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Abstract. A macroscopic finite element model is extended to account for fire

induced spalling in high strength concrete (HSC) beams. The model is based on the
principles of mechanics and thermodynamics and utilizes pore pressure calculations
to predict fire induced spalling in concrete. For validating the model, spalling mea-

surements were made by conducting fire resistance experiments on four normal
strength and high strength concrete beams. Spalling predictions from the model are
compared with the measured values of spalling at various stages of fire exposure. The
validated model is applied to investigate the influence of fire scenario, concrete

strength (permeability) and axial restraint on the fire induced spalling and fire
response of RC beams. Results from the analysis show that fire scenario, and con-
crete permeability largely influence the extent of fire induced spalling in concrete

beams. Further, it is also shown that the extent of spalling has significant influence
on the fire resistance of RC beams.

Keywords: fire induced spalling, high strength concrete, pore pressure, numerical model, fire resistance,

concrete beams

1. Introduction

Reinforced concrete structural systems are quite frequently used in high rise build-
ings and other built infrastructure due to the advantages concrete construction
offers over other materials. When used in buildings, 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 structures
may be subjected. The basis for this requirement can be attributed to the fact
that, when other measures for containing the fire fail, structural integrity is the
last line of defense.

In recent years, high strength concrete (HSC) is being widely used in place of
normal strength concrete (NSC), due to significant economic, architectural, and
structural advantages HSC can provide as compared to conventional NSC. With
the increased use of HSC, concern has developed regarding the behavior of such
concretes under fire exposure. The occurrence of fire induced spalling is one of the
major reasons for this concern.

* Correspondence should be addressed to: M. B. Dwaikat, E-mail: dwaikatm@msu.edu

Fire Technology, 46, 251–274, 2010

� 2009 Springer Science+Business Media, LLC. Manufactured in The United States

DOI: 10.1007/s10694-009-0088-6
12



Generally, concrete structural members (mainly comprising of NSC) exhibit
good performance under fire situations. However, HSC may not exhibit the same
level of performance (as that of NSC) under severe fire conditions [1, 2]. This is
mainly due to faster degradation of strength properties at high temperatures and
also due to the occurrence of fire induced spalling. While spalling can occur in all
concrete types when exposed to rapid heating (such as the one encountered in
fires), results from a number of studies [3–8] have shown that HSC is more sus-
ceptible to fire induced spalling than NSC. The high compactness and low perme-
ability of HSC (often due to the presence of silica fume) accelerate the pore
pressure development leading to spalling, that can be explosive under some condi-
tions. Such spalling has the effect of reducing the cross sectional area of the struc-
tural member, and increasing the heat penetration to the steel reinforcement.
Thus, spalling might lead to reduction in strength and stiffness of RC structural
members, which in turn might cause early failure of RC members under fire con-
ditions [1].

Fire induced spalling in concrete structures have been observed both in labora-
tory experiments and under real fire conditions [5, 9]. At present, there is very lim-
ited guidance on the approaches to incorporate spalling in fire resistance
calculations [10]. This is mainly due to lack of calculations methodologies and
reliable high temperature material properties for modeling spalling progression in
concrete.

In this paper, a macroscopic finite element model, developed originally for eval-
uating the fire response of RC members, is extended to account for fire induced
spalling in RC beams. The spalling submodel, incorporate into the macroscopic
finite element model, is based on principles of mechanics and thermodynamics and
compute pore pressure by taking into consideration varying permeability distribu-
tion across the cross section of an RC beam. The model is validated against data
from fire resistance experiments on four RC beams. The validated model is
applied to investigate the effect of critical parameters, namely; concrete permeabil-
ity and strength, fire scenario and axial restraint on fire induced spalling and on
overall fire resistance of RC beams.

2. Fire Induced Spalling in Concrete

Reinforced concrete members, when exposed to fire, experience increasing temper-
atures with time. The increasing temperatures lead to gradual loss of strength and
stiffness properties in concrete and ultimately lead to failure. However, under
some conditions, chunks of concrete might break-up from the structural member
during exposure to fire. This break-up of concrete is termed as fire induced spall-
ing and primarily results from the build-up of pore pressure within the concrete.
The occurrence of such spalling is dependent on a number of factors including fire
conditions.

The occurrence of spalling in concrete members can broadly be classified into
three stages, namely; early spalling, intermediate spalling, and late spalling. Early
spalling can start after 5–10 min of fire exposure and can continue up to
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30–45 min. This type of spalling is generally of explosive nature and often results
due to the development of high thermal gradients within the parts of concrete
members. Early spalling results in the break-up of large chunks of concrete and
thus may have detrimental effect on the fire resistance of RC members particularly
when spalling reduces the concrete cover thickness to the main reinforcement.
Intermediate spalling that occurs after about 30–45 min of fire exposure results in
the form of surface scaling (breaking off small pieces of concrete) and this can
continue through final stages of fire exposure. Such type of spalling has less effect
on the fire resistance of RC members because this type of spalling generally results
in break-up of thin layers of concrete. Late spalling occurs just prior to failure of
structural members and primarily results from significant loss of strength and stiff-
ness of concrete and reinforcement due to exposure to fire. Hence, this spalling
has minor influence on the overall fire response of RC members.

A review of literature presents a conflicting picture on the frequency of occur-
rence of spalling and also on the exact mechanism for spalling [1]. While many
research studies illustrated explosive spalling in concrete members under labora-
tory conditions, there are a few other studies which report little or no significant
spalling. One possible explanation for this confusing trend of observations is the
large number of factors that influence spalling and also the inter-dependency of
some of these factors. However, most researchers agree that the primary reasons
for occurrence of spalling are low permeability of concrete and moisture migration
at elevated temperatures [1–3].

Permeability of concrete depends on many factors including porosity, pore size
distribution, connectivity of the pores, and tortuosity of the concrete pores. Thus,
concretes with similar level of porosity, can have different degrees of permeability
due to variations in other factors. Typically, NSC with a compressive strength in
the range of 20–70 MPa, can have permeability in the range of 10-13 to 10-16 m2,
while HSC with strength above 70 MPa can have permeability in the range of
10-16 to 10-20 m2 [11]. Permeability also depends on the extent of cracking
(including distribution) and damage in concrete members. For RC beams at room
temperature, the cracking and damage may not be uniform within the cross sec-
tion of the beam due to the non-uniform stress distribution caused by varying
bending moment. This leads to a significant variation in the concrete permeability
within the cross section of the beam.

In addition, the common practice for curing RC beams is by using burlap
soaked with water on the top surface of the beam. Despite the fact that the bond
strength, and thus the tensile strength of concrete, may be less for the top part of
the beam mainly due to segregation of concrete while casting, using burlap for
curing significantly reduces the evaporation of water from the top part of concrete
and provides better curing conditions. This may influence the permeability varia-
tion within the beam cross section. The variation in permeability largely influences
the extent of fire induced spalling in the beam cross section and hence the overall
fire response of the beam. Another factor that influences the fire induced spalling
is the fire intensity and rate of temperature rise. The rate of heating significantly
influences the thermal gradient and thus the build-up of pore pressure in the con-
crete section which largely affects the extent of spalling.
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In the last two decades, there have been several experimental studies to investi-
gate fire induced spalling in HSC. Some of these studies were conducted on small
scale specimens such as those conducted by Phan [12], Han et al. [13], Hertz [14],
and Phan et al. [15]. Other studies were conducted on building components (col-
umns and concrete blocks) such as those reported by Park et al. [16], Kodur [17],
Kodur and McGrath [18], and Kodur et al. [19], Bilodeau et al. [20]. All these
studies have shown that HSC members are generally more susceptible to spalling
as compared to NSC members. These studies focused mostly on RC columns
under standard fire scenarios, without any consideration for cooling phase of the
fire exposure. Further, there have been no experimental studies to investigate fire
induced spalling in HSC beams under design fire scenarios.

The literature review also indicates that there have been limited analytical mod-
els to predict spalling in concrete members [21]. Some researchers have developed
complex spalling models that are based on hydro-thermo-mechanical analysis and
involve undertaking pore pressure calculations [22–26]. For such models to accu-
rately predict the pore pressure inside concrete, material properties such as con-
crete permeability tensor, diffusion coefficients, material stiffness tensor, must be
precisely known. These properties vary as a function of temperature. But, many of
these properties are not well defined even at room temperature [21]. Thus, it is
almost impossible to predict spalling using the available model due to the lack of
high temperature properties.

In lieu of complex hydro-thermo-mechanical models, some researchers proposed
simplified thumb rules [27] based on temperature calculations in concrete without
any consideration to pore pressure development. These thumb rules were devel-
oped based on spalling observations in fire tests (on RC columns) and correlating
them with temperature rise in the cross section. Due to significant inaccuracies
associated with monitoring spalling during fire tests, these models may not pro-
vide reasonable prediction of spalling. Also, these spalling thumb rules were pri-
marily developed based on either small scale specimens or RC columns, and may
not applicable for RC beams. Thus, the currently available spalling models
(hydro-thermo-mechanical models and simplified approaches) are of limited prac-
tical use [21].

There is very limited guidance in current codes and standards for predicting fire
induced spalling in concrete. Some codes and standards include broad guidelines
for estimating and mitigating spalling. As an illustration, Eurocode specifications
[28] state that spalling is unlikely to occur when the moisture content of concrete
is lower than 3%, without any due consideration to permeability and the tensile
strength of concrete. Similarly, ACI 216.1 standard [29] does not have any specifi-
cations for predicting when spalling might occur. However, this standard provides
some guidelines for mitigating spalling in HSC through the use of polypropylene
fibers in concrete mix. It should be noted that the guidelines on spalling in current
codes are mainly derived based on observations during fire tests on small speci-
mens and do not give consideration to critical factors that influence this phenome-
non. One of the main reasons for slow progress in developing rational methods
for predicting spalling, and also for developing solutions to mitigate spalling, is
the lack of calculation methodologies for predicting spalling.
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3. Numerical Model

3.1. General

A macroscopic finite element model, originally developed for modeling the fire
response of RC beams, is extended to account for fire induced spalling in RC
beams. In the model, the RC beam 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 car-
ried out by incrementing time in steps. At each time interval, the analysis is per-
formed through three main steps:

– Establishing fire temperature due to fire exposure,
– Carrying out coupled heat transfer-spalling analysis in each segment to predict

cross sectional temperature and spalling, and
– Performing strength and deflection analysis, which is carried out, through three

substeps:

� Calculating the axial restraint force in the RC beam,
� Generation of moment-curvature relationships (utilizing the axial restraint

force computed above) for each beam segment, and
� Performing structural analysis of the beam to compute deflections and inter-

nal forces.

A spalling submodel was incorporated in the model to account for fire
induced spalling in concrete. In the spalling submodel, hydrothermal analysis is
carried out to compute the pore pressure in the beam cross section [21]. When
the pore pressure exceeds the temperature dependent tensile strength of con-
crete, tensile fracture occurs in the concrete which leads to breaking off of con-
crete layers (segments) from the RC beam. In the previous version of the
spalling submodel, the permeability of concrete was assumed to be uniform
over the concrete cross section at room temperature. In this paper, the spalling
submodel is extended to account for the variation of permeability in the sec-
tion of the beam which results from cracking and curing conditions. More
details on the model extension are given the following section. Full details of
the numerical procedure, including the derivation of appropriate equations, are
presented elsewhere [21, 30].

3.2. Spalling Submodel

The proposed spalling submodel is based on hydrothermal analysis and computes
pore pressure within the cross section at any given fire exposure time. The analysis
utilizes the principles of mechanics and thermodynamics, including the conserva-
tion of mass of liquid water and water vapor, to compute pore pressure in the
concrete resulting from fire exposure. In the hydrothermal model, the mass trans-
fer equation for water vapor inside heated concrete can be written as:
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A
dPV

dt
¼ rBrPV þ C ð1Þ

where PV = pore pressure, t = time, A, B and C = parameters that depend on
pore pressure, temperature, rate of increase in temperature, permeability of con-
crete, 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 Equation 1 and compute the pore pressure
distribution within the midsection of each segment along the length of the structural
member. The resulting pore pressure is compared with the temperature dependent
tensile strength of concrete as shown in Figure 1. Spalling is said to occur when the
effective pore pressure (defined as the produce of porosity and pore pressure) exceeds
the tensile strength of concrete; i.e., when the following expression is satisfied:

nPV > ftT ð2Þ

where n = porosity of concrete = VV + VL, ftT = tensile strength of concrete
for temperature, T, and VV and VL = volume fractions of water vapor and liquid
water, respectively. Once spalling of concrete occurs, the reduced concrete section
and the new boundary surface are considered in the thermal and strength analyses
in subsequent time steps. In this way, the spalling and thermal calculations are
coupled in the analysis.

In all spalling models, published thus far, the initial permeability (permeability
at room temperature) is assumed to be uniformly distributed over the entire cross
section of the beam. However, in practical situations, the concrete permeability
varies within the cross section of the RC beam due to cracking patterns resulting

100 200 300 400 5000

Temperature (°C)

Tensile strength of concrete Effective pore 
pressure in concrete

Spalling point

T
en

si
le

 s
tr

en
g

th

Spalling point

E
ff

ec
ti

ve
 p

o
re

 p
re

ss
u

re

b

d

(a) (b)

Figure 1. Illustration of spalling prediction in the proposed model.
(a) Pore pressure and tensile strength variation. (b) Cross section.
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from variation in bending moment and also due to curing conditions. The varia-
tion in the permeability of concrete can be assumed to change with the depth of
the beam as given by the following equation:

k0 ¼ ktop

102y=D yx

102y=D
� �
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I

103
y�x
D�xð Þ

� �
|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

II

y > x

8><
>:

9>=
>;

ð3Þ

where k0 = initial permeability of concrete, ktop = initial permeability in the top
surface of the concrete section, D = total depth of concrete section, y = distance
from the top most fibers of the concrete section, and x = depth of neutral axis
under service loads.

The first and second terms in Equation 3 (terms I and II) account for the varia-
tion of permeability due to curing conditions and cracking in the concrete section,
respectively. Equation 3 is developed based on the effect of cracking and damage
on the permeability of concrete which can be generally given by [22, 24]:

kdamaged ¼ kundamaged � 10bD ð4Þ

where kdamaged and kundamaged = permeability of damaged and undamaged con-
crete, respectively, B = calibration parameter, and D = extent of damage.

Figure 2 shows the spatial variation of permeability for an RC beam with cross
section of 300 mm 9 500 mm. The permeability at the top of the beam (ktop) and
the depth of the neutral axis were assumed to be 10-19 m2, 100 mm, respectively.
In the tension zone of the beam, the cracks in concrete becomes wider leading to
higher values of permeability as shown in Figure 2. Further details on the model
are given in Ref. [21].

The spalling submodel presented here is capable of predicting early and inter-
mediate stages of spalling. Late spalling which occurs just prior to failure is not
considered in the analysis since it results from degradation in strength and stiff-
ness. However, such type of spalling, due to the fact that it occurs just prior fail-
ure, does not significantly influence the overall fire resistance of RC beams.

4. Experimental Studies

To validate the spalling submodel, spalling measurements were undertaken by
conducting fire resistance experiments on one NSC and three HSC beams, desig-
nated as B2, B4, B5 and B6, respectively. The fire experiments were designed to
investigate the effect of fire scenario, concrete strength (permeability), axial
restraint and load on the extent of spalling. Further, the effect of spalling on the
overall fire resistance was monitored by testing the beams up to failure.

4.1. Test Specimens

All four beams were of rectangular cross section of 406 9 254 mm and had
3960 mm length. The beams had 3 /19 mm bars as tensile reinforcement and 2 /
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13 mm bars as compressive reinforcement. The shear reinforcement in the beams
was /6 mm stirrups with a spacing of 150 mm over the length of the beam. The
steel of main reinforcing bars and stirrups had specified design yield strengths of
420 MPa and 280 MPa, respectively. Beams B2 and B6 were tested under axial
restraint support conditions, while the remaining two beams (B4 and B5) were tes-
ted under simply supported end conditions. More details on the specifications of
the beams are given in Table 1.
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Figure 2. Variation of concrete permeability across the depth of a
typical RC beam. (a) Cross section. (b) Permeability.

Table 1
Properties and Results for Tested RC Beams

Property Beam B2 Beam B4 Beam B5 Beam B6

Strength NSC HSC HSC HSC

f0c (MPa) 52.2 93.3 93.3 93.3

Loading ratio 0.55 0.55 0.65 0.55

Fire exposure SF SF LF LF

Support condition Axially

restrained

Simply

supported

Simply

supported

Axially

restrained

Relative humidity (%) 81.1 86.6 91.8 92.5

Measured extent of spalling

(end of test) (%)

1.5 3.2 7.0 8.7
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Two batches of concrete were used for fabricating the beams. Beam B2 was
fabricated from NSC mix (Batch 1), while beams B3 through B6 were fabricated
from HSC mix (Batch 2). The two batches of concrete were made with general
purpose, Type I Portland cement. The aggregates in both batches were of carbon-
ate aggregate type (limestone). The mix proportions, per cubic meter of concrete,
in the two batches consisted of:

Silica fume (43 kg/m3) was added to Batch 2 in order to obtain the targeted
high strength concrete. The HSC beams were moist cured in the forms for 7 days,
whereas the NSC beams were sealed in the forms for 7 days. Then all the speci-
mens were lifted from the forms and stored in air maintained at about 25�C and
40% relative humidity.

The average compressive cylinder strength of the concrete, measured at 28 days
and on the day of the testing, was 52.2 MPa and 58.2 MPa for NSC, and 93.3 MPa
and 106 MPa for HSC, respectively. The concrete strength on the day of testing
was found to be almost the same for the three HSC beams (B4 through B6). This
can be explained by the fact that the increase in strength of HSC is generally not
significant after 90 days of casting. The moisture condition (relative humidity) was
measured on the day of the test using a relative humidity probe at a depth of
100 mm and at two different locations of the beam. The measured relative humidity
values for the four tested beams are summarized in Table 1. It can be seen that the
relative humidity of HSC beams is higher than that of the NSC beam. This can be
attributed to slow drying in HSC beams resulting from the low permeability of
HSC beams. The relative humidity in beams B5 and B6 was found to be higher
than that in the remaining HSC beam (B4). This can be attributed to the fact that
beams B5 and B6 were fabricated eight months after the fabrication of beam B4.

4.2. Instrumentation

The instrumentation of the beams included thermocouples, high temperature
strain gauges, and displacement transducers. Type-K Chromel-alumel thermocou-
ples, 0.91 mm thick, were installed at three different cross sections in each beam
for measuring concrete and rebar temperatures. Also, five thermocouples were
installed at the top side (unexposed side) of the beam. High temperature strain
gauges were installed to measure strain in the reinforcing bars. Each of the beams,
B1 through B4, was instrumented with 20 thermocouples and 4 high temperature
strain gages. The remaining two beams (B5 and B6) were instrumented with 17
thermocouples and 2 high temperature strain gages. The deflection of each beam

Batch 1 Batch 2

� Cement (kg/m3) 390 513

� Coarse aggregate (kg/m3) 1037 1078

� Fine aggregate (kg/m3) 830 684

� Water (kg/m3) 156 130

� Water reducing agent (kg/m3) 2 15

� Maximum aggregate size (mm) 10 10
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is measured at mid-span as well as at the location of one of the two point loads,
which were used for applying the external load on the beam during the fire test.
More information on the location of the two point loads is given in the following
section.

4.3. Test Procedure

The fire resistance tests were carried out by placing two RC beams in the furnace
and exposing them to a desired fire exposure. The supported span of each beam
was 3.66 m, with 2.44 m of the beam length exposed to fire. Beams B2 and B4
were tested by exposing them to a short design fire SF, while beams B5 and B6
were tested under long severe design fire LF. The time temperature curves for the
two fire scenarios (SF and LF) are shown in Figure 3. It can be seen that both
design fires have well defined decay phase with fire LF being more severe than fire
SF.

All beams were tested under two point loads each of which is placed at about
1.4 m from the end supports. Beams B2, B4 and B6 were subjected to two point
loads of 50 kN each, which is equal to 55% of the beam capacity (at room tem-
perature) according to ACI 318 [31]. Beam B5 was subjected to two point loads of
60 kN or 65% of the beam capacity. Full details on the specimens, test procedure,
test apparatus and instrumentation can be found elsewhere [32].

4.4. Test Results

Data collected from the above fire tests include rebar and concrete temperatures,
strains, deflections, axial restraint force, fire induced spalling and failure time (fire
resistance). However, only spalling measurements and observations are discussed
in detail because the main focus of this paper is on fire induced spalling in RC
beams.

The extent and nature of spalling was recorded by making visual observations
through the windows of the furnace during the fire test and also by conducting
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Figure 3. Time temperature curves for two design fires.
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volumetric measurements of the beam after fire tests. The volumetric measure-
ments were conducted by measuring the volume of the damaged beam and sub-
tracting that from the original volume of the beam. The volumetric spalling ratio
(defined as the ratio of spalled volume to the original volume of the beam) is
given in Table 1.

In the case of NSC beam (B2), the extent of spalling was minimal or almost
negligible throughout the fire exposure. Only prior to failure, there was some ‘late
spalling’. Post test, measurements indicated that the spalling volume in this NSC
beam was only 1.5% of the original volume. In contrast, beams B4, B5 and B6
experienced spalling in early stages of fire exposure. The extent of spalling at the
end of the test was 3.2%, 7.0% and 8.7% in HSC beams B4, B5 and B6, respec-
tively. The higher extent of spalling observed in HSC beams can be attributed to
the higher compactness or low permeability. This low permeability increases the
pore pressure build up in HSC beams and when this pressure exceeds the tensile
strength of concrete, chunks of concrete fall off from the surface of concrete.

In addition to permeability, load ratio and relative humidity were found to sig-
nificantly influence the spalling in RC beams. Observations in the fire tests indi-
cated that, for beams B2 and B4, spalling was not explosive and most of it is
classified as intermediate and late spalling which occurred at intermediate and late
stages of fire exposure. In contrast, there was significant and random explosive
spalling in HSC beam B5 in the first 35 minutes after fire exposure. The severe
extent of spalling observed in HSC beam B5 can be attributed to the higher load
ratio this beam was subjected to and also to higher relative humidity in beam B5
as compared to beam B4.

Between the two HSC beams B5 and B6, more severe spalling occurred for the
axially restrained beam B6, as compared to the simply supported beam B5,
despite the fact that beam B6 was exposed to lower load ratio. This could be
attributed to the fact that beam B6 was axially restrained and this led to the
development of large axial restraint forces in that beam. The restraint forces alter
the internal stresses in the beam (including higher tensile stresses in the lateral
direction of the beam), and this enhances the conditions for fire induced spalling.

Figure 4 shows pictures of NSC beam B2 (exposed to design fire SF) and HSC
beam B5 (exposed to design fire LF) after fire resistance tests. Also shown is a
sketch of the beam section to illustrate the spalling that occurred at early stages of
fire exposure in HSC beam B5. It can be seen that significant spalling occurred in
the HSC beam as compared to the NSC beam. This can be attributed to the low
permeability of HSC which significantly increases the fire induced spalling as dis-
cussed above. Although the HSC beam (B5) was exposed to fire from three sides,
much of the early spalling was mainly observed on the upper area of both sides of
the beam. The lack of spalling in bottom face of the beam (in spite of being
exposed to fire) can be attributed to the cracking and curing conditions that sig-
nificantly increase the permeability in the bottom part of the beam cross section
as shown in Figure 2. The increased permeability (at the bottom face) facilitated
the easy passage of steam pressure and this helped to limit the pore pressure
build-up to levels below the critical limit at which spalling occurs.
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5. Model Validation

The validity of the spalling submodel is established by comparing spalling predic-
tions with the measured values from fire tests for two HSC beams, B5 and B6,
which experienced significant spalling. In these two beams significant spalling
occurred at early stages of fire exposure (referred to as ‘‘early spalling’’). In both
beams, the nature of spalling including the time at which spalling started and the
approximate time at which spalling stopped were recorded. The extent of spalling
at the end of the test was computed by measuring the volume of fire damaged
beam. The extent of spalling is assumed to vary linearly between the time it star-
ted and the time it ended. These two beams experienced some ‘‘late spalling’’ just
prior failure. However, most of the ‘‘late spalling’’ occurred in the midspan sec-
tion of the beams and is not accounted for in the volumetric measurements and in
the analysis (as ‘‘late spalling’’ has negligible effect on the overall behavior of the
RC beam as discussed earlier).

The water permeability was measured in both beams prior to fire tests as per
ASTM C1202 [33] using ‘‘Chloride Penetration’’ Test and was found to be about
10-21 m2. The specimens used for permeability tests were cured under the same
conditions as the top part of the beam and thus they are assumed to have the
same permeability as that part of the beam. Gas permeability is generally higher
than water permeability and can be higher in magnitude up to the order of 102

[34]. Thus, for the analysis, the permeability of water vapor in the top side of the
concrete beams (ktop), which is required for pore pressure calculations, is assumed
to be 10-19 m2. The spatial variation of permeability in the beam cross section is
assumed as given by Equation 3. For the two beams, the depth of the neutral axis
under service loads (x in Equation 3) was found to be 90 mm. Based on the aver-
age spalling thickness measured in the tests, it is assumed in the analysis that the
spalling depth (the thickness of spalled concrete) does not exceed 20 mm and
25 mm for beams B5 and B6, respectively. With these values as input parameters
to the spalling submodel, the extent of spalling is evaluated as a function of fire
exposure time for both beams.

HSC beam B5

Spalled layers 
in HSC beam

NSC beam B2

(a) (b)

Figure 4. Fire induced spalling in NSC beam B2 and HSC beam B5
under design fire exposure. (a) Spalling in RC beams after fire tests.
(b) Spalling illustration at a cross section.
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The predicted values and times of spalling are compared with the measured val-
ues for beams B5 and B6 (which were exposed to design fire LF) in Figures 5 and 6,
respectively. It can be seen that there is good agreement between the predicted and
measured values in the entire range of fire exposure. For beam B5, the model pre-
dicts spalling to start at about 11 min and to stop at 50 min after fire exposure. The
visual observations in the test indicated that spalling started and stopped at 10 and
35 min after fire exposure, respectively. Similarly, for beam B6, the measured start
and end times of spalling were 5 min and 30 min, and the predicted times were
6.5 min and 122 min. These results indicate that the program predicts well the start
time of spalling. In contrast, there is a variation between the predicted and the
measured end time of spalling. This variation might be acceptable since the model
predictions indicate that small amount of spalling occurs after 35 mins and 30 min

0

2

4

6

8

0 30 60 90 120 150

Time (min)

Experiment

Model

Early 
spalling 

Intermediate spalling Late
spallin

S
p

al
le

d
 v

o
lu

m
e/

o
ri

g
in

al
 v

o
lu

m
e 

(%
)

Experiment

Model

Early 
spalling 

Intermediate spalling Late
spallin

Experiment

Model

Early 
spalling 

Intermediate spalling Late
spallin

Experiment

Model

Early 
spalling 

Intermediate spalling Late
spallin

Figure 5. Measred and predicted extent of spalling as a function
of time for beam B5.
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Figure 6. Measred and predicted extent of spalling as a function
of time for beam B6.
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of fire exposure for beams B5 and B6, respectively. This can be attributed to the
drying of concrete which reduces the developed pore pressure and hence decreases
the spalling at later stages of fire. The model predicts slightly higher extent of spall-
ing for beam B6, which is a conservative estimate. Overall, the spalling predictions
match reasonably well with the measured values in early and intermediate stages of
fire exposure for RC beams.

6. Case Studies

The validated numerical model was applied to investigate the influence of the
main factors on the extent of spalling and also the effect of such spalling on the
overall fire resistance of RC beams. The case studies presented in the paper pro-
vide a quantitative insight on the influence of concrete permeability and fire sce-
nario on fire induced spalling in concrete beams and also the effect of spalling on
the fire response of simply supported and axially restrained beams.

6.1. Analysis Details

For the analysis, two sets of RC beams (each set comprising of four RC beams)
were selected and the parameters were varied over the full range. One beam in
each set is made of NSC while the remaining three are made of HSC. The beams
in the first set are simply supported (SS), while the beams in the second set are
axially restrained (AR). The axial restraint stiffness (k) is assumed to be 50 kN/
mm for the axially restrained beams. This value of the axial restraint stiffness is
selected in such a way that it represents restraint conditions commonly encoun-
tered in practice [30]. Each beam is analyzed under four fire scenarios including
two standard (ASTM E119 and ASTM E1529) and two design fire exposures. The
analysis was carried out in 5 min time increments till failure occurred in the beam.
The time to failure is taken as the fire resistance of the beam. The failure is said
to occur when the strength limit state is exceeded in the beam. While the model is
capable of applying either thermal, strength or deflection failure limit state, for the
sake of simplicity, only strength limit state is considered here. Full details on the
effect of different failure criteria on the fire resistance of RC beams are presented
elsewhere [35]. Results from the analysis are summarized in Table 2.

All the analyzed RC beams are of rectangular cross section (300 mm 9

500 mm) and have a span length of 6 m as shown in Figure 7. The compressive
strength and permeability at top side (ktop) are assumed to be 30 MPa and
10-16 m2 for NSC, and 100 MPa and 10-19 m2 for HSC, respectively. The beams
were reinforced with steel rebars having yield strength of 400 MPa. The depth of
the neutral axis under service loads (x in Equation 3) was found to be 120 mm
and 100 mm for NSC and HSC beams, respectively. The room temperature capac-
ity of the analyzed beams was calculated based on ACI 318 provisions [31]. The
applied loading on the beam, is calculated for a dead load to live load ratio of 2,
based on ASCE 07 [36] provisions (1.2 dead load + 1.6 live load for room tem-
perature calculation, and 1.2 dead load + 0.5 live load under fire conditions). For
load calculations, the ultimate load at room temperature is equated to the room
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temperature capacity of each beam. The applied load was found to be 22.5 kN/m
and 25.3 kN/m for NSC and HSC beams, respectively. For the analyzed beams,
the spalling depth (thickness of concrete layer that spall off from the concrete
section) is assumed not to exceed the clear concrete cover thickness (40 mm).

Table 2
Summary of the Fire Resistance Values for the Analyzed Beams

Case

Beam

designation

Concrete

type ktop (m
2)

Type of fire

exposure

Fire resistance

(minutes)

Extent of spalling

(end of fire exposure) (%)

SS beam BNS1 NSC 10-16 ASTM E119 145 NS**

BNS2 Hydrocarbon 120 NS

BNS3 Design Fire I NF* NS

BNS4 Design Fire II NF NS

BHS1 HSC 10-19 ASTM E119 115 12.27

BHS2 Hydrocarbon 95 11.73

BHS3 Design Fire I 95 10.67

BHS4 Design Fire II NF 6.0

AR beam BNA1 NSC 10-16 ASTM E119 175 NS

BNA2 Hydrocarbon 150 NS

BNA3 Design Fire I NF NS

BNA4 Design Fire II NF NS

BHA1 HSC 10-19 ASTM E119 150 12.27

BHA2 Hydrocarbon 130 11.73

BHA3 Design Fire I NF 10.67

BHA4 Design Fire II NF 6.0

* No failure; ** No spalling.

500 mm

300 mm

6 φ 20 mm

φ 10 mm 
stirrups

40 mm

40 mm

6 m 

(a)

(b) (c)

w

f’c = 30 MPa  
fy = 400 MPa

w

k

6 m

Figure 7. Cross section and elevation of RC beam used in the case
studies. (a) Simply supported beam. (b) Axially restrained beam.
(c) Cross section.
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The temperature dependent properties that are important for establishing the
fire response of RC structures include: thermal, mechanical and material specific
properties such as permeability of concrete. For the fire resistance analysis of RC
beams, the thermal and mechanical properties of NSC and reinforcing steel speci-
fied in the ASCE Manual [37] are used. However, since the material properties in
the ASCE manual are only applicable for NSC, the material properties developed
by Kodur et al. [38] are used for HSC.

In the cooling phase, the thermal properties of the constituent material (both
concrete and steel) are assumed to be similar to those in the heating phase. For
mechanical properties, linear interpolation between high temperature strength and
residual strength is used to estimate the strength of both concrete and reinforcing
steel in the cooling phase. The residual strengths for any concrete element or steel
rebar are determined based on the maximum temperature attained in that element
(or rebar). For concrete, the residual strength is assumed to be 75% of the high
temperature strength determined at the maximum temperature attained in con-
crete. However, the residual strength of reinforcing steel is assumed based on the
residual strength test conducted by Neves et al. [39] on reinforcing steel. Up to
500�C, residual strength of reinforcing steel is assumed to be similar to room tem-
perature strength. However, the residual strength is assumed to decrease linearly
with temperature till it reaches 70% of the room temperature strength at 800�C.

The main properties that influence spalling include permeability, tensile strength
of concrete and isotherms which are used to predict the mass of liquid water
inside concrete as a function of pore pressure and temperature. More details on
spalling related properties are given in the Appendix.

To investigate the effect of fire scenario on concrete spalling and fire resistance,
all the beams were analyzed under two standard fire scenarios, namely ASTM
E119 [40] standard fire, and ASTM E1529 [41] hydrocarbon standard fire, and
under two design fire scenarios; namely Fire I and Fire II, taken from Eurocode 1
[42]. There is no decay phase in the time temperature curves of standard fires.
However, in realistic (design) fires, there always exist a decay phase, since the
amount of fuel or ventilation runs out leading to burn out in the compartment.

The parametric fire time temperature curve proposed in Eurocode 1 [42], toge-
ther with the recent modifications suggested by Feasey and Buchanan [43], are
selected to represent the design fires, Fire I and Fire II. According to Eurocode 1,
the design fire consists of a growth phase and a decay phase. Feasey and Bucha-
nan [43] showed that both the growth and decay phases of the fire are influenced
by compartment properties such as the fuel load, ventilation opening and wall lin-
ings. The time temperature curves for the two standard fire scenarios and the two
design fire scenarios are shown in Figure 8.

6.2. Results and Discussion

Results from the computer runs are used evaluate the extent of spalling and its
effect on the fire resistance in each beam and these are presented in Table 2 and
Figures 9–11. The effect of each of the parameters on spalling and fire resistance
is discussed below.
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6.2.1. Effect of Permeability on Spalling. Results from the analysis (see Table 2)
indicate that no spalling occurred in NSC beams (BNS1 to BNS4 and BNA1 to
BNA4), whereas significant spalling occurred in HSC beams (BHS1 to BHS4 and
BHA1 to BHA4). This can mainly be attributed to the low permeability in HSC
beams, which prevents the passage of water vapor (steam), generated with increas-
ing temperatures in concrete, leading to build-up of vapor pressure in concrete.
When this vapor pressure exceeds the temperature dependent tensile strength of
concrete, layers of concrete spall away from concrete (illustrated in Figure 1).
However, in the case of NSC beams, the relatively higher level of permeability
provides an easy mechanism for the water vapor to escape from the concrete.
Thus, with increasing temperatures the pore pressure continuously dissipate in
NSC beams and there is no significant vapor pressure build-up. Therefore, the
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Figure 8. Fire scenarios used in the case studies.
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Figure 9. Spalling pattern in HSC beams exposed to ASTM E119 fire.
(a) Concrete spalling after 20 min of fire exposure. (b) Concrete
spalling after 40 min of fire exposure.
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developed vapor pressure in NSC beams remains below the critical tensile strength
value and thus no fire induced spalling occurs.

Figure 9 illustrates the spalled area in an HSC beam after 20 min and 40 min of
fire exposure. It can be seen that the extent of spalling in the concrete section
increases with fire exposure time. This can be attributed to the fact that once first
layer of concrete spall away, the pore pressure will build-up subsequently in the
inner layers of concrete leading to further spalling. Although HSC beams were
exposed to fire from three sides, fire induced spalling occurred on the upper area
of both sides of the beams. This can be mainly attributed to the higher permeabil-
ity in the bottom part of the beam due to cracking in the tension zone (bottom
part) and also due to worse curing conditions. The increased permeability relieves
the fire induced pore pressure in the bottom part of the beam to levels below the
critical limit at which spalling occurs.
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6.2.2. Effect of Fire Scenario on Spalling. The effect of fire scenario on spalling in
RC beams is illustrated in Figure 10 where the loss of concrete section is plotted
as a function of time for different fire scenarios. It can be seen from the figure
that the type of fire exposure has significant influence on the resulting spalling.
The extent of spalling, in HSC beams exposed to ASTM E1529 hydrocarbon fire
and severe design fire (Fire I), is higher than that in the HSC beams exposed to
ASTM E119 fire and moderate fire (Fire II) at early stages of fire exposure time.
This can be attributed to the high thermal gradient resulting from rapid increase
in the temperature for the ASTM E1529 fire and Fire I at early stages of fire
exposure as can be seen from fire time-temperature curves plotted in Figure 8.

At later stages of fire exposure, the rapid heating in the case of ASTM E1529
standard fire exposure results in early drying of the RC beam and hence the devel-
oped pore pressure is below the critical levels to cause spalling. This explains the
lower extent of spalling (at later stages of fire exposure time) in the beams
exposed to ASTM E1529 hydrocarbon fire as compared to those exposed to
ASTM E119 standard fire (as can be seen in Table 2). Figure 10 also shows that
the fire induced spalling in concrete is significantly influenced by the presence of
the decay (cooling) phase in the time temperature curves of design fires. In the
decay phase, the beam enters the cooling phase where the pore pressure decreases
with fire exposure time due to the reduction in temperatures and thus no further
spalling is predicted in concrete as can be seen from Figure 10.

6.2.3. Effect of Axial Restraint on Spalling. Based on fire test observations, previ-
ous researchers have reported that axial restraint has some influence on fire
induced spalling in RC members. However, there have been no numerical studies
to illustrate the effect of restraint on spalling. Studying the effect of axial restraint
on concrete spalling is very complex and requires coupled structural and hydro-
thermal analysis. This coupling can be achieved through 3D microscopic finite ele-
ment modeling of the RC structural member. Such microscopic modeling requires
the knowledge of many high temperatures material properties that are not well
know as discussed in Sec. 2. Therefore, the coupled effect of axial restraint and
spalling of concrete is not accounted for in the current analysis. Despite the fact
that the model does not account for the effect of axial restraint on spalling, axially
restrained beams are included in the case study to illustrate the effect of spalling
on the fire response of axially restrained RC beams.

A restrained RC beam, when exposed to fire, can develop significant axial force
and this force varies with fire exposure time as can be seen from Figure 11. The
fluctuation of the axial restraint force during the first 40 min of fire exposure can
be attributed to fire induced spalling. Spalling reduces the axial stiffness and hence
the axial restraint force in the beam. The axial restraint force starts to increase
again due to the increase in rebar and concrete temperatures resulting from the
exposure to fire. The development of this additional restraining force alters the
internal stresses in the beam which may increase the tensile stresses in the plane of
the beam cross section. The increased tensile stresses enhance the conditions for
fire induced spalling [21].
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6.2.4. Effect of Spalling on Fire Resistance. The fire induced spalling has signifi-
cant effect on the fire resistance of RC beams as can be seen from Table 2. As an
illustration, the fire resistance of beam BNS1 (made of NSC) is 145 min, whereas
the fire resistance of beam BHS1 (made of HSC) is only 115 min. The reduction
in the fire resistance for HSC beams results from two factors: the faster degrada-
tion of strength in high strength concrete and the occurrence of spalling in HSC
beams. Spalling reduces the cross sectional area of the concrete and thus the
moment capacity and stiffness of the beam. This results in early failure and lower
fire resistance in HSC beams.

However, the spalling predictions, and related fire resistance, are dependent on
the spatial variation of permeability within the beam cross section. Therefore,
careful consideration should be given in evaluating spalling using numerical tech-
niques. An illustration of the importance of spatial variation of permeability on
fire resistance of RC beams is demonstrated below.

In the case of non-uniform permeability distribution across the beam cross sec-
tion (as given by Equation 3), spalling occurs only in the upper part of the beam
as discussed above. However, when uniform permeability distribution (across the
beam cross section) was assumed, spalling occurred on both sides and on the bot-
tom surface of the beam cross section and thus the fire resistance of a similar
HSC beam was found to be 55 min [44]. Such value of fire resistance is much
lower than the value computed in this study (115 min) and this can be attributed
to the reduction in the concrete cover thickness resulting from spalling in the case
of uniform permeability distribution [44]. The reduction in concrete cover thick-
ness facilitates the heat penetration to the steel reinforcement and hence causes
early failure in the RC beam.

7. Conclusions

Based on the results of this study, the following conclusions can be drawn:

� The permeability of concrete has significant influence on the fire induced spall-
ing in RC beams. HSC beams, due to their low permeability, experiences higher
spalling levels than NSC beams, where permeability is high.

� Spatial variation of permeability within a cross section of an RC beam has sig-
nificant effect on the fire induced spalling and the fire resistance of the beam.
Realistic spatial variation of permeability should be used for proper spalling
prediction and also realistic fire resistance assessment of RC members.

� Type of fire exposure has significant influence on fire induced spalling. The
extent of spalling can be higher under rapidly rising temperatures as encoun-
tered in hydrocarbon fires. In the case of design fire scenarios, spalling does not
generally occur in the cooling phase of the fire.

� The extent of spalling has detrimental effect on fire resistance of RC beams.
Thus, the fire resistance of HSC beams can be lower than that of NSC beams if
spalling occurs in HSC.
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Appendix

For spalling calculations, the following material properties are assumed:

� Isotherms: The isotherms for the high strength concrete used in the analysis are
shown in Figure 12 [20].

� Permeability: The variation of the permeability of concrete is assumed to follow
the following expression [21]:

kT ¼ 100:025 T�T0ð Þ PV

P0

� �0:368
" #

k ð5Þ

where kT = intrinsic permeability of concrete at temperature T, k = initial
intrinsic permeability of concrete at room temperature, P0 = 101 325 Pa,
PV = pore pressure (Pa), and T0 = initial temperature (�C).

� Tensile strength: The temperature dependent tensile strength of concrete is
assumed as per Eurocode 2 [28] but with some modifications to avoid the condi-
tions where the tensile strength becomes zero at relatively low temperatures
(600�C). The model follows Eurocode 2 constitutive relationships for tensile
strength of concrete up to 550�C. However, the Eurocode relationship is slightly
modified for temperature range beyond 600�C. In this range, the tensile strength
of concrete is assumed to decrease gradually until it reduces to zero at 1200�C.
This modification is mostly to facilitate the numerical analysis (avoid convergence
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problems). It should be noted that tensile strength of concrete at 550�C is only
10% of the room temperature tensile strength.
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