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ABSTRACT

The textile reinforced concrete (TRC) can be used for the reparation and the reinforcement of civil engineering
works. There were several studies on the behaviour of the textile reinforced concrete (TRC) subjected to residual
and thermomechanical loading. Most of the previous studies concern the experiments in which direct tensile tests
were carried out to characterize the residual and thermomechanical behaviour of TRC. The experimental data of
the residual and thermomechanical behaviour (at elevated temperature) of the basalt textile reinforced calcium
aluminate concrete were available and obtained by other researchers in a previous study.

This paper presents a mesoscale modelling of the elevated temperature behaviour of the basalt textile reinforced
concrete. The ANSYS MECHANICAL software was used in this numerical study. A two-dimension (2-D) finite
element model was constructed using the PLAN183 element (two-dimension (2-D), 8 nodes, structural solid
element) for the cementitious matrix and the basalt fibre. The cohesive element INTER203 (two-dimension (2-
D), 6 nodes, cohesive element) was used for the interface between the basalt fibre and the matrix. This model gave
interesting numerical results that were in agreement with the available experimental data.

From the principal characteristics of the constituent materials (the basalt fibre, the matrix and the fibre/matrix
interface) (input data), the proposed mesoscale model allowed to numerically obtain, with little difference in
comparison with the available experimental data, the “stress — strain” relationship of the TRC and the principal
characteristics of the TRC (as ultimate strengths and strains, strengths and strains at typical points, Young’s
modulus) when the TRC was subjected to different temperatures (25°C, 75°C, 150°C, 200°C, 400°C).
Furthermore, a parametric study showed a significant influence of the basalt textile reinforcement ratio on the
ultimate strength of the TRC. The increase of the ultimate strength of TRC with the basalt textile reinforcement
ratio, for different temperatures, was successfully simulated. The numerical results of this study show that the
mesoscale modelling allows to predict the TRC behaviour at elevated temperature. The successful mesoscale finite
element modelling of TRC provides an economic and alternative solution in comparison with expensive
experimental investigations.
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INTRODUCTION

The TRC (Textile Reinforced Concrete) composite consists of a mortar / concrete matrix reinforced by multi-axial
textiles (carbon fiber, glass fiber, basalt fiber, etc.). The main purpose of this composition is to improve the
mechanical properties of TRC material. Good tensile strength of textile could compensate for the traditional
weakness of the cementitious matrix and the sensitivity of the matrix to cracking. So, textile reinforced concrete
composite materials have become increasingly widely used to repair or strength the structure because of their
advantages. When structures reinforced by the TRC composite material are subjected to fire, the TRC composite
material simultaneously dealt to mechanical loading and high temperatures. For safety, it is must be taken into
account evolutions in thermomechanical properties of the composite material TRC as a function of temperature.

In the literature, there are several studies on the behaviour of the TRC composite material under the action of
thermomechanical loading. Namely, Colombo et al. (2011) carried out tensile tests on the TRC composite
specimens based on the AR glass fiber reinforced Portland cement matrix at different temperatures, or Rambo et
al. (2015,2016,2017) carried out on the basalt fiber reinforced concrete specimens at hot and residual condition.
Nguyen et al. (2016) realized recently the direct tensile tests at elevated temperature on the TRC composite based
on the mortar matrix reinforced with AR glass fibers. Most of these studies showed a ‘stress-strain” relationship
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of thermomechanical or residual behaviour of the TRC composite material which can be divided generally into
two or three distinct zones. As the results in the literature, ultimate strength and the Young’s modulus of TRC
composite material at different zones depended considerably on parameters such as the fiber type (carbon fiber,
glass fiber or basalt fiber...), the properties of the fiber (resistance, Young modulus), the reinforcement ratio, the
cementitious matrix type, the pre-impregnation treatment of the interface between fiber and matrix by products of
different natures, etc.

A numerical approach will reduce the number of tests to characterize the mechanical behaviour of TRC composite
material at elevated temperature. It mean that a numerical model is constructed by different methods (finite
element, different finite, analytic) and tests are numerically performed using a computer to calculate. In the
literature, there were several numerical studies concerning the mechanical tensile behaviour of different fiber
textile — reinforced concrete (TRC) composites at 25°C and elevated temperature. Rambo et al (2017) have
recently done a modelling of the temperature effect on the tensile behaviour of composite material of refractory
concrete reinforced with basalt textiles. J. Donnini et al. (2017) in their article, they performed on simulations by
the code of finite elements to validate the experimental results. These are numerical studies at different scales to
contribute considerably to our knowledge of the mechanical behaviour of TRC composites at different
temperatures.

In this article, by using the finite element method, the residual behaviour of basalt textile reinforced refractory
concrete composite material can be characterized at different temperatures on a mesoscale. It means that from the
residual behaviour of refractory concrete matrix, basalt textile and interface between both materials at elevated
temperature, the overall residual behaviour of the TRC composite can be determined by using the ANSYS
MECHANICAL 15.0 software. In the 2-D finite element model, two element types (PLAN183 element for the
fiber and matrix elements and the INTER203 element for the fiber/matrix interface) will be used. The experimental
results in the publications of Rambo et al (2015, 2016, 2017) will be used as the input data in the numerical model.
An agreement between these two results will demonstrate the conformity of this numerical model.

NUMERICAL PROCEDURE
Element types

The element types chosen for the mechanical analysis in the 2-D model were PLAN183 element (2D 8-Node
Structural Solid) for the cementitious matrix and basalt textile, and INTER203 cohesive element (2-D 6- Node
Cohesive) for the interface between basalt textile and matrix.
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Figure. 1: Element types used in the 2-D model.
Model of the materials

Concerning the material model for the basalt fiber, the perfect elastic model was chosen because it simulated
almost mechanical behaviour of basalt textile under loading action. It mean that the basalt fiber provides a linear
behaviour up to material failure. The ultimate strength of basalt textile was declared as resistance value in this
material model. For the refractory concrete, the material model of bilinear behaviour was chosen in this numerical
model. The “stress — strain” relationships of the refractory concrete are presented in the figure 3-b. In regards to
the element of the interface between fiber and matrix, the cohesive bilinear zone material model (CZM) was used
in this numerical study. This material model was proposed by Alfano et al (2001) in their work and was later used
and developed in the ANSYS software for the interface between two materials. The interface element provides
bilinear behaviour, and this model assumes that the separation of the material interfaces is dominated by the
displacement jump tangent to the interface as shown in the figure 2. The relation between tangential cohesive
traction Tt and tangential displacement jump 8t can be expressed as:
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Figure. 2: Cohesive bilinear zone material model for the interface.

T, = K:6:(1 — D) (1)
Where : Kt is the tangential cohesive stiffness ; tmax is the maximum tangential cohesive traction; dt* is the
tangential displacement jump at maximum tangential cohesive traction; tc is the tangential displacement jump
at the completion of debonding; Dt is the damage parameter associated with mode dominated bilinear cohesive
law, defined as:
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Material properties

Concerning the material properties at different temperatures, the experimental results of Rambo et al (2015, 2016,
2017) were taken as input data in the numerical model. These data were also used in the different finite analysis
proposed by Rambo in his works. In order to correspond with the finite element model in our numerical study, the
Young's modulus of the basalt textile and the concrete matrix need to modify. The calculated parameters in
numerical model were also summarized in the following table 1.

Table 49: Calculated parameters used in the numerical model

Temperature Basalt textile Cementitious matrix Interface
Young module | Tensile strength | Young module | Tensile strength | Tmax (MPa)
(GPa) (MPa) (GPa) (MPa)
25°C 43.20 688 34 3.5 2.9
75°C 45.00 810 29 4.9 4.6
150°C 46.05 1023 32 6.7 4.3
200°C 45.67 938 24 5.1 4.3
400°C 32.23 251 11 2.4 1.8
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Figure. 3: Mechanical behaviour of materials in the numerical model at different temperatures
Meshs, boundary conditions and loads.

In regards to the dimension of basalt TRC composite specimen, a half sample model was constructed and analysed
in the ANSYS Mechanical software thanks to the symmetry of loading, boundary conditions and materials. The
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reinforcement of basalt textile was made by a layer with the thickness depending on the reinforcement ratio. The
reinforcement ratio was calculated based on the relation of the basalt textile cross section divided by the cross-
section of the sample (1,99%). The thickness of the basalt textile layer was 0.1294mm in the numerical model.
Concerning the meshing of the elements, the type of rectangular mesh with different sizes was chosen. The basalt
textile layer in the TRC composite material is divided equally by five over its thickness. The cementitious matrix
layer was also divided by ten over its thickness but with different sizes for the transmission between the fiber and
matrix element sizes (see fig. 4). Concerning the boundary conditions, the displacement AX = 0 was imposed with
all the nodes at the left end of the sample, and then, AY = 0 with all the nodes at the sample axis. The boundary
conditions of sample were conducted in symmetry way as shown in the following figure 4.
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Figure. 4: Configuration of the matrix, fiber and interface elements in the 2-D model.

The tensile load was imposed by the move of the right end of the sample. In the numerical program, there were
two charging steps for the purpose of clearly characterizing the behaviour of the composite at the first zone. The
load application speed was modified by the time in the loading steps and sub-steps including the first time points
and the last points of step 2. In order to exploit the numerical results in precise way, the imposed shift must be
slowly applied. In this way, it could be obtained a lot of sub-steps in a load step.

RESULTS AND DISCUSSIONS

The numerical model with the reinforcement ratio of 1.99% showed the tension behaviour of basalt TRC
composite at different temperatures. The figure 5 present “stress — strain” relationships of numerical results
obtained at different levels of elevated temperature in comparison with experiment of Rambo et al (2015, 2016,
2017). In the figure 5, it could be found that basalt TRC composite gave the typical behaviour with three
distinguishable linear phases in direct traction test as shown in the literature. The typical values of the "stress -
strain” relationship as ultimate strength, cracking resistance, Young’s modulus of trois phases were presented in
the following table 2.

As results, it could be found that there was an agreement between the ultimate strength of the reinforcement ratio
of 1.99% and that of the specimen reinforced by 5 basalt tissue layers in the Rambo’s experiment at different
temperatures. In comparison between two both results at room temperature, the ultimate strength for the numerical
model and the Rambo’s work was 13.67 MPa and 13.49 MPa, respectively (see table 2). In the temperature range
from 75°C to 150°C, ultimate strength of TRC composite in numerical model also increased 14% and 15%
compared to that at room temperature, respectively. In comparison with experimental results corresponding in the
experiment of Rambo et al, this value was 15.60 MPa and 14.94 MPa, respectively for two results at 75°C, and
15.82 MPa and 15.30 MPa, respectively for two results at 150°C (see table 2). As results of numerical model in
the temperature range from 200°C to 400°C, ultimate strength of TRC composite in numerical model decreased
slightly 4% at 200°C and greatly 63% at 400°C relative to that at room temperature. In comparison with
experimental results corresponding, the ultimate strength was 13.08 MPa and 12.40 MPa, respectively for two
results at 200°C, and 5.00 MPa and 4.98 MPa, respectively for two results at 400°C (see table 2).
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Table 2: Synthesis of the numerical results obtained and experiment of Rambo

Results First crack values Post crack values
PBOP | oBOP | ¢BOP,I | Etl | PUTS | oUTS | EL Il | EL 1N | &t 11 | eUTS,INI
(kN) | (MPa) | (%) | (GPa) | (kN) | (MPa) | (GPa) | (GPa) | (%) (%)
N”rggro'éa'at - 354 | 0013 | 33.90 ; 1367 | 0.40 | 0.69 | 0.40 1.65
Experiment of | o |\ 545 | 0011 | 3464 | 1113 | 1349 | 045 | 067 | 0.42 158
Rambo at 25°C
N””;gr.fga'at - 500 | 0.023 | 22.90 ; 1560 | 039 | 068 | 052 1.79
Experiment of | 575 |\ 485 | 0021 | 2857 | 11.48 | 1494 | 031 | 079 | 071 1.66
Rambo at 75°C
N”ngfg'at - 678 | 0.028 | 3153 ; 1582 | 023 | 070 | 072 1.79
Experiment of
e e | 51 665 | 0024 | 3163 | 11.74 | 1530 | 012 | 0.73 | 0.62 1.64
Numerical at - 521 | 0024 | 23.86 - 13.08 | 015 | 073 | 047 1.48
200°C
Experiment of
oo ttonoee | 419 | 509 | 0036 | 2382 | 1022 | 1240 | 015 | 0.64 | 039 1.50
Numerical at - 251 | 0025 | 11.16 - 500 | 015 | 062 | 040 0.83
400°C
Experiment of
Ramoo e | 187 | 242 | 0025 | 1093 | 379 | 498 | 036 | 0.90 | 047 0.68
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Figure. 5: Comparison of numerical and experimental results at different temperatures.

Concerning the cracking resistance of basalt TRC composite in the numerical model with the reinforcement ratio
of 1.99%, it could be said that the evolution of this value as a function of temperature was like that of unreinforced
matrix. Because when the matrix reached the limited state for cracking, the strain of composite material is still
very small for a basalt textile contribution to improve the cracking stress value of composite material. It could be
also found the same results in the works of Rambo in comparison between two both together. At room temperature,
the cracking resistance of basalt TRC composite was 3.54 MPa and 3.45 MPa, respectively for numerical and
experimental results. In the temperature range from 75°C to 200°C, this value increased 41%, 92% and 47%
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relative to that at room temperature, respectively for temperature of 75°C, 150°C, and 200°C. In comparison with
experimental result of Rambo et al, the cracking resistance was 5.00 MPa and 4.85 MPa at 75°C, 6.78 MPa and
6.65 MPa at 150°C, 5.21 MPa and 5.09 MPa at 200°C, respectively for both results. At the temperature of 400°C,
there was a reduction (about 30%) of the cracking resistance relative to that at room temperature. The evolution
of cracking resistance depending on the temperature is presented in the following figure 6.
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Figure. 6: Evolution of cracking resistance in the numerical and experimental results.

In regards to the Young’s modulus of basalt TRC composite in three distinguished phases, the numerical model
gave interesting results in comparison with that of Rambo’s experiment. As results in the table 5, the Young’s
modulus in first phase was 22.90 GPa, 31.53 GPa and 23.86 GPa, respectively for the temperatures of 75°C,
150°C and 200°C, while this values in the Rambo’s experiment was 28.57 GPa, 31.63 Gpa and 23.82 GPa,
respectively for these temperatures above. In relation to that at room temperature, the Young’s modulus in first
phase in the numerical model at 400°C reduced 67.08% and reached a value of 11.16 GPa. Concerning the
Young’s modulus in thirst phase, it could be seen that the values presenting in the table 5 was not varied widely
as the Young’s modulus in first phase. Because of in this phase, there was only the work of basalt textile after
complete cracking of the concrete matrix, so the Young’s modulus of TRC composite fully depended on that of
basalt textile which was not too varied in the input data (see table 1). The Young’s modulus of thirst phase varied
in the range from 0.62 GPa to 0.73 GPa, while this value in Rambo’s experiment also varied in the low range from
0.64 GPa to 0.90 GPa. As results presented in the table 2, it could be seen that there was an agreement between
two both results.

CONCLUSIONS

In this article, a finite element model was developed to characterize the elevated temperature behaviour of the
basalt TRC composite on the mesoscale. This numerical model was validated and verified again the data from
experimental tests performed by Rambo et al. The following conclusions can be drawn from the numerical results
and experimental research:

The numerical model also agrees reasonably with experimental results on mechanical behaviour of basalt TRC
composite at elevated temperature. Consequently, the model can be used to predict the basalt TRC composite
behaviour at elevated temperatures (from 25°C to 400°C) from behaviour of the constituent materials. It could
give also the mechanical properties of basalt TRC composite such as cracking and ultimate strength, strain at
typical points, the Young modulus of the three zones on the “stress — strain” relationship. This paper shows the
similar values on the “stress — strain” curve at different temperatures between the two numerical and experimental
results.

In the future, it could be necessary to develop a 3D model with the thermomechanical properties of the constitutive
materials (carbon textile and refractory concrete) validated by the experiment, under the action of mechanical and
thermal loading in order to predict the thermomechanical behaviour of carbon textile — reinforced refractory
concrete composite. In this model, it is also necessary to take into account the physicochemical, thermomechanical
phenomenon in the specimen as the incompatibility of the deformation between fiber and cementitious matrix at
high temperature, the variation of the reinforcement ratio as a function of temperature, etc.
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