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Abstract: Fiberreinforced polymer composites (FRP) constitute an attractive alternatitbei
construction industry to conventional materials such as steel and conaretevdd, understanding of
the influence of environmental conditions in their ldagm mecharal behavior is of vital importance
to ensure their implementation. The main objective of this prgjeotassess the effect of hygrothermal
exposure on the fatigue performance of glass/xésyer composites. Two types of laminatesigxial
andbiaxial) and vinylester neat resin are investigated. The specimens are immersed in distilled water
at 40°C [104°F] for periods of times ranging from 50 days to 500 days. Fatitmareperformed at a
stress ratio (R) of 0.1 and a frequency of 5 Hz. Three stress levels argteyal0%, 50% and 30% of
the unaged ultimate tensile strength. Using Epaarachchi and Clausen methodofatigue life
prediction model is proposed that incorporates the hygrothermal comtitiefiect on the fatigue life.
The agingspecimens show a decrease in fatigue life compared to-tkeased specimens. The higher
fatigue life degradation occurred in tlieiaxiallaminate samples. Fatigue life time predictions of vinyl
ester neat resin samples based on exposure time show a better corttedatitme results based on
moisture absorption. In the case of laminate specimens, both approachegoskogorrespondence
with experimental results.
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1 INTRODUCTION

Due to the anisotropic nature and flexibility to be tailored to the specificappn,
composite materials have superior fatigue life than isotropic metal countgduares, 1999;
Barbero 201} Several authors had evaluated the failure mechanismu@stdotable factors
of the fatigue behavior of compositgaterials(Talrejg 1981;Harris, 2003; Zhouet al, 2007;
Helmi et al, 2008)among others The effect of moisture and temperature in the mechanical
properties ofGlass FRReompositesvhen exposed to environmental influences such as fresh
and salt waterlJV radiation, etc, has beingalsowell studied(Kajorncheappunngaret al,
2002; Karbhari and Chu, 2005; Helbling and Karbhari, 2005; Vauthier et al., 1995; Roy et al.,
2001). However, workregarding the fatigue behavior of composite materials subjected to
hygrothermal ageing is limitedJones et al(1983) reports results frotensile fatigue and
flexural fatigue of glas§iber-reinforcedpolymers(GFRP) carbonfiber-reinforcedpolymers
(CFRP) and Kevla#49 reinforcedpolymers(KFRP) composites under seveetvironmental
conditions. Chauteauminaogs al.(1993) performed quasistatic and fatigue testing by the-three
point bending ofuniaxial composites of glass/epoxy materiaMcBagonluriet al. (1999)
studied the short term effects of moisture effect of pultruded GFRP nmté&izaresimin and
Guglielmino (2001) tested samples fabricated by the Sheet Molding Compound migtiedd.
(2001)evaluated the fatigue life of two types of GFR@nufactured by pultrusion and hand
lay-up. Shan and Liao (2002) tested samples of composite materials reinforcedasgHilgers
and combination of glass and carbon fibers (hybrig#yin and Rohrbacher (2003) performed
testing on several glass/epoxy laminates of several symmetriagbéay

Although the moisture and temperature effect on the fatigue life of compositeéafsdias
been studied in certain magnitude, the expogear®ds reported weffer short timeg(up to 25
days) This work aims to generate sufficient data on the fatighewer ofvinyl ester resin,
uniaxial GFRP and biaxial GFRP composiegosedo distilled water at 4C for up to 500
days The GFRPs were manufactured with the same tested r&sia.experimental study
includes the preparation and conditioning of the samples previous to testing, evaluttimn of
moisture level at each ageing time, and the teAsinsion fatigue tests at constant amplitude.
This work alsoproposeshe use of a modified version tiie EpaarachchClausen Model
(Epaarachchi and Clausen, 20@38predict fatigue life in composites calibrating the model with
the experimental data as a function of time of exposure or moisture corttentiork presented
here summatzies the most relevant findings from Roméan Batista (2808)is part of a most
comprehensive work that studied the degradation of GFRie abtéacro and micro scale levels
(Godoy et al., 2013; Oband al 2009).

2 MATERIAL FOR THE STU DY

The material ofhiis study consisted oinyl ester resin reinforced with-Elass fibers. Two
schemes were evaluatediniaxial and biaxial (0/90). The fibers used were Hybon® 2022
Rovingin the form of stitched fabricsUniaxial fabric (0) weighed 17 oz/ytland thebiaxial
fabric (0/90)weighed 36 oz/yddistributed 51% in the O direction and 44% in the 90 direction.
The difference in weight goes to the stitching material. Resin only samplesisertested in
the same fashion as the composite samples. The resimavagactued by Ashland model
Derakane 8084. The samples were manufactured using the resin transfer molthiguée
and post cured in an oven. Detail of the manufacturing and material properties can be found in
Obandcet al.(2009). Once the specimens were manufactured, their mechhaisgiroperties
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(no degradatioh were measured Tensile test on neat resin and composite samples were
performed following thASTM D638and ASTM D3039respeately.

3 HYGROTHERMAL EFFECT ON BASE PROPERTIES

The effect of time of submergence and moisture on the mechanical properties ofithe Res
and GFRP composite materials was evaluated by performing tension tegtsconens aged
in 4¢° C water for submergence times ranging betweear@D600days. Typically, five or
more specimens were tested at each submergence period. The tests were casieg the
same procedure used to determine the baseline properties.

Figurel shows a summary of the average tensile strength and modulus of the three sets of
samples subjected to degradatiarhese figures present the results in terms of the mechanical
property values normalized with respect to the average watht@ned for the waged
specimens (i.e., specimens without hygrothermal exposiite¥. figures show that the long
term tensile strengtl{§&igurel(a)] decreased 17%, 56%, and 28% with respect to thegad
initial values for the resinyniaxial GFRP, andiaxial GFRP, respectively. In contrast, the long
term elastic modulus valugBigure1(b)] decreased only 3%, 2%, and 24% with respect to the
un-aged values for the resimiaxial GFRP, andiaxial GFRP, respectively.
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Figurel: Degradation of Macracale Properties from Tensile Te@slapted from Obando et aR009).

4 FATIGUE TESTING PROGRAM

Parallel to theevaluation of the tensile mechanical propertgssnples of each group were
extracted fofatigue testing.All samples wer@nvironmentally conditioneith an oven at £C
for 24 hours and kept dry in a closed container with desiccant material. The irigk wf
each sample was recorded before they were submerged in the water Aanksntioned
before, the samples were submerged in distilled water battf@t &amples were extracted
and tested in tension-tensitatigue during time intervals starting at 50 days of submersion up
to approximately 500 daysAlso unaged samples were testgadl used as control. From 100
to 500days 100 days intervals wempecifiedwith a tolerance o7 days. Variation of the
testing plan occurred due to unexpected events such as failure of the testing Traene
variations are reported together witle #xperimental results.
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The fatiguetesting parameters are the maximum stressy, minimum stressdmin), mean
stress gm), stress amplitudec), and frequency.Tablel reports the parameters used for the
fatiguetesting plan. Tests wereaun in load controlas opposed to displacement control)
avoid variations in load levels due to changab@stiffness of the samples during testing. The
R-ratio, defined aghe minimum stressvs maximum stressatios (R = omin/ omax), was 0.10.
Sinwsoidal wave form was usedth afrequencyof 5Hz. Selection of the frequency was based
on typical values found in tH&erature that go up to 20HgShan and Liao, 2002 Although
a variety of values are foundien and Lee (1998) and Zhetial.(2007) suggested to uSéiz
to prevent sample overheaErom the tests, -8l curveswereconstructed, thus testing sets of
three samples at maximum stress levels of 70%, 50%, and 30%arttiel material tensile
strength Table2 reports specific parameters for each of the tested materiall$etse values
were determined from the measured unaged material properties.

Tests were conducted using an MTS 8ingframewith capacity 0245 kN 65,000
Ibs). The MTS frame wasontrolled with an 8500 plus Instron controller. Straas measured
using an Instron extensometer plugged to the controller. The tests were contithiléoew
Instron software SAX V7.1.

Parameters Description

Load TensionTension Load Type

Classification Constant Amplitude LoadTime Spectrum

R-ratio 0.10 Gmin. / Omax.

Frequency 5Hz Cycles per second

Wave Type Sinusoidal Load Pattern Form
0.70

Load Levels (6may |0-90 Fraction of theMaximum Tensile Stressofax/our)
0.30

Mean Stresso{) SeeTable2 (Omax.+ Omin) / 2

Amplitude (o) SeeTable2 (Omax. = Omin) / 2

Tablel. List of Parameters used for the Fatigue Testing.
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Stress Level Maximum Stress Mean Stress Stress Amplitude
(6max /6uit) MPa (ksi) MPa (ksi) MPa (ksi)
Uniaxial Laminate

0.70 420.04 (60.92) 231.02 (33.51) 189.02 (27.41)
0.50 300.03 (43.52) 165.01 (23.93) 135.01 (19.58)
0.30 180.02 (26.11) 99.01 (14.36) 81.01 (11.75)
Biaxial Laminate

0.70 216.51 (31.40) 119.08 (17.27) 97.43 (14.13)
0.50 154.65 (22.43) 85.06 (12.34) 69.59 (10.09)
0.30 92.79 (13.46) 51.03 (7.40) 41.76 (6.06)
Vinyl Ester Resin

0.70 33.16 (4.81) 18.24 (2.64) 14.92 (2.16)
0.50 23.68 (3.44) 13.03 (1.89) 10.66 (1.55)
0.30 14.21 (2.06) 7.82 (1.13) 6.39 (0.93)

Table2: Specifc Loading Parameters used for each Type of Material.
5 EXPERIMENTAL FATIGUE RESULTS

Load and strain were recorded for each tested sample and the total nusywéesdbefore
failure. Plots containing themaximum stresgon) with respect to the maximumumberof
cycles(N), known as SN curves,were generated for each set of sampkesegression model
was applied to each curve having theis corresponding to the number of cyclasa
logarithmic scale.This well know equation is:

o, =AlogN + B (1)
whereA is the slope of the curve aids the intercept with the vertical axis.

Figure2a, b, and cshow examples ofailed coupons of all three group of samplé&esin
samplegFgure 2a) failed outside the reduced area as shown in the figure. This type of failure
is not uncommon as it has been reported by other awghonsasgbal (2001) and Post (2008).
Uniaxial andbiaxial samples Eigure2b,c) failed between the griarea, sometimes originated
just below the grip jawsThe dominant failure modes for the biaxial sampkegure2b) were
delamination andbruptfiber breakage. Delamination occurred more frequently in samples
subjected to higher stresses (50% and 70%). In general, the damage evolutioredtingg t
starts with cracking ofie matrix between layers. This cracks increase the interlaminar stresses,
thus provoking delamination (Harris, 2003; Talreja, 198@ilure mode for uniaxial samples
(FigureZ2c) is characterized by a large crack parallel to the fiber direction. In sorapdest
the crack initiated at the edge of the sample with fiber breakage. Similar faildes mere
observed by Igbal (2001) fomniaxial composites.

Tables3, 4 and 5report fatigue test results for the vinyl ester resin samples, uniaxial
composites and biaxial composites, respectivehe tablsreportthe actual submersion period
in daysfor each setthe average actual moisture content in percentagesttéss levein
percentageand theaveragenumber of cyclesor each stress levelThe gap in submersion
times between samples tested afted 2days and 508ays was due to a malfunction of the
testing machine controller. Since the number of samplsedim#ed, a new set to fill the gap
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was not possible The results from the tests are plotted4N Sharts inFigure 3 were results
of each sample as well as a lineagression based on equatiois plotted.

From the table and the graphs it is clearly observed that the life cyelé sEEmpless
reducedwith moisture content. For the resin sampths, reduction in the fatigue life & a
higher degree for the lowest stress 1€381%) Inthe casef samples tested afté09 days of
water submersiqrit seemghatthe number of cycles is slighthygher at 50% and 70%f stress
levelscompared to the other agd=or the biaxial composite samplebservation of individual
stress levels revealed that the samples at 70% stress level have a decreasing itetiiency
cycles compared to the other two stress levels (50% and 30%). These s@ksssgdenot
present a definite tendency. The curves show a slight reduction in the fatigafdhieesamples
as the exposure time increases. The larger variation with respect to the @nplasswas
obseved for the set tested after 208 days of exposwieally, for the uniaxial composite
samples, theesults show a constant decreasinthefatigue life for the samples tested at 50%
and 70% stress, being 70% the samples showing the largest lesgrapts clearlyshowthat
results of coupons tested at 521 daykibit a tendency quite different than the rest of the
samples.

a)
Figure2: Sample ofailed Coupons: a) Vinyl Ester Resin, b) &kial, and c) Baxial
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Submersion Time G‘é?gﬁﬁg Gmaé/ Gult N'?J\r/r?tr)ae?%f
(days) (%) (%) Cycles
70 864
0 0.00 50 5,766
30 117,758
70 265
68 0.54 50 1,048
30 9,976
70 223
122 0.62 50 721
30 5,927
70 229
215 0.72 50 828
30 5,932
70 275
509 0.77 50 951
30 4,285

Table3: Result of the Fatigue Testing of the Vinyl Ester Resin Samples.

Submersion Time G‘é?srzﬁg Gmaé/ Gult Nﬁ\r/r?tr)?e?%f
(days) (%) (%) Cycles
70 405
0 0.00 50 3759
30 42518
70 213
60 0.16 50 3247
30 34837
70 156
100 0.17 50 1553
30 44106
70 135
208 0.23 50 2887
30 76905
70 126
504 0.25 50 877
30 30489

Table4: Result of the Fatigue Testing of the Biaxial Composite Samples.
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Submersion Time G‘é?g&%g Gma();/ Gult N'?J\r/r?@?%f
(days) [%] %] Cycles
70 2033
0 0.00 50 9876
30 388259
70 846
57 0.16 50 8114
30 537521
70 333
110 0.20 50 5032
30 303306
70 214
210 0.24 50 4533
30 151050
70 26
521 0.25 50 2003
30 99984

Table5: Result of the Fatigue Testing of the Uniaxial Composite Samples.
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Figure3: SN Curves and their Liner Regressions of the Tested Samples.
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6 PROPOSED FATIGUE LIV E PREDICTION MODEL BASED ON
EXPERIMENTAL DATA

This section presents a modification to the model of EpacnaCiiausen (2003) following
a methodology presented by Helmi (200&re the parameter of moisture or exposure time is
incorporated. Mis model is calibrated witbxperimeral datadeveloped in this studylIn
general, the development of a rational model that predicts the fatigue life of ahtaer
several stages: (1) experimental observation of the damage accumulation @efthttien of
a damage matric, (2) a modefrfwulation and the experimental determination of its parameters,
(3) the development of an additional stage that incorporates the additional degrad&ion fa
and (4) the verification of the life predictions of the model (Sendeckyj, 198&yugo (2003)
classifythe models that estimate the fatigue life of materials in two groups: (a) mgmmsco
models baseoh empirical evaluation of the materials behavior, and (b) the mechanicalanodel
that consider the different failure mechanisms at the microstructural liegatl constituent
of the composite material.

6.1 EPAARACHCHI -CLAUSEN MODEL

A close look at the intercept of theNscurves developed in the previous sectievealed
that the intercepts of the linear regressions irsémi logarithmicscales gives values of stress
ratio larger than one (100%). This is an indication that a nonlinear model is needed.

Epaarachchi an@lausen (2003) implemented an empirical model that describesithesfat
strength degradation of composites subjectectyidic loads of constant amplitude and
frequency. The model starts from a simple formulation of a nonlinear function that repgese
the entire range of stress ratias{/our). The model uses two principal variablesand g,
that are determined frothe experimentadata. One advantage of this particular model is that
it can be applied with limited amount of experimental dawfor a constarR-ratio for a range
of stress levels.In addition, once the model has been calibratecantwork for fequencies
andR-ratios different than the ones used in the calibration data.

The expressions of the model are shown in the following equations:

” ” 0.6 -y |sir) 1
— ult _ ult _ B
°* [O'max 1}[0 maxJ l:(l B V/)lle i :l f @

Doy ©
a
where ourt = Ultimatetensile stress

omax= maximum applied stress

Y =R for —oo <R<1 (tensbntensbn ortensbn-compression)

Y =1/R for 1< R < oo (compresioncompresion)

6 = smaller angle between thaad direction and the fiber orientation

f = loadfrequency

N = cycle number

o andp = parameter of th&-N curves(material constanjs
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The key factoref the modela andg, are determined in part Ibjal and erroradjusting the
parameters to obtain the best fit to the dafaes. For each experimental data set, the values
of D and (\# - 1) are determined froraquations (3) and (49nd plotted as shown Figure4.
Linearregression is usedith the intercept settzero. Therthe value offis adjusted until the
best fit is achieved. The parameter from the regression in MS BR9eis(used for this
objective. The parametew is computed as the slope of the linear regressiamce the most
suitable parameters are determined, tiNGirves for the entire fatigue life of a given material
can be generated.

10 -

9ot p= 0.318(Nf — 1) ~
1 R2=099

8 ] -

71 -

6 -
S /
4
/ Parameters from

3 / —
] / Experimental Data
2 7 —Linear Fit —
1] pd
0 5 10 15 20 25 30

(NP-1)

Figure4: Example of the Estimation of theand s Parameters for Samples@hiaxial Composite with 110
Days of Exposure.

6.2 INCORPORATION AND CALIBRATION OF T HE MOISTURE EFFECT IN
EPAARACHCHI -CLAUSEN MODEL

Results for the parameterandp for each of the submersion time and moisture content
computed foithe EpaarachchClausen Modeare reported ifable6. The table also reports
the R parameter for tharear regression. Realizing that a family of parameters with respect
to submersion time and moisture content are generated, we can then develop expogssions f
andg as functions of time or moisture contént, £), thus providing a simple way to express
a family of SN curves at different moisture contents or submersion time.

Two types of curves were examined for the curve fitting of the paramexg@enential
and quadratic polynomialFigure 5 shows examples of the propose curvegqarameter of
the vinyl esterresin coupons (a) as function of submersion time in days and (b) as moisture
content. Notice that iRigure5(a) the best fit is achieved by a polynomial curve whileigure
5(b), the best fit is for an exponential curvieable7 shows a summary of the final expressions
of parameters: andf: as function of exposure time and moisture eahfor each of the tested
materials. Notice that only for the resin samples the expressions used for moistiee we
exponential.For te rest of the samplethar bestfit was quadratic polynomials.
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Ageing Avgrage )
(days) Moisture a /] R
(%)
Vinyl Ester Resin
0 0.00 0.09 0.41 0.85
68 0.54 0.13 0.50 0.97
122 0.62 0.33 0.40 0.89
215 0.72 0.11 0.56 0.96
509 0.84 0.04 0.75 0.98
Biaxial Laminate
0 0.00 0.15 0.40 0.93
60 0.16 0.10 0.46 0.99
100 0.17 0.44 0.29 0.93
208 0.23 0.41 0.28 0.94
504 0.25 0.70 0.25 0.90
Uniaxial Laminate
0 0.00 0.21 0.30 0.90
57 0.16 0.27 0.27 0.98
110 0.20 0.32 0.27 0.99
210 0.24 0.25 0.31 0.99
521 0.25 0.95 0.19 0.92

Table6: Parametera andf determined by the Eparachie@iauserModel.
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Equation Curve Fit Model
Vinyl Ester Resin
4) B, = 042+ 4.0x10 T+ 5.28x10 ? Quadratic Polgomial
(5) a, = 012+ 80x10 T-1.94x10 * Quadratic Polgomial
(6) p, = 0.43+ 8.65x18 &+ Exponential
(7) @, = 0.17 - 0.51 &*%" Exponential
Biaxial Laminate
(8) B, = 0.43-10x18 T+ 1.26x10 7 Quadratic Polgomial
9) a, = 0.13+ 180x18 T-1.37x10 ? Quadratic Polynomial
(10) B¢ = 0.40 + 0.81H — 5.62H? Quadratic Polynomial
(11) a, = 0.16 - 2.29H+ 16.40F Quadratic Polynomial
Uniaxial Laminate
(12) B, = 0.28+2.0x18 T-6.19x10 * Quadratic Polynomial
(13) a, = 0.25-4.0x10 T +3.31x10 * Quadratic Polynomial
(14) B, = 0.29 -182x18 H-0.71F Quadratic Polynomial
(15) a, = 0.21-2.72H+ 17.31F Quadratic Polynomial
Where T = Submersion Time in Days
H = Moisture Content (%)

Table7: Final Expressions for the Curve Fit of haendp; for each of the Tested Materials.

6.3 ASSESSMENT OF THE ADEQUACY OF THE PROPOSED MODIFIED
MODEL

Theoretical SN curves were developed from teepressions ok andp: reported inTable
7. The values were compared with the experimental data that was used to calibraigetise m
The new curves were generated from the expression in Equation (16).

1
D 3
=2
at
where Nt = Theoreticnumber 6 cycles

D = Variable evaluated frongeation(2)
ot andp: = Parameterpreviously described adjusted from experimental data.

Figures6 to 8show the theoretical-8 curves generated with the parameters in terms of
exposure time (red curyemoisture contentgfeencurve, together with the experimental
results(dots). In general, there is not a specific tendency regarding weather the foomula
based on exposure time vs. moisture content provides the best prediction. In sefevbath
lines were one on top of each other.
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Figure6 showscomparisons of the empirical prediction curves weperimental values for
the viryl ester resin coupons. The control and 122 days of exposure show better agreement for
the time based formulation while the 215 days and 509 days show better agreesttionba
moisture. For the case ofamples exposed f&8 days, bothormulationsare practically the
same.

Figure7 showscomparison of the empirical predictionswes with experimental values for
thebiaxial laminate coupons. For this material, the control, 60 days, and 100 days exposures
both predictions based on moisture and exposure time are practically on top oftea.Plots
for 208 daysof exposure is in better agreement with time of exposure and for 504tiays
exposuras in better agreement witmoisture content.

Figure8 showscomparisons of the empirical pietions curves with experimental values
for theuniaxiallaminate couponsin this case, the prediction based on time formulation was
in better agreement with the experimental results. This was the case for sdmp@slays,
210 days, and 521 days of exposure. The control sample had both curves on top of each other.
Finaly, for the 57 days exposure samplesoisture basedormulation was closer to the
experimental data than tle@posurgime formulation.

Observations of the figures leans with no definite conclusion regardimtpethemoisture
basedormulationor timeof exposure base formulation is or not the best to predict the fatigue
life of our materials. However, since damage is directly proportional tstuneiuptakeit is
proposedthat the moisture base formulation be the prefer choice to apply for composite
materials in general.Fatigue testing has inherent variabilityits seen fronthe dispersion
of the data points reported Figure 3.The fact that for some caséime formulation agrees
better with experiment or moisture can be attributed to this scarcity.
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Figure6: Comparison of the Experimendhlues with Theoretical Curves for the Vinyl Ester Resin.
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Figure7: Comparison of the Experimental Values with Theoretical Cuivethe Biaxial Laminate.
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Figure8: Comparison of the Experimental Values with Theoretical Cuivethe Uniaxial Laminate.
7 CONCLUSIONS

This paper presentsstudyof the evaluation of the fatigue life of composite materials and a
constituentyinyl esterresin) when are exposed hygrothermal ageing for prolonged time (up to
500 days) The fatigue behavior of composite materials has fpeeniously sudied. Also
various studies have incorporated some source of environmental conditioning for degradat
However the studies have been limited to exposure conditions for less2Batays. The test
plan was limited to constant frequency and amplitude. Future studies can look into other

Copyright © 2016 Asociacion Argentina de Mecénica Computacional http://www.amcaonline.org.ar



58 F.J. ACOSTA, R. ROMAN, M.A. PANDO, L.A. GODOY

frequencies or variable cyclesd into a broader type of materitdsbe able to reach a more
fundamental conclusion. Thmapersummarized the most relevant findings frim work of
Roman Batista (2009).

Generally, failure modes of the laminated composites and resin were in egtedth the
literature. Theesultsobtainedfrom thevinyl esterresin represent a conservative estimate of
their fatigue life because of their failurethe wider section rae the grips.It was prove that
moisture reducesthe fatigue life of composite materials and resins as well compared to
unexposed specimend.hevinyl esterresinsamples exhibited higher degradation at 3%
the ultimatestress while for the lamina¢he larger loss in fatigue éfwasobservedor the
higheststress levels (70%).The results suggested that the fatigue behavior for composite
materials is independent of the moisture contenshort exposure times. But for extedde
exposure, the effct is more noticeable. This is agreement with the report by etredu(2007)

The modified Epaarachhi and Clauseii2003 model represented r@asonableption to
incorporate moisturecontent and exposuretime to predict the fatigue life of degraded
composites. The principal parametarsand S, which are determined by trial and error from
the experimental data were fitted by quadratic polynomials for composdesxponentiahnd
polynomial for the resin. No definite conclusion was found suggesting that the moisture
approach or the exposure time is the correct path. However, moisture contentsttlogical
approach since it is the trigger factor for degradatieumtherevaluationis neededor a nore
precise calibration of the model since in this study, the expressions weredlztad calibrated
with the same experimental data.
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