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Abstract 

The objective of this study is to simu-
late the behavior of reinforced concrete
beams in fire situation. In order to achieve
this objective, advanced numerical formula-
tions were developed, implemented and
evaluated. When exposed to high tempera-
tures, the properties of the material deterio-
rate, resulting in the loss of strength and
stiffness. To achieve the goal, two new
modules within the Computational System
for Advanced Structural Analysis were cre-
ated: Fire Analysis and Fire Structural
Analysis. The first one aims to determine
the temperature field in the cross section of
structural elements through thermal analy-
sis by using the Finite Element Method
(FEM). The second was designed to per-
form the second-order inelastic analysis of
structures under fire using FEM formula-
tions based on the Refined Plastic Hinge
Method coupled with the Strain
Compatibility Method. The results obtained
of the nonlinear analyses of two reinforced
concrete beams under high temperature
were compared with the numerical and
experimental solutions available in litera-
ture and were highly satisfactory. These
results also showed that the proposed
numerical approach can be used to study the
progressive collapse of other reinforced
concrete structures in fire situation and
extended to the numerical analysis of com-
posite structures under fire condition.

Introduction
A thermo-structural analysis basically

consists of determining the temperature dis-
tribution in the structural elements (thermal
analysis) and simulating the displacements,
deformations and internal stresses in the
structure (structural analysis), considering
the loss of strength and stiffness of the
structural material due to temperature

increase. Increasingly sophisticated analyti-
cal, numerical and experimental models,
which allow a better knowledge and under-
standing of the structural behavior and con-
struction materials in a fire situation, have
been constantly proposed in the scientific
environment. However, the high cost of
experimental tests has provoked a trend in
research toward numerical analysis of struc-
tures in a fire situation.

Advanced models for heat transfer
problems often refer to computational
models. In most fire structural engineering
problems, thermal analysis is transient,
with time-dependent boundary conditions,
and temperature-dependent material prop-
erties, which gives such analysis a consid-
erably nonlinear character. In the context of
thermo-structural analysis, with the tem-
perature field established in thermal analy-
sis, the variation of mechanical and thermal
properties of the material as a function of
temperature are considered in structural
analysis, thus establishing a weak coupling
between these analyses (thermal and struc-
tural). Some research involving thermo-
structural analysis of beams and other rein-
forced concrete structural systems can be
highlighted in literature. Among other
structural systems, seven beams were
designed in the study of Ba et al.1 to create
different standard cracks and investigate
heat propagation in reinforced concrete
structures. The commercially available
finite element computational program
ANSYS was adopted to describe the ther-
mal behavior of heated reinforced concrete
structures and to evaluate the cracking
effect. Both experimental and numerical
results showed that heat spread tended to
increase in cracked regions compared to
undamaged regions.

In the study by Ruzic et al.,2 a new par-
tially coupled numerical finite element
model is shown based on evaluating the fire
resistance of curved reinforced concrete
beams subjected to concrete fragmentation,
spalling. The idea of the numerical model is
to evaluate the time and magnitude of con-
crete fragmentation in fire conditions in
these beams, which are commonly used in
tunnels. The authors point out that the study
indicates that the adoption of partially cou-
pled or fully coupled models is obligatory
in order to properly assess the structural
safety of fire exposed reinforced concrete
structures.

Ahmad3 investigated the effect of dif-
ferent total and partial fire exposure condi-
tions on the behavior of reinforced concrete
beams. Six reinforced concrete beams were
tested under bending after one hour of
exposure to standard fire, followed by a
standard cooling phase. The results showed

that the exposure of the different faces to
the fire significantly affects the load of the
first crack and the deflection behavior. A
numerical procedure to predict the mechan-
ical behavior of fire-exposed reinforced
concrete beams is also shown in Sun et al.4

In this study, the authors capture the thermal
behavior through a two-dimensional finite
element model, while a one-dimensional
numerical model is formulated to simulate
the mechanical response of beams under
increasing loads. The authors point out that
few elements are used in the analysis and
that the numerical results are consistent
with the experimental test data, which
demonstrates the model’s ability to effi-
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ciently simulate the thermomechanical
behavior of reinforced concrete beams.

More recently, six full-scale simply
supported reinforced concrete beams were
designed according to the strong bending
and weak shearing principle by Song et
al.5 to investigate three-sided exposed fire
resistance behavior. One beam was ana-
lyzed at room temperature while the other
five were exposed to high temperature.
Experimental results showed that weak
shearing failures at room temperature can
be transferred to high temperature bending
failures due to thermal expansion and the
degradation of concrete and steel strength.
The authors pointed out that the higher the
longitudinal reinforcement ratio, the
longer the beam failure time, indicating
that the longitudinal reinforcement fixa-
tion action can significantly improve the
beams shear capacity under high tempera-
ture. In addition, the stirrup reinforcement
configuration can effectively reduce the
fragile change in vertical deflection when
the beam enters the failure stage. More
studies involving reinforced concrete
beams in a fire situation can be highlight-
ed, such as the articles by Albuquerque and
Silva,6 Raouffard and Nishiyama7 and
Simões and Santos.8

In this context, in the present study, the
objective is to perform the thermo-mechan-
ical analysis of reinforced concrete beams,
subjected to high temperatures, using the
Strain Compatibility Method (SCM)9-11

associated with the Refined Plastic Hinge
Method (RPHM). For this, two computa-
tional modules were developed and coupled
to the Computational System for Advanced
Structural Analysis (CS-ASA) program.
The first one, called CS-ASA/Fire Analysis
(CS-ASA/FA)12,13 is able to determine the
temperature field in the cross-section of
structural elements through thermal analy-
sis via Finite Element Method (FEM) in
permanent and transient regimes. The sec-
ond module, CS-ASA/Fire Structural
Analysis (CS-ASA/FSA),14-16 was devel-
oped to perform a second order inelastic
analysis of structures under high tempera-
tures. Thus, a SCM-based approach is pro-
posed for the evaluation of the cross-sec-
tional strength, axial stiffness and flexural
strength of reinforced concrete beams under
high temperatures. Thus, the coupling of
this methodology with RPHM is aimed at
evaluating plasticity in nodal terms through
generalized stiffness parameters.

It is important to emphasize that the
implemented computer system products
include: a complete cross-sectional analy-
sis, i.e. knowledge of the cross-sectional
temperature field for any or all faces under
fire exposure (high temperatures), as well as

the load capacity (interaction diagrams) of
the cross section for any or all faces under
fire exposure; and a complete thermo-
mechanical analysis, i.e. obtaining the
structural members and displacements of
the system and varying the internal forces
with increasing temperature. The results of
nonlinear fire analysis obtained herein for
reinforced concrete beams were compared
with the numerical and experimental solu-
tions available in literature and were
extremely satisfactory.

Materials and Methods
Thermal-structural analysis 

Herein, a procedure for the consecutive
resolution of two systems of equations
within each time interval is adopted for
analysis of structures in fire situation. A sys-
tem results from the integration of the heat
conduction equation (thermal analysis); the
other system corresponds to the incremental
equilibrium equations (structural analysis).
Thus, attention is given to the analysis of
reinforced concrete beams through the CS-
ASA program which has been expanded
with two new modules: CS-ASA/FA and
CS-ASA/FSA.

Computational System for
Advanced Structural Analysis/Fire
Analysis

It is assumed in this study that the tem-
perature distribution along each structural
element is uniform and equal to that esti-
mated for the cross section. Thermal analy-
sis is then performed exclusively in the
cross-sectional plane through numerical
heat transfer models that enable the deter-
mination of the temperature distribution at
different points of the section. A time inte-
gration strategy based on the Finite
Difference Method is adopted. The CS-
ASA/FA module also has two system reso-
lution procedures: simple incremental and
iterative incremental (Picard or Newton-
Raphson). It is also worth mentioning that
the thermal and mechanical properties of
steel and concrete in fire conditions are
adopted according to normative specifica-
tions.17,18 Further details of this computa-

tional module are in Maximiano19 and
Barros et al.14

Computational System for
Advanced Structural Analysis/Fire
Structural Analysis

For the study of the inelastic behavior
of reinforced concrete structures in a fire
situation, the RPHM coupled with SCM is
used as previously mentioned. These
numerical strategies were adapted in order
to consider the effects of the degradation of
the stiffness and strength parameters of the
material, as well as the influence of thermal
strain in the analysis of the element cross-
section.

Finite element formulation by
Refined Plastic Hinge Method

The CS-ASA/FSA module uses a
RPHM-based formulation to simulate con-
centrated plasticity at the nodal points of the
element. Therefore, it is assumed that: i) all
elements are initially straight and prismatic,
and the cross-section remains flat after
deformation; ii) the effects of local instabil-
ity are neglected; iii) the structure is per-
fectly locked on the orthogonal axis (2D
problem); iv) large displacements and rigid
body rotations are allowed; and v) shear
deformations effects are ignored.

For the adopted formulation, in the con-
text of the discretization of the structural
system via FEM, the reference co-rotational
system is considered, where the finite ele-
ment is delimited by nodal points i and j
(Figure 1). In this same Figure, there are the
internal forces acting on the element, Mi, Mj

and P, as well as the respective degrees of
freedom θi, θj and δ.

The equilibrium ratio of the finite ele-
ment shown in Figure 1, in incremental
form, is given by:

      

Eq. 1

where ΔP, ΔMi and ΔMj are the axial force
and bending moment increments and Δδ, Δθi

and Δθj are the axial strain increments and
nodal rotations, respectively. The terms relat-
ed to the bending stiffness depend on the non-
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Figure 1. Beam-column element in the co-rotational system.
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linear geometric formulation, and the second
order formulation proposed by Yang and
Kuo20 has been adopted herein. Expressions
are developed to evaluate these terms of the
stiffness matrix, considering a linear variation
of the elasticity modulus along the length.9,19

Strain compatibility method
By subjecting a structural element to

external forces, it deforms, generating inter-
nal forces to balance the system.9 This strain
at the cross-section level is addressed in the
SCM. For the application of this method, it
is assumed that the deformation field is lin-
ear and the section remains plane after
deformation (Figure 2).

This method seeks to match the
deformed configuration of the section to the
acting forces. A form of discretization capa-
ble of capturing deformations as efficiently
as possible should then be defined. In this
study, a division of the cross-section area
into fibers was adopted.9,19 Regarding the
constitutive relationships of materials, here-

in we used the relationships provided in
Eurocode.18 Figure 3 shows the stress-strain
relationship adopted for concrete with
increasing temperature. The behavior of the
stress-strain diagram as a function of the
temperature of the steel bars can be seen in
detail in Maximiano.19

The Newton-Raphson iterative method
is used in a cross-sectional application to
obtain the moment-curvature ratio (M-ɸ).
The discretization of the fiber cross section
aims to describe the distribution of defor-
mations by capturing the axial deformation
(εi) in the plastic centroid (PC) of each fiber
and then, through the constitutive relation-
ships of the materials, obtain the respective
stresses (σi). Thus, the axial deformation in
the ith fiber is given by:

                          Eq. 2

where yi is the distance between the plastic
centroids of the analyzed fiber and the cross
section; ε0 is the axial deformation at the PC
of the section; εri is the deformation due to

residual stresses (when considered); the
respective curvature. In matrix notation, the
variables ε0 and ɸ are components of the
deformation vector X. Numerically, it can
be said that the equilibrium of the section is
obtained when the following equation, writ-
ten in matrix form, is satisfied:

Eq. 3

where the vector of external forces fext is
given by the axial force Next and bending
moment Mext; and the terms Nint and Mint are
the components of the internal force vector,
fint. The internal forces are obtained from the
deformed configuration of the cross-section
through classical integrals, given by:

                                                            Eq. 4
where nfib,c and nfib,b are the number of fibers
in the concrete section and the number of
fibers in the longitudinal bars, respectively,
whereby Ai is the area of the fiber, and yi is
the position of the fiber in relation to the
Plastic Neutral Line.

Eq. 3 is nonlinear and its solution is
obtained here through the iterative
Newton-Raphson process. Although it is
efficient to start the iterative process with
X=0, convergence is only achieved in the
first iteration if external forces are null.
Thus, for the next iteration, k+1, the strain
vector is calculated as:9

             Eq. 5

where F’ is the Jacobian matrix of the non-
linear problem, that is:

 
                                                            Eq. 6

After convergence of the iterative
process, the degradation of axial and flexur-
al stiffness is evaluated in relation to the
updated position of the PC. The generalized
stiffnesses, considering this degradation,
are calculated from the terms of the
Jacobine F’ matrix, that is:

                             
Eq. 7

                             
Eq. 8

Full yield curve
The behavior of the reinforced concrete

cross section, as presented in the previous
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Figure 2. Linear strain field around x axis. PC, plastic centroid.

Figure 3. Concrete constitutive relationship under fire.
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section, can be represented by the moment-
curvature relationship. The maximum point
in this relationship characterizes the sec-
tion’s resistant moment, so that the pair of
values for the normal stress-bending
moment (N-M) is taken as one of the points
of the N-M interaction curve, which repre-
sents the resistance limits of the cross-sec-
tion.9 In order to accelerate the numerical
simulations, these full yield curves are
obtained for each cross-section of the mem-
bers that make up the structural system,
even before the structural analysis is per-
formed. In the case of thermo-structural
analysis, these curves must be constructed
at each step in time. The flowchart of solu-
tion of the thermo-structural problem is
illustrated in Figure 4.

Results and Discussion
Beams subject to uniform
temperature

Presented herein are reinforced concrete
beams that have been tested under fire.21,22

The beams are illustrated in Figure 5 where
the equilibrium paths at room temperature
are shown for each of them. Experimental
results of these beam tests are used by many
authors mainly for the purpose of validating
finite element formulations for structural
analysis in fire situations. It is noteworthy
that, we sought experimental tests where
their results were reported in as much detail
as possible to enable better modeling and
numerical simulations in the present study.

Wu et al.21 tests
This section provides the thermo-struc-

tural analysis of two of the three beam mod-
els tested by Wu et al.21 The dimensions and
loading details of these beams are illustrat-
ed in Figure 6. During the fire test, a slab
was placed on the beams. The slab was 80
mm thick for Beam I and 120 mm thick for
Beam III. In addition, a distributed load was
applied to the top of the overlapping slab
(Figure 6). The yield strength of the steel
bars was taken equal to 240 MPa and the
modulus of elasticity equal to 210 GPa. The
compressive strength of concrete for Beams
I and III was considered equal to 23.1 MPa
and 27.1 MPa, respectively. The beams
were subjected to the standard fire defined
by the ISO 834-123 curve on the lower and
lateral faces and the cross section was dis-
cretized into 342 linear quadrilateral finite
elements.

Figure 7 provides the predicted temper-
ature increase for the depths of 10 mm, 25
mm and 100 mm in the cross section. The
results of the present study have been com-
pared to the experimental results of Wu et

al.21 and the numerical results of Gao et
al.,24 who used a 3D finite element formula-
tion using ABAQUS software. As can be
seen from Figure 7, the results obtained
here are close to those found in literature.

The temperature at 100 mm from the under-
side is slightly lower in the first 40 minutes
of fire exposure compared to the experi-
mental result.

This difference may be related to the

                             Article

Figure 4. Thermal-structural problem solution. CS-ASA/FA, Computational System for
Advanced Structural Analysis/Fire Analysis; CS-ASA/FSA; Computational System for
Advanced Structural Analysis/Fire Structural Analysis.

Figure 5. Beams and equilibrium path: A) Wu et al.21 B) Dotreppe and Franssen.22

Non
-co

mmerc
ial

 us
e o

nly



                                                [Fire Research 2019; 3:74]                                                                  [page 29]

migration of moisture to the interior of the
beam, as also observed by Gao et al.24

Temperature underestimation has little
effect on beam performance, which in this
case is because the mechanical properties of
concrete and steel remain almost unchanged

as the temperature is still relatively low
(about 100°C).

In both tests, the free span of the beams
was 5100 mm and the maximum allowed
deflection was therefore 255 mm (L/20),
highlighted in the graphs of Figure 8. It is

worth emphasizing that in the tests by Gao
et al.,24 the failure modes for Beams I and
III were excessive local temperature
increase and excessive deflection of the
slab, respectively. In the graphs, the good
agreement between the results of this

                                                                                                                    Article

Figure 6. Details of Beams I and III in reinforced concrete.

Figure 7. Temperature and time curves.
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research and those found in literature can be
observed.

Dotreppe and Franssen22 tests
The other test modeled in this study was

performed by Dotreppe and Franssen.22

These researchers studied a simply support-
ed reinforced concrete beam subjected to
the standard fire curve23 on three faces
(Figure 9). The beam was initially subjected
to a symmetrical loading consisting of two
concentrated loads (F) of 32.5 kN each. The
steel yield stress and modulus of elasticity
were considered equal to 500 MPa and 210
GPa, respectively. The average strength of
the concrete was taken equal to 25 MPa. For
numerical analysis, the cross-section was
discretized into 320 linear quadrilateral
finite elements and the beam was divided
into 12 finite elements.

The results obtained for the central steel
bar temperature rise and the vertical dis-
placement in the middle of the beam span
are shown in Figure 10A and B, respective-
ly. Again, in addition to the experimental
results by Dotreppe and Franssen,22 the
numerical results by Gao et al.24 are used
for comparison. As can be seen from the
graphs in Figure 10, the results obtained
here are satisfactory over the entire duration
of fire exposure.

Conclusions
The present study aimed to present and

describe aspects of interest related to the
development and subsequent application of
a computer system capable of simulating
the behavior of reinforced concrete beams
in fire situation. The computer system
implemented had already been successfully
used in Barros et al.14 for the analysis of
steel structures under high temperature.

Through the analysis of the results pre-
sented and other studies also cited in the
text, it is concluded that the computational
modules developed and implemented can
be used, in a satisfactory way, for the behav-
ior analysis of reinforced concrete beams in
fire situation. Based on the concept of con-
centrated plasticity, the numerical strategy
adopted here considers the coupling of
SCM and RPHM, which was able to accu-
rately capture the true inelastic behavior of
beams subjected to high temperatures. In
addition, it provided the failure time and/or
temperature close to those found in litera-
ture. This research also extends to the
analysis of other reinforced concrete struc-
tural systems, and furthermore, to studies
that are being directed toward the analysis
of composite steel-concrete structures in
fire condition.

                             Article

Figure 8. Vertical displacement × time. A) Beam I. B) Beam III.

Figure 9. Details of the simply supported beam on reinforced concrete.

Figure 10. Thermo-structural analysis. A) Temperature in the central steel rebar. B)
Vertical displacement × time curve.
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