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ABSTRACT

Strength, durability and stability are the main criteria for material selection and design in the construction industry.
Consequently, development and enhancement of construction materials is always an active and attractive field for engi-
neers and researchers. Elevated temperature (fire) is a potential threat for any structural buildings that can cause a major
damage. Response of construction materials exposed to elevated temperature or fire requires a full study and analysis
with lessons learned from previous cases. In this paper, properties of the common construction materials such as con-
crete, steel and composite structures under high temperature events is presented and discussed. In addition, performance
of advanced materials, such as Fiber Reinforced Polymer (FRP) and Concrete Filled Tubular (CFT) when exposed to
high temperature was discussed. Recommendations from different design codes to increase fire resistance of structures
are introduced. Finally, damage assessment of several bridges and buildings found in the literature exposed to fire

events is summarized.

Keywords: Construction Material; Fire Resistance; Impact of Fire on Structures; Structural Performance

1. Introduction

Sustainability of structures is a main concern in the con-
struction industry. Exposure to fire or elevated tempera-
ture is an extreme condition that leads to change in mate-
rials properties, consequently, change in overall behavior
is expected. Many research efforts were devoted toward
evaluation of materials’ performance when exposed to
fire and high temperature events. These efforts provide
understanding to the change of the materials properties
and recommend guidelines to enhance preference in such
events. Therefore, the objective of this paper is to high-
light the differences in behavior of different construction
materials when exposed to elevated temperature. In addi-
tion, design recommendations and codes requirements
are emphasized to recognize these differences.

Structures exposed to high temperature events (fire)
are usually investigated to evaluate their structure integ-
rity and performance. Several active and passive fire pro-
tection approaches could be taken to minimize or control
the impact of fire on structures and their components;
however, the change of materials properties and the loss
of structure stiffness require comprehensive evaluation of
the structure’s performance to recommend the subse-
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quent actions.

Three main categories: material properties, structural
evaluation, and recommendations to increase fire resis-
tance of structures and minimize the impact of high tem-
perature events on structures are discussed in this paper.

2. Materials Properties

Material properties such as thermal expansion, density,
and thermal conductivity need to be evaluated carefully
to understand the change of the materials performance
under extreme high temperature events. In addition, pro-
perties of materials’ constituents such as aggregates in
case of concrete, affect the overall material behavior un-
der high temperature events. The commonly used materi-
als in the construction industry are discussed in the fol-
lowing subsections.

2.1. Concrete

Concrete during high temperature event has a complex
behavior due to the differences in coefficient of thermal
expansion of each constitution. Proportioning of con-
crete mixtures to achieve high strength and maintaining
durability requirements during service live led to produc-
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tion of dense concrete mixtures with less water-cementi-
tious material ratio (w/cm). Therefore, mechanical prop-
erties of HSC at elevated temperature are different from
that of conventional concrete in two main areas: first,
strength loss in the intermediate temperature range 100°C
to 400°C and second the occurrence of explosive spalling
of the HSC. Strength loss should be considered by in-
corporating the code and design specifications during the
design stage. In addition, explosive spalling of the HSC
and loss of the concrete cover during fire leads to direct
exposure of the steel reinforcement to heat leading to loss
of overall structural capacity [1,2]. Therefore, high strength
concrete (HSC) and normal strength concrete (NSC) will
have a significant difference in fire performance. Several
factors that affect the fire resistance of concrete are con-
crete strength, moisture content, concrete density, and
aggregate type [3,4].

Concrete Strength: Concrete with compressive strength
higher than 55 MPa (8000 Psi) is more subjected to spall-
ing than that of less compressive strength. Spalling of
concrete usually happens during the initial stages of the
fire due to the buildup of water pressure in the matrix or
the effect of various thermal expansions in the matrix.
HSC has very low permeability and water-cement ratio,
consequently, moisture escapes with a slow rate and pore
pressure will increase. This will lead to a major reduction
in load bearing capacity and loss of concrete section dur-
ing fire events is expected. Therefore, HSC could have a
higher chance to spall more than NSC [3,4].

Moisture Content: Fire resistance of concrete is af-
fected by the existence of free moisture or exposure to
different levels of humidity (RH). Existence of free
moisture depends on the nature of coarse aggregate and
exposure to humidity. If the RH level exceeds 80%, ma-
jor spalling may occur for the concrete element during
fire. The ability of the free moisture to move from the
side exposed to fire to the colder side reduces the internal
pressure, hence, reduces the occurrence of spalling. In
the case of HSC, the moisture movement is limited due
to the high density, therefore, it is more susceptible to
spalling [4,5].

Concrete Density: HSC has a dense paste, low water-
cement ratio, and other supplementary materials such as
silica fume. In general, concrete with dense paste is
prone to spalling when exposed to fire. During fire, the
rate of transmission of the high temperature to the con-
crete core is high that leads to rapid loss of concrete sur-
face layers (spalling) [3,4].

Tpe of Aggregate: 60% to 70% per volume of any con-
crete mixture is aggregate; therefore, change in the con-
crete proprieties is mainly affected by the type of coarse
aggregates used in the mixture. Three types of aggregates
are commonly used in the construction industry; carbon-
ate, siliceous, and lightweight. Table 1 summarizes effect
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Table 1. Effect of high temperature on concrete properties
[6-8]. 1°C = 33.8°F.

Modulus of
elasticity

Compressive

Aggregate type strength

Carbonate (limestone,
dolomite)

Maintain strength
up to 1200°F

Reduction up to
50% at 800°F

Reduction up to
50% at 800°F

Reduction up to
40% at 800°F

Siliceous (granite and
sandstone)

Reduction up to
50% at 1200°F

Lightweight (natural or
manufactured)

Maintain strength
up to 1200°F

of high temperature on compressive strength and mo-
dulus of elasticity of concrete based on aggregate type. In
addition, specific heat and thermal conductivity are
greatly affected by aggregate type. Thermal conductivity
affects the rate of temperature increase in a case of a fire.
Lightweight aggregate has lower thermal conductivity
(0.577789317 Btu (IT) foot/hour/square foot/°F at 0°F)
compared to other aggregate types. However, a reduction
up to 50% of the thermal conductivity will happen at
650°C for all aggregate types [6,7].

Fiber Reinforced Concrete

Steel fiber is usually added to concrete mixtures to im-
prove plastic cracking characteristics, tensile and flexural
strength, impact strength and control cracking. However,
at elevated temperature steel fibers could reduce the fire
resistance of the concrete structures. Polypropylene fiber
or mix with steel fiber could be used to reduce the ad-
verse effect of the steel fiber at elevated temperature
[9,10].

2.2. Steel

Yield strength and modulus of elasticity of steel are re-
duced by about 12% to 14% when exposed to 482°C
temperatures, beyond this temperature a rapid decrease in
both properties will happen. In addition, reduction in
yield strength and modulus of elasticity at high tempera-
ture is also affected by the carbon percentage and stress
level of the steel member [11].

Other important property, coefficient of thermal ex-
pansion, also increases considerably as the steel tem-
perature increases as expressed in Equation (1) [12]:

a =(6.1+0.0019T)x10°° (1)

Where a is the coefficient of thermal expansion
(in/in-"F) and AT is the steel temperature rise above
100°F.

2.2.1. Steel Reinforcement

Steel reinforcement if protected by the minimum cover
specified by the code it is expected that the effect of high
temperature on the reinforcement bars will be negligible.
However, deformation due to thermal expansion and loss
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of bond between concrete and steel might cause the
structure instability and affect the structural integrity
[13-15].

2.2.2 High Strength Steel
Reduction in yield strength is related to the strain level;
therefore, reduction in the yield strength of the high

strength steel is smaller than that of the low strength steel.

In addition, reduction in the modulus of elasticity is re-
lated to the carbon content of the high strength steel
[10,16].

2.2.3. Cold Formed Steel

Cold formed steel structure when exposed to elevated
temperature; the steel grade is the main parameter that
controls the yield strength, while the steel thickness has a
minor effect on the strength loss. In addition, there is no
clear relationship between the elastic modulus and the
steel grade or thickness, however, elastic modulus at ele-
vated could be predicated by Equations (2) and (3) [17-
19]:

20 < T < 200C,ET/E20 = —0.000835T +1.0167  (2)
20 < T <800C,ET/E20 =-0.000135T +1.1201  (3)

Where ET and E20 are the elastic modulus at elevated
temperature and ambient temperature; respectively.

2.3. Composite Materials

To overcome some of the durability and steel corrosion
problems, advances in the construction industry led to
production of several new materials or introduction of
new construction techniques, which are being used in
many projects. Fiber Reinforced Polymer (FRP) is an
example of the composite materials that showed good
performance and provided the required mechanical prop-
erties. However, fire resistance and performance of com-
posite materials when exposed to elevated temperature
need to be evaluated.

Fiber Reinforced Polymer (FRP)

FRP bars are one of the top choices for high corrosion
resistance in sever environmental conditions. However,
FRP materials lose their strength and stiffness at early
stage during fire. Wang et al. [20] conducted an experi-
mental investigation to study the variations of strength
and stiffness of carbon fiber reinforced polyester (CFRP)
and glass fiber reinforced polyester (GFRP) compared to
traditional steel bars. Their results showed that the criti-
cal temperature of FRP bars is about 343°C; below this
temperature the FRP bars can maintain about 90% of
their original stuffiness. However, 35% to 45% reduction
of the CFRP and GFRP original strength respectively
happened at 343°C. In addition, the stress-strain relation-
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ships of FRP bars remained almost linear at elevated
temperatures until failure [20,21].

2.4. Composite Structures

2.4.1. Concrete Filled Tubular (CFT)

CFT consists of a concrete core confined by a steel tube.
The confinement provided by the steel tube enhances the
concrete properties and improves overall performance of
the structural elements. In addition, high flexural load
capacity, high seismic resistance and fast construction are
some of the other advantages of using CFT in construc-
tion projects. However, performance of CFT when ex-
posed to fire needs to be evaluated. Dimensions and
slenderness of the tube, lower section factor (A/V ratio),
direction of fire, and number of sides exposed to fire are
some of the main factors that affect the fire resistance of
a CFT section [22,23]. Numerical models and experi-
mental studies showed that CFT columns have better per-
formance than that of regular columns (steel or concrete)
under elevated temperature due to its composite behavior
[24,25]. This better performance could be explained by
the dual action of the steel tube and the concrete core.
When a CFT column is exposed to a fire, the load trans-
fer will happen in two stages. In the first stage, the steel
tube carries any additional stresses by the expansion of
its cross section. However, when the temperature in-
creases, the cross section starts to yield and a reduction in
the compressive strength of the whole column occurs due
to local buckling of the steel tube. This leads to the sec-
ond stage, the load transfers from the steel tube to the
concrete core and strength reduction continue with a
slower rate because of the low thermal conductivity of
the concrete until the column collapses either by buck-
ling or compression failure [26].

2.4.2. Composite Concrete and Structure Steel
Composite concrete and structure steel sections usually
consist of three main elements; reinforcement concrete
(RC), steel, and studs (shear connectors) [27-29]. Fire re-
sistance of a composite section is influenced by the be-
havior of all constituents:

Concrete Section: As discussed before spalling and ex-
posure of steel reinforcement are major threat for con-
crete during fire. Buildup pressure and moisture move-
ment are of a concern especially if steel plate is used at
the bottom of the RC slab [28]. In addition, tension de-
veloped in the concrete slab and deformation of the sup-
porting beams will lead to cracking and potential slip-
page near columns.

Structure Steel and Connections: Steel sections could
be used as profile (sheet), beams, and columns. Local
buckling of beam lower flange, shear in beam web, for-
mation of plastic hinge, buckling of column flange in
compression, fracture of the end-plate along the welds
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“connections”, elongation of holes in beam web, and
excessive deformation are some of the possible damages
of the steel cross sections during fire. These damages
depend on direction of fire, location of the section, exis-
tence of restraining elements, and time of exposure [27,
28,30].

Shear Studs: Composite action between the RC and
structural steel is usually achieved by shear studs. In ad-
dition, studs contribute to resistance of longitudinal shear
(shank) and tensile loads normal to the interface (head).
This can play a role in longitudinal slip. High strength
and stiffness are required in the studs to ensure load
transfer between the two sections. However, stiffness and
capacity of the studs are reduced during high temperature
events, which affect the overall performance of the com-
posite section. In addition, number and arrangement of
studs and existence of steel profile affect the slab-crack-
ing pattern [29,31].

It is important to note that testing individual members
provide information, which is used to improve codes and
design requirements. However, interaction between me-
mbers and connections that represents behavior of the
structure as a whole cannot be clearly identified unless a
full scale testing is conducted [29].

3. Structural Performance and Design
Requirements

Performance (fire resistance) of any structure when ex-
posed to fire depends on the material properties and in-
sulation/barriers to withstand or to confine fire. However,
fire resistance rating is an indicator about the expected
fire resistance of a structure in half-hour or hourly in-
crements [32].

Thermal expansion, structure end conditions (re-
strained or unrestrained), and loss of materials’ strength
and stiffness affect the overall performance of a specific
structure.

Concrete structures can have great performance during
fire event if the concrete has lower thermal conductivity
which leads to slower increase of the concrete tempera-
ture. Spalling of concrete during elevated temperature
could affect the mechanical properties of concrete due to
the increase of vapor pressure. This pressure leads to
internal cracks and stress which exceeds the tensile
strength of the concrete [6,32]. Hertz and Serensen found
that concrete does not spall if the moisture content was
kept below 3% per weight, however, if the moisture con-
tent is greater than 3%, spalling/explosive spalling could
be avoided by using cementations materials such as silica
fume or fiber concrete [33].

For steel structures, strength, ductility, consistency of
the steel material, shape of the structure and the applied
load are important factors which should be observed for
fire resistance calculation. The critical temperature de-
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pends on the load ratio and steel composition. The load
ratio value is the ratio of the applied design load to that
would generate a stress equal to yield stress at room
temperature [12,34]. It is necessary to apply insulation
material such as magnesia, vermiculite, sprayed mineral
and ablative coatings to protect the steel structure from
elevated temperature.

In composite structures, stresses and displacements
caused by thermal expansion control the structural be-
havior in fire until just before failure reduction in materi-
als’ strength and stiffness control the behavior again [35,
36].

3.1. Code and Specifications

Codes provide acceptable methods for determining the
fire resistance of buildings, building assemblies, and
structural elements for different construction materials
(concrete, masonry, steel, wood, clay). The 2009 Interna-
tional Building Code (IBC 2009) [37] when calculating
the fire resistance refers to the code requirements for fire
resistance of concrete and masonry construction assem-
blies the (ACI 216.1-07/TMS-0216-07) [38] while for
steel structures refers to the standard calculation methods
for structural fire protection ASCE/SEI/SFPE 29-05-
chapter 5 [39].

1) ACI216.1-07/TMS-0216-07

The code provides four methods which could be con-
sidered when evaluating construction materials or assem-
blies; qualification by testing (according to ASTM E 119
[40]), calculated fire resistance (in accordance with ACI
216.1), approval through past experience (materials/as-
semblies which had history of acceptable performance),
and alternative methods (encouraging new technology
for predicting the life safety and property protection of
structures) [38].

Minimum equivalent thickness (walls, floors, and
roofs), minimum cover end condition (unrestrained or
restrained), aggregate type, reinforcing steel type, non-
prestressed or prestressed, structure type (floor, roof slabs,
beams), number of layers, insulation materials used, and
minimum column size are considered when determining
the fire resistance rating for concrete structures.

2) ASCE/SEI/SFPE 29-05

The standard provides methods to calculate the fire re-
sistance for structural members as an alternative to the
ASTM E119 standard fire test [40]. Chapter 5 deals with
structural steel construction which covers columns,
beams, girders, and trusses. The fire resistance rating for
steel column is based on the weight, heated perimeter,
and type of protection material used. However, the stan-
dard provides procedures for beams and girders have
different size from the approved fire resistance assem-
blies. The procedure considers the thickness of the pro-
tection material, weight of the beam or girder, in addition
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to the heated perimeter. In case of steel trusses, the thick-
ness of the protection for each member should be deter-
mined following the same procedures for columns. How-
ever, for trusses support floors or roof, the beam/girder
procedures should be followed [39].

3) Eurocode [41-45]

Similar to the ACI 261.1 and ASCE/SEI/SFPE 29-05
codes the Eurocode provide guidelines and recommenda-
tions to identify the differences from the regular normal
temperature design. Eurocode 1 Part (1-2) (EN 1992-
EN1996) is a general rules for fire resistance should be
considered during design of any structure.

Eurocode 2 Part 1-2 (EN 1992-1-2) for concrete struc-
tures provides detailed calculations and models to ac-
count for the effect of high temperatures.

Eurocode 3 Part 1-2 (Eurocode 3-1-1, EN 1991-2-2)
offers general structural fire design rules for steel struc-
tures which deal with the deformation criteria under fire
conditions, material properties at elevated temperature,
fire design for connections, classification of cross sec-
tions, and effect of non-uniform temperature distribution
on the mechanical resistance of beams.

Composite steel and concrete structures when exposed
to elevated temperature should be designed according to
the Eurocode 4 (EN1994-1-2, EN 1991-2-2).

3.2. Analytical Models

Many analytical and experimental research efforts are
conducted to help predicting the fire resistance of con-

Table 2. Summary of some structures (bridges and multi-story buildings) exposed to fire events [52-55].

Structure type Date of the fire

Main cause

Main damage

One New York plaza, New York
Reinforced concrete without 1970
sprinklers system

Bristol parkway viaduct bridge 1972

The central core of the CESP
building, Sao Paulo

reinforced concrete framing with ribbed 1972
slab floors (was no sprinklers system)
Joelma building, Sao Paulo 1974

Reinforced concrete
MGM Grand Hotel, Las Vegas
Reinforced concrete with 1980
sprinklers system

The fire happens due to hot wire
cutting equipment used to
remove the EPS soffit forms

Wrong thermal activate in the
security system

Flammable materials had been
used to furnish the interior

Fault inside a wall soffit at
electrical ground

Truck accident

Failure of the steel filler beams on the 33 - 34th floors.
Shear of connection bolts during the fire.

The spalling in 40 mm over much of the soffit and
exposing the mild steel transverse. Load
testing showed no loss of capacity.

Partial collapse.

Spalling of exterior concrete walls
which case partial collapse.

There was no major collapse. However, the casino and
restaurants floors suffered of few hours of burning.

Sagging of the steel deck beams at least 150 mm and
spalling of deck concrete.

There was no main structural damage to the bridge.

Spalling in eight prestressed concrete bridges beams,
however, the capacity of the prestressed beams were
not affected by the fire.

Because of 33,000 litters of ~ Large damages at the main 46 m span and adjacent spans

Motorway over-bridge 1982
Keele service station Bridge 1984
Little brook bridge, Dartford 1984

Gravelly Hill interchange bridge 1990

Textile factory, Alexandria, Egypt

Sprinklers system was not provided 2000

Wiehl viaduct bridge, Germany
Steel deck of the bridge deformed for 2004
a length 60 m without collapsing

Rio-Antirrio bridge, Greece,
The world’s longest multi-span 2005
cable-stayed bridge (2880 m)
McArthur Maze bridge, Oakland,
California, Steel plate girder 2007
failure, connections failure
Canal with locks Protzenweiher,
Regensburg, Germany 2008
Steel-concrete composite bridge

Boulevard Bridge, Montebello,
Los Angeles, 2011
Reinforced concrete

petrol crashed into the
substructure of a road

Shortage room at
the ground floor

Car-fuel truck accident

Damaging the adjacent cable and
crushing onto the deck

Fuel truck accident

Opening of gas pipe running
under the bridge

Fuel truck accident

at two levels and two columns. Total replacement of the
bridge was recommended instead of the retrofit.

Total collapse.

Limited damages and vulnerability due to the
relatively low temperature reached to steel
deck. Temporary repairs were required.

Direct effect on the serviceability of the bridge.
No major damages were developed.

Partial collapse. Major reconstruction was applied with
budget reach to $90 million.

Total collapse.

Partial collapse. Need to be demolished due to the
major damage in the reinforced concrete
structure and the high cost of repairing.
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struction materials or assemblies. The main objective of
these analytical investigations is to provide understand-
ing of the construction materials/assemblies behavior
when exposed to elevated temperature specially, the ex-
perimental research requires special testing environment
[46-51].

4. Lessons Learned from Previous Events

Table 2 summarizes some of the accidental fire cases for
bridges and multi-story buildings found in the literature.
Every fire case is different (cause of fire, exposure time
to the elevated temperature), however; several cases sur-
vived the fire because of the adequate cover which was
provided during design stages [52,53].

5. Conclusion

This study presents an overview of the research efforts
that were devoted to investigate behavior of the com-
monly used construction materials under elevated tem-
perature events. Several experimental investigations, nu-
merical models and design requirements were included in
the survey. In addition, behavior of composite structures
was discussed. Temperature level, exposure time, protec-
tion, and methods used to control a fire have great impact
on the performance of structures during and after fire.
Fire resistance of structural members should be consid-
ered during the design stage to meet certain behavior and
performance if exposed to accidental fire. Many research
efforts in addition to the codes and specifications provide
guidelines to account for the change in the material pro-
perties when exposed to elevated temperature. Most of
the research motivations come from lessons learned from
previous events.
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