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ABSTRACT 

This paper summarizes a series of small-scale tests carried out to evaluate and model the post-crash fire 

integrity of composite aircraft fuselage structures. 

The US Federal Aviation Administration regulations for the penetration of an external fuel fire into an 

aircraft cabin after crash require a burn-through period of 4 minutes (FAA § 25.856 Appendix F, Part 

VII).  Different candidate structures for the next generation of composite aircraft fuselage, provided by 

Airbus, were investigated, including CFRP monolithic laminate and a folded-core CFRP sandwich. 

Those materials were subjected to constant heat flux from a propane gas burner, while being held under 

compressive load in a small, specially designed compression test rig with anti-buckling guides. The 

propane burner was calibrated to produce a constant heat flux up to 182 kW/m
2
. The sample time-to-

failure was measured, along with the temperatures at various points through the thickness.  

Modelling the thermal and structural behaviour under load required the use of a modified version of the 

Henderson Equation, which describes heat transfer through composites under ablative fire conditions.  

This has been incorporated into the Com-Fire software model. Kinetic parameters for the resin 

decomposition reaction were determined from thermo-gravimetric data and other thermal parameters, 

conductivity and diffusivity were measured experimentally.  The paper will compare the behaviour of 

single and double-skinned structures and will examine measured and modelled behaviour.  

 

1.INTRODUCTION 
This paper describes small-scale tests and a model to evaluate the integrity of composite 

aircraft materials exposed to fire conditions [1]. In the past decade there has been rapid 

development of polymer composite materials in aircraft due to the strength, stiffness and 

lightweight advantages. This trend is expected to continue in the future as these materials are 

replacing aluminium and other aerospace alloys in the primary structure and control surface 

[2]. One question that needs to be asked, however, is whether the growing use of polymer 

composite materials has increased the fire hazard due to the flammable nature of the organic 

matrix. Hence a serious situation known as “Post crash fire condition” has to be considered 

since this has important consequence during many accidents. As shown in Table I the Civil 

Aviation Authority (CAA) reported that “Collision with terrain/water/obstacle” was a 

consequence in 47% of accidents, whilst “Controlled flight into terrain (CFIT)” was a 

consequence in 35% of accidents. “Post crash fire” involves 22% of the total accidents [3]. 

Table I. Consequences of fatal civil aircraft accidents: 
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Two important factors are considered in this paper: burn-through resistance and structural 

integrity. The fuselage burn-through refers to the penetration of an external post-crash fuel 

fire into an aircraft cabin. In survivable aircraft accidents the time to burn-through is critical 

because of the hazard associated with burning cabin materials which have been ignited by 

external fuel fire. This may incapacitate passengers due to smoke inhalation and lack of 

oxygen before they are able to escape from the aeroplane. The goals set by the Federal 

Aviation Administrative (FAA) state that during passenger evacuation the flame penetration 

should not reach the cabin interior 4-5 minutes after a crash. Also, the fuselage structure 

should have a low heat release rate and sufficient structural integrity. The fire response 

requirements by the FAA are that the maximum heat release rate during a five minute test 

will not exceed 65 kW/m
2
 and

 
the total heat released during the first 2 minutes will not 

exceed 65 kW min/m
2
 [4]. 

 

2. MATERIALS AND EXPERIMENTAL 
2.1 Materials: 

Two types of material construction were investigated. The first was a Carbon Fibre 

Reinforced Polymer CFRP not-isotropic monolithic laminate (Figure1). Two separate 

laminate thicknesses were considered (2.1 mm and 1.7 mm thickness). The second material 

construction considered a sandwich panel (Figure2). The skins of which were made from the 

same CFRP construction as described previously. The core which was adhesively bonded to 

the skins was made from “folded mechanical paper and phenolic resins”. The laminate skins 

have good mechanical characteristics compared with the weak core. In addition, the core 

gives good thermal insulation properties. The main drawbacks are susceptibility to buckling 

and lack of resistance to penetration of sharp objects. 

       

                       

                           
2.2 Thermo-gravimetric Analysis (TGA) 

The thermal model required certain kinetic parameters in order to calculate the rate of 

decomposition of the composite resin. Thermo-gravimetric analysis was used in this work to 

study the degradation kinetics of the epoxy matrix. The TGA was performed in a nitrogen 

atmosphere at three heating rates of 5°C/min, 10°C/min and 20°C/min. The TGA measured 

the mass loss of the materials with increasing temperature, this could then be correlated to the 

amount of decomposition. After that the decomposition reaction rate constants A, E and n are 

determined. The procedure is explained in more detail in the next paragraph 4.1. 

2.3 Fire under Compression Load Test 

Compression performance of advanced composites is a limiting design parameter. While 

tensile performance of carbon fibres has continued to increase, the compression performance 

has remained relatively stagnant for a wide variety of fibre types and diameters. For this 

Figure 2. Folded core CFRP sandwich panel 

Figure 1. CFRP carbon epoxy laminate 
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reason the specimens were tested in compression. Fire testing under load were carried out on 

small scale samples. A propane burner was used to produce a constant heat flux of 75kW/m
2
 

and also 182 kW/m
2
 to the front face. As well as measuring the time to failure, the 

temperatures at different points through the thickness also was recorded. These results were 

used to validate the CFRP laminate compressive strength model predictions [7-10]. Figure 3 

shows the test method. Anti-buckling guides were set up to avoid the column failure mode. 

This type of system is comparable with the well-known Boeing compression test [11]. The 

lateral constraints raised the load required for buckling failure, this enabled specimens of 

reasonable size to be placed under significant compressive stress during the fire tests.  The 

material outside the heated region and the back surface were not insulated with a thermal 

blanket to simulate a real circumstance. 

Two important parameters were needed in order to maintain a constant heat flux: the distance 

from the burner to the sample and the pressure of gas to the burner was held constant.  

                                                         
2.4 Thermal Diffusivity measurements 

The thermal model required calculation of same thermal parameters to give accurate 

prediction of the fire response of the polymer composite. In particular, the thermal 

conductivity of the materials was calculated with the following relation: 

  

                                                           αρ pCk =                         (1)                                   

 

where ρ is density, 
pC is specific heat and α is thermal diffusivity. 

The density was taken to be 1310 kg/m
3 

and the specific heat as 1278 J/kg°K. Laplace’s 

equation can be used to form a model for unsteady state heat flow: 

         
2

2

dx

Td

dt

dT
⋅= α                      (2) 

The model considered the temperature of the centre of a slab at the point the sample was 

removed from the oven,T0, and also while the sample cooled to a lower temperature T1. 

Equation (2) can be expanded to describe the behaviour of the heat flow as follows: 
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Figure 3.  Propane Burner Test 
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F0 is Fourier number, t is the time in (sec) and b is the thickness of the specimen (mm). The 

cooling was measured experimentally, submerging the sample in water and recording the 

variation of temperature from 50°C to 15°C. Once the experimental cooling curve was 

obtained, this was then super imposed over the curve obtained from the model. The value of 

α thermal diffusivity was then manually altered in order to best fit the actual results. Finally 

the thermal conductivity was calculated using equation (1). 

       

3. RESULTS AND DISCUSSION: 
3.1 Fire Test under Compressive Load 

Fire tests under compressive load have been carried out on the CFRP NI (not isotropic) 

laminate specimens and on the folded-core sandwich with different skin thicknesses. The 

specimens were subjected to a constant compressive load with one side exposed to fire using 

a propane burner. The loads were applied to the specimens using a 295kN hydraulic machine. 

The specimens, in the vertical position, were exposed to a calibrated high heat flux of 182 

kW/m
2
. The distance of the propane torch to the surface of the panel was 35 cm.                                  

 
Figure 4. Failure times for CFRP carbon epoxy laminates at different thickness exposed  to 

an heat flux of 182 kW/m
2
 . 

The time to failure was recorded. This was defined as the time needed for the exposed face to 

fail.  In preliminary experiments CFRP NI laminates have been studied. The results of this 

study indicate that the failure time for the laminates are very short. Figure 4 shows that this 

ranged from 8 to 15 secs. It is apparent from the graph below that the time to failure 

increased with the laminate thickness. These results are consistent with those of other studies 

[12]. The most likely form of failure found seems to be delamination between the plies 

nearest the hot surface.  

The burn-through resistance was considered on the basic that no flame should penetrate on 

the back face before 4-5 minutes. Laminates reasonably withstand high temperatures; 

however, the burn-through resistance gives better performance with sandwich panels. 

Therefore more consideration will be given to the burn through thickness resistance of the 

sandwich panel. 

The constant compressive stress was applied on both skins until failure of the samples 

occurred. Different failure modes arose depending on the size of the applied compressive 

stress. When the stress was high the time to failure was short as shown in Figure 5.   
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Figure 5. Failure times for sandwich composite with CFRP carbon epoxy skins at different 

thickness exposed to a heat flux of 182 kW/m
2
. The compressive load was applied in both 

skins. 

Mainly the failure mode involved collapse of the front skins with little delaminations and 

kinking of the ply [13-14]. This can be observed in Figure 6 below. The fibres were broken at 

each kink band boundary. Failures predominantly occurred in the centre of the specimens. At 

the boundary the main failure mode was local buckling.  

 
Figure 6. Scanning Electron Microscopy of CFRP carbon epoxy skins exposed  to an heat 

flux of 182 kW/m
2
 and compressive load. Formation of delaminations due to the 

accumulation of volatile gas. Enlarged view of the carbon epoxy delaminations on the right 

side picture. 

A different mode of failure was observed when the stress was very low. Failure occurred over 

a longer period of time. The main failure mode noted was debonding of the front skins from 

the core materials for both thickness of the FS NI sandwich panel. A possible explanation for 

this might be that since the load was very low, the skins were unaffected and the thin 

adhesive subjected at high temperature and load failed. The time to failure of the sandwich 

panels with thicker skins response was 3 time more than the thinner ones at medium-low 

load. The burn-through resistance was successful as the sandwich was able to withstand the 

flame for 4-5 minutes as FAA regulations required.  

The experiment for the sandwich panels was repeated under different conditions in which the 

specimens were reduced in length by 2 mm per sides.   The purpose of this modification was 

that the skin unexposed to fire should carry out all the stress. This implies that the front skin 

was subjected only to fire. The time to failure was recorded when the back skins failed. The 

results of this part of analysis led to the conclusion that the panels lasted longer time than the 
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previous method as shown in Figure 7. The mode of failure recognized a kink band 

broadening without fibre fracture on the internal skins with debonding of the core from the 

exposed skins. This was accompanied with evidence of structural buckling and 

delaminations. Further research should be done to investigate the failure of the unexposed 

skin. 

 
Figure 7. Failure times for sandwich composite with CFRP carbon epoxy skins at different 

thickness exposed to a heat flux of 182 kW/m
2
. The compressive load was applied only on 

the skin not exposed to fire. 

3.2 Thermal Diffusivity measurement 

The thermal diffusivity was calculated recording the variation of temperature from 50 to 15 

°C which was the water temperature. A thermocouple was embedded in the middle between 

two faces of the specimens. The setup procedure was the same for a Macor glass ceramic, 

CFRP  NI laminate and sandwich panels. For the latter, two thermocouples were used.  

The materials were surrounded with adhesive tape to prevent water intrusion. To achieve the 

required temperature, testing was performed using an oven. After thermal equilibrium was 

achieved, the specimens were dipped in water and cooling rate was recorded.  

Validation of the test method was carried out using Macor glass ceramic. The thermal 

conductivity of which was given as 1.46 W/m°K. The dimensions of the specimens were: 

length 50 mm, width 50 mm and 20 mm thickness. The results obtained from the analysis for 

Macor glass ceramic shown a significant positive correlation between the predictive and 

experimental curves. The response showed that the thermal conductivity ,K, was 1.43 

W/m°K at 50 °C. This was less than 3% lower than the one given from the supplier.  

Tests were conducted on the laminate and on the sandwich panels with 2.1 mm skins 

thickness. The dimensions of the specimens were standard as previous described. The 

laminate thickness was 2.1 mm, and 34 mm for the sandwich panels. Good agreement exists 

between the experimental and the calculated temperatures variation for the CFRP single skin 

laminate and the sandwich panels as shown in Figure 8. The response was that the thermal 

conductivities K obtained was 0.21 W/m°K at 50 °C for the 977 laminate and 0.05 W/m°K 

for the sandwich panels. The most important limitation lies in the fact that this method cannot 

be used at higher temperature higher than 50°C because comparison between experimental 

and prediction was not well correlated. 
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Figure 8. Variations of temperature with time for the CFRP NI epoxy laminate and the 

sandwich panel. 

 

4.MODELLING AND RESULTS: 
4.1 Analysis TGA 

The degradation of linear polymers is a complex phenomenon and although many authors 

have studied it, many aspects are still unclear [15-17]. Analysis and comparison of the TGA 

curves allowed the calculation of the reaction rate factor (A) and activation energy (E) for 

each material. The general form of the kinetic expression to analyse the dynamic TG data was 

based on the n
th 

order of the reaction mechanism and the temperature dependence could be 

sufficiently described by the Arrhenius equation which is written in the following form: 

                                           

n
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  (5) 

where: dα /dt is the rate of change of mass (kg/s), A is the rate constant (1/s), mo, m and mf 

are the original, instantaneous and final mass of the polymer during the decomposition 

process (kg), B=E/R where E is the activation energy (J/mol), R is the universal gas constant 

(8.314 J/mol K), T is the temperature (K), n is the order of the reaction.  

From the results two stages of reaction are evident. The first was a volatile process occurred 

over the temperature interval of 350 to 450 °C. The second was a decomposition of the non-

volatile residues formed in the first stage occurred from 450 to 520 °C. The maximum rates 

of weight loss were 0.08, 0.15 and 0.29 per minute respectively for 5, 10 and 20 °C /min 

heating rates. Both mass loss curves had the same shape, however the different heating rates 

produced an effective shift in the temperature around which most of the decomposition 

occurred. 

A linear first order decomposition reaction type was observed, which accounted for the major 

degree of decomposition region between  0.26 to 0.85. From a preliminary analysis a value of 

B was found from the slope of   
•

αln versus 1/T (°K) (Fig.9). A dozen values of α were 

selected ranging from 0.4 to 0.8. Values of 
•

α (rate of reaction) and T were determined 

from each heating rates. As shown in Table II, the correlation coefficient is always greater 

than 0.997 when 0.4<α<0.8. The evolution of the activation energy was noted by a lower 

value at the beginning of the degradation. Further analysis showed that an initial Ea value 

was about 93 kJ/mol. In addition to the resin degradation parameters, the heat of combustion 

and order of reaction, n, were required for each material.  The heat of combustion was 
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assumed to be 226400 kJ and n was assumed to be 1 for all polymeric materials, based on the 

work of Friedman [15] and Henderson [5].   

Table II. Activation energy values as function of α. 
  α  α  α  α    Ea  (kJ/mol) R

2
 

 0.4 212 0.9971 

0.6 197 0.9971 

0.8 195 0.999 
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Figure 9. Plot of 
•

αln versus 1/T for three different values of α and the slope provides a 

value of B= –E/R. 

Modelled mass loss curves were constructed using the measured mass loss rate and the 

derived decomposition rate parameters.  Figure 10 shows a comparison between the 

measured and modelled mass loss curves for the CFRP NI epoxy laminate. The main but 

small deviation between experimental and theoretical analysis occurred during early 

degradation, where the calculated loss exceeded the actual weight loss. In conclusion the 

decomposition parameters are a reaction rate factor A equal to 9.00 x 10
14
 1/s and activation 

energy E equal to 2.05 x 10
5
 J/mol. These were sufficiently precise to be used in the thermal 

model.  

 

Figure 10. Measured and modelled mass loss curves for CFRP epoxy laminate exposed to a 

5°C/min, 10°C/min and 20°C/min heating rates.  The main decomposition region (350-

480°C) is shown. 
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4.2 The Henderson Model 

The Henderson equation has been adapted by Gibson et al. [10] and Dodds [9] to predict the 

fire performance of glass reinforced plastic laminates at different levels of heat flux : 
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Equation 6 shown the adapted model which has been simplified in a number of ways.  The 

thermal conductivity and specific heat properties were assumed to remain constant with the 

increase in temperature. Thermal and gas transport properties were considered to be constant 

during the decomposition process. The three main processes involved in energy transfer 

described in equation 6 are: heat conduction through the material, the convective mass flow 

of volatile products and the endothermic reaction of resin decomposition.  The model was 

used to predict the temperature profile versus time using finite difference techniques. 

4.3 Thermal Model Temperature profile  

Figure 15 compares the modelled and experimental rear face temperature profile for CFRP 

carbon epoxy laminate in 75kW/m
2
 fire. This material was modelled reasonably well and the 

full temperature will be used to provide the necessary input for modelling the structural 

response of laminates in fire.  

Figure 11.   Predicted and measured temperature profiles for a 2 mm carbon epoxy laminate 

exposed to a 75kW/m
2
 heat flux with natural convection and radiation on the cold face. 

 

5.CONCLUSIONS 
A number of conclusions can be drawn from the present study. A thermal model was based 

on TGA and thermal analysis. This enabled the temperature profile to be predicted for the 

carbon epoxy laminate. The response of the laminate and sandwich panels under fire and load 

was performed. The results showed that the unloaded laminate and sandwich panels met the 

(4-5 minutes) criteria required by FAA with respect to the burn-through thickness. However, 

when a high load was applied, the time to failure was significantly reduced. Although, this is 

a small scale test, it does nonetheless more accurately simulate the integrity of the material 

during a crash were fire and load are likely to be present. It would be interesting to assess the 
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same effects on a larger scale test. Considerably more work will need to be carried out in 

order to better predict the temperature profile for the sandwich panels due to the complexity 

of the sandwich panel construction. Future studies will focus on a structural model which will 

provide the time to failure of the materials tested. 
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