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Abstract

This paper presents the results of numerical simulation to investigate the effect of temperature on the
performance of resin concrete. Resin concrete is a composite material in which polymeric materials are
used to bond the aggregates in a fashion similar to that used in the preparation of cement concrete. In this
paper, at first the temperature distribution in gravel preform heated with epoxy resin injection was
investigated. Furthermore, a thermo-mechanical study is presented. For this purpose, prismatic and
cylindrical specimens were prepared for flexural and compressive tests, respectively, at different
temperatures. The effect of heating on the thermal conductivity and elastic modulus were evaluated.
Finally, the thermal behavior of resin concrete has been compared to that of cement concrete. When
exposed to high temperatures the epoxy polymer concrete shows a significant loss of strengths mainly due
to the thermo-oxidative degradation of the epoxy polymer and to the debonding between aggregates and
the binder. Results show that when exposed to temperatures less than 250°C the epoxy polymer concrete is
still more efficient than cement based concrete.
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1. Introduction

A considerable amount of research has been performed on the thermal degradation of polymer matrix
composites because this is a major problem in the application of thermoset polymers in different types of
environments that are subjected to temperature changes.

The composite material behavior under different temperatures is an important parameter to be considered
because it can, in many cases, determine the upper bound on the temperatures at which a material has
suitable properties. The objective of this work is the development of a thermomechanical model capable of
simulating the high-temperature behavior of polymer concrete while solving the non-linear EDP system
using the Comsol calculation code[1].

The polymer concrete is one of the youngest building materials, and they are continually appearing with new
and optimized properties as new combinations and formulations are developed, regardless of their
significant advantages in comparison with conventional construction materials.

However, the main problem with polymeric materials arises from the viscoelastic properties of the polymer,
which result in creep and a high sensitivity to temperature. The effects of temperature on the mechanical
properties of polymers change considerably, especially within the heat distortion temperature range.

In this study, polymer concrete is tested under different temperatures to evaluate their behavior when they
are subjected to flexure and compression. A polymer concrete (PC) is a composite material in which
polymeric materials, thermoset resins, are used to bond the aggregates in a fashion similar to that of cement
with some aggregates mixed in it and make a hard paste that is called cement concrete.

Various studies are interested in the behavior of concretes subjected to high temperature. It is found that
under certain conditions, studies have been conducted to explain bursting of concrete brought to a high
temperature. [2-4].In other studies [5-7] they have simulated the behavior of this concrete at high
temperature in an attempt to explain the mechanisms.
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The studies of Reis [8] present the results of an experimental program to investigate the effect of
temperature on the performance of epoxy and unsaturated polyester polymer mortars (PM). PM is a
composite material in which polymeric materials are used to bond the aggregates in a fashion similar to that
used in the preparation of Portland cement concrete.

Measurements of the temperature-dependent elastic modulus and the compressive and flexural strength were
conducted using a thermostatic chamber attached to a universal test machine for a range of temperatures
varying from room temperature to 90 °C. The flexural and compressive strength decreases as temperature
increases. Epoxy polymer mortars are more sensitive to temperature variation than unsaturated polyester
ones.

Some studies have been done on the thermal degradation of polymer matrix composite materials. Indeed
this major problem is encountered in the application of thermosetting polymers in different types of
environmental elements that are subject to temperature changes [9].

However, the main problem with polymeric materials arises from the viscoelastic properties of the polymer,
which result and a high sensitivity to temperature [10-13]. The effects of temperature on the mechanical
properties of polymers change considerably, especially within the heat distortion temperature range lies
between 20 and 80 °C [14].

In a study complementary to that of Abdel-Fattah and El-Hawary [15-16] formulated BRs which are stressed
in compression and tensile strength for temperatures ranging from 20 to 200 ° C. They conclude that the
mechanical properties of these resinous concretes vary according to the type of resin used and that these
characteristics in addition to rigidity generally increase with the temperature of exposure.

Vipulanandran el al. [17-18] found that the effect of temperature on the mechanical properties in bending of
the optimum BR up to 110 ° C and that these properties (resistances, behavior, rigidity) are more sensitive to
the exposure to medium temperatures than those to compression. This maximum temperature (110 ° C.) is
chosen on the basis of the glass transition temperature (between 125 and 150 ° C.) of the BRs and the
samples are exposed for 3 hours.

The study of the effect of temperature on the mechanical behavior of resin concretes is of crucial
importance. This is explained by the fact that these materials are exposed to thermal stresses that can cause
the rupture of the resin matrix, especially in southern countries where the number of sunny hours is very
important.

2. Modeling
The objective is to simulate a thermal loading on a concrete specimen and to observe its behavior ac-cording
to whether we consider homogeneous properties with one phase only: all the finite elements have the same
thermo-mechanical properties.
A classic thermo-mechanical approach is used for numerical resolution:

- The heat equation (energy balance equation) is used to compute the temperature evolution;

- An elastic damage model is used for concrete and cement paste [19] to predict cracking evolution

during heating, and an elastic model is used for aggregates (due to the lack of experimental data).

2.1. Thermal Transfer During The Infusion Process

The resin infusion process (RIP) has been developed as an inexpensive method for the manufacture of large
fiber reinforced materials. In this paper, we show the implementation of 2D numerical models to study the
heat transfer during the infusion process.

The results show that the model developed is very applicable for the manufacture of composite materials.
The objective of this study is to test the model developed for later use in a real application.

The aim of this study is to develop a global solver to simulate the resin flow in a porous body. The new
model concept can be used to describe transfer in a porous medium, and it is based on existing approaches
and valid on the representative elementary volume (REV) scale [20].

The thermal problem in the solid and in the fluid is thus approached in order to facilitate the understanding
of the phenomena studied in the coupling: conduction in the solid, conduction and convection in the fluid.
The coupling between fluid and solid is played at their interface. The boundary conditions will therefore
have an essential role and will then be subject to certain investigations.
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Choosing the proper constitutive laws is one of the key issues when it comes to solve the fluid flow of a
material. In our case, the constitutive law is given by Darcy's law [21].

The model studied in this part is composed of two domains, the first of which is filled with the resin and the
second is a porous medium formed by aggregates where the resin is injected by the LRI [ 22 ] process
consists of using highly permeable drainant. This is placed above the fiber preforms. In fact, a pressure
differential applied between the resin inlet, located at the level of the drainant, and the base of the preform,
causes the resin to infuse inside the drainant and then through the thickness of the preforms. When the
infusion is finished, a pressure and temperature cycle is applied so that the crosslinking of the resin takes

place (Fig.1).
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Fig.1. Physical model of temperature transfer during the infusion process

e Transfer within the porous medium

The heat transfer model most used for porous media [23]:
(o), %H(pc)fv VT = divjvT]
With T the equivalent temperature of the porous medium, (oC), = #(oC), +(1— @) oC), the equivalent

volume specific heat, k = ¢k, + (1—¢)kS the equivalent thermal conductivity and is the rate of filtration.

e Transfer within the polymer
The heat transfer within a liquid polymer is written [23]:

oT , 7 =
PpCop 5, + Aiv(pyCopTV = kpVT) = f

e Numerical simulation of the thermal behavior during the infusion process:
In this part we will study the evolution of the temperature of the preform during the infusion process. The
problem of the thermal in the solid and in the fluid is thus approached in order to facilitate the understanding
of the phenomena studied in the coupling: the conduction in the solid, the conduction and the convection in
the fluid. The coupling between fluid and solid is played at their interface. The boundary conditions will
therefore have an essential role and will then be the subject of certain investigations.
For the preparation, there are two different conditions: either the preform is placed on a hot plate [24], or the
preform is put in a glass oven [25].
The preform dimensions are given in the table. Resin is preheated to 80°C before infusion. A heating plate
located below the preform heats the whole infusion system. The external pressure prescribed over the
stacking is uniform and equal to the local atmospheric pressure.

width height
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resin 4cm 2mm

porous 4cm lcm
medium
Tablel. Size of the model

Initial conditions and limits

- Lower edge subjected to temperature T = 120 ° C which corresponds to that of the heating plate is at 120 °
C.

- Upperedge T=20°C

- the side walls are adiabatic

- The initial temperature of the resin TOr =80 ° C.

- The temperature of the initial of the porous medium TOp =20 ° C.

The materials chosen for this example are a resin matrix and a sand reinforcement. Thanks to their
properties, it is possible to determine that of the composite formed.

. Heat Thermal
Volumic
mass capacity conductivity
Cp k
N

[Kg/m 3] [\].kg_l.K-l] [W,m-l.K-l]

resin 938 1950 0.25

sand 1417 835 0.33

Table 2.Properties of composites
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Fig.2. Variation of the temperature in the material during the infusion process (x=6 cm, y=-0.01cm).

The temperature during the infusion stage tends to decrease when the test begins and that the resin is left
free to fill in the preform. This phenomenon confirms the presence of resin that tends to cool down the
preform, after this minimum is reached, the temperatures of the thermocouples increase, because the resin
temperature continues increasing while it flows into the preform.

Figure 3 shows the variation of the temperature in the depth of the preform over time. It is found that the
temperature increases in the porous medium since more than the resin occupies the pores and arrives after a
certain time in contact with the hot plate and it will be heated by conduction. Eventually the saturated
preforms reach a stabilized temperature, which is related to the filling duration of the infusion stage
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Fig.3. Variation of the temperature during the infusion process for different time (t (s))

2.2. Thermo-mechanical behavior of resin concrete

In this section we will develop a numerical model to study the behavior of flat structures in polymer
concrete under two mechanical and thermal loadings.

Thermal cycling involves repeatedly cycling a specimen or material between two temperatures to allow
thermal equilibrium to be attained. It is assumed that the heating rate is not fast enough to induce thermal
shock.

To investigate the effects of the thermal cycles on the compressive and bending of the PC, two specimens
are used according to dimensions in Fig 4 and exposed to the a thermal cycle, as follows. Thermal cycling
involves repeatedly cycling a specimen or material between two temperatures at either extreme to allow
thermal equilibrium to be attained.

- Flexural cycle: 25°C to -30°C

- Compressive cycle: 25 to 80°C

e Flexural test
Polymer concrete is a composite material in which polymeric materials are used to bond the aggregates in a
fashion similar to that used in the preparation of Portland cement concrete. For this purpose, prismatic and
cylindrical specimens were prepared for flexural and compressive tests, respectively, at different

temperatures.
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Fig.4. Flexural Test

The material studied was prepared by mixing sand with the epoxy resin binder by adding glass fibers.
According to Shokrieh's experience [26] the sample is exposed to a thermal cycle in the following way: 25 °
C to -30 ° C or the thermal cycles are carried out by a thermal chamber.

Three-point bending test was performed. Bending test setup, of the PC specimen exposure to the thermal
cycles are shown in Fig. 5. In the flexural test, it is observed that applied load suddenly decreases at failure.
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The load deflection that the force varies linearly with respect to the deflection of the middle point of the
beam in a wide range of loading.

In the flexural test, the load—displacement curve varies linearly and after maximum applied load, it decreases
by a soft slope.
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Fig.5.Comparison of our work and the work of Shokrieh [26] for a test case of bending subjected to a
thermal load of 25 ° C to -30 ° C.

e Compressive test
The material used for this case was prepared by mixing foundry sand with the thermoset resin binder. A
mechanical test is performed on the proposed PC. Compressive test is done with 5 mm/min crosshead
velocity. Specimen is in form of the cylinders with 50 mm diameter and 100 mm height.
To determine the influence of temperature on the mechanical strength of the PC, compressive test is
performed at different temperature levels. The test temperatures range from room temperature to 80 °C.
The conditions of the experiment were: The density of the sand is 2650 [kg / m 3], the resin content was
12% by weight and 88% of the aggregates of particles for complete formulations of the material.

Table 3 Mechanical and thermal properties of the epoxy resin [27]

property Epoxy resin
Viscosity(cP) at 25°C 1450
Density(kg/m”3) 1100
Deformation temperature(°C) 63
Modulus of elasticity (GPa) 3.5

Fig. 6 shows Compressive test setup of a specimen exposed to the thermal cycles (20°C to 80°C).
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Fig.6. Compressive test
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Fig.7 shows the load— displacement curve of the compressive specimen exposed to the thermal cycles.

Normal stress

Displacement (mm)

Fig.7. Compressive behavior of the PC at different test temperatures.

Figure 7 allows us to evaluate the compressive stress-strain behavior and to follow the phenomena that occur
during temperature increase.

According to Fig.7, losses in the compressive stress of the epoxy mortar are reported from 40 °C to 90 °C.
We observe that the compressive stress at 90 °C is the lowest reported. As the test temperature increases, the
compressive elasticity modulus decreases, and failure becomes less brittle.

3. Comparison Between Heat Transfer In Resin Concrete And Cement Concrete

After having validated our model, we are interested in the real problem to determine the properties of resin
concrete and to compare it with those of cement concrete widely used in the country exposed to the sun.
Polymer concretes (PC) were introduced to building and construction industry more than 50 years ago [28].
Gradually, they became a suitable substitute for concrete structures; however, their application was shortly
diminished due to the higher costs. In this research a homemade cost-quality effective resin (unsaturated
polyester) is used as binder in the polymer concrete production. A model of dimension (120 x120 mm?) is
presented for evaluated the thermal test. A comparative study was performed on the polymer concrete
specimen, the ordinary cement concrete (normal concrete). It was found that the PC material show much
better thermal propertles than the durable concrete.

? ' -.5 i.

-,

{

‘IKI
32'
13]
0

L)

&

3

3

= — =
=, P

Ul

Fig.8.Iso-values of the temperature [° C] after 300 min of heating (a) in the polymer concrete and (b) in
the cement concrete [29]

Fig.8 shows the iso-values of the specimen temperature obtained by the macroscopic simulation after 300
minutes of heating. We noticed a significant difference between the iso-values obtained for the two types of
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concretes is found that thermal degradation is more important for cement concrete than for PC samples.
Which gives cement concrete a lower thermal resistance than resin concrete.

Fig.9 shows a comparison of the evolution as a function of time of the temperature for a depth 10 mm, of the
heated surface, and this by macroscopic simulation for the two types of concretes. It can be seen that for the
same position, the cement concrete after 300 min reaches a temperature of 375 ° C while the resin concrete
reaches only 225 ° C. These results allow us to notice that resin concrete can be considered more resistant to
the temperature than cement concrete hence their importance of their use in the field of construction.
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Fig.9. Comparison of heat transfer in resin concrete to that of cement concrete

4. Evolution Of The Thermal And Mechanical Characteristics Of Resin Concrete

4.1. Evolution of thermal conductivity

The effect of heating on the thermal conductivity was evaluated. It appears that after exposure to
temperature the conductivity have lower due to the temperature increases (Fig.10). Moreover a fall is
observed for T > 150 °C. The measurement of the thermal properties is in accordance and prove that the
major thermal degradation of the PC samples is due debonding between the epoxy polymeric matrix and the
aggregature. This phenomenon is more significant for T> 150 °C and is responsable in the stifness loss of
the PC.

Our result
Oussama [30]
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Fig.10. Effect of the exposure temperature on the thermal conductivity of the PC

4.2. Evolution of the Young's module

The Young’s modulus decrease when the exposure temperature raises (Fig.11). This reduction can be
explained by the damage caused by the loss of cohesion between the aggregates and the matrix. Debonding
between epoxy binder and aggregates is mainly due the difference of thermal expansion coefficient of both
materials. The loss of the polymer concrete stiffness can also be attributed to oxidative thermal degradation
of the epoxy binder.
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According to the results of the literature [30- 32] the Young's modulus of a material decreases with
temperature. Indeed, the thermal agitation causes a removal of the atoms and causes the decline of the
intensity of the interatomic bonds; therefore any elevation (respectively any decrease) of the temperature, is
therefore reflected by a significant decrease (respectively growth) in the elastic stiffness of the materials and
consequently the Young's modulus.

In addition, it is shown that this variation of the Young's modulus is generally linear in the elastic zone of
the material [33]. Our results are therefore in agreement with the experimental data.
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Fig.11. Modulus of elasticity as a function of exposure temperature

Conclusion

In this paper we have developed a model simulating the thermal and thermomechanical behavior of resin
concrete. In the first part we studied the thermal transfer during the infusion process. For the second part, we
studied the case of a sample of concrete in compression and bending under high temperature, we have
shown that epoxy polymer mortars can be used frequently in structures subjected to high displacement rates
and under natural climate. We were able to validate our results with experimental studies of the literature.
Similarly, the behavior of high temperature resin concrete with cement concrete was compared. These
results allow us to observe that resin concrete can be considered to be more resistant to temperature than
cement concrete, hence the importance of their use in the construction field.
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