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ABSTRACT 

Fibre reinforced polymer composites, when burned are highly flammable in nature and therefore, 
pose a serious fire hazard. The situation becomes even worse in case of natural fibres due to the 
inherent combustibility of the fibres. Modelling fire-structural behaviour of composites poses various 
challenges due to the complex multi-physics nature of the problem. To date, there have been very few 
studies to numerically model the fire-structural behaviour of composites; in particular, natural fibre 
based composites. In the current work, a coupled fire-structural model combining the finite volume 
(FV) and finite element (FE) methods that captures the essential physics of the problem was 
developed. The model is based on a multi-physics framework, whereby the essential physics 
pertaining to the combustion process of the fire and the resultant thermo-mechanical response of the 
structure, in particular, of natural fibre reinforced composites, has been incorporated. The model 
predicts the temperature, stress distribution and deformation behaviour of composite beams under 
combined thermal and mechanical loads. The model is validated against other numerical models.  

1 INTRODUCTION 

Composite materials are susceptible to combustion. High flammability and poor fire resistance are 
two important characteristics that are associated with polymer matrix composites (PMCs) [1, 2]. This 
is essentially due to the release of heat, smoke, and toxic fumes [3, 4].  In addition, while an external 
load is present, softening due to thermal irradiation and pyrolysis of the matrix occurs. Softening of 
the fibre reinforcement causes distortion, weakening and eventually lead to failure. When these 
materials are subjected to high temperatures complex physical and chemical processes occur. 
Processes like glass transition and decomposition take place which may lead to extensive degradation 
of mechanical properties, such as stiffness and strength. This phenomenon makes the fire behaviour of 
composite materials an important design criterion. In addition, the changes in the polymer molecular 
structures are also responsible for the degradation of stiffness and strength [3, 5]. Nonetheless, 
composite materials can be designed to provide the ideal properties for many structural applications. 
As mentioned before, one prime barrier to their implementation is the inherent combustibility and the 
associated risk from fire, specifically for natural fibre composites. The number of tests required to 
qualify a set of new composite materials for a given application are significant. Therefore, developing 
robust fire models will not only contribute to predict the thermal response of composite materials, but 
also to minimize standardized tests. These models can be validated by standard fire tests. Additionally, 
once the fire behaviour under the heat transfer conditions of a standard fire test is well comprehended, 
then the same model may be augmented to foretell thermal response under more realistic fire 
situations. Realistic thermal modelling of fire behaviour provides the designer with the capability to 
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bespeak innovative, new designs to a designated fire rating, with the minimum effort to expensive 
standard fire testing [6].  

Fire is a very complex phenomenon that can develop in stages of increasing temperature and size 
before decaying. When FRP composites are exposed to fire, the fire environment can become severely 
complicated since the inclusion of polymer composite can eventually control the temperature, size and 
spread of the flame [6]. Cellulosic content also has an important contribution to flammability. A high 
cellulose content results in high flammability. Lignin and ash, if present in the fibres, lead to greater 
char formation [7, 8]. The formation of char is a crucial factor since it protects the underline material 
from thermal exposure and thereby increases the thermal resistance and structural integrity of the 
composites. Modelling structures under fire conditions requires three generally separate and 
independent processes to be considered. Firstly, modelling the evolution of fire which signifies the 
start, propagation and end of fire needs to be performed. Thereafter, the temperature generated at the 
vicinity of the structure needs to be recorded. Secondly, the heat transfer from the hot gases to the 
structure needs to be conducted. Thirdly, the investigation on  the structural deformation due to the 
combined effect of mechanical and thermal loading requires significant attention [9]. Since a fire can 
be considered an extreme situation where a structural element will be dealing with responses nearly at 
its state of collapse, development of an accurate model capturing pertinent effects of thermal and 
mechanical loads considering the change in the material properties will not only require a robust, 
multi-physics modelling framework, but also needs to be validated against large-scale tests in real fire 
scenarios [6, 9].  

Although a considerable amount of research has been directed to understand and characterize the 
fire properties and flammability of FRP composite materials [1-4, 10-15]. Little is known about the 
structural behaviour of FRP composites in fire conditions. In most cases, the structural integrity of the 
composites in fire is assessed by conducting fire tests representative of the structural applications. 
However, the tests are expensive and limited not only by the experimental conditions, but also by the 
limited possibility to extrapolate the information obtained from these tests to structural behaviour of 
composites. In addition, the use of natural fibre reinforced composites (NFRCs) has been 
predominantly restricted to non-structural parts. So the study investigates the performance of NFRCs 
in load carrying applications under fire conditions. The prime consideration is to investigate the 
suitability of natural fibres as potential reinforcement in structural parts under thermal loads. The 
present paper embarks on developing a coupled fire-structural model combining the finite volume 
(FV) and finite element (FE) methods that captures the essential physics of the fire-structural problem.  

2 SIMULATION OF COMPARTMENT FIRE 

Fire dynamics is simulated using “PyroSim” developed by Thunderhead Engineering [16]. 
PyroSim is a graphical user interface (GUI) to the computational fluid dynamics (CFD) solver “Fire 
Dynamics Simulator (FDS)” developed by National Institute of Science and Technology (NIST) [17]. 
FDS can be used as a solver in both large-eddy simulation (LES) and direct numerical simulation 
(DNS) methods. In this work, the default method ‘large-eddy simulation (LES)’ was used due to its 
improved handling of turbulence and reasonable accuracy with moderate grid size. A compartment 
configuration was built as shown in Figure 1 comprising of three windows and a large opening 
representing passive contact with the outside. The opening was modelled using a user-specified air 
volume flow rate of 12 l/s. The size of the compartment is 16×8×4 m.  The I-beam was placed at the 
top of the compartment as shown in Figure 1. Table 1 summarises the number of mesh cells and cell 
parameters used for the mesh sensitivity study. Details of the procedure can be found in our earlier 
work in [18]. The fire simulation is conducted following the earlier work of Banerjee et al. [19]. In 
order to conduct heat transfer analysis in the subsequent thermal analysis step in the FE program 
(Abaqus), time-dependent temperature and/or heat flux data need to be computed at different locations 
of the I-beam. In this study, both time-dependent adiabatic surface temperature (AST) and incident 
heat flux (HFI) were computed by placing gas phase devices and solid phase devices, respectively, at 
eleven different locations and 4 m above the ‘burner surface’ in the FDS simulation domain (Figure 1). 
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4 RESULTS AND DISCUSSION 

4.1 Grid convergence study  

The grid sensitivity study was conducted in order to investigate the effect of grid cell size on the 
adiabatic surface temperature (AST) and incident heat flux (HFI). The variation of the adiabatic 
surface temperature (ASTmax) with time for different grid cell size was recorded. The description of the 
samples for the grid convergence study is presented in Table 1. It was observed that as the grid cell 
number increased, the maximum temperature (ASTmax) obtained gradually increased. However, in 
almost all the cases, the ASTmax values obtained for successive grid sizes showed very little 
differences. The maximum temperature (ASTmax) obtained for the grid FireGridCon-3 was 857oC. The 
difference in ASTmax values of FireGridCon-3 with FireGridCon-2 and FireGridCon-4 was 0.35% and 
0.16%, respectively. Therefore, in order to ensure a balance between the accuracy and computational 
time, the grid FireGridCon-3 was chosen for this study. Similarly, the time to attain the maximum heat 
flux (HFImax) was noted. For lower grid sizes (FireGridCon-3 and FireGridCon-4) the time to attain the 
HFImax was nearly ~13 seconds. The HFImax obtained for grid FireGridCon-4 was the highest (104 
KW/m2). The difference in HFImax between FireGridCon-3 and FireGridCon-4 was 0.2 %. So from 
HFImax value consideration, grid FireGridCon-3 was chosen in order to save computational time 
without compromising the accuracy. Likewise, the grid cell size for temperature distribution was 
determined based on the maximum temperature obtained for each of the grids. The difference between 
the maximum temperature obtained ThermoGrid-2 (312.42 oC) and ThermoGrid-3 (312.45 oC) was 
0.03 oC (0.01 %). Therefore, in the rest of the simulations, the grid ThermoGrid-3 was chosen for 
thermal and thermo-mechanical analysis.  

4.2 Fire simulation 

Simulation of fire is the first step in predicting the performance of composites in load bearing 
applications under thermal exposure. The fire was modelled in such a manner so that the heat release 
rate  (HRR and the mass loss rate (MLR) of the simulated fire remained fairly steady at ~ 1300 kW/m2 
and 0.58 Kg/s, respectively, until fully developed (t = 0-300s). Afterwards, the HRR dropped 
gradually (~900 KW/m2) at 400s. This is the stage where the fire starts its final decay. Later on 
complete enervation occurs at 600s (MLR = 0 Kg/s). These specific HRR and MLR values were 
chosen to reflect the typical room fire simulation. Figure 4 illustrates the critical stages of growth and 
decay of the simulated fire. It can be visualized that during an early period (t = 50s), the flame height 
was reasonably less than the height of the compartment (Figure 4a). This implies that the I-beam was 
not in direct contact with the fire. Therefore, at this stage, the intensity of the fire was relatively less at 
different positions (L1- L11). The heat transfer at this stage was mostly governed by convection and 
radiation. The intensity of thermal conduction became lower due to the thick layer of air in between 
the fire plume and I-beam locations.  It can be envisioned from the flame location as illustrated in 
Figure 4(a) that the temperatures attained in the mid positions (L6-L8) would be significantly higher 
than those at the end positions (L-1-L5, L9-L11). The temperatures for the mid positions varied from 
525-725oC, whereas the temperature attained at the end positions was nearly 200oC. This suggests the 
importance of flame height during the period of fire. 

During a later period (t = 300s), the fire grew and became fully developed. At this stage, the flame 
height increased significantly and the flame was in direct contact with the beam (Figure 4b). The 
temperature distribution confirms that the mid positions were exposed to 850-900oC. However, as 
before, the temperatures at the two ends were significantly lower. This implies the importance of fire 
location as well as the flame height on the temperature distribution in a specific part of the 
compartment. Later on (t = 400s), the fire started to decay. As it can be observed from Figure 4 (c), the 
region of fire started necking, thereby reducing the intensity. Afterwards, the fire enervation occurred 
at 600s (Figure 4d). The flame height also reduced considerably at this stage.  
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                                                                                     (b) 

Figure 6: Temperature variation with time at a bottom, middle, and top location of the (a) steel-
concrete, and (b) flax/PP-concrete composite beams. 

It can be seen that the differences in the maximum temperature are significantly higher for the top 
and middle locations. For the flax/PP-concrete beams, the temperature difference between the bottom 
(heated) and the top location is ~260 oC, which is far greater than that obtained for the steel-concrete 
beams (~160 oC), which is primarily due to the difference in thermal conductivity of the beam 
materials. Steel has a higher thermal conductivity compared to flax/PP, which leads to a lower 
temperature difference between the top and the bottom locations. This also implies that greater thermal 
stresses will develop in case of flax/PP composite-concrete beams.  

4.4 Thermo-mechanical analysis of the composite beams 

To understand the combined effect of thermal and mechanical loads on the composite beams, a 
thermo-mechanical analysis was performed. Figure 7  compares the Von Mises stress distributions on 
beam sections (on the X-Y plane of the beams) for the steel-concrete (left column) and flax/PP-
concrete (right column) composite beams. For each case, the stresses are symmetric about the web 
midplane (in the longitudinal Y-Z plane), as expected. It can be noticed that in the case of the steel-
concrete composite beam, the thermal and mechanical loads are mostly carried by the steel I-beam 
during the entire period (t = 1 – 9000 s), which is exhibited by high stresses in the steel I-beam section.  

Initially (at 1 s), high stresses developed at the web sections for both types of beams. As stated 
before, at this stage, a uniform pressure load of 10 kPa was applied on the top surface of the composite 
beam to integrate the effects of dead and live loads (Figure 7a-b). At 2700 s, severe stress 
concentration with a maximum value of 196 MPa appeared in the top flange of the steel I-beam. The 
corresponding maximum stress at the same location for the flax/PP beam was considerably lower (137 
MPa) (Figure 7c-d). At 4500 s, the maximum Von Mises stress value were 225 MPa and 176 MPa for 
the steel and flax/PP composite beams, respectively. The maximum stress was found on the upper 
flange region of the steel I-beam, and the stresses at certain locations exceeded the yield strength of 
steel. Hence, permanent plastic deformation or yielding occurred at these specific regions of high 
stress. This implies that the junction where the upper part of the web and the lower part of the upper 
flange meets is a critical section in the design of these structures (Figure 7e-f).  
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displacement for the steel-concrete beam was nearly half, around 1.2 mm, and occurred at the top 
point (point 3). This is due to the larger bending stiffness of the steel-concrete beam that resulted in 
lower displacement. The elastic properties (i.e., strength and stiffness) of the materials together with 
the properties of the interface between the reinforcements (steel, flax/PP) and the binder (concrete) had 
a dominant role in determining the deformation behaviour of the composite beams. In all of the cases 
the displacement values reduced sharply after attaining the maximum value. This phenomenon can be 
attributed to the elastic recovery of the beams. However, the recovery was mostly observed in the 
loading (y) and axial (z) directions.    

  

(a)                                                                (b) 

  

(c)                                                          (d) 

  
                                         (e)                                                             (f) 

Figure 8: Comparison of the displacements in transverse (dx), loading (dy) and axial (dz) directions 
between the steel-concrete (left column) (a, c, e) and flax/PP-concrete (right column) (b, d, f) 

composite beams. 
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Figure 10: Forces in the axially restrained elastic steel beam subjected to one sided heating. 

 

Figure 11: Deflection of the axially restrained steel beam subjected to one sided heating. 

5 CONCLUSIONS 

The paper develops a coupled fire-structural model combining the finite volume (FV) and finite 
element (FE) methods that captures the essential physics of the combustion process and the resultant 
thermo-mechanical response of the structure subjected to fire conditions. The model predicts the 
temperature, stress distribution and deformation behaviour of composite beams under combined 
thermal and mechanical loads with reasonable accuracy. The model is validated against other 
numerical models.  
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