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Fire response of concrete structural members is dependent on the thermal, mechanical, and deformation properties of concrete.
These properties vary significantly with temperature and also depend on the composition and characteristics of concrete batch
mix as well as heating rate and other environmental conditions. In this chapter, the key characteristics of concrete are outlined.
The various properties that influence fire resistance performance, together with the role of these properties on fire resistance,
are discussed. The variation of thermal, mechanical, deformation, and spalling properties with temperature for different types of
concrete are presented.

1. Introduction

Concrete is widely used as a primary structural material in
construction due to numerous advantages, such as strength,
durability, ease of fabrication, and noncombustibility proper-
ties, it possesses over other construction materials. Concrete
structural members when used in buildings have to satisfy
appropriate fire safety requirements specified in building
codes [1–4]. This is because fire represents one of the most
severe environmental conditions to which structures may
be subjected; therefore, provision of appropriate fire safety
measures for structural members is an important aspect of
building design.

Fire safety measures to structural members are measured
in terms of fire resistance which is the duration during
which a structural member exhibits resistance with respect
to structural integrity, stability, and temperature transmission
[5, 6]. Concrete generally provides the best fire resistance
properties of any building material [7]. This excellent fire
resistance is due to concrete’s constituent materials (i.e.,
cement and aggregates) which, when chemically combined,
form a material that is essentially inert and has low thermal
conductivity, high heat capacity, and slower strength degrada-
tion with temperature. It is this slow rate of heat transfer and
strength loss that enables concrete to act as an effective fire
shield not only between adjacent spaces but also to protect
itself from fire damage.

The behaviour of a concrete structural member exposed
to fire is dependent, in part, on thermal, mechanical, and
deformation properties of concrete of which the member
is composed. Similar to other materials the thermophysical,
mechanical, and deformation properties of concrete change
substantially within the temperature range associated with
building fires. These properties vary as a function of temper-
ature and depend on the composition and characteristics of
concrete. The strength of concrete has significant influence
on its properties at both room and high temperatures. The
properties of high strength concrete (HSC) vary differently
with temperature than those of normal strength concrete
(NSC). This variation is more pronounced for mechanical
properties, which are affected by strength, moisture content,
density, heating rate, amount of silica fume, and porosity.

In practice, fire resistance of structural members used to
be evaluated mainly through standard fire tests [8]. In recent
years, however, the use of numerical methods for the calcu-
lation of the fire resistance of structural members is gaining
acceptance because these calculation methods are far less
costly and time consuming [9]. When a structural member
is subjected to a defined temperature-time exposure during a
fire, this exposure will cause a predictable temperature distri-
bution in the member. Increased temperatures cause defor-
mations and property changes in the constitutive materials of
a structural member. With knowledge of deformations and
property changes, the usual methods of structural mechanics
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can be applied to predict the fire resistance performance of a
structural member. The availability of material properties at
an elevated temperature permits amathematical approach for
predicting fire resistance of structural members [10, 11].

Clearly, the generic information available on properties
of concrete at room temperature is seldom applicable in fire
resistance design [12]. It is imperative, therefore, that the fire
safety practitioner knows how to extend, based on a priori
considerations, the utility of the scanty property data that can
be gathered from the technical literature. Also, knowledge
of unique characteristics, such as fire induced spalling in
concrete, is critical to determine the fire performance of
concrete structural members.

2. Properties Influencing Fire Resistance

2.1. General. The fire response of reinforced concrete (RC)
members is influenced by the characteristics of constituent
materials, namely, concrete and reinforcing steel. These
include (a) thermal properties, (b) mechanical properties,
(c) deformation properties, and (d) material specific char-
acteristics such as spalling in concrete. The thermal proper-
ties determine the extent of heat transfer to the structural
member, whereas the mechanical properties of constituent
materials determine the extent of strength loss and stiffness
deterioration of the member. The deformation properties,
in conjunction with mechanical properties, determine the
extent of deformations and strains in the structural member.
In addition, fire induced spalling of concrete can play a
significant role in the fire performance of RC members
[13]. All these properties vary as a function of tempera-
ture and depend on the composition and characteristics
of concrete as well as those of the reinforcing steel [12].
The temperature induced variation in properties in concrete
is much more complex than that in reinforcing steel due
to moisture migration as well as significant variation of
ingredients in different types of concrete. Thus, the primary
focus of this chapter is on the effect of temperature on
properties of concrete. The effect of temperature on prop-
erties of steel reinforcement can be found elsewhere [4,
12].

Concrete is available in various forms and it is often
grouped under different categories based on weight (as nor-
mal weight and light weight concrete), strength (as normal
strength, high strength, and ultrahigh strength concrete),
presence of fibers (as plain and fiber-reinforced concrete),
and performance (as conventional and high performance
concrete). Fire safety practitioners further subdivide normal-
weight concretes into silicate (siliceous) and carbonate (lime-
stone) aggregate concrete, according to the composition
of the principal aggregate. Also, when a small amount of
discontinuous fibers (steel or polypropylene) is added to a
concrete batch mix to improve performance, this concrete is
referred to as fiber-reinforced concrete (FRC). In this section,
the various properties of concrete are mainly discussed for
conventional concrete. The effect of strength, weight, and
fibers on properties of concrete at elevated temperatures is
highlighted.

Traditionally, the compressive strength of concrete used
to be around 20 to 50MPa, which is classified as normal-
strength concrete (NSC). In recent years, concrete with a
compressive strength in the range of 50 to 120MPa has
become widely available and is referred to as high-strength
concrete (HSC). When compressive strength exceeds
120MPa, it is often referred to as ultrahigh performance
concrete (UHP). The strength of concrete degrades with
temperature and the rate of strength degradation is highly
influenced by the compressive strength of concrete.

2.2. Thermal Properties. The thermal properties that influ-
ence temperature rise and distribution in a concrete struc-
tural member are thermal conductivity, specific heat, thermal
diffusivity, and mass loss.

Thermal conductivity is the property of a material to
conduct heat. Concrete contains moisture in different forms,
and the type and the amount of moisture have a significant
influence on thermal conductivity. Thermal conductivity is
usuallymeasured bymeans of “steady state” or “transient” test
methods [14]. Transient methods are preferred to measure
thermal conductivity of moist concrete over steady-state
methods [15–17], as physiochemical changes of concrete at
higher temperatures cause intermittent direction of heat flow.
On average, the thermal conductivity of conventional normal
strength concrete, at room temperature, ranges between 1.4
and 3.6W/m-∘C [18].

Specific heat is the amount of heat per unit mass, required
to change the temperature of a material by one degree and
is often expressed in terms of thermal (heat) capacity which
is the product of specific heat and density. Specific heat is
highly influenced by moisture content, aggregate type, and
density of concrete [19–21]. The variation of specific heat
with temperature used to be determined through adiabatic
calorimetry until 1980s. Since the 1980s, differential scan-
ning calorimetry (DSC) has been the most commonly used
technique for mapping the curve in a single temperature
sweep at a desired rate of heating [22, 23]. Unfortunately, the
accuracy of the DSC technique in determining the sensible
heat contribution to the apparent specific heat may not
be particularly good (sometimes it may be as low as ±20
percent). The rate of temperature rise in DSC tests is usually
5∘C⋅min−1. At higher heating rates, the peaks in the DSC
curves tend to shift to higher temperatures and become
sharper. For temperatures above 600∘C, a high-temperature
differential thermal analyzer (DTA) is also used to evaluate
specific heat.

The thermal diffusivity of amaterial is defined as the ratio
of thermal conductivity to the volumetric specific heat of the
material [24]. It measures the rate of heat transfer from an
exposed surface of a material to inner layers. The larger the
diffusivity, the faster the temperature rise at a certain depth in
thematerial [12]. Similar to thermal conductivity and specific
heat, thermal diffusivity varies with temperature rise in the
material. Thermal diffusivity, 𝛼, can be calculated using the
relation

𝛼 =
𝑘

𝜌𝑐
𝑝

, (1)
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where 𝑘 is thermal conductivity, 𝜌 is density, and 𝑐
𝑝
is specific

heat of the material.
Thedensity, in an oven-dry condition, is themass of a unit

volume of thematerial, comprising the solid itself and the air-
filled pores. With increasing temperature, materials such as
concrete that have high amount of moisture will experience
loss of mass resulting from evaporation of moisture due to
chemical reactions. Assuming that the material is isotropic
with respect to its dilatometric behavior, its density (or mass)
at any temperature can be calculated from thermogravimetric
and dilatometric curves [24].

2.3. Mechanical Properties. The mechanical properties that
determine the fire performance of RC members are com-
pressive and tensile strength, modulus of elasticity, and
stress-strain response of constituent materials at elevated
temperatures.

Compressive strength of concrete at an elevated tem-
perature is of primary interest in fire resistance design.
Compressive strength of concrete at ambient temperature
depends upon water-cement ratio, aggregate-paste interface
transition zone, curing conditions, aggregated type and size,
admixture types, and type of stress [25]. At high temperature,
compressive strength is highly influenced by room tempera-
ture strength, rate of heating, and binders in batch mix (such
as silica fume, fly ash, and slag). Unlike thermal properties
at high temperature, the mechanical properties of concrete
are well researched. The strength degradation in HSC is not
consistent and there are significant variations in strength loss,
as reported by various authors.

The tensile strength of concrete is much lower than
compressive strength, due to ease with which cracks can
propagate under tensile loads [26]. Concrete is weak in
tension, and for NSC, tensile strength is only 10% of its
compressive strength and for HSC tensile strength ratio is
further reduced. Thus, tensile strength of concrete is often
neglected in strength calculations at room and elevated
temperatures. However, it is an important property, because
cracking in concrete is generally due to tensile stresses and
the structural damage of the member in tension is often
generated by progression in microcracking [26]. Under fire
conditions tensile strength of concrete can be even more
crucial in cases where fire induced spalling occurs in a
concrete structural member [27]. Tensile strength of concrete
is dependent on almost same factors as compressive strength
of concrete [28, 29].

Another property that influences fire resistance is the
modulus of elasticity of concrete which decreases with
temperature. At high temperature, disintegration of hydrated
cement products and breakage of bonds in themicrostructure
of cement paste reduce elastic modulus and the extent of
reduction depends on moisture loss, high temperature creep,
and type of aggregate.

2.4. Deformation Properties. Thedeformation properties that
determine the fire performance of reinforced concrete mem-
bers are thermal expansion and creep of the concrete and
reinforcement at elevated temperatures. In addition, transient

strain that occurs at elevated temperatures in concrete can
enhance deformations in fire exposed concrete structural
members.

Thermal expansion characterizes the expansion (or
shrinkage) of a material caused by heating and is defined
as the expansion (shrinkage) of unit length of a material
when the temperature of concrete is raised by one degree.The
coefficient of thermal expansion is defined as the percentage
change in length of a specimen per degree temperature rise.
The expansion is considered to be positive when the material
elongates and is considered negative (shrinkage) when it
shortens. In general, the thermal expansion of a material
is dependent on the temperature and is evaluated through
the dilatometric curve, which is a record of the fractional
change of a linear dimension of a solid at a steadily increasing
or decreasing temperature [24]. Thermal expansion is an
important property to predict thermal stresses that get intro-
duced in a structural member under fire conditions.Thermal
expansion of concrete is generally influenced by cement type,
water content, aggregate type, temperature, and age [15, 30].

Creep, often referred to as creep strain, is defined as
the time-dependent plastic deformation of the material. At
normal stresses and ambient temperatures, deformations
due to creep are not significant. At higher stress levels and
at elevated temperatures, however, the rate of deformation
caused by creep can be substantial. Hence, the main factors
that influence creep are the temperature, the stress level,
and their duration [31]. The creep of concrete is due to the
presence of water in its microstructure [32]. There is no
satisfactory explanation for the creep of concrete at elevated
temperatures.

Transient strain occurs during the first time heating of
concrete and is independent of time. It is essentially caused
by thermal incompatibilities between the aggregate and the
cement paste [6]. Transient strain of concrete, similar to that
of high temperature creep, is a complex phenomenon and is
influenced by factors such as temperature, strength, moisture
content, loading, and mix proportions.

2.5. Spalling. In addition to thermal, mechanical, and defor-
mation properties, another property that has a significant
influence on the fire performance of a concrete structural
member is spalling [33]. This property is unique to concrete
and can be a governing factor in determining the fire resis-
tance of an RC structural member [34]. Spalling is defined
as the breaking up of layers (pieces) of concrete from the
surface of a concrete member when it is exposed to high
and rapidly rising temperatures such as those encountered
in fires. The spalling can occur soon after exposure to rapid
heating and can be accompanied by violent explosions or
it may happen during later stages of fire when concrete
has become so weak after heating such that, when cracks
develop, pieces of concrete fall off from the surface of concrete
member. The consequences are limited as long as the extent
of damage is small, but extensive spalling may lead to early
loss of stability and integrity. Further, spalling exposes deeper
layers of concrete to fire temperatures, thereby increasing
the rate of transmission of heat to the inner layers of the
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member, including the reinforcement. When the reinforce-
ment is directly exposed to fire, the temperatures in the
reinforcement rise at a very high rate leading to a faster
decrease in strength (capacity) of the structural member.The
loss of strength in the reinforcement, combined with the loss
of concrete due to spalling, significantly decreases the fire
resistance of a structural member [35, 36].

While spalling might occur in all concrete types, HSC is
more susceptible to fire induced spalling than NSC because
of its low permeability and lower water-cement ratio, as
compared to NSC. The fire induced spalling is further
dependent on a number of factors including permeability
of concrete, type of fire exposure, and tensile strength of
concrete [34, 37–40]. Thus, information on permeability and
tensile strength of concrete, which vary with temperature,
are crucial for predicting fire induced spalling in concrete
members.

3. Thermal Properties of Concrete at
Elevated Temperatures

Thermal properties that govern temperature dependent prop-
erties in concrete structures are thermal conductivity, specific
heat (or heat capacity), and mass loss. These properties
are significantly influenced by the aggregate type, moisture
content, and composition of concrete mix. There have been
numerous test programs for characterizing thermal prop-
erties of concrete at elevated temperatures [16, 41–44]. A
detailed review on the effect of temperature on thermal
properties of different concrete types is given by Khaliq [45],
Kodur et al. [46], and Flynn [47].

3.1. Thermal Conductivity. Thermal conductivity of concrete
at room temperature is in the range of 1.4 and 3.6W/m∘K and
varies with temperature [18]. Figure 1 illustrates the variation
of thermal conductivity of NSC as a function of temperature
based on published test data and empirical relations. The
test data is compiled by Khaliq [45] from different sources
based on experimental data [16, 20, 21, 24, 44, 48] and
empirical relations in different standards [4, 15].The variation
in measured test data is depicted through the shaded area
in Figure 1 and this variation in reported data on thermal
conductivity is mainly attributed to moisture content, type
of aggregate, test conditions, and measurement techniques
used in experiments [15, 18–20, 41]. It should be noted
that there are very few standardized methods available for
measuring thermal properties. Also plotted in Figure 1 is both
the upper and lower bound values of thermal conductivity
as per EC2 provisions and this range is for all aggregate
types. However, thermal conductivity shown in Figure 1, as
per ASCE relations, is applicable for carbonate aggregates
concrete.

Overall thermal conductivity decreases gradually with
temperature and this decrease is dependent on the concrete
mix properties, specifically moisture content and permeabil-
ity. This decreasing trend in thermal conductivity can be
attributed to variation of moisture content with increase in
temperature [18].
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Figure 1: Variation in thermal conductivity of normal strength
concrete as a function of temperature.

Thermal conductivity of HSC is higher than that of NSC
due to loww/c ratio and use of different binders in HSC
[49]. Generally, thermal conductivity of HSC is in the range
between 2.4 and 3.6W/m∘K at room temperature. Thermal
conductivity for fiber-reinforced concretes (with both steel
and polypropylene fibers) almost follow a similar trend as that
of plain concrete and lie closer to that of HSC.Therefore, it is
deduced that there is no significant effect of fibers on thermal
conductivity of concrete in a 20–800∘C temperature range
[27].

3.2. Specific Heat. The specific heat of concrete at room
temperature varies in the range of 840 J/kg⋅K and 1800 J/kg⋅K
for different aggregate types. Often specific heat is expressed
in terms of thermal capacity which is the product of specific
heat and density of concrete. The specific heat property is
sensitive to various physical and chemical transformations
that take place in concrete at elevated temperatures. This
includes the vaporization of free water at about 100∘C, the
dissociation of Ca(OH)

2
into CaO and H

2
O between 400–

500∘C, and the quartz transformation of some aggregates
above 600∘C [24]. Specific heat is therefore highly dependent
on moisture content and considerably increases with higher
water to cement ratio.

Khaliq and Kodur [27] compiled measured specific heat
of different concretes from various studies [16, 20, 24, 41,
44, 48]. Figure 2 illustrates the variation of specific heat for
NSC with temperature as reported in various studies based
on test data and different standards. The specific heat of
concrete type remains almost constant up to 400∘C, followed
by increases of up to about 700∘C and then remains con-
stant between 700 and 800∘C range. Of the various factors,
aggregate type has a significant influence on the specific heat
(thermal capacity) of concrete.This effect is captured inASCE
specified relations for specific heat of concrete [15]. Carbonate
aggregate concrete has higher specific heat (heat capacity)
in 600–800∘C temperature range and this is caused by an
endothermic reaction, which results from decomposition of
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Figure 2: Variation in specific heat of normal strength concrete as a
function of temperature.

dolomite and absorbs a large amount of energy [12]. This
high heat capacity in carbonate aggregate concrete helps to
minimize spalling and enhance fire resistance of structural
members.

As compared to NSC, HSC exhibits slightly lower specific
heat throughout the 20–800∘C temperature range [41]. The
presence of fibers also has a minor influence on the specific
heat of concrete. For concrete with polypropylene fibers, the
burning of polypropylene fibers produces microchannels for
release of vapor; and hence the amount of heat absorbed
is less for dehydration of chemically bound water; thus its
specific heat is reduced in the temperature range of 600–
800∘C. However, concrete with steel fibers displays a higher
specific heat in the 400–800∘C temperature range, which can
be attributed to additional heat absorbed for dehydration of
chemically bound water.

3.3. Mass Loss. Depending on the density, concretes are
usually subdivided into two major groups: (1) normal-weight
concretes with densities in 2150 to 2450 kg⋅m−3 range; and
(2) lightweight concretes with densities between 1350 and
1850 kg⋅m−3. The density or mass of concrete decreases
with increasing temperature due to loss of moisture. The
retention in mass of concrete at elevated temperatures is
highly influenced by the type of aggregate [21, 44].

Figure 3 illustrates the variation in mass of concrete as
a function of temperature for concretes made with car-
bonate and siliceous aggregates. The mass loss is minimal
for both carbonate and siliceous aggregate concretes up to
about 600∘C. However, the type of aggregate has significant
influence onmass loss in concretes beyond 600∘C. In the case
of siliceous aggregate concrete, mass loss is insignificant even
above 600∘C. However, beyond 600∘C, carbonate aggregate
concrete experiences a larger percentage of mass loss as com-
pared to siliceous aggregate concrete. This higher percentage
of mass loss in carbonate aggregate concrete is attributed to
dissociation of dolomite in carbonate aggregate at around
600∘C [12].
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Figure 3: Variation in mass of concrete with different aggregates as
a function of temperature.

The strength of concrete does not have a significant
influence on mass loss, and hence HSC exhibits a similar
trend in mass loss as that of NSC. The mass loss for fiber-
reinforced concrete is also similar to plain concrete of up
to about 800∘C. Above 800∘C, the mass loss in steel fiber-
reinforced HSC is slightly lower than that of plain HSC.

4. Mechanical Properties of Concrete at
Elevated Temperatures

The mechanical properties that are of primary interest
in fire resistance design are compressive strength, tensile
strength, elastic modulus, and stress-strain response in
compression. Mechanical properties of concrete at elevated
temperatures have been studied extensively in the literature
in comparison to thermal properties [12, 39, 50–52]. High
temperature mechanical property tests are generally carried
out on concrete specimens that are typically cylinders or
cubes of different sizes. Unlike room temperature property
measurements, where there are specified specimen sizes as
per standards, the high temperature mechanical properties
are usually carried out on a wide range of specimen sizes due
to a lack of standardized test specifications for undertaking
high temperature mechanical property tests [53, 54].

4.1. Compressive Strength. Figures 4 and 5 illustrate the
variation of compressive strength ratio for NSC and HSC
at elevated temperatures, respectively, with upper and lower
bounds (of shaded area) showing range variation in reported
test data. Also plotted in these figures is the variation of
compressive strength as obtained using Eurocode [4], ASCE
[15], and Kodur et al. [46] relations; Figure 4 shows a
large but uniform variation of the compiled test data for
NSC throughout a 20–800∘C temperature range. However,
Figure 5 shows a larger variation in compressive strength of
HSC with a temperature in the range of 200∘C to 500∘C
and less variation above 500∘C. This is mainly because fewer
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Figure 4: Variation of relative compressive strength of normal
strength concrete as a function of temperature.
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Figure 5: Variation in relative compressive strength of high strength
concrete as a function of temperature.

test data points were reported for HSC for temperatures
higher than 500∘C, either due to the occurrence of spalling in
concrete or due to limitations in the test apparatus. However,
a wider variation is observed for NSC in this temperature
range (above 500∘C) when compared to HSC as seen from
Figures 4 and 5. This is mainly because of the higher number
of test data points reported for NSC in the literature and
also due to the lower tendency of NSC to spall under fire.
Overall the variation in compressive strength mechanical
properties of concrete at high-temperatures is quite high.
These variations fromdifferent tests can be attributed to using
different heating or loading rates, specimen size and curing,
condition at testing (moisture content and age of specimen),
and the use of admixtures.

In the case of NSC, the compressive strength of concrete
is marginally affected by a temperature of up to 400∘C. NSC

is usually highly permeable and allows easy diffusion of pore
pressure as a result of water vapor. On the other hand, the use
of different binders in HSC produces a superior and dense
microstructure with less amount of calcium hydroxide which
ensures a beneficial effect on compressive strength at room
temperature [55]. Binders such as use of slag and silica fume
give the best results to improve compressive strength at room
temperature which is attributed to a dense microstructure.
However, as mentioned earlier, the compact microstructure
is highly impermeable and under high temperature becomes
detrimental as it does not allow moisture to escape resulting
in build-up of pore pressure and rapid development of
microcracks in HSC leading to a faster deterioration of
strength and occurrence of spalling [27, 56, 57].The presence
of steel fibers in concrete helps to slow down strength loss at
elevated temperatures [44, 58].

Among the factors that directly affect compressive
strength at elevated temperatures are initial curing, moisture
content at the time of testing, and the addition of admixtures
and silica fume to the concrete mix [59–63].These factors are
not addressed in the literature and there is no test data that
shows the influence of these factors on the high-temperature
mechanical properties of concrete.

Another main reasoning for the significant variation in
the high-temperature strength properties of concrete is the
use of different testing conditions (such as heating rate and
strain rate) and test procedures (hot strength test and residual
strength test) due to a lack of standardized test methods for
carrying out property tests [46].

4.2. Tensile Strength. The tensile strength of concrete is much
lower than that of compressive strength, and hence tensile
strength of concrete is oftenneglected in strength calculations
at room and elevated temperatures. However, from fire
resistance point of view, it is an important property, because
cracking in concrete is generally due to tensile stresses and
the structural damage of the member in tension is often
generated by progression in microcracking [26]. Under fire
conditions, tensile strength of concrete can be even more
crucial in cases where fire induced spalling occurs in concrete
member [27]. Thus, information on tensile strength of HSC,
which varies with temperature, is crucial for predicting fire
induced spalling in HSC members.

Figure 6 illustrates the variation of splitting tensile
strength ratio ofNSCandHSCas a function of temperature as
reported in previous studies and Eurocode provisions [4, 64–
66]. The ratio of tensile strength at a given temperature,
to that at room temperature, is plotted in Figure 6. The
shaded portion in this plot shows a range of variation in
splitting tensile strength as obtained by various researchers
for NSCwith conventional aggregates.The decrease in tensile
strength of NSC with temperature can be attributed to weak
microstructure of NSC allowing initiation of microcracks. At
300∘C, concrete loses about 20% of its initial tensile strength.
Above 300∘C, the tensile strength of NSC decreases at a rapid
rate due to a more pronounced thermal damage in the form
ofmicrocracks and reaches to about 20% of its initial strength
at 600∘C.
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Figure 6: Variation in relative splitting tensile strength of concrete
as a function of temperature.

HSC experiences a rapid loss of tensile strength at higher
temperatures due to development of pore pressure in dense
microstructured HSC [55]. The addition of steel fibers to
concrete enhances its tensile strength and the increase can be
up to 50% higher at room temperature [67, 68]. Further, the
tensile strength of steel fiber-reinforced concrete decreases
at a lower rate than that of plain concrete throughout the
temperature range of 20–800∘C [69]. This increased tensile
strength can delay the propagation of cracks in steel fiber-
reinforced concrete structural members and is highly bene-
ficial when the member is subjected to bending stresses.

4.3. Elastic Modulus. Themodulus of elasticity (𝐸) of various
concretes at room temperature varies over a wide range, 5.0
× 103 to 35.0 × 103MPa, and is dependent mainly on the
water-cement ratio in the mixture, the age of concrete, the
method of conditioning, and the amount and nature of the
aggregates. The modulus of elasticity decreases rapidly with
the rise of temperature, and the fractional decline does not
depend significantly on the type of aggregate [70]. Fromother
surveys [38, 71], it appears, however, that the modulus of
elasticity of normal-weight concretes decreases at a higher
pace with the rise of temperature than that of lightweight
concretes.

Figure 7 illustrates variation of ratio of elastic modulus at
target temperature to that at room temperature for NSC and
HSC [4, 19, 72]. It can be seen from the figure that the trend of
loss of elastic modulus of both concretes with temperature is
similar, but there is a significant variation in the reported test
data. The degradation modulus in both NSC and HSC can
be attributed to excessive thermal stresses and physical and
chemical changes in concrete microstructure.

4.4. Stress-Strain Response. Themechanical response of con-
crete is usually expressed in the formof stress-strain relations,
which are often used as input data inmathematicalmodels for
evaluating the fire resistance of concrete structural members.
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temperature.
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Figure 8: Stress-strain response of normal strength concrete at
elevated temperatures.

Generally, because of a decrease in compressive strength and
increase in ductility of concrete, the slope of stress-strain
curve decreases with increasing temperature. The strength of
concrete has a significant influence on stress-strain response
both at room and elevated temperatures.

Figures 8 and 9 illustrate stress-strain response of NSC
and HSC, respectively, at various temperatures [72, 73]. At all
temperatures both NSC and HSC exhibit a linear response
followed by a parabolic response till peak stress, and then
a quick descending portion prior to failure. In general, it is
established thatHSChas steeper andmore linear stress-strain
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Figure 9: Stress-strain response of high strength concrete at elevated
temperatures.

curves in comparison to NSC in 20–800∘C. The temperature
has a significant effect on the stress-strain response of both
NSC and HSC, as with the rate of rise in temperature.
The strain corresponding to peak stress starts to increase,
especially above 500∘C. This increase is significant and the
strain at peak stress can reach four times the strain at room
temperature. HSC specimens exhibit a brittle response as
indicated by postpeak behavior of stress-strain curves shown
in Figure 9 [74]. In the case of fiber-reinforced concrete,
especially with steel fibers, the stress-strain response is more
ductile.

5. Deformation Properties of Concrete at
Elevated Temperatures

Deformation properties that include thermal expansion,
creep strain, and transient strain are highly dependent on
the chemical composition, the type of aggregate, and the
chemical and physical reactions that occur in concrete during
heating [75].

5.1. Thermal Expansion. Concrete generally undergoes
expansion when subjected to elevated temperatures.
Figure 10 illustrates the variation of thermal expansion in
NSC with temperature [4, 15], where the shaded portion
indicates the range of test data reported by different
researchers [46, 76]. The thermal expansion of concrete
increases from zero at room temperature to about 1.3% at
700∘C and then generally remains constant through 1000∘C.
This increase is substantial in the 20–700∘C temperature
range and is mainly due to high thermal expansion resulting
from constituent aggregates and cement paste in concrete.
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Figure 10: Variation in linear thermal expansion of normal strength
concrete as a function of temperature.

Thermal expansion of concrete is complicated by other
contributing factors such as additional volume changes
caused by variation in moisture content, by chemical
reactions (dehydration, change of composition), and by
creep and microcracking resulting from nonuniform
thermal stresses [18]. In some cases, thermal shrinkage
can also result from loss of water due to heating, along
with thermal expansion, and this might lead to the overall
volume change to be negative, that is, shrinkage rather than
expansion.

Eurocodes [4] accounts for the effect of type of aggregate
on variation of thermal expansion than of concrete with
temperature. Concrete made with siliceous aggregate has a
higher thermal expansion than that of carbonate aggregate
concrete. However, ASCE provisions [15] provide only one
variation for both siliceous and carbonate aggregate concrete.

The strength of concrete and presence of fiber have mod-
erate influence on thermal expansion. The rate of expansion
for HSC and fiber-reinforced concrete slows down between
600–800∘C; however the rate of thermal expansion increases
again above 800∘C. The slowdown in thermal expansion in
the 600–800∘C range is attributed to the loss of chemically
boundwater in hydrates, and the increase in expansion above
800∘C is attributed to a softening of concrete and excessive
micro- and macrocrack development [77].

5.2. Creep and Transient Strains. Time-dependent deforma-
tions in concrete such as creep and transient strains get
highly enhanced at elevated temperatures under compressive
stresses [18]. Creep in concrete under high temperatures
increases due to moisture movement out of concrete matrix.
This phenomenon is further intensified by moisture disper-
sion and loss of bond in cement gel (C–S–H). Therefore,
the process of creep is caused and accelerated mainly by
two processes: (1) moisture movement and dehydration of
concrete due to high temperatures and (2) acceleration in the
process of breakage of bond.
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Transient strain occurs during the first time heating
of concrete, but it does not occur upon repeated heating
[78]. Exposure of concrete to high temperature induces
complex changes in the moisture content and chemical
composition of the cement paste. Moreover, there exists a
mismatch in the thermal expansion between the cement
paste and the aggregate. Therefore, factors such as changes in
chemical composition of concrete andmismatches in thermal
expansion lead to internal stresses and microcracking in
the concrete constituents (aggregate and cement paste) and
results in transient strain in the concrete [75].

A review of the literature shows that there is limited
information on creep and transient strain of concrete at
elevated temperatures [46]. Some data on the creep of
concrete at elevated temperatures is available from the work
of Cruz, [70], MareÂchal [79], Gross [80], and Schneider
et al. [81]. Anderberg and Thelandersson [82] carried out
tests to evaluate transient and creep strains under elevated
temperatures. They found that predried specimens at 45 and
67.5% of load stress level were less liable to deformation in
the “positive direction” (expansion) under load. At 22.5%
preload, specimens displayed no significant difference of
strains.They also found that the influence of water saturation
was not very significant except for free thermal expansion
(0% preload), which was found to be smaller for water
saturated specimens.

Khoury et al. [78] studied creep strain of initially moist
concretes at four load levels measured during first heating
at 1∘C/min. An important feature of these results was that a
considerable contraction under load was observed as com-
pared to free (unloaded) thermal strains. This contraction is
referred to as the “load-induced thermal strain” and the actual
thermal strain is considered to consist of total thermal strain
minus the load-induced thermal strain.

Schneider [75] also investigated the effect of transient and
creep restraint on deformation of concrete. He concluded
that the transient test for measuring total deformation or
restraint of concrete has the strongest relation to building
fires and is supposed to give the most realistic data with
direct relevance to fire. The important conclusions from
the study are that (1) water to cement ratio and original
strength are of little importance on creep deformations under
transient conditions, (2) aggregate to cement ratio has a great
influence on the strains and critical temperatures: the harder
the aggregate the lower the thermal expansion; therefore total
deformation in transient state will be lower; and (3) curing
conditions are of great importance in the 20–300∘C range:
air-cured and oven-dried specimens have lower transient and
creep strains than water cured specimens.

Anderberg and Thelandersson [82] developed consti-
tutive models for creep and transient strains in concrete
at elevated temperatures. These equations for creep and
transient strain at elevated temperatures as suggested by
Anderberg andThelandersson [82] are

𝜀cr = 𝛽1
𝜎

𝑓
𝑐,𝑇

√𝑡𝑒
𝑑(𝑇−293)

,

𝜀tr = 𝑘2
𝜎

𝑓
𝑐,20

𝜀th,

(2)

where 𝜀cr = creep strain, 𝜀tr = transient strain, 𝛽
1
= 6.28 ×

10−6 s−0.5, 𝑑 = 2.658 × 10−3 K−1, 𝑇 = concrete temperature
(∘K) at time 𝑡 (s), 𝑓

𝑐,𝑇
= concrete strength at temperature 𝑇,

𝜎 = stress in the concrete at the current temperature, 𝑘
2
= a

constant ranges between 1.8 and 2.35, 𝜀th = thermal strain, and
𝑓
𝑐,20

= concrete strength at room temperature.
The above discussed information on high temperature

creep and transient strain is mostly developed for NSC.
There is still a lack of test data and models on the effect of
temperature on creep and transient strain in HSC and fiber-
reinforced concrete.

6. Fire Induced Spalling

A review of the literature presents a conflicting picture on
the occurrence of fire induced spalling and also on the exact
mechanism of spalling in concrete. While some researchers
reported explosive spalling in concrete structural members
exposed to fire, a number of other studies reported little
or no significant spalling. One possible explanation for this
confusing trend of observations is the large number of factors
that influence spalling and their interdependency. However,
most researchers agree that major causes for fire induced
spalling in concrete are low permeability of concrete and
moisture migration in concrete at elevated temperatures.

There are two broad theories by which the spalling
phenomenon can be explained [83].

(i) Pressure Build-Up. Spalling is believed to be caused
by the build-up of pore pressure during heating [83–85].
The extremely high water vapor pressure, generated during
exposure to fire, cannot escape due to the high density and
compactness (and low permeability) of higher strength con-
crete. When the effective pore pressure (porosity times pore
pressure) exceeds the tensile strength of concrete, chunks
of concrete fall off from the structural member. This pore
pressure is considered to drive progressive failure; that is,
the lower the permeability of concrete, the greater the fire
induced spalling.This falling-off of concrete chunks can often
be explosive depending on fire and concrete characteristics
[38, 86].

(ii) Restrained Thermal Dilatation.This hypothesis considers
that spalling results from restrained thermal dilatation close
to the heated surface, which leads to the development of
compressive stresses parallel to the heated surface. These
compressive stresses are released by brittle fracture of con-
crete (spalling). The pore pressure can play a significant role
on the onset of instability in the form of explosive thermal
spalling [87].

Although spalling might occur in all concretes, high-
strength concrete is believed to be more susceptible to
spalling thannormal-strength concrete because of its lowper-
meability and lowwater-cement ratio [88, 89].The highwater
vapor pressure, generated due to a rapid rise in temperature,
cannot escape due to high density (and low permeability) of
HSC, and this pressure build-up often reaches the saturation
vapor pressure. At 300∘C, the pore pressure can reach up
to 8MPa; such internal pressures are often too high to
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NSC HSC

Figure 11: Relative spalling in NSC and HSC columns under fire
conditions.

be resisted by the HSC mix having a tensile strength of
approximately 5MPa [84]. The drained conditions at the
heated surface and the low permeability of concrete lead to
strong pressure gradients close to the surface in the form
of the so-called “moisture clog” [38, 86]. When the vapor
pressure exceeds the tensile strength of concrete, chunks of
concrete fall off from the structural member. In a number
of test observations on HSC columns, it has been found
that spalling is often of an explosive nature [19, 90]. Hence,
spalling is one of the major concerns in the use of HSC in
building applications and should be properly accounted for
in evaluating fire performance [91]. Spalling in NSC andHSC
columns is compared in Figure 11 using data obtained from
full-scale fire tests on loaded columns [92]. It can be seen that
the spalling is quite significant in fire exposed HSC column.

The extent of spalling depends on a number of factors
including strength, porosity, density, load level, fire intensity,
aggregate type, relative humidity, amount of silica fume,
and other admixtures [34, 93, 94]. Many of these factors
are interdependent and this makes prediction of spalling
quite complex. The variation of porosity with temperature is
the most important property needed for predicting spalling
performance of HSC [33]. Noumowé et al. carried out
porosity measurements on NSC and HSC specimens, using
a mercury porosimeter, at various temperatures [88, 95].

Based on limited fire tests, researchers have suggested that
spalling in HSC can be minimized by adding polypropylene
fibres to the HSC mix [85, 96–101]. The polypropylene fibers
melt when temperatures in concrete reach about 160–170∘C
and this creates pores in concrete that are sufficient for
relieving vapor pressure developed in the concrete. Another
alternative for limiting fire induced spalling in HSC columns
is through the use of bent ties, where ties are bent at 135∘ into
the concrete core [102].

7. Relations of High Temperature
Properties of Concrete

There are limited constitutive relations for high-temperature
properties of concrete in codes and standards that can
be used for fire design. These relations can be found in
the ASCE manual [15] and Eurocode 2 [4]. Kodur et al.
[46] have compiled different relations that are available for
thermal, mechanical, and deformation of concrete at elevated
temperatures.

There are some differences in the constitutive relation-
ships for high-temperature properties of concrete used in
European andAmerican standards.The constitutive relations
in Eurocode are applicable for NSC and HSC, while the rela-
tions in the ASCE manual of practice are for NSC only. The
constitutive relationships for high-temperature properties of
concrete specified in the Eurocode and the ASCE manual
are summarized in Table 1. In addition to these constitutive
models, Kodur et al. [93] proposed constitutive relations for
HSC, which are an extension to ASCE relations for NSC.
These relations for HSC are also included in Table 1.

A major difference between the European and the ASCE
high-temperature constituent relations for concrete is the
effect of aggregate type on concrete properties.The Eurocode
does not specifically account for the effect of aggregate type
on the thermal capacity of concrete at high-temperatures.
In the Eurocode, properties such as specific heat, density
changes, and hence, heat capacity are considered to be
the same for all aggregate types used in concrete. For the
thermal conductivity of concrete, the Eurocode proposes
upper and lower bound limits without indicating which limit
to use for a given aggregate type in concrete. Furthermore,
Eurocode classifies HSC into three classes, depending on its
compressive strength, namely,

(i) class 1 for concretewith compressive strength between
C55/67 and C60/75,

(ii) class 2 for concrete with compressive strength
between C70/85 and C80/95,

(iii) class 3 for concrete with compressive strength higher
than C90/105.

8. Summary

Concrete, at elevated temperatures, undergoes significant
physicochemical changes. These changes cause properties
to deteriorate at elevated temperatures and introduce addi-
tional complexities, such as spalling in HSC. Thus, thermal,
mechanical, and deformation properties of concrete change
substantially within the temperature range associated with
building fires. Furthermore, many of these properties are
temperature dependent and sensitive to testing (method)
parameters such as heating rate, strain rate, temperature
gradient, and so on.

Based on information presented in this chapter, it is
evident that high temperature properties of concrete are
crucial for modeling fire response of reinforced concrete
structures. A good amount of data exists on high temperature
thermal, mechanical, and deformation properties of NSC
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Table 2: Values of themain parameters of the stress-strain relationships of NSC andHSC at elevated temperatures as specified in EN1992-1-2:
2004 [4].

Temp. ∘F Temp. ∘C
NSC HSC

Siliceous agg. Calcareous agg. 𝑓


𝑐,𝑇

/𝑓


𝑐

(20
∘C)

𝑓


𝑐,𝑇

/𝑓


𝑐

(20
∘C) 𝜀

𝑐1,𝑇

𝜀cu1,𝑇 𝑓


𝑐,𝑇

/𝑓


𝑐

(20
∘C) 𝜀

𝑐1,𝑇

𝜀cu1,𝑇 Class 1 Class 2 Class 3
68 20 1 0.0025 0.02 1 0.0025 0.02 1 1 1
212 100 1 0.004 0.0225 1 0.004 0.023 0.9 0.75 0.75
392 200 0.95 0.0055 0.025 0.97 0.0055 0.025 0.9 0.75 0.70
572 300 0.85 0.007 0.0275 0.91 0.007 0.028 0.85 0.75 0.65
752 400 0.75 0.01 0.03 0.85 0.01 0.03 0.75 0.75 0.45
932 500 0.6 0.015 0.0325 0.74 0.015 0.033 0.60 0.60 0.30
1112 600 0.45 0.025 0.035 0.6 0.025 0.035 0.45 0.45 0.25
1292 700 0.3 0.025 0.0375 0.43 0.025 0.038 0.30 0.30 0.20
1472 800 0.15 0.025 0.04 0.27 0.025 0.04 0.15 0.15 0.15
1652 900 0.08 0.025 0.0425 0.15 0.025 0.043 0.08 0.113 0.08
1832 1000 0.04 0.025 0.045 0.06 0.025 0.045 0.04 0.075 0.04
2012 1100 0.01 0.025 0.0475 0.02 0.025 0.048 0.01 0.038 0.01
2192 1200 0 — — 0 — — 0 0 0
The Eurocode classifies HSC into three classes∗, depending on its compressive strength, namely,
(i) class 1 for concrete with compressive strength between C55/67 and C60/75,
(ii) class 2 for concrete with compressive strength between C70/85 and C80/95,
(iii) class 3 for concrete with compressive strength higher than C90/105.
The strength notation of C55/67 refers to a concrete grade with a characteristic cylinder and cube strength of 55N/mm2 and 67N/mm2, respectively.
∗Note: where the actual characteristic strength of concrete is likely to be of a higher class than that specified in the design; the relative reduction in strength for
the higher class should be used for fire design.

and HSC. However, there is very limited property data on
high temperature properties of new types of concrete such
as self-consolidated concrete and fly ash concrete at elevated
temperatures.

The review on material properties provided in this chap-
ter is a broad outline of currently available information. Addi-
tional details related to specific conditions on which these
properties are developed can be found in cited references.
Also, when using the material properties presented in this
chapter, due consideration should be given to batch mix
properties and other characteristics, such as heating rate and
loading level, because the properties at elevated temperatures
depend on a number of factors.

Disclaimer

Certain commercial products are identified in this paper in
order to adequately specify the experimental procedure. In
no case does such identification imply recommendations or
endorsement by the author, nor does it imply that the product
or material identified is the best available for the purpose.

Conflict of Interests

The author declares that there is no conflict of interests
regarding the publication of this paper.

References

[1] ACI 216.1, “Code requirements for determining fire resistance
of concrete and masonry construction assemblies,” ACI 216.1-
07/TMS-0216-07, American Concrete Institute, Farmington
Hills, Mich, USA, 2007.

[2] ACI-318, Building Code Requirements For ReinForced Concrete
and Commentary, American Concrete Institute,, Farmington
Hills, Mich, USA, 2008.

[3] “EN 1991-1-2: actions on structures. Part 1-2: general actions—
actions on structures exposed to fire,” Eurocode 1, European
Committee for Standardization, Brussels, Belgium, 2002.

[4] “EN, 1992-1-2: design of concrete structures. Part 1-2: general
rules—structural fire design,” Eurocode 2, European Commit-
tee for Standardization, Brussels, Belgium, 2004.

[5] A. H. Buchanan, Structural Design For Fire Safety, John Wiley
and Sons, Chichester, UK, 2002.

[6] J. A. Purkiss, Fire Safety Engineering Design of Structures,
Butterworth-Heinemann, Elsevier, Oxoford, UK, 2007.

[7] V. R. Kodur and N. Raut, “Performance of concrete structures
under fire hazard: emerging trends,” The Indian Concrete Jour-
nal, vol. 84, no. 2, pp. 23–31, 2010.

[8] “Standard test methods for fire tests of building construction
and materials,” ASTM E119-08b, ASTM International, West
Conshohocken, Pa, USA, 2008.

[9] “Fire design of concrete structures—materials, structures and
modelling,” FIB Bulletin 38, The International Federation for
Structural Concrete, Lausanne, Switzerland, 2007.

[10] V. K. R. Kodur, T. C. Wang, and F. P. Cheng, “Predicting the
fire resistance behaviour of high strength concrete columns,”



ISRN Civil Engineering 13

Cement and Concrete Composites, vol. 26, no. 2, pp. 141–153,
2004.

[11] V. Kodur, M. Dwaikat, and N. Raut, “Macroscopic FE model
for tracing the fire response of reinforced concrete structures,”
Engineering Structures, vol. 31, no. 10, pp. 2368–2379, 2009.

[12] V. R. Kodur and T. Z. Harmathy, “Properties of building
materials,” in SFPE Handbook of Fire Protection Engineering, P.
J. DiNenno, Ed., National Fire Protection Association, Quincy,
Mass, USA, 2008.

[13] M. B.Dwaikat andV. K. R. Kodur, “Fire induced spalling in high
strength concrete beams,” Fire Technology, vol. 46, no. 1, pp. 251–
274, 2010.

[14] “Standard test method for evaluating the resistance to thermal
transmission of materials by the guarded heat flow meter
technique,” ASTM E1530, ASTM International, West Con-
shohocken, Pa, USA, 2011.

[15] ASCE, Structural Fire Protection, ASCE Committee on Fire
Protection, Structural Division, American Society of Civil
Engineers, New York, NY, USA, 1992.

[16] K.-Y. Shin, S.-B. Kim, J.-H. Kim, M. Chung, and P.-S. Jung,
“Thermo-physical properties and transient heat transfer of
concrete at elevated temperatures,” Nuclear Engineering and
Design, vol. 212, no. 1–3, pp. 233–241, 2002.

[17] B. Adl-Zarrabi, L. Boström, and U. Wickström, “Using the TPS
method for determining the thermal properties of concrete and
wood at elevated temperature,” Fire andMaterials, vol. 30, no. 5,
pp. 359–369, 2006.

[18] Z. P. Bažant and M. F. Kaplan, Concrete at High Temperatures:
Material Properties and Mathematical Models, Longman Group
Limited, Essex, UK, 1996.

[19] L. T. Phan, “Fire performance of high-strength concrete: a
report of the state-of-the-art,” Tech. Rep., National Institute of
Standards and Technology, Gaithersburg, Md, USA, 1996.

[20] T. Z. Harmathy and L.W. Allen, “Thermal properties of selected
masonry unit concretes,” Journal American Concrete Institution,
vol. 70, no. 2, pp. 132–142, 1973.

[21] V. R. Kodur and M. A. Sultan, “Thermal propeties of high
strength concrete at elevated temperatures,” American Concrete
Institute, Special Publication, SP-179, pp. 467–480, 1998.

[22] “Standard test method for determining specific heat capacity
by differential scanning calorimetry,” ASTM C1269, ASTM
International, West Conshohocken, Pa, USA, 2011.

[23] ISO/DIS22007-2:2008, “Determination of thermal conductivity
and thermal diffusivity, Part 2: transient plane heat source (hot
disc) method,” ISO, Geneva, Switzerland, 2008.

[24] T. Z. Harmathy, “Thermal properties of concrete at elevated
temperatures,” ASTM Journal of Materials, vol. 5, no. 1, pp. 47–
74, 1970.

[25] P. K. Mehta and P. J. M. Monteiro, Concrete: Microstructure,
Properties, and Materials, McGraw-Hill, New York, NY, USA,
2006.

[26] S. Mindess, J. F. Young, and D. Darwin, Concrete, Pearson
Education, Upper Saddle River, NJ, USA, 2003.

[27] W. Khaliq and V. Kodur, “High temperature mechanical prop-
erties of high strength fly ash concrete with and without fibers,”
ACI Materials Journal, vol. 109, no. 6, pp. 665–674, 2012.

[28] A. M. Neville, Properties of Concrete, Pearson Education, Essex,
UK, 2004.

[29] S. P. Shah, “Do fibers increase the tensile strength of cement-
based matrixes?” ACI Materials Journal, vol. 88, no. 6, pp. 595–
602, 1991.

[30] Z. P. Bazant and J.-C. Chern, “Stress-induced thermal and
shrinkage strains in concrete,” Journal of EngineeringMechanics,
vol. 113, no. 10, pp. 1493–1511, 1987.

[31] T. Z.Harmathy, “A comprehensive creepmodel,” Journal of Basic
Engineering, vol. 89, no. 3, pp. 496–502, 1967.

[32] F. H. Wittmann, Ed., Fundamental Research on Creep and
Shrinkage of Concrete, Martinus Nijhoff, The Hague, Nether-
lands, 1982.

[33] M. B. Dwaikat and V. K. R. Kodur, “Hydrothermal model for
predicting fire-induced spalling in concrete structural systems,”
Fire Safety Journal, vol. 44, no. 3, pp. 425–434, 2009.

[34] V. K. R. Kodur and L. Phan, “Critical factors governing the
fire performance of high strength concrete systems,” Fire Safety
Journal, vol. 42, no. 6-7, pp. 482–488, 2007.

[35] X. Yu, X. Zha, and Z. Huang, “The influence of spalling on the
fire resistance of RC structures,” Advanced Materials Research,
vol. 255–260, pp. 519–523, 2011.

[36] V. K. R. Kodur and M. Dwaikat, “Effect of fire induced spalling
on the response of reinforced concrete beams,” International
Journal of Concrete Structures and Materials, vol. 2, no. 2, pp.
71–82, 2008.

[37] T. Z. Harmathy, “Moisture and heat transport with particu-
lar reference to concrete,” NRCC 12143, National Council of
Canada, 1971.

[38] T. Z. Harmathy, Fire Safety Design and Concrete, John Wiley &
Sons, New York, NY, USA, 1993.

[39] G. A. Khoury, “Concrete spalling assessment methodologies
and polypropylene fibre toxicity analysis in tunnel fires,” Struc-
tural Concrete, vol. 9, no. 1, pp. 11–18, 2008.
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