
Young’s modulus for the three textiles, Fig. 13 shows the Young’s
modulus evolution as a function of temperature by comparison
with the predicted modulus values from the Gibson model. It can
be found that the curves of the analytical model are always in
the zones created by the experimental curves of the three textiles
and their standard deviations.
Pr (MPa) Tg (�C) Km

204.9 443 0.004 (25 � T � Tg)
0.013 (Tg < T � 600)

29.5 418 0.0035 (25 � T � Tg)
0.0103 (Tg < T � 600)

277.4 405 0.004 (25 � T � Tg)
0.02 (Tg < T � 600)

34.2 448 0.0045 (25 � T � Tg)
0.15 (Tg < T � 600)

204.3 419 0.004 (25 � T � Tg)
0.03 (Tg < T � 600)

32.0 448 0.004 (25 � T � Tg)
0.3 (Tg < T � 600)



Table 8
Comparison between the two results: experimentation and analytical model.

Mate-rial Temperature Ultimate stress Young’s modulus

Experiment
(MPa)

Analytical
(MPa)

Errors
(%)

Experiment
(%)

Analytical
(%)

Errors
(%)

GC1 25 2616.6 2534.4 3.1 256.2 242.6 5.3
200 2169.5 2314.6 6.7 201.6 215.7 7.0
400 1652.2 1616.1 2.2 138.8 150.0 8.1
500 795.7 651.4 18.1 77.6 65.1 16.2
600 204.9 245.0 19.5 29.5 34.8 18.0
Average error 9.9 10.9
Standard deviation 8.3 5.75

GC2 25 1311.5 1265.7 3.5 143.8 141.6 1.6
200 1152.5 1148.5 0.4 138.6 133.7 3.5
400 708.8 819.9 15.7 107.1 102.9 3.9
500 308.1 330.1 7.1 39.7 39.7 0.00
Average error 6.7 2.3
Standard deviation 5.8 2.2

GC3 25 1442.7 1391.2 3.6 130.2 127.2 2.3
200 1168.5 1256.9 7.6 117.4 119,1 1,5
400 845.9 961.9 1.9 95.9 93,0 3,0
500 185.8 195.4 5.2 38.4 38.4 0.0
Average error 4.6 1.7
Standard derivation 2.2 1.1
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In Table 8, the predicted Young’s modulus by the proposed
empirical relationship is compared with the experimental data.
The average error and standard deviation of Young’s modulus
between the proposed empirical relationships and the measured
values of the experiment are also calculated. The maximum error
value (by percentage) between the two results is 18.8% for the
GC1 carbon textile at 500 �C. The average errors between the pre-
dicted Young’s modulus and the test data are 11.4%, 2.9%, and 2.2%
for the three textiles GC1, GC2, and GC3 respectively. The standard
deviation values in these cases are 6.4%, 2.8%, and 2.2%, respec-
tively, for the three textiles GC1, GC2, and GC3. All the values con-
cerning the comparison between the two results of the experiment
and the analytical model are presented in the Table 8.

5. Conclusions and future works

The objective of this work is to identify the thermomechanical
behaviour of carbon textiles subjected to mechanical and thermal
loads. Carbon textiles are usually used in the manufacture of
textile-reinforced concrete composite (TRC). Three carbon textiles
(GC1, GC2, GC3) were tested under thermomechanical loading at
five temperature levels (25 �C, 200 �C, 400 �C, 500 �C, and 600 �C).
All thermomechanical properties such as ultimate stress, Young’s
modulus, and thermomechanical strain were identified and pre-
sented. The notable difference among three carbon textiles was
the treatment by products of different natures. The GC1 and GC3
textiles were pre-impregnated by epoxy resin with two different
pre-impregnation ratios, completely pre-impregnated for the GC1
textile and a very low level for GC3 textile, whereas the GC2 textile
was treated with a product of amorphous silica as a coating.

Other problems presented in this paper are the influence of the
treated product on the thermomechanical behaviour, the evolution
of the thermomechanical properties as a function of the tempera-
ture, and the failure mode of the carbon textile samples. With com-
plete pre-impregnation by the epoxy resin, the GC1 carbon textile
possessed ultimate stress and Young’s modulus approximately 2
and 1.8 times greater than the other textiles, respectively. Regard-
ing the evolution of the textile mechanical properties as a function
of temperature, an almost linear reduction can be found for
Young’s modulus of the GC1 textile, whereas the GC2 and GC3 tex-
tiles featured an evolution with two steps: the first step with a
slight reduction (approximately 20%) in the temperature range
from 25 �C to 400 �C, and the second step with a very large
decrease to a negligible value at 600 �C. For the ultimate stress,
the GC1 and GC3 carbon textiles, which were treated with an
epoxy resin product, exhibited almost the same evolution as a
function of temperature. With the treatment of amorphous silica
as a coating, which was not significantly influenced by thermal
action, the GC2 textile had a curved evolution as a carbon fibre.
The fracture modes were also analysed in this paper by observing
all samples after the tests at different temperatures. Thus, the
influence of the treatment product on failure modes of the carbon
textiles could be determined. A fragile failure mode was observed
in the temperature range from 25 �C to 400 �C in the carbon
textiles treated with the epoxy resin product (GC1 and GC3). This
failure mode is clearly characterized by a drop in stress in the
‘‘stress–thermomechanical strain” relationship even if the test
piece has not yet completely broken. At higher temperatures, these
two carbon textiles (GC1 and GC3) exhibited a ductile failure mode
of the specimens, which was characterized by the progressive
damage of each monofilament within a carbon yarn. The same
mode of rupture was observed on samples of the GC2 carbon
textile at elevated temperatures. Regarding the treatment product
as a reason for this result, the amorphous silica was not strongly
influenced by the temperature.

To clearly characterize the evolution of thermomechanical
properties as a function of temperature, the analytical model of
Mouritz and Gibson was calibrated with experimental results
obtained on three studied carbon textiles. The parameters in this
model, such as Pr, Pu, Tg, and Km, were determined from the ulti-
mate stress and Young’s modulus of the experimental data. For the
Tg parameter value, it was always in the temperature range from
400 �C to 450 �C. The results predicted by this analytical model
were reasonable compared with those obtained experimentally.
The average error and standard deviation values were calculated
and analysed; an agreement between the analytical modelling
results and the experimental results was obtained in this study.

For future works, it will be interesting to manufacture textile-
reinforced concretes (TRCs) based on the refractory concrete
matrix and reinforced by the GC1 and GC2 carbon textiles to study
the influence of the textile type on its thermomechanical
behaviour at elevated temperatures.
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