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Abstract
A study of the tension and compression behavior of glass-®ber reinforced polyester composite material under
sustained loads and elevated temperature is presented. Time-dependent thermal deformation and failure stresses
were measured at three dierent temperatures T  25, 50, and 808C). Using curve-®tting equations a simple
empirical model was developed to predict the time-to-failure. The model takes into account superposition of time±
temperature eects. Creep curves predicted by this model are similar to those reported in literature. 7 2000
Published by Elsevier Science Ltd. All rights reserved.

1. Introduction
Over past years, research on creep characteristics of
®ber reinforced polymers has resulted in better understanding of their structural behavior at elevated temperatures. Knowledge of the elevated temperature
durability of composite material structures such as
beams, columns, and decks is essential for assessing
conditions for survival time under ®re, especially in
case of an on-board ®re of a ship, or a ®re in facilities
constructed by using ®ber reinforced polymer (FRP).
Basically, the heat resistance of an FRP composite is a
question of time, stress, and temperature. Short or
long-term deformation data, with or without stress, are
available in composite literature [1±4]; however, predictions of time-dependent thermal deformations made by
some of these studies do not show quite good agreement with the experimental result [5]. Creep in an anisotropic and multi-phase material like FRP composite
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is much more complex than the creep in homogeneous
metallic materials is, where thermodynamic principles
to characterize molecular motions resulting in creep
deformation can be deducted with relative ease.
In composite materials, initial attentions were
focused on creeps under simple stress conditions, for
example tensile creep [6±9]. Others studied creep under
long-term interlaminar shear [10,11]. The power law
approach to modeling the creep in plastics and FRP is
primarily due to Findley [12,13]. Numerous other
work have also been reported in literature to develop
the fundamental understanding of the creep processes
in composites and the ®nal attempts to model them.
These include addressing the visco-elastic and viscoplastic behavior of polymer composites. In this regard,
Schapery's nonlinear-viscoelastic theory based on the
fundamental principles of irreversible thermodynamics
has been used extensively by some researchers [14,15].
The present study aims to develop, by simple laboratory tests, just a few engineering constants as material
parameters that can allow, through a model, a prior
assessment of heat durability of these materials. In in-
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frastructure, and in many other civil engineering applications of FRP structures, a ®re situation may cause a
very rapid rise of temperature, and consequently
strength degradation and ®nal collapse. Thus, a predictability of life under a rapidly rising temperature is
extremely important for the FRP structural designers.
In naval applications, in order to address the ®re
issues, two guiding criteria for application of composites have been established [19]. They are: (1) the composites system will not be a ®re source, and (2) the
ignition of the composite system will be delayed until
the crew can respond to the primary source of ®re.
The last requirement highlights the critical issue that
strength of composites must be maintained at elevated
temperature at least for a period of 30±60 min.
In this paper time-dependent mechanical properties
of glass-®ber/polyester have been discussed on the
basis of the results from time-dependent thermal deformation tests, and the predictions of time-to-failure
(TTF) have been developed by the analysis of the
curve ®tting equations.

2. Modeling
2.1. Time±temperature superposition model
In general, polymers are subjected to both time, and
temperature dependent deformation. Thus, it generally
presents a problem to predict their behavior when
both time and temperature have changed signi®cantly.
An isothermal creep curve can be developed much
more easily by performing a simple creep test at constant load and at constant temperature while recording
the strain. However, if the temperatures change during
the test, we will see two eects: ®rst, the eect of temperature as change in strain, and second, the eect of
creep as additional strain. Attempts have been made in
the past to express both changes by what is called
``Time±temperature superposition model''. We will discuss this model by ®rst taking a general approach to
approximate the behavior as its initial elastic modulus
E t, T0  at a time t, and temperature T0, to its later
modulus E t1 , T1  at a time t1, and temperature T1 by
the following equation:
E t, T0  

r1 T1
E t1 , T 1 
r0 T0

Fig. 1. Short-term creep data as change of modulus at various
temperatures.

perature superposition curve involves ®rst, performing
a number of short-term (15 min±1 h) tests on creep deformation at various temperatures, Fig. 1. And then
plotting these curves along the time scale as modulus
versus time, by matching the tail end of each curve to
the beginning of the next curve as shown in Fig. 2.
When the amounts of time shift needed for each temperature for this plot (e.g. DT1 and DT2 in Fig. 2), are
plotted against the test temperatures (T ), one can
obtain the shift factor plot. The shift factor plot essentially transforms the eects of temperature on the time
scale. Thus, by knowing the shift factor for a given
temperature one can predict the creep deformation of
a polymer over time for a given temperature. However,
although this approach has remained popular in
research communities, in practical engineering applications of composites a still simpler method is desired.

1

where r1 and r0 are the densities of the polymer at
temperatures T1 and T0, respectively.
It should be noted that usually at room and lower
range of temperatures over a short period of time (say
15 min to 1 h) the time dependent creep strain is extremely small, and the strain eect is primarily due to
temperature. The method of drawing the time±tem-

Fig. 2. Time±temperature superposition curve drawn from the
data in Fig. 1.
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2.2. Constitutive modeling
Predictive equation of creep deformation of a polymer or a polymer matrix composite by considering the
nonlinear-viscoelastic constitutive equation parameters
was developed by Schapery [14±16] and further
reviewed and con®rmed by others [17,18]. For an
applied stress s0 , the creep strain for uniaxial loading
at a constant temperature is given by


g1 g2 tn
e t  g0 D 0   c n
s0
2
as
where D(0) is the initial compliance; g0, g1, g2, as are
stress-dependent constants; and C, n are stress-independent constants.
At low stress levels, g0, g1, g2, and as are equal to
unity, so that Eq. (1) change to


e t  g0 D 0   ctn s0
3
At higher stress levels g0, g1, g2, and as are not equal
to zero, and requires creep and creep recovery tests to
determine these constants by some curve ®tting techniques using graphical or computational methods
[1,17].

3. Experimental tests
A series of coupon level tension and compression
tests were performed using glass/polyester FRP plates
of nominal 0.25 in thick specimens. The test specimens
were cut in shapes and sizes following the ASTM standards noted in Table 1, which gives the test matrix.
The specimens were ®rst tested for determining their
mechanical properties, E (Elastic modulus), n (Poisson's ratio), su (ultimate strength), and ef (strain at
failure) at room temperature (258C). And then tested
under sustained loads in the range of 60±80% of ultimate load for determining TTF (tf ) at three dierent
temperatures (25, 50, and 808C).
The test arrangement included an MTS testing machine with an well-insulated environmental chamber
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around the loading ®xtures. Applied loads were sustained by adjusting the controller of the MTS testing
system, and were monitored by a data logging system.
A hot air blowing system with thermostat control
maintained the temperature inside the chamber. The
temperature of the test specimen was monitored by a
thermocouple. The compression tests were performed
according to ASTM D-3410 using the Wyoming compression testing apparatus for holding the specimens.
Tension test was done according to ASTM D-638
method. Wedge grips were used for the tension tests.
Each specimen was strain gauged on both sides to
monitor the strain and their average was taken as the
specimen strain.

4. Test results
The room temperature (258C) stress±strain data for
compression tests are given in Fig. 3, and for tension
tests in Fig. 4. For each test both longitudinal and
transverse strains were recorded from which Poisson's
ratios were measured. The stress±strain relations in
both compression and tension are only approximately
linear with stiness degrading at higher loads. The failures were semi-brittle. The average failure strength at
258C in compression was 304.4 MPa (44,131 psi) in
compression, and 271.5 MPa (39,374 psi) in tension.
The duration of sustained load applied in the range
of 60±80% of room temperature failure load was
measured in each test. At 258C the specimens continued to strain under creep load for longer than 30 min
when the tests were usually terminated, but at 50 and
808C temperature tests were continued until the specimens failed. In some tests the applied load was
increased to a new higher level, and then kept constant
until the specimen failed. The time dependent increases
in strain (creep) values were recorded. Typical result of
a compression creep test at 258C is shown in Fig. 5,
where the specimen subjected to a constant compressive stress of 188 MPa (27,233 psi) did not fail over a
period of 28 min. However, when the same stress of
188 MPa (27,233 psi) was applied at 508C, as shown in

Table 1
Test matrix for the elevated temperature creep tests
Type of test

Test conditions

Parameters measured

Compression ASTM D-3410
Compression creep
Tension ASTM D-638
Tension creep

258C
258C, 508C, 808C
258C
258C, 508C, 808C

su , ef , n, E
tf
su , ef , n, E
tf
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Fig. 3. Room temperature (258C) data from compression tests to failure.

Fig. 6 , the specimen failed within 18 min of the
applied stress. And within approximately same load
range, i.e. at 209 MPa (30,352 psi) at 808C the specimen failed within 12.5 min, as shown in Fig. 7.

The tension test series also showed the similar results
as above. Fig. 8 shows that at 258C the failure did not
occur within 30 min when the load level was 198 MPa
(28,733 psi). But at 508C, failure occurred within 30

Fig. 4. Room temperature (258C) data from tension tests to failure.
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Fig. 5. Data from a typical compression creep test at 258C.

min at the same range of sustained load. Fig. 9 gives
an example of such failure at 180 MPa (26,086 psi)
sustained load, and Fig. 10 gives the example for 808C
with a much lower level sustained load of 150 MPa
(21,739 psi).

5. Discussions
The sustained load duration until failure varied
over a wide range. For example, at room tempera-

Fig. 6. Data from a typical compression creep test at 508C.
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Fig. 7. Data from a typical compression creep test at 808C.

ture the specimens continued to strain under creep
load inde®nitely, whereas at 50 and 808C failure
occurred mostly within an hour after the maximum
80% of su was obtained.

FRP creep is in¯uenced by factors like ®ber
volume and matrix volume fractions, temperature,
humidity, age of FRP at loading and stress levels,
etc. Many empirical relations based on actual tests

Fig. 8. Data from a typical tension creep test at 258C.
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Fig. 9. Data from a typical tension creep test at 508C.

Fig. 10. Data from a typical tension creep test at 808C.

159

160

P.K. Dutta, D. Hui / Computers and Structures 76 (2000) 153±161

creep curves can be represented well using the Eq. (4).
The values of p and b will vary with the initial stress
level, temperature, and of course the material constituents. By running systematic tests for each material,
values of time constant p, and temperature constant b,
can be generated, and thus, the strain±time±temperature curve predicted. Also, using the maximum strain
criteria, the TTF (tf ) too under dierent temperatures
can be predicted by this model.

7. Conclusions

Fig. 11. Data from Ref. [20] superimposed on the predictable
curve.

are available for the prediction of creep coecients
for a given duration of loading.
A curve ®tting equation was developed to characterize the creep curves obtained from the test data. This
equation follows the well-known Findley's equation
except that the two creep constants of Findley's
equation are now replaced with functions of time
ratios and temperature ratios. The semi-empirical
equation is given below.
"
 b T=T0  #
t
e t  e0  p
4
t0
As opposed to four constants of Eq. (2), there are now
only two constants, p and b, in Eq. (4). The linear
coecient p for time ratio t=t0  directly relates to the
strain with time, whereas coecient b modi®es the
slope of the creep curve by relating the slope to the
temperature ratio T=T0 ). This relationship matches
very well to many published creep curves. As an
example, in Fig. 11, one of the experimental curves
obtained by Pasricha (a coworker of Tuttle) for [90]16
IM7/5260 composite is shown by solid line and the
predicted curve from Eq. (4) by the dotted line.

6. Comparison with experimental data
To use the above equation, the initial parameters,
for example the initial strain, e0 at time t0, need to be
arbitrarily ®xed. In analyzing our creep data, we have
considered the initial strain e0 after 1 min of the start
of the tests and determined the creep constant parameters, p and b: Using these parameters, the theoretical curves were drawn as dotted lines on each
experimental curves from Fig. 5±10 showing that the

An attempt has been made to generate a procedure
for accelerated characterization of composite material
at higher temperatures. A simple engineering approach
to model this behavior using only two material constants has been proposed. The essence of classical
visco-elastic and visco-plastic behavior that dominates
the composite behavior at higher temperatures has
been kept intact. The proposed equation is similar in
nature to Findley's power law equation for creep; only
the coecients of his equations have now been
replaced with expressions involving time and temperature ratios. The new equation seems to satisfy the
results obtained by other researchers as well. The cumbersome time±temperature superposition method, or
more rigorous visco-elastic/visco-plastic Schapery±Tuttle Eq. (2) provides more accurate characterization,
but for engineering characterization of the composites
at higher temperature the proposed method is simpler.

References
[1] Tuttle ME, Brinson HF. Prediction of the long term
creep compliance of general composite laminates.
Experimental Mechanics 1986;26:89±102.
[2] Yeow YT, Morris DH, Brinson HF. Time±temperature
behavior of a unidirectional graphite/epoxy composite.
ASTM STP 674 1979;263±81.
[3] Kibler KG. Eects of temperature and moisture on the
creep compliance of graphite epoxy composites. Agard
Conf Proc 1980;288:8.1±8.
[4] Dillard DA, Morris DH, Brinson HF. Predicting viscoelastic response and delayed failures in general laminated
composites. ASTM STP 787;357±70.
[5] Takada S, Tsukui K, Yoshika S. Evaluation of time
dependent thermal deformation of epoxy resin, and
GFRP laminated composites. In: Proc. of the Sixth
Japan±US Conference on Composite Materials, Virginia
Polytechnic Institute. Lancaster: Technomic, 1992. pp.
405±13.
[6] Weidmann GW, Ogorkiewicz RM. Composites
1974;5:117.
[7] Chen S, Lottman RP. Buckling loads of columns made
of viscoelastic materials. In: Adeli A, Sierakowsky RL,

P.K. Dutta, D. Hui / Computers and Structures 76 (2000) 153±161

[8]
[9]

[10]
[11]

[12]
[13]
[14]

editors. Proceeding ASCE Mechanics, Computing in
1960's and beyond, 1991. pp. 691±5.
Vinogradov AM. Long-term buckling of composite columns. In: ASCE Structures Congress, San Francisco,
CA. 1989. pp. 536±45.
Dutta PK, Hui D. Creep study of FRP composite
rebars for concrete. In: Proceedings of ICCM-11, Gold
Coast, Australia, 14±16 July, 1997. 1997. pp. 844±
55.
Tunik AL, Tomashevskii VT. Mechanika Polimerov
1974;7:893.
Eggleston MR. The transverse creep and tensile behavior
of SCS-6/Ti-6AL-4V metal matrix composites at 4828C.
Journal of Mechanics of Composite Materials and
Structures 1994;1:53±73.
Findley WN. Mechanism and mechanics of creep in plastics. SPE Journal 1960;16(10):57±65.
Findley WN. 26-Year creep and recovery of polyvinyl
chloride and polyethylene. Polymeric Engineering Science
1987;27(8):582±5.
Schapery RA. A theory of non-linear thermoviscoelasticity based on irreversible thermodynamics. In: Proc.

[15]
[16]
[17]
[18]
[19]

[20]

161

Fifth National Congress of Applied Mechanics. ASME,
511. 1966.
Schapery RA. Further development of a thermodynamic
constitutive theory: stress formulation. Purdue University
Report AA&ES, 1969. pp. 69±2.
Hiel C, Cardon AH, Brinson HF. The nonlinear viscoelastic response of resin matrix composite laminates. VPI
& SU Report VPI-E-83-6, 1983.
Lou YC, Scapery RA. Viscoelastic characterization of a
nonlinear ®ber reinforced plastic. J Comp Mat 1971;5.
Pretez D, Weitzman Y. The non-linear thermoviscoelastic
characterization of FM-73 adhesives. J Rheology
1983;27(2).
Sorathia U. Structural performance of glass/vinylester
composites at elevated temperatures by dynamic mechanical thermal analysis (DMTA), NSWCCD-TR-64-96/10,
1996.
Pasricha A, Tuttle ME, Emery AF. Prediction and
measurement of the long term mechanical behavior of
polymeric composites. Department of Mechanical
Engineering, FU-10, University of Washington, Seattle,
Washington, 1994. 84 pp.

