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a b s t r a c t
The objective of this research is to develop a modeling and simulation approach for predicting the thermomechanical damage of composite materials subjected to ﬁre environments. A 3D thermal damage model is
developed for glass-reinforced polymer composite materials subject to high temperature and radiative
environments. Homogenization methods are used to formulate the damaged material in terms of ﬁber,
resin and char. The thermal damage model is implemented in Abaqus via an overlaid element approach.
The solution of the mechanical response uses the existing functions in Abaqus for large-displacement
analysis. Composite sandwich panels with balsa core are examined. Reasonable agreement in temperature
is obtained between predictions and available experimental data. For the sandwich panels, delamination
failure is predicted at the sandwich interface – consistent with the experiments. Comparisons of time-tofailure of the sandwich panel show the predictions are reasonable.
Ó 2011 Elsevier Ltd. All rights reserved.

1. Introduction
Existing models for describing the thermal response of decomposing composite materials have been proposed by Henderson
[1–3], Dimitrienko [4–9], Feih [10–12], Zhang and Case [13,14],
Summers [15], and Luo and DesJardin [16,17]. A one-dimensional
transient thermal model for a glass-phenolic system was developed by Henderson and Florio et al. [1–3]. They modeled the composite as composed of virgin and burnt (char) material.
Dimitrienko has systematically developed more advanced thermo-mechanical models for high-temperature composites over a
series of studies [4–9]. In his approach, the matrix is assumed to
consist of ﬁber, resin, char and gas. The formulation of the system
of thermal and mechanical equations are derived using asymptotic
averaging yielding a hierarchy of linearized equations [7]. Feih
et al. developed a thermo-mechanical model based on Henderson’s
model, laminate theory and temperature-dependent strength to
estimate the time-to-failure of composite structures under compressive loading and one-sided heating [10–12]. The thermal model is a 1D equation that only considers the conductive heat transfer
and mass transport of decomposed gases in the through-thickness
direction. The time-to-failure is determined by comparing the
average compressive strength of the laminate with the compressive force. Summers developed an analytical model using beam
bending analysis to study the compression failure of polymer com-
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posite laminate [15]. Zhang and Case developed a 3D thermal and
mechanical ﬁnite element model by extending Henderson’s 1D
thermal model and including the viscoelastic effects of composite
materials in ﬁre [13,14]. The model considers original and decomposed materials, and does not study the debonding of laminate
skins.
Luo and DesJardin developed a constituent based thermal
decomposition model based on a homogenized system of thermal
and mechanical equations using phase-averaging concepts [16,17].
The result of this procedure incorporates the effect of gas pressurization from resin decomposition in a self-consistent manner. The
solution of the equations was obtained using a ﬁnite element
method. The model was exercised for the case of a 2D clamped
beam for which a plane strain assumption is imposed. Given the
thermal properties at material’s constituent level (ﬁber, resin, char
and gas), a homogenization approximation is used to characterize
the thermal decomposition and mass transfer for an arbitrary composite system. With this constituent based thermal decomposition
model, the ﬁre response can be simulated for a new material system without performing extensive coupon level testing.
The existing thermal mechanical damage models only examined three of the failure mechanisms for decomposing composite
materials, that are charring, creation of gas from resin decomposition, and thermal degradation of elasticity properties. However,
delamination has been observed to be an important mode of failure
in experimental studies of composite structures in ﬁre environments [12,15,18]. The delamination could occur between the plies
of composite laminates [15] and the interface between laminate
and balsa core in composite sandwich structures [12].
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The main objective of this study is to implement the thermal
damage model in the commercial ﬁnite element analysis software
Abaqus, and extend it to a thermo-mechanical damage model in
Abaqus by enriching the capabilities simulating large deformation
and delamination failure of composite structures. The model formulation is presented in Section 2 and the implementation of both thermal and mechanical response in Abaqus is discussed in Section 3.

can be related to ratio of the ﬁnal mass (me = mfe + mre) to the initial
mass (me = mf0 + mr0) of the matrix, b:

2. Mathematical formulation

s1 ¼

In order to model the response of a composite structure in ﬁre,
the macroscopic structural response needs to be determined from
microscopic changes in ﬁber and resin due to local heating and
pyrolysis. The modeling approach pursued in this study is based
on the homogenization techniques where phase-averaged equations are derived for mass and energy transport within the structure [16,17]. The following summarizes the main results of this
development. More details can be found in Ref. [19].
The initial composite material is assumed to be composed of ﬁber, resin and a small amount of gas void. Upon heating the resin
heats up and is pyrolyzed, creating additional gas and char. Thermal equilibrium is assumed among the constituents therefore the
solution of only a single energy equation is required for the determination of the local temperature ﬁeld. The resulting phase-averaged equations for solid phase fraction, ui, gas-phase density, qg,
and energy (temperature) transport are summarized below
[16,19]:

For glass ﬁbers the silicon does not participate in the decomposition
processes, therefore s2 = 0 and s1 is solely a function of b and the
initial masses of the ﬁber (mf0) and resin (mr0). The decomposition
of the gas is modeled using a standard

n Arrhenius law for pyrolysis
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factor, Ai, activation energy, Ei, and power exponent, ni can be measured experimentally. Once the volume fractions of the solid phases
are determined then the gas volume fraction, ug, used in Eqs. (1b)
and (1c) can be determined using: ug = 1  uf  ur  uc.
The thermal formulations are implemented in Abaqus, and the
mechanical response of composite structures is also solved using
Abaqus. The solution approach will be introduced in next section.
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In Abaqus, user subroutine UMATHT can be used to deﬁne the
thermal constitutive behavior of the material as well as internal
heat generation during heat transfer processes. It can be used for
solving the temperature equation represented in Eq. (1c), as well
the gas transport equation Eq. (1b). However, there is no such a
type of element that has both temperature and gas pressure degrees of freedom for heat transfer or thermal-mechanical analyses.
Only one user-deﬁned thermal material behavior can be used for
each material point.
In order to implement the thermal damage model in Abaqus, an
overlaid element approach, shown in Fig. 2, is developed and
implemented in Abaqus/Standard [20,21]. The two overlaid layers
of elements are actually on top of each other, and plotted offset for
illustration purpose. These elements have their displacement degrees of freedom ﬁxed to each other at the nodes, which can reduce
the unnecessary computational cost. The solution procedure employs one UMAT (if needed for mechanical ﬁeld) and one
UMATHT(1) applied to the ﬁrst layer to deﬁne the constitutive,
decomposition, and heat transfer equations. Another UMATHT(2)
is applied to the second layer to solve the gas transport equation.
Since both UMAT and UMATHT(1) are used for the ﬁrst layer of elements, the common variables can be shared via the state variables
associated with material points. These state variables include temperature, remaining solid mass, etc. To use these state variables as
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where the subscripts f, r, c, g represent ﬁber, resin, char and gas
P
phase; qcp ¼ ug qg cp g þ i ui qi cp i and the thermal conductivity is
P
k ¼ ug kg I þ i ui ki I. The ﬁrst terms on the right-hand side of Eqs.
(1b) and (1c) account for the transport of gases assuming a Darcy
ﬂow, requiring speciﬁcation of the permeability tensor, K. Rg is the
gas constant, lg is the viscosity of decomposed gas, and Dhdec is
the heat of decomposition.Thesource/sink terms for the solid phase
 000 
_ i and the gas phase m
_ 000
account for change in mass from
m
g
pyrolysis. These terms can furthermore be expressed solely in terms
_ 000
of m
g after considering overall mass conservation,

_ 000
m
f ¼ 

s2 m_ 000g
ð1  s1 Þð1 þ s2 Þ

ð2aÞ

_ 000
m
g

_ 000
m
r ¼ 

b

mf e þ mc e
ð1  s1 Þðmf 0  s2 mr 0 Þ
¼ s1 þ
mf 0 þ mr 0
mf 0 þ mr 0

ð4Þ

which can be measured experimentally. Substituting Eq. (4) into Eq.
(3) results in an expression for s1 in terms of s2 and b:

bðmf 0 þ mr 0 Þ  ðmf 0 þ s2 mr 0 Þ
:
ð1 þ s2 Þmr 0

ð5Þ

3. Solution approach
3.1. Thermal response in abaqus
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where two additional parameters, s1 and s2, are introduced that are
deﬁned as:

_ 000
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m
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The physical meaning of s1 is the ratio of mass generation rate of
char to the decomposition of ﬁber and resin, and s2 is the ratio of
decomposition rate of ﬁber to that of resin. These two parameters

Fig. 1. Typical traction–separation response of a cohesive element. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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Fig. 2. Illustration of an overlaid element approach. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

Table 2
Material thermal and transport properties for
balsa wood [12,27].
Property

Value

Asg
Ea
n
hdec

6.7  107 s1
116,488 J/kg mol
1
556,000 J/kg
150 kg/m3
22 kg/m3
1420 + 0.68T J/kg K
3194 + 1.33T J/kg K
0.2 W/m K

qf
qr, qc
cp
cpchar
k

Table 3
Mechanical properties for E-glass/vinyl ester laminate [28,29].
Property

Value

E11
E22
E33

2.68  1010 Pa
2.68  1010 Pa
1.15  1010 Pa
0.15
0.4
0.4
5.04  109 Pa
3.64  109 Pa
3.64  109 Pa

m12
m13
m23
G12
G13
G23

Fig. 3. A composite sandwich is under compression load with local heating on left
surface. (For interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)

a11

(0.0094T + 11.024)  106 K1 (T 6 627.5 K)
(0.0404T + 22.013)  106 K1 (627.5 K 6 T 6 694.1 K)
5.0  106 K1 (T P 627.5 K)

a33

34.5  106 K1 (T 6 374.4 K)
{44 + 74tanh[0.015(T  110)]}  106 K1 (374.4 K 6 T 6 627.5 K)
(718.85  1.6952T)  106 K1 (627.5 K 6 T 6 694.1 K)
5.0  106 K1 (T P 694.1 K)

Table 1
Material thermal and transport properties for E-glass/
vinyl ester composite material [10,11].
Property

Value

Asg
Ea
n
hdec

5.59  1013 s1
212,075 J/kg mol
1
378,800 J/kg
2560 kg/m3
1140 kg/m3
0.7526 kg/m3

qf
qr, qc
qgini
cp

k
MWg

mk
aex
aun

960 J/kg K (T 6 410 K)
1210 J/kg K (410 K 6 T 6 550 K)
1360 J/kg K (T P 550 K)
0.43 W/m K
18.35 kg/kmol
1.48  105 + 2.5  108T m2/s
0.9
0.6

the input for the second layer of elements in UMATHT(2), common
blocks are also used for transferring the data between these two
layers. The pressure calculated from UMATHT(2) can also be used
in UMAT and UMATHT(1) associated with the ﬁrst layer of elements during the time marching scheme. In each time increment,
multiple iterations are used to achieve equilibrium for the global
system. Therefore, the two layers of elements are equivalent to
one layer of element that had both temperature and pressure, as
well as displacement degrees of freedom.
3.2. Mechanical response in Abaqus
The solution of the mechanical response of composite structures is based on the existing capabilities of Abaqus. It is found that
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Fig. 4. Temperature dependency of: (a) longitudinal modulus and (b) shear
modulus of the E-glass/vinyl ester composite [22].

the mechanical properties of composite laminates degrade as temperature increases [22]. A temperature dependent orthotropic
linear elastic material model is used for the composite laminates
in this study. The delamination failure can be predicted using the
cohesive model with a traction–separation description, and
large-displacement is considered in the analysis for the geometric
nonlinearity. More detailed information can be found in Abaqus
manuals [23–25]. Nonlinear stress analysis problems can contain
up to three sources of nonlinearity: geometric nonlinearity, material nonlinearity, and boundary nonlinearity. A nonlinear ﬁnite
element models can involve a few or millions of variables. The
problem is history-dependent, so the solution needs to be developed by a series of increments. Generally, Abaqus/Standard uses
Newton’s method as a numerical technique to solve the nonlinear
equilibrium equations. The reason for this choice is primarily
because of the convergence rate [23,24].
Delamination has been observed as a mode of failure in experimental studies of composite structures in ﬁre environments
[12,15,18]. The delamination could occur at the interface between
laminate and balsa core in composite sandwich structure [15,12],
respectively. This mode of failure can be modeled in Abaqus [26]
using cohesive elements, or equivalently surface-based cohesive
behavior, with a traction–separation description.
Fig. 1 presents a typical traction–separation response of a cohesive layer. The linear elastic behavior of the initial response, before
damage initiation, can be written as

stress, {t}, consists of three components: tn, ts, and tt (normal and
shear tractions). The corresponding separations are dn, ds, and dt.
The nominal strains can be deﬁned as

8 9 2
K nn
>
< tn >
=
6
ftg ¼ ts ¼ 4 K sn
>
: >
;
tt
K tn

(
)2 ( )2 ( )2
ht n i
ts
tt
þ 0
þ 0
¼ 1:
t 0n
ts
tt

K ns
K ss
K ts

38 9
K nt >
< en >
=
7
K st 5 es ¼ Kfeg
>
: >
K tt
et ;

ð6Þ

Once a damage initiation criterion is reached, material damage occurs depending on the damage evolution law. The nominal traction

Fig. 5. Time history of temperature at hot/skin-balsa/balsa middle/balsa-skin/cold
surfaces of a sandwich composite panel with locally heating of (a) 25 kW/m2 and
(b) 50 kW/m2 on left surface. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the web version of this article.)

en ¼

dn
;
T0

es ¼

ds
;
T0

et ¼

dt
T0

ð7Þ

where T0 is the original constitutive (not geometric) thickness of the
cohesive layer.
Generally, damage initiation refers to the beginning of degradation of the response of a material point. For cohesive model, it indicates the start of the delamination damage. The process of damage
begins when the stresses or strains satisfy certain damage initiation criteria that are speciﬁed. In this study, the quadratic nominal
stress criterion is used [24]:

ð8Þ

where h i represents that compressive (negative) normal stress does
not initiate any delamination damage. Damage is assumed to initiate when the above quadratic interaction criterion is satisﬁed.
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Fig. 6. (a) Deformed shape and delamination, and (b) history of displacement of composite sandwich under 50% strength load. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

Damage evolution can be deﬁned based on the energy that is
dissipated as a result of the damage, which is also known as the
fracture energy. The fracture energy is equal to the area under
the traction–separation curve. When the material is completely
damaged or the two surfaces are totally delaminated, the area under the linear (in this study) or the exponential damaged response
is equal to the critical fracture energy, GC (the blue area as shown
in Fig. 1). The second order power law is assumed for the damage
evolution in this study [24],



Gn
GnC

a


þ

Gs
GsC

a


þ

Gt
GtC

a

¼ 1:;

a¼2

ð9Þ

where GnC, GsC, GtC are the energies required to cause failure in the
normal and two shear directions. These fracture energies can be
speciﬁed as material properties.
A damage index, D, represents the overall damage of delamination and captures the combined effects of delamination damage in
both normal and shear directions. The damage index D monotoni-

cally increases from 0 to 1 upon further loading after the initiation
of damage. For a linear softening behavior, the mix mode damage
index can be written as

D¼

df ðdmax  d0 Þ
dmax ðdf  d0 Þ

ð10Þ

where dmax is the maximum effective displacement during the loading history, and df the effective displacement at ﬁnal complete failure [24]. When dmax is equal to d0, Eq. (10) gives D = 0, which
represents when the delamination damage just initiates and no
damage is caused. If dmax reaches df, the damage index D equals 1
and the two surfaces are totally delaminated.

4. Results and discussion
Composite sandwich structures are studied using the extended
thermo-mechanical damage model in Abaqus. Numerical results
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Fig. 7. (a) Deformed shape and delamination, and (b) history of displacement of composite sandwich under 15% strength load. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)

are presented and model validation is performed by comparing the
displacements and time-to-failure with experimental data.
4.1. Composite sandwich panel exposed to ﬁre
To validate the thermo-mechanical damage model, a sandwich
composite is studied comparing with the experimental data measured by Feih et al. [12]. In the experimental study, both a constant
compressive loading and a given heat ﬂux are applied to measure
the time-to-failure of the sandwich structure. As shown in Fig. 3,
the sandwich consists of a balsa wood core and two skins of glass
vinyl ester composite laminate. Both skin and core are 150 mm
long and 80 mm wide. The skin has a thickness of 5 mm and the
core has a thickness of 30 mm. A uniform heat ﬂux is imposed at
the center 100 mm (in-length) area on one side of the sandwich,
and a constant compressive force is applied on the top surface.
Since the specimen on both ends were not ﬁxed to the compression
plates, the boundary condition allowed rotation along the width

direction. Both top and bottom surfaces are represented by reference points through MPC (multi-point constraints in Abaqus),
which allows each surface to rotate with respect to the reference
point while still keep the loading in the vertical direction.
The thermal and transport properties of the glass vinyl ester
composite laminate and the balsa wood are summarized in Tables
1 and 2 [12,27], respectively. The mechanical properties of E-glass/
vinyl ester laminate at room temperature are given in Table 3
[28,29]. The temperature dependency of mechanical properties of
woven E-glass/vinylester laminate is critical to the prediction of
the time-to-failure of the structure. According to the experimental
studies by Kim et al. [22], the longitudinal modulus and the shear
modulus degrade differently as temperature increases, as shown in
Fig. 4. The curves are normalized to represent the temperature
dependency. The modulus can be represented as E = F  (E0  d),
where F = (q  qf)/(q0  qf) is the thermal decomposition progress
variable [19], E0 is modulus ar room temperature, and d is the modulus degradation index determined by the curves given in Fig. 4.
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The coefﬁcient of thermal expansion (CTE) of composite in this
case is also orthotropic, which are measured using a Thermomechanical analyzer (TMA) method by Feih et al. the Royal
Melbourne Institute of Technology RMIT [30]. Both in-plane and
out-of-plane CTEs are temperature dependent, as given in Table 3.
The transient thermal–mechanical (coupled temperature and
displacement) analysis is conducted in Abaqus. The user subroutines (UMATHT, DFLUX, etc.) provide the functionalities to deﬁne
complicated materials, such as composite laminate and balsa wood
with temperature dependent thermal and transport properties,
and temperature dependent thermal boundary conditions. A radiation and convection mixed type of thermal boundary condition
is used on the heated area. For the exposed area, there is radiant
energy absorbed and heat loss by convection. The net heat gain
by the materials can be evaluated by



q_ 00net ¼ q_ 00r  er T 4s  T 41  hconv ðT s  T 1 Þ

ð11Þ

where e and a the emissivity and absorptivity are assumed to be the
same, and the surrounding temperature T1 is 300 K. The initial temperature is assumed uniform through the thickness, Tini = 300 K. The
boundary condition on the back surface is not well deﬁned since a
thick insulation plate was attached on the back cold surface; therefore a curve ﬁtted temperature history on the back surface is used
as prescribed boundary condition to best match the experimental
data.
Fig. 5 shows the time history of temperature at different
through-thickness locations in the sandwich composite: exposed
surface, skin-balsa interface, balsa middle surface, balsa-skin interface, and unexposed surface. Two different heat ﬂuxes are imposed
on the sandwich composite surface, 25 kW/m2 and 50 kW/m2,
respectively. As shown in Fig. 5, the temperature predictions agree
well with experimental data in both cases with a maximum error
of 7.2% and 11.1%, respectively. For the case of 50 kW/m2, the predicted temperature is slightly higher than the measurements at the
skin/balsa interface and middle surface of the balsa. This can be explained by that, a constant thermal conductivity is assumed for the
decomposed material while the thermal conductivity was found to
be temperature dependent by Feih et al. [10]. Also the inﬂuence of
delamination on heat conduction and gas ﬂow through the composite is not considered.
Comparison with experimental data is also required for the purpose of mechanical model validation. Efforts have also been focused on predicting the time-to-failure of the composite
sandwich under thermal and mechanical loading. It has been observed that the interfaces between composite skin and balsa core
delaminated [12]. In order to capture this failure mode, cohesive
layers are used to model the skin/core interfaces. The delamination
toughness (or, fracture energy) of glass vinyl ester laminate are
measured using wedge tests at elevated temperature by Feih
et al. from RMIT [30]. A hyperbolic function, same form as the modulus reduction in Fig. 4, was used to curve ﬁt the experimental
data. Both mode I and mode II are represented as

1060 þ 60 1060  60

tanh½0:035ðT  132Þ
2
2
1580 þ 86 1580  86

tanh½0:035ðT  131Þ:
¼
2
2

found to drop rapidly when the composite sandwich fails. At the
same time, the out-of plane displacement increases quite quickly
too (with the positive values being deﬂection away from the heat
source), as shown in Figs. 6b and 7b. In this study, therefore, the
time-to-failure is deﬁned as the time when the sudden drop occurs
in the in-plane displacement.
The in-plane displacement is compared with experimental data
[30]. As shown in Fig. 8, the numerical predictions on the in-plane
displacement are larger than the measurements especially at lower
loading case. However, the time of sudden drop in displacement is
comparable to experimental data.
The time-to-failure predictions are compared with experimental data, as shown in Fig. 10. There are two sets of experimental

Fig. 8. In-plane displacement of composite sandwich compared with experimental
measurements [12]. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

GIC ¼
GIIC

ð12Þ

In the time-to-failure tests the imposed heat ﬂux is 50 kW/m2. A
series of compressive loads (50%, 37.5%, 22% and 15% of the compressive strength) are applied on the composite sandwich structure.
Figs. 6 and 7 present the delamination failure and the displacement
curves for 50% and 15% strength loading cases, respectively. In both
cases delamination is predicted between the front skin and balsa
core, which is very similar to the failure modes observed experimentally [12], as shown in Fig. 9. The in-plane displacement is

Fig. 9. Failure modes observed in experimental studies by Feih [12]. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the
web version of this article.)
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authors would also like to thank Dr. Stefanie Feih and Dr. Adrian
Mouritz from RMIT for sharing the measured material properties
of thermal expansion coefﬁcients and delamination toughness.
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Fig. 10. Time-to-failure prediction under different compressive loadings with
heating of 50 kW/m2. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)

data, for front (not shown) and back skins. The current model predictions in time-to-failure agree reasonably well with experimental failure time of the back skin. The error varies from 6.1% to
13.7% for the cases with applied stress less than 50%. Feih et al.
[12] reported that the compressive softening and failure by plastic
micro-buckling/kinking of the composite skins are responsible for
failure of the sandwich structures. The failure mode involved collapse of the two skins and shear failure of the core when the applied stress was more than 50% the strength of the sandwich
composite and the front skin failure is resulted from the stable
plastic kinking. Failure mechanisms of plastic kinking and microbuckling are not included in the current study. The delamination
failure mechanism used in this paper to predict failure is not the
main mechanism identiﬁed by Feih et al. which causes failure
[12]. However, the delamination failure of the skin–core interface
occurs immediately after micro-buckling failure of the front skin,
and therefore the failure times for the two damage processes are
virtually identical.
5. Conclusions
This study has focused on development of a thermal damage
model, its extension to a thermo-mechanical damage model in
Abaqus, and their applications to study the response of the ﬁber
reinforced polymer composite structures in ﬁre environments.
The model is utilized to study the glass/vinyl ester composite sandwich structures under thermal and compressive loading. To the
authors knowledge, this is the ﬁrst study to attempt to model
the delamination failure of balsa sandwich panels subject to ﬁre
environments. The model predictions in temperature agrees well
with experimental data. Good agreement has also been obtained
between the numerical predictions and experimental data of the
time-to-failure for the composite sandwich. Delamination is predicted at the locations where the debonding of front skin and balsa
core was observed in experiments.
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