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ABSTRACT: This paper reports on changes to the mechanical properties of woven
glass laminates with polyester, vinyl ester and phenolic resins during fire exposure.
Two sets of experiments were carried out. First, unstressed laminates were exposed
to a constant one-sided heat flux (50 kW m2) for various times, and the residual
post-fire strength at room temperature was reported.
In a second series of experiments, laminates were tested under load. The times
corresponding to a given loss of properties were 2–3 times shorter than in the
previous case. It was found in both cases that modes of loading involving
compressive stress were more adversely affected by fire exposure than those involving
tension.
A simple ‘two-layer’ model is proposed, in which the laminate is assumed to
comprise (i) an unaffected layer with virgin properties and (ii) a heat-affected layer
with zero properties. For residual properties after fire, the ‘effective’ thickness of
undamaged laminate was calculated using this model and compared with measured
values. A thermal model was employed to predict the temperature and the residual
resin profile through the laminate versus time. Comparing the model predictions
with the measured values of effective laminate thickness enabled simple criteria to
be developed for determining the position of the ‘boundary’ between heat-affected
and undamaged material. For post-fire integrity of unloaded laminates, this
boundary corresponds to a Residual Resin Content (RRC) of 80%, a criterion
that applies to all the resin types tested.
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For polyester laminate under load in fire, the boundary in compressive loading
(buckling failure) appears to correspond to the point where the resin reaches 170 C.
In tensile loading, significant strength is retained, because of the residual strength of
the glass reinforcement.
The model was used to produce predictions for ‘generic’ composite laminates
in fire.
KEY WORDS: Author please supply Keywords ???

INTRODUCTION
the fire response of composites are required for most structural applications. This paper describes the results of a collaboration between two
research teams, and proposes simple criteria for the loss of load-bearing capability in two
important situations: (i) residual properties of unloaded laminates damaged by fire, and
(ii) failure of laminates under load during fire exposure.
Most transport applications involve regulations on fire performance that vary between
industries [1–6]. Composites with resins based on solvent monomers such as styrene
usually have short ignition times, high heat release rates and may produce smoke and toxic
products. Various means are used to mitigate these effects [7], including the incorporation
of halogens to suppress ignition, phosphorus additives to promote char formation, and
antimony compounds, that interfere with the combustion reaction. Improvements in one
property, however, such as ignitability, are usually accompanied by adverse effects on
others, such as toxic product generation or reduced mechanical properties.
Although the load-bearing capability of unprotected composite structures is known to
be severely degraded by fire [8–16], there is limited understanding of the factors that
influence this. DSTO and RMIT subjected several types of laminate to controlled heat
flux and measured the residual properties at room temperature [13–16]. These properties
could be related to the depth of char using a simple ‘two-layer’ mechanical model in which
the components were assumed to be (i) undamaged laminate with virgin properties and
(ii) residual char with considerably lower values of modulus and strength.
The Newcastle group developed a thermal model for the decomposition of composite
laminates in fire [17–19]. The model predicts the evolution of the temperature and resin
content in the laminate with time for any surface conditions. It takes account of heat
transport by conduction through the laminate, the effect of resin decomposition, which
is an endothermic process, and the cooling effect of volatile resin decomposition products passing through the laminate. Application of the model requires knowledge of the
decomposition process of the resin, which can generally be acquired through thermogravimetric analysis (TGA).
In a previous joint publication [20] it was shown that by combining the Newcastle
thermal model with the two-layer model of Mouritz et al. [13–16], the residual post-fire
mechanical properties could be calculated with reasonable accuracy. The present paper
extends the previous work to explore the possibility of modelling fire behaviour under
load. We again employ the thermal model in conjunction with the two-layer mechanical
model to determine criteria for the ‘boundary’ between heat-affected and undamaged
laminate.
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EXPERIMENTAL
Materials
Three generic types of glass fibre composite were used. These were based on polyester,
vinyl ester and phenolic resin. Most of the material details have been given elsewhere
[13–16]. For the additional work on laminates under load an isophthalic polyester resin
was supplied by Reichold and the woven glass reinforcement by Owens Corning Fibreglass. The laminates were reinforced with an E-glass woven fabric and fabricated by hand
lay-up. The polyester and vinyl ester laminates were allowed to post-cure at room
temperature for several weeks prior to fire testing. We acknowledge that the cure level of
these laminates will have been somewhat lower than that of laminates post-cured at
elevated temperature. However, this is typical practice when manufacturing large marine
structures from these resins. The fibre volume fraction was 0.35.
The phenolic laminates were cured at room temperature for 24 h, followed by a postcure at 60 C for 1 h and 80 C for 2 h. The fully cured phenolic laminate had a fibre volume
fraction of 0.39. All the laminate specimens were nominally 12.0 mm thick.

Unloaded Samples
A known one-sided heat flux was applied to 12 mm thick laminate samples. In the first
set of measurements, on laminates without load present, the conical radiative heating
element of a cone calorimeter [13–16,20] was used, as shown in Figure 1. The cold face of
the specimens was thermally insulated. The applied heat flux (25–100 kW/m2) resulted in a
rapid surface temperature rise (e.g. to approximately 650 C at a heat flux of 50 kW/m2).

Radiant heater

Laminate sample

Figure 1. Exposure of composite laminate to a reproducible heat flux using a cone calorimeter.
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There is therefore an induction period, the ignition time, before there are sufficient
flammable decomposition products to permit ignition. Following this, the process of
‘flashover’ occurs, in which flames spread across the entire surface.
At 50 kW m2 the polyester laminates ignited after about 30 s and the phenolics
considerably later, after 460 s. Following ignition, the combustion process led to progressive resin depletion and char formation. After a measured period of exposure, the samples
were extinguished and cooled to room temperature for mechanical measurements. The
char layer thickness was measured from micrographs of the sections. The results reported
here relate mainly to polyester and phenolic, but vinyl ester laminates behaved in a very
similar manner to the polyester ones.
Figure 2 shows a typical section after fire exposure, and a sketch of the change in
residual matrix content through it. There are three regions: undamaged laminate, damaged
laminate (in which there is progressive resin decomposition) and residual char. It is
interesting to note that the early part of the decomposition zone is characterised by the
presence of a number of small delaminations. These were probably caused by the pressure
of volatile products acting within laminate in which the resin had been weakened by
temperature and decomposition. Their effect on heat flow and properties has not been
taken into account in the modelling presented here. The decomposition zone extends for
a few millimetres, so visual determination of the ‘effective’ boundary between damaged
and undamaged material is somewhat subjective and can be subject to scatter, of typically
about 1 mm in a 12-mm laminate.
Figure 3 shows scanning electron micrographs of the structure of the char within
(a) polyester and (b) phenolic laminates. The char region in the glass–polyester is largely
depleted of resin, leaving mainly exposed fibres. The vinyl ester laminates showed very

Char
Char

Char
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Resin decomposit ion
region

Unda
maged
Undamaged
laminate
laminate

Undamaged
laminate
0

100
% Residu al matrix

Figure 2. Schematic of resin degradation through laminate, with resin decomposition zone and residual char,
alongside a cross-section through a glass/polyester woven roving laminate exposed to a heat flux of 50 kW/m2.
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(a)

(b)

Figure 3. Scanning electron micrographs showing the microstructure of char in (a) glass–polyester and
(b) glass–phenolic laminates. The char observed in glass–vinyl ester laminates is very similar to that in (a).

similar behaviour. By contrast, the glass–phenolic can be seen to contain a substantial
residue of heavily cracked carbonaceous char. In addition to the cracks, holes can also be
seen, originating presumably from voids formed during cure.
The post-fire tension, compression and flexural properties of the laminates were determined at 20 C, at least four specimens being tested for each reported property value.
The tensile stiffness and strength were measured according to ASTM tensile test
specifications [21] using coupons with 100 mm gauge length and 25 mm width. Tensile
‘stiffness’ (in N/m) was determined instead of Young’s modulus because of the difficulty
of measuring strain on a fire-damaged laminate. The stiffness was determined from the
gradient of the linear portion of the load/displacement curve.
Compression tests were performed on slender composite beams, 150 mm long and
25 mm wide, simply supported. The compression stiffness was again determined as the
slope of the load/displacement curve. The Euler buckling strength was taken to be the
applied stress at which the specimen began to buckle. Compression tests were only
performed on the glass–polyester laminate.
Flexural modulus and strength were determined using the ASTM four-point bend
method [22]. The specimens were 240 mm long, 25 mm wide, and were loaded at a
crosshead speed of 5 mm/min in quarter-point loading, with the fire-damaged surface
in compression.

Loaded Samples
In the second series of experiments, measurements were carried out on laminates loaded
in tension and in compression during fire. For these experiments, which involved only
10 mm thick polyester laminates with the rear face insulated, a calibrated propane burner,
as shown in Figure 4, replaced the electric cone. During the test, the temperature at a
point 10 mm in front of the hot face of the laminate was maintained at 800 C by adjusting
the burner flame. In calibration experiments with a copper slug heat flux meter [23],
it was found that this condition gave a reproducible heat flux of 75 kW m2 at the
laminate surface. It is therefore reasonable to assume that this condition produces a
similar thermal insult to the cone calorimeter element used previously. Similar ignition
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Tensile Testing

Testing machine grips
under constant load
control

Propane burner
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insulation
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Figure 4. Experimental set-up for fire exposure under tensile load using a calibrated propane burner.

times of about 10 s were found for polyester laminates in both types of test, which supports
this assumption.
A constant vertical load was applied to the samples with a testing machine, which was
insulated using kaowool. Fume extraction was provided. All samples tested were 10 mm
thick by 100 mm wide. This enabled a region 100 mm square to be exposed to the heat flux.
For the tensile loading, 40 mm long samples were loaded using the wedge grips of the
testing machine. In this mode it was necessary to insulate the upper grip with about 15 mm
thick kaowool to prevent it from overheating, and resulting in premature grip slippage.
For compressive loading, two types of test were carried out. Initially, 150 mm long
samples were simply supported, as in the previously reported compression tests. Global
Euler buckling limited the compressive stress that could be applied to these samples.
In order to achieve higher compressive stresses, nearer to the design stresses that might be
used in some composite structures, additional constraint was provided to delay the onset
of buckling. It was found that an excellent way of accomplishing this, while still allowing
a substantial region of the specimen to be subjected to heat flux, was to use a test jig
with anti-buckling guides similar to the well-known Boeing compression test [24], but with
a square, rather than rectangular sample. The set-up is shown in Figure 5.

Thermogravimetric Analysis
The thermal model requires knowledge of the decomposition reaction in the resin. This
is generally most conveniently acquired by TGA. The resin decomposition parameters
were determined from the TGA curves at a heating rate of 25 C/min in nitrogen, and given
in Figure 6. The polyester and vinyl ester have very similar curves: both resins begin
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Compress ive Test ing
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Figure 5. Above: experimental set-up for fire exposure under constrained compressive load using a calibrated
propane burner. Below: sample under test.

to decompose at 350 C and the reaction is substantially complete at 480 C, leaving less
than 7% of the initial mass as a carbonaceous char. Phenolic resin, which has a higher
aromatic content, leaves a larger proportion of char, as observed in Figure 3(b). The
thermal response of the phenolic is preferably modelled by a two-stage reaction to account
for primary condensation followed by char formation [18,20].
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Figure 6. TGA curves at 25 C/min for isophthalic polyester, vinyl ester and phenolic resins in a nitrogen
atmosphere.

THERMO-MECHANICAL MODEL
The ‘two-layer’ approach to modelling the behaviour of laminates during or after fire
consists of two analysis steps. The first is the use of the thermal model to predict the profile
of the temperature and resin content through the thickness. Following this, the two-layer
model is used to describe mechanical behaviour both during and after the fire.

Thermal Model
There are several published models for the decomposition of organic materials in a fire,
including wood, ablative re-entry protection materials, and composites [25–33]. Gibson
and colleagues used a thermal model of this type to predict the decomposition of polymer
composites in fire [17–20]. The model predicts the evolution of temperature and reduction
in resin content of a laminate with time for any surface boundary condition.
As mentioned in the previous section, in addition to the process of conduction there are
two other phenomena which can affect the energy transfer through composite laminates in
fire: the decomposition of the matrix phase, which is highly endothermic, and the flow of
volatile products from the decomposition region towards the hot face. These effects can
be incorporated into a model for the thermal response by including terms for the energy
fluxes due to decomposition and mass flow in the unsteady state heat conduction equation:



@
@T
@T
k
ð1Þ
þ q ¼ cp
@x
@x
@t
For polyester and vinyl ester resins the endothermic decomposition can be described by
a single thermally activated process:


ðm  mf Þ n ðE=RTÞ
@m
¼ A
e
ð2Þ
@t
m0
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where m, t and T are the mass, time and temperature variables respectively, A, E and n are
the rate constant, activation energy and order of the reaction and R is the gas constant.
Assuming thermal equilibrium between the decomposing laminate and the resultant
gases, the enthalpy and mass flux of the reaction products define the energy flux due to
mass transfer. The magnitude of the mass flux of decomposition products is known from
the reaction kinetics and these products can be assumed to flow through the damaged
material towards the fire, the undamaged material being impermeable. Generation of
delamination cracks and their consequences are not considered, although they are known
to occur. The full governing equation is therefore:

CP


n


@T
@
@T
_ G @ hG  A ðm  mf Þ eðE=RTÞ ðQP þ hC  hG Þ
¼
k
M
@t
@x
@x
@x
m0

ð3Þ

where T, t and x are temperature, time and through-thickness coordinates, respectively.
_ G is the mass
, CP and k are the density, specific heat and conductivity of the laminate. M
flux. hC and hG are the respective enthalpies of the composite and evolved gas. QP is the
endothermic decomposition energy. The three terms on the right hand side relate to heat
conduction, volatile convection and the decomposition endotherm, respectively.
A finite difference version of the thermal model has been validated for different resin
systems by comparing the calculated and measured thermal responses during furnace fire
tests [17,18]. The modelling parameters for this have been reported previously [18]. A finite
element-based model has also been developed and reported [19].
The boundary conditions for the application of the model were an incident hot surface
heat flux of 50 or 75 kW/m2, as appropriate, with a surface emissivity of 0.8. The cold face
was assumed to be fully insulated.

Two-layer Model
Mouritz and Mathys [13–15] proposed the two-layer model to estimate residual
mechanical properties after fire. Here it will be used to interpret behaviour both during
and after fire.
The model assumes the laminate to consist of two layers:
(i) a thermally affected region with reduced (or zero) mechanical properties.
(ii) an undamaged region containing unaffected virgin material with room temperature
mechanical properties.
In relation to residual properties after fire we previously referred to these regions as
the ‘char region’ and the ‘unburnt region’ [13–16,23], and it was shown that the thickness
of the former was closely related to that of the thermally damaged material observed
optically, as in Figure 1. In the residual property case the char region contained visibly
damaged material where the resin content had clearly been depleted by decomposition.
It was suggested that the criterion for the position of the ‘effective’ boundary between the
two layers should be a particular level of RRC.
We now wish to extend this concept to attempt to model behaviour under load during
fire – hence the change in nomenclature from ‘char’ region to ‘thermally affected’ region.
It will be shown here that the period of fire integrity is considerably reduced when the
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laminate is under load, so we can expect the criterion for the boundary between the two
regions will be different.
The underlying assumption of the model is that the properties of the two regions can
be combined as if they were a two-layer laminate. Hence, the stiffness, S, in tension or
compression can be estimated using the simple expression:
S¼



 
d  dt
dt
 S0 þ
 St
d
d

ð4Þ

where dt is the thickness of the thermally affected region, d is the original thickness of the
laminate, and St and S0 respectively are the stiffnesses of the affected and unaffected
material.
Similarly, the tensile or compressive strength can be determined by:



 
d  dt
dt
¼
 0 þ
 t0
d
d

ð5Þ

where  0 is the tensile or compressive strength of the unaffected material, and t0 is the
stress in the affected material at the failure strain of the unaffected material.
We now approximate the flexural stiffness, or more precisely the ‘EI’, value of a
laminate as E 0 bðd  dt Þ3 =12, where E 0 is the flexural modulus of the unaffected material.
The Euler buckling load for a plate, breadth, b, and height, L, is therefore
Pc ¼

C2 E 0 b ðd  dt Þ3
12 L2

ð6Þ

where the constant, C, should be close to unity for pin-jointed loading at both ends. The
apparent stress at which buckling occurs, which of course is based on the original
(undamaged) thickness of the laminate, will be
c ¼

C2 E 0 ðd  dt Þ3
12dL2

ð7Þ

Because of the cubic nature of the term in residual thickness it can be expected that fire
will have the most severe effect in loading modes involving buckling. In the present study,
some constrained compression measurements were also carried out, in order to achieve
higher compressive stresses than in the Euler case. For this work a rig with roughly similar
geometry to the Boeing compression test [34] was employed. The loading mode in this
case resembled a plate supported on all four sides, so that the collapse load is given [26]
by an expression of the form
Pc ¼

C 0 E 0 ðd  dt Þ3
b

ð8Þ

Here, the constant, C 0 , depends both on the length-to-breadth ratio, L/b, and on the
nature of the constraint offered by the loading jig. For an approximately square plate, C 0
varies according to laminate properties and how the plate is supported [34–36].
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The apparent collapse stress for this case, again based on original (undamaged)
thickness is

c ¼

C 0 E 0 ðd  dt Þ3
b2 d

ð9Þ

In this situation failure is due to elastic instability in the form of local buckling in the
heated region of the sample as opposed to global buckling. In this paper all compressive
collapse will be assumed to result from elastic instability. When the level of fire damage
is low, the failure mode may well involve true compressive failure, rather than buckling,
depending on the plate dimensions and the modulus of the laminate. The transition
between the two failure modes through fire damage forms the basis of an ongoing study.
It can be expected that as damage progresses in this test local buckling will tend to quickly
take over from compressive failure. This is evident from the cubic effect of the residual
thickness term in Equation (9), as opposed to its linear dependence in Equation (5), which
determines compressive failure.
In contrast to flexural stiffness and buckling resistance, the apparent flexural strength
is proportional to the section thickness squared and can be taken as proportional to
ðd  dt Þ2 . The appealing feature of the two-layer model can be seen to be the simplicity of
the analysis.

RESULTS AND DISCUSSION
Unloaded Samples: Residual Integrity
Figure 7 shows the experimental relationship between measured char thickness and
heating time for polyester laminates at a heat flux of 50 kW m2. As discussed above, there
is some vertical scatter on these points because of the difficulty in determining the position of the centre of the decomposition region. It was decided to investigate whether
the effective boundary between damaged and undamaged material could be simply
approximated in terms of a stipulated residual resin content (RRC) in the laminate.
The thermal model (continuous curves) was used to calculate the times at which the
laminate reached a stipulated RRC at different points through its thickness. Curves of
damage depth vs. time were modelled for a range of RRCs between 30 and 98%. The
model can be ‘calibrated’ by comparing the experimental and model values in Figure 7.
It can be seen that, over the full range of thickness, agreement is closest for an RRC of
80%. This implies that the resin (once cooled to room temperature) ceases to contribute
significantly to mechanical behaviour once 20% of it has been volatilised. Of course the
residual char does possess a certain level of mechanical strength and stiffness, but these
values are very low compared with those of the undamaged laminate.
Figure 8 shows thermal damage depth after a fixed period of 325 s for a range of heat
flux values. Again the RRC 80% criterion can be seen to apply across the range. It is
interesting to note that the rate of material loss varies in a less than linear manner with
increasing heat flux: being approximately proportional to heat flux to the power 0.7.
Surprisingly, a similar optimum RRC of 80% was also found from the results of similar
modelling on the phenolic laminates, shown in Figure 9. Here RRC values of 75–98%
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RRC = 98%
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Figure 7. Thermal damage depth vs. heating time for a heat flux of 50 kW/m2, for 12-mm thick glass–polyester
laminates. The curves show the RRC at the interface between the char and undamaged laminate determined
using the thermal model, for RRC values in the range 30–98%.

12

Char Depth (mm)

10
RRC
90%
80%
70%
50%

8
6
4
2
0

0

20

40

60

80

100

Heat Flux (kW/m )
2

Figure 8. Effect of heat flux on char thickness for a heating time of 325 s for glass–polyester laminates. The
curves show the RRC at the interface between the char and undamaged laminate determined using the
thermal model.

were used. It is interesting to note from Figure 6 that an RRC of 80% appears to coincide
approximately with the end of the first stage of the phenolic reaction. Phenolic char
formation may play less of a role in the materials investigated here, from a mechanical
viewpoint, than might have been expected.
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RC =98%
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Figure 9. Thermal damage depth vs. heating time for a heat flux of 50 kW/m2 for 12-mm thick glass–phenolic
laminates. The curves show the RRC at the interface between the char and undamaged laminate, determined
using the thermal model, for RRC values in the range 75–98%.
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Figure 10. Comparison of the theoretical char depth, determined using the thermal model with char thickness
values measured by microscopy, for all the laminate types studied at heat fluxes in the range 25–100 kW/m2.

Figure 10 shows a comparison of the theoretical char depth determined using the
thermal model for all the laminate types studied at heat fluxes in the range 25–100 kW/m2.
Even allowing for a significant degree of scatter in the char depth determination it can be
seen that agreement is quite encouraging.
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The predicted relationship between ‘char’ depth and time, for an RRC of 80% was then
used in the simple two-layer formulae [14,15] to calculate residual tensile and flexural
properties. The predictions are compared with the experimental results for the residual
tensile properties of polyester and vinyl ester laminates in Figures 11 and 12. Both resin
types show very similar behaviour and it can be seen that there is excellent agreement
between model and experiment for both residual stiffness and strength. The discontinuity
in the model curves occurs when all the material through the thickness of the laminate
has reached the stipulated RRC of 80%. At this point, all the material is assumed to
consist of the char phase.
Figure 13 shows a similar comparison for phenolic laminates. Again, agreement is very
good. It is interesting to note, on comparing the phenolics with the polyester and vinyl
ester, that both the model and the results underline the very different decomposition
characteristics of the two classes of resin. In the polyester, resin loss begins at a relatively
low temperature and continues progressively. With the phenolic, there is a delay before
resin loss begins, but once this commences the property loss is more rapid than in the
polyester case. This reflects the different activation energies for the decomposition process
in the two polymers [18].
Figures 14 and 15 compare the results for flexural modulus and flexural strength for
the polyester laminates. These results can be expected to be more sensitive to modelling
errors because, as mentioned previously, the measured flexural modulus and strength are
a function, respectively, of the cube and the square of the undamaged laminate thickness.
Agreement for the modulus values is again very good, and for the strength values,
moderate.
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Figure 11. Change in residual tensile properties of glass–polyester laminate with heating time at a heat flux
of 50 kW/m2 (experimental points). The curves show the theoretical post-fire properties determined using the
two-layer model.
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Figure 12. Change in residual tensile properties of glass–vinyl ester laminate with heating time at a heat flux
of 50 kW/m2 (experimental points). The curves show the theoretical post-fire properties determined using the
two-layer model.
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Figure 13. Change in residual flexural properties of glass–phenolic laminate with heating time at a heat flux
of 50 kW/m2 (experimental points). The curves show the theoretical post-fire properties determined using the
two-layer model.
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Figure 14. Change in residual flexural properties of glass–polyester laminate with heating time at a heat flux
of 50 kW/m2 (experimental points). The curves show the theoretical post-fire properties determined using the
two-layer model.
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Figure 15. Change in residual flexural properties of glass–phenolic laminate with heating time at a heat flux
of 50 kW/m2 (experimental points). The curves show the theoretical post-fire properties determined using the
two-layer model.
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Integrity of Loaded Samples in Fire
Figure 16 shows the results obtained from the burner tests under tensile and
compressive loading. The onset of failure at a particular time was, in all cases,
characterised by a clear loss of load-bearing capability that took place over just a few
seconds. It can be seen that the integrity times under load are considerably shorter than
those for the residual properties. In addition, the integrity times under load are much
shorter than those observed for the unloaded samples. The samples under compressive
load in particular were very strongly affected. In tension, where behaviour can be expected
to be strongly influenced by the strength of the reinforcement, the effect of load is a little
less severe and samples survive for reasonably long times at a significant proportion of
their static failure stress.
The aim of the tests under load was to generate measurements at stresses typical of
design stresses in composite structures – i.e. approximately 1=4 of the static strength at
room temperature. In the polyester laminates the room temperature tensile and
compressive strength values were both about 210 MPa, implying that stresses of the
order of 52.5 MPa would be desirable. This was achieved easily in the case of the tensile
measurements, but was not possible in the Euler tests because global buckling intervened
at relatively low values of compressive stress. It was for this reason that the constrained
compression (‘Boeing’) tests were carried out. In these experiments higher stresses, typical
of the compressive stresses in parts of a well-designed structure, were achieved, as can be
seen from Figure 16. Failure in the constrained tests still took place by buckling (local, as
opposed to global), as discussed in the next paragraph underlining that this is a dominant
250

Stress (MPa)

200

150

Tension
Compression

100

50
‘B oeing’ test

Simply
su pported

0
10

100

1000
Fail time (s)

Figure 16. Relationship between stress and failure time for 10-mm polyester laminates, subject to 75 kW/m2
in burner test. Upper curve shows the results for tensile loading, middle curve shows compressive stress
(Boeing compression jig, W/d ¼ 10), lower curve is compressive stress (Euler buckling, b/d ¼ 15).

+

[Ver: 7.51g/W]

[27.1.2004–5:35pm]

[1–26]

[Page No. 17]

FIRST PROOFS

{Sage}Jcm/JCM-42733.3d

(JCM)

Paper: JCM-42733

Keyword

18

A. G. GIBSON ET AL.

failure mode for many composite structures in fire. It is interesting to note that Figure 16
is presented with a format similar to that used for environmental or stress rupture tests,
albeit with much shorter times. We believe that the most appropriate practical way forward for characterising the fire behaviour of composite parts under load is to use the
characterisation approach adopted here, which will allow failure times under load to be
found from the curve by interpolation or extrapolation.
Figure 17 shows values of the heat-affected layer thickness calculated from the buckling
results shown in Figure 16. From Equations (6) and (8) it can be seen that dt at a particular
failure time can be found from the ratio of the test load to the failure load in a short-term
test at room temperature, so


Pc
d  dt 3
¼
Pc0
d

ð10Þ

sﬃﬃﬃﬃﬃﬃﬃ !
3 Pc
dt ¼ d 1 
Pc0

ð11Þ

Hence dt can be found from

In the case of the Euler buckling measurements it was possible to measure the room
temperature failure load, Pc0 , directly. For the constrained experiments, failure at room
temperature occurred by compressive failure, rather than global buckling, so it was necessary to calculate the room temperature buckling stress from Equation (10). The calculated dt values were used in Equation (5) to check on the possibility of compressive failure,
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Figure 17. Relationship between thickness of heat-affected layer and time for 10-mm polyester laminates,
subject to compressive loading and 75 kW/m2 heat flux. Experimental points are derived from the results
shown in Figure 16. Open symbols: Euler buckling. Closed symbols: local buckling in the ‘Boeing’ test. Curves
are from thermal model, assuming property loss to occur at 150, 170 and 190 C.
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but this was not shown to have occurred in any of the fire tests under load. Of course
compressive failure would be possible in this type of test, at higher stresses and shorter
failure times. Indeed at some point one may expect a transition between compressive
failure and local buckling, but this transition was not investigated in the present study.
In arriving at a criterion for determining the value of dt from the fire model, it was borne
in mind that failure occurs at much shorter times than in the case of the residual strength
modelling discussed previously. Indeed in some cases the failure times may be so short
that relatively little permanent decomposition damage will have occurred prior to sample
collapse. It was therefore considered that the RRC criterion used previously for residual
strength would probably not be suitable. Instead, a ‘temperature’ criterion was investigated. As shown from the calculated curves in Figure 17, it was assumed that complete
loss of compressive stiffness occurred at a particular temperature. The figure shows
predictions for a number of temperatures, but it is clear that the value of 170 C calibrates well with the results found so far on polyester composites. It is important to note
that this does not correspond to an isothermal temperature at which the material loses
significant compressive mechanical properties but instead has been found to provide a
useful calibration when modelling the effect of a dynamic temperature gradient on the
mechanical response.
Figure 18 shows a similar attempt to model the tensile strength behaviour. In this case,
due to the form of Equation (5), the residual thickness was assumed to be directly
proportional to the reduction in strength, so


PT
dt ¼ d 1 
ð12Þ
P T0
where PT0 and PT are the tensile failure loads prior to and during fire exposure.
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Figure 18. Relationship between thickness of heat-affected layer and time for 10-mm polyester laminates,
subject to tensile loading and 75 kW/m2. Experimental points are derived from the results shown in Figure 16.
Curves are calculated from thermal model, assuming property loss to occur at RRC of 90, 70, 50, 30 and 10%.
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Because the retention times were much longer than in the compressive case a temperature criterion could not be used. Instead, the curves for a range of RRCs have been
shown. Behaviour correlates well with an RRC value of 10% initially, suggesting that the
laminate does not lose much strength until most of the resin has depleted. However, it
appears that in cases where the tensile stress is below about 20% of the room temperature
failure value, the structure can maintain load for quite a long time.

Model Predictions for the Fire Integrity of ‘Generic’ Composites
Measurements carried out on a range of different composite systems suggest that the
differences in overall behaviour between different types of composite (even including
phenolic) are not very large. The usual design requirement is to know the approximate
time in a particular type of fire before collapse occurs. As an illustrative example
therefore, the fire model has been used to generate predictions for the response of
a ‘typical’ composite structure to a given fire threat. In these predictions it has been
assumed that the failure mode is local compressive collapse, because this is the most
probable mode of failure in any structure that is fully engulfed in fire. There will be
some circumstances where these predictions are conservative, for instance when the
loading is primarily tensile (as in the case of a pressurised pipe), or in a panel under
flexure, with only the tensile face exposed. In defining the fire threat, we consider four
broadly representative cases:
1.
2.
3.
4.

constant heat flux of 50 kWm2
constant heat flux of 75 kWm2
the cellulosic fire curve
the hydrocarbon fire curve.

The two constant heat flux conditions correspond respectively to a fully developed fire
of moderate intensity and a rather hotter fire, such as a hydrocarbon pool fire. The
standard fire curves are used in a range of tests where the temperature is increased in a
prescribed way to imitate, albeit very approximately, a real fire scenario. The cellulosic
curve represents a building fire and the hydrocarbon curve a hotter fire of the type that
might be found in the petroleum industry. Figures 19–22 show the predictions of the
model for all four fire scenarios, for collapse time under load (using the 170 C criterion)
and for residual property retention after fire (RRC ¼ 80%). In each case, the integrity time
has been shown vs. laminate thickness for 50 and 25% of residual integrity. The 25% value
is of particular interest because, assuming a design factor of 4, this would correspond to
collapse under the working load of the structure.
Figure 19 shows integrity under load for the two constant heat flux conditions.
Interestingly, the relatively small difference between the curves for 50 and 75 kWm2
underlines the non-linear effect of increasing heat flux, mentioned previously. Figure 20
shows the equivalent times corresponding to the two standard fire curves. The kinks in
the curves are due to the ‘start-up’ and levelling off phases of the two standard curves.
Once again, given the considerable difference in severity between the standard curves,
there is surprisingly little difference between the integrity times. It is interesting to note
that, for moderate laminate thicknesses, the 50 kWm2 constant heat flux condition
appears to be more severe than the hydrocarbon curve, due presumably to the effect of the
start-up period.
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Figure 19. Predicted times for 50 and 25% retention of integrity under load for generic composite laminates.
Type of fire exposure: 75 and 50 kW/m2 constant heat flux. Model assumes that failure mode is buckling and
that property loss occurs when laminate reaches 170 C.
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Figure 20. Predicted times for 50 and 25% retention of integrity under load for generic composite laminates.
Type of fire exposure: ‘cellulosic’ and ‘hydrocarbon’ fire curves. Model assumes that failure mode is buckling
and that property loss occurs when laminate reaches 170 C.
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Figure 21. Predicted times for 50 and 25% retention of post-fire residual integrity for generic composite
laminates. Type of fire exposure: 75 and 50 kW/m2 constant heat flux. Model assumes that failure mode is
buckling and that property loss occurs when laminate RRC reaches 80%.
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Figure 22. Predicted times for 50 and 25% retention of post-fire residual integrity for generic composite
laminates. Type of fire exposure: ‘cellulosic’ and ‘hydrocarbon’ fire curves. Model assumes that failure mode is
buckling and that property loss occurs when laminate RRC reaches 80%.
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Finally, Figures 21 and 22 show the equivalent predictions for the case of residual
integrity after fire. The curves in both cases are rather similar in shape to the curves for
behaviour under load, except that the integrity times are generally 2–3 times as long.

DISCUSSION AND CONCLUSIONS
We acknowledge that the ‘two-layer’ model is an approximation because it ignores the
finite thickness of the decomposition region, and the variation in mechanical properties
through the unburnt portion of material. Nevertheless this approach has been shown to
be useful in characterising both behaviour under load and residual properties after fire. It
also has the advantage of providing structural information in a form that is readily usable
by designers.
The present results support the use of this approach, and the thermal model for the
decomposition response provides an additional insight into the degradation processes that
take place through the thickness of the laminate.
The key conclusion of this work is that integrity times in fire are short and that composite structures are especially prone to local compressive failure. This underlines the
need for appropriate protection, a solution that is also widely employed in the case of steel
and aluminium structures.
We are working to extend the present investigation to take more accurate account of the
full progressive change in properties through the thickness of laminates in fire.
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