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SUMMARY. The objective of the paper is to explote tvalidity of the Time-Temperature-
Stress Superposition Principle (TTSSP) to desdtikecreep behaviour of glass fibre reinforced
polymer (GFRP) pultruded beams. For this purposegx@erimental programme, including both
short- and long-term creep tests, has been caotiedA total of twenty pultruded GFRP beams
have been tested in a 4-point bending scheme. Tests been conducted at controlled room
temperature (26°C, 32°C, 41°C) and prescribed pegige of the ultimate load (26%, 35%, 45%).
Findley’'s law has been used to interpret the resaftthe short-term experiments. Then, the
TTSSP has been applied to build a master curvehlaida predict the results of long-term
experiments. The results demonstrate the extewalafity of the TTSSP for predicting the creep
behaviour of GFRP composites, at least for the nzdtesed and the duration of the tests.

1 INTRODUCTION

Glass Fibre Reinforced Polymer (GFRP) compositesvedely used in the aerospace and
automotive industries. More recently, GFRP comjsshiave also found several applications in
civil engineering. GFRP composites have consideradslvantages for structural applications
mainly due to their high strength to weight ratn the other hand, some weak points limit their
applicability: heterogeneity, anisotropy, duraliliand creep. Creep is mainly attributed to the
viscosity of the polymer matrix and to the graddamage of the reinforcing fibres over time.

Significant experimental research has been focusedhe characterisation of the creep
behaviour of composite materials [1,2]. The timalsof the phenomenon in real structures is of
the order of some decades. Nevertheless, the anedpls mostly found in the literature are based
on simple extrapolation of short-term experimeidata. A more accurate prediction of the long-
term behaviour of viscous materials can be obtaimedneans of the Time-Temperature-Stress
Superposition Principle (TTSSP) [3]. The TTSSP is extension of the Time-Temperature
Superposition Principle (TTSP), initially proposéal characterise the long-term behaviour of
various viscoelastic materials [4]. The TTSSP heanbsuccessfully used in the past for predicting
the long-term behaviour of polymers. However, aidity for GFRP composites is not evident.

This work includes a series of nine short-term l@drs) and one long-term (40 days) 4-point
bending tests on pultruded GFRP composite beaneepCileflection data have been acquired at
the mid-span section and at the load applicatiantpoBecause of the 4-point bending scheme,
the beam segment included between applied loadsdsr bending moment only (“pure bending
state”). The remaining segments of the beam, irduzketween the load application points and the
supports, are subjected to combined shear forcdanding moment (“shear-bending state”).
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The paper follows the following structure. In Sen8 2 and 3 the material tested and
experimental setup are presented, respectivelyn,TiheSection 4 the experimental programme is
described in detail. In Section 5 the TTSSP isiagphnd the validity of this principle is explored
by juxtaposing the creep behaviour of the long-tesperiment (40 days) with the prediction of
the creep behaviour (master curves) obtained byTtR®SP. Finally, the deflections in pure
bending and shear-bending states are comparedén tar assess the effect of shear forces.

2 MATERIALS

The material tested is a GFRP composite made g§diares soaked in an epoxy resin matrix
The selected glass fibres combine the excellenhargcal and electrical properties of traditional
E glasses with the acid corrosion resistance ofREglass. The resin is an epoxy novolac-based
resin designed to provide exceptional thermal ahdntcal resistance properties at higher
temperatures. The volume fractions of the fibres lauatrix are about 65% and 22%, respectively.
The material tensile strength, evaluated througlimpmary bending tests, is about 663 MPa.

The specimens are pultruded beams having rectangudas section, 40 mm x 16 mm, and
1000 mm length (Fig. 1).

Figure 1: The specimen.

3 EXPERIMENTAL SETUP

The creep tests have been carried out using am-pending scheme (Fig. 2), where two
vertical loads of intensity are applied at the thirds of the 600 mm total sgdme experimental
setup was designed according to Eugopean Standard EN ISO 14125:1988

The tests have been carried out on a specific sustade apparatus (Fig. 3). The metallic
frame of the apparatus is made of standard stemiofiles. The supports of the specimens are
made of cylindrical tubes of 48 mm diameter. Tweadx@eriments can be simultaneously tested in
the apparatus. The span of the specimens may liier €00 mm or 800 mm. The load is applied
though levers which allow to multiply the applieéight by a factor of 7.

In the tests performed, each lever was loadedsatnt by metallic plates of known weight
(mass= 4 kg). The loads were applied to the beams throoggers, which connected the
specimens and the levers. The weight of the metpllites before the loading was carried by
hydraulic pistons. The values of the applied ford&k not exceed +1% of the target load level
during each test and the hydraulic pistons madsilplesto smoothly apply the loads in 5 seconds.



Specific care has been taken in order to reduseua$ as possible the friction at the movable
parts of the apparatus and at the supports ofggbeirsens (use of bearings and lubricant). It can
be shown that the second order effects relatecngeldeflections, the residual friction at the
supports, and the self-weight of the specimens hagéigible effects on the test results.
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Figure 2: Schematic representation of the experiaheetup

The temperature was monitored by sensors installede room and close to the specimens.
Three heaters, several infra-red sensors and aureisensor were installed in the experimental
room. The variation of temperature during each west maintained within £2% and the average
temperature did not exceed 1% of the target teatper. This variation conforms to relevant
experimental standards. Each specimen was Iefieattrget temperature for at least 1 hour before
the load application in order to assure an homogen&mperature field.

Figure 3: Creep apparatus.

For each beam, two displacement transducers wareglat the mid-span section and at 80
mm from the mid-span section (Fig. 2, points A @drespectively). The accuracy of such
transducers was higher than 0.01 mm and the edidraot exceed +1%. The experimental data
were recorded through a computer data acquisitistem by the softwareABView

The maximum stress was calculated by Navier's matk®ory, with the bending moment
Mwuax evaluated considering the effective span afted#fermation (exact contact point).



4 EXPERIMENTAL PROGRAMME

We assume that the creep behaviour of the tesimthdén the short term can be characterised
through Findley’s law [1]. Hence, by excluding theflection due to elastic deformation, we have

o,(0,T,t)y=m(o, T)[x ", (1)

whered, is the creep deflectiomm is the amplitude of transient creep deflectionis the time
exponentg is the stressT is the temperature, amds the time.

According to the Time-Temperature-Stress SuperposiPrinciple, each Findley short-term
curve (Eq. 1) can be shifted horizontally and weaity in order to describe the evolution creep
deflections at a reference stress stateand temperaturdz Thus, considering the time exponent
n to be stress-temperature independent, FindlewsHay. 1) becomes [4]

n(or,Tr)
a-c(a-!T!t):av[n'(aR’TR)[ﬁi\J ] 2

The vertical shifta,, os equal to one because the elastic deflectiantisonsidered, while the
horizontal shiftay, is given by

M(Tr, Tr) M ©

1 1
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wheremgandng are the parameter values at the reference conslitio a log-log diagram of creep
deflections versus time, the short-term curvesshitted by —logd,). By performing several short-
term tests in various( T) states, we obtain the master curve, which desstibe creep deflection
in the long term.

N.Test| T(°C) | F(N) o (MPa)
1 26 1450 170.14 26%)]
2 26 1994 231.84 35%]
3 26 2589 300.35 45%]
4 32 1450 170.14 26%)]
5 32 1994 231.84 35%]
6 32 2589 300.35 45%]
7 41 1450 170.14 26%)]
8 41 1994 231.84 35%]
9 41 2589 300.35 45%]

Table 1: Master plan.

The tests have been carried out at three room tetyes (26°C, 32°C, and 41°C) and three
load levels (26%, 35%, and 45% of the ultimate Jo@ihb. 1). For each test condition, two
specimens have been tested. The duration of thé&-telm creep tests was 24 hours. The reference
conditions chosen were 26°C and 26% of the ultimatd. Indeed, in civil engineering



applications, FRP composite materials are usuayghed for comparable stress levels. Moreover,
26°C can be considered as an average environmentgkerature in many building sites. In order
to investigate the validity of the derived masterve, two specimens were tested under the
reference conditions for 40 days.

5 RESULTS AND DISCUSSION
According Findley’s law, the creep deflections i@ bending and shear-bending states are

o, () =m0, )

where the subscrigt= PB andi = SB denote the parameter values in pure bending aedrsh
bending states, respectively. It must be pointetdtivat the creep deflections in the pure-bending
state [dc pg = d(A) —0¢(B) ] are related to the mid-span deflection of anieajant beam of length
160 mm subjected to two bending moments at botls.e@dnversely, the creep deflections in the
shear-bending state d.sg = J.(A) ] are related to the mid-span deflection (point @) the
experimental setup (Fig. 2). In order to evaluae talues of Findley’s parametarsandn;, the
previous equation is plotted as a straight linbiifogarithmic scale:

logd,, (t) = logm + n Dogt. ®)

The values ofi andn; are determined by interpolation technique, neglgdhe first minutes

of the experimental data. It should be mentioned thlogarithmic fit of the experimental data
would be better than Findley’'s power law fittingowever, Findley’s law is simpler and handier
for the shifting of the short-term experimentaladdh the frame of a power law fit, in log-log plot
the creep data are adapted by a bi-linear cung @i Yet, only the second straight line, which
starts after about 30 minutes in each experimsmpmnsidered here in for the shifting of the curves
as it describes better the secondary creep stégeRIsquared value of the linear regression of the
totality of the experimental data is abodt=R0.92, corresponding to a quite good fit.

Log TIME (min)

0 0.5 1.0 L3 2.0 2.3 3.0 3.5

-0.5

Log DEFLECTION (mm)

I‘J

Figure 4: Bi-linear curve in bi-logarithmic plot.

For each test condition, the average values ofpdmameterany and n; between the two
specimens were calculated in order to obtain tleeame and characteristic short-term creep curves
that are used in the following to derive the masteve. Henceforward, the parametetsn; and
the relative short-term creep curves refer to trexage values for each, (7) pair.
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Figure 5: Creep curves of GFRP pultruded beams.

At the same temperature, the creep deformatiomease with increasing stress levels in both
pure bending and shear-bending states (Fig. 5ajemeless, the creep deflections at the same
stress level, do not seem to depend strongly otetinperature at least for the lowest stress levels
(Fig. 5b). A reason for this phenomenon can bddhetemperature levels with respect to the heat
distortion temperature (145°C) of the resin matwkijch do not produce temperature dependence
of the creep behaviour except for the highest stieel.
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Figure 6: Variation of the time exponengs a function of the stress and temperature levels
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Figure 8: Variation of the elastic deflection afsiaction of the stress and temperature levels.

In pure bending and shear-bending states, the éxpenentn; remains almost constant with
the stress levels (Fig. 6a-6b) as confirmed in][67 axial stress states and in [8] for bending
stress state of pultruded beams. The paramgtean be also considered to be temperature
independent in both stress states (Fig. 6¢-6d).t&mperature independence of the parameters
agrees with the findings of [7]. On the contrary,[6] the parametemn, seems to be temperature
dependent, which can be justified by the fact thattemperatures test therein were not far from
the glass transition temperature. As shown inf&jdley parametem is a function of both stress
and temperature. Furthermore, the valuampincreases with increasing temperature and stress
levels (Fig. 7). Likewise, the elastic deflecti@ depends on both the stress and temperature (Fig.
8). Figure 9 presents the stress percentage (@&pect to the material tensile strength) versus
creep deflection of the short-term experimentsved time instances (12 and 24 hours). A
nonlinear viscoelastic behaviour is observed firsst levels above 35% of the ultimate load.

=== 26°C (12h)
—— 26°C (24hr)
32°C (12h)

Stress (%)

—— 32°C (24hr)
=== 41°C (12hr)
41°C (24hr)

Creep deflection (mm)

Figure 9: Stress percentage-creep deflection pldiffarent temperature levels and values of
elapsed time for pure bending state.



Pure bending Shear-bending

cor;l;leitsi(t)ns (f%;,?) Mpg Npg anpB ((:TOHST?) Msp Nsg anh,sB
26% / 26°C 1.43 0.0118 0.172 1 23.32 0.113 0.184 1
26% / 32°C 1.97 0.0072F  0.204 - 24.11 0.0843 0.197 -
26% / 41°C 2.44 0.0118 0.213 1 24.47 0.126 0.202| 0.55
35% / 26°C 2.45 0.01514 0.1716 0.23 32.38 0.173 0.171| 0.099
35% / 32°C 2.50 0.01883 0.138 0.066 32.74 0.225 0.139| 0.024

35% /41°C 3.94 0.03568 0.080p 0.0016 | 34.24 0.3613 0.111| 0.002

45% [ 26°C 4.40 0.0258 0.199 0.011 42.50 0.223 0.238| 0.017

45% [ 32°C 4.60 0.0482 0.158 0.0003 | 42.96 0.1642 0.401| 0.0010

45% / 41°C 4.95 0.0491p 0.192 0.00025| 43.92 0.1925 0.472| 0.00042
Table 2: Values ofy;, m, n; anday, ;.

The master curves, obtained through the horizositift factors shown in Tab. 2 and the
present acceleration procedure, indicate a predictf creep behaviour of about 11 years for pure
bending state and about 6.5 years for shear-bersdirtg. In Figure 10 we present the calculated
master curves for pure and shear-bending. The mastees were obtained by interpolation of the
nine short-term curves after having being shiftéith the above mentioned shift factors.
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Figure 10: The master curves of creep deflectioP68C and 26% of ultimate load.



In Fig. 11, we compare a) the experimental datarnig term for 40 days, b) the master curve
derived by TTSSP and c) the long-term curve byagdlating the short-term creep data of 24
hours. The comparison points out an overall goagdeagent between the theoretical prediction by
TTSSP and the long-term experimental data. Howetaercreep curve by extrapolation of short-
term data (1 day) is quite misleading as it restaitan overestimation of the creep deflections of
about 12% in pure bending state and 13.5% in dbewading state for the period of 40 days. This
is a quite important remark for drafting standaadd building codes as most of the empirical laws
that are proposed in literature are based on eotaipn of short-term data (of the order of some
months) to long-term behaviour (several decade®ary, the extrapolation of the short-term
results is not an accurate method because the misofgof creep may evolve and change in time
and/or because tertiary creep might be triggerdds holds also for the present study which
investigated the applicability of TTSSP. It shoblel emphasised that the comparison performed
herein and the good overall agreement of the TT@®Hiction with the long-term experimental
results is limited to 40 days only. On the othendyanothing guarantees that the system will
remain in the secondary creep stage and that ittvimtome unstable (tertiary creep-failure).
Such aspects should be the subject of further tigag®n and validation.

Finally, in the frame of Euler-Bernoulli beam thedslender beams), the creep modulus in
pure bending,Epg, and shear-bendingksg, have been compared. The ratio between the
aforementioned creep moduli versus time demonstréte decrease of the creep modulus
(increase of creep deformations) in the presencshefir forces. However, the effect of shear
forces seems rather limited (about 1.5% after 4@)a
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Figure 11: Comparison between experimental dakanig term for 40 days, theoretical master
curve and the long-term curve by extrapolationfafrsterm data for 1 day.



6 CONCLUSIONS

A total of twenty GFRP pultruded beams with epoxatiix have been tested for 24 hours in 4-
point bending experiments at controlled room terapee (26°C, 32°C, 41°C) and prescribed
percentage of the ultimate load (26%, 35%, 45%prtter to evaluate the effects of shear forces,
we have distinguished the creep responses of thmesgs of the beam subjected to bending
moment only (pure bending) and combined shear andibg moment (shear-bending).

The creep responses of the tested GFRP pultrudechdare quite well fitted by Findley’s
power law. The Findley’'s law time exponemtturns out to be independent of temperature and
stress. On the contrary, the parametedepends on both temperature and stress. The toétios
parametersn andn; are in agreement with previous experimental tpsésent in the literature
[6,7,8], even though the materials tested herear¢he same.

By applying the TTSSP, the master curves for the fmending and shear-bending states have
been determined for a reference state of 26°C &3d &f the ultimate load. The acceleration
procedure indicates a prediction of the creep hebawf about 11 years for the pure bending
state and more than 6.5 years for the shear-besthig, based on the 24-hour tests.

In order to explore the validity of the TTSSP, adederm experiment has been carried out at
reference conditions for 40 days and juxtaposed thi theoretical master curve. The comparison
shows an overall good agreement at least for thiegef 40 days. Moreover, the master curve
predicts better the viscoelastic behaviour in tireglterm compared to the simple extrapolation of
the 24-hour short-term test data. Nevertheless.afoeliable application of the TTSSP in the
framework of proposing new guidelines for creepdprgon, further experimental results should
be obtained on different materials and conditions.

Lastly, we observe that the effects of shear formeshe creep behaviour has been rather
limited (about 1.5% reduction of the creep modulfisr 40 days).
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