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concretes (TRC): effect of elevated temperature and of cementitious matrix nature on

properties of TRC

Tala TLADI', Xuan Hong VU'Y Marie MICHEL', Emmanuel FERRIER'!, Amir SI LARBI?

! University Lyon, University Lyon 1, Laboratory of Composite Materials for Construction (LMC2), 82
bd Niels Bohr, F-69622 Villeurbanne, France.
2 University Lyon, ENISE, LTDS, UMR 5513 CNRS, 58 rue Jean Parot, 42023 Saint-Etienne Cedex 2,

France.

ABSTRACT: In this paper, the thermomechanical behaviour of two glass textile-reinforced
concretes (TRCs), with temperature levels ranging from 25 °C to 672 °C, was firstly
characterised, compared and analysed. Each TRC had three layers of alkali-resistant glass grid
but a different cementitious matrix (one with normal mortar and the other refractory mortar).
The first novelty and achievement of this study, compared to existing studies in the literature, is
that the size of particles within the cementitious matrix of TRC has a very important effect on
the ultimate stress and the post-cracked composite stiffness of TRC under thermomechanical
condition. The resistance of TRC with normal mortar is greater than that of the TRC with fire
mortar because the size of particles within the cementitious matrix is finer for the normal
mortar. The second novelty and achievement of this study is that the fire mortar, with refractory
property, leads to greater thermal and mechanical stability of TRC when it is simultaneously
subjected to a tensile pre-loading and exposed to increasing elevated temperature. The third
novelty and achievement of this study is that the evolution of thermomechanical behaviour of
the two TRCs before 300 ° C has been experimentally justified and analyzed thanks to physical,
chemical and thermal characterization that has been carried out on crushed hardened

cementitious matrix or on small TRC specimens. Between 25 °C and 110 °C, the decrease of the
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ultimate stress and the post-cracked composite stiffness of TRC corresponds to dehydration of
components of cementitious matrix. However, between 110 °C and 300 °C, with water
molecules released, hydration of anhydrous particles of the cementitious matrix (mortar) occurs,
a gain in the ultimate stress and the cracked-composite stiffness of glass TRC consequently

occurs.

KEYWORDS: Textile-reinforced concrete (TRC); elevated temperature; thermomechanical
characterisation; physical and chemical characterisation; thermal characterisation (TMA, TGA,

DSC); XRD and FTIR analyses; tomography observation

1 INTRODUCTION

Development of composite materials in civil engineering involves two main steps: design and
construction of structures or parts of composite structures, reinforcement and repair of existing
structures [1,2,3,4]. The last family of rigid composite materials comprise fibre/cement
composites, in which the polymer matrices are replaced by mineral matrices such as hydraulic
binders, phosphate binders, sulphate binders, and magnesium binders.

The tensile, bending or shear behaviours of textile-reinforced concretes at ambient temperature
have been experimentally investigated [5,6,7,8]. Until now, there were some fire tests
performed on glass or carbon TRC specimens [9], TRC thin-plates with different cementitious
materials [10], on high-performance concrete thin-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]. These studies
highlighted that when TRC was subjected to elevated temperatures or fire, thermal and
mechanical properties of TRC significantly changed with increasing temperature.

Thermal characterisation of the cementitious matrix is necessary to quantify its expected
structural performance and integrity under high temperatures. It has been shown that the
mechanical behaviour of cement is related to its porosity and phase changes [15,16]. Some

studies have focused on thermal behaviour of mortars (or concretes) containing different



51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

discontinuous fibres under thermal exposure using cone calorimeter heating [17,18],
thermogravimetry (TG) and differential scanning calorimetry (DSC) [19,20,21]. Few studies
focused on microstructure evolution and decomposition of cement composite under high
temperature [22,23,24]. Physical, mechanical and experimental investigations mentioned above
[20,25] allowed identifying effect of parameters related to composition of the cementitious
matrix (as porosity, different discontinuous fibres) on thermal properties and microstructure of
hardened cementitious mortars.

Until now, because of a lot of experimental difficulties, there were little studies focusing on the
behaviour of TRC material under thermomechanical condition. Some studies have investigated
the thermomechanical behaviour of carbon fabric-reinforced cementitious matrices [26,27], the
effects of continuous alkali-resistant (AR) glass textile on thermomechanical behaviour of TRC
glass (for temperatures ranging from 20 °C to 400 °C) [28], the effect of discontinuous glass
fibres charged in cementitious matrix on thermomechanical behaviour of a glass TRC (for
temperatures ranging from 20 °C to 600 °C) [29]. These studies allowed identifying evolution of
some thermomechanical characteristics (as ultimate stress, different stiffnesses defined from
stress-strain curve) of glass or carbon TRC as function of some parameters of composition of
cementitious matrix and of increasing temperature. Tlaiji et al [30] recently studied
experimentally and comparatively thermomechanical and residual behaviours of AR glass TRC
subjected to elevated temperature loading. This previous study [30] showed that the effect of
cooling the composite after thermal loading below 220 °C is beneficial in terms of tensile
strength. This study also highlighted that under thermomechanical conditions, the ultimate stress
and the stiffness of the post-cracked composite of the AR glass TRC gradually decrease as the
temperature increases from 25 °C to about 150 °C, then gradually increase as the temperature
increases from about 150 °C to about 300 °C, then gradually reduce as the temperature (above
300 °C) increases. However, the thermomechanical tests, carried out in the previous study [30],
did not make it possible to obtain scientific explanations for experimentally identified results

related to the evolution of ultimate stress and the stiffness of the post-cracked composite of
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glass TRC as function of increasing temperature. The purpose of the present paper is to deepen
scientific questions, asked after the previous study [30], thanks to physical, chemical and
thermomechanical characterisation.

To the best of the authors’ knowledge, there have been no studies focusing on effect of the
nature of cementitious matrix on thermal and thermomechanical properties of glass TRC by
means of physiochemical and thermomechanical characterisation. This present paper provides
the scientific community the experimental data concerning thermal and thermomechanical
properties of TRC.

In the following sections of the present paper, composite configuration (section 2) and
experimental procedure (section 3) are presented. The experimental results will be then shown,
analysed (section 4) and discussed (section 5). This paper ends with a presentation of main

conclusions.

2 COMPOSITE CONFIGURATION

In this work, two textile-reinforced composites (3G.AR and 3G.AR.Fire) were manufactured
and studied. This section first presents the materials (matrices and fabrics) used to fabricate the
composite specimens, as well as their characterisation. Then, it presents the textile reinforced

concrete (TRC) preparation and specimen dimensions.

2.1 Matrices

Two different matrices were tested, namely normal mortar and refractory mortar. The matrices
used were commercial single-component cementitious repair mortars. They were made by
mixing water with a premixed powder at a water to powder (W/P) mass ratio of 0.18. The
rheology of the fresh cementitious matrices and the properties of the hardened cementitious

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



Normal mortar Fire mortar
Properties of the cementitious matrix Mean Number | Standard | Mean | Number | Standard
value of tests deviation value of tests deviation
Measurement of mortar flow table
spread (cm) (Tests carried out 14 2 0.5 20 2 2
according to the standard [31])
Measurement of mortar viscosity
Viscosity (or using a plunger (cm) (Tests carried 2 2 0 2.5 2 0.5
consistency) of out according to the standard [31])
the fresh mortar Workability time (in second) of
mortar subjected to mortar vibration
28 2 2 12 2 0
(Tests carried out according to the
standard [32])
Physical Control of entrained air volume (%)
proprieties of the | (Tests carried out according to the 12 2 0 5 2 0
mortar standard [31])
Compressive strength (MPa) after
28 days (Tests carried out according 23.5 6 23 14.5 6 0.5
Mechanical
to the standard [32])
proprieties of the
hardened mortar Tensile strength (MPa) after 28
days (Strength obtained using
4.5 3 0.13 33 3 0.16
flexural tests carried out according
to the standard [32])
102 Table 1. Properties of the cementitious matrices
103 2.2 Fabrics
104 The only fabric reinforcement used in this work was alkali-resistant (AR) glass textile. The

105  physical and mechanical properties of a single fibre of the AR glass are presented in Table 2.
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This type of glass textile was selected because of its excellent fire resistance (up to 860 °C) [33]
and because it does not stretch and shrink after exposure to either extremely high or low
temperatures [34]. The AR nature of the glass textile also exhibits an excellent capacity
(compared to E-glass) to resist degradation in an alkaline environment. Other criteria that led to
choose this type of reinforcement included nominal weight (g/m?), mortar penetration ability,
ease of cutting, and implementation conditions. The grid AR-glass textile used in this study had
the same thread in two grid directions. Its mechanical properties are shown in Table 3. Its grid
was large, with the opening between the mesh axes at 8 x 8 mm, which allows the passage of

small aggregates.

Tensile Elastic Strain at | Softening Poisson Thermal Density
resistance modulus (rupture point (°C) | coefficient | expansion (kg/dm?)
(MPa) (GPa) (%) coefficient
1000-1700 74-76 1.8 860 0.25 7.9x1076 2.6

Table 2. Physical and mechanical properties of a single fibre of the alkali-resistant glass (supplier’s data)
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Tensile strength | Elongation Other characteristics
Warp/Weft Warp/ Weft e Number of yam Nominal
diameter weight weight Grid mesh
direction direction filaments/yarn
(Hm) (Tex) (g/m?)
AR Rovings
25 kN/m <3% 19 1600 1200 300 8 mm x § mm
Grid
118
119 Table 3. Mechanical properties of the grid AR-glass textile obtained from the supplier’s technical data
120 sheet
121 2.3 Textile reinforced concrete
122 The composite processing technique and procedure, used for the fabrication of the 3G.AR and
123 3G.AR Fire composites, have been established according to the recommendation of the RILEM
124 Technical Committee 232-TDT [35] that describes a standardized uniaxial tensile test method to
125  determine the load bearing behaviour of tensile specimens made of TRC. Hand lay-up moulding
126 was used for the fabrication of the 3G.AR and 3G.AR.Fire composites. This implementation
127  technique consisted of successively applying the mortar and the textile onto a wood mould
128  prepared in the laboratory. A thin fresh matrix layer was implemented with a trowel in the
129  mould and a grid textile layer was embedded within the matrix. Additional layers of matrix and
130  textile reinforcement were applied in the same way by ensuring good impregnation, and air
131  bubbles were eliminated as much as possible. The composites plate obtained was protected by a
132 plastic layer to avoid premature shrinkage and was stored in the laboratory in atmospheric
133 conditions. The manufacture of composite specimens is presented in detail in a previous study
134 [30].
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After 7 days, the rectangular plates were demoulded and cut to obtain specimens of 700 mm X
45 mm x 5 mm (length x width X thickness). The TRC materials (3G.AR and 3G.AR.Fire) were
made and kept in the laboratory under ambient conditions, and stored at ambient temperature for
at least one month before testing. To prepare each specimen for testing, four aluminium plates
were glued to the ends of each specimen using an epoxy adhesive to ensure transfer efficiency
of the mechanical load. At least 3 days after the bonding, each TRC sample (see Figure 1a) was

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

3 EXPERIMENTAL PROCEDURE
This section presents thermomechanical characterisation device, material thermomechanical

characterisation, material physical and mechanical characterisation.

3.1 Thermomechanical characterisation device

The thermomechanical machine (TM20kN-1200C) (Figure 1c) was used in this study to test
TRC specimens. It was fitted with a small furnace provided with heating resistors that can reach
a high temperature, potentially up to 1200 °C. This temperature is controlled by using integrated
thermocouples. The maximum rate of temperature rise in the furnace is 30 °C/min. The
specimen is placed in the middle of the furnace (Figure 1d), measuring 300 x 100 mm, and is
attached by two “ball joint” loading heads, designed in a previous study [36], which allow the

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



Composite specimen Alumininm plate

200mm
75mm

Composite
specimen

Clamp detail

(b)

(d)

154 Figure 1. (a) Composite specimen; t, w, L: thickness, width, length of the specimen.; (b) Used ‘‘ball joint”
155 loading head; (c) Thermomechanical machine TM20kN-1200C; (d) furnace with specimen installed for a
156 thermomechanical tensile test

157 3.2 Material thermomechanical characterisation

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

159 thermomechanical behaviour of the TRC.

160  3.2.1 Transient-state (TS) test

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

162  subjected to a tensile force with a maximum load equal to a selected percentage of the
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maximum strength of the TRC obtained at 25 °C (30% and 50%). The 30%outs (25°C) [or
50%0outs (25°C)] represents a maximum tensile stress applied on TRC specimen that equals to
30% [or 50%] of the ultimate strength of TRC material tested at 25°C. Then, the temperature
was raised to the maximum that the TRC can resist. The same heating rate (30 °C/min) was
applied to specimen for all TS tests carried out.

To keep the load applied on the specimen constant throughout the test, the machine was
controlled using the test piloting software. The control was carried out according to the
following steps:

1) During heating from 25° C to failure temperature of TRC, the upper traverse of the
thermomechanical machine used (TM20kN-1200C) was always fixed.

2) During heating from 25°C to about 100°C, TRC expanded, the inferior traverse of the
machine moved down in order to compensate the thermal expansion of TRC.

3) During heating from about 100°C to the failure temperature of TRC, there was a thermal
shrinkage of TRC due to evaporation of water within TRC or other thermal effects, the inferior

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

3.2.2 Steady-state (SS) test

In the SS test, shown in Figure 3, the specimens were heated to a specified temperature and then
loaded until failure while maintaining the same temperature. For the SS tests, because of
technological difficulties, the heating rate in the furnace during the temperature increase phase
is programmable and set as a function of the temperature level of the test, as recommended by
the manufacturer of the furnace to ensure its good operation and the homogeneity of the
temperature around the entire portion of the specimen placed in the furnace. All samples were
heat-treated by increasing the heating rate in the furnace (ranging from 2.5 °C/min to 20
°C/min) corresponding to each temperature level (ranging from 75 °C to 600 °C). When the
temperature reached the target value, it was kept constant for 1 h. The tensile force applied on

the specimen was piloted by displacement. It was monotonically increased with a rate of 3000

10
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196

um/m to the maximum force (Fnax) that the specimen could resist and then the ultimate axial
stress ours was calculated [curs = Fmax/(W*t); with t (thickness) and w (width) of the specimen
are defined in Figure 1a]. This mechanical load was combined with the measurement of the
axial strain of the specimen using a laser sensor. The tests and validation of the specimen
measurements obtained by the laser sensor have been previously described [28]. Figure 3
presents this test in terms of the evolution of temperature and force as a function of time. Table
4 shows the exploited tests performed on the 3G.AR and 3G.AR.Fire composites subjected to

steady-state tests.

11



Dimensions of Test temperature Heating rate Number of
Reference de TRC(*)
specimens (mm) °C) (°C/minute) tests
3G.AR-25°C-1+2 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
t=9 (1)
3G.AR-400°C-1+2 400 13 2
3G.AR-600°C-1+2 600 20 2
w=45(£1)
3G.AR Fire-25°C-1+3 25 0 3
3G.AR Fire-75°C-1+3 75 2,5 3
e L=700 (+10)

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

197 Table 4. Tests performed on the 3G.AR and 3G.AR.Fire composites; e, 1, L: thickness, width,

198 length of specimen.
Load Temperature (°C)
% oyrs (25°C)
Targetload 7 ’
‘ Breaking
temperature
Time
199
200 Figure 2. Transient-state path.
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217

218

219

220

Temperature (°C) Force (N)
Breaking force

Target temperature ’

/ Time

Figure 3. Steady-state path.
33 Material physical and mechanical characterisation

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

carried out on the two studied TRCs or their matrices.
3.3.1 Micro-structural characterisation

The samples were examined by X-ray tomography using a GE Phoenix v | Tome | Xs
tomograph. The tomograph consists of an X-ray tube (transmitter), a digital detector, and a set
of mechanical axes (support for the test piece) enclosed in a radioprotection cabin. “FIJI”’
software was used to drive the tomograph and reconstruct the tomographic images. The
resolution depends strongly on the size of the sample and the power of the X-ray source. No
pre-treatment was carried out on the samples. The volume of the samples, as observed by the
tomograph, was 15 x 15 x 10 mm?® (Figure 4). This size made it possible to have a resolution of
10 um for observed samples, which is a priori sufficient for examining the fibre-matrix interface
and the voids of the matrix. Using this technique, the fibres and voids in the composite can be

observed without destroying the sample.
3.3.2 Thermomechanical analysis

TMA is the study of the relationships between a sample’s length (or volume) and its
temperature. A thermomechanical analyser accurately measures the temperature of a sample, as

well as very small movements of a probe in contact with the sample surface (Figure 5). A

13
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Mettler Toledo TMA/SDTA 1 IC/600 instrument uses a quartz probe containing a thermocouple
for temperature measurement and it couples to the core of a linear variable differential
transformer (LVDT). The analysis was made on samples with a thickness of Smm, heated with a

rate of 3°C/ minute.

N
BOmm / P

Volume
observed

h 4

" 15mm |
10mm 1
Figure 4. Volume observed by the tomograph. Figure 5. Thermomechanical measurement

3.3.3 Chemical analysis

When water is present, the silicates and aluminates present in the mortar undergo hydration
processes, producing new hydrated compounds in the form of a jelly or crystals. The phases
forming the mortar are determined by X-ray diffraction and IR spectroscopy analysis in order to

compare the composition of the investigated mortars.

3.3.4 Thermogravimetric and differential thermal analyses (TGA-DSC)

TGA measures the change in the mass of a material as a function of temperature and time in a
controlled atmosphere. However, DSC measures the heat flux associated with phase transitions
or reactions, such as dehydration, decarbonatation, dihydroxylation, fusion, crystallization. The
most important products of the hydration reactions of ordinary cement are calcium silicate
hydrate (C-S-H) and calcium hydroxide, also called portlandite (CH) [37]. Different authors
have described the reactions that occur with increasing temperature in cement paste [38-43].

Simultaneous measurements of weight change (TGA) and heat flow (DSC) on a single sample
as a function of temperature or time were made by using a Mettler Toledo TGA-DSC3+

differential scanning calorimeter.
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4 RESULTS

This section first shows the results of the transient-state tests, steady-state tests, tomography
observations, and thermal analyses (TMA, DSC) carried out on the two studied TRCs. It then
discusses the results of the chemical analysis (X-ray diffraction and IR spectroscopy) and TGA

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

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

The failure temperature for each percentage of maximal strength obtained at 25 °C [30% ours
(25°C) and 50% ours (25°C)] was reached when the tensile load could no longer be sustained.
Figure 6 shows the temperature that causes failure of the specimens for 30% ours (25°C) and
50% outs (25°C) tension loads. In this figure, the horizontal axis represents the specimen
temperature and the vertical axis represents the load value. Table 5 represents the ultimate

temperature reached when TRC is subjected to the selected load.

45 50% 0urs (25°C; 3G.AR)
4 -
3,5 1
/a 3 A 30% Gurts (ZSOC, 3GAR)
& l ------------------ - ——————————— - - -
€251, 50% Gurs (25°C; 3G.AR Fire) :
% 24} !
3. : 30% Gyrs (25°C; 3G.AR Fire) :
2 -Jl ———————— o = - - - p - - - p - P e o e e e o -: :
152 i 1
! -
| I I \
L 4 X
0 100 200 300 400 500 600 700
Temperature (°C)

Figure 6. Failure temperature of the specimens in the transient-state test.
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3G.AR 3G.AR Fire
Load applied Ultimate Load applied | Ultimate temperature

(MPa) temperature (°C) (MPa) °O)
30%0urs (25°C) (a) 2.6 670 1.3 600
30%aours (25°C) (b) 2.6 590 (%) 1.3 620
30%0uts (25°C) (¢) 2.6 672 (*) / /
50%auts (25°C) (a) 4.2 180 2.2 570
50%o0outs (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
experimental condition on different specimens of the same TRC material; © results obtained by
NGUYEN et al. [44]

A sharp drop (of 72%) occurs in the failure temperature when the stress was increased from
30% outs (25°C, 3G.AR) to 50% ours (25°C, 3G.AR) for 3G.AR, whereas this decrease was
almost nil (5%) for 3G.AR.Fire (Table 4). This result shows the positive effect of the fire

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

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

The influence of different temperatures on composite materials tested in this study is presented
in Figure 7a (for 3G.AR) and Figure 7b (for 3G.AR.Fire). Figure 7c provides a magnification of
the range between 0-0.4% axial strain of Figure 7b (for 3G.AR.Fire). The axial stress as a
function of the axial strain represents the behaviour of the TRCs at 25 °C, 75 °C, 150 °C, 300

°C, 400 °C, and 600 °C.

16



3G.AR

H = 75°C-SS
9 25°C-SS
’ﬂ? 8 /\u\n“r SS
a.
- 7 £ 150°C-SS
5 6 e
S5
% 4
g 3
< 2
1
0 ; i | i i i i 5|
0O 02 04 06 08 1 12 14 16 18 2 2.2
269 Axial strain (%)
270 (a) Results of tests carried out on 3G.AR
3G.AR.Fire
6

Axial stress (MPa)

0 0.2 04 0.6 0.8 1 1.2 1.4
271 Axial strain (%)
272 (b) Results of tests carried out on 3G.AR.Fire
3G.AR.Fire
4
3.5 300°C-SS
3 150°C-SS
g
g 2.5
@ 2
]
g 1.5
;;:’ 1
0.5
0 R
0 0.1 0.2 0.3 0.4
273 Axial strain (%)
274 (c) Results of tests carried out on 3G.AR.Fire (magnification of the range between 0-0.4% strain)

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

276 axial strain.
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For 3G.AR (Figure 7a), the axial stress-axial strain curves at temperatures varying from 25 °C
to 150 °C show three distinguishable phases in the behaviour of the 3G.AR composite.
However, at 300 °C and 400 °C, two phases are observed. Additionally, at 600 °C, the curve is
quasi-linear, and only one phase is shown. However, the axial stress-axial strain curves of
3G.AR Fire (Figures 7b,c) are disordered. This composite shows nearly the same behaviour at
all temperature levels; only the ultimate strength changes.
Steady state tests of normal mortar based TRC (3G.AR) (Figure 7a) show distinct phases of
deformation progression with increasing tensile loading. However, the tensile stress-strain
curves of 3G.AR.Fire (Figure 7b) are less clear than that those of 3G.AR. The difference
between the stress-strain curves of 3G.AR (Figure 7a) and of 3G.AR.Fire (Figure 7b) can be
explained by the following reasons:
a) For a same axial stress level, the axial strain of 3G.AR_.Fire is greater than that of 3G.AR
and the stiffness of 3G.AR.Fire is lower than that of 3G.AR.Fire because the room
temperature tensile strength of the normal matrix of 3G.AR is greater than that of the fire
matrix of 3G.AR.Fire of 30%.
b) The particle size of the matrix influences the interaction between the textile and the
matrix. The particle size of the normal matrix is finer than that of the fire matrix (according
to tomographic observation presented in Figure 12), which leads to a better interaction
between the textile and the matrix within 3G.AR. This is reflected in the transfer of load
(mortar / textile) and finally in the evolution of the curve. In addition, the measurement of
axial strain of TRC, a non-contact measurement method given by the laser sensor, is
influenced by rough level of the measurement surfaces and the particle size of the matrix of
TRC. The dimensions of the fine aggregates of the fire mortar are greater than those of the
normal mortar, as seen by tomographic observation in Figure 12, which causes an imperfect
cohesion between the particles of the matrix and at the matrix-textile interface. This
contributes to explain, at least partially, the variability of the stress/strain curves of

3G.AR Fire specimens, shown in Figures 7b and 7c.
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The average slopes of the third phase of the stress/strain curves of both TRCs (after cracking of
the matrix) are mainly dependent on the behaviour of glass textiles and less dependent on the
particle size of the matrix. This contributes to explain why the third phase of each stress/strain
curve of 3G.AR Fire (for each temperature level) is clearer than the first and second phases of
the same curve (see Figure 7b). For this reason, in the following of this paper, the comparison
between the tensile behaviours of 3G.AR and 3G.AR.Fire is carried out for two important
parameters [average ultimate tensile strength (curs) and average post-cracked composite
stiffness (Ec3)], which are less sensitive to the singularities of macroscopic curves, that can be
identified from the last phase of the stress/strain curves (after cracking of the matrix).

From the curves presented in Figure 7a and b, the mechanical properties of the two studied
composites can be identified as shown in Figure 8. The methodology presented in Fig. 8 for
calculating the ultimate tensile strength (curs) and the ultimate stiffness (Ec3) was applied for
each of the curves of Figure 7a (for 3G.AR) and Figure 7b (for 3G.AR.Fire). The value of the
average slope of the third phase of each stress-strain curve (shown in Figure 7a and Figure 7b)
represents the ultimate stiffness value Ec; of the corresponding composite for each temperature
level.

In order to determine, as correctly as possible, the ultimate tensile strength (curs) and the
ultimate stiffness (Ec3), many steady-state tests have been carried out in the same experimental
conditions for each material (3G.AR or 3G.AR Fire) and each temperature level. The exploited
steady-state tests performed on the 3G.AR and 3G.AR.Fire composites were synthesized in
Table 4. This allowed to determine the evolution of average values (with error bars showing
standard deviations) of the ultimate tensile strength (cuts) and the ultimate stiffness (Ec3) for
each material (3G.AR or 3G.AR Fire) and each temperature level (as shown in Figure 9 for curs

and in Figure 10 for Ec).
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Figure 8. Identification of mechanical properties of TRC

o1: Composite macro-cracking stress; Eci: initial stiffness of the composite before macro-
cracking; €: axial strain in phase 1; o2: stress level of the composite corresponding to phase 2;
E.: stiffness of the cracking phase; €;: axial strain in phase 2; curs: ultimate stress level of the
composite corresponding to the breaking force; Ecs: stiffness of phase 3 (or stiffness of the post-

cracked composite); and gurs: maximum thermomechanical axial strain.

Table 5 displays the experimental values of average ultimate tensile strength (curs) and the
average post-cracked composite stiffness (Ec) of 3G.AR and 3G.AR.Fire composites at
different temperatures varying from 25°C to 600°C (the standard deviation values are written in

parallel).
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341

342

343

344

345

346
347

3G.AR 3G.AR Fire
T°C Outs Ecs Outs Ecs
(MPa) (GPa) (MPa) (GPa)

25 8.45(0.70) | 1400 (30) | 42(0.6) | 800 (40)
75 8 (0.28) 980 (150) 3.5(0.35) 200 (50)
150 5.4(039) | 650(100) | 33(04) | 300(100)
300 75(057) | 1050(50) | 3.6(0.2) | 1000 (150)
400 4.3 (0.23) 1160 (100) 1.9 (0.2) 980 (40)
600 13(026) | 75030) | 13(03) | 700(50)

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

temperatures (the standard deviation values are written in parallel)

The evolutions of the average ultimate tensile strength (curs) and stiffness (Ec3) as a function of
temperature are presented in Figure 9 and Figure 10, respectively, for both composite materials;

these two composites have almost the same rate of reinforcement (Vi = Viipres/ V composite = 2%).

10 -
g 43G.AR-SS
3 -+-3G.AR.Fire-SS
7 _
g
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g 4
e} 3 -
2 |
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Figure 9. Average ultimate tensile strength (curs) of 3G.AR and 3G.AR Fire as a function of temperature.
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Figure 10. Average ultimate stiffness (Ec3) of 3G.AR and 3G.AR Fire as a function of temperature.

A comparison of 3G.AR and 3G.AR Fire (Figure 9) shows that the resistance, when measured
as a function of temperature levels, is higher in 3G.AR, whereas the maximum strength
decreases by approximately 84% for 3G.AR and by approximately 69 % for 3G.AR.Fire when
the temperature level changes from 25 °C to 600 °C. For each temperature level below 600°C,
the ultimate strength of 3G.AR.Fire is lower than that of 3G.AR (Figure 9) because both
compressive and tensile strengths of the normal mortar are noticeably lower than those of the
fire mortar (see Table 1). It can be seen from Figure 9 that the resistance decreases between 25

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

Figure 10 shows that when the temperature level increases from 25 °C to 80 °C (for
3G.AR Fire) or 120°C (for 3G.AR), the stiffness Ec3 of these composites progressively decrease.
From the last temperature value (80 °C for 3G.AR.Fire or 120°C for 3G.AR) up to about 350°C,
the stiffness Ec3 of these composites progressively increase. For temperature levels above 350
°C, the stiffness Ec3 of these composites gradually decreases.

To explain the difference in behaviour between 3G.AR and 3G.AR.Fire (see Figure 9 and
Figure 10), the identification of the physical and chemical properties of these two materials was

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

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

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

3G.AR.Fire-25°C

3G.AR.Fire-75°C

3G.AR.Fire-150°C

3G.AR.Fire-300°C

3G.AR.Fire-600°C

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

All specimens have a rupture characterized by a macro crack that is almost perpendicular to the
direction of the tensile load. For tests at 25°C, the failure occurred in TRC material and was
close to loading heads because there was a stress concentration at the vicinity zone between the
ends of the specimen and the reinforced aluminium plates. The failure mode of TRC, subjected

to uniaxial tension at 25° C, is consistent with what has been observed and discussed in previous
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studies [28,36]. While the temperature increases from 75°C to 600°C, the macro crack is
systematically located in the submerged zone of the specimen in the furnace. This changes the
location of the failure zone of the specimen. Due to the effect of temperature, after matrix
damage and the consequent degradation of the matrix/textile interface that ensured load transfer,
the glass textile yarns ruptured when the tensile load exceeded their resistance thresholds, which
led to the rupture of the specimen. The rupture of the glass textile yarns is followed by an

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

4.4 Results of tomography observations

The results of the X-ray analysis are presented as grey-level images. Figure 12 shows different
raw images for 3G.AR (Figure 12a and b) and 3G.AR.Fire (Figure 12c and d). The reference
specimens (Figure 12a for 3G.AR and Figure 12c for 3G.AR.Fire) correspond to the non-
preheated samples of the composite. Each reference specimen was then preheated each time to
the temperature levels of 75 °C, 150 °C, and 300 °C and progressively cooled to 25 °C. These
experimental tests were carried out for temperatures up to 300° C in order to better deepen the
phenomena that lead to significant evolution, between 75°C and 300°C, of the average ultimate
tensile strength (outs) (Figure 9) and the average post-cracked stiffness (Ec3) (Figure 10) of both
TRCs. Using these images, the fibres and the matrix can be distinguished at different

temperature levels based on the differences in their grey levels.
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Figure 12. Raw images of (non-preheated) reference specimens of (a) 3G.AR and (c) 3G.AR Fire; raw
images of preheated-cooled specimens (preheated at 75 °C, 150 °C, or 300 °C) of (b) 3G.AR and (d)

3G.AR Fire.

Figure 12a, b, ¢, and d show that no differences are observed between the raw image of (non-
preheated) reference specimens and those of the preheated-cooled specimens for both 3G.AR
and 3G.AR Fire. Only a disappearance of the grey zone between the fibres and the matrix of the
TRC 3G.AR treated at 300 °C is observed. This phenomenon corresponds to the degradation of
the matrix resulting from its chemical decomposition or the transformation of one hydrate from
the matrix to another. Therefore, a physical and chemical analysis (cf. Sections 4.5, 4.6 and 4.7)
was carried out to understand the mechanisms that occur within the normal mortar and the fire

mortar.

4.5 Thermomechanical analysis

The difference in the behaviour of TRC (subjected to temperatures between 25 °C and 300 °C)
can also be related to the deformation of TRC subjected to thermal load. Figure 13 shows the
deformation of 3G.AR and 3G.AR.Fire as a function of temperature. This result from TMA is

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

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

Dilatometric evolution

0.06 3G.AR.Fire
0.04
S
= 0.02 3G.AR
>
< 0
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-0.02 Temperature (°C)
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Figure 13. Deformation of 3G.AR and 3G.AR Fire as a function of temperature.

Figure 13 shows that from 25 °C to approximately 100 °C for 3G.AR.Fire and from 40 °C to
approximately 85 °C for 3G.AR, there is a marked expansion in the two materials. This step
corresponds to a substantial release of water, creating porosity. From 85 °C (for 3G.AR) or 100
°C (for 3G.ARFire) to 150 °C, both materials present a slight shrinkage. The mechanical
ultimate strength ours and stiffness Ec; of the material generally decreases between 25 °C and
150 °C (see Figure 9 and Figure 10) because of the different dehydration reactions that are
responsible for multicracking. However, between 150 °C and 300 °C (see Figure 9), with water
molecules released, the hydration of anhydrous cement particles occurs. The material undergoes
a small shrinkage and the micro-cracks close, resulting in a gain in strength and stiffness when

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

4.6 X-Ray diffraction and IRTF spectroscopy analysis
The phases composing the mortar were determined by X-ray diffraction and IRTF spectroscopy
analysis in order to compare the composition of the investigated mortars. X-ray diffraction

allows identification of the well crystallized mineral phases. IRTF spectroscopy completes the
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information derived from X-ray diffraction on poorly crystallized elements. The characterisation
of the powders of normal mortar (3G.AR) (see Figures 14, 15a,b) shows the presence of basic
phases of Portland cement: silicate phases (alite CsS, belite C,S); aluminate phases (Cs3A,
C4AF), and sulfate phases (CSHos, CSHa, CS). Although the fire mortar (of 3G.AR.Fire) (see
Figures 16, 17a,b) contains the basic elements of aluminous cement (CA, Ci2A7, C3A), it also
contains the silicate phase (belite C,S), anhydrite (CS), and ferrite phase (CsFT). The
correspondence between the anhydrous and hydrated patterns of the two mortar samples is
depicted in Figure 14 and Figure 15a and b for normal mortar and in Figure 16 and Figure 17a,
b, and c for fire mortar. The hydration of these mortars occurs mainly with silicates on one hand
and between the aluminates and sulphate phases on the other hand. This hydration leads to the
formation of a variety of hydrates, which can be seen with XRD and IRTF spectroscopy
analysis. Calcium monosulfoaluminate (Afm), C-S-H, and portlandite (CH) are the basic
hydrated phases of a normal mortar (see Figure 15a and b). Although portlandite (CH) does not
exist in the fire mortar, the presence of C-S-H can be detected in Figure 17a and b. The presence
in excess of aluminate causes the formation of stable phases of Calcium monosulfoaluminate

(Afm), stratlingite (C2ASHsg) and gibbsite (AH3) (see Figure 17a, b and c).
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451 Figure 14. X-ray diffractometry of unhydrated and hydrated normal mortar (of 3G.AR); JCPDS reference
452 number: “Joint Committee on Powder Diffraction Standards” reference number.
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455 Figure 15. IR spectrum of unhydrated and hydrated normal mortar (of 3G.AR);
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4.7 Thermogravimetric analysis

TGA was performed in order to understand the mechanisms that occur within normal mortar (of
3G.AR) and fire mortar (of 3G.AR.Fire) as a function of temperature. Upon heating, with a rate
of 10°C/minute, the cement paste undergoes a continuous sequence of more-or-less irreversible
decomposition reactions. In order to perform TGA on the mortars, the mortars were crushed into
powder. The powder mass of the specimens used for TGA and DSC is about 20 mg.

First, TGA and DSC analyses were performed on the unhydrated and hydrated mortar powder
(see Figure 18a and c for the normal mortar and Figure 18b and d for the fire mortar). It shows

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

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

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

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

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

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

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

mortar (b, d).

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

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

300 °C), are summarized in Figure 19.
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Figure 19. TGA and DSC results of the preheated-cooled normal mortar (of 3G.AR) (a, ¢) and preheated-
cooled fire mortar (of 3G.AR.Fire) (b, d). TGA and DSC tests: performed on mortar samples previously

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

A comparison between the curves representing the preheated-cooled cement paste at different
temperatures reveals that the amount of hydrates decreases with increased temperature and
disappears for the preheated (at 300 °C)-cooled samples for both the normal mortar (see Figure

19¢) and the fire mortar (see Figure 19d). The results show that the samples preheated to 300 °C
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do not present any weight loss (see Figure 19a and b) and the corresponding heat flow peak (see
Figure 19c and d) before 300 °C. All hydrates (Afm, stratlingite, and gibbsite) decomposed
before this temperature level. In contrast, portlandite (CH), which existed in the normal mortar
(see Figure 19a and c) and not in the fire mortar (see Figure 19b and d), decomposes between
400 °C and 450 °C and always appears in the sample preheated to 300 °C (Figure 19a and c).
Recrystallization of silica occurs at 580 °C for both mortars, and the decarbonation of calcium

carbonate (CC) occurs at 700 °C for normal mortar.
5 DISCUSSION

This experimental study enabled a comparison between the behaviour of 3G.AR and
3G.AR Fire and identification of the effect of the cementitious matrix nature. It is observed that
the resistance as a function of temperature levels is higher in 3G.AR. This is due to the
resistance of the normal matrix which is greater than that of the fire matrix and on the other
hand, after a tomographic observation (Figure 12), to the physical state of the matrix. The
dimensions of the fine aggregates of the fire mortar are greater than those of the normal mortar,
as seen by tomographic observation in Figure 12, which causes an imperfect cohesion between
the particles of the matrix and at the matrix-textile interface.

The second point discussed in this study is that the behaviour of the TRC composites tested as a
function of temperature and specifically the reduction of the resistance between 25 © C and 150
° C and its increase between 150 ° C and 300 ° C (Figure 9 and Figure 10). This behaviour is
justified after chemical and thermal analyses. The TRC resistance and elastic modulus are
related to the porosity. Well crystallized and dense materials showed the highest mechanical
strength.

The TRC mechanical strength drops during the cement conversion step, between 25 ° C and 120
° C [15,16]. In this temperature interval, water molecules are released by the dehydration of the
calcium monosulfoaluminate (Afm) and C-S-H phases (Figure 18). A thermomechanical
analysis on the dilatometric evolution of the mortar shows an expansion in this temperature

interval (Figure 13), which is responsible for the progression of micro cracks. This phenomenon
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causes an increase in porosity and then a decrease in the resistance. However, between 150°C
and 300°C with the water molecules released, the hydration of the anhydrous particles of
cement occurs, especially in the aluminate phases (CA, C3A, C4AF and Ci2A7) that are present
in the fire mortar more than in the normal mortar. Stable phases appear again (as AH3 and
C>,ASHz), the material undergoes a small thermal shrinkage and the micro cracks close, which
results in a gain in strength and stiffness. This formation of stable hydrates explains the more
resistance stability of 3G.AR.Fire between 25 °C and 300 °C, compared to that of 3G.AR
(Figure 9). For temperature levels above 300°C, the TRC material is strongly damaged by the
temperature effect, the ultimate stress (see Figure 9) and the stiffness Ec (see Figure 10)
progressively decrease when temperature increases.

The thickness of TRC has an influence on the behaviour of TRC in the transient-state loading
path. With a same applied mechanical load level in the transient-state tests and a same thickness
for both TRCs, the 3G.AR.Fire has a better thermal stability than the 3G.AR (see Figure 6 and
Table 5). This shows that the thermal diffusivity of the normal mortar is greater than that of the
fire mortar. When the thickness of the TRC with refractory matrix is greater, the thermal

stability of this TRC will be more significant.

6 CONCLUSION

This paper presents physical and chemical and thermomechanical characterisation of two glass
TRC for studying and deepening the understanding of the effect of elevated temperature and of
cementitious matrix nature on properties of TRC. It describes the experimental work developed
in order to compare thermal and thermomechanical properties of two types of glass TRCs
(3G.AR and 3G.AR.Fire) made with different cementitious matrices (normal mortar and fire
mortar respectively) and three identical layers of alkali-resistant glass grids.

The first novelty and achievement of this study is that the ultimate stress and the post-cracked
composite stiffness of TRC under thermomechanical condition are significantly influenced by
the size of particles within the cementitious matrix of TRC. The ultimate stress, when measured

as a function of temperature levels, is higher in the normal mortar (3G.AR) than the fire mortar
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(3G.AR Fire) because the size of particles within the cementitious matrix is finer for the normal
mortar. The ultimate stress of both glass TRC decreases between 25 °C and 120°C, whereas it
increases between 120 °C and 300 °C in both cases. For temperature levels above 300°C, the
TRC material is strongly damaged by temperature effect, the ultimate stress and the post-
cracked composite stiffness of TRC progressively decrease when temperature increases.

The second novelty and achievement of this study is that the use of a fire matrix for TRC allows
improving the thermal and mechanical stability of TRC that is simultaneously subjected to a
tensile pre-load and exposed to increasing elevated temperature. The thermal diffusivity of the
fire mortar is weaker than that of the normal mortar which makes the 3G.AR.Fire more
thermally stable at a certain stress ratio than the 3G.AR.

The third novelty and achievement of this study is that the evoluation of thermomechanical
behaviour of the two TRCs before 300 © C has been experimentally justified and analyzed
thanks to physical, chemical and thermal characterization. This study highlights that between 25
°C and 110 °C, the decrease of the ultimate stress and of the post-cracked composite stiffness of
TRC corresponds to dehydration of components of cementitious matrix accompanied by a
release of water molecules and creation of micro-cracks. However, between 110 °C and 300 °C
with water molecules released, hydration of anhydrous particles of the cementitious matrix of
TRC occurs, a gain in the ultimate stress and in the post-cracked composite stiffness of glass
TRC consequently manifests.

From an application point of view, in thermomechanical conditions at elevated temperatures
(fire), it is important to have a stability of the mechanical properties of TRC according to
increasing temperature. In order to have a good interaction between the fire cementitious matrix
and the textile, it is necessary to develop a finer granulometry for the fire cementitious matrix.
In the future, it would be interesting to study a new refractory (fire) cementitious matrix
(mortar) with finer aggregates in order to improve “fibers/ refractory matrix” interfaces within
this cementitious matrix (mortar). The new refractory (fire) cementitious matrix (mortar) will

have better thermal and mechanical properties.
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