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Introduction

Building components are to be designed to satisfy

the requirements of serviceability and safety limit

states. One of the major safety requirements in

building design is the provision of appropriate

fire resistance to various building components.

The basis for this requirement can be attributed to

the fact that, when other measures of containing

the fire fail, structural integrity is the last line of

defense. In this chapter, the term structural mem-

ber is used to refer to both load-bearing (e.g.,

columns, beams, slabs) and non-load-bearing

(e.g., partition walls, floors) building components.

Fire resistance is the duration during which

a structural member exhibits resistance with

respect to structural integrity, stability, and

temperature transmission. Typical fire resistance

rating requirements for different building

components are specified in building codes.

In the past, the fire resistance of structural

members could be determined only by testing. In

recent years however, the use of numerical

methods for the calculation of the fire resistance

of various structural members is gaining accep-

tance because these calculation methods are far

less costly and time consuming. The fire perfor-

mance of a structural member depends, in part, on

the properties of the materials the building com-

ponent is composed of. The availability of mate-

rial properties at high temperature and

temperature distributions permits a mathematical

approach to predicting the performance of

building components exposed to fire. When

a structural member is subjected to a defined

temperature-time exposure during a fire, this

exposure will cause a predictable temperature dis-

tribution in the member. Increased temperatures

cause deformations and property changes in the

materials. With knowledge of the deformations

and property changes, the usual methods of struc-

tural mechanics can be applied to predict fire

resistance performance.

In recent years, significant effort has been

undertaken to develop material properties of

various construction materials at elevated

temperatures. In this chapter, the characteristics

of materials are outlined. The various properties

that influence fire resistance performance,

together with the methods used to develop these

properties, is discussed. The trends on the varia-

tion of thermal, mechanical, and other material-

specific properties with temperature of commonly

used construction materials are presented.

Material Characteristics

Classification

Materials, based on composition, can be classified

as either a homogeneous or heterogeneous type.
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Homogeneous materials have the same composi-

tion and properties throughout their volume and

are rarely found in nature.Heterogeneousmaterials

have different composition and properties. Most

construction materials are heterogeneous, yet

their heterogeneity is often glossed over when

dealing with practical problems.

The heterogeneity of concrete is easily notice-

able. Other heterogeneities related to the micro-

structure of materials, that is, their grain and pore

structures, are rarely detectable by the naked eye.

The microstructure depends greatly on the way

the materials are formed. In general, materials

formed by solidification from a melt show the

highest degree of homogeneity. The result of the

solidification is normally a polycrystalline mate-

rial, comprising polyhedral grains of crystals,

which, in general, are equiaxial and randomly

oriented. Severe cold working in metals may

produce an elongated grain structure and crystals

with preferred orientations.

Noncrystalline solids are called amorphous

materials. Gels and glasses are amorphous

materials. Gels are formed by the coagulation

of a colloidal solution. Glasses (vitreous

materials) are solids with a liquid-like, grainless

submicroscopic structure with low crystalline

order. On heating, they will go through a series

of phases of decreasing viscosity.

Synthetic polymers (plastics) are made up of

long macromolecules created by polymerization

from smaller repeating units (monomers). In the

case of thermoplastic materials, the mobility of

the molecular chains increases on heating. Such

materials soften, much like glass. In some other

types of plastics, called thermosetting materials,

polymerization also produces cross-bonds

between the molecular chains. These cross-

bonds prevent the loosening of the molecular

structure and the transition of the material into a

liquid-like state.

Some building materials (e.g., gypsum, brick)

are formed from a wet, plastic mass or from

compacted powders by firing. The resulting

product is a polycrystalline solid with a well-

developed pore structure. Two important

building materials, concrete and gypsum, are

formed by mixing finely ground powders (and

aggregates) with water. The mixture solidifies

by hydration. The cement paste in a concrete has

a highly complex microstructure, interspersed

with very fine, elaborate pores.

Most building materials can be treated as iso-

tropicmaterials, that is, as though they possessed

the same properties in all directions. An excep-

tion to this is some of the advanced composite

materials, such as fiber-reinforced polymers

(FRP), which might possess varying properties

in different directions and are classified as aniso-

tropic materials.

Among the material properties, those that are

unambiguously defined by the current composi-

tion and phase are referred to as structure-insen-

sitive. Some others depend on the microstructure

of the solid or on its previous history. These

properties are structure-sensitive.

Porosity and Moisture Sorption

The fire performance of a material is dependent

on the chemical composition and molecular

structure of the material. The presence of water

in the material composition influences the

properties of materials at elevated temperatures.

The two commonly associated terms to describe

the composition and the extent of water present

in a material are porosity and moisture sorption.

What is commonly referred to as a solid object

is actually all the material within its visible

boundaries. Clearly, if the solid is porous—and

most building materials are—the so-called solid

consists of at least two phases: (1) a solid-phase

matrix and (2) a gaseous phase (namely, air) in

the pores within the matrix. Usually, however,

there is also a liquid or liquid-like phase present:

moisture either absorbed from the atmosphere to

the pore surfaces or held in the pores by capillary

condensation. This third phase is always present

if the pore structure is continuous; discontinuous

pores (like the pores of some foamed plastics) are

not readily accessible to atmospheric moisture.

The pore structure of materials is

characterized by two properties: porosity, P
(m3.m–3), the volume fraction of pores within

the visible boundaries of the solid; and specific

surface, S (m2.m–3), the surface area of the pores

per unit volume of the material. For a solid with
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continuous pore structure, the porosity is a mea-

sure of the maximum amount of water the solid

can hold when saturated. The specific surface and

(to a lesser degree) porosity together determine

the moisture content the solid holds in equilib-

rium with given atmospheric conditions.

The sorption isotherm shows the relationship

at constant temperature between the equilibrium

moisture content of a porous material and the

relative humidity of the atmosphere. A sorption

isotherm usually has two branches: (1) an adsorp-

tion branch, obtained by monotonically increas-

ing the relative humidity of the atmosphere from

0 to 100 % through very small equilibrium

steps; and (2) a desorption branch, obtained by

monotonically lowering the relative humidity

from 100 to 0 %. Derived experimentally, the

sorption isotherms offer some insight into the

nature of the material’s pore structure [1, 2].

For heterogeneous materials consisting of

solids of different sorption characteristics (e.g.,

concrete, consisting of cement paste and

aggregates), the sorption isotherms can be

estimated using the simple mixture rule (with

m ¼ 1; see Equation 9.1).

Building materials, such as concrete (or more

accurately, the cement paste in the concrete) and

wood, because of their large specific surfaces,

can hold water in amounts substantial enough to

be taken into consideration in fire performance

assessments.

Mixture Rules

Some properties of materials of mixed composi-

tion or mixed phase can be calculated by simple

rules if the material properties for the constituents

are known. The simplest mixture rule is [3]

πm ¼
X
i

viπ
m
i ð9:1Þ

where

π ¼ Material property for the composite

πi ¼ Material property for the composite’s ith

constituent

vi (m3.m–3) ¼ Volume fraction of the ith

constituent

m (dimensionless) ¼ Constant that has a value

between �1 and +1

Hamilton and Crosser recommended the

following rather versatile formula for two-phase

solids [4]:

π ¼ v1π1 þ γv2π2
v1 þ γv2

ð9:2Þ

where

γ ¼ nπ1
n� 1ð Þπ1 þ π2

ð9:3Þ

Here phase 1 must always be the principal

continuous phase. n (dimensionless) is a function

of the geometry of phase distribution. With

n ! 1 and n ¼ 1, Equations 9.2 and 9.3 con-

vert into Equation 9.1 with m ¼ 1 and m ¼ �1,

respectively. With n ¼ 3, a relation is obtained

for a two-phase system where the discontinuous

phase consists of spherical inclusions [5].

By repeated application, Equations 9.2

and 9.3 can be extended to a three-phase system

[6], for example, to a moist, porous solid that

consists of three essentially continuous phases

(the solid matrix, with moisture and air in its

pores).

Survey of Building Materials

There are burnable (combustible) and nonburn-

able (noncombustible) building materials. The

reason for preferring the use of the words burn-
able and nonburnable has been discussed by

Harmathy [2]. To a designer concerned with the

structural performance of a building during a fire,

the mechanical and thermal properties of these

materials are of principal interest. Yet burnable

building materials may become ignited, and

thereby the positive role assigned to these

materials by design (i.e., functioning as structural

elements of the building) may change into a

negative role—that is, becoming fuel and adding

to the severity of fire. Those properties of burn-

able building materials that are related to the

latter role are discussed in other chapters of this

handbook.
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From the point of view of their performance in

fire, building materials can be divided into the

following groups:

1. Group L (load-bearing) materials. Materials

capable of carrying high stresses, usually in

tension or compression. With these materials,

the mechanical properties related to behavior

in tension and/or compression are of principal

interest.

2. Group L/I (load-bearing/insulating) materials.

Materials capable of carryingmoderate stresses

and, in fire, providing thermal protection to

Group L materials. With Group L/I materials,

the mechanical properties (related mainly to

behavior in compression) and the thermal

properties are of equal interest.

3. Group I (insulating) materials. Materials not

designed to carry load. Their role in fire is to

resist the transmission of heat through building

elements and/or to provide insulation toGroupL

or Group L/I materials. With Group I materials,

only the thermal properties are of interest.

4. Group L/I/F (load-bearing/insulating/fuel)

materials. Group L/I materials that may

become fuel in fire.

5. Group I/F (insulating/fuel) materials. Group I

materials that may become fuel in fire.

The number of building materials has been

increasing dramatically during the past few

decades. In the last decade or so, a number of

high-performing materials, such as FRP and

high-strength concrete (HSC), have been devel-

oped to achieve cost-effectiveness in construc-

tion. Although many of these high-performing

materials possess superior properties at ambient

temperatures, the same cannot be said of

their performance at elevated temperatures.

In materials such as HSC, additional comple-

xities such as spalling arise, which may severely

impact the fire performance of a structural

member.

By necessity, only a few of those materials

that are commonly used will be discussed in this

chapter in some detail. These materials are as

follows: in Group L—structural steel, light-

gauge steel, and reinforcing/prestressing steel;

Group L/I—concrete and brick (including

fiber-reinforced concrete); Group L/I/F

(or Group I/F and L/F)—wood and FRP; and

Group I—gypsum and insulation.

Material Properties at Elevated
Temperatures

The behavior of a structural member exposed to

fire is dependent, in part, on the thermal and

mechanical properties of the material of which

the member is composed. While calculation

techniques for predicting the process of deterio-

ration of building components in fire have devel-

oped rapidly in recent years, research related to

supplying input information into these

calculations has not kept pace. The designer of

the fire safety features of buildings will find that

information on the properties of building

materials in the temperature range of interest,

20–800 �C is not easy to come by. Most building

materials are not stable throughout this tempera-

ture range. On heating, they undergo physico-

chemical changes (“reactions” in a generalized

sense), accompanied by transformations in their

microstructure and changes in their properties.

For example, concrete at 500 �C is completely

different from the material at room temperature.

The thermophysical and mechanical

properties of most materials change substantially

within the temperature range associated with

building fires. In the field of fire science, applied

materials research faces numerous difficulties. At

elevated temperatures, many building materials

undergo physicochemical changes. Most of the

properties are temperature dependent and sensi-

tive to testing method parameters such as heating

rate, strain rate, temperature gradient, and so

on. Harmathy [7] cited the lack of adequate

knowledge of the behavior of building materials

at elevated temperatures as the most disturbing

trend in fire safety engineering. There has been a

tendency to use “notional” (also called “typical,”

“proprietary,” “empirical,” etc.) values for mate-

rial properties in numerical computations—in

other words, values that ensure agreement

between experimental and analytical results.

Harmathy warned that this practice might lead

280 V.K.R. Kodur and T.Z. Harmathy



to a proliferation of theories that lack general

validity.

Clearly, the generic information available on

the properties of building materials at room tem-

perature is seldom applicable in fire safety

design. It is imperative, therefore, that the fire

safety practitioner knows how to extend, based

on a priori considerations, the utility of the scanty

data that can be gathered from the technical

literature. Also, knowledge of unique material-

specific characteristics at elevated temperatures,

such as spalling in concrete or charring in wood,

is critical to determine the fire performance of a

structural member. These properties are

discussed in the following sections.

Reference Condition

Most building materials are porous and therefore

capable of holding moisture, the amount of

which depends on the atmospheric conditions.

Because the presence of moisture may have a

significant and often unpredictable effect on the

properties of materials at any temperature below

100 �C, it is imperative to conduct all property

tests on specimens brought into a moistureless

“reference condition” by some drying technique

prior to the test. The reference condition is nor-

mally interpreted as that attained by heating the

test specimen in an oven at 105 �C until its

weight shows no change. A few building

materials however, among them all gypsum

products, may undergo irreversible physico-

chemical changes when held at that temperature

for an extended period. To bring them to a refer-

ence condition, specimens of these materials

should be heated in a vacuum oven at some

lower temperature level (e.g., at 40 �C in the

case of gypsum products).

Mechanical Properties

The mechanical properties that determine the fire

performance of structural members are strength,

modulus of elasticity, and creep of the compo-

nent materials at elevated temperatures.

Stress-Strain Relationships

The mechanical properties of solids are usually

derived from conventional tensile or compres-

sive tests. The strength properties are usually

expressed in stress-strain relations, which are

often used as input data in mathematical models

calculating the fire resistance. Figure 9.1 shows,

for a metallic material, the variation of stress, σ
(Pa), with increasing strain (deformation), ε
(m�m–1), while the material is strained

(deformed) in a tensile test at a more or less

constant rate (i.e., constant crosshead speed),

usually of the order of 1 mm�min–1. Generally,

because of a decrease in the strength and ductility

of the material, the slope of the stress-strain

curve decreases with increasing temperature.

Modulus of Elasticity, Yield Strength,
Ultimate Strength

The modulus of elasticity is a measure of the

ability of the material to resist deformation and

is expressed as the ratio of the deforming stress to

the strain in the material. Generally, the modulus

of elasticity of a material decreases gradually

with increasing temperature.

The tensile or compressive strength of the

material is generally expressed by means of

yield strength and ultimate strength. Often the
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Fig. 9.1 Stress-strain curve (strain rate is roughly

constant)
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strength at elevated temperature is expressed as a

percentage of the compressive (tensile) strength

at room temperature. Figure 9.2 shows the varia-

tion of strength with temperature (ratio of

strength at elevated temperature to that at room

temperature) for concrete, steel, wood, and FRP.

For all four materials, the strength decreases with

increasing temperature; however, the rate of

strength loss is different.

For materials such as concrete, compressive

strength is of main interest because it has very

limited tensile strength at higher temperatures.

However, for materials such as steel, both

compressive and tensile strengths are of equal

interest.

Section 0-e of the curve in Fig. 9.1 represents

the elastic deformation of the material, which is

instantaneous and reversible. The modulus of

elasticity, E (Pa), is the slope of that section.

Between points e and u the deformation is plas-

tic, nonrecoverable, and quasi-instantaneous.

The plastic behavior of the material is

characterized by the yield strength at 0.2 % off-

set, σy (Pa), and the ultimate strength, σu (Pa).

After some localized necking (i.e., reduction of

cross-sectional area), the test specimen ruptures

at point r. The modulus of elasticity is more or

less a structure-insensitive property.

For metals of similar metallurgical

characteristics, the stress-strain curve can be

reproduced at room temperature at a reasonable

tolerance, and the shape of the curve does not

depend significantly on the crosshead speed. At

sufficiently high temperatures, however, the

material undergoes plastic deformation even at

constant stress, and the e-r section of the stress-

strain curve will depend markedly on the cross-

head speed.

Creep

Creep, often referred to as creep strain, is defined

as the time-dependent plastic deformation of the

material and is denoted by εt (m�m–1). At normal

stresses and ambient temperatures, the deforma-

tion due to creep is not significant. At higher

stress levels and at elevated temperatures, how-

ever, the rate of deformation caused by creep can

be substantial [8]. Hence, the main factors that

influence creep are the temperatures, the stress

level, and their duration.

In a creep test the variation of εt is recorded
against time, t (h), at constant stress (more accu-

rately, at constant load) and at constant (ele-

vated) temperature T (K). A typical strain-time
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curve is shown in Fig. 9.3a. The total strain,

ε (m�m–1), is

ε ¼ σ
E
þ εt ð9:4Þ

The 0-e section of the strain-time curve

represents the instantaneous elastic (and revers-

ible) part of the curve; the rest is creep, which

is essentially nonrecoverable. The creep is fast

at first (primary creep, section e-s1 in Fig. 9.3a,

then proceeds for a long time at an approxi-

mately constant rate (secondary creep, section

s1-s2), and finally accelerates until rupture

occurs (tertiary creep, section s2-r). The curve

becomes steeper if the test is conducted

either at a higher load (stress) or at a higher

temperature.

Dorn’s concept is particularly suitable for

dealing with deformation processes developing

at varying temperatures [9]. Dorn eliminated the

temperature as a separate variable by the intro-

duction of a new variable: the “temperature-

compensated time,” θ (h), defined as

θ ¼
ð t

0

e�ΔHc=RTdt ð9:5Þ

where ΔHc (J�kmol–1) is the activation energy of

creep, and R (J�kmol1�K–1) is the gas constant.

From a practical point of view, only the pri-

mary and the secondary creeps are of impor-

tance. It has been shown that the creep strain in

these two regimes can be satisfactorily described

by the following equation [10]

εt ¼ εt0
ln 2

cosh�1 2Zθ=εt0
� �

σ ’ constantð Þ ð9:6Þ

or approximated by the simple formula [11]

εt � εt0 þ Zθ σ ’ constantð Þ ð9:7Þ
where Z (h–1) is the Zener-Hollomon parameter,

and εt0 (mm–1) is another creep parameter, the

meaning of which is explained in Fig. 9.3b.

The Zener-Hollomon parameter is defined as [12]

Z ¼ _εtseΔH=RT ð9:8Þ
where _εts (mm–1�h–1) is the rate of secondary

creep at a temperature, T. The two creep

parameters, Z and εt0, are functions of the applied
stress only (i.e., they are independent of the

temperature).

For most materials, creep becomes noticeable

only if the temperature is higher than about

one-third of the melting temperature (on the

absolute scale).

The creep of concrete is due to the presence

of water in its microstructure [13]. There is

no satisfactory explanation for the creep of

concrete at elevated temperatures. Anderberg

and Thelandersson [14], and Schneider [15]

suggested techniques for the calculation of the

deformation of concrete under conditions char-

acteristic of fire exposure.
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Thermal Properties

The material properties that influence the tem-

perature rise and distribution in a member are its

thermal conductivity, thermal expansion, specific

heat, thermal diffusivity, and mass loss. These

properties depend on the composition and

characteristics of the constituent materials.

Thermal Expansion

The thermal expansion characterizes the expan-

sion (or shrinkage) of a material caused by

heating and is defined as the expansion (shrink-

age) of unit length of a material when it is raised

1� in temperature. The expansion is considered to

be positive when the material elongates and is

considered negative when it shortens. In general,

the thermal expansion of a material is dependent

on the temperature. The dilatometric curve is a

record of the fractional change of a linear dimen-

sion of a solid at a steadily increasing or decreas-

ing temperature. With mathematical symbolism,

the dilatometric curve is a plot of

Δ‘
‘0

against T

where Δ‘ ¼ ‘ – ‘0 and ‘0 (m) and ‘ (m) are the

changed and original dimensions of the solid,

respectively, the latter usually taken at room

temperature. Δ‘ reflects not only the linear

expansion or shrinkage of the material, but also

the dimensional effects brought on by possible

physicochemical changes (i.e., “reactions”).

The heating of the solid usually takes place at

a predetermined rate, 5 �C�min–1 as a rule.

Because the physicochemical changes proceed

at a finite rate and some of them are irreversible,

a dilatometric curve obtained by heating rarely

coincides with that obtained during the cooling

cycle. Sluggish reactions may bring about a

steady rise or decline in the slope of the dilato-

metric curve. Discontinuities in the slope indi-

cate very fast reactions. Heating the material at a

rate higher than 5 �C�min–1 usually causes the

reactions to shift to higher temperatures and to

develop faster.

The coefficient of linear thermal expansion,

β (m�m–1�K–1), is defined as

β ¼ 1

‘

d‘

dT
ð9:9Þ

Since ‘ ¼ ‘0 the coefficient of linear thermal

expansion is, for all intents, the tangent to the

dilatometric curve. For solids that are isotropic in

a macroscopic sense, the coefficient of volume

expansion is approximately equal to 3β.
The thermal expansion is measured with a

dilatometric apparatus, capable of producing

curves that show the expansion of the materials

with temperature in the range from 20 to

1000 �C. Harmathy [7, 16], using a horizontal

dilatometric apparatus, recorded dilametric

curves for various types of concrete and brick,

some of which are presented in later sections.

The sample was 76.2 mm long and about 13 by

13 mm in cross section. It was subjected to a

small spring load that varied during the test.

Unfortunately, even this small load caused

creep shrinkage with those materials that tended

to soften at higher temperatures. Furthermore,

because the apparatus did not provide a means

for placing the sample in a nitrogen atmosphere,

in certain cases oxidation may also have had

some effect on the shape of the curves.

Mass Loss

The mass loss is often used to express the loss of

mass at elevated temperatures. The thermogra-

vimetric curve is a record of the fractional varia-

tion of the mass of a solid at steadily increasing

or decreasing temperature. Again, with mathe-

matical symbolism, a thermogravimetric curve

is a plot of

M

M0

against T

where M and M0 (kg) are the changed and

original masses of the solid, respectively, the

latter usually taken at room temperature.
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Generally a heating rate of 5 �C�min–1 is used in

the measurements.

A thermogravimetric curve reflects reactions

accompanied by loss or gain of mass but, natu-

rally, it does not reflect changes in the materials’

microstructure or crystalline order. M/M0 ¼ 1 is

the thermogravimetric curve for a chemically

inert material. Again, an increase in the rate of

heating usually causes those features of the curve

that are related to chemical reactions to shift to

higher temperatures and to develop faster.

The thermogravimetric curves to be shown

were obtained by a DuPont 951 thermogra-

vimetric analyzer [17], using specimens of

10–30 mg in mass, placed in a nitrogen atmo-

sphere [7]. The rate of temperature rise was

5 �C�min–1. Figure 9.4 shows the variation of

mass loss for concrete in the temperature range

from 20 to 1000 �C.

Density, Porosity

The density, ρ (kg�m–3), in an oven-dry condi-

tion, is the mass of a unit volume of the material,

comprising the solid itself and the air-filled

pores. Assuming that the material is isotropic

with respect to its dilatometric behavior, its den-

sity at any temperature can be calculated from

the thermogravimetric and dilatometric curves.

ρ ¼ ρ0
M=M0ð ÞT

1þ Δ‘ð Þ= ‘0ð Þð ÞT
� � ð9:10Þ

where ρ0 (kg�m–3) is the density of the solid at the

reference temperature (usually room tempera-

ture), and the T subscript indicates values

pertaining to temperature T in the thermogra-

vimetric and dilatometric records.

The density of composite solids at room tem-

perature can be calculated by means of the mix-

ture rule in its simplest form (Equation 9.1 with

m ¼ 1).

p ¼
X

i

vi pi ð9:11Þ

where the i subscript relates to information on the

ith component. At elevated temperatures, the

expansion of the components is subject to

constraints, and therefore the mixture rule can

yield only a crude approximation.

If, as usual, the composition is given in mass

fractions rather than in volume fractions, the

volume fractions can be obtained as
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vi ¼ wi= piP
iwi=pi

ð9:12Þ

where wi is the mass fraction of the ith compo-

nent (kg�kg–1).
True density, ρt (kg�m–3), is the density of the

solid in a poreless condition. Such a condition is

nonexistent for many building materials and,

therefore, may be a theoretical value derived on

crystallographic considerations, or determined

by some standard technique, for example,

ASTM C135 [19]. The relationship between the

porosity and density is

P ¼ ρt � ρ
ρt

ð9:13Þ

The overall porosity of a composite material

consisting of porous components is

P ¼
X

i

viPi ð9:14Þ

where, again, the i subscript relates to the ith

component of the material.

Specific Heat

The specific heat of a material is the characteris-

tic that describes the amount of heat required to

raise a unit mass of the material at unit tempera-

ture. A calorimetric curve describes the variation

with temperature of the apparent specific heat of

a material at constant pressure, cp (J�kg–1�K–1).

The apparent specific heat is defined as

c p ¼ δh
δT p

ð9:15Þ

where h is enthalpy (J�kg–1), and the p subscripts

indicate the constancy of pressure. If the heating

of the solid is accompanied by physicochemical

changes (i.e., “reactions”), the enthalpy becomes

a function of the reaction progress variable, ξ
(dimensionless), that is, the degree of conversion

at a particular temperature from reactant(s) into

product(s). For any temperature interval where

physicochemical change takes place [2, 6, 20],

0 � ξ � 1, and

c p ¼ c p þ Δh
dξ
dT

ð9:16Þ

where cp (J�kg–1�K–1) is the specific heat for that

mixture of reactants and (solid) products that the

material consists of at a given stage of the con-

version (as characterized by ξ), and Δ hp (J�kg–1)
is the latent heat associated with the physico-

chemical change.

As Equation 9.16 and Fig. 9.5 show, in

temperature intervals of physicochemical insta-

bility, the apparent specific heat consists of sen-

sible heat and latent heat contributions. The latter

contribution will result in extremities in the

calorimetric curve: a maximum if the reaction

is endothermic, a minimum if it is exothermic.

In heat flow studies, it is usually the ρcp
product (J�m–3�K–1) rather than cp that is needed

as input information. This product is referred to

as volume specific heat.

Until the 1980s, adiabatic calorimetry was the

principal method to study the shape of the cp
versus T relationship. Since the 1980s, differen-

tial scanning calorimetry (DSC) has been the

most commonly used technique for mapping the

curve in a single temperature sweep at a desired

rate of heating. 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 %). The rate of temperature rise was

usually 5 �C�min–1. At higher heating rates, the

peaks in the DSC curves tend to shift to higher
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Fig. 9.5 The apparent specific heat
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temperatures and become sharper. For

temperatures above 600 �C, a high-temperature

differential thermal analyzer (DTA) is also used.

Harmathy, with the aid of a DuPont 910 differen-

tial scanning calorimeter, developed calorimetric

curves for a number of materials by placing the

samples, 10–30 mg in mass, in a nitrogen atmo-

sphere [7, 21].

Materials that undergo exothermic reactions

may yield negative values in the calorimetric

curve. A negative value for cp indicates that, at

the applied (and enforced) rate of heating, the rate

of evolution of reaction heat exceeds the rate of

absorption of sensible heat by thematerial. In natu-

ral processes, the apparent specific heat can never

be negative, because the heat evolving from the

reaction is either scattered to the surroundings or,

if absorbed by the material, causes a very fast tem-

perature rise. If the heat of reaction is not very high,

obtaining nonnegative values for cp can be

achieved by suitably raising the scanning rate. For

this reason, somematerials undergoing exothermic

reactions must be tested at rates of heating higher

than 5 �C�min–1, often as high as 50 �C�min–1.

If experimental information is not available,

the cp versus T relationship can be calculated

from data on heat capacity and heat of formation

for all the components of the material (including

reactants and products), tabulated in a number of

handbooks [22, 23]. Examples of calculations are

presented in Harmathy [2, 6], where information

is developed for the apparent specific heat versus

temperature relation for a cement paste and four

kinds of concrete.

Thermal Conductivity

The temperature rise in a member, as a result of

heat flow, is a function of the thermal conductiv-

ity of the material. Heat transmission solely by

conduction can occur only in poreless,

nontransparent solids. In porous solids (most

building materials), the mechanism of heat trans-

mission is a combination of conduction, radia-

tion, and convection. (If pore size is less than that

about 5 mm, the contribution of pores to convec-

tive heat transmission is negligible.) The thermal

conductivity of porous materials is, in a strict

sense, merely a convenient empirical factor that

makes it possible to describe the heat transmis-

sion process with the aid of the Fourier law.

That empirical factor will depend not only on

the conductivity of the solid matrix but also on

the porosity of the solid and the size and shape of

the pores. At elevated temperatures, because of

the increasing importance of radiant heat trans-

mission through the pores, conductivity becomes

sensitive to the temperature gradient.

Because measured values of the thermal

conductivity depend to some extent on the tem-

perature gradient employed in the test, great

discrepancies may be found in thermal conduc-

tivity data reported by various laboratories.

A thermal conductivity value yielded by a

particular technique is, in a strict sense, applica-

ble only to heat flow patterns similar to that

characteristic of the technique employed.

Experimental data indicate that porosity is not

a greatly complicating factor as long as it is not

larger than about 0.1. With insulating materials,

however, the porosity may be 0.8 or higher. Con-

duction through the solid matrix may be an insig-

nificant part of the overall heat transmission

process; therefore, using the Fourier law of heat

conduction in analyzing heat transmission may

lead to deceptive conclusions. If the solid is not

oven-dry, a temperature gradient will induce

migration of moisture, mainly by an evaporation

condensation mechanism [24]. The migration of

moisture is usually, but not necessarily, in the

direction of heat flow and manifests itself as an

increase in the apparent thermal conductivity of

the solid. Furthermore, even oven-dry solids may

undergo decomposition (mainly dehydration)

reactions at elevated temperatures. The sensible

heat carried by the gaseous decomposition

products as they move in the pores adds to the

complexity of the heat flow process. At present

there is no way of satisfactorily accounting for

the effect of simultaneous mass transfer on heat

flow processes occurring under fire conditions.

The thermal conductivity of layered, multi-

phase solid mixtures depends on whether the

phases lie in the direction of, or normal to,

the direction of heat flow and is determined
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using the simple mixture rule [4, 25]. At higher

temperatures, because of radiative heat transfer

through the pores, the contribution of the pores to

the thermal conductivity of the solid must not be

disregarded [26].

The thermal conductivity of solids is a

structure-sensitive property. For crystalline

solids, the thermal conductivity is relatively

high at room temperature and gradually

decreases as the temperature rises. For predomi-

nantly amorphous solids, on the other hand, the

conductivity is low at room temperature and

increases slightly with the rise of temperature.

The conductivity of porous crystalline materials

may also increase at very high temperatures

because of the radiant conductivity of the pores.

The thermal conductivity of materials such as

concrete or brick can be measured, in the tem-

perature range between 20 and 800 �C, using a

non-steady-state hot wire method [27, 28]. The

thermal conductivity values at discrete tempera-

ture levels can be plotted to obtain a curve.

Unfortunately, no scanning technique exists for

acquiring a continuous thermal conductivity ver-

sus temperature curve from a single temperature

sweep. Special problems arise with the estima-

tion of the thermal conductivity for temperature

intervals of physicochemical instability. Both the

steady-state and variable-state techniques of

measuring thermal conductivity require the sta-

bilization of a pattern of temperature distribution

(and thereby a certain microstructural pattern) in

the test sample prior to the test. The test results

can be viewed as points on a continuous thermal

conductivity versus temperature curve obtained

by an imaginary scanning technique performed at

an extremely slow scanning rate. Because each

point pertains to a more or less stabilized

microstructural pattern, there is no way of know-

ing how the thermal conductivity would vary in

the course of a physicochemical process devel-

oping at a finite rate and varying microstructure.

On account of the nonreversible

microstructural changes brought about by

heating, the thermal conductivity of building

materials (and perhaps most other materials) is

usually different in the heating and cooling

cycles. Open and solid circles are used in the

figures to identify thermal conductivity values

obtained by stepwise increasing and stepwise

decreasing the temperature of the sample, respec-

tively. Also, often the thermal conductivity of a

material is taken as invariant with respect to the

direction of heat flow.

Thermal Diffusivity

The thermal diffusivity of a material is defined as

the ratio of thermal conductivity to the volumet-

ric specific heat of the material. It measures the

rate of heat transfer from an exposed surface of a

material to the inside. The larger the diffusivity,

the faster the temperature rise at a certain depth

in the material. Similar to thermal conductivity

and specific heat, thermal diffusivity varies with

temperature rise in the material. Thermal diffu-

sivity, α, can be calculated using the relation

α ¼ k

ρc p
ð9:17Þ

where

k ¼ Thermal conductivity

ρ ¼ Density

cp ¼ Specific heat of the material

Special (Material-Specific) Properties

In addition to thermal and mechanical properties,

certain other properties, such as spalling in con-

crete and charring in wood, influence the perfor-

mance of a material at elevated temperature.

These properties are unique to specific materials

and are critical for predicting the fire perfor-

mance of a structural member.

Critical Temperature

In building materials, such as steel and FRP, the

determination of failure in a structural member

exposed to fire is simplified to the calculation of

critical temperature. The critical temperature is

defined as the temperature at which the material
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loses much of its strength and can no longer

support the applied load. When this temperature

is reached, the safety factor against failure

becomes less than 1.

North American standards (ASTM E119)

assume a critical or failure temperature of

538 �C (1000 �F) for structural steel. It is a typical
failure temperature for columns under full design

load. This temperature is also regarded as the

failure temperature in the calculation of fire resis-

tance of steel members. If a load is applied to

the member, the test is continued until the mem-

ber actually fails, which, depending on the load

intensity, may occur at a higher or lower steel

temperature.

This concept of critical temperature is also

used for reinforced and prestressed steel in

concrete structural members for evaluating the

fire resistance ratings. These ratings are gener-

ally obtained through the provision of minimum

member dimensions and minimum thickness

of concrete cover. The minimum concrete

cover thickness requirements are intended to

ensure that the temperature in the reinforcement

does not reach its critical temperature for the

required duration. For reinforcing steel, the

critical temperature is 593 �C, whereas for

prestressing steel the critical temperature is

426 �C [29].

Spalling

Spalling is defined as the breaking of layers

(pieces) of concrete from the surface of the

concrete elements when the concrete elements

are exposed to high and rapidly rising

temperatures, such as those experienced in fires.

Spalling can occur soon after exposure to heat

and can be accompanied by violent explosions,

or it may happen when concrete has become so

weak after heating that, when cracking develops,

pieces fall off the surface. The consequences

may be limited as long as the extent of the

damage is small, but extensive spalling may

lead to early loss of stability and integrity due

to exposed reinforcement and penetration of

partitions.

Although spalling might occur in all

concretes, high-strength concrete (HSC) is

believed to be more susceptible than normal-

strength concrete (NSC) because of its low

permeability and low water-cement ratio. In a

number of test observations on HSC specimens,

it has been found that spalling is often of an

explosive nature [30, 31]. Hence, spalling is one

of the major concerns in the use of HSC and

should be properly accounted for in evaluating

fire performance. Spalling in NSC and HSC

columns is compared in Fig. 9.6 using the data

Fig. 9.6 Spalling in NSC

and HSC columns after

exposure to fire [32]:

(a) normal-strength

concrete column

and (b) high-strength
concrete column
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obtained from full-scale fire tests on loaded

columns [32]. It can be seen that the spalling is

quite significant in the HSC column.

Spalling is believed to be caused by the

buildup of pore pressure during heating. The

extremely high water vapor pressure, generated

during exposure to fire, cannot escape due to the

high density (and low permeability) of HSC, and

this pressure buildup often reaches the saturation

vapor pressure. At 300 �C, the pressure reaches

approximately 8 MPa; such internal pressures are

often too high to be resisted by the HSC mix

having a tensile strength of approximately

5 MPa [33]. 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.” [2, 34] When the vapor pressure exceeds

the tensile strength of concrete, chunks of con-

crete fall off from the structural member. The

pore pressure is considered to drive progressive

failure; that is, the lower the permeability of

concrete, the greater the spalling. This falling

off can often be explosive in nature, depending

on the fire and concrete characteristics.

However, other researchers explain the occur-

rence of spalling on the basis of fracture mechan-

ics and state that the spalling results from

restrained thermal dilatation close to the heated

surface [35]. This leads to compressive stresses

parallel to the heated surface, which are released

by brittle fractures of concrete, in other words,

spalling.

Spalling, which often results in the rapid loss of

concrete during a fire, exposes deeper layers of

concrete to fire temperatures, thereby increasing

the rate of transmission of heat to the inner layers

of the member, including the reinforcement.

When the reinforcement is directly exposed to

fire, the temperatures in the reinforcement rise at

a very high rate, leading to a faster decrease in

strength of the structural member. The loss of

strength in the reinforcement, added to the loss

of concrete due to spalling, significantly decreases

the fire resistance of a structural member.

In addition to strength and porosity of con-

crete mix, density, load intensity, fire intensity,

aggregate type, and relative humidity are the

primary parameters that influence spalling in

HSC. The variation of porosity with temperature

is an important property needed for predicting

spalling performance of HSC. Noumowe

et al. carried out porosity measurements on

NSC and HSC specimens, using a mercury

porosimeter, at various temperatures [36].

Charring

Charring is the process of formation of a layer of

char at the exposed surface of wood members

during exposure to fire. The charring process also

occurs in other members, such as FRP and some

types of plastics. When exposed to heat, wood

undergoes thermal degradation (pyrolysis), the

conversion of wood to char and gas, resulting in

a reduction of the density of the wood. Studies

have shown that the charring temperature for

wood lies in the range of 280–300 �C [29].

The charred layer is considered to have prac-

tically no strength. The fire resistance of the

member depends on the extent of charring and

the remaining strength of the uncharred portion.

The charring rate, a critical parameter in

determining the fire resistance of a structural

wood member, is defined as the rate at which

wood is converted to char. In the standard fire

resistance test, it has been noted that the average

rate of charring transverse to the grain is approx-

imately 0.6 mm/min [29]. The charring rate par-

allel to the grain of wood is approximately twice

the rate when it is transverse to the grain.

Detailed studies on the charring rates for several

specimen and timber types are reported by

various researchers [37–39] and are summarized

in a report [40]. These charring rates were

constant (in each study) and ranged from 0.137

to 0.85 mm/min. The assumption of a constant

rate of charring is reasonable for thick wood

members.

Charring is influenced by a number of

parameters, the most important ones being den-

sity, moisture content, and contraction of wood.

The influence of the moisture content and density

of the wood on the charring rate is illustrated in

Fig. 9.7 for Douglas fir exposed to the standard
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fire [29]. It can be seen that the charring rate

decreases with increasing density of the wood

and also with increasing moisture content.

It is important to recognize that the charring

rate in real fires depends on the severity of fire to

which the wood is exposed. It should be noted

that the charring rate is a function of the imposed

radiant heat flux. This depends on the fuel load

and the ventilation factor of the compartment (for

full details see Chap. 30, in this book). Detailed

information on the charring of untreated wood—

with expressions for charring rate in terms of the

influencing factors of density, moisture content,

external heat flux, and oxygen concentration—

when exposed to real fires is given by Hadvig

[41] and Mikkola [42].

Sources of Information

Information on the properties of building

materials at elevated temperatures is scattered

throughout the literature. There are a few

publications, however, that may be particularly

valuable for fire safety practitioners. A book by

Harmathy [2] and the ASCE manual on structural

fire protection [29] present a wealth of informa-

tion on concrete, steel, wood, brick, gypsum, and

various plastics. The thermal properties of

31 building materials are surveyed in an NRCC

report [7]. The mechanical and thermal properties

of concrete are discussed in an ACI guide [43],

and in reports by Bennetts [44] and Schneider

[45]. Those of steel are surveyed in the ACI

guide, in Bennetts’s report, and in a report by

Anderberg [46]. Information on the thermal con-

ductivity of more than 50 rocks (potential

concrete aggregates) is presented in a paper by

Birch and Clark [47]. The relationships for ther-

mal and mechanical properties, at elevated

temperatures, for some building materials are

listed in the ASCE structural fire protection

manual [29]. In most cases these properties are

expressed, in the temperature range of 0–1000 �C,
as a function of temperature and other properties

at ambient temperature. These values can be

used as input data in mathematical models for

predicting cross sectional temperatures and fire

performance of structural members.

Steel

Steel is a Group L material. The steels most often

used in the building industry are either hot-rolled

or cold-drawn. The structural steels and concrete

reinforcing bars are hot-rolled, low-carbon,

ferrite-pearlite steels. They have a randomly ori-

ented grain structure, and their strength depends

mainly on their carbon content. The prestressing

steel wires and strands for concrete are usually

made from cold-drawn, high-carbon, pearlitic

steels with an elongated grain structure, oriented

in the direction of the cold work. In addition,

light-gauge steel, made from cold-formed steel,

finds wide applications in lightweight framing,

such as walls and floors.

Information on the mechanical properties of

two typical steels (a structural steel [ASTM A36]

and a prestressing wire [ASTM A421]) is

presented in Figs. 9.8, 9.9, and 9.10 and in

Table 9.1 [48]. Figures 9.8 and 9.9 are stress-

strain curves at room temperature (24 �C and
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Fig. 9.7 Rate of charring in Douglas fir as a function of

its density (dry condition) for various moisture contents

when exposed to ASTM standard fire [29]
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21 �C, respectively) and at a number of elevated

temperature levels. Figure 9.10 shows the effect

of temperature on the yield and ultimate

strengths of the two steels.

Table 9.1 presents information on the effect of

stress on the two creep parameters, Z and εt0
(see Equation 9.7). Because creep is a very

structure-sensitive property, the creep

parameters may show a substantial spread, even

for steels with similar characteristics at room

temperature. The application of the creep

parameters to the calculation of the time of struc-

tural failure in fire is discussed in Hamilton and

Crosser [4, 8].
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The modulus of elasticity (E) is about

210 � 103 MPa for a variety of common steels

at room temperature. Figure 9.11 shows its

variation with temperature for structural steels

[50] and steel reinforcing bars [49]. (E0 in

Fig. 9.11 is the modulus of elasticity at room

temperature.)

The density (ρ) of steel is about 7850 kg�m–3.

Its coefficient of thermal expansion (β) is a

structure-insensitive property. For an average

carbon steel, β is 11.4 � 10�6 m�m–1�K–1 at

room temperature. The dilatometric curve

shown in Fig. 9.12 is applicable to most of the

common steels. The curve reveals substantial

contraction of the material at about 700 �C,
which is associated with the transformation

(phase change of steel) of the ferrite-pearlite

structure into austenite.

Being a structure-sensitive property, the ther-

mal conductivity of steel is not easy to define.

For carbon steels it usually varies within the

range of 46–65 W�m–1�K–1.

Equations for various properties of steel, as

functions of temperature, are available in the

ASCE structural fire protection manual [29] and

in Eurocode 3 [51, 52]. In the ASCE manual, the

same set of relationships is applicable for thermal

properties of both structural and reinforcing steel.

However, separate relationships for stress-strain

and elasticity are given for the two steels with

slightly conservative values for structural steel.

Recently, Poh proposed a general stress-strain

equation that expresses stress explicitly in terms

of strain in a single continuous curve [53, 54].

The critical temperature of steel is often used as

a benchmark for determining the failure of struc-

tural members exposed to fire. This ensures that

the yield strength is not reduced to less than that of

50 % of ambient value. The critical temperature

for various types of steels is given in Table 9.2.

The above discussed high temperature

properties are generally applicable to conven-

tional carbon (mild) steel whose chemical

composition consist of iron, carbon, manganese,

sulfur and phosphorous. In recent years, a num-

ber of new steels are available and these steel are

made by adding alloys, such as nickel, titanium,

boron and chromium. These alloys influence

durability characteristics, as well mechanical

properties of steel. For example, molybdenum,

chromium and niobium can increase the fire

resistance property of steel, while chrome and

nickel can enhance the corrosion resistance of

steel [56]. Current design rules on fire resistance

of steel structures (EC3 2005b [51], BS:5950
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Fig. 9.10 The ultimate and yield strengths for a struc-

tural steel (ASTM A36) and a prestressing steel (ASTM

A421) at elevated temperatures [48]

Table 9.1 Creep parameters for a structural steel and a prestressing steel [48]

Steel ΔHc/R (k) εt0(σ) (m � m–1) Z(σ) (h–1)
ASTM A36 38,890 3.258 � 10–17σ1.75 2.365 � 10–20σ4.7 if σ � 103.4 � 106

1.23 � 1016 exp (4.35 � 10–8σ) if 103.4 � 106 � σ � 310 � 106

ASTM A421 30,560 8.845 � 10–9σ0.67 1.952 � 10–10σ3 if σ � 172.4 � 106

8.21 � 1013 exp (1.45 � 10–8σ) if 172.4 � 106 � σ � 690 � 106

σ is measured in Pa
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2003 [57]) are mainly based on experimental

data on mild steel and do not account for specific

property variations in new types of alloy steels.

Recent research by Wang et al. [58] clearly

show that high strength (Q460) steel exhibits

slower loss of strength and modulus throughout

20–800 �C temperature range as compared to

mild steel. This is mainly due to the presence of

chromium and niobium, which improves fire

resistance properties of steel.

Furthermore, tests by Kodur et al. [59]

have shown that type of heat treatment has sig-

nificant influence on strength properties of steel

e.g. annealing and normalizing produces normal

strength steel, whereas quenching and tempering

produces high strength steel. High strength steel,

produced using quenching and tempering pro-

cess, and that is used in bolts (A490 bolts)

possesses slightly lower thermal conductivity

than that of conventional mild steel.
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Table 9.2 Critical temperature for various types of steel

Steel Standard/reference

Temperature

(�C)
Structural steel ASTM 538

Reinforcing steel ASTM 593

Prestressing steel ASTM 426

Light-gauge

steel

EC 3 [51] 350

Gerlich et al. [55] 400
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The properties of cold-formed light-gauge

steel are slightly different from those of

hot-rolled structural steel. Gerlich [60] and

Makelainen and Miller [61], based on steady-

state and transient tests on cold-formed steel

tension coupons (cut from studs) and galvanized

sheets, proposed relationships for yield strength

and modulus of elasticity. Figure 9.13 shows the

variation of yield strength of light-gauge steel at

elevated temperatures, corresponding to 0.5 %,

1.5 %, and 2 % strains based on the proposed

relationships and on the relationship in BS 5950

[57]. The BS 5950 curves represent a conserva-

tive 95 % confidence limit (i.e., a 5 % chance that

strength would fall below the curve), whereas the

other two curves are representative of mean test

data. Figure 9.14 shows the variation of modulus

of elasticity of light-gauge steel at elevated

BS 5950: Part 856
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temperatures. The modulus ET represents the

tangent modulus at low stress levels (or initial

tangent modulus), because steel stress-strain

relationships become increasingly nonlinear at

elevated temperatures. The effect of zinc coating

on the mechanical properties of steel is of little

significance.

The light-gauge steel has somewhat lower

thermal expansion when compared to similar

expressions for other steels [61]. The other ther-

mal properties of steel, such as specific heat and

thermal conductivity, are of little importance for

the thermal modeling of light-gauge steel because

steel framing plays a minor role in the heat trans-

fer mechanism. A review of some of these

properties is presented in a review paper [62].

The critical temperature of light-gauge steel

is much lower than for other types of steels.

Although Eurocode 3 limits this to a conservative

value of 350 �C, in other cases a critical temper-

ature of 400 �C is used (see Table 9.2).

Concrete

Concrete is a Group L/I material. The word con-

crete covers a large number of different

materials, with the single common feature that

they are formed by the hydration of cement.

Because the hydrated cement paste amounts to

only 24–43 volume percent of the materials pres-

ent, the properties of concrete may vary widely

with the aggregates used.

Traditionally, the compressive strength of

concrete used to be around 20–50 MPa, which

is referred to as normal-strength concrete (NSC).

In recent years, concrete with a compressive

strength in the range 50–100 MPa has become

widely used and is referred to as high-strength

concrete (HSC). Depending on the density,

concretes are usually subdivided into two major

groups: (1) normal-weight concretes with

densities in the 2150- to 2450-kg�m–3 range and

(2) lightweight concretes with densities between

1350 and 1850 kg�m–3. Fire safety practitioners

again subdivide the normal-weight concretes into

silicate (siliceous) and carbonate aggregate con-

crete, according to the composition of the

principal aggregate. Also, a small amount of

discontinuous fibers (steel or polypropylene

fibers) is often added to the concrete mix to

achieve superior performance; this concrete is

referred to as fiber-reinforced concrete (FRC).

In this section, the properties of concrete are

discussed under three groups: namely, NSC,

FRC, and HSC.

Normal-Strength Concrete

A great deal of information is available in

the literature on the mechanical properties of

various types of normal-strength concrete.

This information is summarized in reports by

Bennetts [44] and Schneider [45], the ACI

guide [43], the ASCE fire protection manual

[29], and in Harmathy’s book [2]. Figure 9.15

shows the stress-strain curves for a lightweight

concrete with expanded shale aggregate at room

temperature (24 �C) and a few elevated tempera-

ture levels [63]. The shape of the curves may

depend on the time of holding the test specimen

at the target temperature level before the com-

pression test.

The modulus of elasticity (E) of various

concretes at room temperature may fall within a

very wide range, 5.0 � 103–35.0 � 103 MPa,
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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. Cruz found that the modulus of elas-

ticity decreases rapidly with the rise of tempera-

ture, and the fractional decline does not depend

significantly on the type of aggregate [64]

(in Fig. 9.16, E0 is the modulus of elasticity at

room temperature). From other surveys [2, 44], it

appears, however, that the modulus of elasticity

of normal-weight concretes decreases faster with

the rise of temperature than that of lightweight

concretes.

The compressive strength (σu) of NSC may

also vary within a wide range. Compressive

strength is influenced by the same factors as the

modulus of elasticity. For conventionally pro-

duced normal-weight concretes, the strength at

room temperature is usually between 20 and

50 MPa. For lightweight concretes, the strength

is usually between 20 and 40 MPa.

Information on the variation of the compres-

sive strength with temperature is presented in

Fig. 9.17 (for a silicate aggregate concrete),

Fig. 9.18 (for a carbonate aggregate concrete),

and Fig. 9.19 (for two lightweight aggregate

concretes, one made with the addition of natural

sand) [65]. ([σu]0 in the figures stands for the

compressive strengths of concrete at room tem-

perature.) In some experiments, the specimens

were heated to the test temperature without load

(see curves labeled “unstressed”). In others

they were heated under a load amounting to

40 % of the ultimate strength (see curves labeled

“stressed”). Again, in others they were heated to

the target temperature without load, then cooled

to room temperature and stored at 75 % relative

humidity for six days, and finally tested at room

temperature (see curves labeled “unstressed

residual”).
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Some information on the creep of concrete at

elevated temperatures is available from the work

of Cruz [66], MareÂchal [67], Gross [68], and

Schneider et al. [69] The creep curves shown in

Fig. 9.20 are those recorded by Cruz for a normal-

weight concrete with carbonate aggregates.

Because the aggregates amount to 60–75 % of

the volume of concrete, the dilatometric curve

usually resembles that of the principal aggregate.

However, some lightweight aggregates, for

example, pearlite and vermiculite, are unable to

resist the almost continuous shrinkage of the

cement paste on heating, and therefore their

dilatometric curves bear the characteristic

features of the curve for the paste.

The dilatometric curves of two normal-weight

concretes (with silicate and carbonate

aggregates) and two lightweight concretes (with

expanded shale and pumice aggregates) are

shown in Fig. 9.21 [20]. These curves were

obtained in the course of a comprehensive study

performed on 16 concretes.

The results of dilatometric and thermogra-

vimetric tests were combined to calculate the

volumetric heat capacity (ρcp) versus tempera-

ture relation for these four concretes, as shown in
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Fig. 9.22. The partial decomposition of the

aggregate is responsible for a substantial drop

(above 700 �C) in the density of concretes made

with carbonate aggregate.

The aggregate type and moisture content have

significant influence on the specific heat of con-

crete. The usual ranges of variation of the volume-

specific heat (i.e., the product ρcp) for normal-

weight and lightweight concretes are shown in

Fig. 9.23. This information, derived by combining

thermodynamic data with thermogravimetric

observations [2, 6], has since been confirmed by

differential scanning calorimetry [7]. Experimen-

tal data are also available on a few concretes and

some of their constituents [2, 7].

The thermal conductivity (k) of concrete

depends mainly on the nature of its aggregates.

In general, concretes made with dense, crystal-

line aggregates show higher conductivities than

those made with amorphous or porous

aggregates. Among common aggregates, quartz

has the highest conductivity; therefore, concretes

made with siliceous aggregates are on the whole

more conductive than those made with other

silicate and carbonate aggregates.

Derived from theoretical considerations [6],

the solid curves in Fig. 9.24 describe the varia-

tion with temperature of the thermal conductivity

of four concretes. In deriving these curves, two

concretes (see curves 1 and 2) were visualized to

represent limiting cases among normal-weight

concretes, and the other two (see curves 3 and

4), limiting cases among lightweight concretes.

The points in Fig. 9.24 stand for experimental

data. They reveal that the upper limiting case is

probably never reached with aggregates in com-

mon use and that the thermal conductivity of

lightweight concretes may be somewhat higher

than predicted on theoretical considerations.
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Further experimental information on the ther-

mal conductivity of some normal-weight and

many lightweight concretes is available from

the literature [6, 7, 20].

In reinforced concrete structures, the bond

between rebars and concrete (at elevated

temperatures) plays a major role in determining

the fire endurance of structural members.

Diederichs andSchneider investigated the variation

of bond strengthbetweendeformedandplain rebars

andconcrete as a functionof temperature [70].They

found that the bond strength reduction follows the

same pattern as compressive strength for deformed

and rusted plain bars. However, higher reduction in

bond strength was observed for new plain bars.

They also found that the bond strength at elevated

temperature increases with decreasing coefficient

of thermal expansion of concrete, which is signifi-

cantly influenced by the type of aggregate.

Diederichs and Schneider also concluded that the

water-cement ratio and the bar diameter have a

minor effect on the bond strength between steel

and concrete [70]. Figure 9.25 illustrates the varia-

tion of bond strength as a function of temperature

for reinforced and prestressed concrete.

Fiber-Reinforced Concrete

Steel and polypropylene discontinuous fibers are

the two most common fibers used in the concrete

mix to improve structural properties of concrete.

Studies have shown that polypropylene fibers in

a concrete mix are quite effective in minimizing

spalling in concrete under fire conditions [71,

72]. The polypropylene fibers melt at a relatively

low temperature of about 170 �C and create

channels for the steam pressure in concrete to

escape. This prevents the small explosions that

cause the spalling of the concrete. Based on

these studies, the amount of polypropylene fibers

needed to minimize spalling is about 0.1–0.25 %

(by volume). The polypropylene fibers were

found to be most effective for HSC made with

normal-weight aggregate.

The addition of fibers improves certain

mechanical properties, such as tensile strength,

ductility, and ultimate strain, at room tempera-

ture. However, there is very little information on

the high-temperature properties of this type of

concrete [73].

Steel fiber–reinforced concrete (SFRC)

exhibits, at elevated temperatures, mechanical

properties that are more beneficial to fire resis-

tance than those of plain concrete. There is some

information available on SFRC’s material

properties at elevated temperatures. The effect

of temperature on the compressive strength for

two types of SFRC is shown in Fig. 9.26.

The strength of both types of SFRC exceeds the

initial strength of the concretes up to about

400 �C. This is in contrast to the strength of

plain concrete, which decreases slightly with

temperatures up to 400 �C. Above approximately
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400 �C, the strength of SFRC decreases at an

accelerated rate [74].

The effect of temperature on the tensile

strength of steel fiber–reinforced carbonate

concretes is compared to that of plain concrete

in Fig. 9.27 [75]. The strength of SFRC decreases

at a lower rate than that of plain concrete

throughout the temperature range, with the

strength being significantly higher than that of

plain concrete up to about 350 �C. The increased
tensile strength delays the propagation of cracks

in fiber-reinforced concrete structural members

and is highly beneficial when the member is

subjected to bending stresses.

The type of aggregate has a significant

influence on the tensile strength of steel

fiber–reinforced concrete. The decrease in tensile

strength for carbonate aggregate concrete is higher

than that for siliceous aggregate concrete [75].

The thermal properties of SFRC, at elevated

temperatures, are similar to those of plain concrete.

Kodur and Lie [27, 73] have carried out detailed

experimental studies and developed dilatometric

and thermogravimetric curves for various types of

SFRC. Based on these studies, they have also

developed expressions for thermal andmechanical

properties of steel fiber–reinforced concrete in the

temperature range 0–1000 �C [18, 76].
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High-Strength Concrete

The strength of concrete has significant influence

on the properties of HSC. The material properties

of HSC vary differently with temperature than

those of NSC. This variation is more pronounced

for mechanical properties, which are affected by

these factors: compressive strength, moisture

content, density, heating rate, percentage of silica

fume, and porosity [77]. The available informa-

tion on the mechanical properties of HSC at

elevated temperatures is presented in a review

report by Phan [30].

The loss in compressive strength with temper-

ature is higher for HSC than that for NSC up to

about 450 �C. Figure 9.28 shows the comparison

of strengths for NSC and HSC types, together

with CEB and European design curves for NSC.

The difference between compressive strength

versus temperature relationships of normal-

weight and lightweight aggregate concrete is

not significant. However, HSC mixture with sil-

ica fume have higher compressive strength loss

with increasing temperature than HSC mixture

without silica fume. Based on a series of high-

temperature material property tests, Kodur

et al. have proposed a set of stress-strain

relationships for HSC as a function of tempera-

ture [78, 79]. The variation, with temperature, of

modulus of elasticity and tensile strength of HSC

is similar to that of NSC.

Kodur and Sultan have presented detailed

experimental data on the thermal properties of

HSC (for both plain and steel fiber–reinforced

concrete types) [80]. The type of aggregate has

significant influence on the thermal properties

of HSC at elevated temperatures. Figure 9.29

shows the thermal conductivity and specific

heat of HSC, with siliceous and carbonate

aggregates, as a function of temperature. Based

on the test data, Kodur and Sultan have proposed

relationships for thermal conductivity, specific

heat, thermal expansion, and mass loss of HSC

as a function of temperature [81].

The variation of thermal expansion with

concrete temperature for siliceous and carbonate

aggregate HSC is similar to that of NSC, with

the aggregate having a strong influence. Overall,

the thermal properties of HSC, at elevated

temperatures, are similar to those of NSC [82].

HSC, due to low porosity, is more susceptible

to spalling than NSC, and explosive spalling

may occur when HSC is exposed to severe fire

conditions. Hence, one of the major concerns for

the use of HSC is regarding its behavior in fire,

in particular, the occurrence of spalling at

elevated temperatures. For predicting spalling

performance, knowledge of the variation of

porosity with temperature is essential. Fig-

ure 9.30 shows the variation of porosity with

temperature for NSC and HSC. The data in

this figure are taken from the measurements
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of porosity after exposure to different

temperatures [36].

The spalling in HSC can be minimized by

creating pores through which water vapor can

be relieved before vapor pressure reaches critical

values. This is usually done by adding polypro-

pylene fibers to the HSC [71, 72, 83]. Also,

Kodur et al. have reported that spalling in HSC

columns can be minimized to a significant extent

by providing bent ties as lateral confinement

[77, 84]. Figure 9.31 illustrates conventional

and improved tie configuration for minimizing

spalling in HSC columns [84].
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Brick

Building brick belongs in the L/I group of

materials. The density (ρ) of bricks ranges from
1660 to 2270 kg�m–3, depending on the raw

materials used in the manufacture, and on the

molding and firing technique. The true density

of the material (ρt) is somewhere between 2600

and 2800 kg�m–3.

The modulus of elasticity of brick (E) is usu-

ally between 10 � 103 and 20 � 103 MPa. Its

compressive strength (σu) varies in a very wide

range, from 9 to 110 MPa—50 MPa may be

regarded as average [85]. This value is an order

of magnitude greater than the stresses allowed in

the design of grouted brickwork. Because brick is

rarely considered for important load-bearing

roles in buildings, there has been little interest

in the mechanical properties of bricks at elevated

temperatures.

At room temperature, the coefficient of

thermal expansion (α) for clay bricks is about

5.5 � 10�6 m�m–1 K–1. The dilatometric

and thermogravimetric curves for a clay brick

of 2180 kg�m–3 density are shown in Fig. 9.32

[7]. The variation with temperature of the spe-

cific heat and the thermal conductivity of this

brick is shown in Figs 9.33 and 9.34,

respectively [7].
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Wood

Wood is a Group L/I/F or I/F material. As struc-

tural members, wood is widely used in residential

and low-rise constructions. Although about

180 wood species are commercially grown in

the United States, only about 25 species have

been assigned working stresses. The two groups

most extensively used as structural lumber are

the Douglas firs and the southern pines.

The oven-dry density (ρ) of commercially

important woods ranges from 300 kg�m–3

(white cedar) to 700 kg�m–3 (hickory, black

locust). The density of Douglas firs varies from

430 to 480 kg�m–3 and that of southern pines

from 510 to 580 kg�m–3. The true density of the

solid material that forms the walls of wood cells

(αt) is about 1500 kg�m–3 for all kinds of wood.

The density of wood decreases with temperature;

the density ratio (ratio of density at elevated

temperature to that at room temperature) drops

to about 0.9 at 200 �C and then declines sharply

to about 0.2 at about 350 �C [40].

Wood is an orthotropic material, so the

strength and stiffness in longitudinal and trans-

verse directions are influenced by grain orienta-

tion. The mechanical properties of wood are
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affected by temperature and are influenced by

moisture content, rate of charring, and grain ori-

entation. The modulus of elasticity (E) of air-dry,

clear wood along the grain varies from 5.5 � 103

to 15.0 � 103 MPa, and its crushing strength (σu)
varies from 13 to 70 MPa. These properties are

related and roughly proportional to the density,

regardless of the species [86].

Figure 9.35 shows the variation of the

modulus of elasticity and compressive strength

of oven-dry, clear wood with temperature

[87–89]. (E0 and [σu]0 in the figure are modulus

of elasticity and compressive strength at room

temperature, respectively.) The modulus of elas-

ticity decreases slowly with temperature up to

about 200 �C, when it reaches about 80 %, and

then the decline is more rapid. The compressive

strength also drops linearly to about 80 % at

about 200 �C, and then the drop is more rapid—

to about 20 % around 280 �C.
The tensile strength exhibits behavior similar

to that of compressive strength, but the decline in

tensile strength with temperature is less rapid.

The moisture content plays a significant role

in determining the strength and stiffness, with

increased moisture content leading to higher

reduction. There is very little information on

stress-strain relationships for wood. The formulas

for reduced stiffness and design strength can

be found in Eurocode 5 [90] (Part 1.2).

The coefficient of linear thermal expansion

(β) ranges from 3.2 � 10–6 to 4.6 �
10–6 m�m–1�K–1 along the grain and from

21.6 � 10–6 to 39.4 � 10–6 m�m–1�K–1 across

the grain [91]. Wood shrinks at temperatures

above 100 �C, because of the reduction in mois-

ture content. Lie [29] reported that the amount of

shrinkage can be estimated as 8 % in the radial

direction, 12 % in the tangential direction, and an

average of 0.1–0.2 % in the longitudinal direc-

tion. The dilatometric and thermogravimetric

curves of a pine with a 400 kg�m–3 oven-dry

density are shown in Fig. 9.36 [7].

The thermal conductivity (k) across the grain

of this pine was measured as 0.86–1.07

W�m–1�K–1 between room temperature and

140 �C [14]. The thermal conductivity increases

initially up to a temperature range of 150–200 �C,
then decreases linearly up to 350 �C, and

finally increases again beyond 350 �C.
Figure 9.37 shows the apparent specific heat

for the same pine, as a function of temperature

[7]. The accuracy of the curve (developed by

differential scanning calorimeter [DSC]) is some-

what questionable. However, it provides useful

information on the nature of decomposition

reactions that take place between 150 and 370 �C.
Charring is one of the main high-temperature

properties associated with wood and should be

considered in predicting performance under fire
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conditions. The rate of charring is influenced by

the radiant heat flux or, alternatively, the fire

severity. Generally, a constant transverse-to-

grain char rate of 0.6 mm/min can be used for

woods subjected to standard fire exposure [29].

The charring rate parallel to the grain of wood is

approximately twice the rate when it is transverse

to the grain. These charring rates should be used

only when attempting to model the performance

of wood sections in the fire resistance furnace.

Charring is influenced by a number of

parameters, the most important ones being den-

sity, moisture content, and contraction of wood.

It is reasonable to modify the 0.6 mm/min to

approximately 0.4 mm/min for moist dense

wood or to 0.8 mm/min for dry and light wood.

The fire retardants often used to reduce flame

spread in wood may only slightly increase the

time until ignition of wood.

Specific charring rates for different types of

wood can be found in “Structural Fire Protec-

tion” [29] and Bénichou and Sultan [40].

Eurocode [90] gives an expression for charring

depth in a wood member exposed to standard

fire. The dependence of charring rate on the

radiant heat flux is discussed in Wood

Handbook [87].
In recent years different types of engineered

wood is widely used in residential construction.

These engineered wood products (ex: joists and

studs) capitalize on the strength of wood and the

efficiency of the sectional shapes (ex: I-shaped

joists) to enhance load bearing capacity at

ambient conditions, while at the same time

reducing the mass and cost of the structural

member. However, there is very limited data on

high temperature thermo-mechanical properties

of engineered lumber and fire resistance of

engineered joists and studs. Limited research

has clearly shown that fire resistance of

engineered joists to be significantly lower than

that of conventional wood joists [92]. This was

mainly attributed to poor thermal, mechanical

and charring properties of engineered lumber as

compared to conventional wood products. Typi-

cally, room temperature thermal conductivity

and modulus of elasticity of engineered lumber

is higher than other types of wood due to the

presence of compressed plies [92]. Comparison

of charring rates indicate that engineered lumber

has higher rate of charring rate as compared to

conventional wood [92].

Fiber-Reinforced Polymers

In recent years, there has been a growing interest in

the use of fiber-reinforced polymers (FRPs) in civil

engineering applications due to the advantages,

such as high strength and durability (resistance to

corrosion), that FRP offers over traditional

materials. FRP composites consist of two key

elements, namely the fibers (glass, carbon, or

aramid) and a thermosetting polymer matrix such

as epoxy, vinyl ester, phenolic, or polyester

resin. The commonly used types of FRP composite

materials are glass fiber–reinforced plastic

(GFRP), carbon fiber–reinforced plastic (CFRP),

and aramid fiber–reinforced plastic (AFRP)

composites. FRPs are similar to wood in that they

will burn when exposed to fire and can be classi-

fied as an L/I/F type material.

FRP is used as an internal reinforcement

(reinforcing bars as an alternative to traditional

steel reinforcement) and as external reinforce-

ment in forms, such as wrapping and sheeting

for the rehabilitation and strengthening of con-

crete members. One of the main impediments to

using FRPs in buildings is the lack of knowledge

about the fire resistance of FRP [93, 94].

There are some major differences associated

with FRP as a material. The properties depend

on the type and composition of FRP, and the

availability of various types of FRP makes it

difficult to establish the properties at elevated

temperatures. The material properties are con-

trolled by the fibers in the longitudinal direction

and by the matrix in the transverse direction. In

addition to thermal and mechanical properties,

factors such as burning, charring, evolution of

smoke, and toxicity in fire also play a significant

role in determining the fire performance. A sum-

mary of typical mechanical properties for various

types of FRPs, in comparison to other commonly

used construction materials, at room tempera-

ture, is presented in Table 9.3.
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There is very little information on the material

properties of FRPs at elevated temperatures [93].

The impact of high temperatures on the behavior

of FRP composites is severe degradation of their

properties: reduction of strength and stiffness,

and increase in deformability, thermal expan-

sion, and creep. Above 100 �C temperature, the

degradation can be quite rapid as the glass tran-

sition temperature of the matrix is reached.

The glass transition temperature, which is

often considered the upper use temperature,

varies with the type of resin used and was

found to be as low as 100 �C in some resins and

as high as 220 �C in others. From the limited

studies, it appears that as much as 75 % of the

GFRP strength and stiffness is lost by the time

the temperature reaches 250 �C [93, 95].

The stress-strain relationships, from the stud-

ies conducted by Gates [95], for a CFRP com-

posite (IM7/5260) are shown in Fig. 9.38 for

various temperatures. It can be seen that the

tensile strength of IM7/5260 composite reduces

to approximately 50 % at about 125 �C and to

about 75 % at a temperature of 200 �C. The strain
level, for a given stress, is also higher with the

increase in temperature. Recently, Wang and

Kodur reported high temperature strength and

stiffness properties of glass and carbon FRP

rebars; full details of the tests are reported in

Wang and Kodur [96].

The variation of strength with temperature

(ratio of strength at elevated temperature to that

at room temperature) for FRP along with that of

other traditional construction materials is shown

in Fig. 9.2. The curve showing the strength deg-

radation of FRP is based on the limited informa-

tion reported in the literature [93, 95]. The rate of

strength loss is much greater for FRP than for

concrete and steel, resulting in a 50 % strength

loss by about 200 �C.
The bond between FRPs and concrete

(or between FRP layers or lap splices in multiply

layup applications) is essential to transfer loads.

This load transfer occurs through the polymer

resin matrix and thus relies heavily on the

mechanical properties of the polymer.

Table 9.3 Properties of various FRP composites and other materials

Material

Modulus

of elasticity

Modulus

of elasticity

Tensile

strength

Comp.

strength

Shear

modulus

Shear

strength

Poisson’s

ratio

Tensile

strength

Comp.

strength

E1 (MPa) E2 (MPa)

σt1
(MPa)

σc1
(MPa)

G
(MPa)

S
(MPa) ν σ2 (MPa)

σc2
(MPa)

GFRP (glass/

epoxy)

55,000 18,000 1050 1050 9000 42 0.25 28 140

GFRP (glass/

epoxy)

unidirectional

42,000 12,000 700 — 5000 72 0.30 30 —

CFRP (carbon/

epoxy)

unidirectional

180,000 10,000 1500 — 7000 68 0.28 40 —

CFRP (graphite/

epoxy)

207,000 5200 1050 700 2600 70 0.25 40 120

Boron/epoxy 207,000 21,000 1400 2800 7000 126 0.30 84 280

ARP (aramid/

epoxy)

unidirectional

76,000 8000 1400 — 3000 34 0.34 12 —

Mild steel 200,000 — 550 240 — 380 — — —

Concrete (normal

strength)

31,000 — 	4 40 — 	7 0.15–0.20 — —

Wood (Douglas

fir)

9800 — 69 — — — — — —

E1 ¼ modulus of elasticity in longitudinal direction

E2 ¼ modulus of elasticity in transverse direction
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Deterioration of the mechanical properties of the

matrix material at temperatures above the spe-

cific polymer’s glass transition temperature, Tg,
have the potential to cause loss of bond at only

modestly increased temperatures, resulting in

loss of interaction between FRP and concrete.

The glass transition temperature of commonly

used polymer matrix materials is typically in

the range of 65–140 �C.
No specific research has yet been reported on

the bond between concrete and externally bonded

FRP strengthening systems at high temperature,

although limited data on the high-temperature

residual performance of the FRP concrete bond

has recently been presented [97].

Research on the bond properties of FRP bars

for concrete reinforcement applications (internal

reinforcement) at elevated temperature has been

reported in the literature [98–101]. This work has

indicated that dramatic decreases in bond strength

can be expected, to values of about 10 % of room

temperature strength, at temperatures between

100 and 200 �C (i.e., at temperatures close to or

above Tg). The observed bond strength reductions
have been attributed to changes in the properties of

the polymer matrix at the surface of the FRP bars.

It seems clear that temperature effects on the

FRP–FRP and FRP–concrete bond are critical,

both in FRP internal reinforcement and in exter-

nally bonded FRP applications, and a great deal

of additional research is required in this area.

Thus, bond degradation at elevated temperature

is a critical factor to be considered in the design

of FRP-reinforced or -strengthened concrete

members. This was observed in full-scale fire

tests on FRP-strengthened reinforced concrete

columns [102].

The critical temperature of FRP is much lower

than that for steel and depends on the composition

of fibers and matrix. Kodur and Baingo

have assumed a critical temperature of 250 �C in

modeling the behavior of FRP-reinforced concrete

slabs [93]. Recently,Wang andKodur have devel-

oped critical temperature information for glass

and carbon FRP reinforcing rebars [103, 104].

They carried out a series of tensile strength

tests at high temperatures on two types of com-

mercially available FRP rebars. This included

both carbon FRP and glass FRP bars of different

diameters. Conventional steel rebars were also

tested for comparison. The data were used to

determine the variation of average failure strength

and elasticmodulus for each type of reinforcement

with increasing temperature. Full details of exper-

imental studies, including specimen preparation,

test setup, test procedure, and observations as well

as test data, are described elsewhere [96, 104].

A summary of the results of these studies are

shown in Fig. 9.39. For the GFRP and CFRP

bars, observed failure strengths were used,

whereas for the steel bars, the 0.2 % proof stress

was used. The elastic modulus was taken as the
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slope of a straight line fitted to the initial linear

portion of the recorded stress-strain relationship

for each specimen. The critical temperature for

the FRP reinforcement was derived based on a

50 % tensile strength reduction, as is the case for

steel reinforcement. This resulted in critical

temperatures of about 325 �C and 250 �C for

GFRP and CFRP reinforcing bars, respectively.

These critical temperatures are significantly less

than 593 �C, the critical temperature for steel

reinforcement, thus highlighting the presumed

susceptibility of FRP reinforcement to fire.

Figure 9.39 also shows that the steel reinforcing

bars in these tests lost about 50 % of their room-

temperature yield strength at about 550 �C, a

result that agrees well with published data avail-

able in the literature.

The variation of elastic moduli of FRP with

temperature is different in each direction. Typical

values for various types of FRP are given in

Table 9.3 [93]. The three values represent the

longitudinal, transverse, and shearmoduli, respec-

tively, of different unidirectional FRPs. At high

temperature, the elastic moduli of FRPs decreases

at a faster rate than that for concrete or steel.

Similar to mechanical properties, the thermal

properties of FRP are also dependent on direc-

tion, fiber type, fiber orientation, fiber volume

fraction, and laminate configuration. Table 9.4

shows thermal properties for various types of
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Table 9.4 Thermal properties of various FRPs and other materials at room temperature

Material

Coefficient of thermal expansion

(unidirectional) (β: 10–6 m � m–1��C)
Thermal conductivity k

(W � m–1 � C–1)

Longitudinal αL Transverse αΤ Longitudinal kL Transverse kT

Glass/epoxy (S-glass) 6.3 19.8 3.46 0.35

Glass/epoxy (E-glass: 63 % fiber) 7.13 — — —

Carbon/epoxy (high modulus) –0.9 27 48.4–60.6 0.865

Carbon/epoxy (ultra-high modulus) –1.44 30.6 121.1–129.8 1.04

Boron/epoxy 4.5 14.4 1.73 1.04

Aramid/epoxy (Kevlar 49) –3.6 54 1.73 0.73

Concrete 6.16 1.36–1.90

Steel 10.8–18 15.6–46.7

Epoxy — 54–90 — 0.346
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FRP at room temperature. In the longitudinal

direction, the thermal expansion of FRPs is

lower than that of steel. However, in the trans-

verse direction, it is much higher than that of

steel. Some of the information available in the

literature can be found in a review report by

Kodur and Baingo [93]. At room temperatures,

FRPs in general have low thermal conductivity,

which makes them useful as insulation materials.

With the exception of carbon fibers, FRPs have a

low thermal conductivity.

Information on the thermal properties of FRP

at elevated temperatures is very scarce, which

is likely due to the fact that such information

is proprietary to the composite materials’

manufacturers. Also, there is not much informa-

tion on evolution of smoke and toxins in FRP

composites exposed to fire.

Thermal expansion of FRP reinforcement

varies in longitudinal and transverse directions,

and the coefficient of thermal expansion highly

depends on type of fiber, resin, and volume frac-

tion of fiber. The longitudinal coefficient of

thermal expansion is dominated by properties of

the fiber, while the transverse coefficient is

dominated by properties of the resin. Figure 9.40
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(a and b) shows longitudinal and transverse

coefficients of thermal expansion for typical

GFRP and CFRP bars. It can be noted that usu-

ally there is a change in expansion rate at around

glass transition temperature (Tg), indicating FRP

reinforcement experiences different coefficients

of thermal expansion before and after phase

change (Tg). In transverse direction, the dimen-

sion of GFRP and CFRP rebars increase with

temperature, and GFRP undergoes higher ther-

mal expansion than that of CFRP. However, in

longitudinal direction, GFRP rebar slightly

expands with temperature, but CFRP rebar

contracts with increase in temperature. The

coefficients of thermal expansion in transverse

direction for GFRP and CFRP rebars can be

taken to be 64.5 and 7.79 � 10�6/�C, respec-
tively, while the corresponding coefficients of

thermal expansion in longitudinal direction are

2.48 and �7.6 � 10�6/�C, respectively [105]

Gypsum

Gypsum (calcium sulfate dihydrate: CaSO4 �
2H2O) is a Group I material. Gypsum board is

produced by mixing water with plaster of paris

(calcium sulfate hemihydrate: CaSO4�1/2H2O) or

with Keene’s cement (calcium sulfate anhydrite:

CaSO4). The interlocking crystals of CaSO4 �
2H2O are responsible for the hardening of the

material.

Gypsum products are used extensively in the

building industry in the form of boards, including

wallboard, formboard, and sheathing. The core

of the boards is fabricated with plaster of paris,

into which weight- and set-controlling additives

are mixed. Furthermore, plaster of paris, with the

addition of aggregates (such as sand, pearlite,

vermiculite, or wood fiber) is used in wall plaster

as base coat, and Keene’s cement (neat or mixed

with lime putty) is used as finishing coat.

Gypsum board, based on composition and

performance, is classified into various types,

such as regular gypsum board, type X gypsum

board, and improved type X gypsum board. A

gypsum board with naturally occurring fire resis-

tance from the gypsum in the core is defined as

regular gypsum. When the core of the gypsum

board is modified with special core additives or

with enhanced additional properties, to improve

the natural fire resistance from regular gypsum

board, it is classified as type X or improved type

X gypsum board. There might be significant var-

iation in fire performance of the gypsum board

based on the type and the formulation of the core,

which varies from one manufacturer to another.

Gypsum is an ideal fire protection material.

The water inside the gypsum plays a major role

in defining its thermal properties and response to

fire. On heating, it will lose the two H2O

molecules at temperatures between 125 and

200 �C. The heat of complete dehydration is

0.61 � 106 J/kg gypsum. Due to the substantial

absorption of energy in the dehydration process,

a gypsum layer applied to the surface of a build-

ing element is capable of markedly delaying the

penetration of heat into the underlying load-

bearing construction.

The thermal properties of the gypsum board

vary depending on the composition of the core.

The variation with temperature of the volume

specific heat (ρcp) of pure gypsum has been

illustrated in Harmathy [106], based on informa-

tion reported in the literature [107, 108]. The

thermal conductivity of gypsum products is

difficult to assess, owing to large variations in

their porosities and the nature of the aggregates.

A typical value for plaster boards of about

700 kg�m–3 density is 0.25 W�m–1�K–1.

Figures 9.41 and 9.42 illustrate the typical varia-

tion of the thermal conductivity and the specific

heat, respectively, of the gypsum board core with

temperature. The plots reflect the expressions

proposed recently by Sultan [109], based on

tests conducted on type X gypsum board

specimens. The specific heat measurements

were carried out at a heating rate of 2 �C/min.

The dehydration of gypsum resulted in the two

peaks that appear in the specific heat curve at

temperatures around 100 �C and 650 �C. The
peak values are slightly variant to those reported

earlier by Harmathy [16]; this may be due to the

differences in gypsum composition.

The coefficient of thermal expansion (β) of

gypsum products may vary between
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11.0 � 10–6 and 17 � 10–6 m�m–1�K–1 at room

temperature, depending on the nature and

amount of aggregates used. The dilatometric

and thermogravimetric curves of a so-called

fire-resistant gypsum board of 678 kg�m–3 den-

sity are shown in Fig. 9.43.

There is not much information about the

mechanical properties of the gypsum board at

elevated temperatures because these properties

are difficult to obtain experimentally. The

strength of gypsum board at an elevated temper-

ature is very small and can be neglected. The

Gypsum Association [110] lists typical mechani-

cal properties, at room temperature, for some

North American gypsum board products. The

attachment details (screw spacing, orientation

of gypsum board joints, stud spacing, etc.) may

have a noticeable effect on the fire performance

of the gypsum board.

Insulation

Insulation is a Group I material and is often used

as a fire protection material both for heavy struc-

tural members such as columns and beams and

for lightweight framing assemblies such as floors

and walls. The insulation helps delay the
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temperature rise of structural members, thereby

enhancing fire resistance. There are a number of

insulation materials available in the market. Min-

eral wool and glass fiber are the two most widely

used insulation materials in walls and floors.

Other insulation materials used for fire protection

include intumescent paints, spray mineral fibers,

insulation boards, and compressed fiber board.

The thermal properties of insulation play an

important role in determining the fire resistance.

However, there is not much information avail-

able on the thermal properties of various types

of insulation. Figure 9.44 shows the variation of

thermal conductivity with temperature for glass

and rock fiber insulation types. The differences

in thermal conductivity values at higher

temperatures are mainly due to variation in the

chemical composition of fiber.

Full-scale fire resistance tests on walls and

floors have shown that the mineral fiber insula-

tion performs better than glass fiber insulation.

This is mainly because glass fiber melts in the

temperature range of 700–800 �C and cannot

withstand direct fire exposure. The melting

point for mineral fiber insulation is higher.

The density of glass fiber is about 10 kg/m3 and

is much lower than that of rock fiber, which is

about 33 kg/m3.

The mineral wool insulation, when installed

tightly between the studs, can be beneficial for

the fire resistance of non-load-bearing steel stud

walls because it acts as an additional fire barrier
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after the fire-exposed gypsum board falls off

[111]. On the other hand, cavity insulation

slows down the flow of heat through the wall

assembly and can cause an accelerated tempera-

ture rise in the fire-exposed gypsum board.

Another common form of fire insulation

applied on steel structural members to achieve

required fire resistance is spray applied fire resis-

tive materials (SFRM), which work by delaying

temperature rise in steel. SFRM, available under

different trade names, offers several advantages

over other types of fire insulation such as cost

effectiveness, ease of application, and light

weight, and therefore is widely used as fire

proofing material for steel structures. SFRM is

mainly composed of base materials such as

gypsum, cementitious and mineral fiber and

other additives such as vermiculite.

The thermal properties of some of the com-

monly used insulation systems are given in

Table 9.5 [112]. It should be noted that these

values are average property values and can vary

depending on the manufacturer and on the

proportions of different constituent materials.

Also the moisture content of the insulation mate-

rial has an effect on the thermal properties.

The above listed thermal properties for fire

insulation are at room temperature and they can

vary significantly with temperature and also with

insulation composition, which can vary for dif-

ferent trade names (from different commercial

manufactures) among the same type of insulation

2

1.6

1.2

0.8

0.4

0
0 200

Temperature (°C)

T
he

rm
al

 c
on

du
ct

iv
ity

 (
W

/m
°C

)

400 600 800 1000

Rock fiber

Glass fiber

Rock fiber

Fig. 9.44 Thermal

conductivity of insulation

as a function of

temperature [40]

Table 9.5 Properties of some commonly used insulation materials [105]

Material

Density Thermal conductivity Specific heat

Equilibrium

moisture content

ρ (kg/m3) k (W/m�K) c (J/kg�K) %

Spray

Sprayed mineral fibers 300 0.12 1200 1

Perlite or vermiculite plaster 350 0.12 1200 15

High-density perlite or vermiculite plaster 550 0.12 1200 15

Boards

Fiber silicate or fiber calcium silicate 600 0.15 1200 3

Gypsum plaster 800 0.2 1700 20

Compressed fiber boards

Mineral wool, fiber silicate 150 0.2 1200 2
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(ex: SFRM). However, in practice fire resistance

of insulated structural (steel) members is

evaluated by considering only room temperature

thermal properties of fire insulation [113]. This is

mainly due to lack of reliable data on the effect of

temperature on thermal properties of fire insula-

tion. Further, there is no data on relative thermal

performance of similar fire insulation products

(ex: SFRM) produced from different commercial

manufactures.

Figure 9.45a shows variation of thermal con-

ductivity with temperature for three types of

commercially available SFRM (A, B, and C)

generated in a recent research study [114]. The

thermal conductivity of three SFRM types at

room temperature is in the range of 0.07 and

0.2 W/m.K. This variation of thermal

conductivity among three types of SFRM well

pertains to the variation in their densities and also

to composition of ingredients in each type. The

trends in the figure further indicate that tempera-

ture has significant effect on thermal conductiv-

ity of SFRM. This variation in thermal

conductivity at higher temperatures is primarily

governed by changes in moisture content and

density of different SFRM types.

Insulation materials such as SFRM experience

shrinkage at higher temperatures, as opposed to

expansion phenomenon in materials such as

steel, concrete and wood. The variation of ther-

mal strain for three types of SFRM is plotted as a

function of temperature in Fig. 9.45b [114]. This

variation of thermal strain with temperature is

also linked to changes in moisture content.
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However, the loss of moisture content only

account for the shrinkage phenomenon that

occurs in 100–400 �C range. The intermediate

expansion resulting in increase in thermal strains

in 400–800 �C range is dictated by the expansion

of intumescent material, such as, vermulite,

which is added to SFRM to counteract shrinkage

and the percentage of Vermiculite in SFRM has

major influence on the level of contraction.

The change in density for three types of

SFRM at ambient conditions and after exposure

to 700 �C is presented in Table 9.6 [114]. There

is a decrease in density in all three types of

SFRM at 700 �C, which is predominantly due

to the loss of moisture. This decrease in density

in SFRM is comparable to that in gypsum, and

attributed to dehydration reactions, which takes

place with increase in temperature [115].

Other Miscellaneous Materials

Further information is available from the litera-

ture on the dilatometric and thermogravimetric

behavior, apparent specific heat, and thermal

conductivity of a number of materials in

Group I, including asbestos cement board,

expanded plastic insulating boards, mineral

fiber fireproofing, arborite, and glass-reinforced

cement board [7]. The properties of plastics and

their behavior in fire are discussed in other

chapters of this handbook and in Harmathy [2].

Summary

The use of numerical methods for the calculation

of the fire resistance of various structural

members is gaining acceptance. One of the

main inputs needed in these models is the mate-

rial properties at elevated temperatures. The ther-

mal and mechanical properties of most materials

change substantially within the temperature

range associated with building fires.

Even to date, there is lack of adequate knowl-

edge of the behavior of many building materials

at elevated temperatures. Although there is suffi-

cient information available for some materials,

such as normal-strength concrete and steel, there

is a complete lack of information on certain

properties for widely used materials, such as

wood, insulation, and so on. Often, traditional

materials are being modified (e.g., high-strength

concrete) to enhance their properties at room

temperatures without giving due consideration

to elevated temperatures. In many cases, these

modifications will cause the properties to deteri-

orate at elevated temperatures and introduce

additional complexities, such as spalling in HSC.

In the field of fire science, applied materials

research faces numerous difficulties. At elevated

temperatures, many building materials undergo

physicochemical changes. Most of the properties

are temperature dependent and sensitive to test-

ing method parameters such as heating rate,

strain rate, temperature gradient, and so on. One

positive note is that in the last two decades, there

has been significant progress in developing mea-

surement techniques and commercial

instruments for measuring the properties. This

will likely lead to further research in establishing

material properties.

The review on material properties provided in

this chapter is a broad outline of the available

information. Additional details related to specific

conditions on which these properties are devel-

oped can be found in cited references. Also,

when using the material properties presented in

this chapter, due consideration should be given to

the material composition and other

characteristics, such as fire and loading, 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 experimen-

tal procedure. In no case does such identification imply

Table 9.6 Density of SFRM at room temperature and

after exposure to 700 �C

Insulation type

Density (Kg/m3)

Decrease

in density (%)

Room temp.

(20 �C) 700 �C
SFRM A 298 241.3 19.0

SFRM B 423.2 349.8 17.3

SFRM C 451.8 381.2 15.6

9 Properties of Building Materials 319



recommendations or endorsement by the authors, nor does

it imply that the product or material identified is the best

available for the purpose.

Nomenclature

a Material constant, dimensionless

b Constant, characteristic of pore geome-

try, dimensionless

c Specific heat (J�kg–1�K–1)

c Specific heat for a mixture of reactants

and solid products (J�kg–1�K–1)

E Modulus of elasticity (Pa)

h Enthalpy (J�kg–1)
Δh Latent heat associated with a “reaction”

(J�kg–1)
ΔHc Activation energy for creep (J�kmol–1)

k Thermal conductivity (W�m–1�K–1)

Lv Heat of gasification of wood

‘ Dimension (m)

Δ‘ ‘ – ‘0
m Exponent, dimensionless

M Mass (kg)

n Material constant, dimensionless

P Porosity (m3�m–3)

qn Net heat flux to char front

R Gas constant (8315 J�kmol–1�K–1)

S Specific surface area (m2.m–3)

t Time (h)
T Temperature (K or �C)
v Volume fraction (m–3.m3)

w Mass fraction (kg�kg–1)
Z Zener-Hollomon parameter (h–1)

Greek Letters

α Thermal diffusivity

β Coefficient of linear thermal expansion

(m�m–1)

γ Expression defined by Equation 9.3,

dimensionless

β0 Charring rate (mm/min)

δ Characteristic pore size (m)

ε Emissivity of pores, dimensionless

ε Strain (deformation) (m�m–1)

εt0 Creep parameter (m�m–1)

_εts Rate of secondary creep (m.m–1�h–1)
θ Temperature-compensated time (h)

ξ Reaction progress variable, dimensionless

π Material property (any)

ρ Density (kg�m–3)

σ Stress; strength (Pa)

σ Stefan-Boltzmann constant

(5.67 � 10–8 W�m–2�K–4)

Subscripts

g Glass transient (temperature)

a Of air

I Of the ith constituent

p At constant pressure

s Of the solid matrix

t True

t Time-dependent (creep)

T At temperature T
u Ultimate

y Yield

0 Original value, at reference temperature
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