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ABSTRACT.In the past three decades, one-dimensional (1-D) thermal model was usually used to
estimate the thermal responses of glass fiber-reinforced polymer (GFRP) materials and structures.
However, the temperature gradient and mechanical degradation of whole cross sections cannot be
accurately evaluated. To address this issue, a two-dimensional (2-D) thermo-mechanical model was
developed predict the thermal and mechanical responses of rectangular GFRP tubes subjected to
one-side ISO-834 fire exposure in this paper. The 2-D governing heat transfer equations with thermal
boundary conditions, discretized by alternating direction implicit (ADI) method, were solved by
Gauss-Seidel iterative approach. Then the temperature-dependent mechanical responses were
obtained by considering the elastic modulus degradation from glass transition and decomposition of
resin. The temperatures of available experimental results can be reasonably predicted. This model can
also be extended to simulate the thermo-mechanical responses of beams and columns subjected to
multi-side fire loading, which may occur in real fire scenarios.
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INTRODUCTION

In the past two decades, a large number of experimental
studies have been conducted to evaluate the thermal and
thermo-mechanical performances of FRP materials [1-7]. In
1999, the fire resistance of GFRP sprinkler pipes with empty
cavity, stagnant water and flowing water were investigated
by Davies and Dewhurst [8]. The failure time of the pipes
with empty cavity and stagnant water were 1.5 min and 8.5
min, respectively, while the flowing water-cooled pipe
remained structural integrity subjected to 120 min fire
exposure. Inspired by the water-cooling concept of filament
wound GFRP pipe used in [8], this concept, developed by
Keller, was applied in the fire endurance of pultruded GFRP
multi-cellular panels [9, 10]. The fire performance of GFRP
panels were investigated in three different experimental
parts: charring of GFRP laminates, fire endurance of liquid
cooling moderately-sized GFRP panels and fire resistance of
structural liquid cooling full-scale GFRP panels, respectively.
In the first part, the pultruded GFRP laminates started
burning at roughly 6 min, and the temperature of cold face
reached the Tg at approximately 10 min [11]. In the second
part, the temperature profiles through the thickness of lower
face sheet were much lower than those of charring
*

experiments[9]. In the third part, for the non-cooled
specimens, the cold face of lower face sheet reached Tg and
Td in 10 min and 57 min, respectively. The test results
demonstrated that liquid-cooling was an effective way to
improve the fire resistance of pultruded GFRP components.
The non-cooled column failed at 49 min due to global
buckling, while structural function of the water cooled
columns could be maintained for two hours. In 2010, the fire
resistances of non-cooled and water-cooled pultruded GFRP
beams with square hollow section were investigated by
Correia et al [12]. The bottom flange of the GFRP beams
were subjected to ISO-834 fire. The fire resistance was over
120 min by using the water-cooled approach with a 72 mm/s
flowing rate. But the non-cooled specimen failed abruptly
after about 38 min due to the kinking and buckling of top
flange.
The mathematical modeling of the thermal response of
FRP composite under elevated and high temperatures has
been proposed. In 2006, the apparent specific capacity,
developed by Lattimer [13], was input into a heat transfer
model to predict the temperature profile through
E-glass/vinyl ester composite laminates. Gibson et al. [14,
15] investigated the post-fire mechanical properties of
polymer composites by combing the thermal model with
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2.2 Thermo-physical properties model

Mouritz’s two-layer mechanical model [16]. In 2012, the
thermal responses of FRP laminates subjected to three-point
bending and one-side heat flux were experimental and
numerical investigated by Gibson et al. [17]. Feih et al.
[18,19] presented the thermo-mechanical model to predict
the tension and compression properties of FRP laminates in
fire. A 1-D model was further developed to simulate the
thermo-mechanical responses of sandwich composites [20].
This model also validated and applied by Anjiang et al. [21,
22] to investigate the in-fire and post-fire mechanical
properties of FRP sandwich composite structures with balsa
wood core. In 2006, a thermo-chemical and thermo
mechanical models were introduced by Keller [23]. The
models were used to predict the structural response of
water-cooled multi-cellular GFRP slabs. In 2007, Bai and
Keller [24] proposed the chemical kinetics-based
thermo-physical model by considering the decomposition of
matrix resin. Based on the temperature-dependent
thermo-physical model, an 1-D thermal model with the
effective specific capacity was developed [25]. More
recently, a 3-D FE model was developed by Shi et al. [26] to
investigate the coupled temperature-diffusion-deformation
problem of silica/phenolic composite materials. The
accuracy of this model was validated by comparing the
measured temperatures and displacements with numerical
results.
Among the various existing thermal models, the 1-D
finite difference method was most frequently used to predict
the thermal response of FRP composites. However, the FRP
structural components applied in building construction were
subjected to multi-dimensional fire exposures. The
temperature profile of heated zone of FRP composites
cannot be predicted by the use of 1-D model. Hence, to
address this issue, a 2-D thermal model was proposed in this
study. The accuracy of the proposed model was validated by
the existing experimental data of pultruded E-glass/polyester
rectangular tube under fire from one side. The comparison
indicated that the developed two-dimensional thermal model
can be reasonable to predict the thermal responses of GFRP
composites.

2

During fire processes, thermo-physical properties include
density, specific capacity and thermal conductivity of virgin
(non-char) and char material.
A lot of works were made to investigate these properties.
The temperature-dependent density can be described by
using an Arrhenius equation based on chemical kinetics
[26]:

 E 
(1)
  A exp  A 
t
 RT 
where ρ is the density; A represents the pre-exponential
factor; EA is the activation energy; R is the universal gas
constant; and T is temperature.
The change of density can be described by Eq. (1). But
in the existing literatures, specific capacity and thermal
conductivity of virgin and char were usually expressed by
polynomial fitting instead of analytical from. Hence, the
parameters used in fitting have no clear physical meaning.
Bai et al. [26] developed a model for predicting
temperature-dependent thermophysical properties. In this model, a conversion degree of
decomposition was introduced to characterize the pyrolysis
process of polymer resin, as indicated in Eq. (2).

 E 
d d
nr
 Ad exp  A, d  1   d  d
dt
 RT 

(2)

where αd denotes the decomposition degree, Ad, EA,d, nrd are
kinetic parameters, which can be derived from
thermo-gravimetric analysis.
Based
on
decomposition
degree
αd,
the
temperature-dependent density can be obtained,

  1  d  b   d a

(3)

where b is the density of virgin composite, and  a is the
density of char material.
The apparent specific capacity can be given as [26]
d
C p  f b C pb  1  f b  C p a  d Cd
(4)
dT
where Cp is the apparent specific capacity, which increases
due to endothermic phenomenon during decomposition
process [27]; Cp,b and Cp,a are apparent specific capacity
before and after decomposition respectively; Cd is
decomposition heat; and fb is mass fraction of
un-decomposed FRP materials , which can be calculated by
Eq. (5).
M a ,v 1   d 
(5)
fb 
M a ,v 1   d   M a ,e d

MATHEMATICAL MODEL

2.1 Modeling assumptions
When subjected to fire, FRP composites undergo many
complex thermal, physical, chemical and structural failure
processes. The challenge to accurately modeling the
temperature responses is to consider complex interaction of
degradation processes. Previous studies [11,25] showed that
the thermal and mechanical processes were dominated by
glass transition and thermal decomposition. The convective
heat transfer of volatiles flow up through the decomposition
front to the surface may have a small effect on the
temperature profile in the FRP material[14]. Hence, in this
study, the 2-D thermo-mechanical model was simplified by
considering heat conduction, physical process (glass
transition), chemical (decomposition) and mechanical
degradations.

where Ma,v (Ma,e ) is the initial(final) mass of FRP material.
In this paper the main research object is the cross section
of rectangular GFRP tubes, only the cross sectional
properties should be considered. Previous study showed that
thermal conductivity parallel to the axis of fiber (0o) was
much higher than in the transverse (90o) and through
thickness direction, while the thermal conductivity of
transverse and through thickness direction were similar for
glass fiber/polyester composites. Hence, the transverse
thermal conductivity can be simplified by using the through
thickness thermal conductivity. The thermal conductivity
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through the thickness of FRP composites can be expressed
as [26]

1 1   d   d


k
k b
k a

q  t   hx T  t   T  x, y , t 

4
4
   x , r x , r T  t   T  x, y , t 


bd




(14)

(6)

q  t   hy T  t   T  x, y , t 

where k⊥ denotes the through thickness thermal conductivity;
the subscripts b and a represents the thermal conductivity
before and after decomposition, respectively; and k⊥b and k⊥
a can be obtained by using the inverse rule of mixtures.

bd

4
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(15)

3 VALIDATION

V f Vm
1
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V f Vga
1


k a k f k ga

bd

3.1 Basic model

(7)

As described in Section 1, Correia et al. [12] conducted the
fire structural experiment of pultruded E-glass/polyester
composite square beam subjected to ISO-834 fire, and a 37
min fire resistance was reached. In this paper, this
experiment is used to validate the proposed 2-D numerical
model. The heat convective coefficients at the cold face of
bottom flange were estimated as 2 W/m2 K by fitting the
temperature profiles at the cold face of the bottom flange
[28].

where kf, km and kga are the thermal conductivities of fiber,
matrix and volatile gas, respectively; Vf, Vm and Vga are the
volume fractions of fiber, matrix and volatile gas,
respectively.
2.3. 2-D Heat transfer model
2-D transient heat transfer equation can be expressed as

C p

T
  T    T 
  kx

   ky
t x  x  y  y 

3.2 Validation and comparison
(8)

Fig. 2 shows the 2-D modelling and experimental
temperatures through the thickness of GFRP bottom flange.
Reasonable agreement was found, especially in the first 5
min and last 20min. some fluctuations can be seen after 5
min fire exposure due to the jump of the oven temperature.
The 2- D temperature gradients at 5 min, 10 min, 20 min
and 40 min were presented in Fig. 2. A large temperature
gradient through the thickness of bottom flange was found at
5 min and 10 min, however, the gradient decreased from 10
min to 40 min. This indicated that a more even temperature
distribution was found through the thickness of bottom
flange, and the temperatures of hot face and inner face were
approximately 750 ℃ and 900 ℃ at 40 min..

where kx and ky are the thermal conductivity in x and y
directions, respectively. The term on the left side of Eq. (9)
refers to the rate of change of internal energy, and the other
two terms on the right side denote the net heat flux.
The boundary conditions applied in thermal analysis can
be divided into three types. The first one is the Dirichlet
boundary condition, which can be expressed as
(9)
T  x, y, t  bd  T t 
where kx and ky represent the 2-D spatial Descartes
coordinates; Subscript bd denotes the boundaries of
rectangular tube; and T(t) is the time-dependent specific
temperature on the boundary. The second one is the
prescribed heat flux, which can be expressed as
T  x, y, t 
k x
(10)
bd  q  t 
x
T  x, y, t 
(11)
k y
bd  q  t 
y
where q(t) is the time-dependent heat flux at the boundaries.
The last one is the convection between the boundary and
external environment, which can be expressed as
T  x, y, t 
k x
bd  h  T  t   T  x, y , t  bd  (12)
x
T  x, y, t 
k y
bd  h T  t   T  x, y , t  bd  (13)
y
where h denotes the convective coefficients, and T∞(t)
represents the time-dependent temperature of external
environment.
In this study, convection and radiation between the
boundaries and external/internal environment can be
obtained
from
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Fig. 1 Model validation by temperature comparison
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(a)

Fig. 2 Temperature distribution of GFRP tube: (a) 5 min, (b) 10

(b)

min, (c) 20 min, (d) 40 min.
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4 CONCLUSIONS
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In this study, a 2-D model to predict the thermal responses
of rectangular GFRP tubes were developed and solved by
ADI finite difference scheme. The modeling results were
compared with the temperature from experiment on GFRP
rectangular beam under one-side fire exposure. The main
conclusion remarks were drawn:
(1) A 2-D thermo-mechanical model based on finite
difference method was developed and solved by
Gauss-Seidel iterative approach. The detailed ADI
schemes considering complex boundary conditions
were also presented, and the numerical results were
stable due to the stability of this difference format.
(2) The proposed 2-D thermal model can reasonably
predict the temperatures of GFRP rectangular tube.
Based on the calculated temperature, the
temperature-dependent conversion degree of glass
transition and decomposition as well as
thermo-physical
properties
of the
whole
cross-section can also be obtained.
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