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Abstract.

This study analyses the thermomechanical behaviour of steel-reinforced concrete (RC) beams strengthened with textile
reinforced concrete (TRC) under mechanical and fire loads (i.e., the standard fire curve, ISO-834). Two main aspects are
investigated. First, the effect of the TRC’s thickness on the thermomechanical behaviour of RC beams is assessed. Then, the
thermomechanical behaviour of RC beams strengthened with TRC is numerically modelled for different heating rates (i.e.,
heating scenarios). The results and conclusions of this study clarify the thermomechanical contributions of TRC to RC structural
elements subjected to fire scenarios.

Keywords: Textile reinforced concrete (TRC); fire scenarios; ISO-834; numerical modelling; reinforced
concrete beams.

1. Introduction

After the tragic incidents that occurred in the Mont Blanc tunnel in 1999 and the Eurotunnel in 1996, many
researchers began studying the behaviour of concrete in fire scenarios. When a slab of concrete is exposed to
fire, its thermal and mechanical properties degenerate as a result of the various physicochemical changes that
occur. Several authors have studied the behaviour of fibre reinforced concretes (FRCs) at elevated temperatures
[1] for steel, basalt, and hybrid FRCs; and [2] steel fibre reinforced self-compacting concrete. These studies
established the evolution of the residual compressive strength of FRC after exposure to a fire and different
elevated temperature levels. Other phenomena, such as the thermal and hydric gradients that induce spalling in
heated high-performance concretes, have been reported in some studies [3]. If reinforced concrete (RC) elements
are exposed to fire long enough, they become unable to continue supporting the mechanical loads they were
initially designed to sustain. Carbon fibre reinforced polymer (CFRP) was used for decades to reinforce concrete
structures to improve their mechanical strength. A study [4] showed that CFRP reinforced concrete subjected to
fire is sufficiently strong in the first few minutes of fire exposure (according to standard fire curve ISO-834).
Failure occurs once the CFRP and CFRP/concrete interface temperature exceeds 200 °C, which is the critical
temperature of the paste used to bond the CFRP to the concrete surface. Beyond this critical temperature, the
CFRP/concrete bond shear resistance is reduced to zero, which results in the reinforced structural element
behaving like a non-reinforced one. Furthermore, at high temperatures, CFRP releases toxic fumes which are
hazardous to the residents of buildings that have experienced fires. To mitigate this hazard, a novel method of
strengthening structural elements with a new material, a textile reinforced concrete (TRC), at elevated
temperatures (i.e., fire exposure) is analysed and discussed in this study.

TRC, TRM (textile reinforced mortar), and FRCM (fibre reinforced cementitious matrix) are part of a new
generation of composite materials. These materials draw their mechanical advantages from textile reinforcement

fCorresponding author, Associate professor, Ph.D., E-mail: Xuan-Hong.Vu@univ-lyonl fr
2Ph.D., E-mail: najib.douk @gmail.com

b Professor, Ph.D., E-mail: amir.si-larbi @enise.fr

¢ Associate Professor, Ph.D., E-mail: maxime.audebert@enise.fr

4 Associate Professor, Ph.D., E-mail: robin.chatelin @enise.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/


https://www.elsevier.com/open-access/userlicense/1.0/
https://www.sciencedirect.com/science/article/pii/S0141029620343388
https://creativecommons.org/licenses/by-nc/4.0/
https://www.sciencedirect.com/science/article/pii/S0141029620343388

46
47
48
49
50
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
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

grids (like FRP), but they have a mineral matrix that enhances their fire stability at high temperatures compared
to their traditional counterpart (CFRP).

TRCs have a good mechanical performance at ambient temperatures; however, few studies have evaluated,
either experimentally or numerically, their behaviour at high temperatures. Even fewer studies have addressed
the suitability of TRCs within the context of structural rehabilitation.

In this context, two crucial aspects of structural stability under fire conditions were addressed in this study:

* A numerical study was performed on the thermomechanical behaviour of RC beams (reference beams
and TRC strengthened beams) and the effect of the TRC thickness on the local and global scales.

* A numerical study was performed on the thermomechanical behaviour of TRC strengthened RC beams
and the effect of the heating rate on the local and global mechanical reactions.

The mechanical behaviour of RC concrete beams strengthened with TRC at room temperature has been
studied by many authors ([5], [6], [7], [8], [9], [10], [11], [12], [13], [14], and [15]). These studies have
highlighted the contribution of TRCs to the mechanical strength of TRC-reinforced beams under simple bending
loads. A TRC is a composite material made of a cementitious matrix reinforced with textiles [16], [17], [18], and
[15]. The potential for TRC to be used as a strengthening component in RC beams under fire conditions comes
from its bonding system, as these composites are attached to structural surfaces with cementitious pastes. These
pastes, unlike the polymer pastes used for CFRP composites, are more likely to retain their mechanical
properties for a longer period of time under fire conditions.

In the experimental literature, at the structural scale, various studies have detailed the fire behaviour of RC
beams strengthened with cementitious matrix-based composites. Ehlig et al. [19] evaluated carbon fibre-
reinforced fine-grained concrete, and Bisby [20] and Bisby et al. [21] evaluated structural elements reinforced
with TRM and FRCM up to 500 °C. More work was done by Michels et al. [22], Maroudas et al. [23], Tetta et
al. [8], and Raoof et al. [24] on FRCM and TRC at elevated temperatures. These studies showed that the TRC-
strengthened specimens maintained an average of 85% of their initial bond strength up to 400 °C, and, overall,
the TRC exhibited good performance at elevated temperatures.

At the material scale, few studies on the behaviour of TRC under fire loads have been performed ([25], [26],
[27], and [28]) at temperatures ranging from 20 °C to 400 °C. Some exhaustive studies on the thermomechanical
behaviour of TRC and its link to the constitutive materials were carried out by Nguyen et al. [18] and Tlaiji et al.
[16], although no structural fire tests were performed.

In the numerical literature on composite reinforced structural elements, few have evaluated TRC [29].
However, when TRCs are addressed, it is always with a focus on the material scale. In contrast, CFRP
strengthened RC has been widely studied by many authors, and these studies have covered almost every scale
and aspect of that strengthening procedure. Firmo et al. ([30], [31]) and Hawileh et al. ([32], [33]) carried out
different studies on CFRP strengthened RC beams under fire loads, and these studies commonly reported that the
efficiency of CFRP is quickly reduced in the event of a fire. In recent years, several researchers ([34], [35]) have
participated in advancing the numerical tools used to predict the thermomechanical behaviour of CFRP
strengthened structural elements.

A recent critical study [36] on CFRP strengthened RC beams summarised the findings of several studies on
this matter. This study pointed that the weakness of CFRP in high temperature environments can be overcome by
the incorporation of fire protection systems.

The response of RC beams in different fire scenarios is one of the interesting aspects of structural behaviour
in fire scenarios. Some authors have numerically [37] and experimentally [38] assessed this aspect for
unstrengthened RC beams in which the temperatures and deflections were measured over time. These studies
commonly reported that the higher the heating rate was, the faster the temperature increased in the concrete
element. Therefore, two important findings were noted. First, higher heating rates caused higher deflection rates.
Second, it was observed that specimen failure occurred sooner with higher heating rates.

To the best of the authors’ knowledge, there is no numerical or experimental study that addresses the
contribution of TRC to the thermomechanical behaviour of RC beams in a fire scenario (ISO-834). The effects
of the TRC thickness and thermal loading rate on the global and local behaviour of steel-reinforced concrete
beams (with or without TRC strengthening) have not yet been studied.

In this study, as a first step, two numerical models of a reference RC beam in a fire scenario (i.e., without
TRC strengthening) were built and validated by comparing the numerical results with experimental results (e.g.,
mid-span deflections and axial strains and stresses in the concrete coating, steel rebar, and TRC). This purpose of
this step was to confirm the reliability of the RC thermomechanical elasto-plastic model. Once the numerical-
experimental comparison was validated, a numerical model of an RC beam strengthened with TRC was built
based on the validated thermomechanical models and the experimental results of fire tests carried out on a TRC.
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This numerical model of an RC beam strengthened with TRC was used to carry out the parametric studies
mentioned above on a structural scale.

In the following sections, the numerical approach, thermal actions, and thermo-physical properties of the
constitutive materials are presented. Thereafter, the results of the numerical models are discussed. Lastly, the
main conclusions are presented.

2. Test specimens used to validate the numerical thermomechanical model

For the numerical validation, two experimental studies on structural elements under fire conditions were
selected (i.e., [39] and [40]). Two reasons guided the selection of these particular studies. First, they provided a
complete set of information about the tests performed. Second, they took into consideration the load application
order, which allowed the real life fire scenario to be recreated (i.e., a mechanical load, then a thermal load). In
addition, the specimens were of a structural size as opposed to the oven sized beams that are usually encountered
in these types of studies.

In experimental environments, the mechanical load is delivered by applying a displacement piloted piston to
the surface of the RC beam until a certain mechanical load (i.e., service load) is reached; then, the thermal load
(according to standard fire curve, ISO-834, shown in Fig. 1) is applied to the surfaces of the beam. The service
mechanical load is maintained at a constant value during thermal loading in order to achieve a condition as close
to the reality of a fired building as possible.
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Fig. 1. Temperature evolution with time of the ISO-834 curve

Table 1 and Fig. 2-3 summarize the necessary information of the chosen experimental test specimens. At
first, a mechanical load was applied to the specimens. Once the mechanical loads were fully applied, the beams
already installed in the test ovens were exposed to air heating up at an ISO-834 rate.
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Fig. 2. Geometry of “Test Specimen 1" [39]
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Table 1 Specific information about the experimental test specimens [experimental data sources: [39], [40]

Test Specimen 1 [39] Test specimen 2 [40]
Concrete strength 30, 1 32
(MPa) (mean value)
Steel strength 500 542
(MPa)
Thermal load ISO-834 (lateral and bottom surfaces) ISO-834 (lateral and bottom surfaces)
see Fig. 2 see Fig. 3
Mechanical load 24 kN (4-point bending test) 50 kN each force (4-point bending test)
see Fig. 2 see Fig. 3

3. Numerical methods

The finite element method (FEM) was used in the MSC Software MARC MENTAT software [41]. This
section focuses on the numerical approach where the thermal and thermomechanical hypotheses are established.
Then, the test specimens are presented, and, finally, the numerical models are introduced.

3.1. Numerical approach

The numerical implementation of the thermal aspects of concrete is quite complex. A quick state-of-the-art
review revealed two different approaches. The thermo-hydro-mechanical (THM) method is a complex approach
[42] that considers concrete to be a three phase-entity comprised of solid concrete, liquid, and gas. However, the
most popular approach for structural element analysis is the thermomechanical method, which considers
concrete to be a homogenous entity. In the latter approach, the thermal calculations are incorporated into the
mechanical analysis through the material properties degradation and thermal dilatation. It must be stated that the
mechanical part is not taken into consideration in the thermal calculations (i.e., weak thermomechanical
coupling). This assumption is supported by the fact that very small thermal transfers occur as a result of the
mechanical motion of the RC.

Since this numerical work was carried out at the structural scale, the THM approach was determined to be
too refined for this scale. Therefore, the thermomechanical approach was used in this study.

In the following sections, the fire tests on the RC beams, which are used as the basis of the validation of the
numerical model, are presented. Then, the main hypotheses of the thermomechanical model of the RC beams
(with or without a TRC) are introduced. Finally, a numerical-experimental validation is carried out, and the
numerical results are presented and discussed.

3.2. Thermal actions, thermal properties of the materials, and input data for the models

The thermal action implemented in the numerical simulations of the heating process is the same action used
during fire resistance tests, namely the ISO-834 nominal thermal action, which is defined by Eq. (1).

0, = Op+345log (8t+1) (1)
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where 0, is the gas temperature of the oven in degrees Celsius (°C), & is the initial temperature (°C), and ¢ is the
time of fire exposure (min).

The heat quantity received by the concrete element under thermal action at time ¢, is defined by the sum of
the convective and radiative flows. € = 0.7 is the emissivity of the steel [43], and € =0.9 is the emissivity of the
concrete [44] (see Eq. (2)).

The three classical heat transfer modes were taken into account: radiation (see Eq. (2)), convection (see Eq.
(3)) at the surfaces exposed to the thermal flux, and conduction (see Eq. (4)) within the constitutive materials.
Once the thermal calculations were completed, a map of the temperature fields of the specimen was extracted
from the calculations for every increment. This map was implemented later on in the mechanical analysis as a
thermal boundary condition. The thermal dilation and degradation of the steel’s and concrete’s mechanical
properties [44] were then calculated following the thermal map calculated earlier. It should be noted that, during
the thermal calculations, the thermal dilation was not taken into consideration. The thermal radiation and
convection could not be calculated in the MARC MENTAT software’s basic interface for a phenomenon as
complex as a fire. Consequently, a subroutine (a program developed in FORTRAN) was integrated into the
thermal analysis to consider those thermal transfer modes.

e Thermal radiation

D, =¢o(TS - T 2)
&: Emissivity (less than 1) (dimensionless)
o: Stefan’s constant: 5.67x10% (W/ (m?K*%))

e Thermal convection
G = h(Ty-T) 3)
h: Thermal exchange coefficient
T¢: Fluid temperature (air temperature)
T: Solid temperature (structural element’s surface)

e Thermal conduction
o= —AgradT 4)
A: Thermal conductivity
T: temperature

This numerical study was done in two steps. The first step was the thermal study. Once completed, as was
stated earlier, the temperature fields were incorporated into the mechanical study. To carry out the numerical
study through these two steps, the meshing had to be the same for both studies in order to incorporate the
thermal fields into the mechanical analysis. Therefore, special attention was given to the meshing. During a
previous study performed by the authors [45], the sensitivity of the thermal fields generated by the ISO-834
curve rate was assessed for different mesh sizes. It was found that a meshing size less than 4 cm delivered
precise temperature fields in the case of an ISO-834 heating load. Therefore, rectangular shaped meshes with
sides less than 4 cm were selected for the thermal and thermomechanical models in order to achieve high
precision (see Section 3, “Numerical model results”). Hexagonal volumetric elements with eight integration
points (i.e., Hex8) were used in the three-dimensional numerical models.

3.2.1. Concrete and TRC

Concrete is a very complex material, and its thermal characteristics vary with the evolution of its
temperature. Therefore, in order to consider this intrinsic non-linearity, the thermal conductivity of concrete and
the specific heat values implemented in the numerical model were set equal to the values recommended by
Eurocode 2 (see Figs. 4a and 4b). It should be noted that Eurocode 2 established three curves of thermal
conductivity, for concretes with siliceous, limestone and light aggregates (see Fig. 4a). However, the siliceous
and limestone median curve was extracted and implemented in the thermal model. Regarding the specific heat,
the upper curve of Fig. 4b, which shows the free interstitial water evaporation peak, was implemented in the
thermal model.

As this is a thermomechanical study, and to take into consideration the effect of temperature on the overall
mechanical and structural behaviour:
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»  The concrete’s volumetric mass evolution with respect to temperature (Eurocode 2) was also implemented
in the model. The implemented curve followed the relative evolution shown in Fig. 4c with an initial value
0f 2500 Kg/m® at 20 °C.

¢ Curve 1 and 2 from the Eurocode figure (Fig. 4d) show the thermal dilation of the siliceous and limestone
aggregate-based concretes, respectively. A median curve of curves 1 and 2 was implemented in the model.
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Fig. 4. Evolution of the thermal proprieties of concrete and/or TRC as a function of the temperature: (a) Thermal
conductivity used for both the concrete and TRC (median curve was implemented) [44]; (b) Specific heat used for both
the concrete and TRC (upper curve was implemented) [44]; (c) Volumetric mass used for both the concrete and TRC
[46]; and (d) Thermal dilation used for only the concrete (median curve was implemented) [44]

The last parameter is the thermal expansion of the TRC. Tlaiji et al. [60] showed that the latter parameter is
the result of complex microstructural events. On one hand, the TRC’s cementitious matrix experiences shrinking
at high temperatures. On the other hand, the textile’s thermal expansion depends on the material’s nature. As the
thermal expansion coefficient of the TRC used for this numerical study (RCM100) was not experimentally
characterised, the authors opted for the most conservative alternative, which is a null thermal expansion of the
TRC model.

The effect of mechanical damage of concrete on its thermal conductivity and thermal behaviour of was not
explicitly considered in this study. This allowed to note that with the level of mechanical loading applied to the
steel-concrete beams studied in this study, the model developed made it possible to approximate the
thermomechanical behavior of the beams.
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3.2.2.  Steel

Similar to concrete, the thermal properties of steel (Fig. 5a-b), and their evolution with respect to
temperature, were incorporated into the thermal model. The thermal dilation (Fig. 5c) was also implemented in
the thermomechanical model.
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Fig. 5. Evolution of the thermal proprieties of steel rebar as a function of the temperature: (a) Specific heat [43] (b);
Thermal conductivity [43]; and (c) Thermal dilation (curve 1) [44]

3.3. Thermomechanical properties of materials and input data for models

As shown in Fig. 6, the models specified in EN1992-1-2 [44] were adopted to identify the uniaxial properties
of concrete at different elevated temperatures [47].

Insofar as this is essentially a uniaxial behaviour, the only mobilisation of the unidirectional behaviour of the
constituent materials is sufficient to conduct numerical simulations.

3.3.1. Concrete and steel

An exhaustive literature review showed that the complexity of concrete’s mechanical behaviour manifests in
the difference in its behaviour in compression and tension, the non-linearity of the post-elastic behaviour, the
non-linear dependence on the multi-dimensional state of stress, and the dependence of all these parameters on
the temperature. Figures 6a—6¢ show the evolution of the uniaxial mechanical behaviour of concrete with respect

7



241 to the temperature. The relative evolution of the Young’s modulus of concrete was extracted from the linear (i.e.,
242 elastic) part of Fig. 6b (compression). It should be noted that the normalised mechanical property (e.g., stress or
243 Young’s modulus) of a material is defined as the ratio between the value of the mechanical property at a specific
244 temperature, T, and that at room temperature.
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mechanical behaviour of concrete (compression and tension) [48]; (b) Mechanical behaviour of concrete in compression at
different temperatures [44]; and (c) Mechanical behaviour of concrete in tension at different temperatures [49].
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247 Similar to concrete, the mechanical behaviour of steel at different temperatures was extracted from Eurocode

248 2 (Fig. 7a-7b) and incorporated in the thermomechanical model.
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3.3.2.  Textile reinforced concrete (TRC)

Fig. 8a shows the mechanical behaviour of a TRC composite for four different temperatures (25 °C to 600 °C).
Tlaiji et al. [50] experimentally assessed these curves. This experimental finding shows stress-strain curves of
the TRC used as a strengthening material for RC beams. The tested TRC is composed of an aluminous matrix, 2
layers of chopped strand mat glass fibres and 2 layers of carbon grids, its reinforcement rate according to the
traction direction is of 1.8% (V2 = Vcarbon texiile in tensile direction/ VTRC). The elevated temperature tests consisted of
getting TRC plates on constant temperatures (25 °C, 200 °C, 400 °C, and 600 °C) then tensile forces were
applied on the tested specimens until failure, with a mechanical loading rate of 1 mm/min [50]. The numerical
implementation procedure is explained in section 3.4.3. These thermomechanical tests were carried out
according to a previously established protocol making it possible to characterise the behaviour of the TRC
material at different temperatures independently with the experimental test conditions [18], [8]. In addition, the
meshes of two carbon grids placed within studied TRC have the dimensions of 6 mm X 6 mm. There are
approximately 8 meshes along the direction of the width of TRC tested (50 mm). Some control
thermomechanical tests carried out on two TRC specimen sizes (50 mm and 100 mm) gave similar results. This
result made it possible to confirm that the results of tests carried out on TRC specimens having width of 50 mm
(due to the thermomechanical equipment used) can be applied for the behaviour of TRC in case of reinforcement
of a reinforced concrete beam. It should be noted that these experimental findings were in good agreement with
the general thermomechanical behaviour observed in previous experimental studies for textile-reinforced mortars
under thermomechanical loads [51] and [18].

The fibers of the transverse direction are not used in the case of the present study. Textiles with bidirectional
grids are often proposed for the strengthening of slabs and walls. Nevertheless, TRCs with grid textiles are also
used to strengthen reinforced concrete beams (as in this case study). The transverse yarns do not directly take the
tensile stresses in the longitudinal direction of the beams but they provide a great ease of laying of the TRC in
the fresh state. Also, in case of accidental stresses, they allow the reinforced element a higher mechanical and
thermal resistance in its transverse axis. Taking into account the elements mentioned above, textiles with
bidirectional mechanical capabilities have been chosen for experimental thermomechanical characterization.
Then, the numerical models presented in this study were based on the elements characterized experimentally.
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Fig. 8. Thermomechanical behaviour of TRC for different elevated temperatures: (a) Experimental results obtained by [50];
(b) Evolution of normalised Young modulus of TRC as function of temperature.

3.4. Damage criterion and numerical implementation of the input data
The steel and concrete were assumed to be elasto-plastic materials.

3.4.1.  Concrete

The plastic law of concrete was implemented using the Buyukuzturk criterion [52]. This criterion’s plasticity
surface, as given by Eq. (5), is very similar to the often-used Drucker-Prager’s criterion in elasto-plastic analyses
of concrete.

f=B V3dli+yl+3)-0° (521 (5

where f is the surface of the criterion, & is the limit defined by the user, J; is first invariant of the stress tensor,
and J>is the second invariant of the stress tensor.

Once the natural plasticity surface of the concrete was identified, a selection process to choose the best fitting
plasticity surface available in the MARC MENTAT software (i.e., FE software) was performed. Figure 9a shows
a comparison between an experimental plasticity surface of concrete [53] (Kupfer et al.; continuous line) and the
numerical plasticity surface of the Buyukuzturk criterion [52]. Based on the evolution of the concrete’s
behaviour in tension with respect to the temperature, a corresponding softening plasticity law was implemented.
This law was defined in two dimensions (i.e., the equivalent plastic strain and temperature). It should be noted
that the stress-strain laws of concrete in tension were selected to incorporate the behaviour of the concrete,
because failure occurred in the lower part of the RC beams tested in a flexural configuration. Moreover, the
numerical results did not show any plastic behaviour in the portion of the beams in compression (i.e., the
superior part of the beam). Figure 9b illustrates the softening law implemented for the concrete.

3.4.2. Steel

Steel was implemented in the numerical model via the Von-Mises plasticity surface (Fig. 10a). Once the
volume of the elastic behaviour delimited by the plasticity surface was exceeded, plastic behaviour was initiated
in accordance with the plasticity law Fig. 10b based on Fig. 7a.
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Fig. 9. (a) Plasticity surfaces of concrete according to the Kupfer criterion [53] (Kupfer, continuous line) (Kupfer et

al.) and Buyukuzturk criterion (filled circle symbols) [52] (selected for the concrete in this study); (b) Evolution law of

the concrete implemented in the MARC MENTAT software: concrete stress evolution as function of the equivalent
plastic deformation in tension and temperature.
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to the Von-Mises plastic criterion [54]; (b) Evolution plastic law of the steel implemented in the MARC MENTAT software
(evolution as a function of the equivalent plastic strain and temperature)

3.4.3. 1TRC

It is important to know that the unidirectional mechanical behaviour of a TRC along the longitudinal
direction can be subdivided into three or four zones ([8], [18], [10], [55] and [56]). The first zone (i.e., the first
slope) is a reversible linear phase. Once this linear zone is exceeded, damage and other phenomena start
occurring. In light of this behaviour, the TRC is considered to be an elasto-plastic material. It should also be
noted that the TRC composite is an anisotropic material owing to the constitutive material’s disposition.

In this study, the TRC composites were attached to the bottom surface of the RC beams for flexural
strengthening. Therefore, these composites were loaded in tension only along their longitudinal direction.
Considering the unidirectional longitudinal loading of the TRC in this study, a Von-Mises criterion was used to
incorporate the TRC’s mechanical plastic behaviour in the model. It should be noted that the Von-Mises criteria
is used for isotropic materials; however, it can be used to represent the plastic behaviour of the TRC under
unidirectional longitudinal mechanical loads. In order to assess the reliability of this choice, a literature review of
TRC strengthening on flexural settings was performed. The complex anisotropic mechanical behaviour of TRC
has been noted as a challenging aspect for authors throughout the numerical literature. At ambient temperatures,
a few authors ([57] and [17]) opted for an elastic model. These studies resulted in a good agreement between the
numerical and experimental mechanical results. Other studies ([58] and [59]) on TRC strengthened sandwich
beams corroborated those findings as long as the TRC was used in simple flexural bending conditions. An
isotropic plasticity model as tensile concrete damage plasticity (CDP) in the Abaqus software resulted in good
agreement with the experimental results. Based on these findings, an elastic zone was created using an isotropic
Von-Mises plasticity surface. Once the elastic zone of the TRC was exceeded, plastic behaviour was initiated.
This plastic behaviour was governed by a plastic law (see Fig. 11) extracted from the stress-strain behaviour of
the TRC used in this study (see Fig. 8a). The values of the Young’s modulus of the studied TRC as function of
temperature (Fig. 8a) (i.e., the first slopes of the curves, which were also the elastic parts) were extracted and
implemented as a normalised Young’s modulus curve with respect to the temperature (Fig. 8b).

The goal of the elastoplastic models, in the framework of this study, is to confer a realistic thermomechanical

behaviour to the modelled materials. This was done in order to establish an optimization tool and not a model
strictly reflecting the thermomechanical behaviour at any scale (e.g.: cracking behaviour). Taking this into
account, an elasto-plastic model can represent the thermomechanical behaviour of the TRC at a certain extent.
Moreover, the level of sophistication of the model is in line with the objectives assigned to this tool
(optimization, evaluation of major behaviour trends).

3.4.4.  Steel/concrete contact law

Some authors [61] have explored the incidence of the steel/concrete contact law and concluded that its effect
on a structural scale was rather negligible for RC beams under mechanical and fire loads. The authors also

12




339
340
341

342

343
344
345
346
347
348
349
350

351

352

353
354
355
356
357
358
359
360
361
362
363
364
365

reported that the degradation of the steel/concrete contact law occurred simultaneously with the degradation of
the mechanical properties of the steel, thereby creating a compensation effect. Consequently, a perfect contact
law was implemented between the steel and concrete.

3.4.5. Concrete/TRC contact law

To the best of the authors’ knowledge, only Tetta et al. [8] has addressed the behaviour of TRC strengthened
RC beams subjected to elevated temperatures. Even though the mechanical contributions of the TRC to the RC
beams were assessed in a shear configuration (U-wrapping and side bonding) for constant elevated temperatures,
some conclusions could still be drawn. This experimental study showed that the mechanical failure of the
specimens occurred predominantly at the concrete coating to which the TRC was attached. Failure rarely
occurred at the concrete/TRC interface. For this reason, the concrete/TRC bond was assumed to be perfect in the
numerical study. It should also be noted that further experimental tests should be conducted on this matter to
ascertain the validity of this hypothesis; however, in the current study, no experimental tests were performed.

4. Numerical model results

4.1. Numerical models of the specimens modelled

Once the mechanical loads were fully applied, the thermal load was applied to the surface of the models as
described in Table 1 (see “Thermal load”). The thermal flux was applied as the external air temperature
surrounding the models. Table 2 shows the number of finite elements used for every modelled specimen. Figure
12 shows the numerical models of the modelled specimens for different configurations without TRC
strengthening. The lateral section of Specimen 1 is shown in Fig. 12a, the longitudinal section of Specimen 1 is
shown in Fig. 12b, the lateral section of Specimen 2 is shown in Fig. 12c, and the longitudinal section of
Specimen 2 is shown in Fig. 12d. Figure 13 presents the numerical models of the modelled specimens
strengthened with TRC in different configurations. The lateral section of Specimen 1 with one layer of TRC is
shown in Fig. 13a, the lateral section of Specimen 1 with two layers of TRC is shown in Fig. 13b, the lateral
section of Specimen 1 with three layers of TRC is shown in Fig. 13c, the longitudinal section of Specimen 1 with
one layer of TRC is shown in Fig. 13d, the longitudinal section of Specimen 1 with two layers of TRC is shown
in Fig. 13e, and the longitudinal section of Specimen 1 with three layers of TRC is shown in Fig. 13f.
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367
368
369 Table 2 Number of elements in the numerical models built for Test Specimens 1 and 2
Configuration Steel Concrete TRC
Test model Reference beams (Without TRC) (see 72 1548 None
(Specimen 1) Figs. 12(a)-12(b))
With TRC (see Figs. 13(a)-13(d)) 72 1548 140
Test model Without TRC (see Figs. 12(c)-12(d)) 100 980 None
(Specimen 2)
370
371

Fig. 12. Numerical models of the modelled specimens: (a) Lateral section of Specimen 1; (b) Longitudinal section

of Specimen 1; (c) Lateral section of Specimen 2; and (d) Longitudinal section of Specimen 2
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Fig. 13. Numerical models of the specimens modelled: (a) Lateral section of Specimen 1 with one layer of TRC;
(b) Lateral section of Specimen 1 with two layers of TRC; (c) Lateral section of Specimen 1 with three layers of
TRC; (d) Longitudinal section of Specimen 1 with one layer of TRC; (e) Longitudinal section of Specimen 1 with
two layers of TRC; (f) Longitudinal section of Specimen 1 with three layers of TRC

4.2. Thermal results

The evolution of the temperature was the driving factor of all the thermomechanical phenomena. Therefore,
as a first step, the numerical thermal fields were compared to the experimental temperature results in order to
validate the thermal model. Figures 14 and 15 show the numerical and experimental temperatures measured at
different depths in the mid-span section of Specimens 1 and 2.

The following conclusions were drawn from the results:

» The nearer we got to the heat-exposed surface, the less precise the model appeared to be. This was
mainly attributed to the slight differences between the numerical and experimental thermal boundary
conditions.

* Aside from the details previously highlighted, the numerical thermal results showed good agreement
with the experimental measurements. This evidence emphasised the accuracy of the thermal models that
incorporated the intrinsic thermal properties of concrete and steel as featured in Eurocodes 2 and 3.

——Numerical (1 cm deep) —e—Experimental (1 cm deep)
800 ~———Numerical (2.5 cm deep) -~+--Experimental (2.5 cm deep)

Numerical (10 cm deep) - 4- Experimental (10 cm deep)
700

600
500
400

300

Temperature (°C)

200

100

100

Time of exposure to fire 1SO-834 (min)

Fig. 14. Numerical-experimental comparison of the temperature fields of Specimen 1 without TRC strengthening
(model shown in Figs. 12a and 12b); experimental results obtained from [39]
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Fig. 15. Numerical-experimental comparison of the temperature fields of Specimen 2 without TRC strengthening
(model shown in Figs. 12c and 12d; experimental results obtained from [40]

4.3. Thermomechanical results

Once the thermal study was validated, a thermomechanical analysis based on the study was performed. The
mid-span deflections of Specimens 1 and 2 are shown in Figs. 16 and 17, respectively. It should be noted that the
mid-span deflection is a general indicator (i.e., structural indicator) of the thermomechanical performance,
although it is not a proper indicator of the mechanical state of RC beams.

Some of the conclusions drawn from the results shown in Figs. 16 and 17 are as follows:

* Figs. 16 and 17 show that the deflections with respect to time of the exposure to fire were in a good
agreement for both the numerical and experimental values.

e The inflection points in Figs. 16 and 17, or the points where the deflection slope changed, denote the last
portion of mechanical energy of the steel and concrete (i.e., the failure point of the RC beams). The failure
prediction of the numerical models was always within 10 min of the experimental failure.

e It be noted that the steel/concrete perfect contact law hypothesis did not result in unrealistic mechanical
behaviour.

Overall, the numerical predictions of the thermomechanical model were in good agreement with the
experimental tests based on a comparison of the mid-span deflections.

0 -
—_ 0 100 150 200
£ -20
E
- 40
]
£ -60
2
=
% -80
[=
a -100
9
T -120
2
-140
Time of exposure to fire 1S0-834 (min)
——Experimental results Numerical results
Fig. 16. Numerical-experimental comparison of the mid-span deflections of Specimen 1 without TRC strengthening
(model shown in Figs. 12a and 12b); experimental results obtained from [39]
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Fig. 17. Numerical-experimental comparison of the deflections of Specimen 2 without TRC strengthening (model
shown in Figs. 12¢ and 12d); experimental results obtained from [40]

4.4. Parametric study: effect of the TRC thickness and thermal loading rate

In this section, the numerical studies of the RC beams strengthened with TRC layers are presented and
discussed. The thermomechanical models of the unstrengthened RC beams validated in the previous section were
also used for the numerical analysis in this section, but one to three layers of TRC composite were added to the
bottom surface of the RC numerical models. It should be noted that fire and resistance tests must be conducted
for the TRC strengthened RC structural elements in order to verify the findings of the numerical models (i.e., the
RC beams strengthened by TRC) in this section. However, in this study, experimental fire tests were not carried
out. The numerical modelling performed here was used to highlight the contribution and sensitivity of some of
the parameters in order to better understand the potential of TRC materials, thereby allowing a finer
experimental campaign framework in future studies. In addition, these models will increase the understanding of
the damaging kinetics in scenarios both with and without TRC.

4.4.1.  Effect of the TRC thickness

The purpose of this subsection is to assess effect of the TRC thickness on the global and local behaviour of
the studied RC beams. The numerical thermomechanical model of Specimen 1 was chosen to assess this
numerical study. Figure 19 shows the numerical results of the deflection as a function of the time of exposure to
an ISO-834 fire for RC beams strengthened with one to three layers of TRC and a reference beam (i.e., one
without TRC strengthening). It can be easily seen in Fig. 19 that the TRC contributed to an overall improvement
in the behaviour of the RC specimens.

Fig. 18 shows the locations where the stresses were collected for all of the modelled configurations. The
stresses, with respect to time, were collected in the steel rebar, concrete coating, and TRC in tension for all four
configurations: (a), (b), (c), and (d). The pathline stresses were collected from the configuration without any
TRC strengthening and the configuration with one layer of TRC (6 mm).
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Fig. 18. Pathlines and locations where stresses were collected from the models (a) configuration without TRC
strengthening, (b) configuration with one layer of TRC (6 mm), (c) configuration with two layers of TRC (12 mm),
and (d) configuration with three layers of TRC (18 mm)

428

429 Fig. 19 clearly shows that adding layers of TRC to an RC beam improved the performance against both the
430 mechanical and thermal loads. During the mechanical loading process, a slight mechanical contribution was
431 provided by the TRC in the form of a smaller deflection rate). However, the effect of the TRC was more
432 pronounced during the thermal loading. In fact, its effect manifested on two levels. First, the addition of more
433 layers of TRC delayed the failure of the RC beams by roughly 7 min for each additional layer. The second effect
434 was a less pronounced deflection rate.

435
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Mechanical loading constant mechanical load
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Fig. 19. Numerical deflections of Specimen 1 (strengthened with zero to three layers of TRC) with respect to the
loading time (mechanical and thermal loads)
436
437 As was stated in Section 3.4.5, failure of the TRC strengthened RC elements occurred in the concrete coating

438 where the TRC composite was bonded. Therefore, to increase our understanding of the thermomechanical
439 phenomena, special focus was placed on the axial stresses in the lower mid-span part of the RC beams, as it was
440 the most used part. Figure 20 shows the evolution of the axial stresses in the concrete coating and tensile steel for
441 both unstrengthened and TRC strengthened RC beams.

442
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Fig. 20. Numerical axial stresses in Specimen 1 (without TRC) with respect to the loading time (mechanical
and thermal loads)

Thermal loading (fire)
+

Mechanical loading constant mechanical load

J J

160

140

120

100

80

60

40

20

Tension Steel's axial stress (MPa)

0

Concrete coat’s axial stress (MPa)

0 10 20 30 40 50 60 70 80 90
Loading time (min)

——Concrete coat ——TRC —Tension steel

Fig. 21. Numerical axial stresses of steel, concrete coating, and TRC (in the lower mid-span part of the RC
beam) in Specimen 1 (strengthened with one-layer, i.e., 6 mm, of TRC) with respect to the loading time
(mechanical and thermal loads)

Figure 20 shows the evolution of the axial stresses with respect to the loading time. The mechanical load was
applied gradually over the first 10 min. It can be seen that the applied load exceeded the service limit state as the
stresses in the concrete coating exceeded the reversible linear phase of the material. Consequently, the tensile
steel rebar compensated for the lost tension with an increase in their axial stresses. It should be noted that the
Eurocode 2 design rules corroborate the fact that the mechanical load applied to the Specimen 1 RC beam places
the beam between the service limit state and ultimate limit state. Figure 22 also corroborates this condition as the
axial stresses in the mid-span section at 10 min (i.e., the beginning of the thermal load) are not linear throughout
the concrete section. This suggests that the lower part of the section has passed beyond the elastic limit of the
material. Once the mechanical load was fully applied, it was kept constant and a thermal load (i.e., the ISO-834
load) was applied to the specimens.

In Fig. 20, the initial stress status of the RC beam was quickly disturbed in the first 8 min of heat exposure.
The concrete coating lost roughly one third of its initial axial stress (at 20 °C) due to the temperature evolution.
This stress loss was attributed to a combination of the regression in the mechanical properties and the thermal
expansion of the lower part of the beam. During the time period in which the concrete’s axial stress decreased,
the steel’s axial stress rose until minute 22, where it peaked. After the initial stress recovery of the concrete
coating (seen at minute 17), it ultimately decreases. The stress in the steel and concrete continued to decrease
until minute 45, where a severe decrease in the axial stress of the concrete is noted. This resulted in an increase
in the deflection rate after minute 45 (see Fig. 19). The axial stresses in the concrete and steel continued to
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decrease until minute 75, where the steel temperature exceeded 500 °C, and the stress in the concrete coating

reached zero, which caused the RC beam to fail.

For the TRC (6 mm) strengthened RC beam (Fig. 21), the axial stress history was slightly different owing to
the mechanical contribution of the TRC.
The following conclusions were drawn from the mechanical loading phase (Fig. 21):

e The mechanical loading phase exhibited some similarities to the unstrengthened specimen (i.e., without
TRC, see Fig. 20) although the TRC addition contributed to the consolidation of the concrete coating by
allowing it to have a better mechanical performance at the end of the mechanical loading phase (see minute
10 in Figs. 22 and 23).

e The following conclusions were drawn from the thermal loading phase (Fig. 21): At first, a decrease in the
axial stress occurred in the concrete coating and TRC. Thereafter, the axial stress in the steel increased
(stress compensation) until minute 22. This phenomenon was also noted for the configuration without TRC
(Fig. 20).

e The mechanical contribution of the TRC peaked at minute 31, then regressed sharply until minute 44.

* The axial stress of the steel started decreasing at minute 21 due the temperature.

e All of the constitutive materials continued to lose their axial strength until the concrete coating reached a
zero-stress state, which caused the specimen’s failure.

It should be noted that the axial stress of the TRC was dependent on the properties of the concrete coating to
which the TRC was attached. Therefore, additional investigations focused on this relationship should be carried.
However, the achievement of a zero stress state in the concrete at minute 77 (Fig. 21), which caused the failure
of the strengthened beam, was in a good agreement with the previous study [8], which reported that the
predominant failure mode occurred in the concrete coating to which the TRC was bonded.

Figures 22 and 23 show the numerical axial stresses through the vertical axial axis of the mid-span section of
the configurations (see Figs. 18(a) and (b)) without TRC strengthening (Fig. 22) and with one layer (6 mm) of
TRC strengthening (Fig. 23). These figures show the axial stresses at minute O (i.e., prior to mechanical loading),
minutes 10 (i.e., the end of mechanical loading and beginning of thermal loading), and minutes 80 and 82 (i.e.,
failure).
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Fig. 22. Numerical axial stresses of Specimen 1 (without TRC strengthening) over the vertical symmetrical axis
of the mid-span section (Fig. 18(a))
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Fig. 23. Numerical axial stresses of Specimen 1 (with one layer of TRC strengthening (6 mm)) over the vertical
symmetrical axis of the mid-span section (Fig. 18(b))
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490

491 To fully understand the local mechanical behaviour of the TRC strengthened RC beam, the elastic, thermal,
492 and plastic axial strains (Fig. 24) were collected at the same locations where the axial stresses were collected
493 (Fig. 21) (i.e., tensile steel rebar, concrete coating, and TRC).
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Fig. 24. Numerical axial strains of the steel, concrete coating, and TRC (in the lower mid-span part of the RC
beam) of Specimen 1 (with one layer of TRC strengthening) with respect to the loading time (mechanical and
thermal loads)
495
496 During the mechanical loading phase (Fig. 24), the following observation was made:

497 e A slight increase in the plastic strain of the concrete coating was noted. This corroborated the previous

498 statement made regarding the mechanical load pushing the RC beam beyond the mechanical service limit
499 state.
500 During the thermal loading phase (fig. 24), the following observations were made:
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From minute 10 to minute 17, a slightly differentiated increase in the thermal strains of the concrete and
steel was noted. This differentiated thermal strain (i.e., concrete expands more than steel) helped to decrease
the axial tensile stress in the concrete, while the axial stress in the steel increased (Fig. 21). Simultaneously,
an elastic strain decrease was noted for the concrete, while the steel experienced an elastic strain increase.
The plastic strain of all of the materials increased as a result of the temperature evolution.

The axial elastic strain of the TRC decreased heavily during the first 10 min as a result of the thermal
damage.

At minute 20, the axial stress peaks of the steel began to decrease (Fig. 21). This led to an increase in the
elastic strain of the TRC and a stress peak at minute 30.

After minute 30, the mechanical contribution of the TRC decreased (i.e., less elastic strain and more plastic
strain).

After minute 42, the thermal and plastic strains began to increase a second time; thus explaining the axial
stress releases (Fig. 21).

Now that the phenomena involved in the thermomechanical history are clear, focus is brought to the effect of
the TRC thickness (i.e., the number of layers) on the overall thermomechanical behaviour. Figure 25 shows the
effect of the number of TRC layers on the local mechanical behaviour of the reinforced configurations. The
following conclusions were drawn:

Mechanical loading phase (Fig. 25):

Strengthening an RC beam with additional layers of TRC helped the concrete coating remain consolidated
and perform more efficiently (Fig. 25 (a)).

The thickness of the TRC brought a slight mechanical contribution to the concrete coating and the tensile
steel rebar during mechanical loading. In fact, compared to the unstrengthened RC beams (Fig. 25(a) and
(b)), the steel rebar and concrete coating bore less axial stress in the configurations that utilised TRC
strengthening.

It should also be noted that during and at the end of the mechanical loading phase (Fig. 25(c)), the axial
stresses in the TRC were more important for those configurations strengthened with fewer layers of TRC.
Naturally, this was the result of the increase in the stress concentration that occurred due to the decrease in
the TRC surface (for configurations with less layers).

Thermal loading phase (Fig. 25):

v
v

v

Initial stress state of the concrete:
The axial stress in the concrete coating should be less important for TRC strengthened configurations (i.e.,
those with a higher beam inertia), although this assumption would only be true for infinitely linear elastic
materials. In this case, the concrete was a nonlinear material. As stated previously, the mechanical loads
applied to the reinforced beam went beyond the service limit state defined in Eurocode 2. Therefore, the
concrete coating was slightly damaged before the heat flux was applied to the beam. This explains why, at
the beginning of the thermal loading phase (Fig. 25(a)), the axial stresses were more important for the
configurations with more layers of TRC, as the TRC kept the concrete coating intact and consolidated
under a mechanical load.

Stress limit of the steel:
The increasing number of TRC layers caused the axial stress curves of the steel to shift down.
The axial stress peaks of the steel occurred at roughly the same time (minute 23), which emphasised the
fact that the reduction in the steel stress was directly linked to a specific temperature point.

Thermal effect:
In the first few minutes of the thermal loading phase, a peak of stress was noted for the concrete and TRC.
It was also noted that this stress peak increased when the number of TRC layers increased. This was
attributed to the stiffness of the TRC against the thermal expansion of the concrete.
After the first 7 min, the stress in the concrete coating and TRC decreased in all configurations (Figs. 25(a)
and (c)). This phenomenon was caused by the reduction in mechanical properties, which led to a stress
release in those parts of the beams.
The increase in steel stress was caused by a combination of the differentiated thermal expansion (between
the concrete and steel) and the reduction in concrete properties as a result of the temperature.
The stress peak of the steel (Fig. 25(b)) occurred at roughly the same point for all of the configurations.
This emphasised the fact that the steel stress limit was directly linked to the temperature evolution.
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The second mechanical contribution of the TRC began at the stress limit of the steel rebar. It was noted
that this mechanical contribution grew larger and was delayed (in time) as the number of TRC layers
increased. This might due to the fact that a larger number of TRC layers acts as thermal shield for the inner
TRC layer (where the axial stresses were collected for Fig. 25(c)), which kept was kept sufficiently cool to
contribute in a delayed manner.
Additional layers of TRC improved the concrete coating performance during the thermal loading phase
owing to the fact that the TRC layers kept it intact during the mechanical loading phase and the first few
minutes of the thermal loading phase.
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Fig. 25. Numerical axial stresses in the steel, concrete coating, and TRC (in the lower mid-span part of the RC
beam) of Specimen 1 (without TRC, with one layer of TRC, with two layers of TRC, and with three layers of
TRC) with respect to the loading time (mechanical and thermal loads)
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The results of the analysis showed in this sub-section led to the following conclusions:

e Additional layers of TRC improved the stiffness of beams (i.e., the inertia of the beam’s section increased).
Therefore, the deflection as a function of the time of exposure to the thermal load decreased. Moreover, the
thermal exposure resistance time was enhanced.

e TRC strengthening helped to keep the concrete coating consolidated, which allowed it to perform more
efficiently during when exposed to the thermal load.

*  The TRC strengthening provided a mechanical contribution during the mechanical loading phase.

* The TRC strengthening provided a second mechanical contribution (delayed) after the tensile steel rebar
reached their stress limit.

e It should also be noted that the TRC layers also contributed at a thermal level by delaying the temperature
evolution. Consequently, failure was also delayed.

e The mechanical contribution of the TRC was limited by two factors:

v The TRC’s properties regressed as the temperature increased.
v The concrete coating on the bottom of the beam weakened with continued exposure to the thermal load,
resulting in poor mechanical stress transfers between the RC beam and TRC.

4.4.2.  Effect of the thermal loading rate

A numerical study was carried out on RC beams strengthened with one layer of TRC under a unique
mechanical load but different heating scenarios. The thermomechanical models of the unstrengthened RC beams
validated in Section 4.3 were also used for the numerical analysis in this section, but employed different heating
rates. It should, again, be noted, that fire and resistance tests need to be performed for TRC strengthened RC
structural elements in order to validate the findings of this study. However, experimental fire tests were not
carried out as a part of this research.
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Fig. 26. Numerical model heating rates

In this numerical study, the ISO-834 heating rate was substituted with five different heating rates (see Fig.
26) (3 °C/min, 15 °C/min, 30 °C/min, 75 °C/min, and 150 °C/min)]. The purpose of this parametric study was to
assess the thermomechanical effects of the heating rate on the global and local behaviour of the studied RC
beams.
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Fig. 27. Numerical model deflections of Specimen 1 (strengthened with one layer of 6 mm thick TRC) with
respect to the loading time (mechanical and thermal loads)

Figure 27 shows the numerical model deflections of Specimen 1 (strengthened with one layer of 6 mm thick
TRC) with respect to the time of exposure to the mechanical and thermal loads for different heating rates that
varied from 3 °C/min to 150 °C/min and the ISO-834 heating rate (Fig. 26). Figure 27 present the numerical
results of Specimen 1 strengthened with one layer (6 mm) of TRC for the evolution of the axial stress of the (a)
steel, (b) concrete coating, and (c) TRC as a function of the loading time. From the results obtained and
presented in Figs. 27 and 28, the following points were observed:

*  Asexpected, a lower heating rate led to a lower deflection rate over time.

e Excluding the 3 °C/min heating rate that was too slow to fully affect the specimen within the truncated
analysis time (the curve was shorted to 100 minutes), an important conclusion was noted. The ISO-834
heating rate failed at roughly the same deflection as the 15 °C/min and 30 °C/min rates. Based on this
finding, it can be stated that, within the latter heating rate range, the heating rate itself did not affect the
mechanical history of the failure besides delaying it. Figure 28 supports this finding as the heating rates
appeared to have a delayed effect on the axial stress histories of the concrete and TRC. The same flexural
behaviour was observed in [37], where RC beams were loaded mechanically and then tested on their
resistance to fire at different thermal loading rates (ASTM E119 and a long, severe heating rate). This
experimental study showed that a severe heating rate resulted in steeper deflections over time and an earlier
failure than the ASTM heating rate. However, the failure occurred at the same deflection as ASTM E119,
and the findings of the study with the long, severe heating rate [38] for slower and faster heating rates than
ASTM E119 also corroborated the results in Fig. 27.

e It must be noted that higher heating rates (i.e., 75 °C/min and 150 °C/min), and with the support of Figs. 27
and 28, the numerical calculations appeared to conclude before the axial stresses reached zero. This was
most likely due to numerical convergence issues.
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Fig. 28. Numerical model axial stresses for the steel, concrete coating, and TRC (in the lower mid-span part of
the RC beam) of Specimen 1 for five heating rates with respect to the loading time (mechanical and thermal loads)

It should be noted that Fig. 28 illustrates the mechanical history findings of the previous section (i.e., Section
4.3.1 Effect of the TRC thickness). The first axial stress peaks of the steel (Fig. 27(a)) (at minute 10) coincided
with the second mechanical contribution of the TRC (Fig. 27(c)).

The results showed in this sub-section led to the following conclusions:

e The heating rate of a TRC strengthened RC beam within the ISO-834 range did not change the
thermomechanical history of the constitutive materials. However, it delayed the thermomechanical effects.
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4.4.3. Residual capacity

After a fire, the cooling of the reinforced concrete elements is associated with a change of the mechanical
properties of the constitutive materials. Steel reinforcements can restore their full mechanical capacity before a
temperature of 600°C, however, above 600°C, only 90% of their capacity is recoverable after cooling [62]. On
the other hand, concrete experiences an additional degradation of its mechanical properties during cooling, a
phenomenon caused by cracks that develop in the material.

Eurocode 2 [44] as well as other normative references such as the Japanese standard (AlJ fire resistive materials'
guideline, 2009) evaluate the residual strength of a reinforced concrete element based on minimum cross-
sectional dimension tabulations or the time it takes for the 500°C front to reach the critical concrete cross-
section, and then the strength of the steels is calculated based on the corresponding maximum temperature at that
time. Furthermore, [62] reported that monitoring the evolution of the 500°C front was not sufficient to assess the
residual strength of the concrete. Raouffard et al. [62]_also stated that the reason behind this was that the cooling
phase induced a 30% decrease in the residual fire resistance of a reinforced concrete beam. This decrease was
related to the development of cracks in the concrete during cooling. The European standard [63] defines failure

criteria based on the deflection of the fire-rated reinforced concrete beam (see the equation 6).
12

150 ™ 400.d

(6)

Where di, is the ISO-834 fire deflection limit, 1 is the clear span of the beam and d is the distance from the
extreme fiber on the cold design compression zone to the extreme fiber on the cold design tension section.

Moreover, the literature is in common agreement regarding the impact of steel temperature on the mechanical
resistance during and after a fire. Raouffard et al. [64] numerically assessed the sensitivity of the residual
strength of (RC beams after a fire) to some structural parameters such as the level of mechanical loading. It was
concluded that the higher the mechanical loading, the lower the residual resistance of the RC element after a fire.
The causal link lies in the mechanical states of the tension steel rebars and the concrete coat which are more
stressed for higher mechanical loading levels, thus, the evolution of temperature has more impact on the
degradation of the yield strength and the plastic strains of the constituent materials (see Fig. 10b). Therefore, in
order to accurately assess the residual mechanical strength of RC beams, it seems natural to include the effect of
some parameters such as the heating scenario, the temperature of the tensile steel, the level of mechanical
loading [64].

Taking into account the elements presented above, the assessment of the contribution of the TRC to improve
the residual mechanical strength of the RC beams will be based on the evolution of the deflection, the
temperature in the RC section and the axial stress of the concrete coat and steel rebars. From a thermal
perspective, the TRC is too thin (6 mm) to take its heat insulation effect into consideration, therefore, its thermal
preservation of the residual strength is at best of little importance, this is in addition to the fact that the TRC has
a higher thermal conductivity than concrete considering the carbon based textile grids. This study showed that
the addition of TRC reinforcement layers induced stress reduction in the tension steel rebars (see Fig.25(b)) at 10
minutes. Thus, considering these elements, the potential effect of TRC on the residual strength of a RC beam can
be attributed to its ability to reduce the axial stresses of the steel rebars and the concrete coat, thus reducing the
severity of fire-induced mechanical damage [64]. The fire deflection limit established by Eurocode 2 is estimated
to be 75 mm for specimen 1. From the results of section 4.4.1 and 4.4.2, it appears that the addition of TRC
layers delays the effect of fire, which is in agreement with the elements explained above.

One can add that the residual strength of the TRC strengthened RC beams would also depend on the residual
strength of the TRC, which remains significant even after exposure to fire [60].

It remains, however, important to emphasize that the exclusively deductive nature of the above paragraphs
must be reinforced by parameter sensitivity assessments to ascertain the post-fire contribution of the TRC to RC
beams.
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5. Conclusion

The objective of this study is to provide an optimization tool for TRC strengthened reinforced concrete
beams. Within the limits of the hypotheses on which this numerical model is based, this tool will allow to draw
indications that are capable of limiting the number of experimental tests envisaged. Also, the understanding
provided by this study will evolve with the experimental tests envisaged in the future. It is important to point out
that the need to carry out an experimental validation is essential.

This paper assessed numerically the mechanical and thermal contributions of a new composite material,
textile-reinforced concrete (TRC), to strengthen steel reinforced concrete beams in case of fire loading (ISO-834)
and/or different thermal loading rates varying from 3 °C/minute to 150°C/minute. The numerical models were
developed through this study, it was concluded that TRC could be a good strengthening solution for steel
reinforced concrete beams in case of fire or subjected to elevated temperatures with different heating rates.

The findings of this study are shown below:

*  Using the intrinsic thermal properties of concrete and steel, featured in the Eurocodes 2 and 3 in thermal
analysis resulted in precise thermal fields for a reinforced concrete beam under fire (ISO-834 normalized
fire curve)

TRC’s thickness effect on global and local behaviour of RC beam is synthesized below:

e The mechanical contribution of the TRC strengthening led to a better thermomechanical performance
against fire. The deflection and deflection rates of the reinforced specimens both decreased with the addition
of the TRC. Thus, the failure of the RC beams during the ISO-834 heat exposure was delayed.

e During mechanical loading, TRC strengthening consolidates the concrete coat and therefore supports part of
the axial stresses of the tension steel rebars and the concrete coat. This way, at the end of the mechanical
loading, the stiffness of the embedding concrete is preserved.

* During the thermomechanical loading phase, the concrete coat that was preserved during mechanical
loading shows higher tensile stresses. In addition, the TRC have additional mechanical contributions to the
reinforced concrete beams during thermomechanical loading, particularly when the stresses of the tension
steel rebars starts decreasing under heat.

e Naturally, reinforcement with additional TRC layers results in higher mechanical and thermal effects.

e TRC layers also provide thermal protection, therefore, all thermal effects are delayed, including failure.

e The literature showed that less stressed tension rebars lead to less mechanical damage during fire exposure.
As seen through this study, TRC strengthening partly relieves tension steel rebars of tensile stresses at the
end of the mechanical loading phase. This suggests that the TRC have the potential to improve the residual
strength of RC beams after fire, this, in addition to its own mechanical residual strength.

*  Concrete’s bottom coat weakened with temperature exposure resulting in poor mechanical stress transfers
between the RC beams and the TRC. Therefore, the thermomechanical contribution of the TRC is very
dependent on the concrete coat’s fire resistance.

Heating rate effect on global and local behaviour of RC beam is synthesized below:

e The evolution of axial stress of concrete coat, steel and TRC in the lower mid-span part of the RC beam as a
function of the loading time (mechanical and thermal loading) for different thermal loading rates was
numerically identified and analyzed.

e From 15°C/minute to 150°C/minute and ISO-834 heating rate, the heating rate did not affect the deflection r
eached at failure nor failure’s mechanical history of RC beam strengthened by one-layer-6mm TRC besides
delaying it. These findings are consistent with the experimental conclusions found in the literature.

Compared with traditional Fiber Reinforced Polymer (FRP) material, TRC has two important advantages:
*  During a fire, TRC/concrete interface is less sensitive with temperature than FRP/concrete interface.
*  TRC does not emit toxic fumes such as FRP.

e TRC can potentially contributes to improve the residual strength of fire RC beams

Based on this work, some prospects can be drawn:
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. This work provided a better understanding of the thermomechanical phenomena involved in a RC beam
strengthened with TRC, therefore, a founded frame of experimental tests can be envisioned based on this work
for a detailed analysis.

. Optimizing the thermomechanical potential of TRC strengthening by protecting it with thermal insulation
materials.

® Solving the adherence problems (weakening concrete coat with fire) by setting up the TRC strengthening
with an anchorage system.

The numerical models showed the contribution and sensitivity of two parameters (i.e., the TRC thickness and
thermal loading rate) on the global and local behaviour of steel reinforced concrete beams. The findings of this
numerical model increased our understanding of the potential of TRC material and will enable finer experimental
campaigns in future studies. In order to valorise the full thermomechanical potential of TRC, further numerical
work should be conducted along with new experimental tests to ascertain, complete, and validate the numerical
findings of this study.
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