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Abstract

A numerical model, in the form of a computer program, for tracing the behavior of reinforced concrete (RC) beams exposed to fire is
presented. The three stages associated with the numerical procedure for evaluating fire resistance of RC beams; namely, fire temperature
calculation, thermal analysis and strength analysis, are explained. A simplified approach to account for spalling under fire conditions is
incorporated into the model. The use of the computer program for tracing the response of RC beams from the initial pre-loading stage to
collapse stage, due to the combined effect of fire and loading, is demonstrated. The validity of the numerical model is established by
comparing the predictions from the computer program with results from full-scale fire resistance tests. Through the results of numerical
study, it is shown that the type of failure criterion has significant influence on predicting the fire resistance of RC beams.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Reinforced concrete (RC) structural systems are quite
frequently used in high-rise buildings and other built infra-
structure due to a number of advantages they provide over
other materials. When used in buildings, the provision of
appropriate fire safety measures for structural members is
an important aspect of design since fire represents one of
the most severe environmental conditions to which struc-
tures may be subjected in their life time. The fire resistance
of reinforced concrete members is generally established
using prescriptive approaches which are based on either
standard fire resistance tests or empirical calculation meth-
ods [1,2]. There have been some recent advances towards
performance-based fire resistance design approach for RC
structural members [3]. However, such methods are still
limited in scope and do not cover all important factors in
the performance-based fire resistance design approach.
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There have been limited studies on evaluating the fire
performance of RC beams (mostly fabricated with normal
strength concrete (NSC)). Thus, much of the current
knowledge on fire behavior of RC concrete beams is based
on standard fire resistance tests on beams (fabricated from
NSC) under standard fire scenarios. There have been lim-
ited research studies on evaluating the fire performance
of RC beams under realistic (design) fire scenarios. Thus,
there is need for reliable experimental data, mathematical
models and design specifications for predicting the fire
resistance of RC beams under design fire scenarios. Fur-
thermore, there are many drawbacks in the current
approach of evaluating fire resistance of RC members
based on standard fire tests. This is because the fire resis-
tance of concrete members is based on limited fire tests
which are carried out on specimens of standard sizes, one
load level (50% of room temperature capacity) and stan-
dard fire exposure. Therefore, the current prescriptive
approaches for evaluating fire resistance do not represent
realistic fire, loading and restraint scenarios as encountered
in practice.
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Nomenclature

b beam width
c clear concrete cover
Ct total compressive force
d effective depth of the beam
F equivalent nodal heat flux
fc,20 concrete strength at room temperature
fc,T concrete strength at temperature T

Fe nodal heat flux
Fn, Fn+1 equivalent nodal heat flux at the beginning and

the end of time step
fy yield strength of steel
h time step
hc, hf heat transfer coefficient of the cold and fire side
k thermal conductivity
K global stiffness matrix
k2 a constant ranges between 1.8 and 2.35
Ke element stiffness matrix
Kg global stiffness matrix for strength analysis
L length of the beam
Ls length of the beam segment
M global mass matrix
Me element mass matrix
N vector of the shape functions
ny and nz components of the vector normal to the

boundary in the plane of the cross section
P equivalent nodal load
Q heat source
s distance along the boundary
t time

T temperature
T0 initial temperature
th time (h)
Tf fire temperature
Tn and Tn+1 temperature at the beginning and the end

of time step, respectively
Tt total tensile force
T1 fire or ambient temperature depending on the

boundary C
_T temperature derivative with respect to time
w applied distributed load
y the distance from the uppermost fibers of the

beam
Z Zener-Hollomon parameter for creep strain
a hc or hf depending on the boundary C
d nodal displacements
Deth change in thermal strain
Detr change in transient strain
ec strain at the top most fibers of concrete
ecr, eme, et, eth, etr creep strain, mechanical strain, total

strain, thermal strain, and transient strain
ecrs, emes, eths, ets creep strain, mechanical strain, thermal

strain and total strain in steel
et0 creep strain parameter
j curvature
h temperature-compensated time
qc heat capacity
r current stress in concrete or steel
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In addition, the use of high strength concrete (HSC) is
becoming more popular due to the improvements in struc-
tural performance such as high strength and durability that
it can provide compared to conventional NSC. The wider
use of HSC, with questionable performance under fire con-
ditions (due to factors such as occurrence of fire induced
spalling) [4–6] has created an urgent need for developing
more advanced, innovative and cost-effective solutions.
While there have been some experimental studies on HSC
columns under standard fire scenarios, there has been lim-
ited research on HSC beams under fire scenarios [6,7].
Thus, there is a lack of experimental data, mathematical
models or design specifications for predicting fire resistance
of HSC beams.

This paper presents the development of a computer
model for predicting the fire behavior of RC beams under
realistic fire, loading and failure scenarios. The model is
based on a macroscopic finite element approach and uses
a series of moment–curvature relationships for tracing the
response of the beam in the entire range of behavior, from
a linear elastic stage to the collapse stage under any given
fire and loading scenarios. The model is verified against
experimental data by comparing the predicted tempera-
tures, deflections and fire resistance times with the mea-
sured ones from fire tests. Results from numerical study
are presented to illustrate the effect of failure criterion on
fire resistance of RC beams. While this model is developed
specifically for simply supported beams, the model can eas-
ily be extended to other cases such as continuous beams.

2. Fire resistance of RC beams-state-of-the-art

A review of literature indicates that limited fire resis-
tance tests have been conducted on RC beams. The most
notable are the fire tests carried out by Lin et al. [8] and
by Dotreppe and Franssen [9]. Lin et al. [8] tested 11
305 mm · 355 mm RC beams under ASTM E119 [10] stan-
dard fire exposure. Their study investigated the influence of
a number of factors including beam continuity, moment
redistribution and aggregate type on the behavior of RC
beams under standard fire conditions. One of the tested
beams was simply supported at both ends, while the
remaining beams were overhanging at one or both ends.
The applied loading on the cantilever was chosen to reflect
the continuity effect in RC beams. This study concluded
that the fire resistance of continuous beams is much higher
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Fig. 1. Variation of thermal properties of concrete as a function of
temperature [15].
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Fig. 2. Effect of temperature on stress–strain curves of concrete (NSC) [15].
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than that of simply supported beams due to the occurrence
of redistribution of bending moment and shear forces in
fire conditions. The second experimental study, reported
by Dotreppe and Franssen [9], involved testing a simply
supported RC beam of rectangular cross section under
ISO 834 [11] fire exposure. The main objective of this fire
resistance test was to assess the fire resistance rating of
an RC beam. More details about the properties and fire test
results of the tested beams are given in Section 5.

The above reported fire tests, which considered a limited
number of parameters, generally followed standard fire
conditions and no realistic (design) conditions, such as fire
exposure, specimen size, loading and failure conditions,
were considered.

A review of the literature also shows that there have
been few numerical studies on fire behavior of RC beams.
The analytical studies reported by Dotreppe and Franssen
[9], and Ellingwood and Lin [12], have a number of limita-
tions. Specifically, they were not validated in the whole
range of behavior (from the time the fire starts until the col-
lapse of the beam) and do not account for important fac-
tors such as fire exposure scenario, failure criterion,
concrete strength and load level. Also, the above analytical
studies focused only on the behavior of RC beams fabri-
cated with NSC and may not be applied for HSC beams.
This is because, in case of HSC, spalling under fire situa-
tions is to be accounted for.

Some researchers theorized spalling to be caused by the
build-up of pore pressure during heating [4,5,13,14]. HSC
is believed to be more susceptible to this pressure build-up
because of its low permeability compared to NSC. The
extremely high water vapor pressure, generated during
exposure to fire, cannot escape due to the high density of
HSC and this pressure often reaches the saturation vapor
pressure. At 300 �C, the pressure reaches about 8 MPa.
Such internal pressures are often too high to be resisted
by the HSC mix having a tensile strength of about 5 MPa
[4]. Data from various studies show that predicting fire per-
formance of HSC, in general, and spalling, in particular, is
very complex since it is affected by a number of factors [4–6].

3. Material behavior at elevated temperatures

Generally, all structural members lose their strength and
stiffness when exposed to high temperatures as encountered
in fire. To ensure safety of RC structural systems in the
event of fire, concrete members are to be designed against
fire. Such design requires the use of numerical models.

Concrete generally has good fire resistance properties.
The temperature dependent properties that are important
for establishing an understanding of the fire-response of
RC structures include: thermal, mechanical and material
specific properties such as spalling of concrete and critical
temperature for reinforcing steel. These temperature
dependent properties are available in codes such as Euro-
code 2 [3] and in the ASCE manual [15]. The variation of
thermal conductivity and heat capacity of concrete are
shown in Fig. 1 as a function of temperature. Also, the
stress–strain curves (as given in the ASCE manual [15])
for NSC at various temperatures are shown in Fig. 2. It
can be seen from the figures that the properties of concrete
vary significantly with temperature, with large decrease in
strength (stress) once the temperature exceeds 500 �C.

As illustrated in Section 2, there is a lack of numerical
models for predicting the fire response of RC beams. Thus,
the model presented here will help to better understand the
high temperature behavior of RC beams under various
design scenarios. In addition, such models are critical for
overcoming many of the questions raised with respect to
fire induced spalling in some concrete such as HSC.
4. Numerical model

4.1. General approach

The numerical model, proposed here, uses moment–cur-
vature relationships to trace the response of an RC beam in
the entire range of loading up to collapse under fire. The
model considers the case of loading where the bending
moment is the dominant action on the beam and the effect
of both shear force and axial force is neglected. The RC
beam is divided into a number of segments along its length
(as shown in Fig. 3) and the mid-section of the segment is
assumed to represent the behavior of the whole segment.
At any time step, the temperatures due to fire exposure
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Fig. 3. Layout of a typical RC beam and its idealization for analysis.
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are established and then a thermal analysis is carried out to
determine temperatures in each segment. Following this, a
moment–curvature (M–j) relationship is generated for
each segment at various time steps. It has been well estab-
lished that M–j relationships appropriately represent the
behavior of a RC beam at ambient conditions. In the cur-
rent model, such M–j relationships are established as a
function of time for all longitudinal segments in the beam
and they are in turn used to trace the response of the beam
under fire conditions. The M–j relationships, at various
time steps, are generated using the changing properties of
constituent materials namely concrete and reinforcement.
In this way, the material nonlinearity will be implicitly
accounted for in the analysis.

Using the M–j relationships, the load (moment) the
beam can carry at a particular time step is evaluated. Also,
the deflection of the beam at that time step can be calcu-
lated through a stiffness approach by evaluating average
stiffness of the beam. The average stiffness of the beam is
computed using segmental stiffness, which is estimated by
means of known M–j relationships. The moment carrying
capacity decreases with time, and the beam is said to attain
failure if thermal, strength or deflection limit states are
exceeded. A flowchart showing the numerical procedure
for fire resistance calculations is given in Fig. 4.

The temperatures and strength capacities for each seg-
ment, and computed deflections in the beam are used to
evaluate failure of the beam at each time step. At every
time step, each beam segment is checked against pre-deter-
mined failure criteria, which include thermal and structural
considerations. The time increments continue until a cer-
tain point at which the thermal failure criterion is met or
the capacity (or deflection) reaches its limit state. At this
point, the beam is assumed to have failed. The time to
reach this failure point is the fire resistance of the beam.
The model generates various critical output parameters,
such as temperatures, stresses, strains, deflections and
moment capacities at various given fire exposure times.

At each time step, the numerical calculations are per-
formed in four steps: namely, calculation of fire tempera-
tures to which the beam is exposed, calculation of
temperatures in the beam, generation of M–j relationships
for each beam segment, and calculation of resulting beam
deflection and strength through nonlinear structural analy-
sis. These four steps are discussed in the following sections:

4.1.1. Fire temperature
The fire temperatures is calculated by assuming that

three sides of the beam are exposed to the heat of a fire,
whose temperature follows that of the standard fire expo-
sure such as ASTM E119 [10] or any other design fire sce-
nario [16]. The time–temperature relationship for the
ASTM E119 standard fire can be approximated by the fol-
lowing equation:

T f ¼ T 0 þ 750 1� exp �3:79553
ffiffiffiffi
th

p� �� �
þ 170:41

ffiffiffiffi
th

p
ð1Þ

where th, time (h); T0, initial temperature (�C); and Tf, fire
temperature (�C).

For design fires, the time–temperature relationship spec-
ified in the SFPE [16] is built in the model. Also, to simu-
late hydrocarbon fire scenarios, the time–temperature
relationship specified in ASTM E1529 [17] is incorporated
into the model.

4.1.2. Thermal analysis

The fire temperatures computed above are used to calcu-
late the temperatures within the beam cross section of each
segment using a finite element method. The cross sectional
area of each segment is subdivided into a number of ele-
ments and temperature rise at every element within the
cross section of a beam segment is derived by establishing
a heat balance for each element. Detailed equations for
the calculation of segment temperatures are derived [18].

The temperature is assumed to be uniform along the
length of the segment and thus the calculations are per-
formed for a unit length of each segment. Steel reinforce-
ment is not specifically considered in the thermal analysis
because it does not significantly influence the temperature
distribution in the beam cross section [19]. Generally, beams
are exposed to fire from three sides as shown in Fig. 5.
However, the heat transfer model is capable of predicting
the cross sectional temperature distribution for any type
of boundary conditions. The governing equation for tran-
sient heat conduction in an isotropic material is given as:

kr2T þ Q ¼ qc
oT
ot

ð2Þ

where k, thermal conductivity; qc, heat capacity; T, tem-
perature; t, time; and Q, heat source.

The boundary conditions for the heat transfer analysis
can be expressed as:

k
oT
oy

ny þ
oT
oz

nz

� �
¼ �htðT � T1Þ ð3Þ

where ht, heat transfer coefficient; T1, fire or ambient tem-
perature depending on the type of exposure; ny and nz,
components of the vector normal to the boundary in the
plane of the cross section.

Galerkin finite element formulation is applied to solve
Eq. (2) and four-node rectangular elements are used. In this
approach, the material property matrices and the equiva-
lent nodal heat flux (stiffness matrix Ke, mass matrix Me,
and nodal heat flux Fe) are generated for each element
[18]. Once the element matrices are computed, they are
assembled into a system of differential equations which
can be written as:
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Fig. 4. Flowchart for the analysis of RC beams exposed to fire.
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M _T þ KT ¼ F ðtÞ ð4Þ
where K, global stiffness matrix; M, global mass matrix;
and F, equivalent nodal heat flux, _T , temperature deriva-
tive with respect to time.

A finite difference procedure (h algorithm) in the time
domain is used to solve Eq. (4). Thus, the following equa-
tion can be obtained [18]:
ðM þ hhKÞT nþ1 ¼ ðM � hð1� hÞKÞT nþ hðhF nþ1þ ð1� hÞF nÞ
ð5Þ

where h, time step; Tn and Tn+1, temperature at the begin-
ning and the end of time step, respectively; Fn and Fn+1,
equivalent nodal heat flux at the beginning and the end
of time step; and h = a constant between 0 and 1.

For unconditional stability of the numerical calcula-
tions, h has to be greater than or equal to 0.5 [18]. By
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knowing the temperatures at ambient conditions, Eq. (5)
can be applied to obtain the temperature–time history at
the following time step, and this can be repeated for subse-
quent time steps. In each time step, an iterative process is
required to solve Eq. (5) due to the nonlinearity of both
material properties and boundary conditions.
4.1.3. Strength analysis
The third step is the strength analysis (generation of M–

j relationships) at the mid-section of the segment. The
cross sectional temperatures generated from thermal anal-
ysis are used as input to the strength analysis. For the
strength analysis, the following assumptions are made:

• Plane sections before bending remain plane after
bending.

• Tensile strength of concrete, at elevated temperatures, is
considered in the model based on the reduction factors
proposed in Eurocode 2 [3].

• There is no bond-slip between steel reinforcement and
concrete. This assumption implies that the total strain
in the reinforcement is equal to that of the concrete.
The assumption is quite accurate for the compression
zone of concrete where no crack occurs. On the con-
trary, cracks may occur in the tensile zone causing weak-
ness in the bond between concrete and reinforcement,
and resulting in a slipping of this reinforcement. How-
ever, over a length that includes several cracks (beam
segment), the average strain in both the reinforcement
and the concrete are approximately equal.

• Concrete of strength higher than 70 MPa is considered
to be HSC. For HSC, the concrete strength in each ele-
ment is computed based on the extent of spalling in that
element.
The strength calculations, at elevated temperatures, are
carried out using the same rectangular network described
above and shown in Fig. 5b. The temperatures, deforma-
tions and stresses in each element are represented by those
at the center of the element. The temperature at the center
of the concrete element is obtained by averaging the tem-
peratures of the nodes of that element in the network.
The same procedure is used for steel reinforcement, with
the values of stress, strain components and temperature
of each bar are represented by those at the center of the
bar. The temperature at the centre of a steel bar is approx-
imated by the temperature at the location of the center of
the bar cross section.

The total strain in a concrete element, at any fire expo-
sure time, is given as the sum of the thermal expansion of
the concrete, the mechanical strain, the creep strain, and
the transient strain:

et ¼ eth þ eme þ ecr þ etr ð6Þ
where et, total strain; eth, thermal strain; eme, mechanical
strain; ecr, creep strain; and etr, transient strain.

Thermal strain is directly dependent on the temperature
in the element and can be obtained by knowing the temper-
ature and thermal expansion of the concrete. Thermal
strain is calculated in the model by integrating the coeffi-
cient of thermal expansion (which depends on the temper-
ature of concrete) over the temperature domain. Creep
strain is assumed to be function of time, temperature and
stress level, and is computed based on Harmathy’s [20]
approach using the following expression:

ecr ¼ b1

r
fc;T

ffiffi
t
p

edðT�293Þ ð7Þ
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where b1, 6.28 · 10�6 s�0.5; d, 2.658 · 10�3 K�1; T, current
concrete temperature (K); t = time (s); fc,T = concrete
strength at temperature T; and r, current stress in the
concrete.

The transient strain, which is specific for concrete under
fire conditions, is computed based on the relationship pro-
posed by Anderberg and Thelandersson [21]. The transient
strain is related to thermal strain as follows:

Detr ¼ k2

r
fc;20

Deth ð8Þ

where k2, a constant ranges between 1.8 and 2.35 (a value
of 2 will be used in the analysis); Deth, change in thermal
strain; Detr, change in transient strain and fc,20, concrete
strength at room temperature.

For steel reinforcement, the total strain, at any fire expo-
sure time, is calculated as the sum of three components as
given by the following equation:

ets ¼ eths þ emes þ ecrs ð9Þ
where ets, eths, emes and ecrs are total strain, thermal strain,
mechanical strain and creep strain in the steel reinforce-
ment, respectively.

Similar to concrete, thermal strain in steel can be
directly calculated from the knowledge of rebar tempera-
ture and thermal expansion of the reinforcing steel. Creep
strain is computed based on Dorn’s theory and the model
proposed by Harmathy [22] with some modifications made
to account for different values of yield strength of steel.
According to Harmathy’s model, creep strain in steel is
given by the following expression:

ecrs ¼ ð3Ze2
t0Þ

1=3h1=3 þ Zh ð10Þ

where

Z ¼
6:755� 1019 r

fy

� �4:7
r
fy
6

5
12

1:23� 1016ðe10:8ðr=fy ÞÞ r
fy
> 5

12

8<
:

9=
;

h ¼
R

e�DH=RT dt; DH
R ¼ 38900 K, t = time (h), et0 ¼

0:016 r
fy

� �1:75

, r, stress in steel, and fy, yield strength of steel.

Fig. 6 shows the distributions of total strain, stress and
internal forces for the beam cross section at any fire expo-
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Fig. 6. Variation of strain, stress and internal forces
sure time. The total strain in any element (concrete or
rebar) can be related to the curvature of the beam by the
following expression:

et ¼ ec þ jy ð11Þ
where ec, strain at the top most fiber in concrete; j, curva-
ture; and y, the distance from the uppermost fiber of the
beam cross section.

In the model, Eq. (6) to Eq. (11) can be used to carry out
strain computation of a segment at any given fire exposure
time. At any time step, and for an assumed value of ec and
j, the total strain in each element (concrete or rebar) can be
determined using Eq. (11). Then the thermal, transient (for
concrete only), and creep strains in the concrete and rebars
are evaluated using known temperatures and correspond-
ing equations derived above. Using the knowledge of total
strain, and thermal, transient, and creep strains, the
mechanical strain in the element can be expressed by rear-
ranging Eqs. (6) and (9):

eme ¼ et � eth � ecr � etr for concrete ð12Þ
emes ¼ ets � eths � ecrs for steel: ð13Þ

Then for the estimated mechanical strain, the stress in the
element can be established using stress strain relationships
for steel and concrete. Once the stresses are known, the
forces in the element (concrete or rebar) are computed.
These forces are used to check force equilibrium for each
value of assumed strain and curvature. This iterative proce-
dure is repeated till equilibrium, compatibility and conver-
gence criterion are satisfied. Once these conditions are
satisfied, moment and curvature corresponding to that
strain are computed to represent one point on the mo-
ment–curvature curve. Through this approach, various
points on the moment–curvature curve are generated for
each time step.

4.1.4. Beam analysis

The fourth step in the numerical calculations is the non-
linear structural analysis of the beam. In this step, the
moment–curvature relationships generated for various lon-
gitudinal segments in the beam are used to trace the response
of the whole beam exposed to fire. At each time step, the
diagram Internal forces

s,T

σs,C Cs

Cc

Ts

f zero 
anical

Tc

Ct = Cs + Cc

Tt = Ts + Tc

Force
Equilibrium

Ct = Tt

in a typical beam cross section exposed to fire.
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deflection of the beam is evaluated through stiffness
approach. The secant stiffness for each segment is deter-
mined from the moment–curvature relationships, based on
the moment level reached in that particular segment.

To compute the deflection of the beam at any time step
and for a given loading conditions, the stiffness matrix and
the loading vector are computed for each longitudinal seg-
ment. Then they are assembled in the form of nonlinear
global stiffness equation, which can be written as:

Kgd ¼ P ð14Þ
where Kg, global stiffness matrix; d, nodal displacements;
and P, equivalent nodal loads.

The obtained system of nonlinear stiffness equations is
solved using the iterative procedure described by Campbell
and Kodur [23] and the deflections of the beam are
computed.

Thus, for any given time step, the temperatures (in con-
crete and steel), moment capacity and curvatures, as well as
deflection and rate of deflection of the beam are known for
a given fire exposure. These output parameters are used to
evaluate the failure of the beam at local (in each segment)
and global (whole beam) levels.

The conventional approach of evaluating fire resistance
is based on thermal and strength failure criteria as specified
in ASTM E119 [10]. However, deflections and rate of
deflections play a major role in defining failure of RC
beams under fire conditions. This is because the integrity
of the structural member cannot be guaranteed with exces-
sive deformations. Moreover, defining fire resistance based
on limiting deflection will help to facilitate the safety of fire
fighters and also to safely evacuate occupants prior to
structural collapse [24]. Thus, four sets of failure criterion
(one thermal, one strength, and two deflection limit states),
are incorporated into the model to define failure of the
beam in fire conditions. The first and second failure criteria
are taken from ASTM E119 [10], while the third and the
fourth failure criteria are taken from BS 476 [25]. Accord-
ingly, the failure in an RC beam is said to occur when:

1. The applied service load exceeds the strength of the
beam.

2. The temperature in reinforcing steel (tension reinforce-
ment) exceeds 593 �C.

3. The deflection of the beam exceeds L/20 at any fire
exposure time.

4. The rate of deflection exceeds the limit given by the fol-
lowing expression:

L2

9000 d
ðmm=minÞ ð20Þ

where L, length of the beam (mm); and d, effective depth
of the beam (mm).

4.2. Spalling

Spalling of concrete is incorporated into the model
through a simplified approach proposed by Kodur et al.
[26]. This approach is based on some experimental studies
and considers various material and structural parameters
that influence spalling. According to their model, the extent
of spalling in HSC (which refers to the magnitude of spall-
ing that can be partial or full) can be computed based on
the following guidelines:

• Spalling occurs when the temperatures in an element
exceed 350 �C.

• Spalling is influenced by the stirrup configuration
adopted for the beam as follows:
– Spalling occurs throughout the cross section when the

stirrups are bent in a conventional pattern (no
hooks).

– Spalling occurs only outside the reinforcement cage
when the stirrups are bent at 135� into the concrete
core.

• No spalling occurs when polypropylene fibers are pres-
ent in the concrete mix.

• No spalling occurs inside the reinforcement core when
the stirrup spacing is 0.7 times the standard spacing.

• The extent of spalling depend on the following factors:
– Type of aggregate: the extent of spalling is higher

(100%) in the siliceous aggregate HSC than that for
carbonate aggregate HSC (40%).

– Presence of steel fibers in the concrete mix: the extent
of spalling in HSC beams with steel fiber is about
50%.

In addition, it is assumed that spalling does not occur in
RC beams fabricated with NSC. This assumption is based
on a number of experimental studies on NSC columns and
beams, where there was no significant spalling in fire tests
[27–29].

4.3. Material properties

Two sets of concrete properties suggested by Eurocode
2 [3] and those given in the ASCE Manual [15] were incor-
porated in the model. Type of aggregate has influence on
the fire performance of concrete and therefore constitutive
models for both siliceous and carbonate aggregate con-
cretes have been incorporate into the model. Relevant
formulas for both the mechanical and thermal properties
of concrete as a function of temperature are built into
the model. For reinforcing steel, the mechanical properties
(stress–strain–temperature relationships) that are given
in the ASCE Manual [15] are incorporated into the
model.

5. Validation of the model

The validity of the computer program is established
through a set of numerical studies on three RC beams.
The first beam, Beam I, is analyzed to illustrate the useful-
ness of the program in tracing the fire response of a typical
RC beam in the entire range of loading up to collapse
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under fire exposure. The second and third beams, selected
from literature, were analyzed to compare model predic-
tions with fire test data. The beam, Beam I, is representa-
tive of typical RC beams used in buildings and is
analyzed under ASTM E119 standard fire exposure from
three sides. Details of the beam dimensions, material prop-
erties and load level are given in Table 1 and Fig. 7.

5.1. Analysis of typical RC beam

Results from the analysis are used to demonstrate the
behavior of a typical RC beam under fire conditions. To
illustrate the thermal predictions from the model, the tem-
perature variation is plotted as a function of fire exposure
time at various locations of the beam cross section in
Fig. 8. The temperature at various depths of concrete, as
well as in rebars, increases with fire exposure time. As
expected, the predicted temperature decreases with increas-
ing distance from the fire exposed side. It can be seen that
the unexposed side of the beam stays unaffected for the first
60 min of the fire exposure time. This is due to the low ther-
mal conductivity and high thermal capacity of concrete
which slows down heat penetration to the inner layers of
concrete. Also, it can be seen in the figure that the temper-
atures in the corner rebar is higher than that for central
rebar throughout fire exposure time. This trend is on
expected lines and can be attributed to the fact that corner
rebars are exposed to fire from two sides, while the central
rebar is exposed to fire from the bottom face only.

The obtained moment–curvature curves for the beam
are shown in Fig. 9 at various time steps. The figure clearly
shows that the moment capacity of the beam decreases with
increasing time of fire exposure (increasing time steps). This
is due to the deterioration in the material strength and stiff-
ness as a result of increased temperatures in concrete and
steel. The figure also shows that ultimate curvature (curva-
Table 1
Properties and results for RC beams used in the analysis

Property Beam I

Description Typical RC beam
Cross section 300 mm · 500 mm
Length (m) 6
Reinforcement 2 B 14 mm top bars

3 B 20 mm bottom bars
f 0c (MPa) 30
fy (MPa) 400
Loading ratio 0.5
Applied total load (kN) 120
Concrete cover thickness (mm) 40
Aggregate type Carbonate
Fire resistance based on failure criterion:

Rebar temperature 180
Strength 185
Deflection (BS 476) 150
Rate of deflection (BS 476) 159

Fire resistance based on ACI 216 226
Fire resistance as obtained in test –

a Values based on correspondence (Franssen 2006).
ture at collapse) increases with time of fire exposure. This is
mainly due to degradation of the material strength and
stiffness as well as the creep strain which becomes signifi-
cant prior to failure.

The variations of moment capacity and deflection in the
beam are shown in Fig. 10 as a function of fire exposure
time. It can be noted that the predicted moment capacity
of the beam at room temperature (179.8 kN m) is slightly
Beam II Beam III

Tested by Lin et al 1981 Tested by Dotreppe and Franssen 1985
305 mm · 355 mm 200 mm · 600 mm
6.1 6.5
2 B 19 mm top bars 2 B 12 mm top bars
4 B 19 mm bottom bars 3 B 22 mm bottom bars
30 15a

435.8 300a

0.42 0.263a

80 65
25 (bottom) 38 (side) 40
Carbonate Siliceousa

110 120
140 145
102 123
105 115
180 154
80 120
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higher than the calculated moment capacity (156.6 kN m)
based on ACI 318 [30]. This is because the program allows
for strain hardening of steel reinforcement which is not
accounted for in the design equations of ACI 318 [30].
Fig. 10 also shows significant reduction in the moment
capacity with time of fire exposure. However, the rate of
reduction in the moment capacity decreases with fire expo-
sure time. This can be attributed to the lower increase in
rebar temperature towards the end of fire exposure time
(due to lower rate of increase in fire temperatures) as shown
in Fig. 8. In addition, Fig. 10 shows an increase in the beam
deflection prior to failure. This trend is on the expected
lines and is mainly due to yielding of steel and creep strains
that become predominant just before the collapse of the
beam. This is in agreement with reported test results from
fire tests, which clearly show significant increase in deflec-
tion at later stages of fire exposure [31].

At elevated temperatures, strain components other than
the mechanical strain (thermal, creep and transient strains)
have to be considered. To illustrate the variation of the
four strain components in concrete under fire condition,
the four strains are plotted as a function of fire exposure
time for point A (see Fig. 7 for location of point A) in
Fig. 11. All four strain components starts out in a narrow
range and the magnitude of creep, thermal and transient
strains increases slightly towards the later stages of fire
exposure. However, the magnitude of the mechanical strain
is the dominant strain component and significantly
increases just prior to failure time. This is mainly due to
significant decrease in the stiffness of the beam and also
due to higher creep, part of which is accounted for in
stress–strain relationships.

The fire resistance for Beam I was computed according
to the four sets of failure criterion discussed in Section
4.3 and is tabulated in Table 1. The fire resistance values,
predicted based on the rebar temperature and strength fail-
ure criteria, are approximately similar. However, changing
the load ratio or the mechanical properties of the constitu-
ent materials can produce different fire resistance values for
strength failure criteria. On the contrary, these changes do
not affect the rebar temperature failure criterion since it is
independent of these factors. Based on the deflection and
rate of deflection failure criteria, the program predicts
150 and 159 min as fire resistance, which is lower than that
predicted for temperature and strength failure criteria.
Thus, deflection failure criterion governs the failure of
Beam I and results in fire resistance of 150 min for that
beam. As explained earlier ASTM E119 does not specify
deflection or rate of deflection failure criterion, which can
be a governing factor in determining the fire resistance of
RC beams.

The failure times obtained from the model are also com-
pared with the fire resistance values, calculated based on
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ACI 216.1 specifications, in Table 1. It can be seen that the
fire resistance for Beam I, predicted by ACI 216.1, is higher
than that predicted by the program. This is because the
prescriptive approach in ACI relates the fire resistance of
RC beams to the concrete cover thickness and the width
of the beam only, and does not take into consideration fac-
tors such as load ratio (LR) and concrete strength.
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Fig. 14. Predicted and measured rebar temperatures for test beam, Beam
III.
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5.2. Analysis of test beams

The validity of the computer model was established by
comparing predicted results from the model with the mea-
sured values from fire tests for beams tested by Lin et al. [8]
and Dotereppe and Franssen [9]. The geometric and mate-
rial properties of the tested beams used in the analysis are
taken from the literature and are given in Table 1. The fire
resistance of the two beams (designated as Beam II and
Beam III, respectively) is calculated based on the four sets
of failure criterion discussed in Section 4.3 and summarized
in Table 1. Predicted results from the analysis are com-
pared to measured values from fire tests in Figs. 12–15.

In Fig. 12, the calculated average temperatures in the
rebars are compared with the measured values for Beam
II reported by Lin et al. [8]. It can be noted that there is
good agreement between the predicted and measured val-
ues in the entire range of fire exposure. The steep increase
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Fig. 12. Predicted and measured rebar temperatures for test beam, Beam
II.
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Fig. 13. Predicted and measured deflections for test beam, Beam II.
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Fig. 15. Predicted and measured deflections for test beam, Beam III.
in rebar temperature in the early stages of fire exposure is
due to the occurrence of high thermal gradient at the begin-
ning of fire exposure time as a result of faster increase in
fire temperature (see ASTM E119 fire curve in Fig. 12).
A review of predicted temperatures in concrete at various
depths indicated that the model predictions follow the
expected trend with lower temperatures at larger depths
from fire exposed surface. However, the predicted concrete
temperatures could not be compared with test data since
the measured temperatures were not reported by Lin
et al. [8]. Fig. 13 shows predicted and measured mid-span
deflections as a function of fire exposure time for Beam
II. It can be seen that model predictions are in close agree-
ment with the measured deflections, throughout the fire
exposure time.

The fire resistance of this beam was evaluated based on
four failure criteria and its values are given in Table 1. The
measured fire resistance, for Beam II, is lower than that
predicted by the program for all failure criteria. This is
mainly because the test was terminated after 80 min of fire
exposure and before the beam attained complete failure
probably due to sever conditions experienced towards the
final stages in fire tests. Thus, the fire resistance of this
beam would have been slightly higher if the test was contin-
ued till the complete failure. In addition, the difference
between measured and predicted fire resistance can be
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partially attributed to variation in the material properties
incorporated in the model from those of the actual beam.
As an illustration, the current high temperature material
property relationships do not take into account the varia-
tion of strength, heating rate, and other factors. There vari-
ations, though marginal, will have some influence on the
results from the analysis. The fire resistance predicted
based on rebar temperature (110 min) is much lower than
that for strength failure criterion (140 min). This is because
the rebar temperature failure criteria is based on load level
of 50% of the room temperature capacity of the beam,
however, the load level on this beam is lower than 50%
and this results in higher fire resistance from strength fail-
ure criterion. In addition, the model predicted lower fire
resistance based on deflection and rate of deflection failure
criteria probably because the span/depth ratio for Beam II
is large when compared to that for Beam I. Overall, the
predicted fire resistance from deflection failure criteria
(102 min) is a reasonable estimate to the measured value
in the fire test (when the test was terminated).

Figs. 14 and 15 show the comparison of rebar tempera-
tures and deflections for beam, Beam III, tested by Dot-
reppe and Franssen [9]. The material properties of this
beam were not well reported in the published paper and
thus the material properties used in the analysis are based
on input from investigators [32], and are given in Table
1. It is clear from Fig. 14 that the model predictions match
closely with measured values of rebar temperature from fire
test. The predicted and measured mid-span deflections for
Beam III are compared in Fig. 15. It can be noted that
the deflections from the model compare well with the mea-
sured values throughout the fire exposure time. The good
agreement in deflections can be attributed to capturing all
the components of strain (in the model) that occurred dur-
ing fire exposure. The slight differences that appear at later
stages of fire exposure are probably because the high rate
of deflection, at later stages of fire tests, makes the measur-
ing process very difficult, and also reduce the reliability of
the measured deflections.

The fire resistance values, based on four failure criteria,
are tabulated in Table 1. The deflection and rate of deflec-
tion criteria result in fire resistance of 123 and 115 min,
respectively, while the rebar temperature and strength crite-
ria predict fire resistance of 120 and 145 min, respectively.

6. Design implications

The current approach of evaluating fire resistance
through standard fire tests on full-scale RC beams is expen-
sive, time consuming and has a number of drawbacks. An
alternative approach is to use calculation methods for pre-
dicting the fire resistance. However, such calculation meth-
ods are not widely available at present. Further, the current
provisions in codes and standards [1,2] for evaluating fire
resistance are prescriptive and simplistic in nature and thus
can not be applied for rational fire safety design under the
performance-based codes.
The computer model, presented here, is capable of trac-
ing the behavior of RC beams from the initial pre-fire stage
to the collapse of the beam under realistic fire and loading
scenarios. Using the program, a designer can arrive at
desired fire resistance in an RC beam by varying different
fire, material and structural parameters, such as fire sce-
nario, load, concrete strength and span length. Thus, the
use of this program will lead to an improvement in design
that is not only economical but is also based on rational
design principles. Further, it facilitates the integration of
the fire resistance design with structural design.

The computer program can be applied to conduct a ser-
ies of parametric studies to study the influence of various
parameters on the fire resistance of RC beams. Data from
such parametric studies can be used to develop rational and
cost-effective fire safety design guidelines for incorporation
into codes and standards. Such studies are currently in pro-
gress at Michigan State University.
7. Conclusions

Based on the results of this study, the following conclu-
sions can be drawn:

• There is limited information on the fire performance of
reinforced concrete beams, especially under design fire
and realistic loading scenarios.

• The moment–curvature based macroscopic finite ele-
ment model, presented in this study, is capable of pre-
dicting the fire behavior of reinforced concrete beams,
in the entire range: from pre-fire stage to collapse stage,
with an accuracy that is adequate for practical purposes.
Using the model the fire resistance of a reinforced con-
crete beam can be evaluated for any value of significant
parameters such as beam length, type of aggregate, sec-
tion dimensions, without the necessity of testing.

• The limiting criterion, used for determining failure of a
reinforced concrete beam exposed to fire, has significant
influence on the fire resistance values. The conventional
failure criterion such as limiting rebar temperature or
strength consideration may not be conservative under
some scenarios. The deflection and rate of deflection
failure criterion should be considered in evaluating fire
resistance of reinforced concrete beams.
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