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a b s t r a c t

A macroscopic finite element model for tracing the fire response of reinforced concrete (RC) structural
members is presented. The model accounts for critical factors that are to be considered for performance-
based fire resistance assessment of RC structural members. Fire induced spalling, various strain
components, high temperature material properties, restraint effects, different fire scenarios and failure
criteria are incorporated in the model. The validity of the numerical model is established by comparing
the predictions from the computer program with results from full-scale fire resistance tests. Case studies
are conducted to demonstrate the use of the computer program for tracing the response of RC members
under standard and design fire exposures. Through the results of the case studies, it is shown that the
fire scenario has a significant effect on the fire resistance of RC columns and beams. It is also shown that
macroscopic finite element models are capable of predicting the fire response of RC structural members
with an adequate accuracy for practical applications.

© 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Reinforced concrete (RC) structural systems are quite fre-
quently used in high-rise buildings and other built infrastructures
due to the number of advantages they provide over other con-
stituent materials. When used in buildings, the provision of appro-
priate fire safety measures for structural members is an important
aspect of design since fire represents one of the most severe envi-
ronmental conditions towhich structuresmaybe subjected in their
lifetime. The basis for this requirement can be attributed to the fact
that, when othermeasures for containing the fire fail, structural in-
tegrity is the last line of defense.
Generally, concrete structural members (made from normal

strength concrete (NSC)) exhibit good performance under fire
conditions. The fire resistance of RC members is generally
established using prescriptive approaches which are based on
either standard fire resistance tests or empirical calculation
methods. There is a number of drawbacks associated with the
prescriptive approaches since the test data, and often the empirical
methods, are derived based on one standard fire exposure, loading
andboundary conditions. Also, the current prescriptive approaches
are limited to conventional concretes (such as NSC) and may not
be used for structural members made of newer concrete types
such as high strength and high performance concrete. In addition,
fire safety design in most countries is moving from a prescriptive
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based approach to a performance based approach since it facilitates
rational, innovative and cost effective designs. One of the major
factors that is hindering the use of such performance based fire
safety design is the lack of calculation methods.
In this paper, the critical factors to be considered in modeling

the fire resistance of RC structural members are discussed. The
different approaches for evaluating the fire resistance of RC
members are briefly reviewed. A macroscopic finite element (FE)
method basedmodel is presented for assessing the fire response of
RCmembers. Results from themacroscopic FEmodel are compared
with those from fire resistance tests and microscopic FE based
model. Case studies are conducted to illustrate the applicability
of microscopic FE model for RC beams and columns exposed to
standard anddesign fire scenarios. It is shown that themacroscopic
FE model is capable of accounting for the critical factors governing
the fire resistance of RCmembers and are capable of predicting the
fire response of RC structural member with adequate accuracy for
practical applications.

2. Fire resistance assessment

2.1. Conventional approach

Currently, the fire resistance of RC members is assessed
mostly through standard fire resistance tests. The standard fire
resistance tests, though serve as useful benchmark for comparing
fire resistance ratings of different structural elements, have a
number of drawbacks. These drawbacks, which arise from the
use of standard fire exposure, unrealistic support conditions and
limited failure criteria, do not lead to a realistic assessment of fire
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resistance of structural systems. Further, fire resistance tests are
very expensive and time consuming. In spite of these drawbacks,
data from the standard fire tests form the basis for current fire
resistance provisions in most codes and standards [1,2].
An alternative to standard fire resistance tests for evaluating

the fire resistance of structural members is the use of calculation
methods. Limited numbers of calculationmethods are available for
tracing the response of structural elements under fire conditions.
Such calculation methods can be found in codes and standards [2,
3]. The available calculation methods are mostly based on
sectional analysis approaches and are validated only against
standard fire conditions. Thus, they are too simplistic and do
not account for important factors such as fire induced restraint
forces, moment redistribution, different strain components and
fire induced spalling. Further, they are unable to predict the
detailed response including deflections of the structural member.
Due to the many drawbacks associated with the conventional
prescriptive approach, many countries are currently moving
towards performance based approaches for evaluating fire safety.

2.2. Performance-based approach

In recent years, there has been an increased focus in moving
towards performance-based fire safety design from the current
prescriptive-based approaches [4–7]. This is mainly due to cost-
effective and rational fire safety solutions that can be achieved
through performance-based design. One of the key aspects in any
performance-based design is the fire resistance design of structural
members. At present, there is limited information or tools that can
be applied for performance-based assessment of the fire resistance
of RC structural members. In the development of performance-
based approach, a number of critical factors, such as fire scenario,
restraint effects and failure criteria are to be considered. These
critical factors are discussed in the following sections.

2.3. Critical factors governing fire performance

The fire resistance of RC structural members depends on a
number of factors. Many of these factors are interdependent and
should be properly considered for realistic assessment of fire
resistance. These factors are:
• High temperature material properties: The temperature depen-
dent properties that are important for establishing the fire
response of RC structures include: thermal, mechanical and
special properties such as fire induced spalling in concrete.
These properties vary as a function of temperature and are cru-
cial for modeling the fire response of RC structural members.
• Strain components: In addition to mechanical and thermal
strains, two other components of strain, namely; creep and
transient strains are to be considered in computing concrete
strains at elevated temperatures. For reinforcing steel, the
strains that are to be considered for realistic analysis are
thermal, mechanical and creep strains. Creep and transient
strain, which are often ignored, may have a significant effect on
the fire response of RC structural members.
• Fire scenarios: In most fire scenarios, there always exists a
growth phase followed by a decay phase. Further, the fire
scenario is a function of compartment characteristics such
as fuel load, ventilation and lining material. Therefore, it
is essential, in modeling the fire response of RC structural
members, to account for a realistic fire scenario including the
decay phase.
• Restraint effects: Restraint can be axial, rotational, or both. Fire
induced restraint is believed to have significant effect on the
fire response of RC structural members and thus, restraint
effects are to be accounted for in tracing the fire response of
RC structural members.
• Spalling: Under fire conditions, spalling of concrete can occur
due to the development of pore pressure inside the concrete
core. Spalling leads to loss of concrete cross-section and faster
heat penetration to the steel reinforcement. Therefore, spalling
should be incorporated into fire resistance analysis.
• Geometrical nonlinearity: Structural members generally expe-
rience large deformations under fire conditions due to dete-
rioration in strength and stiffness of the members. Thus, it is
important to account for geometrical nonlinearity in tracing the
fire response of RC structural members.
• Softening effect: Materials undergo significant softening when
exposed to fire. This softening of the materials facilitates
significant redistribution of moment within the structural
member under fire conditions. This should be considered in
fire resistance analysis of RC members through the use of
displacement-controlled iterative procedures.
• Failure limit states: Currently, the failure of RC structural
members under fire conditions is evaluated based on thermal
and strength failure limit states. However, RC members
experience significant deflections prior to failure under fire
conditions. Further the rate of deflection is quite high towards
the final stages of fire exposure. Thus, limiting the deflection
and rate of deflection can be important under some fire
conditions. This is because the integrity of the structural
member cannot be guaranteed with excessive deformations. In
addition, large deformations may endanger the safety of the
firefighters working to extinguish the fire.

It should be noted that most of these factors are not accounted
for in the current conventional approach which, in its advanced
form, is based on sectional analysis. However, accounting for all
these critical factors can only be achieved through macroscopic
or microscopic finite element models (FEM). More details on
macroscopic and microscopic FEM is presented in the following
section.

2.4. Levels for modeling

Detailed fire response of structural members can be assessed
through the use of microscopic finite element based computers
models such as ANSYS, ABAQUS and SAFIR. While ANSYS and
ABAQUS are general purpose commercially available microscopic
finite element models which can be used for predicting the fire
response of RC members, SAFIR is a special purpose microscopic
finite element model specifically developed for tracing the fire
response of structural members [8]. While models such as
ANSYS and ABAQUS are capable of accounting for complex
structural geometry, they are not capable of fully accounting for
microstructural phenomenon such as moisture migration, pore
pressure and spalling that occurs within concrete. Some of these
phenomena can be accounted for using ‘‘three-phases’’ [9,10]
or ‘‘two phases’’ [11] models. Recent studies by Bazant [12,13]
provide a basic approach to account for these microstructural
phenomena. In all these microscopic FE models, generally RC
structural members are discretized in a one, two or three
dimensional mesh and coupled (or uncoupled) thermal and
structural analyses are carried out to trace the fire behavior of
RC members. However, the level of analysis associated with these
microscopic FE models is too complex, it requires significant effort
and the results are difficult to interpret. Although, such methods
are capable of accounting for high temperaturematerial properties,
various strain components and different failure criteria (strength
and deflections), none of the microscopic finite element models is
capable of modeling fire induced spalling of concrete. Further, the
constitutive relationships for concrete at elevated temperature in
more than one dimension are not well established. This makes the
three dimensional modeling of limited use.
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(a) Deflected shape at the (n− 1)th and nth time step. (b) Typical beam segment.

Fig. 1. Illustration of fire induced axial restraint force calculations.
Another alternative to simple sectional analysis or complex
microscopic FEM is the use of macroscopic FEM for tracing the fire
behavior of RC members. In macroscopic FEM, sectional analysis
is carried out at a number of segments along the length of the
structural member. The sectional response, generated at various
cross-sections, is then used to predict the overall fire response of
the RC member. Various strain components, fire induced spalling,
and restraint effects can be accounted for in such models. In
this way, the necessity of three dimensional material properties
is avoided and the results obtained from the model are easier
for interpretation and use. The applicability of macroscopic FEM
for tracing the fire behavior of RC members, such as beams and
columns, is illustrated in the following sections.

3. Numerical model

3.1. General approach

The numerical model, proposed here, uses moment–curvature
relationships to trace the response of an RC structural member in
the entire range of loading up to collapse under fire. In this model,
the RC structural member is divided into a number of segments
along its length and the mid-section of the segment is assumed to
represent the behavior of the whole segment. The cross section,
representing each segment, is subdivided into elements forming a
two dimensional mesh. The fire resistance analysis is carried out
by incrementing time in steps. At each time interval, the analysis
is performed through three main steps:
• Establishing temperatures due to fire exposure: The analysis starts
with computing the fire temperature which follows that of the
standard fire exposure such as ASTM E119 [14] or any other de-
sign fire scenario (SFPE [15]). The time–temperature relation-
ship for the astm e119 standard fire can be approximated by
the following equation:

Tf = T0 + 750
(
1− exp

(
−3.79553

√
th
))
+ 170.41

√
th (1)

where: tH = time (hours), T0 = initial temperature (◦C), and
TF = fire temperature (◦C).
• Carrying out heat transfer analysis: The temperature is assumed
to be uniform along the length of the segment and thus the
calculations are performed for a unit length of each segment.
The governing equation for heat transfer analysis is written as:

k∇2T + Q = ρc
∂T
∂t

(2)

where: k = thermal conductivity, ρc = heat capacity,
T = temperature, t = time, and Q= heat source defined as
the amount of heat produced for a unit volume of the material.
The heat source is computed by multiplying the latent heat
of water by the rate of water evaporating which is computed
using the spalling model in the previous time interval. The heat
source is generally negative as it represents the heat consumed
to evaporate the moisture. In this way Eq. (2) accounts for
hydrothermal effects resulting from evaporation of water.
The boundary conditions for the heat transfer analysis can

be expressed as:

k
(
∂T
∂y
ny +

∂T
∂z
nz

)
= −ht (T − T∞) (3)

where: ht = heat transfer coefficient, T∞ = fire or ambient
temperature depending on the type of exposure, ny and nz =
components of the vector normal to the boundary in the plane
of the cross-section.
Finite element analysis is used to solve Eq. (2) and compute

the temperature distribution within the cross-section of each
segment. Spalling of concrete is accounted for in the model
through a simplified hydrothermal approach that involves pore
pressure computation.
• Performing strength and deflection analysis: This is carried out,
through three sub-steps:
– Calculating the total axial force (which is the sum of the fire
induced axial restraint force plus the applied axial force) in
the RC structural member,

– Generating M–κ relationships (utilizing the total axial force
computed above) for each segment, and

– Performing global structural analysis to compute deflections
and internal forces, in the member.

The numerical model utilizes moment–curvature relationships,
developed for various segments along the length of the structural
member, to trace the response of an RC structural member in the
entire range of loading up to collapse under fire. In the model,
the boundaries restraining the structural member are idealized
as a spring of stiffness (k) as shown in Fig. 1. The value of k
can be changed to account for various degrees of restraint. The
total axial force on the structural member, which represents
the sum of the applied load and the fire induced restraint axial
forces, is computed through an iterative procedure that satisfies
compatibility, equilibrium and convergence criteria along the span
of the structural member. The total axial force is computed by
solving the governing equations, Eqs. (4)–(6).

P = φ
(
ε0i, κ

n
i

)
≈ φ

(
ε0i, κ

n−1
i

)
(4)∑√

(1+ ε0i)2 L2i −
(
wn−1
i2
− wn−1

i1

)2
− L−∆ ≈ 0 (5)

P = k∆ (6)
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Fig. 2. Variation of strain, stress and internal forces in a typical beam cross-section exposed to fire.
where P = the total axial force, ε0i, = central total strain in
segment i, κni , κ

n−1
i = curvature in segment i at the current and

preceding time-step, respectively,wn−1i1 andwn−1i2 = deflections at
the beginning and the end of segment i of the structural member
which were computed in the preceding time step, and wni1 and
wni2 = deflections at the beginning and the end of segment i of
the structural member in the current time step, Li = length of
segment i in the undeformed structural member, L = length of
structural member, and ∆ = total expansion in the length of
structuralmember. The various components of the above terms are
illustrated in Fig. 1.
A value of the total axial force (P) is assumed, and then an

iterative procedure is used to solve Eq. (4) in order to compute
the axial strain in each segment. Then, Eq. (5) is checked to ensure
the compatibility requirements with ∆ being calculated using
Eq. (6). The value of P is modified until Eq. (5) is satisfied within a
pre-determined tolerance. The error involved in the estimation of
Eqs. (4) and (5) (which results from using deflections and
curvatures from the preceding time steps to represent those values
in the current time step) becomes smaller if shorter time steps are
used.
Following the calculation of the total axial force in the struc-

tural member, the M–κ relationships are generated through an
approach analogous to the method used for prestressed concrete
beams. In this approachM–κ relationships are established by iter-
ating the central total strain (ε0) and the curvature (κ). The effect
of the computed axial force (P) is accounted for in the generation
of theM–κ relationships used in the analysis.
At the beginning of the analysis, values for curvature (κ)

and central total strain (ε0) are assumed. Then, the total strain
distribution within the cross-section of each segment of the
structural member (which is assumed to be linear as shown in
Fig. 2) is established from the assumed strain and curvature using
the following formula:
εt = ε0 + κy. (7)
Once the total strain distribution is computed, the mechanical
strain can be calculated using the following formulas:
εme = εt − εth − εcr − εtr for concrete (8)
εmes = εts − εths − εcrs for steel (9)
where: εt , εth, εme, εcr , and εtr = total strain, thermal strain,
mechanical strain, creep strain, transient strain in concrete,
respectively, and εts, εths, εmes and εcrs= total strain, thermal strain,
mechanical strain and creep strain in the steel reinforcement,
respectively.
The high temperature creep strain for both concrete and rein-

forcing steel and the transient strain in concrete are accounted for
in themodel based on the relationships proposed byHarmathy [16,
17] and Anderberg and Thelandersson [18], respectively. Thermal
strain is computed from the high temperature material proper-
ties for both concrete and reinforcing steel. Once thermal, creep,
and transient strains are known, the mechanical strain distribu-
tion can be calculated. Knowing the mechanical strain, the stress
distribution can be determined using the constitutive laws of the
constituent materials. Once the stresses are known, the internal
forces are computed in the concrete and the rebars. The curva-
ture is iterated until the equilibrium of forces is satisfied (internal
force equal to the total axial force). Once the equilibrium is satis-
fied, the moment and the corresponding curvature are calculated.
Thus, the values of moment and curvature are stored to represent
a point on the moment–curvature curve. The value of the central
total strain is incremented to generate subsequent points on the
moment–curvature curve. This procedure is repeated for each time
step of fire exposure.
Once theM–κ relationships are generated for various segments,

they are used with the total axial force (P) to trace the global
response of the structural member exposed to fire. At each time
step the deflection of the structural member is evaluated through
a stiffness approach. The secant stiffness for each segment is
determined from the M–κ relationships, based on the moment
level reached in that particular segment. The second order effect
(P–∆ effect) that results from the axial force is accounted for in
themodel. The effect of the second order moments, developed due
to the total axial force, is calculated and added to the external loads
in the stiffness analysis.
To compute the deflection of the structural member at any time

step and for a given loading condition, the stiffness matrix and
the loading vector are computed for each longitudinal segment.
Then they are assembled in the form of a nonlinear global stiffness
equation, which can be written as:(
Kg + Kgeo

)
δ = Pf (10)

∴ Kgδ = Pf + Ps (11)
where: Kg = global stiffness matrix, Kgeo = geometric stiffness
matrix, δ= nodal displacements, Pf = equivalent nodal load vector
due to applied loading, and Ps = equivalent nodal load vector due
to P–δ effect.
Ps = −Kgeoδ. (12)
The model is capable of undertaking analysis for structural
members exposed to any given fire (time–temperature) scenario.
A flowchart showing the numerical procedure for fire resistance
calculations is given in Fig. 3.

3.2. Spalling model

Fire induced spalling is accounted for in the model through
a simplified hydrothermal model that involves the calculation
of pore pressure in concrete when it is subjected to fire.
The hydrothermal model uses the principles of mechanics and
thermodynamics including the conservation of mass of liquid
water and water vapor to predict the pore pressure in the concrete
exposed to fire. In the hydrothermal model, the mass transfer
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Fig. 3. Flowchart showing the steps associatedwith the analysis of an RC structural
members exposed to fire.

equation for water vapor inside heated concrete can be written as:

A
dPV
dt
= ∇B∇PV + C (13)

where: PV = pore pressure, t = time, A, B and C = parameters that
depend on the pore pressure, the temperature, the rate of increase
in temperature, the permeability of concrete, the initial moisture
content, and the isotherm used in the analysis. Isotherms are used
to predict the liquid water inside concrete as a function of pore
pressure for a constant temperature.
Finite element analysis is used to solve Eq. (13) and compute the

pore pressure distribution within the midsection of each segment
along the length of the structural member. Once the pore pressure
inside concrete is calculated, it is compared with the temperature
dependent tensile strength of concrete as shown in Fig. 4. When
the pore pressure in an element exceeds the tensile strength of
concrete, the particular element is assumed to have spalled off. The
equation governing this condition is given by:
nPV > ftT (14)
where n = porosity of concrete, ftT = tensile strength of concrete
for temperature, T , spalling of concrete is assumed to occur. When
spalling occurs in an element, that element of concrete is removed
from the cross-section. The reduced concrete section and the new
boundary surface are considered in thermal and strength analyses
in subsequent time steps. In this way, the coupling between
spalling and thermal analysis is accounted for in the model.

3.3. Failure limit states

Themodel generates various critical output parameters, such as
temperatures, stresses, strains, internal forces, and deformations
at various fire exposure times. These output parameters are used
to check against predefined failure criteria. At every time step,
each segment of the structuralmember is checked against thermal,
strength and deflection failure criteria. The analysis is continued
until strength failure of the structural member is reached. The
different failure limit states (both prescriptive and performance
based criteria) incorporated into the model for RC beams and RC
columns are as follows:
Failure criteria for RC beams: Four sets of limiting criterion are
used to evaluate the failure of an RC beam under fire conditions.
The temperature and strength capacities for each segment, and
computed deflections in the beam, are checked against limiting
values at each time step. Accordingly, the failure in an RC beam
is said to occur when:
(1) The temperature in the longitudinal steel rebars (tension
reinforcement) exceeds the critical temperature which is
593 ◦C for reinforcing steel,

(2) The beam is unable to resist the specified applied service load,
(3) The maximum deflection of the beam exceeds L/20 at any fire
exposure time, where L is span length,

(4) The rate of deflection exceeds the limit given by the following
expression:

L2

9000d
(mm/min) (15)

where: L = span length of the beam (mm), and d = effective
depth of the beam (mm).

Failure criteria 3 and 4 are taken from British Standard BS476
specifications [19]. These (deflection and rate of deflection) limits
are included to minimize catastrophic failure during fire tests and
possible damage to test equipment. Large deflections or a very high
rate of deflections in beams indicate imminent failure that will
endanger the occupants or firefighters.
Failure criteria for RC columns: The failure of the RC column is
assumed to occur when:
(1) The temperature in steel rebars exceeds the critical tempera-
ture which is 593 ◦C for reinforcing steel.

(2) The applied load exceeds the load carrying capacity of the
column.
Fig. 4. Illustration of spalling prediction in the proposed model.
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Table 1
Properties and results for RC columns used in the validation study.

Property Column I3 Column T3 Column II10

Description Tested by Lie and Woolerton [18] Tested by Lie and Woolerton [18] Tested by Lie and
Woolerton [18]

Cross section (mm) 305× 305 305× 305 407× 407
Length (m) 3.8 3.8 3.8
Support conditions Fixed–fixed Pinned–pinned Fixed–fixed
Reinforcement 4φ25 mm bars 4φ25 mm bars 4φ36 mm bars
f ′c (MPa) 34.8 37.4 38.4
f ′y (MPa) 444 444 444
Applied total load (kN) 800 1022 2418
Concrete cover thickness (mm) 48 48 48
Aggregate type Siliceous Siliceous Siliceous

Test 218 221 262

Fire resistance (min) Macroscopic FEM Temperature
criteria

205 212 240

Strength
Criteria

175 175 180
Fig. 5. Predicted and measured temperatures for test column I3.

Full details of the model, including derivation of heat transfer and
strength equations are given in References [20,21].

4. Validation of the model

The proposed model has been validated for RC columns and RC
beams by comparing predictions from the model with measured
data from fire tests. The time dependent thermal and mechanical
properties, specified in the ASCE Manual [22] for concrete and
reinforcing steel, are used in the analysis.

4.1. RC columns

The validity of the macroscopic finite element model for RC
columns is established by comparing the predictions from the
analysis with the fire test data reported by Lie andWoolerton [23]
for columns I3, T3 and II10. The geometric and material properties
of the tested columns are taken from the literature [23] and
are summarized in Table 1. The columns were analyzed by
exposing all four sides to the standard time–temperature curve
specified in ASTM E119 [14]. The fire resistance of the columns
was calculated based on rebar temperature and strength failure
criterion. Predicted results from the analysis are compared to the
measured values from the fire test in Figs. 5, 6 and Table 1.
The predicted temperatures at three different cross-sectional

locations, for column I3, are compared with the measured values,
in Fig. 5. The location of thermocouples (TC) where temperatures
were measured is also shown in Fig. 5. It can be seen that the
predicted temperatures are generally in good agreement with the
Fig. 6. Predicted and measured axial deformation for test column I3.

measured values. The temperatures follow the expected trend
with higher values close the exposed surface. Fig. 6 shows axial
deformations as a function of fire exposure time for column I3. It
can be seen that model predictions are in close agreement with
the measured deflections throughout the fire exposure time. The
axial deformations increase initially representing the expansion of
the column due to the rise in temperature. This is followed by a
decrease in the axial deformations (contraction) as a result of loss
of strength and stiffness in the column.
The fire resistance of the columns was evaluated using the

microscopic FEM based on the thermal and strength failure criteria
defined above. These fire resistance values are tabulated in Table 1.
The fire resistance of column I3 obtained from a macroscopic FEM
based on strength failure criteriawas 205min, which is close to the
measured fire resistance in the test (218 min). However, a lower
value of fire resistance (175 min) was obtained based on rebar
temperature failure criteria. This can be attributed to the fact that
rebar temperature failure criteria is based on 50% loss of strength in
steel reinforcement and does not consider important factors such
as load level, mechanical properties of the constituent material
and the support conditions of the column. All the important
factors are fully accounted for in evaluating fire resistance based
on strength or deflection criterion failure in the current model.
Similar observation can be made on the fire resistance predicted
for columns T3 and II10. The fire resistance predictions for columns
T3 and II10 were 212 min and 240 min, respectively based on
strength criteria, and 175 and 180min respectively based on rebar
temperature failure criteria as compared to the measured fire
resistance of 221 and 262 min.
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Table 2
Properties and results for RC beams used in the validation study.

Property Beam I Beam II Beam III

Description Tested by Lin et al. [24] Tested by Dotreppe and Franssen [25] Typical RC beam
Cross section 305 mm× 355 mm 200 mm× 600 mm 300 mm× 500 mm
Length (m) 6.1 6.5 6
Reinforcement 2φ19 mm top bars 2φ12 mm top bars 2φ14 mm top bars

4φ19 mm bottom bars 3φ22 mm bottom bars 3φ20 mm bottom bars
f�c (MPa) 30 15a 30
fy (MPa) 435.8 300a 400
Loading ratio 0.42 0.263a 0.55
Applied total load (kN) 80 65 135
Concrete cover thickness (mm) 25 (bottom) 40 40

38 (side)
Support conditions Simply supported Simply supported Pin–pin
Aggregate type Carbonate Siliceousa Carbonate

Test 80 120 –

Fire resistance (min) Macroscopic FEM

Rebar temperature 110 120 180
Strength 140 145 70
Deflection 102 123 NAb
Rate of deflection 105 115 NA

Microscopic FEM (SAFIR) NA NA 73
a Values based on correspondence [32].
b Not applicable.
Fig. 7. Predicted and measured deflection for test beam, beam I.

4.2. RC beams

The validity of the computer model for RC beams was
established by comparing predicted results from the model with
the measured values from fire tests conducted by Lin et al. [24]
and Dotereppe and Franssen [25]. The geometric and material
properties of the tested beams used in the analysis are taken from
the literature and are given in Table 2. The fire resistance of the
two beams (designated as Beam I and Beam II, respectively) is
calculated based on the four sets of failure criterion discussed in
Section 3.3 and summarized in Table 2. Predicted results from the
analysis are compared to measured values from fire tests in Figs. 7
and 8.
Results from the analysis shows that there is good agreement

between the predicted and measured rebar temperature in the
entire range of fire exposure. 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 a 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. [24].
Fig. 7 shows predicted and measured mid-span deflections as a
function of fire exposure time for Beam I. It can be seen that model
predictions are in close agreement with the measured deflections
up to 80 min where the fire test was terminated.
The fire resistance of this beam was evaluated based on four

failure criteria and its values are given in Table 2. The measured
Fig. 8. Predicted and measured deflections for test beam, beam II.

fire resistance, for Beam I, is lower than that predicted by the
program for all failure criteria. This is mainly because the test was
terminated after 80 minutes of fire exposure and before the beam
attained complete failure probably due to the severe conditions
experienced towards the final stages in fire tests. Thus, the fire
resistance of this beam would have been slightly higher if the test
were continued up to complete failure. In addition, the difference
between measured and predicted fire resistance can be 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 variation of strength, heating rate, and
other factors. These variations, 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 a strength failure criterion. 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).
A comparison of rebar temperature for Beam II indicates good

agreement between model predictions and those measured in the
test. The predicted andmeasured mid-span deflections for Beam II
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Fig. 9. Variation of axial deformation predicted by SAFIR and macroscopic FEM.

are compared in Fig. 8. It can be noted that the deflections from
the model compare well with the measured 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 during 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
measuring 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 2. The deflection and rate of deflection criteria
result in fire resistance of 123 and 115min, respectively, while the
rebar temperature and strength criteria predict fire resistance of
120 and 145 min, respectively.

5. Validation against microscopic FEM

To further illustrate the validity of the proposed model
results from the macroscopic FEM are compared with those from
microscopic FEM (SAFIR) for typical RC columns and RC beams.
For the analysis, the high temperature properties (thermal and
mechanical) of concrete and steel as specified in Eurocode 2 are
used. These Eurocode material properties are built into SAFIR and
material properties other than Eurocode 2 properties cannot be
used as input variables. However in the proposed model any set
of properties can be specified as input data. More details on this
comparison are provided in the two sections below.

5.1. RC columns

In order to illustrate the applicability of macroscopic FEM, and
to compare the predictions with other analysis methods, a case
study is carried out on an RC column. The analyzed RC column is
of 3.81 m length and has fixed supports at the ends. The column
has a square cross-section of 305mm, and is analyzed under ASTM
E119 standard fire exposure [14]. The column is assumed to be
made of concrete with a compressive strength of 37 MPa and
reinforced with 4φ25 mm steel rebars having a yield strength of
444 MPa. The concrete cover thickness is 50 mm to the center of
the reinforcement. The column is loaded with a concentric load of
1333 kN. The column is analyzed using a macroscopic FEM [21] as
well as amicroscopic FEmodel, SAFIR [8]. A summary of the results
from the analysis is presented in Fig. 9.
Fig. 9 illustrates the variation of axial deformation as a

function of fire exposure time as predicted from macroscopic
and microscopic FEM models. It can be seen that the predicted
deformation using macroscopic FEM model follow closely with
that obtained from SAFIR model up to failure is attained in
both models. Furthermore minor differences between the two
curves are due to the approximations associated to the numerical
procedure in each of the twomodels (macroscopic FEMand SAFIR).
Fig. 10. Predicted axial restraint force from SAFIR and the macroscopic model for
beam III.

Fig. 11. Predicted deflections from SAFIR and the macroscopic model for beam III.

The fire resistance values predicted from SAFIR and macro-
scopic FEM are 125 and 170 min, respectively. The fire resis-
tance computed from SAFIR is lower than that computed from the
macroscopic FEM. This could be attributed to the fact that SAFIR
uses a load controlled iterative procedure which is incapable of ac-
counting for softening of the column section. Also themacroscopic
FE model accounts for creep strain which becomes significant at
later stages of fire exposure.

5.2. RC beams

To illustrate the applicability of macroscopic FEM and to
compare the predictions with other analysis methods, a case study
is carried out on an RC beam (Beam III). The analyzed RC beam is of
6 m span length and is pin–pin supported. The beam has a width
of 300 mm and a depth of 500 mm, and is analyzed under ASTM
E119 standard fire exposure [14]. The material and cross-sectional
properties of the analyzed beam are given in Table 2. The room
temperature capacity of the analyzed beam is calculated based on
ACI 318 [26]. The loading level on the beam is calculated for a dead-
load-to-live-load ratio of 2, based on ASCE 07 [27] (1.2 dead load+
1.6 live load for room temperature calculation, and 1.2 dead load
+ 0.5 live load under fire conditions) and is found to be 22.5 kN/m.
For load calculations, the ultimate load at room temperature is
equated to the room temperature capacity of the beam. The beam is
analyzed using the above described macroscopic FEM [20] as well
as SAFIR (microscopic FEM) [8]. The fire resistance of the beam
was evaluated based on the four failure limit states stated above
(macroscopic FEM). A summary of the results from the analysis is
presented in Fig. 10–11 and Table 2.
The variation of axial restraint force as a function of fire

exposure time for the two models is shown in Fig. 10. It can be
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Table 3
Compartment and material characteristics assumed for developing design fire scenarios.

Design fire Lining material Thermal capacity of lining material (W s0.5/m2 K) Opening dimension (m) Fire load (MJ/m2 floor area)

Fire I Gypsum board 488 2.25× 1.5 1200
Fire II Concrete 1900 2.85× 1 400
seen that predictions frombothmodels are in good agreement. The
minor discrepancies between the two curves can be attributed to
the differences in the constitutive relationships and the numerical
procedures used in the two models. Fig. 11 shows the variation of
the deflection of the beam as a function of fire exposure time based
on the results of the two models. It can be seen that the predicted
deflections (using the macroscopic FE model) are comparable to
SAFIR predictions. The results also show that the macroscopic FE
model predicted close fire resistance to that computed by SAFIR.
SAFIR predicted a fire resistance of 73 min for this beam, while
the proposedmacroscopic FEMmodel predicted a fire resistance of
70 min based on strength failure criteria. The lower fire resistance
predicted by the macroscopic FEM can be attributed to accounting
for creep and transient strains which become significant at later
stages of fire exposure. Table 2 shows that there is no failure in
the beam based on deflection and rate of deflection failure criteria.
This is because the strength failure in the beam occurs prior to
deflection and rate of deflection limit states are attained. The good
agreement between the two numerical models points out that
the macroscopic FEM (developed here) is capable of predicting
the fire response of restrained RC beams with a sufficient degree
of accuracy for practical applications. It should be noted that the
model developed in this paper accounts for creep and transient
strain components as well as fire induced spalling of concrete
which are not accounted for in SAFIR.

6. Case studies

To illustrate the applicability of the model in tracing the fire
response of RC members exposed to standard and design fire
scenarios, two case studies are carried out on typical RC columns
and beams. In both cases, the structural member is analyzed under
three standard and two design fire exposures. The three standard
fire scenarios are the ASTM E119 standard fire, hydrocarbon
standard fire and external standard fire [14,28,29]. There is no
decay phase in the time–temperature curves for the standard
fire scenarios. However, in realistic fires, there always exists a
decay phase, since the fuel or ventilation runs out leading to
compartment burnout. Thus, the remaining two fire scenarios are
used to represent more realistic (design) fire exposure.
The parametric fires proposed in Eurocode 1 [30] are selected to

represent the design fire scenarios used in the analysis. According
to Eurocode 1, the design fire consists of a growth phase and
decay phase. Based on recent research, it has been shown that
both phases of the design fire are dependent on the compartment
properties including fuel load (amount of combustible materials),
ventilation opening, and wall lining materials [31].
To develop the two design fire scenarios, a fire is assumed to

occur in a room with dimensions of 6 m × 4 m × 3 m. Two
values of fuel load, andopeningdimensions are also assumed.More
details about the properties of the room for the two fires are shown
in Table 3. The values were assumed in such a way that Fire I
represents a severe design fire whose peak temperatures exceeds
1200 ◦C, and Fire II represents moderate design fire whose peak
temperature reaches 700 ◦C. The time–temperature curves for the
three standard fire scenarios and the two design fire scenarios are
shown in Fig. 12.

6.1. RC columns

Five RC columns, namely; C1, C2, C3, C4, and C5, were analyzed
in the case study. The first three columns (C1, C2 and C3)
Fig. 12. Various fire scenarios used in the analysis.

(a) Elevation. (b) Cross section.

Fig. 13. Elevation and cross section of the RC column used in the case studies.

were analyzed under three standard fire scenarios, namely the
ASTM E119 standard fire, hydrocarbon standard fire and external
standard fire. The remaining two columns (C4 and C5) were
analyzed under the two design fire scenarios (Fire I and Fire II).
All the columns had the same geometric properties as shown in
Fig. 13. The columns were assumed to be made of concrete with
compressive strength of 30 MPa and reinforced with steel rebars
having yield strength of 400 MPa. The fire resistance is evaluated
based on the two sets of failure criteria (thermal and strength).
Results from the analysis show that the fire scenario has a

significant influence on the temperature distribution across the
column section. As expected, the temperature at various depths
of concrete, as well as in rebars, increases with the fire exposure
time for the three standard fire scenarios. The results also show
that the increase in concrete and rebar temperature is larger for the
hydrocarbon fire than that for the ASTM E119 standard fire. This is
due to the steep increase in the temperature of the hydrocarbon
fire at early stages of fire exposure as shown in Fig. 12. However,
under the two design fire exposures, the predicted temperatures
in concrete and steel rebars increase to a maximum value and
then decrease. This can be attributed to the decay phase in the
time–temperature curve of the design fires and thus the RC beam
cross-section enters a cooling phase.
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Table 4
Effect of fire scenario on the fire resistance of RC beams.

Case study Members designation Parameter Fire resistance based on failure criterion (in minutes)
Rebar temperature Strength Deflection Rate of deflection

RC beams

B1 ASTM E119 180 185 150 159
B2 Hydrocarbon 148 155 123 127
B3 External 396 375 244 370
B4 Design Fire I ***a *** *** ***
B5 Design Fire II *** *** *** ***

RC columns

C1 ASTM E119 160 210 NAb NA
C2 Hydrocarbon 130 183 NA NA
C3 External *** 230 NA NA
C4 Design Fire I *** *** NA NA
C5 Design Fire II *** *** NA NA

a No failure.
b Not applicable.
Fig. 14. Effect of fire scenario on the response of an RC column exposed to fire.

Fig. 14 presents the variation of the axial deformation of
the five columns as a function of fire exposure time. It can be
seen in the figure that, for all columns exposed to standard fire
exposures, there is significant elongation in the column at early
stages of the fire exposure time followed by contraction in the
column. The elongation in the column can be attributed to the
high thermal expansion of concrete and rebars resulting from
temperature increase in the early stages of fire exposure, whereas
the contraction can be attributed to the loss of column strength and
stiffness due to the rise in temperature across the column cross-
section. However, Fig. 14 shows no contraction phase (measured
with respect to the columns original configuration) in the two
columns exposed to the design fires at later stages of the fire
exposure time. This can be attributed to the recovery of parts of the
column strength and stiffness in the cooling phase discussed above.
Results from the analysis show that the fire exposure has a

significant effect on the fire resistance of an RC column. It can be
seen, fromTable 4, that the lowest fire resistance is obtained for the
columns exposed to the hydrocarbon fire, and it is about 27 min
lower than that for the column under the ASTM E119 standard fire
exposure. This is due to the fast increase in temperature for the
hydrocarbon fire as shown in Fig. 12. It can also be seen that the fire
resistance for the columnexposed to the external fire is higher than
that for the column under the exposure of the ASTM E119 standard
fire. This is on the expected line, and is because the maximum
fire temperature attained for external fire exposure is low when
compared to that of ASTM E119 standard fire exposure. Table 4
shows that none of the columns exposed to design fire exposure
attains failure, which means that none of the two failure criteria
considered in the analysis is reached during the fire exposure time.
Hence, in spite of the severe conditions assumed for design fire
(Fire I) no failure is attained in the column. This result shows that,
inmany applications, the fire resistance values, computed based on
standard fire scenarios, may be conservative if the resulting fires
have a decay phase.
6.2. RC beams

In this case, five RC beams, namely B1, B2, B3, B4, and
B5 were analyzed. The first three beams were analyzed under
three standard fire scenarios, namely the ASTM E119 standard
fire, hydrocarbon standard fire and external standard fire. The
remaining two beams (B4 and B5) were analyzed under the two
design fire scenarios (Fire I and Fire II). The five beams have the
same length and cross-sectional dimensions as shown in Fig. 15.
The beams are assumed to be made of concrete with compressive
strength of 30 MPa and reinforced with steel rebars having yield
strength of 400 MPa. The fire resistance is evaluated based on the
four sets of failure criteria (one thermal, one strength and two
deflection limit states).
Similar to the case of RC columns, the analysis results show that

the fire scenario has a significant influence on the temperature
distribution across the beam section. While the temperatures,
through out the beam cross-section, increase with fire exposure
time for the beams exposed to standard fire exposures, the
temperatures increase to maximum values and then decrease for
beams exposed to design fire exposures. This can be attributed
to the decay phase which always exists in the time–temperature
curve of the design fires.
The variations in the mid-span deflection with fire exposure

time for the five fire scenarios are presented in Fig. 16. It can be
seen fromFig. 16 that the deflection increaseswith time for the five
beams at early stages of the fire exposure time. However, Fig. 16
shows a reduction (recovery) in the deflection for the two beams
exposed to the design fires at later stages of the fire exposure time.
This can be attributed to the recovery of parts of the beam strength
and stiffness in the cooling phase as discussed above for RC column.
Similar to the case of RC columns, results from the analysis show

that the fire exposure has significant effect on the fire resistance
of RC beams, calculated based on different failure criteria (see
Table 4). It can be seen, from Table 4, that the lowest fire resistance
is obtained for the beams exposed to the hydrocarbon fire, and
it is about 30 min lower than that for the beam under the ASTM
E119 standard fire exposure. This is due to the fast increase in
temperature for the hydrocarbon fire as shown in Fig. 12. It can also
be seen that the fire resistance for the beamexposed to the external
fire is higher than that for the beam under the exposure of the
ASTM E119 standard fire. This is similar to what is observed for RC
columns, and is because the maximum fire temperature attained
for external fire exposure is low when compared to that of ASTM
E119 standard fire exposure. Table 4 shows that none of the beams
exposed to design fire exposure attains failure, which means that
none of the four failure criteria considered in the analysis is
reached during the fire exposure time. Again this confirms that, in
many applications, the fire resistance values, computed based on
standard fire scenarios, may be conservative if the resulting fires
have a decay phase.
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(a) Elevation. (b) Cross section.

Fig. 15. Elevation and cross section of the RC beam used in the case studies.
Fig. 16. Effect of fire scenario on the response of an RC beam exposed to fire.

7. Practical implications

The current approach of evaluating fire resistance through
standard fire tests on full-scale RC structural members is
expensive, time consuming and has a number of drawbacks. An
alternative approach is to use calculation methods for predicting
the fire resistance. However, such calculation methods are not
widely available at present. Further, the current provisions in codes
and standards for evaluating fire resistance are prescriptive and
simplistic in nature and thus cannot be applied for rational fire
safety design under the performance-based codes.
The macroscopic FEM, presented here, is capable of tracing the

behavior of RC structuralmembers from the initial pre-fire stage to
the failure of the structuralmember under realistic fire and loading
scenarios. Using the model, a designer can arrive at desired fire
resistance in an RC structural member by varying fire, material and
structural parameters. Thus, the use of this type of model 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 macroscopic FEM, presented here, is being applied to

conduct a series of parametric studies to investigate the influence
of various parameters on the fire resistance of RC structural
members. Data from such parametric studies will be used to
develop rational and cost-effective fire safety design guidelines for
incorporation into codes and standards.

8. Conclusions

• The current fire resistance provisions, developed based on
limited fire tests under ‘‘standard fire scenarios’’, are too
prescriptive and too simplistic in nature and thus cannot be
applied to rational fire safety design under the performance
based-codes. There is a need for developing rational fire safety
approaches for reinforced concrete systems.
• In order to accurately model the fire response of structural
members, several important factors, including high tempera-
ture material properties, various strain components realistic
fire scenarios and failure criteria must be accounted for. All
these factors can be accounted for inmicroscopic finite element
models
• The proposed macroscopic finite element model is capable of
predicting the fire response of reinforced concrete members, in
the entire range: from pre-fire stage to collapse stage, with an
accuracy that is adequate for practical purposes.
• The type of fire exposure has significant effect on the fire
resistance of RC structural members. The conventional method
of evaluating fire resistance, based on ‘‘standard’’ fire exposure,
is conservative under even severe design fire scenarios.
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