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This paper presents a numerical simulation of the structural response of reinforced concrete (RC) beams
under elevated temperature using the commercial finite element package ABAQUS. A numerical model is
firstly suggested by selecting the appropriate geometrical and material properties of the RC beam model at
elevated temperature. Thereafter, the suggested numerical model was validated against the experimental
tests conducted in this study. The validation results in terms of temperatures- time histories; load-mid span
deflection of the RC beams have confirmed the accuracy of the suggested numerical model. The validated

Ez{nv::ir:;.model numerical model was implemented in conducting a parametric study to investigate the effects of two
RC beams important parameters on the behavior and failure of RC beams under elevated temperature. These
Elevated temperature paramete.rs are the effect of the high ranges of el.evated temperatures; ar.u.J the effect of heating rate. The
ABAQUS parametric study results have revealed that the failure load and the ductility of RC beams under elevated

temperature are not considerably influenced by changing the heating rate. It has also been concluded that
the ultimate load capacities of RC beams have considerably decreased by 55.49%, 74.72%, and 81.31%
comparing with the control RC beam when they exposed to temperature values of 600 °C, 700 °C, and 800°C
respectively. These conclusions may be used in the design of RC beams subjected to fire induced
temperature.

Heating rate

© 2019 University of Al-Qadisiyah. All rights reserved.

1. Introduction

Fire induced temperature is one of the most extreme loading conditions
that any concrete building may be prone to during its service life. The
elevated temperature may cause significant degradation of the mechanical
properties of the concrete leading to progressive collapse and failure of the
entire structures. One of the examples is the collapse of the world trade
centre (WTC) in 2002 which was mainly caused by the elevated
temperature induced from the fire following the explosions. Ever since, the
awareness of the engineering community has been raised to the importance
of incorporating the effect of elevated temperature in the design procedures
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of structural members. Therefore, a considerable amount of experimental
research studies have been conducted during the past two decades on the
effect of elevated temperature on the behaviour of concrete members.
However, few numerical studies were published on the RC beams members
at fire due to the complexity of the problem which involves highly
geometrical and material nonlinearities. For example Yue et al. [1] has
carried out numerical simulations to study the fireproof behavior of simply
supported RC beams strengthened by stranded mesh and polymer mortar
(SMPM) by using the finite element software ABAQUS. The coupled
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temperature and displacement analysis is fully considered with thermal and
mechanical properties of concrete being adopted according to EC4 [2] and
others taken from previous researcher studies. The numerical results have
revealed that the coupling of displacement and temperature fields can be
reasonably modelled by ABAQUS. In addition, Gao et al [3] presented a
three dimensional FE model to predict the thermal and the mechanical
behaviour of RC beams at high temperature. A concrete damage plasticity
constitutive model in ABAQUS [4] was used to model the mechanical
behaviour of concrete. The stress-strain relationship and the thermal
properties of steel and concrete at elevated temperature were adopted
according to EC2[5] and EC3 [6]. In addition, the concrete reduction
factors under elevated temperature were taken according to the
experimental tests from previous researcher studies and the reduction
factors of steel were taken according to EC3 [6]. The results have shown
that the inclusion of steel to concrete interfacial behaviour leads to more
accurate predictions of the deflection of RC beams exposed to fire. Also,
the numerical study conducted by Oz bolt et al [7] has developed a three
dimensional finite element model to study the response of simply supported
RC beams made from crushed stone aggregate. 1ISO 834 [8] standard fire
curve was used under elevated temperatures up to 300°C followed by
mechanical loading. The thermal and mechanical procedure available in
ABAQUS was utilized to perform the analysis. The thermal properties of
steel and concrete used are taken from EC2 [5] and EC3 [6]. The results
indicated that the employed numerical modeling technique can successfully
predict the behaviour of the RC beam under fire and followed by
mechanical load. Further the used 3D thermo-mechanical model is useful
numerical tool for the realistic prediction of the behaviour of RC structures
exposed to high temperature. In the same contexts, El-Tayeb et al [9] have
carried out a numerical investigation on the response of RC beams and
frames under the effect of thermal loads using the FE software ABAQUS.
The beams and frames were modelled by accounting the material
nonlinearity including cracking behaviour and the gradients of temperature
are assumed linear, nonlinear and uniform. The results have indicated that
the behaviour of beams and frames is largely deviated depend on the trend
of the temperature gradient (i.e. linear or nonlinear). Therefore, the
nonlinear gradient of temperature was suggested to be implemented in the
analysis.

The above-mentioned research studies have shown that the finite
element package ABAQUS has widely been utilized in simulating the
behaviour and failure of RC beams at elevated temperature with a very
reasonable accuracy. The stress-strain model of concrete under elevated
temperature proposed by EC2[5], EC3[6] and EC4 [2] was successfully
used to predict the degradation of the concrete strength under high
temperature. However, the previous numerical models have not been
validated against experimental tests results with different ranges of elevated
temperatures and have not been used to conduct comprehensive parametric
study. Therefore, the main object of the current study is to develop a more
accurate numerical model to simulate the behaviour of RC beams under
elevated temperature using the FE software ABAQUS/Standard. In
addition, the validated numerical model will be used to conduct a
parametric study to investigate the effects of two important parameters on
the behaviour and failure of RC beams at elevated temperature. These two
parameter have not been be investigated by the previous numerical research
studies.

2. The FE Model of the RC beams
2.1. Material modeling

The concrete damaged plasticity model (CDPM) available in
ABAQUS/Standard was used in this study to simulate the behavior of the
concrete material under ambient and elevated temperature up to failure. The
CDPM uses several parameters to simulate the plastic behavior of concrete.
In the present model, some of the required plasticity parameters for RC
beams were taken as the default values in ABAQUS. One the other hand,
the mathematic constitutive model for the compressive stress-strain
relationship of concrete by EC4 [2] was adopted at ambient and elevated
temperatures. The values of yielding and crushing strains of concrete at
different temperatures were taken according to EC4 [2]. To account for the
degradation of the mechanical properties of concrete at elevated
temperature, reduction factors of compressive strength were obtained from
the experimental tests conducted in this study (see Fig. 1).
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Figure 1. Stress - strain relationships of RC beams at various

temperatures

The tension stiffening of concrete at ambient and elevated temperature
was defined in terms of the fracture energy (Gf) available in ABAQUS [10,
11] as show in Fig. 2. According to CEB-FIP Model [12], the value of Gf
can be obtained as a function of the maximum aggregate size (Dnmax) and the
required concrete strength as presented in Table 1. On the other hand the
reduction factors of tensile strengths of concrete at elevated temperature
suggested by EC2 [5] was used in the tension stiffening model to account
for the effect of the elevated temperature.
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Figure 2: Bilinear softening tension used for NWC [10, 11].
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Table 1: Values of G¢for different aggregate sizes and concrete
strengths according to [10]

Dmax(mm)  Gf(N/m)
Cl2 C20 C30 C40 C50 Ce60 C70 C80
8 40 50 65 70 85 95 105 115
16 50 60 75 90 105 115 125 135
32 60 80 95 115 130 145 160 175

One the other hand, the tension damage parameters was used in this
study to detect the crack initiation of RC beams at ambient and elevated
temperature. The tension damage parameter is calculated from the equation
suggested by ABAQUS [5] as follows:

d=1- -2 o

fctm
Where ot is the tension stress of concrete at the stage of analysis where the

damage parameter is to be calculated and fctm is the ultimate tension stress

of concrete.

For the reinforcement bars, the mathematic constitutive model of the
stress-strain relationship of steel at tension proposed by EC4 [2] for ambient
and elevated temperature was used. The yielding stress, modules of
elasticity and Poisson’s ratio of the steel material at ambient temperature
were taken as 414 MPa, 2x10°Mpa, and 0.2 respectively.

2.2. Geometrical modeling

The three dimensional eight nodes solid element with reduced
integration and hourglass control (C3D8R) in ABAQUS/standard shown in
Fig. 3-a was used in this study to model the RC beams, bearing steel plate
and supporting steel plates during the structural analysis. While, in the heat
transfer analysis, the three dimensional eight- node solid liner heat transfer
element (DC3D8) with a temperature degree of freedom was used (see Fig.
3-a). One the other hand, the reinforcing steel bars was modeled by using a
three-dimensional two-node linear displacement truss element (T3D2)
during the structural analysis while a two-node heat transfer link element
(DC1D2) with a temperature degree of freedom was utilized during the heat
transfer analysis as shown in Fig. 3-b. Table 2 summary all types of
element used in the numerical model of this study.

a :C3D8R and DC3D8 elements b: T3D2 and DC1D2 elements

Figure 3. Types of elements used in the numerical model

Table 2: Types of elements used in the numerical mode

. Structural Heat transfer
Material type - .
analysis analysis
RC beams C3D8R DC3D8
Bearing and supporting steel pates C3D8R DC3D8
Reinforcing steel T3D2 DC1D2

2.3. Assembly of the numerical model

Fig. 4 shows the assembly of all parts used in the numerical model of
this study including the details of the reinforcement bars. Bearing and
supporting steel plates with dimensions of (150x100x10) mm and (150 x80
x10) mm (length xwidth xdepth) respectively were used to eliminate
localizing of stresses at supporting and loading areas. The TIE type of the
CONSTRAIN option in ABAQUS was used to tie up theses plates to the
RC beams. The boundary conditions of the beams were modeled to simulate
the simply supporting boundary conditions as used in the experimental
tests. In addition, the EMBEDDED REIGN type of the CONSTRAIN
option in ABAQUS was utilized to set the interaction between the
reinforcement steel bars and the concrete beams.

a: RC model in ABAQUS

L =

b : RC reinforced
Figure 4: Assemblage of the numerical models

2.4. Analysis procedure

The partially coupled thermal and mechanical analysis in
ABAQUS/Standards was used in the present study to analyze the RC beams
under elevated temperature followed by static point load. In this analysis
procedure, the heat transfer analysis is carried out to predict the temperature
distribution over the RC beams while mechanical analysis was carried out
to determine the stress, strain and displacement distributions at the beam up
to failure. The main features of each phase of analysis are described as
follows:

2.5. Heat transfer analysis

In this analysis, the RC beams were heated up to the intended degree of
temperature which is applied over the whole beam as a boundary condition
following the temperature- time histories obtained from the corresponding
experimental tests conducted in this study as shown in Fig. 5. The thermal
expansion, specific heat and thermal conductivity of concrete and the steel
were all defined as a function of temperature in the material properties of
the numerical model using values supposed by the EC4[3].
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Figure 5: Temperature—time histories at furnace, RC beam pecimens
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and the steel bars used in the present study

2.6. Structural analysis

The structural analysis was carried out after heat transfer analysis to
predict the structural behavior of RC beams after temperature exposure.
The distribution of temperature over the RC beams was restored from the
heat transfer analysis as an initial step of the RC beams using the
PREDEFINED FIELDS option in ABAQUS. A displacement controlled
structural analysis was carried out by applying a lateral displacement as a
boundary condition at the center of RC beams.

3. Validation of the numerical model.

To ensure the reliability of the developed numerical model,
experimental tests were carried out in this study on RC beams subjected to
elevated temperature followed by concentrated static load at the beam’s
mid-span .The numerical simulation results obtained from the suggested
model will be compared with the experimental tests results. The section
below describes the experimental tests used in the validation exercises.

3.1. Experimental tests

Five RC beams with cross sectional dimensions of 150mmx 240mm
(width x height) and total length of 1250 mm were cast, cured, heated and
tested in the present study. The average values of compressive and tensile
strengths of the concrete used in all RC beams specimens are 31.45 MPa
and 2.875 MPa respectively. The geometrical and reinforcing details of RC
concrete beams are shown in Fig. 6. The RC beams were designed to resist
lateral concentrated load at beams mid-span of 150kN according to ACI
318-2014 [13]. Four RC beams were tested after exposing to four different
elevated temperatures which are 250 °C, 390°C, 460°C, and 570°C while
one beam was tested under ambient temperature ( i.e. 20 °C) and it was
considered as the control beam. For each of the four heated RC beams, the
temperature was maintained constant for about half an hour when it reaches
the target value. An electric furnace with dimensions of 1300mm (length)
x 330mm (depth) and 290mm (height) and maximum temperature of 900°C
was designed, manufactured and calibrated in this study and used to heat
up the RC beam specimens as shown in Fig. 7. The average heating rate of
the furnace was controlled to be 10°C/min and remained in furnace for
about half hour, then, the RC beams were naturally cooled down to ambient
temperature .
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Figure 6: Dimensions and reinforcement details of RC beams
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Figure 7: The electric furnace setup

All RC beams were subjected to a monotonically increased
concentrated static load at the beams mid span up to failure using the
universal testing machine available at the College Engineering/University
of Al-Qadisiyah/. Load cell and linear variable displacement transformer
(LVDT) were used to measure and capture load- lateral displacement
relationships of the RC beam under different elevated temperatures. The
ends support conditions of the RC beam specimens were arranged in the
tests to simulate the simply supported condition by allowing the ends to
move in axial directions and to rotate in the axis perpendicular to the beam
plane.

3.2. Validation of the numerical model against thermal tests

Fig. 8 compares the temperature-time histories at the reinforcement
steel bars for all heated RC beam specimens between the numerical
simulation results and the experimental tests results. Reasonable correlation
can be noted between the two sets of results, particularly the correlation
between the maximum values of the temperature transferred from the
concrete to the steel rebar. It can also be noticed from Figs. (8-a) to (8-d)
that the percentage of difference between experimental and numerical
results in the peak temperatures at the reinforcement steel bars is about (3.5-
6.1) % for all the heated RC beams.

3.3. Validation the numerical model against the structural tests

Fig. 9 and Table 3 compare the load-deflection relationships and the
failure load respectively of RC beams between the numerical simulation
results and the experimental test results. Excellent agreement can be seen
between the two sets of results. It can also be seen from Table 3 that the
maximum absolute error between the numerical and experimental results
does not exceed 7%. This agreement confirms that the suggested numerical
model with the associated geometrical and material modeling parameters
can reasonably predict the response of the RC beam at elevated temperature
up to failure.
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Figure 9: Comparison of load- displacement relationships of RC

under different elevated temperature between ABAQUS and the
experimental test results.

Table 3. Compariosn of the ultimate (failur) load-temperature
relationship of RC beams between ABAQUS and experimemental
results

Type of beam Failure load (kN)-ABAQUS 1 =Drmax/Dy
N 20°C 182 3.4
N 600°C 81 3.1
N 700°C 46 3.2

N 800°C 34 2.3

4. Parametric study

The validated numerical mode was used to conduct a parametric study
to investigate the effects of two important parameters that are not
investigated in the experimental test due to the limited laboratory resources.

These parameters include the following:
1.  Effect of the high ranges of elevated temperatures
2.  Effect of heating rate

4.1. Effect of the high ranges of elevated temperatures

To investigate the effect of applying high ranges of elevated
temperature on the response of RC beams, numerical simulations were
carried out on RC beams subjected to three different elevated temperatures
namely: 600°C, 700°C, and 800°C. Fig. 10 and Table 4 show the numerical
simulation results.
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Figure 10: Effect of high elevated temperatures on the behavior of RC
beams.

It can be observed from Fig. 10 that when the temperature increases,
the ultimate load values of RC beams decreases. The ultimate load capacity
of RC beams (see Fig. 10) has considerably decreased by 55.49%, 74.72%,
and 81.31% compared to the control beam when exposure to temperature
values of 600 °C, 700 °C, and 800°C respectively. In addition, the calculated
values of ductility index of RC beams for different temperature were
tabulated in Table 4. The results in Table 4 demonstrates that the values of
ductility index decreases by 8.8%, 5.88%, and 32.35% compared to the
control beam when they exposed to temperature values of 600 °C, 700 °C,
and 800°C respectively. This reduction in the ductility can be attributed to
the degradation in the mechanical properties of both concrete and steel.

Table 4. Ductility index values of RC beam specimens.

Failure load . Maximum
A =
ABAQUS P (MAE)%
N 20°C 182 188 3.19
N390°C 163 165 1.21
N570°C 87 82 6.09
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4.2. Effect of heating rate

Fig. 11 shows the heating rates considered in this study. The first curve
represents the actual heating rate corresponding to the elevated temperature
of 570 °C based on the experimental tests. The other three curves are the
assumed heating rates obtained by decreasing the heating times to half the
actual experimental time and increasing the heating time by two and three
times the actual experimental times respectively.
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Figure 11: Heating rates used in the parametric study (T=570°C)"

Fig. 12 and Table 5 show the load-displacement behavior of the RC
beams under different heating rates with a comparison with the results
obtained from the experimental tests. It can be noted from Fig. 12 that
values of failure load are not considerably influenced by the change in times
of temperature exposure. The ultimate load capacity has been decreased by
5.74% and 1.14 % when heating times are two times and three times the
experimental exposure time respectively (see Fig. 12). When the exposure
time is divided to half the experimental exposure time, the values of failure
load increased by 3.33% for the RC beam compared to the RC beams under
actual experimental time with reducing values of vertical displacement.
Further, as we can see from Table 5, values of ductility index decreased by
8.9%, and 11.76% when heating times are two times and three times the
experimental exposure time respectively. It is noted that the ductility index
for RC beams was not largely affected by the change in times of
temperature exposure and even it got a slight increase by 4.95% when the
actual times of temperature exposure of RC beams is divided by half. This
is because the calculation of ductility index depends only on displacement
of the beams. The RC beams exhibit a steeper and more linear behaviour in
the ascending part of the load-displacement curve after the exposure to
elevated temperature and then a quickly descended prior to failure.

Table 5. Ductility index values of RC beam specimens.

Failure load (kN)- n
Type of beam
yp ABAQUS =Dyna/Dy

N 570°C-Full time exposure 87 3.23

N 570°C-Half time exposure 90 3.39

N 570°C-2 time exposure 82 2.94

o2 i
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time

100 -
90 -
80 -
70 |
= 60 - et N570-EXP
2 50
s = e == N570-ABAQUS
g 40 -
= 30 - e N570 Half Time
20 - Exposure
10 - eeeeee N570 2Time Exposure

0 # T T T T T T T )
4 6 8 10 12 14 16

Lateral displacement (mm)

o
N

Figure 12: Comparison of the load-displacement responses of WRC
beams under different heating rates

5. Conclusions

This study has suggested and validated a numerical model to simulate
the behaviour and failure of RC beams under different elevated
temperatures using the finite element package ABAQUS. A numerical
model was firstly developed and validated against the results of the
experimental tests conducted in this study. Afterward, the validated
numerical model was utilized to investigate the effect of two important
parameters on the response and failure load of RC beam subjected to
elevated temperature followed by static load. From the validation and
parametric study results, the following conclusions can be extracted:

1. The finite element package ABAQUS can reasonably predict the
failure and the response RC beams under elevated temperature if
suitable geometrical and thermal dependent material properties
are adopted. The results have indicated that using the material
model with the associated reduction factors of compressive
strength suggested by EC4 [3] is suitable to represent the
degradation of the concrete due to elevated temperatures.

2. The failure load of RC beams is not considerably influenced by
changing the heating rate. The ultimate load capacity has been
decreased by 1.14 % and 5.74% when heating times are two times
and three times the experimental exposure time respectively
Results have also shown that under the same value of temperature,
the vertical displacement values for RC beams have increased
when the heating rate was increased. One the other hand, when
the exposure time is divided to half the experimental exposure
time, the values of failure load of the RC beam increased by 3.33%
compared to the RC beams under experimental time with reducing
the values of vertical displacement. Moreover, results have
revealed that the ductility of the RC beam decreased when heating
times are increases.

3. The numerical results have revealed that the ultimate load
capacity RC beams has considerably decreased by 55.49%,
74.72%, and 81.31% compared to the control beam when they
exposed to temperature values of 600 °C , 700 °C, and 800°C
respectively.
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