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a b s t r a c t
This paper presents a critical review of research progress in modelling the structural response of polymer
matrix composites exposed to ﬁre. Models for analysing the thermal, chemical, physical, and failure processes that control the structural responses of laminates and sandwich composite materials in ﬁre are
reviewed. Models for calculating the residual structural properties of composites following ﬁre are also
described. Progress towards validation of the models by experimental characterisation of the structural
properties of composites during and following ﬁre is assessed. Deﬁciencies in the ﬁre structural models
are identiﬁed in the paper, which provide the focus for future research in the ﬁeld.
Ó 2009 Elsevier Ltd. All rights reserved.

1. Introduction
This paper presents a critical review of progress in the structural analysis and modelling of ﬁbre–polymer composite materials
in ﬁre. Fire performance is one of the most signiﬁcant factors
affecting the wider use of composites in engineering structures
[e.g. 1–5]. Unlike other structural materials such as steel, aluminium alloy and reinforced concrete, composites are reactive at high
temperature due to the organic matrix and (when present) organic
ﬁbres (e.g. aramid, polyethylene). The types of composites often
used in structures, such as glass–polyester, glass–vinyl ester, carbon–epoxy and carbon–thermoplastic materials, decompose when
exposed to high temperature ﬁre (typically above several 100°C),
with the release of heat, smoke and fumes. The ﬁre reaction behaviour of structural composite materials have been thoroughly
characterised, and a large database of information is available on
their time-to-ignition, heat release rate, limiting oxygen index,
ﬂame spread, smoke density and smoke toxicity properties
[1,6–25]. There has also been progress in the development of models to calculate certain ﬁre reaction properties, such as ignition
time and heat release rate [23–27].
The major progress in the modelling and measurement of the
ﬁre reaction properties of composite materials has, until recently,
not been matched by advances in the analysis of their structural
* Corresponding author. Tel.: +61 3 9925 6269; fax: +61 3 9925 6108.
E-mail address: adrian.mouritz@rmit.edu.au (A.P. Mouritz).
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behaviour in ﬁre. Understanding the ﬁre structural performance
is a critical safety issue because the loss in stiffness, strength and
creep resistance can cause composite structures to distort and collapse; possibly resulting in injury and death. While some progress
has been made in developing thermal models for steel structures
for use in computation ﬂuid dynamic models of ﬁre [28,29], much
less is known about composite structures. Composites with high
ﬂammability and low ﬁre resistance are being used increasingly
in structural applications where ﬁre is an ever present risk, such
as aircraft, ships and offshore oil drilling platforms. The ﬁre structural response is arguably as important to safety as the ﬁre reaction
behaviour that has been more widely studied. Therefore, modelling
the ﬁre structural response of composites is essential to assessing
their survivability and safety.
Until recently, models to analyse the structural behaviour of
composites in ﬁre were not available. Instead, the conventional approach to assess the structural response has been to perform ﬁre
tests on composite components that are representative of the
structural application, such as bulkhead panels for ships or fuselage sections for aircraft [e.g. 30–32]. These tests provide information on the mechanical integrity and burn-through resistance of
the structural design for the speciﬁc ﬁre test condition. However,
the tests are expensive, complicated to perform, and only provide
information relevant to the ﬁre test condition. It is not possible
to extrapolate the information from these tests to predict the
structural behaviour of composite components in other ﬁre
scenarios.
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Nomenclature
A
b
C
Cp
Cp(c)
Cp(g)
Cp(v)
Cpj(c)
Cpj(v)
d
dc
dn
E
Ec
Ec(char)
Ec(o)
Ef
Ef(char)
Ef(o)
Et
Et(o)
Et(char)
F
G12
hc
hconv
hg
kj(v)
kj(c)
k?
kcr
kv
kc
Lc
Lf
MC
m
md
mo
mf
mg
n
nk
n
P
Pc
Pc(char)
Pc(o)

pre-exponential factor for decomposition reaction of
polymer matrix
width of composite beam
boundary condition constant
speciﬁc heat capacity of composite
speciﬁc heat capacity of decomposed (char) composite
speciﬁc heat capacity of gas
speciﬁc heat capacity of virgin composite
curve-ﬁt coefﬁcients for the speciﬁc heat capacity of
decomposed (char) composite (j = 1, 2, . . .)
curve-ﬁt coefﬁcients for the speciﬁc heat capacity of virgin composite (j = 1, 2, . . .)
total thickness of composite
thickness of decomposed (char) layer
neutral axis of composite
activation energy for decomposition reaction of polymer
matrix
post-ﬁre compression modulus of composite
compression modulus of decomposed (char) composite
compression modulus of virgin composite
post-ﬁre ﬂexural modulus of composite
ﬂexural modulus of decomposed (char) composite
ﬂexural modulus of virgin composite
post-ﬁre tensile modulus of composite
tensile modulus of virgin composite
tensile modulus of decomposed (char) composite
mass fraction of virgin material in decomposing composite
in-plane shear modulus of composite
enthalpy of the composite
enthalpy of convective heat
enthalpy of the volatile gas
curve-ﬁt coefﬁcients for the thermal conductivity of the
virgin laminate (j = 1, 2)
curve-ﬁt coefﬁcients for the thermal conductivity of the
char material (j = 1, 2, 3, 4)
through-thickness thermal conductivity
thermal conductivity of delamination
thermal conductivity of virgin composite
thermal conductivity of decomposed (char) composite
unsupported length of composite beam
bending support span length
moisture content
instantaneous mass fraction of polymer matrix during
decomposition
mass fraction of decomposed polymer matrix
initial mass fraction of polymer matrix prior to decomposition
ﬁnal mass fraction of polymer matrix following decomposition
mass ﬂux of volatiles
order of the decomposition reaction of the polymer matrix
empirical constant
kink empirical constant
mechanical property of composite at elevated temperature
post-ﬁre compression buckling failure load of composite
compression failure load of decomposed (char) composite
compression failure load of virgin composite

The key challenge to the modelling of composites in ﬁre is the
complexity of the thermal, chemical, physical, and failure processes which control the structural behaviour. A summary of the
ﬁre processes in polymer laminates is shown in Fig. 1, and are
brieﬂy described as follows:

Pf
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m
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q
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qc
r

r
rfb(0)
rf(o)
rc
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s
cy

post-ﬁre ﬂexural failure load of composite
mechanical property of composite at room temperature
fully-relaxed property of composite
post-ﬁre tensile failure load of composite
tensile failure load of decomposed (char) composite
tensile failure load of virgin composite
internal gas pressure
internal ambient pressure
compliance of composite
decomposition energy of polymer matrix
radiant incident heat ﬂux
heat ﬂux at cold surface
heat ﬂux at ﬁre-exposed surface
universal gas constant
residual resin content
temperature
average temperature over a ﬁxed distance
glass transition temperature
ﬁre-exposed surface temperature
reference temperature
time
effective heating time
volume fraction of decomposed (char) material in the
composite
volume fraction of polymer matrix
gas velocity
distance in through-thickness direction below the ﬁreexposed surface
thermal expansion coefﬁcient of decomposed (char)
composite
thermal expansion coefﬁcient of virgin composite material
number of points in through-thickness direction
cross-sectional area
thermal expansion in the through-thickness direction
emissivity of the composite
strain
strain generated by external loading
empirical decomposition coefﬁcient
curve-ﬁt
coefﬁcient
for
property–temperature
(i = 1, 2, . . .)
heating rate
volume fraction of delamination cracks
volume fraction of solid material
porosity
average angle of load-bearing ﬁbres
instantaneous density of composite
density of virgin composite
density of decomposed (char) composite
stress
Stefan–Boltzmann constant
tensile strength of glass ﬁbre bundle at room temperature
ﬂexural strength of virgin composite
compression kink stress
steady-state strength of the ﬁbre bundle
shear stress
shear yield strain

 Thermal processes. This involves heat conduction from the ﬁre
into and then through the composite; heat generated or
absorbed from decomposition (pyrolysis) of the polymer matrix,
organic ﬁbres and organic core material (for sandwich materials); convective heat loss from the egress of hot reaction gases
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Fig. 1. Schematic of the reaction processes in the through-thickness direction of a hot, decomposing polymer composite during ﬁre exposure.

and moisture vapours from the composite into the ﬁre; heat
generated through char or ﬁbre oxidation; and heat generated
by the ignition of ﬂammable reaction gases at the composite-ﬁre
boundary.
 Chemical processes (including phase transformations). This
involves viscous softening, melting, decomposition and volatilisation of the polymer matrix, organic ﬁbres and core material;
formation, growth and oxidation of char; oxidation of carbon
ﬁbres; and char-ﬁbre reactions.
 Physical processes. This involves thermal expansion and contraction; thermally-induced strains; internal pressure build-up due
to the formation of volatile gases and vaporisation of moisture;
formation of gas-ﬁlled pores; matrix cracking; ﬁbre–matrix
interfacial debonding; delamination damage; surface ablation;
and softening, melting and fusion of ﬁbres.
 Failure processes. The failure mode depends on the temperature,
heat ﬂux and duration of the ﬁre; magnitude and type of load
(e.g. tension, compression, bending, torsion); and geometry of
the structure.
The challenge to modelling the structural response of composites in ﬁre is the accurate analysis and representation of these
many processes. The analysis is further complicated because many
of the processes do not occur in isolation from each other. Understanding these processes and how they interact is essential to analysing the ﬁre structural behaviour.
The capabilities offered by being able to analyse the ﬁre structural response underpin the need to develop models that are
robust and mechanistically accurate. Models offer the capability
for the rapid, low-cost assessment of the ﬁre performance and survivability of existing and new design options for composite structures. The models reduce (but do not totally eliminate) the need to
conduct ﬁre structural tests. The models can also be used to further
our understanding of the ﬁre behaviour of traditional polymer
composites and in the development of new materials with improved ﬁre structural survivability.
Major advances have recently been made towards modelling
the structural response of composites in ﬁre. Thermal–mechanical

models have been developed to predict the temperature, decomposition, softening and failure of laminates and sandwich composites
[33–79]. Models to calculate the post-ﬁre properties have also
been developed [72–90]. In addition, there has been important
progress towards the validation of models with experimental ﬁre
structural tests, which includes the development of low-cost test
procedures.
This paper presents an overview of the research progress into
the structural modelling of laminates and sandwich composites
in ﬁre. The research has concentrated on laminates reinforced with
non-combustible ﬁbres (e.g. glass). Less research has been performed on laminates with reactive ﬁbres and on sandwich materials. The paper describes models for calculating the temperature,
decomposition, phase changes, damage, mechanical properties,
and failure of composites in ﬁre. The paper also describes the deﬁciencies in the models and identiﬁes topics that require further
modelling and analysis.
This paper is presented in sections which deal separately with
the different processes that control the ﬁre structural response of
composites. There are separate sections on the thermal, decomposition, damage, softening, and failure modelling of composites. The
processes are divided into these sections for convenience, but for
modelling the processes are interdependent and do not occur in
isolation from each other. Therefore, the complete approach to
modelling involves the concurrent analysis of all the processes until ﬁnal failure of the composite structure in ﬁre.
2. Thermal modelling of composites in ﬁre
2.1. Thermal analysis
Thermal modelling involves calculating the temperature distribution through the composite when subjected to one-sided heating by ﬁre. Accurate modelling of heat transfer through the
composite is the critical ﬁrst step in ﬁre structural analysis. Thermal modelling is also essential in the analysis of decomposition
and damage to the material in ﬁre. The thermal analysis of composites in ﬁre is complicated because the heat transfer is controlled
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by a multitude of temperature-dependent processes which are
summarised in Table 1. The approximate temperatures over which
these processes occur in a ﬁbreglass laminate are shown in Fig. 2.
Thermal analysis of composites in ﬁre is based largely on theoretical studies performed since the mid-1940s on the ﬁre behaviour of wood [91–96]. Numerous studies – most notably by Kung
[93], Kansa et al. [95] and Fredlund [96] – developed thermal–
chemical models that analyse the processes of transient heat conduction, pyrolysis, convection ﬂow of volatile gases, and volatile
combustion at or near the ﬁre exposed wood surface. These models
have been adapted for composites in ﬁre by Henderson and colleagues [97–102], Sullivan and Salamon [103–106], Springer and
colleagues [107–109], Dimitrienko [110,111], Milke and Vizzini
[112], and Gibson et al. [113]. The models all have the capability
to calculate the temperature distribution through a composite exposed to ﬁre, but differ in the processes that are considered in the
analysis. The processes included in the various models are indicated in Table 1.
A common feature of many thermal modelling approaches is
the decoupling of the ﬁre from the composite. The initiation and
growth of ﬁre is not considered in the analysis. Furthermore, the
interaction of the ﬁre and composite surface is not analysed,
including the effects of convective heat ﬂow due to ﬂame turbulence and the heat generated by the ignition of combustible gases
released from the decomposing composite. Instead, most models
ignore the dynamics of the ﬁre event, and simply assume the composite surface is heated under controlled heat ﬂux or temperature
conditions. DesJardin and colleagues [47–51] recently developed a
coupled ﬂuid–structure modelling approach to analyse heat transfer from the ﬂame into the material. Computational ﬂuid mechanics (CFD) is used to analyse the ﬂow dynamics and temperatures of
the ﬂame over the composite surface. A grid embedding technique
is used to couple the ﬂame to the solid surface. The thermal models
for composites are then used to analyse heat ﬂow from the heated
surface throughout the material. Chen et al. [114] also recently
developed a coupled approach between the ﬁre and composite
using CFD and ﬁnite element analysis (FEA) that considers the
effects of changes in the boundary conditions and heat release
due to decomposition of the polymer matrix.
The thermal model most often used to calculate the temperature distribution in composites exposed to ﬁre was developed by
Henderson et al. [97]. The thermal model analyses the energy
transfer processes of heat conduction, pyrolysis of the polymer matrix, and diffusion of decomposition gases. The model is expressed
as a one-dimensional non-linear equation that incorporates these
processes:

qC p

@T
@ 2 T @k? @T
@T @ q
_ g C pðgÞ
¼ k? 2 þ
m

ðQ þ hc  hg Þ
@t
@x
@x @t P
@x @x

ð1Þ

where the enthalpies of the solid and gas phases are deﬁned as:

Matrix pyrolysis
Cracking
Char formation
Gas flow
Fibre-char reactions
Gas pressure
Thermal expansion

Thermal contraction
Heat conduction

0
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o
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Fig. 2. Various responses of ﬁbreglass laminate with temperatures. (The temperatures are approximate, and will depend on the polymer matrix and ﬁre
conditions).

hc ¼

Z

T

C p dT

ð2Þ

C pðgÞ dT

ð3Þ

T1

hg ¼

Z

T

T1

The ﬁrst term on the right-hand side of Eq. (1) considers the effect of heat conduction in the through-thickness (transverse) direction. The second term also accounts for heat conduction, although
it considers the inﬂuence of changing transverse thermal conductivity with increasing temperature. The ﬁrst and second terms
can be expanded to analyse two- and three-dimensional heat ﬂow.
The third term considers the internal convection of thermal energy
due to the ﬂow of hot decomposition gases towards the heated surface. The last term is the temperature change due to heat generation or consumption resulting from matrix decomposition.
Gibson et al. [113] modiﬁed slightly the thermal equation by
Henderson et al. [97] to include the decomposition reaction rate
of the polymer matrix:

qC p




n
ðm  mf Þ  E
@T
@
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The last term is the decomposition term that deﬁnes the pyrolysis reaction rate of the polymer matrix, and the reaction rate constants (A, E, n) must be measured using thermogravimetric analysis
(TGA). This term is negative for endothermic and positive for exothermic decomposition reactions. By iteratively solving the equation for increasing temperature and time (dT=dt) at the heated
surface it is possible to calculate the temperature at any location

Table 1
Summary of the main processes when a composite is exposed to ﬁre. The processes considered in the various thermal models is given. The symbols mean that the model considers
(U) or does not () consider the process. The numbers refer to the references describing the models.

Heat conduction through virgin material and char
Decomposition of polymer matrix and organic ﬁbres
Flow of gases from the reaction zone through the char zone
Thermal expansion/contraction
Pressure rise
Formation of delamination, matrix cracks and voids
Reactions between char and ﬁbre reinforcement
Ablation

97

103

108

111

113

U
U
U






U
U
U
U
U




U
U
U
U
U


U

U
U
U
U
U




U
U
U
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in the composite. It is also possible to calculate the mass loss and
extent of charring, which are related to the decomposition term.
The calculation of these processes is explained in the next section.
Validation of the model by experimental ﬁre testing has shown
that the thermal equations can predict the temperature at any
location in polymer laminate and sandwich composite materials
with good accuracy [59,70,71,74–76,78,97,102,113,115]. For
example, Fig. 3 shows the agreement between the theoretical
and measured temperature proﬁles at different locations through
ﬁbreglass laminate and sandwich composite material when exposed to a simulated ﬁre condition.
The simplest thermal models analyse the effects of heat conduction, polymer decomposition and volatile gas ﬂow on the temperature [97,112,113]. More sophisticated models also consider the
effect of other processes which usually have a smaller inﬂuence
on temperature than heat conduction, decomposition and gas ﬂow.
For example, Florio et al. [102] developed a thermal model that
analyses the effects of heat conduction, gas ﬂow, matrix decomposition as well as thermal expansion and internal pressure rise due
to the formation of volatile gases. The full energy-balance equation
is expressed as:

qC p



@T
@T
@
@T
_ g DAc DxC p
þ hr DAc DxðT s  T 1 Þ
¼m
þ DA c Dx
k? U
@t
@t
@x
@x

DðUpÞ @m 
ð5Þ
þ DA c Dx

hg þ hg ðT s Þ þ v2 =2
Dt
@t

The ﬁrst term on the right-hand side of this equation accounts
for the net rate of volatile gas ﬂow, the second term considers
the effect of heat conduction, the third term determines the net
rate of energy transfer by convection of volatile gases, and fourth
term accounts for the work rate of thermal expansion, and the last
term accounts for thermal energy that is released or absorbed by
the matrix decomposition reactions. Using the model, it is possible
to predict the temperature, mass loss, porosity and volumetric
expansion of the composite material as well as the temperature,
pressure, mass ﬂux and mass storage of the gases.
The thermal models presented by Eqs. (1), (3), and (5) assume a
one-dimensional material system with heat transfer only occurring
in the through-thickness direction. However, the models can be expanded to analyse two- and three-dimensional systems. The solution of the thermal models requires a large amount of empirical
data on the thermal and decomposition properties of the composite. Thermal property data such as thermal conductivity and speciﬁc heat capacity must be experimentally determined over the
temperature range of interest, which may be many hundreds of degrees. The decomposition reaction rate constants (A, E, n) must also
be measured over a large temperature range. Other properties
must be assumed or estimated (e.g. decomposition gas velocity)
because it is difﬁcult to accurately measure the value.
Gibson et al. [116] recently proposed a simpliﬁed approach to
modelling the temperature in composites exposed to ﬁre which
avoids the use of the Arrhenius decomposition model. Called the
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Fig. 3. Comparison of the theoretical (solid curves) and measured (data points) temperature proﬁles in a (a) woven glass–vinyl ester laminate [75] and (b) ﬁbreglass–balsa
core sandwich composite [78] when exposed to simulated ﬁre conditions involving one-sided heating at the heat ﬂux.
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‘apparent thermal diffusivity (ATD)’ model, the rate dependence of
the decomposition behaviour is neglected, with the decomposition
state at any temperature being calculated directly from the TGA
curve for the polymer matrix. The ATD model is simpler to solve
than other thermal models, and is currently being validated against
temperature data for several types of laminates exposed to ﬁre.

0.5

Thermal Conductivity (W/m-oC)

Virgin
-5
k v = 4.405x10 T+0.312

2.2. Modelling thermal properties of decomposing composites
Accurate prediction of the thermal response of composites requires knowledge of the thermal and physical properties of the
material over the temperature range of interest. The properties include density, thermal conductivity, speciﬁc heat capacity and gas
permeability of both the virgin composite and fully decomposed
(char) material. The properties change with temperature, and it
is necessary to consider the temperature-dependence in the
analysis.
The change in density with time due to decomposition and
volatisation of the polymer matrix can be determined in several
ways. The most common approach uses Arrhenius decomposition
kinetics. In the case of composites that decompose via a singlestage reaction process, the density change is calculated using:



@q
q  qc n ðE=RTÞ
Ae
¼ ðqv  qc Þ
@t
qv  qc

ð6Þ

A large amount of theoretical and experimental work has been
done on the thermal conductivity and speciﬁc heat capacity of
composites prior to the onset of decomposition [117–127]. However, less information is available on the thermal properties of
composites during the decomposition phase changes to the ﬁnal
char material [98,99,128,129]. Prior to decomposition, the thermal
properties are those of the virgin composite material, while after
decomposition the properties are those of the fully decomposed
(char) material. The properties of the decomposing composite are
assumed to be dependent on the relative mass fractions of the virgin composite and fully decomposed material. The mass fraction of
virgin material in a decomposing composite is calculated using:

F¼



q  qc
qv  qc



ð8Þ

Lattimer and colleagues [129] have published thermal conductivity data for ﬁbreglass laminates and glass ﬁbre-char. Fig. 4
shows the effect of temperature on the thermal conductivity of a
woven glass–vinyl ester laminate in the virgin and fully decomposed (char) states. The dependence of thermal conductivity on
temperature is essential information for modelling the thermal response of composites in ﬁre. However such information is lacking
for most composite systems and must be measured experimentally. The change in thermal conductivity with temperature of
the virgin composite and the char is often expressed using empirical curve-ﬁt polynomial equations [100,129]:

kv ðTÞ ¼ k1ðvÞ þ k2ðvÞ T

-4

kd=2.83x10 T+0.0949
Woven Glass
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kg=1.873x10 T+0.0585
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Fig. 4. Effect of temperature on the measured thermal conductivity of virgin glass–
vinyl ester, fully decomposed glass–vinyl ester, and woven glass ﬁbre. From
Lattimer [129].

k¼

 
kv
T
ðV m þ nk V c Þ
ð1  V m Þ T 1

ð11Þ

However, the validation of this equation using measured thermal conductivity property data for hot, decomposing composites
has not been performed.
The speciﬁc heat capacity is determined using:

C p ðTÞ ¼ F  C pðvÞ ðTÞ þ ð1  FÞ  C pðcÞ ðTÞ

ð12Þ

Henderson and Wiecek [100] report that the speciﬁc heat
capacities for the virgin composite and char are functions of temperature, and are calculated by:

C pðvÞ ðTÞ ¼ C p1ðvÞ þ C 2pðvÞ T

ð13Þ

and

ð7Þ

Using this as a progress variable for the extent of matrix decomposition, the thermal conductivity of a decomposing composite is
deﬁned as:

kðTÞ ¼ F  kv ðTÞ þ ð1  FÞ  kc ðTÞ

Decomposed

0.4

ð9Þ

C pðcÞ ðTÞ ¼ C p1ðcÞ þ C p2ðcÞ T

ð14Þ

As with thermal conductivity, the speciﬁc heats for the virgin
composite and decomposed (char) material must be measured
experimentally over the temperature range of interest, and then
these expressions are ﬁtted to the data.
The thermal properties of composites may change with the evolution of ﬁre-induced damage. For example, thermal conductivity
of the virgin composite is reduced with the formation of delaminations which slows heat transport by creating an air gap between
debonded ply layers. Most thermal models currently ignore the effect of delaminations, which results in an over-prediction of the
temperatures in the virgin material shielded by the cracks. Luo
and DesJardin [130] recently developed a model to calculate the
change in the through-thickness thermal conductivity of laminates
due to cracking:

k? ¼ ðus =kv þ ucr =kcr Þ1

ð15Þ

where the volume fraction of cracks depends on the crack density
and crack width.

and

kc ðTÞ ¼ k1ðcÞ þ k2ðcÞ T þ k3ðcÞ T 2 þ k4ðcÞ T 3

ð10Þ

Dimitrienko et al. [110] proposed an alternate method to calculate the change in thermal conductivity with temperature:

2.3. Modelling thermal boundary conditions
The thermal boundary condition for the composite surface exposed to the ﬁre is speciﬁed by the heat ﬂux:
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@T 
k? 
¼ q00s;o
@x x¼0

ð16Þ

The net surface heat ﬂux into the composite is the combination
of radiative and convective components, which is calculated by:

q00s;o ¼ ðes q00rad  es r T 4s Þ þ hconv ðT 1  T s Þ

ð17Þ

The boundary condition on the unexposed side of the composite
is also assumed to consist of convective and radiative components:

q00s;L ¼ erðT 4s  T 41 Þ þ hconv ðT s  T 1 Þ

ð18Þ

3. Damage modelling of composites in ﬁre
3.1. Fire-induced damage
Damage caused to laminates and sandwich composites in ﬁre
has been a topic of intensive investigation in recent years because
of the inﬂuence on the structural properties [80–90,131–135].
Recent research has also revealed that the ﬁre reaction behaviour,
such as time-to-ignition, heat release rate and smoke density, are
affected by the presence of ﬁre-induced damage formed under
tensile loading [136]. The ﬁre-induced damage experienced by
laminates includes matrix decomposition, pore formation, delamination cracking, matrix cracking, ﬁbre–matrix debonding, and char
formation. Fig. 5 shows the different types of damage that occur in

the through-thickness direction of a laminate. Moving inwards
from the back (unheated) surface, the temperature in the virgin
state is too low to cause decomposition of the polymer matrix,
however maybe sufﬁciently high to introduce other damage. The
damage includes delamination cracks between the plies, matrix
cracks within the plies, and ﬁbre–matrix interfacial cracks. Closer
to the heated surface is a thin region called the decomposition
(or pyrolysis) zone where the polymer matrix begins to decompose
into char and gas. In this region the matrix is partially degraded,
usually by scission of the chains into high molecular weight fragments, which causes high density crazing/cracking and pore formation. The next zone is the ﬁbre-char state where the polymer
matrix has completely decomposed to char and volatiles. The char
will eventually volatilize by oxidation at high temperatures to produce the ﬁnal state of ﬁbre only when the ﬁbres are thermally stable. Reactive ﬁbres such as carbon will oxidize while organic ﬁbres
such as aramid and ultra-high molecular polyethylene will
decompose.
Fire-induced damage to composite structures is difﬁcult to
accurately model because it is dependent on many parameters,
with the main factors being the temperature and duration of the
ﬁre; the volumetric dilations and toughness properties of the
material at high temperature; and the type and magnitude of
external loading (including the boundary conditions). Some progress has been achieved in modelling the initiation and growth
of voids, delaminations and char in polymer laminates
[72,97,100,102,105,108–111,130,134]. However, the models currently consider only one type of damage, and a uniﬁed modelling
approach that analyses concurrently the initiation and development of the many types of damage has not been developed.

A. fibre char region

3.2. Modelling pore formation

B. porous region

Gas-ﬁlled pores develop in the polymer matrix and at the ﬁbre–
matrix interface during decomposition of composite materials in
ﬁre [106,107,137]. The pores initiate, grow and coalesce in the
hot, viscous matrix under the high internal pressures exerted by
decomposition gases. Sullivan and Salamon [103] developed a
model based on the conservation of mass principle to calculate
the diffusion of gases through a hot, decomposing composite. Dimitrienko et al. [111] formulated an analytical expression that relates the mass loss of the polymer matrix due to decomposition
to the gas pressure in the pores:

C. decomposition
region
D. delamination
region


1=2
@m
p
:eE=RT
¼ A 1  eð2E=RTÞ
@t
po

A. fibre-char

C. decomposing matrix

B. pores

D. delaminations

Fig. 5. Cross-sectional view of the ﬁre-damaged laminate.

ð19Þ

Florio et al. [120] calculated local pressure rises as high as 15
times above the ambient pressure for a phenolic matrix laminate.
This is high enough to cause delamination damage, matrix cracking
and ﬁbre–matrix debonding. Florio and colleagues compared their
predicted pressures to experimental measurements [138], and
found that the peak pressures agree reasonably well at one location
(9 vs. 9.7 atm). However, the experimental pressure decays much
more rapidly with time than the predicted results. This behaviour
was attributed to poor cement bonding between the hypodermic
tubing and the specimen, magniﬁed by difference in the thermal
expansion of the cement and the specimen. Thus, Florio et al.
[102] concluded that the actual pressures in the composite are at
least as large as those measured experimentally. At another location, the agreement with the maximum pressure is much poorer
(14.5 vs. 7.0 atm). However, Florio et al. indicate that it is ‘‘encouraging” that the maximum pressure measured experimentally occurs at the same time as that predicted. A recent numerical study
by Zhang and Case [139] indicated that the internal pressures for
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the decomposing composite material. Because of these difﬁculties,
the role (if any) that pore formation plays in the failure of composites is still being investigated.

Delamination cracking occurs in laminates and sandwich materials exposed to ﬁre, and this damage can severely weaken composite structures supporting compression or in-plane shear loads.
The cracking is due to the internal pressure rise, thermally-induced
strains caused by thermal expansion, and reduced interlaminar
fracture toughness caused by matrix softening.
Models have been developed to predict the ﬁre-induced strains
due to thermal expansion [52–56,69,101,103,106,135,137]. The
mechanical strain in laminates prior to the onset of matrix decomposition is calculated using:

eðTÞ ¼ eT  av ðT  T 1 Þ

ð20Þ

Analysing the thermal strains is more complicated once the matrix starts to decompose because the composite expands and contracts at different temperatures as it undergoes various phase
changes. For instance, Fig. 6 shows the change in length of a
glass–phenolic laminate and the responding phase changes with
increasing temperature. Florio et al. [101] developed a model to
predict the axial expansion of a decomposing composite exposed
to ﬁre. The strain is approximated using:



@ eðTÞ
@T
@T @
m
gT þ n
¼ av F
þ ac ð1  FÞ
þ
@t
@t
@t @t
mo

ð21Þ

McManus and Springer [108] also formulated a model for analysing the strain within a composite exposed to ﬁre:

eij ¼ Sr þ Kij Dp þ aij DT þ bij DðMCÞ þ vij Dv

ð22Þ

The terms on the right-hand side of this equation account
respectively for the externally applied strain; internal strain arising
from gas pressure; thermal expansion; vaporisation of moisture;
and char formation. All the parameters must be determined experimentally before the total strain can be calculated. McManus and
Springer [109] have shown that their model can predict the formation of delaminations in a laminate exposed to ﬁre. Delamination
cracking is assumed to occur when the magnitude of the strain calculated using Eq. (22) exceeds the intraply failure strain. Fig. 7
shows the effect of heating time on the maximum depth of delamination cracks in a carbon–phenolic laminate exposed to a propane
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Fig. 6. Fractional length change with increasing temperature for a glass-phenolic
laminate. The different stages of expansion and contraction are indicated. Data from
Florio et al. [101].
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Fig. 7. Effect of heating time on the depth of delamination cracking in a carbon/
phenolic laminate exposed to a gas ﬂame.

ﬂame. The data points and step-shaped curve show the measured
and calculated depths of delamination cracking, respectively, and
excellent agreement is observed.
Lua and colleagues [52–58] recently developed a ﬁnite element
model that analyses the growth of delamination cracks in hot,
decomposing laminates and sandwich composites using cohesive
element techniques. This model considers the inﬂuence of reduced
interlaminar toughness caused by matrix softening on the delamination cracking process.
The progress in modelling the thermal strains and resultant
delamination cracking has not been matched by experimental research into the interlaminar fracture toughness properties of composites at high temperature. Analysis of delamination cracking
requires experimental data on the interlaminar fracture toughness
properties between the ambient and matrix decomposition temperatures (typically 300–400 °C). Published data on the elevated
temperature interlaminar toughness properties of composites is
mostly below 200 °C [e.g. 140–142], and higher temperature data
up to decomposition is lacking.
3.4. Modelling decomposition and char formation
Modelling decomposition of the polymer matrix into volatile
gases and char is important for analysing the phases changes and
structural behaviour of composites in ﬁre. The mass loss of a polymer that decomposes via a single-stage reaction process is calculated using the Arrhenius kinetic rate equation:



m  mf n ðE=RTÞ
@m
e
¼ Amo
@t
mo

Stage lI

0.1

Delamination Depth (mm)

3.3. Modelling delamination damage

0.75

ð23Þ

This equation (which is the same as Eq. (6) but expressed in
mass) is solved using the reaction rate constants for the polymer
(A, E, n). Eq. (23) gives a reasonable estimate of the mass loss, as
shown in Fig. 8 for a woven glass–vinyl ester exposed to a simulated ﬁre with a radiant heat ﬂux of 50 kW/m2.
Modelling char formation is also important in analysing the
decomposition and structural response of composites in ﬁre. Mouritz and colleagues [72,86] have shown that Eq. (23) can be used to
analyse the formation and growth of the char phase in laminates
exposed to ﬁre. It was observed that visible char formation in thermoset laminates starts when the mass fraction of the polymer matrix is reduced by 20% due to decomposition and vaporisation.
Using this as the criteria for char formation, the extent of char
growth in laminates can be calculated based on the mass loss.
Fig. 9 compares the theoretical and measured thickness of the char
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Fig. 8. Calculated (Eq. (24)) (solid curves) and measured (data points) mass loss of a
woven glass–vinyl ester laminate exposed to simulated ﬁre conditions at different
heat ﬂux values. Data adopted from [76].

zone in thermoset laminates when exposed to one-sided heating
under simulated ﬁre conditions. The char thickness (dc) is normalised to the total laminate thickness (d). The initiation and growth
of the char with increasing heating time can be predicted. Fig. 9
shows a compilation of char thickness values for a variety of laminates exposed to different heat ﬂux conditions, and with the
exception of a few outliers there is good agreement between the
calculated (based on 20% mass loss) and the measured values. This
progress in modelling the decomposition of the polymer matrix
into char for laminates has not been matched by modelling for
sandwich composites, where a validated char model that considers
char formation in both the skins and organic core is lacking.

The mechanical analysis includes average strength [73–75], Euler
buckling [68,69] and visco-elastic softening [60–63] for laminates
and skin failure [78], buckling [42,44–46,68,69] and skin wrinkling
[43] models for sandwich composites. The models also differ in the
scale of the analysis, ranging from unit cell analysis of the individual ﬁbres and polymer matrix [52–56] to ply-by-ply analysis [73]
to bulk analysis in which the ply properties are smeared over the
volume of material [68,69,74,75]. The models are solved analytically or using ﬁnite element methods.
While the models use different mechanical analysis to calculate
the compression properties, they use the same analysis to calculate
the thermal response of the material. The initial step in analysing
the compression properties is the calculation of the temperature
distribution through the composite with increasing time using
thermal modelling. The temperature distribution is used to calculate the reduction to the mechanical properties through the composite. The models assume that the mechanical properties
decrease in a single-stage (rigid-to-rubbery) glass transition of
the polymer matrix with increasing temperature according to the
trend depicted in Fig. 10. This shows the typical relationship between the matrix-dominated properties of a laminate and temperature for iso-thermal conditions. Matrix-dominated properties that
show this temperature-dependence include compression modulus
and strength. The reduction to the mechanical properties with
increasing temperature cannot currently be calculated, but must
be measured experimentally under iso-thermal conditions. The
properties must be measured over the temperature range over

Composite Mechanical Property, P(T)
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4. Mechanical modelling of composites in ﬁre
4.1. Compression modelling of composites in ﬁre
There has been major progress in recent years in the development of models to analyse the mechanical properties and failure
of composites under combined compression loading and one-sided
heating by ﬁre [38–40,45,46,52–56,60–69,73–75]. The models analyse a composite panel that is loaded axially at a constant compression load while simultaneously being heated from one side by ﬁre.
The models use different mechanical theories to analyse the reduction to the compression properties as the material is heated by ﬁre.
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Fig. 10. Assumed reduction in the matrix-dominated properties of composites with
increasing temperature.
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Fig. 9. Comparison of the calculated and measured thickness of the char zone in laminate materials exposed to simulated ﬁre conditions of different heat ﬂux values. The char
thickness values (dc) are normalised to the laminate thickness (d). Data from [86].
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which softening occurs, which is usually 20–250 °C. The data is
then ﬁtted with an empirical expression relating the property to
temperature.
Several curve-ﬁtting analysis techniques can be used to ﬁt the
elevated temperature property data, including Prony series
[60–63], polynominal [68,69,143], tanh functions [73–75] and others [144,145]. The polynomial equation used to relate property
with temperature is expressed as:

T  T1
Tg  T




2

3 #
T  T1
T  T1
 Po
 n3
 n2
Tg  T
Tg  T

and the tanh equation is:



Po þ PR Po  PR

tanhðn ðT  T g ÞÞ
2
2

ð25Þ

These equations are only valid when the composite softens in a
single-stage process. Not all polymers undergo a single-stage loss
in property, and certain types of thermosets (e.g. phenolics) and
crystalline thermoplastics undergo multiple softening stages with
increasing temperature, and the property relaxation cannot be described using the above expressions. Additional softening terms
are needed. For example, when softening occurs over two temperature ranges then the tanh function (Eq. (25)) is extended:

P1  P2
PðTÞ ¼ P1 
 2

P2  P3
 1 þ tanhðn1 ðT  T gð1Þ ÞÞ 
ð1 þ tanhðn2 ðT  T gð2Þ ÞÞÞ
2
ð26Þ
Eqs. (24)–(26) are used to calculate the property loss due solely
to viscous softening of the polymer matrix, and do not consider the
contributions of other softening processes. As yet, a mechanisticbased model that predicts the reduction to the mechanical properties due to viscous softening, pore formation, delamination, and
other ﬁre-induced damage caused by high temperatures has not
been developed. Gibson et al. [73] developed an extended version
of Eq. (25) that considers the effects of both viscous softening and
decomposition of the polymer matrix:



Po þ PR Po  PR
PðTÞ ¼

tanhðn ðT  T g ÞÞ Rn ðTÞ
2
2

Z

ts

rðxÞdx

ð28Þ

0

Z
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rðxÞdx ¼

0

ð24Þ

PðTÞ ¼

1
ts

which expands to:


ts
rðx0 Þ þ 4rðx1 Þ þ 2rðx2 Þ þ . . . þ 2rðxv2 Þ
3ðv  1Þ

þ4rðxv1 Þ þ rðxv Þ
ð29Þ

The survival time of compression-loaded composites in ﬁre can
be calculated with good accuracy using the average strength model. When the average compression strength calculated using Eq.
(29) falls below the applied compression stress then the composite
is assumed to fail. This model does not take time-dependent softening into account, which is caused by viscoelastic and viscoplastic
deformation of the polymer matrix or the presence of ﬁre-induced
damage such as delamination cracking. Despite ignoring these
softening processes, the model gives a reasonable estimate of the
compression strength and failure time of composites exposed for
ﬁre. Fig. 11 shows the effect of applied compression stress on the
failure times of ﬁbreglass laminate and ﬁbreglass–balsa core sandwich materials when exposed to different heat ﬂux levels. As
1.0
2
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PðTÞ ¼ 1  n1
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ð27Þ

The ﬁrst term on the right-side of the equation analyses viscous
softening and the second term (Rn) analyses softening caused by
matrix decomposition.
Current approaches to modelling the compression response of
composites to ﬁre use empirical curve-ﬁt equations (e.g. Eqs.
(24)–(27)) to calculate the reduction to the compressive properties
at many points through the composite based on the thermal proﬁle. It is from this point in the analysis that the models use different mechanical theories to calculate the structural response and
failure of the composite. It is not possible to give a complete
description of all the mechanical models. Instead, the two modelling approaches which have been the most rigorously validated
using experimental ﬁre data – the average strength model [75]
and visco-elastic softening model [63] – are described more fully.
The reader is refereed to the original papers for details of the other
models [38,41–46,54,68,69,72,73].
The average strength model calculates the compression
strength and survival time of laminates and sandwich composites
in ﬁre [75,78]. The model uses thermal analysis to calculate the
temperature distribution and then iso-thermal mechanical analysis (Eq. (27)) to calculate the residual compression strength at different locations through the material. The local strength values are

(a)
1.0

Normalised Compressive Stress

"

averaged over the load-bearing area using Simpson integration to
determine the reduction to the average bulk compression strength
of the composite at any time during the ﬁre event:
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Fig. 11. Comparison of failure times calculated using the average strength model by
Feih et al. [75] and measured experimentally for a (a) woven glass–vinyl ester
laminate and (b) ﬁbreglass–balsa core sandwich material. Results for (a) and (b)
from Feih et al. [75] and [78], respectively.
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expected, the failure times increase when the applied stress or heat
ﬂux is reduced. The curves show the theoretical failure times calculated using the average strength model and the data points show
the experimental failure times. The average strength model can
predict with reasonable accuracy the failure times of the laminate
(that collapsed by plastic tow kinking), although the accuracy is
not as good for the sandwich composite (that collapsed by front
skin failure). This model has been validated for two types of composite (glass–vinyl ester, and carbon–epoxy) [75,78,79], and more
rigorous validation with other materials, including thermoplastic
laminates and sandwich materials, is required.
Case and colleagues [60–66] examined viscoelasticity inﬂuenced failures of laminates subjected to combined compression
loading and one-sided heating by ﬁre. In their initial analysis
[63], a temperature-dependent shear modulus was used in the
Budiansky and Fleck [146] kinking failure model. Subsequent work
[64] used the time–temperature superposition principle to estimate the shear relaxation modulus, which is then used to develop
a time–temperature dependent compression strength model:

2

31
!nn1
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5
rC ðt; T; sÞ ¼ G12 ðt; T; sÞ41 þ n
7
n  1

ð30Þ

Iso-thermal compression creep rupture tests were analysed
using the shift factors obtained from shear creep compliance data,
indicating that the same mechanism was active. In addition, Eq.
(30) averaged through-the-thickness provided accurate predictions of the time-to-failure under these iso-thermal conditions.
The analysis was also applied to the one-sided heating test, where
the shear relaxation modulus is calculated as a function of temperature, time and applied stress. For laminates in which multiple ﬁbre orientations are present, it is also necessary to account for
stress redistribution within the laminate due to viscoelastic effects.
Boyd et al. [62] used an implicit CLT analysis to calculate the stresses, and then applied Eq. (30) to calculate the strengths. This analysis high-lights the two effects of viscoelasticity: the changes in
stress distribution within the laminate and the changes in strength.
To admit the analysis of structural geometries and more realistic
ﬁre scenarios, Zhang et al. [66] combined these viscoelastic effects
with a Henderson-type decomposition analysis. Fig. 12 compares
the calculated and measured failure times for a woven glass–vinyl
ester laminate under combined compression loading and onesided heating, where the calculated failure times were determined
using the approach developed by Zhang et al. [66]. While the
agreement is good, the kinking failure mode (as with the average
strength model) has only been validated for a small number of
composite systems, and further validation studies are required. A
barrier to this additional validation as well as its more general
application is the relatively large amount of material data required
to determine the creep parameters for the composite.
Despite recent progress in the development of thermal–
mechanical models for calculating the ﬁre structural response
and failure of composites under compression load, much remains
to be done. The models assume that weakening is caused solely
by matrix softening, and the effects of other softening processes
such as pore formation and delamination are ignored. Further analysis which integrates these softening processes, as well as thermally-induced strains, into a compressive failure model for
composites in ﬁre is essential.
4.2. Tension modelling of composites in ﬁre
Modelling the ﬁre structural response of composites under tension loading is more complicated than compression because softening and failure of both the polymer matrix and ﬁbre
reinforcement must be analysed. Less research has been performed

Fig. 12. Comparison of predicted and measured times to failure for one-sided
compression tests applied to warp-aligned laminates of Vetrotex 324/Derakane
510A (blue symbols) and nearly-quasi-isotropic laminates (green symbols) [66].
(For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)

into the ﬁre tension properties of composites than their compression properties [34,76]. Feih et al. [76] recently developed a modelling approach to analyse softening and failure of ﬁbreglass
laminates under combined tension and one-sided heating by ﬁre.
The model is based on the average strength approach described
earlier for compression loading, with the notable difference that
softening and tensile rupture of the ﬁbres together with viscous
softening and decomposition of the polymer matrix are analysed.
The modelling approach involves calculating the temperature distribution through the laminate with increasing time using the thermal model. The reduction to the tensile strength of the polymer
matrix due to softening and decomposition at different locations
through the material is calculated based on the temperature proﬁle. The loss in strength of the glass ﬁbre reinforcement at different
locations is calculated as a function of temperature and time:

rfbðjþ1Þ ðT avðjþ1Þ ðxi Þ; teff;jþ1 ðxi Þ þ DtÞ
¼ rfbð0Þ  rloss ðT avðjþ1Þ ðxi ÞÞ tanh½nðT avðjþ1Þ ðxi ÞÞðteff;jþ1 ðxi Þ þ DtÞ ð31Þ
This equation is only valid for silica-based ﬁbres. Different ﬁbre
strength analysis which considers thermo-oxidation is required for
carbon ﬁbres, although this has not yet been performed.
The tensile strength of the laminate at different locations is calculated using rule-of-mixtures analysis that combines the elevated
temperature properties of the matrix and ﬁbres. The average tensile strength of the laminate is then computed using the Simpson
integration method (Eqs. (28) and (29)). This modelling approach
can estimate the tensile strength and failure rupture time of ﬁbreglass laminates in ﬁre. For example, Fig. 13 compares the theoretical and experimental failure times for a woven glass–vinyl ester
laminate under tension when exposed to different heat ﬂux levels.
The model can estimate the failure times with reasonable accuracy.
Like the compression failure models, the tension model by Feih
et al. [76] does not analyse all the damage processes which control
the mechanical properties and failure. The effects of thermal strain,
pore formation, delamination and ﬁbre–matrix debonding are not
considered, and the development of new models that consider
these processes in determining the tensile structure response is
required. A model to analyse the tensile response of sandwich
composites exposed to ﬁre is also required.
4.3. Post-ﬁre mechanical models for composites
Progress in the analysis of the mechanical properties of composite materials following ﬁre exposure is examined in this section.
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Fig. 13. Comparison of failure times calculated using the average strength model by
Feih et al. [76] and measured experimentally for woven glass–vinyl ester laminate
under combined tension loading and one-sided heating at different heat ﬂuxes.
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After a ﬁre is extinguished, it is important to analyse the post-ﬁre
properties at room temperature to assess the residual mechanical
integrity and safety of the structure. A large body of published
experimental data reveals that the post-ﬁre properties of laminates
are determined mainly by the ﬁre temperature, heating time, load
condition (e.g. tension, or compression), and the decomposition
properties of the polymer matrix [7,13,72,80–89,133,147,148].
Less information is available on the post-ﬁre properties of sandwich composite materials [90].
The two-layer model is the most established analytical method
for calculating the post-ﬁre properties of laminates [80]. The model
basically analyses a ﬁre-damaged laminate as a two-layer structure
consisting of fully decomposed (ﬁbre-char) material and virgin
material, as represented in Fig. 14. It is assumed the virgin zone
has the same mechanical properties as the original (pre-ﬁre) composite material because it is considered that thermal softening
(prior to decomposition) of the matrix is fully recovered when
cooled to room temperature. The model does not consider the
presence of ﬁre-induced damage inside the virgin zone, such as
delaminations.
A ﬁre-damaged laminate is modelled as a two-layer structure
consisting of ﬁbre-char and virgin material with the two phases
having different mechanical properties at room temperature. Mouritz and Mathys [80,81] developed analytical expressions that combine the properties of the ﬁbre-char and virgin phases to calculate
the post-ﬁre mechanical properties. The following expressions are
used to calculate the post-ﬁre tension, compression and bending
(four-point) modulus, respectively:



 
d  dc
dc
Et ¼
EtðoÞ þ
EtðcharÞ
d
d

ð32Þ

Fire
Hot Surface
Char Region

N

Virgin Region

dc
dn

A

d

Fig. 14. Idealised two-layer structure of ﬁre-induced damage in a laminate. N–A
refers to the neutral axis shown by the dashed line.

The key variable in calculating the post-ﬁre properties is the
thickness of the ﬁbre-char zone (dc). The ﬁbre-char thickness is
determined by ﬁrstly calculating the temperature distribution
through the laminate using the thermal model, and then using
the temperature values to calculate the extent of char formation
with the decomposition model. Char formation is assumed to occur
when the mass loss of the polymer matrix reaches 20% due to
decomposition and volatisation (as described in Section 3.4).
Mouritz and colleagues [80–90] validated the two-layer model
with post-ﬁre mechanical property data measured for a variety of
thermoset laminates tested under a range of heat ﬂux and heating time conditions. The agreement between the calculated and
measured post-ﬁre properties is usually good. Fig. 15 shows
the reduction to the post-ﬁre tension, compression and ﬂexural
strengths of a woven glass–vinyl ester laminate following
exposure to the heat ﬂux of 50 kW/m2 for increasing time. The
curves show the theoretical reduction to the post-ﬁre strength
properties calculated using the two-layer model, and there is reasonable agreement with the experimental strength values. Mouritz and Gardiner [90] have developed a two-layer model to
calculate the post-ﬁre compression properties of sandwich composites, which has also been validated with experimental data.
However, models to calculate the post-ﬁre tension and bending
properties of sandwich materials have not been developed.

5. Conclusions & future research
Major advances in the structural modelling of polymer composites have been achieved in recent years, however further analysis
and validation against experimental data is required. Thermal
models have been developed to calculate the temperature distribution in laminates and sandwich composites exposed to ﬁre. These
models can predict with good accuracy the temperature rise in
composites containing non-reactive ﬁbres (e.g. ﬁbreglass). However, the capability of thermal models to analyse the temperature
of composites containing reactive ﬁbres (e.g. carbon, Kevlar),
where oxidation and decomposition of the ﬁbres inﬂuence the
temperature, has not been adequately addressed. Furthermore,
thermal models do not consider the inﬂuence of ﬁre-induced damage, such as delamination cracking and skin-core debonding, on
the heat ﬂow process. New thermal models are currently being
developed which consider ﬁre-induced damage, however their
accuracy has not been established against experimental temperature data.
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Fig. 15. Comparison of the theoretical and measured reductions to the post-ﬁre
tension, compression and bending strengths of glass/polyester beam after exposure
to the heat ﬂux of 50 kW/m2 for increasing time. The post-ﬁre strengths are
normalised to the original strength of the composite.

The modelling of ﬁre-induced damage is critical to the ﬁre
structural analysis of composites. There has been good progress
in the development and validation of models to predict matrix
decomposition and char formation. There has also been some progress in modelling the formation and growth of delaminations and
gas-ﬁlled pores. However, most of the models restrict the analysis
to a single type of damage, and the challenge is the development of
a uniﬁed damage model that analyses concurrently all types of
damage including ﬁbre–matrix debonding, intraply matrix cracking and ﬁbre damage.
Several mechanical models have been recently developed to
analyse the ﬁre structural response and failure of laminates and
sandwich composites under compression loading. A model has
also been developed for the tensile structural response of laminates
to ﬁre. However, models for analysing the tensile response of sandwich composites are not available. Furthermore, models to analyse
the ﬁre structural behaviour of composites under loading conditions other than tension and compression, such as shear, torsion
and fatigue have not been developed. There is a need to improve
the numerical robustness of existing models in solving highly
non-linear behaviour. Lastly, there is a need to develop mechanistic-based models which accurately analyse the mechanisms and
processes controlling the temperature distribution, damage, softening and failure. The development of mechanistic models will not
only improve the accuracy of the predictions, but will reduce the
reliance on large amounts of empirical data. The growing use of
composites in high ﬁre risk applications demands the on-going
development of ﬁre structural models for laminates and sandwich
materials.
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