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SUMMARY

The influence of a modest thermal insult from a fire on glass-reinforced thermoplastics is explored
experimentally and analytically. A first-order thermomechanical model was formulated to
investigate the thermomechanical response of asymmetrically heated glass-reinforced, thermo-
plastic composites under tensile load. Failure predictions can be summarized with a three-
dimensional failure surface comprised of load, heatflux and time-to-failure for composite material
systems exposed to localized overheating. This paper provides an overview of the preliminary
results from a series of small-scale experiments and application of a thermomechanical model.

BACKGROUND

Proposed applications for composite mate-
rials are continually expanding due to the
numerous advantages they offer, such as
weight reduction and corrosion resistance.
However, along with the expansion in the
market for composites comes a commensu-
rate increase in the risk of deficient perfor-
mance resulting from exposure to various
hazards. Some organic composites are suit-
able for use in high temperature environ-
ments while others are unable to withstand
even modest changes in temperature. Thus,
a wide range of responses to overheating
from fire is possible.

On transportation vehicles, composites have
been proposed for use in fire resistant sepa-
rations. Fire resistance requirements range
from five minutes to one hour, depending on
the type of transportation vehicle, i.e. sur-
face ship, submarines, or aircraftl-3.

The results from a fire resistance test on a

glass reinforced polyester wall panel follow-
ing ASTM E-119 is reported by Williamson
and Baron4. The wall panel was observed to
satisfy the test criteria for a time period of
30 min. Although surface temperatures and
the transverse deflection were measured,
no engineering analysis was conducted to
evaluate the structural performance of the
wall assembly.

The impact of a severe heat exposure on an
organic composite is likely to be substantial
and obvious, e.g., chemical degradation of
the matrix, widespread charring, melting,
delamination and cracking. Conversely, exposure
to minor heating exposures is not likely to
affect adversely the structural performance
of a composite. However, subjecting a com-
posite to modest exposures may induce damage
solely within the interior of the assembly or
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on the unexposed side without necessarily
producing any visually detectable effects on
the exposed side of the composite. As such,
modest heating exposures are of particular
interest since the effects on structural per-
formance may be substantial in terms of

performance degradation, yet be very diffi-
cult to detect via visual inspection in the
absence of appreciable surface melting or
charring. Specific interest in the problem of
exposures to modest heating conditions rep-
resented by moderate severity fires was

expressed in a 1985 workshop sponsored by
the Naval Air Systems Command5:

&dquo;The third confirmed hazard is the

susceptibility of composites near fires
to subtle non-visual fire damage. The

. primary countermeasure is careful

inspection. The plan in this area is to
develop improved inspection proce-
dures that will determine the extent
of subtle fire damage and to develop
firefighting procedures to prevent,
or at least reduce, the extent of subtle
fire damage.&dquo;

Some of the effects, e.g. thermal strains,
caused by the fire exposure are reversible.
However, should threshold temperatures be
exceeded, the effects become irreversible,
e.g. pyrolysis, thermoset materials exceed-
ing glass transition, ablation, delamination
and ply buckling. As such, the effects of

overheating should be conducted simulta-
neously with the imposition of load.

Failure of structural composites exposed to
fire conditions is a function of the loading
conditions and the temperature distribu-
tion within the assembly. The temperature
distribution within the assembly depends
on the incident heat flux, duration of expo-
sure, environmental conditions and the

properties of the assembly. The presence of
a temperature rise will result in interlaminar
stresses. An originally symmetric compos-
ite will be transformed into an asymmetric
composite if only one side of the laminate is
heated due to material property changes. As
a consequence of a temperature gradient
within a laminate and differences in the

coefficient of thermal expansion (CTE) be-
tween the matrix and the fibers or between
laminae are hypothesized as being principal
causes for some of the noted effects. Local

ply buckling may result from in-plane tem-
perature gradients and property discontinuities
across boundaries of pyrolyzed and original
material.

Failure predictions can be summarized through
the use of a three-dimensional failure sur-
face for specific composite assemblies ex-
posed to overheating. The failure surface is
defined by three coordinates: load, thermal
insult and time-to-failure. In this study,
thermal insult is represented by the inci-
dent heat flux. Given any two of the three

coordinates, a range of values of the third
coordinate can be determined which will

lead to failure, e.g. given the heat flux and
time, the critical or minimum load can be
determined which will cause failure.

A unique failure surface needs to be formu-
lated for each combination of the type of
composite assembly, loading conditions and
heat transfer conditions. The type of com-
posite assembly is described in terms of the
material composition, layup, dimensions, shape
and orientation. Relevant loading conditions
include the type of applied loads, i.e. forces
and moments, and their point(s) of applica-
tion. The mode of heat transfer (conduction,
convection or radiation) and the distribu-
tion of the incident heat flux on the surface(s)
of the assembly define the heat transfer
conditions. ,

REVIEW OF PREVIOUS STUDIES
Several researchers have utilized small-scale
tests to examine the impact of severe radi-
antheating exposures on the structural behavior
of composite laminates6,7. These studies in-
volved small-scale experimental and ana-
lytical evaluations of graphite-epoxy com-
posites (AS/3501-6) exposed to laser irra-
diation with heat fluxes ranging from 5 to
25 MW/m2. As a result of this extreme ther-
mal insult, structural degradation and ap-
preciable material loss occurred, sometimes
to the point of localized burn-through. Most
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failures occurred within 60 s, with failure of
the specimens attributed to localized burn-
out and extreme temperatures 6

Formulation of a failure surface to docu-
ment the structural performance of heated
composites was constructed based on a lim-
ited number of small-scale experiments
supplemented by a numerical analysis6,7.
The experimental program consisted of ap-
plying a designated tensile load on test cou-
pons. Next, the test coupons were exposed
to an extreme incident heat flux, ranging
from 5 to 25 MW/m2. Test samples consisted
of thick laminates, ranging from 20 to 96
plies. The tensile load ranged from 21 to 50
percent of the ultimate tensile strength at
ambient temperature. A two-dimensional
failure surface was constructed for each applied
load relating times-to-failure with the expo-
sure duration. The times-to-failure increased
with increasing thickness and decreasing
incident heat flux.

The structural response of the exposed laminate
was examined using a finite element model
with each ply represented by plate elements.
A one-dimensional temperature distribution
was assumed through the thickness of the
laminate’. The maximum stress criterion
was used to predict the failure of individual
plies. Discounting failed plies, the analysis
was reiterated to investigate progressive
failure of additional plies until the entire
laminate failed. Errors in the modeled time-
to-failure were attributed to the large de-
flections observed. This source of error was
inherent in the analytical approach since
large deflections are not properly modeled
using plate theory. In addition, the assump-
tion of a one-dimensional temperature dis-
tribution may also have contributed to the
errors since a three-dimensional tempera-
ture distribution actually resulted within
the laminate, given the localized irradia-
tion on one surface of the laminate.

Recently, a similar semi-empirical approach
has been applied to formulate a three-di-
mensional failure surface consisting of load,
heat flux and time-to-failure for a glass-
reinforced thermoplastic exposed to a range

of heat fluxes associated with a modest fire

exposure8. The range of exposures was in-
sufficient to cause ignition or burn-through
of the specimens, thereby inducing rela-

tively subtle structural flaws. As in the

previous two studies, the recent effort in-
volves formulation of the failure surface

through coordinated experimental and ana-
lytical efforts. First, a series of small-scale
experiments were performed to observe fail-
ure mechanisms and obtain data to later
check the predictive capabilities of the model.
Next, a thermomechanical model was ap-
plied to simulate the performance of the
laminate. This paper provides an overview
of the recent, coordinated experimental and
analytical efforts 8

Terminology to describe the layup of com-
posites addresses the number of plies, to
address characteristics in the thickness direction
and ply orientation to address in-plane char-
acteristics. The in-plane directions are re-
ferred to as the longitudinal and transverse
directions. The longitudinal direction is
defined as being parallel to the fibers, the
transverse direction is in the plane of the
plies, but perpendicular to the fibers and
the normal direction is in the thickness di-
rection.

EXPERIMENTAL PROGRAM
The experimental program consists of small-
scale tests to determine ply and laminate
properties required as input for either a
thermal or structural analysis. The glass-
reinforced thermoplastic (glass volume
fraction of 53%) was selected because of its
thermal stability at relatively high tem-
peratures, according to the manufacturer.
Ply properties were determined experimen-
tally using specimens which were 38 by 760
mm, comprised of 4 or 10 plies. Three layups
were used for the material property tests:
[01,, [90]10 and L:t45]8 1. (Note that [0]4 denotes
a laminate comprised of four plies, all with
the fibers parallel to the longitudinal axis.
Alternatively, [0/:t45/90]8 relates to a lami-
nate of eight plies (with the angle noted
relative to the longitudinal axis): 0, +45, -
45, 90, then a symmetric set of plies, i.e. 90,
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-45, +45, 0.)

Acquired material property data is evalu-
ated considering each ply of the unidirectional
composite laminate to be a homogeneous,
transversely isotropic material. In principal,
the macroscopic properties are determined
by assuming that the microscopically defined
properties for each of the ply constituents
are smeared uniformly throughout the ply.
Further, since the macroscopically defined
properties are evaluated for an entire ply,
they implicitly account for the imperfections
that are present.

The ply material properties of interest for
a thermomechanical analysis include both
mechanical and thermophysical properties.
Mechanical properties include the elastic
moduli, CTE’s, and strengths. Thermal con-
ductivities, specific heat and density comprise
the needed thermophysical properties. En-
dothermic or exothermic reactions within
the matrix can be addressed by artificially
altering the value of the specific heat. Rel-
evant properties need to be evaluated for
the longitudinal, transverse, and normal
directions.

A heat-load sequence was used to evaluate
the in-plane tensile ply mechanical proper-
ties at elevated temperatures. The heat-
load sequence consists of increasing the
temperature of the sample to a predeter-
mined value, then applying an increasing
tensile load until failure occurs. The prop-
erty tests were limited to 204°C to avoid
melting the matrix. Results of the ply me-
chanical property tests are presented in Figures
1-4. In Figures 1 and 4, the longitudinal
properties and Major Poisson’s ratio are

only slightly influenced by temperature, as
expected due to the fiber dominance of both
properties. In Figures 2 and 3, the matrix-
dominated transverse and shear properties
decrease with temperature, with appreciable
decreases indicated near the glass transi-
tion temperature. Above the glass transi-
tion temperature, the decline of the trans-
verse and shear properties is expected to
continue, reaching near-zero values at the
melting temperature.

The second set of experimental evaluations
consisted of a series of small-scale tests

involving the imposition of a thermal insult
while a glass-reinforced, thermoplastic test
specimen was under tensile load. These tests
were conducted to determine the laminate

property of residual longitudinal strength
while subjected to the heating exposure.
This data was required to evaluate the pre-
dictions of the failure surface by the
thermomechanical model. The load-heat

sequence utilized in these tests consisted of

applying a tensile load to the sample first,
then exposing the sample to the thermal
insult.

Figure 1 - Longitudinal properties vs. temperature.

Figure 2 - Transverse properties vs. temperature.



117

The second series of tests were conducted on
three different laminates over a range of
loads and heat fluxes. The 13 mm-thick test

specimens consisted of the following layups:
[90/0]l1s’ [0/(±60/0)i~, and [0/(±30/0)n]g. The
dimensions of the test specimens are 38 by
380 mm. Tensile loads were applied repre-
senting 25, 35 and 50 percent of the nominal
ultimate tensile strength at ambient tem-
perature of the [90/0]llS laminate and 23,
32 and 46 percent of the nominal ultimate
tensile strength at ambient temperature of
the [0/(±60/0)111,, and [0/(±30/0)11]s laminates.
The tensile load was applied following a
computer-controlled, programmed sequence

Figure 3 - Shear properties vs. temperature,

Figure 4 - Major Poisson’s ratio vs. temperature.

consisting of a linear increase of 89 N/s to
a pre-set load, followed by the load being
maintained at a steady value for the re-
mainder of the test.

One side of the test specimens was sub-
jected to a heat flux using a resistance strip
heater for a period up to one hour, or until
failure of the specimen. The actual heat flux
supplied by the heater varied as a function
of temperature and surface conditions of
the specimen. Installation of the resistance
strip heater on the laminate is indicated in
the schematic diagram provided in Figure
5. The dimensions of the strip heater was 38

Figure 5 - Schematic diagram of residual strength specimen.

Figure 6 - Schematic diagram of experimental set-up for
residual strength evaluation.
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by 76 mm. Prior to each test, the strip heater
was clamped to the test specimen using the
two binder clips, one positioned on each side
of the specimen. A schematic diagram of the
experimental setup is provided in Figure 6.

Failure of the test specimen was defined as
a stroke of 0.0127 m. Considering a nominal
test section length of 0.180 m, this maxi-
mum stroke is equivalent to a longitudinal
strain of approximately 7.1 percent. The
one hour limit was selected as the maximum
duration for the test because, as indicated
previously, that was the most stringent fire
resistance requirement for assemblies on
transportation vehicles (References 1-3).

Data in the form of load, stroke and strain
were acquired via an automated data acqui-
sition system. In addition, the temperatures
of the exposed and unexposed surfaces were
monitored with a surface-mounted thermo-

couple and an infrared imaging system,
respectively. These temperature measure-
ments were used along with a three-dimen-
sional thermal response model of the speci-
men (described in the next section) to deter-
mine a nominal, steady heat flux. The heat
flux provided to the thermal response model
that yielded the best agreement in the un-
exposed surface temperatures was defined
as the nominal, steady heat flux (hereafter
referred to as heat flux). The applied heat
flux ranged from 15 to 40 kW/m2. The heat
flux was relatively uniform under all parts
of the heater 8

The test program in this second series of
small-scale tests consisted of starting with
the high heat flux, high load combination,
i.e. 30 kW/m2 and 46 or 50 percent of the
ultimate load. Subsequent tests were con-
tinued at the same flux level, decreasing the
load until runout occurred (&dquo;runout&dquo; refers
to those cases where failure did not occur
within the hour). Once runout occurred, testing
at that flux level was terminated. The heat
flux level was then reduced by 5 kW/m2 for
the next test, with the load returned to the
maximum load level. Subsequent tests at
this flux were continued, decreasing the
load until runout was observed again. In

addition, testing was stopped if the load
decreased to a value that provided runout at
a greater heat flux. This test plan assumed
that failure would not occur at a lower flux

or load than a previous test in which runout
had occurred. Results of the test program
are summarized in Table 1.

Table 1
Experimental Time-to-Fallure(s)

The results from this second set of tests
were expressed in the form of a three dimen-
sional failure surface to indicate the depen-
dence of the residual longitudinal strength
on the heat flux and duration of exposure.
An example of a three-dimensional failure
surface relating the parameters of load, heat
flux and time-to-failure for the[0/(:t60/0)11]s
layup resulting from the tests is presented
in Figure 7. The discontinuities in the fig-
ure are indicative of the experimental data
points. Cross-sections of the failure sur-

faces for each laminate are interposed for
constant heat flux (30 kW/m2) in Figure 8
and constant load (at the maximum value of
46 or 50 percent) in Figure 9.

Although each layup has a unique failure
surface, there are some common features 

’

shared by all three failure surfaces. The

time-to-failure increases with decreasingflux
for all laminates since the temperature
gradients (which affect the thermally-in-
duced stress) and damage level decrease

with decreasing flux. Failure modes varied
for each layup, dependent on the load level.
Failure was initiated on the unexposed side
of the specimen for the tests conducted with
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Figure 7 - Failure surface of [0/(±60/0)~~]s. ’

Figure 8 - Time-to-failure for 30 kW/mz heat flux.

the greatest applied load, i.e. 46 or 50 per-
cent of the ultimate tensile strength at ambient
temperature. Also, these failures occurred
suddenly, without warning. All failures at
the lower loads were initiated on the ex-

posed side and progressed slowly.

Differences in the time-to-failure indicated
in Figure 8 for the three layups decrease
with increasing load. Thus, because the time-
to-failure is appreciably different for the
layups at low load levels, the phenomenon
is multi-dimensional at low loads. Similarly,
in Figure 9, the differences in the time-to-
failure for the three layups increase with

Figure 9 - Time-to-failure for 46% or 50% of ultimate load.

Figure 10 - Char picture.

decreasing flux. Thus, because the time-to-
failure is different for the layups at low flux
levels, the phenomenon is again multi-di-
mensional ; whereas, athigh flux levels, failure
is one-dimensional, being dependent prima-
rily on the thickness of the sample.

As the angle of the laminate decreases, i.e.
the laminate becomes more unidirectional,
the time-to-failure increases for a given load
and heat flux since the laminate properties
become more fiber dependent. This agrees
with observations from the elevated tem-

perature property tests where the fiber was
demonstrated to be influenced by a lesser
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degree by the thermal insults than the ther-
moplastic matrix.

Visual observations detected ply buckling
near the interfaces between unmelted and
melted regions and between charred and
uncharred regions as a result of in-plane
temperature gradients. A typical char pat-
tern is indicated in Figure 10. Also, local
delaminations were evident near the same
interfaces resulting from discontinuities
in the coefficient of thermal expansion be-
tween plies.

Failure was noted to be independent of
measured char depth. Differences in char
behavior were documented for samples that
failed and those that continued to sustain
the load for the entire one hour duration as
indicated in Figure 11. A linear correlation
of the char depth with the net input heat
was developed based on an elementary ther-
modynamic analysis. In this analysis, the
amount of heat needed to increase the tem-

perature of the charred region to the char
temperature was estimated. The charred
region was approximated as a rectangular
solid with a depth equal to the maximum
char depth and the cross-sectional area equal
to that of the strip heater. As a consequence
of agreement with the linear correlation,
charring is predominantly a one-dimensional
phenomenon.

Figure 11 - Char thickness vs. thermal insult.

As compared to the samples which did not
fail, samples that failed required much less
heat to achieve a particular char thickness.
Samples that failed had numerous trans-
verse surface cracks on the exposed side.
These surface cracks are considered to have
aided in the heat transfer to the interior of
the sample to promote charring. Consequently,
char behavior appears to be related to crack
formation and the overall failure process.

THERMOMECHANICAL MODEL
The thermomechanical model consists of a
first-order analysis. Based on the experi-
mental observations, failure of the lami-
nate is assumed to resultfrom in-plane effects,
principally fiber failure. This assumption is
supported from the post-mortem examina-
tions of the failed test coupons. Consequently,
inter-laminar effects such as delaminations
were neglected. As a result of the assumed
failure mechanism and the localized ther-
mal insult, a three-dimensional analysis is
important to evaluate the in-plane thermal
strains, especially near material discontinuities,
i.e. near boundaries of melted and unmelted
or pyrolyzed and original material.

Three submodels are contained within the
thermomechanical model. One submodel is
the thermal response model consisting of a
semi-empirical, three-dimensional heat transfer
model. The model uses an implicit finite
difference scheme to provide a three-dimen-
sional temperature distribution within the
composite as a function of time. The predic-
tive capability of the thermal response model
has been described previouslyl°. The ther-
mal response model investigates the tran-
sient heating of angle-ply laminates exposed
to asymmetric, incident heat fluxes. In ad-
dition, the model can account for tempera-
ture dependent material properties and a
wide range of convective or radiative bound-

ary conditions.
Another submodel consists of an existing
finite element model, NASTRAN, which
predicts a three-dimensional state of stress
within the composite as a result of the ap-
plied loads and the temperature distribu-



121 -

tion (obtained from the output of the thermal
response model)11. This submodel comprises
the core of the structural response analysis.
Modeling each ply with a separate layer of
elements would have an appreciable amount
of computation time and memory. Conse-
quently, sublaminate elements were con-
structed representing three or four plies to
decrease computational requirements, as is

, 

often done for analyses involving composite
laminates 12. Sublaminate elements repre-
senting three plies [160/0] were used in the
interior of the laminate. The regions near
the exterior surfaces of the laminate were

represented by sublaminate elements rep-
resenting four plies [0/160/0]. In-plane properties
for the sublaminate elements were deter-
mined using classical laminated plate theory
and evaluated based on the temperature in
the middle of the sublaminate.

Available thermophysical property data
utilized in the analysis is indicated in Table
27. Properties for the char layer (represented
by temperatures in excess of 540°C) are

effective properties, accounting for mate-
rial changes as well as the presence of cracks.
Matrix-dominated properties were assumed
to be negligible for temperatures greater
than the melting point of the matrix. Spikes
in the specific heat were provided to simu-
late internal energy changes associated
with energy of decomposition or phase
changes. High temperature fiber properties
were determined by adopting the properties
of E-glass at 540°C13. The longitudinal modulus
and strength for E-glass at 540°C are 81.3

Table 2.

Thermophysical Properties

GPa and 1725 MPa, respectively.

The resulting high temperature mechanical
properties are plotted as a function of tem-
perature in Figures 1-4. Using an assump-
tion of transverse isotropy, properties in
the normal direction were equated to those
in the transverse direction.

Pre- and post-processor software developed
as part of this study interfaces with the
existing finite element model conducting
the structural analysis. The pre-processor
constructs the input data file for the finite
element model. Input for the model consists
of geometric characteristics, layup, elevated
temperature mechanical properties, applied
loads and the three-dimensional tempera-
ture distribution determined by the ther-
mal response model.

The third submodel consisting of the post-
processor analyzes the output of the struc-
tural analysis using the maximum stress
criterion to determine ply failure6,14. The
maximum stress criterion is summarized in
Table 3. As expressed in the table, the maxi-
mum stress criterion establishes the limits
for the ply stresses in order to avoid failure.

The post-processor also conducts the pro-
gressive failure analysis on a ply-by-ply basis
using the output from both the finite ele-
ment model and the thermal response model
to account for failed plies. The progressive
analysis is an iterative procedure which
excludes failed plies by setting ply moduli

Table 3.
Maximum Stress Criterion
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and strengths in the failed directions to

negligible values. After excluding the failed
plies, the finite element model is re-applied.
Then, the postprocessor is re-applied to

determine if any additional plies fail. If so,
another iteration of removing plies and re-
applying the finite element model is con-

ducted. The iterations are continued until
no additional plies fail, i.e. load transfer is
accomplished to the remaining plies with-
out inducing the failure of additional plies.

The thermomechanical model is applied to
determine the tensile load required to cause
failure, given an incidentheatflux and duration
of exposure. Following repeated applications
of the thermomechanical model, a failure
surface can be created for each composite
laminate exposed to a wide range of heat
fluxes and tensile loads.

The developed analytical model is general
in nature. In principle, the formulation is
applicable to any type of composite, loading
condition or heat flux. However, the present
application of the thermomechanical response
model was limited to determining the fail-
ure surface only for one glass-reinforced,
thermoplastic composite, with a layup of [0/
(±60/0) 11]s.

Inasmuch as the thermal model provides
input to the structural model, the two mod-
els are not coupled. Changes in geometry,
such as curvature, necking and crack for-
mation are not addressed in the thermal

analysis. Further, surfaces recession due to
material loss from melting or charring is
not accounted for in the structural model.
The only effects of charring or melting in-
cluded in the structural analysis are the
reduction of the strength and stiffness of
the relevant plies.

A comparison of the failure surface deter-
mined by the thermomechanical model with
that determined from the experimental pro-
gram forheatfluxes of20 to 30kW/M2 is presented
in Figure 12. Agreement with the experi-
mental data appears quite satisfactory, es-
pecially for the cases involving the heat flux
of 30 kW/m2. The improved agreement at the

Figure 12 - Measured vs. predicted load vs. time-to-failure
for [O#60/0),,]s.

greater heat flux may be attributable to the
failure being dominated by ply effects. Interlaminar
effects may be more dominant at the lower
flux levels where laminate failure was ob-
served in the experiments for the load levels
indicated to be due to load transfer problems.
Even so, the agreement between the predic-
tions and the experimental data is notewor-
thy considering the first-order nature of the
calculations.

Consequently, the thermomechanical model
may be applied to conditions beyond the
bounds of the experimental data to deter-
mine failure loads of interest for fire resis-
tance considerations on transportation ve-
hicles. The results of the extended investi-

gation are presented in Figure 13. The loads
have been normalized by the ultimate load
at ambient temperature determined by the
model. This figure is presented to show trends
from an analysis of a limited number of
conditions. The number of conditions was
limited because of the excessive computa-
tion time required for each simulation. The .
trends indicated in the figure should be
considered preliminary, pending additional
experimental data, especially at the high
heat fluxes.
As is evident in the figure, the composite
laminate can maintain its structural integ-
rity up to the noted exposure durations, as
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Figure 13 - Predicted load vs. time-to-failure for (0/(~60/
0)~ ~]s.

long as the load is kept below that required
for failure. Application of the model to es-
timate laminate performance is restrained
primarily by available material property data,
especially at extreme temperatures. Appli-
cations involving severe heat fluxes which
induce extreme temperatures on the exposed
surface are likely to challenge the material
property data base.

CONCLUSIONS
The effect of a thermal insult on the struc-
tural response of a composite has been shown
to depend on the heating conditions, applied
loading and characteristics of the compos-
ite. Heating conditions, as well as radiant
and convective losses, serve to define the
boundary conditions for the thermal response
analysis. The applied loading defines the
structural end conditions. The relevant
characteristics of a composite laminate in-
clude the geometry of the laminate and the
material properties.

As a result of the combined experimental
and analytical programs, the performance
of the glass-reinforced thermoplastic speci-
mens for these layups is well characterized.
However, any conclusions are limited to the
material system and layups investigated.

Observations pertaining to the performance
characteristics of the tested laminates are:

1. Both the thermal and structural response
are multi-dimensional phenomena. Appli-
cation of one-dimensional models may ne-

glect relevant phenomena associated with
in-plane temperature gradients and mate-
rial property changes.

2. The discontinuities caused by melting or
charring of the composite leads to stress
concentrations and subsequentfailure. Thus,
these phenomena must be modeled accu-
rately and the physical availability of prop-
erties for melted and charred materials are

important. 
z

3. Char depth is an inadequate predictor of
failure. Char depth is a function of the ther-
mal insult in addition to the damage state.
Development of surface cracks is believed to
cause more extensive char depths in failed
specimens as compared to those proceeding
to runout. As a result, a key protection
strategy is to prevent surface cracks from

developing.

4. Temperature at a single point is an inad-
equate predictor of failure for a composite
laminate. Instead, the temperature distri-
bution within the laminate is necessary.

5. Loaded composite specimens failed as a
result of the thermal insult from only mod-
est heat fluxes. Consequently, use of this
material system in an assembly subject to
fire exposure must be protected with an
insulating material.

The modeling effort enabled predictions to
be made to provide a broader understanding
of the performance of the tested laminates
over a much wider range of conditions. As

a result of applying the model for the noted
laminate, the model can also be reliably
applied to other layups of the same lami-
nate, thereby significantly decreasing the
number of required tests.
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NOMENCLATURE
S shear strength
X longitudinal strength
Y transverse strength
Z strength in thickness direction
a applied stress

super- and subscripts

1 longitudinal direction
2 transverse direction
3 thickness direction
c compressive
t tensile
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