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ABSTRACT: In this paper, the thermomechanical behaviour of two glass textile-reinforced 9 

concretes (TRCs), with temperature levels ranging from 25 °C to 672 °C, was firstly 10 

characterised, compared and analysed. Each TRC had three layers of alkali-resistant glass grid 11 

but a different cementitious matrix (one with normal mortar and the other refractory mortar). 12 

The first novelty and achievement of this study, compared to existing studies in the literature, is 13 

that the size of particles within the cementitious matrix of TRC has a very important effect on 14 

the ultimate stress and the post-cracked composite stiffness of TRC under thermomechanical 15 

condition. The resistance of TRC with normal mortar is greater than that of the TRC with fire 16 

mortar because the size of particles within the cementitious matrix is finer for the normal 17 

mortar. The second novelty and achievement of this study is that the fire mortar, with refractory 18 

property, leads to greater thermal and mechanical stability of TRC when it is simultaneously 19 

subjected to a tensile pre-loading and exposed to increasing elevated temperature. The third 20 

novelty and achievement of this study is that the evolution of thermomechanical behaviour of 21 

the two TRCs before 300 ° C has been experimentally justified and analyzed thanks to physical, 22 

chemical and thermal characterization that has been carried out on crushed hardened 23 

cementitious matrix or on small TRC specimens. Between 25 °C and 110 °C, the decrease of the 24 

                                                      

∗ Corresponding author. E-mail address: Xuan-Hong.Vu@univ-lyon1.fr 

 

© 2020 published by Elsevier. This manuscript is made available under the CC BY NC user license
https://creativecommons.org/licenses/by-nc/4.0/

Version of Record: https://www.sciencedirect.com/science/article/pii/S2352492820325915
Manuscript_eb96296bcce889738e326a381f763d11

https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S2352492820325915


  

 

2 

 

ultimate stress and the post-cracked composite stiffness of TRC corresponds to dehydration of 25 

components of cementitious matrix. However, between 110 °C and 300 °C, with water 26 

molecules released, hydration of anhydrous particles of the cementitious matrix (mortar) occurs, 27 

a gain in the ultimate stress and the cracked-composite stiffness of glass TRC consequently 28 

occurs. 29 

KEYWORDS: Textile-reinforced concrete (TRC); elevated temperature; thermomechanical 30 

characterisation; physical and chemical characterisation; thermal characterisation (TMA, TGA, 31 

DSC); XRD and FTIR analyses; tomography observation    32 

1 INTRODUCTION 33 

 Development of composite materials in civil engineering involves two main steps: design and 34 

construction of structures or parts of composite structures, reinforcement and repair of existing 35 

structures [1,2,3,4]. The last family of rigid composite materials comprise fibre/cement 36 

composites, in which the polymer matrices are replaced by mineral matrices such as hydraulic 37 

binders, phosphate binders, sulphate binders, and magnesium binders.  38 

The tensile, bending or shear behaviours of textile-reinforced concretes at ambient temperature 39 

have been experimentally investigated [5,6,7,8]. Until now, there were some fire tests 40 

performed on glass or carbon TRC specimens [9], TRC thin-plates with different cementitious 41 

materials [10], on high-performance concrete thin-plates, reinforced with basalt fibre-reinforced 42 

polymer mesh [11], on carbon fibre-reinforced, fine-grained concrete [12], and on I-shaped 43 

beams, reinforced with glass-fibre and carbon-fibre mesh grids [13,14]. These studies 44 

highlighted that when TRC was subjected to elevated temperatures or fire, thermal and 45 

mechanical properties of TRC significantly changed with increasing temperature.  46 

Thermal characterisation of the cementitious matrix is necessary to quantify its expected 47 

structural performance and integrity under high temperatures. It has been shown that the 48 

mechanical behaviour of cement is related to its porosity and phase changes [15,16]. Some 49 

studies have focused on thermal behaviour of mortars (or concretes) containing different 50 
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discontinuous fibres under thermal exposure using cone calorimeter heating [17,18], 51 

thermogravimetry (TG) and differential scanning calorimetry (DSC) [19,20,21]. Few studies 52 

focused on microstructure evolution and decomposition of cement composite under high 53 

temperature [22,23,24]. Physical, mechanical and experimental investigations mentioned above 54 

[20,25] allowed identifying effect of parameters related to composition of the cementitious 55 

matrix (as porosity, different discontinuous fibres) on thermal properties and microstructure of 56 

hardened cementitious mortars.    57 

Until now, because of a lot of experimental difficulties, there were little studies focusing on the 58 

behaviour of TRC material under thermomechanical condition. Some studies have investigated 59 

the thermomechanical behaviour of  carbon fabric-reinforced cementitious matrices [26,27], the 60 

effects of continuous alkali-resistant (AR) glass textile on thermomechanical behaviour of TRC 61 

glass (for temperatures ranging from 20 °C to 400 °C) [28], the effect of discontinuous glass 62 

fibres charged in cementitious matrix on thermomechanical behaviour of a glass TRC (for 63 

temperatures ranging from 20 °C to 600 °C) [29]. These studies allowed identifying evolution of 64 

some thermomechanical characteristics (as ultimate stress, different stiffnesses defined from 65 

stress-strain curve) of glass or carbon TRC as function of some parameters of composition of 66 

cementitious matrix and of increasing temperature. Tlaiji et al [30] recently studied 67 

experimentally and comparatively thermomechanical and residual behaviours of AR glass TRC 68 

subjected to elevated temperature loading. This previous study [30] showed that the effect of 69 

cooling the composite after thermal loading below 220 °C is beneficial in terms of tensile 70 

strength. This study also highlighted that under thermomechanical conditions, the ultimate stress 71 

and the stiffness of the post-cracked composite of the AR glass TRC gradually decrease as the 72 

temperature increases from 25 °C to about 150 °C, then gradually increase as the temperature 73 

increases from about 150 °C to about 300 °C, then gradually reduce as the temperature (above 74 

300 °C) increases. However, the thermomechanical tests, carried out in the previous study [30], 75 

did not make it possible to obtain scientific explanations for experimentally identified results 76 

related to the evolution of ultimate stress and the stiffness of the post-cracked composite of 77 
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glass TRC as function of increasing temperature. The purpose of the present paper is to deepen 78 

scientific questions, asked after the previous study [30], thanks to physical, chemical and 79 

thermomechanical characterisation.    80 

To the best of the authors’ knowledge, there have been no studies focusing on effect of the 81 

nature of cementitious matrix on thermal and thermomechanical properties of glass TRC by 82 

means of physiochemical and thermomechanical characterisation. This present paper provides 83 

the scientific community the experimental data concerning thermal and thermomechanical 84 

properties of TRC.  85 

In the following sections of the present paper, composite configuration (section 2) and 86 

experimental procedure (section 3) are presented. The experimental results will be then shown, 87 

analysed (section 4) and discussed (section 5). This paper ends with a presentation of main 88 

conclusions. 89 

2 COMPOSITE CONFIGURATION 90 

In this work, two textile-reinforced composites (3G.AR and 3G.AR.Fire) were manufactured 91 

and studied. This section first presents the materials (matrices and fabrics) used to fabricate the 92 

composite specimens, as well as their characterisation. Then, it presents the textile reinforced 93 

concrete (TRC) preparation and specimen dimensions. 94 

2.1 Matrices  95 

Two different matrices were tested, namely normal mortar and refractory mortar. The matrices 96 

used were commercial single-component cementitious repair mortars. They were made by 97 

mixing water with a premixed powder at a water to powder (W/P) mass ratio of 0.18. The 98 

rheology of the fresh cementitious matrices and the properties of the hardened cementitious 99 

matrices after 28 days were experimentally identified (Table 1).  100 

  101 
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Properties of the cementitious matrix 

Normal mortar Fire mortar 

Mean 

value 

Number 

of tests 

Standard 

deviation 

Mean 

value 

Number 

of tests 

Standard 

deviation 

 

Viscosity (or 

consistency) of 

the fresh mortar 

Measurement of mortar flow table 

spread (cm) (Tests carried out 

according to the standard [31]) 

14 2 0.5 20 2 2 

Measurement of mortar viscosity 

using a plunger (cm) (Tests carried 

out according to the standard [31]) 

2 2 0 2.5 2 0.5 

Workability time (in second) of 

mortar subjected to mortar vibration 

(Tests carried out according to the 

standard [32]) 

28 2 2 12 2 0  

Physical 

proprieties of the 

mortar 

Control of entrained air volume (%) 

(Tests carried out according to the 

standard [31])  

12 2 0 5 2 0 

Mechanical 

proprieties of the 

hardened mortar 

 

Compressive strength (MPa) after 

28 days (Tests carried out according 

to the standard [32]) 

23.5 6 2.3 14.5 6 0.5 

Tensile strength (MPa) after 28 

days (Strength obtained using 

flexural tests carried out according 

to the standard [32]) 

4.5 3 0.13 3.3 3 0.16 

Table 1. Properties of the cementitious matrices 102 

2.2 Fabrics 103 

The only fabric reinforcement used in this work was alkali-resistant (AR) glass textile. The 104 

physical and mechanical properties of a single fibre of the AR glass are presented in Table 2. 105 
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This type of glass textile was selected because of its excellent fire resistance (up to 860 °C) [33] 106 

and because it does not stretch and shrink after exposure to either extremely high or low 107 

temperatures [34]. The AR nature of the glass textile also exhibits an excellent capacity 108 

(compared to E-glass) to resist degradation in an alkaline environment. Other criteria that led to 109 

choose this type of reinforcement included nominal weight (g/m2), mortar penetration ability, 110 

ease of cutting, and implementation conditions. The grid AR-glass textile used in this study had 111 

the same thread in two grid directions. Its mechanical properties are shown in Table 3. Its grid 112 

was large, with the opening between the mesh axes at 8 × 8 mm, which allows the passage of 113 

small aggregates.  114 

Tensile 

resistance 

(MPa) 

Elastic 

modulus 

(GPa) 

Strain at 

(rupture 

(%) 

Softening 

point (°C) 

Poisson 

coefficient 

Thermal 

expansion 

coefficient 

Density 

(kg/dm3) 

1000–1700 74–76 1.8 860 0.25 7.9×10−6 2.6 

Table 2. Physical and mechanical properties of a single fibre of the alkali-resistant glass (supplier’s data) 115 

  116 
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Tensile strength Elongation Other characteristics 

Warp/Weft 

direction 

Warp/ Weft 

direction 

Fibre 

diameter 

(µm) 

Number of 

filaments/yarn 

Yarn 

weight 

(Tex) 

Nominal 

weight 

(g/m2) 

Grid mesh 

AR Rovings 

Grid 
25 kN/m < 3% 19 1600 1200 300 8 mm × 8 mm 

 118 

Table 3. Mechanical properties of the grid AR-glass textile obtained from the supplier’s technical data 119 

sheet 120 

2.3 Textile reinforced concrete 121 

The composite processing technique and procedure, used for the fabrication of the 3G.AR and 122 

3G.AR.Fire composites, have been established according to the recommendation of the RILEM 123 

Technical Committee 232-TDT [35] that describes a standardized uniaxial tensile test method to 124 

determine the load bearing behaviour of tensile specimens made of TRC. Hand lay-up moulding 125 

was used for the fabrication of the 3G.AR and 3G.AR.Fire composites. This implementation 126 

technique consisted of successively applying the mortar and the textile onto a wood mould 127 

prepared in the laboratory. A thin fresh matrix layer was implemented with a trowel in the 128 

mould and a grid textile layer was embedded within the matrix. Additional layers of matrix and 129 

textile reinforcement were applied in the same way by ensuring good impregnation, and air 130 

bubbles were eliminated as much as possible. The composites plate obtained was protected by a 131 

plastic layer to avoid premature shrinkage and was stored in the laboratory in atmospheric 132 

conditions. The manufacture of composite specimens is presented in detail in a previous study 133 

[30]. 134 
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After 7 days, the rectangular plates were demoulded and cut to obtain specimens of 700 mm × 135 

45 mm × 5 mm (length × width × thickness). The TRC materials (3G.AR and 3G.AR.Fire) were 136 

made and kept in the laboratory under ambient conditions, and stored at ambient temperature for 137 

at least one month before testing. To prepare each specimen for testing, four aluminium plates 138 

were glued to the ends of each specimen using an epoxy adhesive to ensure transfer efficiency 139 

of the mechanical load. At least 3 days after the bonding, each TRC sample (see Figure 1a) was 140 

drilled at each end to be compatible with the “ball joint” loading heads used (see Figure 1b). 141 

3 EXPERIMENTAL PROCEDURE 142 

This section presents thermomechanical characterisation device, material thermomechanical 143 

characterisation, material physical and mechanical characterisation. 144 

3.1 Thermomechanical characterisation device 145 

The thermomechanical machine (TM20kN-1200C) (Figure 1c) was used in this study to test 146 

TRC specimens. It was fitted with a small furnace provided with heating resistors that can reach 147 

a high temperature, potentially up to 1200 °C. This temperature is controlled by using integrated 148 

thermocouples. The maximum rate of temperature rise in the furnace is 30 °C/min. The 149 

specimen is placed in the middle of the furnace (Figure 1d), measuring 300 × 100 mm, and is 150 

attached by two “ball joint” loading heads, designed in a previous study [36], which allow the 151 

application of a tensile force and control of the alignment of the specimen.  152 

  153 
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(a) (b) 

  

(c) (d) 

Figure 1. (a) Composite specimen; t, w, L: thickness, width, length of the specimen.; (b) Used ‘‘ball joint” 154 

loading head; (c) Thermomechanical machine TM20kN-1200C; (d) furnace with specimen installed for a 155 

thermomechanical tensile test 156 

3.2 Material thermomechanical characterisation   157 

This section discusses the transient-state (TS) and steady-state (SS) tests used to characterise the 158 

thermomechanical behaviour of the TRC.  159 

3.2.1 Transient-state (TS) test 160 

In the TS tests, shown in Figure 2, the specimens were initially gripped at both ends and then 161 

subjected to a tensile force with a maximum load equal to a selected percentage of the 162 
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maximum strength of the TRC obtained at 25 °C (30% and 50%).  The 30%�UTS (25°C) [or 163 

50%�UTS (25°C)] represents a maximum tensile stress applied on TRC specimen that equals to 164 

30% [or 50%] of the ultimate strength of TRC material tested at 25°C. Then, the temperature 165 

was raised to the maximum that the TRC can resist. The same heating rate (30 °C/min) was 166 

applied to specimen for all TS tests carried out.  167 

To keep the load applied on the specimen constant throughout the test, the machine was 168 

controlled using the test piloting software. The control was carried out according to the 169 

following steps:  170 

1) During heating from 25° C to failure temperature of TRC, the upper traverse of the 171 

thermomechanical machine used (TM20kN-1200C) was always fixed.  172 

2) During heating from 25°C to about 100°C, TRC expanded, the inferior traverse of the 173 

machine moved down in order to compensate the thermal expansion of TRC. 174 

3) During heating from about 100°C to the failure temperature of TRC, there was a thermal 175 

shrinkage of TRC due to evaporation of water within TRC or other thermal effects, the inferior 176 

traverse of the machine moved up in order to compensate the thermal shrinkage of TRC. 177 

3.2.2 Steady-state (SS) test 178 

In the SS test, shown in Figure 3, the specimens were heated to a specified temperature and then 179 

loaded until failure while maintaining the same temperature. For the SS tests, because of 180 

technological difficulties, the heating rate in the furnace during the temperature increase phase 181 

is programmable and set as a function of the temperature level of the test, as recommended by 182 

the manufacturer of the furnace to ensure its good operation and the homogeneity of the 183 

temperature around the entire portion of the specimen placed in the furnace. All samples were 184 

heat-treated by increasing the heating rate in the furnace (ranging from 2.5 °C/min to 20 185 

°C/min) corresponding to each temperature level (ranging from 75 °C to 600 °C). When the 186 

temperature reached the target value, it was kept constant for 1 h. The tensile force applied on 187 

the specimen was piloted by displacement. It was monotonically increased with a rate of 3000 188 
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µm/m to the maximum force (Fmax) that the specimen could resist and then the ultimate axial 189 

stress σUTS was calculated [σUTS = Fmax/(w*t); with t (thickness) and w (width) of the specimen 190 

are defined in Figure 1a]. This mechanical load was combined with the measurement of the 191 

axial strain of the specimen using a laser sensor. The tests and validation of the specimen 192 

measurements obtained by the laser sensor have been previously described [28]. Figure 3 193 

presents this test in terms of the evolution of temperature and force as a function of time. Table 194 

4 shows the exploited tests performed on the 3G.AR and 3G.AR.Fire composites subjected to 195 

steady-state tests.  196 
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Reference de TRC(*) 
Dimensions of 

specimens (mm) 

Test temperature 

(°C) 

Heating rate 

(°C/minute) 

Number of 

tests 

3G.AR-25°C-1÷2 

t=9 (±1) 

 

w=45(±1) 

 

L=700 (±10) 

25 0 2 

3G.AR-75°C-1÷3 75 2,5 3 

3G.AR-150°C-1÷3 150 5 3 

3G.AR-300°C-1÷2 300 10 2 

3G.AR-400°C-1÷2 400 13 2 

3G.AR-600°C-1÷2 600 20 2 

3G.AR.Fire-25°C-1÷3 25 0 3 

3G.AR.Fire-75°C-1÷3 75 2,5 3 

3G.AR.Fire-150°C-1÷4 150 5 4 

3G.AR.Fire-300°C-1÷4 300 10 4 

3G.AR.Fire-400°C-1÷3 400 13 3 

3G.AR.Fire-600°C-1÷2 600 20 2 

Table 4. Tests performed on the 3G.AR and 3G.AR.Fire composites; e, l, L: thickness, width, 197 

length of specimen. 198 

             199 

Figure 2. Transient-state path. 200 
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 201 

Figure 3. Steady-state path. 202 

3.3 Material physical and mechanical characterisation 203 

This section presents the micro-structural characterisation, TMA, chemical analysis, and TGA 204 

carried out on the two studied TRCs or their matrices. 205 

3.3.1 Micro-structural characterisation 206 

The samples were examined by X-ray tomography using a GE Phoenix v | Tome | Xs 207 

tomograph. The tomograph consists of an X-ray tube (transmitter), a digital detector, and a set 208 

of mechanical axes (support for the test piece) enclosed in a radioprotection cabin. “FIJI’’ 209 

software was used to drive the tomograph and reconstruct the tomographic images. The 210 

resolution depends strongly on the size of the sample and the power of the X-ray source. No 211 

pre-treatment was carried out on the samples. The volume of the samples, as observed by the 212 

tomograph, was 15 × 15 × 10 mm3 (Figure 4). This size made it possible to have a resolution of 213 

10 μm for observed samples, which is a priori sufficient for examining the fibre-matrix interface 214 

and the voids of the matrix. Using this technique, the fibres and voids in the composite can be 215 

observed without destroying the sample.  216 

3.3.2 Thermomechanical analysis 217 

TMA is the study of the relationships between a sample’s length (or volume) and its 218 

temperature. A thermomechanical analyser accurately measures the temperature of a sample, as 219 

well as very small movements of a probe in contact with the sample surface (Figure 5). A 220 
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Mettler Toledo TMA/SDTA 1 IC/600 instrument uses a quartz probe containing a thermocouple 221 

for temperature measurement and it couples to the core of a linear variable differential 222 

transformer (LVDT). The analysis was made on samples with a thickness of 5mm, heated with a 223 

rate of 3°C/ minute.  224 

 
 

Figure 4. Volume observed by the tomograph. Figure 5. Thermomechanical measurement 

3.3.3 Chemical analysis 225 

When water is present, the silicates and aluminates present in the mortar undergo hydration 226 

processes, producing new hydrated compounds in the form of a jelly or crystals. The phases 227 

forming the mortar are determined by X-ray diffraction and IR spectroscopy analysis in order to 228 

compare the composition of the investigated mortars.  229 

3.3.4 Thermogravimetric and differential thermal analyses (TGA-DSC)  230 

TGA measures the change in the mass of a material as a function of temperature and time in a 231 

controlled atmosphere. However, DSC measures the heat flux associated with phase transitions 232 

or reactions, such as dehydration, decarbonatation, dihydroxylation, fusion, crystallization. The 233 

most important products of the hydration reactions of ordinary cement are calcium silicate 234 

hydrate (C-S-H) and calcium hydroxide, also called portlandite (CH) [37]. Different authors 235 

have described the reactions that occur with increasing temperature in cement paste [38-43]. 236 

Simultaneous measurements of weight change (TGA) and heat flow (DSC) on a single sample 237 

as a function of temperature or time were made by using a Mettler Toledo TGA-DSC3+ 238 

differential scanning calorimeter.  239 
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4 RESULTS 240 

This section first shows the results of the transient-state tests, steady-state tests, tomography 241 

observations, and thermal analyses (TMA, DSC) carried out on the two studied TRCs. It then 242 

discusses the results of the chemical analysis (X-ray diffraction and IR spectroscopy) and TGA 243 

carried out on mortars (or hardened matrices) of the two studied TRCs. 244 

4.1 Results of transient-state tests of 3G.AR and 3G.AR.Fire  245 

The failure temperature for each percentage of maximal strength obtained at 25 °C [30% σUTS 246 

(25°C) and 50% σUTS (25°C)] was reached when the tensile load could no longer be sustained. 247 

Figure 6 shows the temperature that causes failure of the specimens for 30% σUTS (25°C) and 248 

50% σUTS (25°C) tension loads. In this figure, the horizontal axis represents the specimen 249 

temperature and the vertical axis represents the load value. Table 5 represents the ultimate 250 

temperature reached when TRC is subjected to the selected load.  251 

 252 

Figure 6. Failure temperature of the specimens in the transient-state test. 253 

  254 
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3G.AR 3G.AR.Fire 

Load applied 

(MPa) 

Ultimate 

temperature (°C) 

Load applied 

(MPa) 

Ultimate temperature 

(°C) 

30%�UTS (25°C) (a) 2.6 670 1.3 600 

30%�UTS (25°C) (b) 2.6 590 (*) 1.3 620 

30%�UTS (25°C) (c) 2.6 672 (*) / / 

50%�UTS (25°C) (a) 4.2 180 2.2 570 

50%�UTS (25°C) (b) 4.2 185 (*) 2.2 545 

Table 5. Ultimate temperature reached for each stress; a, b, c: tests (a, b, or c) performed with the same 255 

experimental condition on different specimens of the same TRC material; (*) results obtained by 256 

NGUYEN et al. [44] 257 

A sharp drop (of 72%) occurs in the failure temperature when the stress was increased from 258 

30% σUTS (25°C, 3G.AR) to 50% σUTS (25°C, 3G.AR) for 3G.AR, whereas this decrease was 259 

almost nil (5%) for 3G.AR.Fire (Table 4). This result shows the positive effect of the fire 260 

(refractory) mortar used for 3G.AR.Fire, in comparison with the normal mortar used for 3G.AR. 261 

4.2 Results of steady-state tests of 3G.AR and 3G.AR.Fire 262 

The influence of different temperatures on composite materials tested in this study is presented 263 

in Figure 7a (for 3G.AR) and Figure 7b (for 3G.AR.Fire). Figure 7c provides a magnification of 264 

the range between 0-0.4% axial strain of Figure 7b (for 3G.AR.Fire). The axial stress as a 265 

function of the axial strain represents the behaviour of the TRCs at 25 °C, 75 °C, 150 °C, 300 266 

°C, 400 °C, and 600 °C.  267 

  268 
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 269 
(a) Results of tests carried out on 3G.AR 270 

  271 
(b) Results of tests carried out on 3G.AR.Fire 272 

 273 
(c) Results of tests carried out on 3G.AR.Fire (magnification of the range between 0-0.4% strain) 274 

Figure 7. Behaviour of (a) 3G.AR and (b,c) 3G.AR.Fire in steady-state tests: axial stress as a function of 275 

axial strain. 276 
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For 3G.AR (Figure 7a), the axial stress-axial strain curves at temperatures varying from 25 °C 277 

to 150 °C show three distinguishable phases in the behaviour of the 3G.AR composite. 278 

However, at 300 °C and 400 °C, two phases are observed. Additionally, at 600 °C, the curve is 279 

quasi-linear, and only one phase is shown. However, the axial stress-axial strain curves of 280 

3G.AR.Fire (Figures 7b,c) are disordered. This composite shows nearly the same behaviour at 281 

all temperature levels; only the ultimate strength changes.  282 

Steady state tests of normal mortar based TRC (3G.AR) (Figure 7a) show distinct phases of 283 

deformation progression with increasing tensile loading. However, the tensile stress-strain 284 

curves of 3G.AR.Fire (Figure 7b) are less clear than that those of 3G.AR. The difference 285 

between the stress-strain curves of 3G.AR (Figure 7a) and of 3G.AR.Fire (Figure 7b) can be 286 

explained by the following reasons: 287 

a) For a same axial stress level, the axial strain of 3G.AR.Fire is greater than that of 3G.AR 288 

and the stiffness of 3G.AR.Fire is lower than that of 3G.AR.Fire because the room 289 

temperature tensile strength of the normal matrix of 3G.AR is greater than that of the fire 290 

matrix of 3G.AR.Fire of 30%. 291 

b) The particle size of the matrix influences the interaction between the textile and the 292 

matrix. The particle size of the normal matrix is finer than that of the fire matrix (according 293 

to tomographic observation presented in Figure 12), which leads to a better interaction 294 

between the textile and the matrix within 3G.AR. This is reflected in the transfer of load 295 

(mortar / textile) and finally in the evolution of the curve. In addition, the measurement of 296 

axial strain of TRC, a non-contact measurement method given by the laser sensor, is 297 

influenced by rough level of the measurement surfaces and the particle size of the matrix of 298 

TRC. The dimensions of the fine aggregates of the fire mortar are greater than those of the 299 

normal mortar, as seen by tomographic observation in Figure 12, which causes an imperfect 300 

cohesion between the particles of the matrix and at the matrix-textile interface. This 301 

contributes to explain, at least partially, the variability of the stress/strain curves of 302 

3G.AR.Fire specimens, shown in Figures 7b and 7c. 303 
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The average slopes of the third phase of the stress/strain curves of both TRCs (after cracking of 304 

the matrix) are mainly dependent on the behaviour of glass textiles and less dependent on the 305 

particle size of the matrix. This contributes to explain why the third phase of each stress/strain 306 

curve of 3G.AR.Fire (for each temperature level) is clearer than the first and second phases of 307 

the same curve (see Figure 7b). For this reason, in the following of this paper, the comparison 308 

between the tensile behaviours of 3G.AR and 3G.AR.Fire is carried out for two important 309 

parameters [average ultimate tensile strength (σUTS) and average post-cracked composite 310 

stiffness (EC3)], which are less sensitive to the singularities of macroscopic curves, that can be 311 

identified from the last phase of the stress/strain curves (after cracking of the matrix). 312 

From the curves presented in Figure 7a and b, the mechanical properties of the two studied 313 

composites can be identified as shown in Figure 8. The methodology presented in Fig. 8 for 314 

calculating the ultimate tensile strength (σUTS) and the ultimate stiffness (Ec3) was applied for 315 

each of the curves of Figure 7a (for 3G.AR) and Figure 7b (for 3G.AR.Fire). The value of the 316 

average slope of the third phase of each stress-strain curve (shown in Figure 7a and Figure 7b) 317 

represents the ultimate stiffness value Ec3 of the corresponding composite for each temperature 318 

level.  319 

In order to determine, as correctly as possible, the ultimate tensile strength (σUTS) and the 320 

ultimate stiffness (Ec3), many steady-state tests have been carried out in the same experimental 321 

conditions for each material (3G.AR or 3G.AR.Fire) and each temperature level. The exploited 322 

steady-state tests performed on the 3G.AR and 3G.AR.Fire composites were synthesized in 323 

Table 4. This allowed to determine the evolution of average values (with error bars showing 324 

standard deviations) of the ultimate tensile strength (σUTS) and the ultimate stiffness (Ec3) for 325 

each material (3G.AR or 3G.AR.Fire) and each temperature level (as shown in Figure 9 for σUTS 326 

and in Figure 10 for Ec3). 327 
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 328 

Figure 8. Identification of mechanical properties of TRC 329 

σ1: Composite macro-cracking stress; Ec1: initial stiffness of the composite before macro-330 

cracking; ε1: axial strain in phase 1; σ2: stress level of the composite corresponding to phase 2; 331 

Ec2: stiffness of the cracking phase; ε2: axial strain in phase 2; σUTS: ultimate stress level of the 332 

composite corresponding to the breaking force; Ec3: stiffness of phase 3 (or stiffness of the post-333 

cracked composite); and εUTS: maximum thermomechanical axial strain. 334 

 335 

Table 5 displays the experimental values of average ultimate tensile strength (σUTS) and the 336 

average post-cracked composite stiffness (Ec3) of 3G.AR and 3G.AR.Fire composites at 337 

different temperatures varying from 25°C to 600°C (the standard deviation values are written in 338 

parallel).  339 

  340 
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T°C 

3G.AR 3G.AR.Fire 

σUTS Ec3 σUTS Ec3 

(MPa) (GPa) (MPa) (GPa) 

25 8.45 (0.70) 1400 (30) 4.2 (0.6) 800 (40) 

75 8 (0.28) 980 (150) 3.5 (0.35) 200 (50) 

150 5.4 (0.39) 650 (100) 3.3 (0.4) 300 (100) 

300 7.5 (0.57) 1050 (50) 3.6 (0.2) 1000 (150) 

400 4.3 (0.23) 1160 (100) 1.9 (0.2) 980 (40) 

600 1.3 (0.26) 750 (30) 1.3 (0.3) 700 (50) 

Table 5: Results of the steady-state tests performed on 3G.AR and 3G.AR.Fire composites at different 341 

temperatures (the standard deviation values are written in parallel) 342 

The evolutions of the average ultimate tensile strength (σUTS) and stiffness (Ec3) as a function of 343 

temperature are presented in Figure 9 and Figure 10, respectively, for both composite materials; 344 

these two composites have almost the same rate of reinforcement (Vf = Vfibres/Vcomposite = 2%).  345 

 346 

Figure 9. Average ultimate tensile strength (σUTS) of 3G.AR and 3G.AR.Fire as a function of temperature. 347 
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 348 

Figure 10. Average ultimate stiffness (EC3) of 3G.AR and 3G.AR.Fire as a function of temperature. 349 

A comparison of 3G.AR and 3G.AR.Fire (Figure 9) shows that the resistance, when measured 350 

as a function of temperature levels, is higher in 3G.AR, whereas the maximum strength 351 

decreases by approximately 84% for 3G.AR and by approximately 69 % for 3G.AR.Fire when 352 

the temperature level changes from 25 °C to 600 °C. For each temperature level below 600°C, 353 

the ultimate strength of 3G.AR.Fire is lower than that of 3G.AR (Figure 9) because both 354 

compressive and tensile strengths of the normal mortar are noticeably lower than those of the 355 

fire mortar (see Table 1). It can be seen from Figure 9 that the resistance decreases between 25 356 

°C and 120 °C, whereas it increases between 120 °C and 300 °C.  357 

Figure 10 shows that when the temperature level increases from 25 °C to 80 °C (for 358 

3G.AR.Fire) or 120°C (for 3G.AR), the stiffness Ec3 of these composites progressively decrease. 359 

From the last temperature value (80 °C for 3G.AR.Fire or 120°C for 3G.AR) up to about 350°C, 360 

the stiffness Ec3 of these composites progressively increase. For temperature levels above 350 361 

°C, the stiffness Ec3 of these composites gradually decreases. 362 

To explain the difference in behaviour between 3G.AR and 3G.AR.Fire (see Figure 9 and 363 

Figure 10), the identification of the physical and chemical properties of these two materials was 364 

proceeded by the material characterization methods shown in the sections 3.3.2, 3.3.3 and 3.3.4.  365 
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4.3 Failure modes 366 

The observations after the tests (Figure 11) showed ruptures of 3G.AR and 3G.AR.Fire 367 

specimens at each temperature (25 °C, 75 °C, 150 °C, 300 °C, 400 °C and 600 °C).  368 

 369 

Figure 11. Failure modes of 3G.AR and 3G.AR.Fire at different temperatures 370 

All specimens have a rupture characterized by a macro crack that is almost perpendicular to the 371 

direction of the tensile load. For tests at 25°C, the failure occurred in TRC material and was 372 

close to loading heads because there was a stress concentration at the vicinity zone between the 373 

ends of the specimen and the reinforced aluminium plates. The failure mode of TRC, subjected 374 

to uniaxial tension at 25° C, is consistent with what has been observed and discussed in previous 375 
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studies [28,36]. While the temperature increases from 75°C to 600°C, the macro crack is 376 

systematically located in the submerged zone of the specimen in the furnace. This changes the 377 

location of the failure zone of the specimen. Due to the effect of temperature, after matrix 378 

damage and the consequent degradation of the matrix/textile interface that ensured load transfer, 379 

the glass textile yarns ruptured when the tensile load exceeded their resistance thresholds, which 380 

led to the rupture of the specimen. The rupture of the glass textile yarns is followed by an 381 

opening of the lips of the macro crack in the middle of the sample. 382 

4.4 Results of tomography observations 383 

The results of the X-ray analysis are presented as grey-level images. Figure 12 shows different 384 

raw images for 3G.AR (Figure 12a and b) and 3G.AR.Fire (Figure 12c and d). The reference 385 

specimens (Figure 12a for 3G.AR and Figure 12c for 3G.AR.Fire) correspond to the non-386 

preheated samples of the composite. Each reference specimen was then preheated each time to 387 

the temperature levels of 75 °C, 150 °C, and 300 °C and progressively cooled to 25 °C. These 388 

experimental tests were carried out for temperatures up to 300° C in order to better  deepen the 389 

phenomena that lead to significant evolution, between 75°C and 300°C, of the average ultimate 390 

tensile strength (σUTS) (Figure 9) and the average post-cracked stiffness (EC3) (Figure 10) of both 391 

TRCs. Using these images, the fibres and the matrix can be distinguished at different 392 

temperature levels based on the differences in their grey levels. 393 
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 394 

           (a)                                  (b)                                 (c)                                        (d) 395 

Figure 12. Raw images of (non-preheated) reference specimens of (a) 3G.AR and (c) 3G.AR.Fire; raw 396 

images of preheated-cooled specimens (preheated at 75 °C, 150 °C, or 300 °C) of (b) 3G.AR and (d) 397 

3G.AR.Fire.  398 

Figure 12a, b, c, and d show that no differences are observed between the raw image of (non-399 

preheated) reference specimens and those of the preheated-cooled specimens for both 3G.AR 400 

and 3G.AR.Fire. Only a disappearance of the grey zone between the fibres and the matrix of the 401 

TRC 3G.AR treated at 300 °C is observed. This phenomenon corresponds to the degradation of 402 

the matrix resulting from its chemical decomposition or the transformation of one hydrate from 403 

the matrix to another. Therefore, a physical and chemical analysis (cf. Sections 4.5, 4.6 and 4.7) 404 

was carried out to understand the mechanisms that occur within the normal mortar and the fire 405 

mortar. 406 

4.5 Thermomechanical analysis 407 

The difference in the behaviour of TRC (subjected to temperatures between 25 °C and 300 °C) 408 

can also be related to the deformation of TRC subjected to thermal load. Figure 13 shows the 409 

deformation of 3G.AR and 3G.AR.Fire as a function of temperature. This result from TMA is 410 

presented for temperatures up to 150 °C in order to better understand the phenomena that lead to 411 
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significant evolution of the average ultimate tensile strength (σUTS) (Figure 9) and the average 412 

post-cracked stiffness (EC3) (Figure 10) of both TRCs. 413 

 414 

Figure 13. Deformation of 3G.AR and 3G.AR.Fire as a function of temperature. 415 

Figure 13 shows that from 25 °C to approximately 100 °C for 3G.AR.Fire and from 40 °C to 416 

approximately 85 °C for 3G.AR, there is a marked expansion in the two materials. This step 417 

corresponds to a substantial release of water, creating porosity. From 85 °C (for 3G.AR) or 100 418 

°C (for 3G.AR.Fire) to 150 °C, both materials present a slight shrinkage. The mechanical 419 

ultimate strength σUTS and stiffness Ec3 of the material generally decreases between 25 °C and 420 

150 °C (see Figure 9 and Figure 10) because of the different dehydration reactions that are 421 

responsible for multicracking. However, between 150 °C and 300 °C (see Figure 9), with water 422 

molecules released, the hydration of anhydrous cement particles occurs. The material undergoes 423 

a small shrinkage and the micro-cracks close, resulting in a gain in strength and stiffness when 424 

the temperature increases from 150 °C to 300 °C (see Figure 9 and Figure 10). 425 

4.6 X-Ray diffraction and IRTF spectroscopy analysis 426 

The phases composing the mortar were determined by X-ray diffraction and IRTF spectroscopy 427 

analysis in order to compare the composition of the investigated mortars. X-ray diffraction 428 

allows identification of the well crystallized mineral phases. IRTF spectroscopy completes the 429 
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information derived from X-ray diffraction on poorly crystallized elements. The characterisation 430 

of the powders of normal mortar (3G.AR) (see Figures 14, 15a,b) shows the presence of basic 431 

phases of Portland cement: silicate phases (alite C3S, belite C2S); aluminate phases (C3A, 432 

C4AF), and sulfate phases (CŜH0.5, CŜH2, CŜ). Although the fire mortar (of 3G.AR.Fire) (see 433 

Figures 16, 17a,b) contains the basic elements of aluminous cement (CA, C12A7, C3A), it also 434 

contains the silicate phase (belite C2S), anhydrite (CŜ), and ferrite phase (C3FT). The 435 

correspondence between the anhydrous and hydrated patterns of the two mortar samples is 436 

depicted in Figure 14 and Figure 15a and b for normal mortar and in Figure 16 and Figure 17a, 437 

b, and c for fire mortar. The hydration of these mortars occurs mainly with silicates on one hand 438 

and between the aluminates and sulphate phases on the other hand. This hydration leads to the 439 

formation of a variety of hydrates, which can be seen with XRD and IRTF spectroscopy 440 

analysis. Calcium monosulfoaluminate (Afm), C-S-H, and portlandite (CH) are the basic 441 

hydrated phases of a normal mortar (see Figure 15a and b). Although portlandite (CH) does not 442 

exist in the fire mortar, the presence of C-S-H can be detected in Figure 17a and b. The presence 443 

in excess of aluminate causes the formation of stable phases of Calcium monosulfoaluminate 444 

(Afm), stratlingite (C2ASH8) and gibbsite (AH3) (see Figure 17a, b and c). 445 

 446 

  447 
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 448 

 449 

 450 

Figure 14. X-ray diffractometry of unhydrated and hydrated normal mortar (of 3G.AR); JCPDS reference 451 
number: “Joint Committee on Powder Diffraction Standards” reference number. 452 

   453 

(a)                                                (b) 454 

Figure 15. IR spectrum of unhydrated and hydrated normal mortar (of 3G.AR); 455 

 (a) between 3700 cm-1 and 3600 cm-1, (b) between 1450 cm-1 and 400 cm-1. 456 

  457 
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 458 

 459 

Figure 16. X-ray diffractometry of unhydrated and hydrated fire mortar (of 3G.AR.Fire); JCPDS 460 

reference number: “Joint Committee on Powder Diffraction Standards” reference number. 461 

  462 



  

 

30 

 

 463 
(a)       (b) 464 

 465 

(c) 466 

Figure 17. IR spectrum of unhydrated and hydrated fire mortar (of 3G.AR.Fire); (a) between 3700 cm-1 467 

and 3300 cm-1, (b) between 1700 cm-1 and 900 cm-1, (c) between 900 cm-1 and 400 cm-1 468 

4.7 Thermogravimetric analysis 469 

TGA was performed in order to understand the mechanisms that occur within normal mortar (of 470 

3G.AR) and fire mortar (of 3G.AR.Fire) as a function of temperature. Upon heating, with a rate 471 

of 10°C/minute, the cement paste undergoes a continuous sequence of more-or-less irreversible 472 

decomposition reactions. In order to perform TGA on the mortars, the mortars were crushed into 473 

powder. The powder mass of the specimens used for TGA and DSC is about 20 mg.  474 

First, TGA and DSC analyses were performed on the unhydrated and hydrated mortar powder 475 

(see Figure 18a and c for the normal mortar and Figure 18b and d for the fire mortar). It shows 476 

that the first weight loss located at 150 °C for both mortars is the result of dehydration reactions 477 
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of calcium monosulfoaluminate (Afm) and can be accompanied by dehydration of C-S-H (see 478 

Figure 18a and b). For the fire mortar, a difference between 200 °C and 250 °C was observed 479 

(Figure 18b and d), which corresponds on the decomposition of stratlingite. Moreover, this peak 480 

does not exist in the normal mortar (see Figure 18a and c), and the dihydroxylation of gibbsite is 481 

observed in the fire mortar (see Figure 18b and d). At 400 °C, dihydroxylation of portlandite 482 

(CH) occurred; portlandite was present in the normal mortar (see Figure 18a and c), but not in 483 

the fire mortar (see Figure 18b and d). 484 

 485 

 

(a) 

 

(b) 

 

               (c) 

 

  (d) 

Figure 18. Detailed TGA and DSC analyses of hydrated and unhydrated for normal mortar (a, c) and fire 486 

mortar (b, d). 487 

After identifying the phases of mortar by heating the powder to 600 °C, the effect of different 488 

temperature levels (25 °C, 75 °C, 150 °C, and 300 °C) on the mineralogical composition of 489 
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mortar hydration products was investigated. The TGA results for the normal mortar and fire 490 

mortar samples, previously preheated at different temperature levels (25 °C, 75 °C, 150 °C, and 491 

300 °C), are summarized in Figure 19.  492 

 493 

 

(a) 

 

(b) 

  

(c) (d) 

Figure 19. TGA and DSC results of the preheated-cooled normal mortar (of 3G.AR) (a, c) and preheated-494 

cooled fire mortar (of 3G.AR.Fire) (b, d). TGA and DSC tests: performed on mortar samples previously 495 

preheated at different levels of temperature and cooled to ambient temperature. 496 

A comparison between the curves representing the preheated-cooled cement paste at different 497 

temperatures reveals that the amount of hydrates decreases with increased temperature and 498 

disappears for the preheated (at 300 °C)-cooled samples for both the normal mortar (see Figure 499 

19c) and the fire mortar (see Figure 19d). The results show that the samples preheated to 300 °C 500 
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do not present any weight loss (see Figure 19a and b) and the corresponding heat flow peak (see 501 

Figure 19c and d) before 300 °C. All hydrates (Afm, stratlingite, and gibbsite) decomposed 502 

before this temperature level. In contrast, portlandite (CH), which existed in the normal mortar 503 

(see Figure 19a and c) and not in the fire mortar (see Figure 19b and d), decomposes between 504 

400 °C and 450 °C and always appears in the sample preheated to 300 °C (Figure 19a and c). 505 

Recrystallization of silica occurs at 580 °C for both mortars, and the decarbonation of calcium 506 

carbonate (CĈ) occurs at 700 °C for normal mortar.  507 

5 DISCUSSION 508 

This experimental study enabled a comparison between the behaviour of 3G.AR and 509 

3G.AR.Fire and identification of the effect of the cementitious matrix nature. It is observed that 510 

the resistance as a function of temperature levels is higher in 3G.AR. This is due to the 511 

resistance of the normal matrix which is greater than that of the fire matrix and on the other 512 

hand, after a tomographic observation (Figure 12), to the physical state of the matrix. The 513 

dimensions of the fine aggregates of the fire mortar are greater than those of the normal mortar, 514 

as seen by tomographic observation in Figure 12, which causes an imperfect cohesion between 515 

the particles of the matrix and at the matrix-textile interface. 516 

The second point discussed in this study is that the behaviour of the TRC composites tested as a 517 

function of temperature and specifically the reduction of the resistance between 25 ° C and 150 518 

° C and its increase between 150 ° C and 300 ° C (Figure 9 and Figure 10). This behaviour is 519 

justified after chemical and thermal analyses. The TRC resistance and elastic modulus are 520 

related to the porosity. Well crystallized and dense materials showed the highest mechanical 521 

strength.   522 

The TRC mechanical strength drops during the cement conversion step, between 25 ° C and 120 523 

° C [15,16]. In this temperature interval, water molecules are released by the dehydration of the 524 

calcium monosulfoaluminate (Afm) and C-S-H phases (Figure 18). A thermomechanical 525 

analysis on the dilatometric evolution of the mortar shows an expansion in this temperature 526 

interval (Figure 13), which is responsible for the progression of micro cracks. This phenomenon 527 
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causes an increase in porosity and then a decrease in the resistance. However, between 150°C 528 

and 300°C with the water molecules released, the hydration of the anhydrous particles of 529 

cement occurs, especially in the aluminate phases (CA, C3A, C4AF and C12A7) that are present 530 

in the fire mortar more than in the normal mortar. Stable phases appear again (as AH3 and 531 

C2ASH8), the material undergoes a small thermal shrinkage and the micro cracks close, which 532 

results in a gain in strength and stiffness. This formation of stable hydrates explains the more 533 

resistance stability of 3G.AR.Fire between 25 °C and 300 °C, compared to that of 3G.AR 534 

(Figure 9). For temperature levels above 300°C, the TRC material is strongly damaged by the 535 

temperature effect, the ultimate stress (see Figure 9) and the stiffness Ec3 (see Figure 10) 536 

progressively decrease when temperature increases.  537 

The thickness of TRC has an influence on the behaviour of TRC in the transient-state loading 538 

path. With a same applied mechanical load level in the transient-state tests and a same thickness 539 

for both TRCs, the 3G.AR.Fire has a better thermal stability than the 3G.AR (see Figure 6 and 540 

Table 5). This shows that the thermal diffusivity of the normal mortar is greater than that of the 541 

fire mortar. When the thickness of the TRC with refractory matrix is greater, the thermal 542 

stability of this TRC will be more significant. 543 

6 CONCLUSION 544 

This paper presents physical and chemical and thermomechanical characterisation of two glass 545 

TRC for studying and deepening the understanding of the effect of elevated temperature and of 546 

cementitious matrix nature on properties of TRC. It describes the experimental work developed 547 

in order to compare thermal and thermomechanical properties of two types of glass TRCs 548 

(3G.AR and 3G.AR.Fire) made with different cementitious matrices (normal mortar and fire 549 

mortar respectively) and three identical layers of alkali-resistant glass grids.  550 

The first novelty and achievement of this study is that the ultimate stress and the post-cracked 551 

composite stiffness of TRC under thermomechanical condition are significantly influenced by 552 

the size of particles within the cementitious matrix of TRC. The ultimate stress, when measured 553 

as a function of temperature levels, is higher in the normal mortar (3G.AR) than the fire mortar 554 
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(3G.AR.Fire) because the size of particles within the cementitious matrix is finer for the normal 555 

mortar. The ultimate stress of both glass TRC decreases between 25 °C and 120°C, whereas it 556 

increases between 120 °C and 300 °C in both cases. For temperature levels above 300°C, the 557 

TRC material is strongly damaged by temperature effect, the ultimate stress and the post-558 

cracked composite stiffness of TRC progressively decrease when temperature increases. 559 

The second novelty and achievement of this study is that the use of a fire matrix for TRC allows 560 

improving the thermal and mechanical stability of TRC that is simultaneously subjected to a 561 

tensile pre-load and exposed to increasing elevated temperature. The thermal diffusivity of the 562 

fire mortar is weaker than that of the normal mortar which makes the 3G.AR.Fire more 563 

thermally stable at a certain stress ratio than the 3G.AR. 564 

The third novelty and achievement of this study is that the evoluation of thermomechanical 565 

behaviour of the two TRCs before 300 ° C has been experimentally justified and analyzed 566 

thanks to physical, chemical and thermal characterization. This study highlights that between 25 567 

°C and 110 °C, the decrease of the ultimate stress and of the post-cracked composite stiffness of 568 

TRC corresponds to dehydration of components of cementitious matrix accompanied by a 569 

release of water molecules and creation of micro-cracks. However, between 110 °C and 300 °C 570 

with water molecules released, hydration of anhydrous particles of the cementitious matrix of 571 

TRC occurs, a gain in the ultimate stress and in the post-cracked composite stiffness of glass 572 

TRC consequently manifests. 573 

From an application point of view, in thermomechanical conditions at elevated temperatures 574 

(fire), it is important to have a stability of the mechanical properties of TRC according to 575 

increasing temperature. In order to have a good interaction between the fire cementitious matrix 576 

and the textile, it is necessary to develop a finer granulometry for the fire cementitious matrix. 577 

In the future, it would be interesting to study a new refractory (fire) cementitious matrix 578 

(mortar) with finer aggregates in order to improve “fibers/ refractory matrix” interfaces within 579 

this cementitious matrix (mortar). The new refractory (fire) cementitious matrix (mortar) will 580 

have better thermal and mechanical properties. 581 
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