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Fatigue Life and Residual Strength prediction of GFRP Composites: An
Experimental and Theoretical approach

Abstract

This paper presents the fatigue behavior of Glass Fiber Reinforced Polymer
(GFRP) composites at constant amplitude tension-tension loading condi-
tions. A two parameter residual strength and fatigue life model has been pro-
posed by accounting the effect of stress ratio when the structure undergoes
continuous loading. A model is also developed to predict the fatigue life of
GFRP composites based on fatigue endurance limit. Experiments were con-
ducted on GFRP composite specimens to predict fatigue life and residual
strength at various stress levels. Tests were also conducted to gain an un-
derstanding of the tensile behavior of GFRP composite specimens under dif-
ferent quasistatic strain rates. The lowest tensile strength resulting from
strain rate studies has been used ultimately for conducting fatigue life and
residual strength tests. Reliability of the proposed models has been verified
with experimental results and with the models seen in literature.
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Nomenclature

XT residual strength € ultimate tensile strain

n number of loading cycles &0 el

R stress Ratio
¢, d,u,v,w,S,T regression constants

a,b constants depending on material and loading conditions

AX stress amplitude

ng number of cycles to failure AR

GFRP Glass Fiber Reinforced Polymer

XmaX applied maximum stress

X

min minimum stress

XO ultimate tensile strength

1. INTRODUCTION

Fiber reinforced composites are extensively used in every sector ranging from aerospace to medical instru-
ments due to their excellent properties such as high strength to weight ratio and high stiffness to weight ratio.
Despite its crucial benefits over the conventional materials, composites are yet to be a primary choice for all high
strength applications due to the complex failure mechanisms under different loading conditions because of their
anisotropic characteristics (Jefferson Andrew et al,, 2016). In various circumstances, the composite structures are
made of higher weight and strength than required as a matter of safety, which is much more than with conventional
metals or alloys. This problem with the composite materials occurs from the lack of prediction of damage and its
propagation. The prediction of failure of composite materials, despite its high values of resistance, has equivalent
significance (Rotem and Nelson, 1989). One of the merits of composites is their potential to distribute the stress all
over the plane by the matrix. It is also a drawback, as this makes the damage propagation more rapid, where the
composites dissolve, lacking notable creep or a disclaimer before failure, places them back from extensive applica-
tions (Anderson, 2005).
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Fatigue is a phenomenon associated with the damage propagation in a material when loading cycles are ap-
plied with stresses below its ultimate strength for a prolonged time. Fatigue in homogeneous materials is simple; a
defect, slip bands or dislocation, from which emerges inflating stress and time enhancing to fracture, whereas, in
heterogeneous materials it is not that forthright, as the damage can be initiated from multiple sites and also the
minor damages are not apparent until the occurrence of the final failure (Dick et al., 2009). Thus the study in this
domain is not complete and the vital models in fatigue prediction are still not adequate.

Fatigue load, which should be combated by machines and structures, varies in the alternating stress amplitude
and mean stress. Furthermore, the shape and configuration of the stress-time pattern during service take many
different forms according to their actual operation (Harris, 2003a). While there were many approaches made to
the determination of fatigue failure in composites, only a few were able to make a substantial hypothesis. Amongst
many approaches made, the current and widely used metric for fatigue failure determination is the residual
strength method. The initial models of material failure were based only on the change in stress state of the material.
It ignored the concept of material state changes; thus the use of strength as a metric accomplishes this task by
considering both of them simultaneously, as the strength depends on changes in both stress state and material state
(Harris, 2003b). The application of residual strength for fracture is based on the fact that, when the number of
loading cycle is zero, the residual strength of the material is equal to the static strength, while at failure (n = N), it
is equal to the maximum applied stress (Post et al., 2008). While there are many other theories, where damage
accumulation models proved effective, residual strength models have an advantage, as the damage is quantified in
terms of strength and, therefore, can be analyzed or substantiated by experiments, at any time in the material’s
fatigue lifetime (Post et al., 2010).

The first known attempts at using the residual models were by Halpin et al. (1973), who suggested a power
law relationship between the residual strength and the number of cycles. Yang and his co-workers have done sig-
nificant work in modeling the fatigue behavior of composite materials (Yang and Jones, 1980; Yang and Liu, 1977;
Yang and Cole, 1982; Yang and Du, 1983; Yang and Jones, 1981; Chiao et al,, 1982). Initially, a three-parameter
residual strength model was proposed by Yang and Liu (1977) based on rate type equation. It was upgraded by
using strength life equal rank assumption. Later, the model was modified through the introduction of extra param-
eters which made the model tedious because of their dependency on Stress-Life curve (Chiao et al., 1982; Yang and
Du, 1983).

Many researchers have followed the procedure adopted by Halphin and the summary of wear out models has
been provided by Kedward and Beaumont (1992). Caprino and D’Amore (1998) have proposed a two-parameter
model, which eventually proved insufficient due to its lack of feasibility in a relation between the strength and the
number of the cycles. Spearing and Beaumont (1992a, 1992b) have developed a model based on interactive matrix
cracking which explains the effect of fatigue loading by relating post-fatigue strength and stiffness of notched fiber
composites. The model proposed by Broutman and Sahu (1972) is considered to be a strong competitor for many
other models seen in the literature due to its simplicity. A summary of residual strength wear out models has been
reviewed noticeably by Degrieck and Van Paepegem (2001) and Wicaksono and Chai (2013).

The objective of this research is to study the fatigue behavior of Glass fiber reinforced polymer (GFRP) com-
posites based on residual strength degradation. The focus is on the development of the reliable residual strength
model which include stress ratio, much simpler, inexpensive computationally and independent of experimental
material parameters. A fatigue life model is also deduced from the proposed residual strength model by applying
the condition that the material fails when residual strength equals the maximum applied stress. The problems seen
in conducting fatigue experiments are long test times and a large number of specimens are to be tested for the
determination of fatigue properties (Gornet et al., 2013; Mandell, 1997; Rosa and Risitano, 2000). Hence a model is
also proposed for predicting the fatigue life without any experimental parameters but based on the fatigue endur-
ance limit of GFRP composites. Reliability of the proposed models in finding residual strength and fatigue life has
been verified with the models seen in literature and also with the experimental results.

The performance of composite materials varies under different loading conditions due to their heterogeneous
nature and adverse failure mechanisms. The results of many intense researches about the strain rate effect on GFRP
composites show the tensile strength and strain as less sensitive to the strain rate (Naresh et al.,, 2016; Naresh et
al., 2017). But at the same time, conflicting results have been reported by some researchers about the linear in-
crease in tensile strength of the GFRP composites with the strain rate (Armenakas and Sciammarella, 1973; Okoli,
2001; Okoli and Smith, 1999). A detailed review of the strain rate effects on different materials was given in Jacob
et al. (2004) and Ray and Rathore (2015). In this study, experiments were conducted under different quasistatic
strain rates such as 0.5, 1, 1.5, 5 and 50 mm/min as per the ASTM Standard D 3039/D3039M-17 (ASTM D3039,
2017) to understand the tensile behavior of GFRP composites and the lowest tensile strength has been used for
conducting fatigue and residual strength tests.
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2. MODEL DESCRIPTION

A new residual strength model has been proposed by modifying the power law given by D’Amore et al. (1996).
During fatigue loading, the strength of the material undergoes a continuous deterioration which follows the power
law as given in Eq. (1),

dX i
d—nfzfa(un) (1)

where,
X, - Residual strength after 77’number of cycles.

a,b - Constants depending on material and loading conditions.
The effect of stress level has been considered by introducing the constant 'a'which is assumed to increase
linearly with the stress amplitude. Hence 'a' is given by the Eq. (2)

a = a,AX (2)

where,
a, - Constant

AX =X, —X_. =X_(1—R) 3)

min max

X - Applied maximum stress

max

X i, - Minimum stress

m:

R — Stress ratio = X | / X s (4)
Substituting Eq. (2) and Eq. (3) in Eq. (1), the Eq. (5) is obtained,

S gy [ X — X | (1 0)7 (5)

dn max
Integrating the Eq.(5), we get Eq. (6)

1-b)

a
X :P—l_OmeaX[l—R][l—&-n]( (6)
X, =P-vX, [1-R|1+n] 7
where
_ % 1.
Uﬁl—b p=1-0b (8)

In fatigue, when the number of cycles is zero, residual strength (X ) equals the ultimate tensile strength of the

material (X)) is considered as the boundary condition as given in Eq. (9),
X, =X,n=0 €)

Substituting the above boundary condition in Eq. (7) and rearranging, the residual strength can be expressed
as given in Eq.(10),

X =X, +uXmaX[1—R]|1—(1+n)‘P (10)

where
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X, - Residual strength after ‘x’number of cycles,
X, - Ultimate tensile strength,

X .. - Applied maximum stress,

R - Stress ratio,
n - Number of cycles,
v, - Constants

Rearranging Eq. (10), the expression for 'n' is given in Eq. (11)
1
X -X,
vX [1 - R]

max

1— Y1 (11)

It is apparent that failure will happen when the residual strength of the material is equal to the maximum
applied stress during fatigue loading as given in Eq. (12),
At X =X

max’

n=n; (12)

where 7, - Number of cycles to failure

Applying the above boundary condition, the number of cycles to failure 'nf can be expressed as given in Eq.

(13)
L
Fliy
n, = |1+ T 13
f UXmax [1 - R} ( )
Rearranging Eq.(13),
v (14)
(nf + I)LP —1

et

The constants ¢ and v were calculated by plotting ' P' and (nf + 1)90

— 1 for various trail values of ¢ and

fitted by a straight line using least square fit. The slope of the straight line indicates the value of ‘ v". Fatigue life and
residual strength can be predicted using Eq. (10) and Eq. (13) with the constraint of the constants depending on
the experimental Stress-Life curve.

The fatigue studies in the literature, point out to the absence of true fatigue limit for composites (Harris, 2003b;
Montesano et al., 2013). Literature (Post, 2005; Harris, 2003b; Demers, 1998; Kaminski et al., 2015; Colombo et al.,
2011; Tomblin and Seneviratne, 2011) also indicates that, the GFRP specimens have not failed up to 50000 cycles
when the stress levels range between 30% to 60% of the ultimate tensile strength. Hence, in this paper, the fatigue
limit for GFRP composites is considered as 50000 cycles, when the applied stress is equal to 30% of the ultimate
tensile strength as given in Eq. (15). Also, when the applied stress is equal to the ultimate tensile strength, the
number of cycles to failure is zero.

At X .. = 0.3X;,n, = 50000cycles (15)

max

At X, = X,.n; =0 (16)

max
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Applying the above boundary conditions and assuming the minimum possible value of ‘¢’ as 1, the value of
‘v’ is found to be 9.33x10-5. Therefore, the final equation for finding fatigue life can be expressed as given in Eq.

[ 0 1]
A- max W/

max

v[l—R]

nf:

17)

The above Eq. (17) can be used for predicting the fatigue life of GFRP composites at different stress levels and
different stress ratios without any experimental parameters. Further, the above model can be used for predicting
the residual strength at regular intervals of cycles. The proposed two-parameter model given in Eq. (10) for the
prediction of the residual strength depends on the experimental Stress-Life relationship, that is, the parameters can
be calculated only if the details of experimental fatigue life at different stress levels are known. But, by using the
fatigue life model proposed in Eq.(17), the fatigue life cycles can be calculated for different stress ratios and stress
levels without any experimental testing. This can be further used for predicting the residual strength at regular
intervals of cycles using the residual strength model proposed in Eq. (10). The proposed model (Eq.17) can be
considered for predicting the minimum fatigue life cycles (cycles to failure) which can be used for the safe design
of a component or structure because the least stress level i.e. 30% of ultimate tensile strength has been adopted for
deriving the fatigue life model. The difference between the proposed fatigue life models as seen in Eq. (13) and Eq.
(17) is that the former model (Eq. 13) which deduced from the residual strength model (Eq. 10) depends on exper-
imental parameters whereas the latter model (Eq.17) is based on the fatigue endurance limit of the material.

3. EXPERIMENTAL INVESTIGATION

The composite material utilized in this study was made up of the E-GLASS woven fabric with Araldite LY556
and Hardener HY951. The fabrication of the GFRP composites was carried out by hand lay-up technique followed
by the vacuum bagging method. Specimens of dimension of 250 mm X 25 mm X 2 mm as per the ASTM standard
D3039/D3039M-17 (ASTM D3039, 2017), were cut from the rectangular GFRP composite plates using the water-
jet cutting technique. The ensuing plates having an average thickness of about 2 mm were cured at 100° C for two
hours and post-cured at room temperature for 24 hours. Quasistatic tensile experiments were conducted to exam-
ine the behavior of the ultimate tensile strength under diverse crosshead rates viz 0.5, 1, 1.5, 5 and 50 mm/min.
Four samples were tested in each condition and the average values are stated here. The lowest tensile strength
ensuing from different strain rates has been used as the ultimate tensile strength for executing the fatigue and re-
sidual strength tests. Tension-tension Fatigue and residual strength experiments (Table 1) were conducted on
GFRP specimens for three different stress levels such as 55%, 65% and 75% of ultimate tensile strength using MTS
Landmark Servo Hydraulic 250 KN machine according to ASTM D3479/D3479M-12 standard (ASTM D3479, 2012).
Residual strength tests were accomplished at regular intervals of cycles as shown in Table 1 at all the stress levels.
The GFRP specimens were subjected to loading and unloading cycles of a certain range. Following this, decrease in
strength from the original condition was calculated as the residual strength of the specimen. The stress ratio and
the frequency for carrying out the fatigue life and residual strength tests were selected as 0.5 (Imad, 1997; Zuluaga,
2013) and 3 Hz (Zuluaga, 2013).

Latin American Journal of Solids and Structures, 2018, 15(7), €72 5/16



C. Ganesan et al.
Fatigue Life and Residual Strength prediction of GFRP Composites: An Experimental and Theoretical approach

Table 1: Details of the experimental investigation.

Test type Testing conditions No. of successful tests

Strain rate

HEBIOSHE 0.5, 1.0, 1.5, 5 and 50 mm/min 20
. . 55%, 65% and 75%
eSS of ultimate tensile strength 18
2000 cycles
55% of the ultimate tensile 4000 cycles 12
strength 8000 cycles
16000 cycles
) 2000 cycles
Residual strength 65% of the ultimate tensile

4000 cycles 9
8000 cycles

strength

1000 cycles
2000 cycles 9
4000 cycles

75% of the ultimate tensile
strength

4. RESULTS AND DISCUSSION

4.1. Tensile behavior under different strain rates

Quasistatic tensile tests were conducted on GFRP specimens under different strain rates such as 0.5 mm/min,
1 mm/min, 1.5 mm/min, 5 mm/min and 50 mm/min. Four specimens in each category were tested and the average
values were taken. The ultimate tensile strength and ultimate strain of GFRP composite specimens are summarized
in Table 2. The lowest ultimate tensile strength of GFRP composite is 330 N/mm? which occurs at the strain rate of
0.5 mm/min. Figure 1 and Figure 2 show the ultimate tensile strength and ultimate strain respectively for various
strain rates in logarithmic scale.

Table 2: Quasistaic Tensile Test Results.

Material GFRP
Strain rate Ultimate Tensile Strength Ultimate Tensile Strain
(mm/min) (N/mm?2) (mm/mm)
0.5 330.3+£16.96 0.044+0.002
1.0 345.5+9.54 0.052+0.001
1.5 380.2+27.02 0.058+0.01
5.0 405.8+42.72 0.075+0.01
50 432.4423.03 0.091+0.01

The ultimate tensile strength of GFRP composites increases with strain rate from 0.5 to 50 mm/min. The in-
crease in ultimate tensile strength was 22.7% and 6.67% when the strain rate increased from 0.5 to 5mm/min and
5 to 50 mm/min respectively. The regression equation to find the ultimate tensile strength of GFRP composites for

ou oW

various strain rate is given by X, =u +ve*and ¢, = u + ve*” where X;, ¢,and ¢®are the ultimate tensile

strength, tensile strain and strain rate respectively. The values of u,v,w and the correlation coefficient R are given
in Table 3.
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Figure 1: Ultimate Strength versus Strain Rate.

60

0.10 -

0.09 -

0.08 -

0.07 -

0.06 -

0.05

0.04 -

1 5 10

Strain Rate (mm/min)
Figure 2: Ultimate Strain versus Strain Rate.
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Table 3: Regression equation constants for Quasistatic tensile test results.

Material u 14 w R?
Ultimate tensile 462.2 -109.27 -0.358 0.945
strength
Ultimate tensile -385.04 385 3.012%x10-5 0.933

strain

4.2 Fatigue Results

Tension-Tension Fatigue tests were carried out at 55%, 65% and 75% of the ultimate tensile strength of the
GFRP specimen with stress ratio (R=0.5) and the frequency 3 Hz. The lowest tensile strength of the GFRP composite
was 330 N/mm?Z at 0.5 mm/min which was taken as the input for carrying out the fatigue life tests. Figure 3 shows
the Stress-Life curve for GFRP specimens at three different stress levels. The number of cycles to failure is 19748,
8509 and 4252 when the stress levels are 55%, 65% and 75% of ultimate tensile strength respectively.

y T Y T ' T ' T y
75 < ] .
70 - ]
< -
@
2
> 65- .
—
[7)] o -
[7;]
Q
=
o 60 - ]
55 - ]
L] L) L) LJ LJ LJ L) LJ l LJ L) L} LJ LJ LJ L] LJ
10° 10* 10°

Log n(Cycles to Failure)

Figure 3: Experimental Stress-Life Curve.

The use of less stiff glass fiber allows large deformation in the matrix giving rise to early fatigue failure of GFRP
composites. This is one of the reasons for the usage of GFRP composites in secondary structures such as luggage
racks, floors, bulkheads and fairings. Fatigue life of GFRP composites can be assessed by the regression equation as
given in Eq. (18),

logn; = Slog X, +T (18)

max

Where,
n, - Number of cycles to failure,

X . - Stress applied.
S,T - Constants
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4.3 Residual Strength

Residual strength plays a major role in designing the service life of the components or structures. Hence, in
this study, the GFRP composite specimens were subjected to a certain number of loading and unloading cycles for
three different stress levels in MTS servo-hydraulic fatigue testing machine. Further, those specimens were tested
in computerized Universal Testing Machine (UTM) to find its residual tensile strength. The experimental residual
strength values were compared with the proposed residual strength model indicated in Eq.10 and also with the
models seen in literature (Broutman and Sahu, 1972; Kassapoglou, 2012). Table 4, Table 5 and Table 6 provide the
residual strength values obtained from the experiments conducted at 55%, 65% and 75% of ultimate tensile
strength respectively along with the values calculated from the model (Eq.10) and with the models seen in litera-
ture.

Table 4: Residual Strength at 55% of Ultimate Tensile Strength.

Number of load- Normgllti:;ed v Resgjrtiliirength(ﬁgrszzﬂ()) lou Broutman and
ing cycles (1) (/) Experimental Model (20p12g5 Sahu (1972)
2000 0.1012 278.21+13.83 288.76 310.00 314.96
4000 0.2025 259.3949.59 268.93 293.15 299.92
8000 0.4051 231.02+11.28 239.70 258.00 269.84
16000 0.8102 192.6+10.99 196.59 203.25 209.68
19748 1 - 180.90 181.50 181.50

Table 5: Residual Strength at 65% of Ultimate Tensile Strength.

Residual Strength(N/mm?)

Normalised
Number of load-
ing cycles (1) cycles Experimental Present Kassapoglou Broutman
(n/np Model (2012) and Sahu (1972)
2000 0.2350 276.2+10.23 281.26 298.22 302.85
4000 0.4701 252.93+9.76 257.83 264.49 276.70
8000 0.9402 219.03+10.19 223.28 220.09 22141
8509 1 - 214.50 214.50 214.50

Table 6: Residual Strength of at 75% of Ultimate Tensile Strength.

Residual Strength(N/mm?2)

Normalised

Number of load- Broutman
ing cycles (1) cycles Experimental Present Kassapoglou and Sahu
(n/np Model (2012)
(1972)
1000 0.2352 281.55+12.6 292.67 308.34 310.59
2000 0.4703 268.2618.29 274.42 288.23 291.19
4000 0.9407 251.7948.95 255.42 251.66 252.39
4252 1 - 247.50 247.50 247.5

Figure 4, Figure 5 and Figure 6 show a comparison of the residual strength versus normalized cycles for GFRP
at 55%, 65% and 75% of ultimate tensile strength respectively. The curve shows some loss of strength at the be-
ginning followed by a slow degradation in the middle stage and rapid loss in the final stage. From the figures (4, 5
and 6), itis clear that the behavior noted for the proposed model correlates well with the experimental results, also
supported by high values of R2. The present residual strength model shows better prediction than the models seen
in literature. This fact combined with the inclusion of stress ratio and applied stress makes it a useful and a strong
rival for design purposes.
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Figure 4: Residual Strength at 55% of Ultimate Tensile Strength.
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Figure 5: Residual Strength at 65% of Ultimate Tensile Strength.
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Figure 6: Residual Strength at 75% of Ultimate Tensile Strength.

Residual strength of GFRP composites can be assessed by the regression equation as given in Eq. (19),

X =c+d

A

ﬂ} (19)

g

where

X, - Residual Strength after ‘n’ number of cycles
n; - Number of cycles to failure

¢,d - Constants

The value of constants ¢,d and R? at different stress levels for both experimental and present model is given
in Table 7.

Table 7: Regression equation constants for Experimental and Present model Residual Strength Results.

X =c+d n
Stress levels Material " n
c d R2
GFRP 281.94 -106 0.969
550 (Experimental)
GFRP
(s e 294.27 -117.7 0.987
GFRP 293.36 -79.31 0.995
65% (Experimental)
GFRP
(s e 299.43 -83.5 0.992
GFRP 290.61 -42.08 0.9838
75% (Experimental)
GFRP 303.24 -54.02 0.975

(Present model)
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4.4 Fatigue life

Fatigue life of GFRP specimens at different stress levels predicted by experiments and by the proposed models
(Eq. 10 and Eq.17) are listed in Table 8.

Table 8: Comparison of Fatigue Life.

No. of Cycles to Failure (Pre-

. Stress No. of Cycles to Failure dicted)
Specimen Level .
o (Experimental)
(%) Eq.13 Eq.17
1 55 19748 17351 17358
2 65 8509 7619 11542
3 75 4252 6063 7145

Figure 7 shows the experimental and predicted (Eq.13 and Eq.17) fatigue life curve for GFRP specimens. It is
evident that fatigue life values predicted from Eq.13 show good agreement with experimental results. The reason
for deviation in the results from the models Eq. (13) and Eq. (17) is that the former depends on the experimental
stress-life curve whereas the latter depends only on the fatigue limit of the GFRP composite. The main advantage
of the model (Eq.17) is the absence of dependence on any experimental data which save a lot of time and number
of experiments to be tested, as the time limit and a large number of specimens to be tested are known as the main
difficulty in conducting fatigue experiments.

' T Y T ' T : T !
25 m Experimental
7 * Eq. (13) |
] « Eq. (17) il
70 - -
N i
9
2 65+ .
2
0
m - L
o
=
" 60 - ]
55 - -
L] L] L] L] L] L] L ll L L] L] L) L J L] L J
10° 10°* 10°

Log n(Cycles to failure)
Figure 7: Stress-Life Curve for GFRP-Experimental and Predicted
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5. CONCLUSIONS

Fatigue life and residual strength of GFRP composites have been computed experimentally and analytically in
this paper. Tensile tests were conducted under different quasistatic strain rates and increase in tensile strength and
strain with increasing strain rate was observed. Fatigue life and residual strength models have been proposed
which include the stress ratio. Also, a simplified model is proposed for predicting the fatigue life of GFRP composites
based on the fatigue endurance limit. The validity of the models proposed were compared with experimental results
and models seen in literature were also referred. The proposed fatigue life model (Eq. 17) based on the endurance
limit can predict the fatigue failure cycles without any experimental testing. The difference between the proposed
fatigue life models (Eq. 13 and Eq. 17) is that the former (Eq. 13) is deduced from the residual strength model
[Eq.(10)] which depends on experimental parameters whereas, the latter (Eq. 17) is based on the endurance limit
of the material.

References

Anderson, T. (2005). Fracture Mechanics: Fundamentals and Applications, Third Edition (3rd ed.). Taylor and Fran-
cis, CRC Press.

Armenakas, A. E., & Sciammarella, C. A. (1973). Response of glass-fiber-reinforced epoxy specimens to high rates of
tensile loading. Experimental Mechanics, 13(10), 433-440. https://doi.org/10.1007 /BF02324887

ASTM D3039/D3039M-17. (2017). Standard Test Method for Tensile Properties of Polymer Matrix Composite Ma-
terials. ASTM International.

ASTM D3479/D3479M-12. (2012). Standard Test Method for Tension-Tension Fatigue of Polymer Matrix Compo-
site Materials. ASTM International.

Broutman, L., & Sahu, S. (1972). A New Theory to Predict Cumulative Fatigue Damage in Fiberglass Reinforced
Plastics. In H. Corten (Ed.), Composite Materials: Testing and Design (Second Conference) (pp. 170-170-19). 100
Barr Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959: ASTM International.
https://doi.org/10.1520/STP27746S

Caprino, G., & D’Amore, A. (1998). Flexural fatigue behaviour of random continuous-fibre-reinforced thermoplastic
composites. Composites Science and Technology, 58(6), 957-965.

Chiao, T., Reifsnider, K., Sendeckyj, G., Morgan, R, Lien, P., Yang, J., & Jones, D. (1982). Fatigue of Graphite/Epoxy
[0/90/45/—45]s Laminates Under Dual Stress Levels. Journal of Composites Technology and Research, 4(3), 63.
https://doi.org/10.1520/CTR10864].

Colombo, C,, Libonati, F., F.Pezzani, Salerno, A., & Vergani, L. (2011). Fatigue behaviour of a GFRP laminate by ther-
mographic measurements. Procedia Engineering, 10, 3518-3527. https://doi.org/10.1016/j.proeng.2011.04.579

D’Amore, A., Caprino, G., Stupak, P., Zhou, ]., & Nicolais, L. (1996). Effect of Stress Ratio on the Flexural Fatigue
Behaviour of Continuous Strand Mat Reinforced Plastics. Science and Engineering of Composite Materials, 5(1), 1-
8. https://doi.org/10.1515/SECM.1996.5.1.1

Degrieck, J., & Van Paepegem, W. (2001). Fatigue damage modeling of fibre-reinforced composite materials: Re-
view. Applied Mechanics Reviews, 54(4), 279. https://doi.org/10.1115/1.1381395

Dick, T., Jar, P., & Cheng, ]. (2009). Prediction of fatigue resistance of short-fibre-reinforced polymers. International
Journal of Fatigue, 31(2), 284-291. https://doi.org/10.1016/j.ijfatigue.2008.08.011.

Demers, C. E. (1998). Tension-tension axial fatigue of E-glass fiber-reinforced polymeric composites: fatigue life
diagram. Construction and Building Materials, 12(5), 303-310. https://doi.org/10.1016/S0950-0618(98)00007-
5.

Latin American Journal of Solids and Structures, 2018, 15(7), €72 13/16



C. Ganesan et al.
Fatigue Life and Residual Strength prediction of GFRP Composites: An Experimental and Theoretical approach

Gornet, L., Wesphal, O., Burtin, C., Bailleul, ].-L., Rozycki, P., & Stainier, L. (2013). Rapid Determination of the High
Cycle Fatigue Limit Curve of Carbon Fiber Epoxy Matrix Composite Laminates by Thermography Methodology:
Tests and Finite Element Simulations. Procedia Engineering, 66, 697-704. https://doi.org/10.1016/j.pro-
eng.2013.12.123

Halpin, J., Jerina, K., & Johnson, T. (1973). Characterization of Composites for the Purpose of Reliability Evaluation.
In J. Whitney (Ed.), Analysis of the Test Methods for High Modulus Fibers and Composites (pp. 5-5-60). 100 Barr
Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959: ASTM International.
https://doi.org/10.1520/STP36479S

Harris, B. (2003a). 1 - A historical review of the fatigue behaviour of fibre-reinforced plastics. In Fatigue in Compo-
sites (pp- 3-35). Woodhead Publishing. https://doi.org/10.1533/9781855738577.1.3

Harris, B. (2003b). Fatigue in composites: science and technology of the fatigue response of fibre-reinforced plas-
tics. Woodhead Publishing.

Imad A, A.-H. (1997). The effect of loading frequency and loading level on the fatigue behavior of angle-ply car-
bon/PEEK thermoplastic composites. Masters thesis, Concordia University (Thesis). Concordia University.

Jacob, G. C., Starbuck, J. M,, Fellers, ]. F.,, Simunovic, S., & Boeman, R. G. (2004). Strain rate effects on the mechanical
properties of polymer composite materials. Journal of Applied Polymer Science, 94(1), 296-301.
https://doi.org/10.1002/app.20901

Jefferson Andrew, J., Arumugam, V., Bull, D. J., & Dhakal, H. N. (2016). Residual strength and damage characteriza-
tion of repaired glass/epoxy composite laminates using A.E. and D.I.C. Composite Structures, 152, 124-1309.
https://doi.org/10.1016/j.compstruct.2016.05.005.

Kaminski, M., Laurin, F., Maire, ].-F., Rakotoarisoa, C., & Hemon, E. (2015). Fatigue damage modeling of composite
structures: the Onera viewpoint (p.). ONERA. https://doi.org/10.12762/2015.AL09-06.

Kassapoglou, C. (2012). Predicting the Structural Performance of Composite Structures Under Cycling Loading
(Master of Science). Massachusetts Institute of Technology, Cambridge MA, USA.

Kedward, K. T., & Beaumont, P. W. R. (1992). The treatment of fatigue and damage accumulation in composite de-
sign. International Journal of Fatigue, 14(5), 283-294.

Mandell, J.F, S., D. D. (1997). DOE/MSU composite material fatigue database: Test methods, materials, and analysis
(No. SAND--97-3002) (p. 202). United States: Montana State University. Retrieved from https://digital.li-
brary.unt.edu/ark:/67531/metadc692558/

Montesano, ]., Fawaz, Z., & Bougherara, H. (2013). Use of infrared thermography to investigate the fatigue behavior
of a carbon fiber reinforced polymer composite. Composite Structures, 97, 76-83. https://doi.org/10.1016/j.comp-
struct.2012.09.046

Naresh, K., Shankar, K, Rao, B. S., & Velmurugan, R. (2016). Effect of high strain rate on glass/carbon/hybrid fiber
reinforced epoxy laminated composites. Composites Part B: Engineering, 100, 125-135.
https://doi.org/10.1016/j.compositesb.2016.06.007

Naresh, K., Shankar, K., Velmurugan, R., & Gupta, N. K. (2017). Statistical analysis of the tensile strength of GFRP,
CFRP and hybrid composites. Thin-Walled Structures. https://doi.org/10.1016/j.tws.2016.12.021

Okoli, 0. 1. (2001). The effects of strain rate and failure modes on the failure energy of fibre reinforced composites.
Third International Conference on Composite Science and Technology, 54(2), 299-303.
https://doi.org/10.1016/S0263-8223(01)00101-5

Latin American Journal of Solids and Structures, 2018, 15(7), €72 14/16



C. Ganesan et al.
Fatigue Life and Residual Strength prediction of GFRP Composites: An Experimental and Theoretical approach

Okoli, O. L., & Smith, G. F. (1999). Aspects of the Tensile Response of Random Continuous Glass/Epoxy Composites.
Journal of Reinforced Plastics and Composites, 18(7), 606-613. https://doi.org/10.1177/073168449901800702.

Post, N. L. (2005). Modeling the Residual Strength Distribution of Structural GFRP Composite Materials Subjected
to Constant and Variable Amplitude Tension-Tension Fatigue Loading (Masters Theses). Virginia Polytechnic Insti-
tute and State University. Retrieved from http://hdl.handle.net/10919/36196.

Post, N. L., Cain, J., McDonald, K. ]., Case, S. W., & Lesko, ]. ]. (2008). Residual strength prediction of composite mate-
rials: Random  spectrum loading. Fracture of Composite Materials, 75(9), 2707-2724.
https://doi.org/10.1016/j.engfracmech.2007.03.002

Post, N. L., Lesko, ]. ], & Case, S. W. (2010). 3 - Residual strength fatigue theories for composite materials A2 - Vass-
ilopoulos, Anastasios P. In Fatigue Life Prediction of Composites and Composite Structures (pp. 79-101). Wood-
head Publishing. https://doi.org/10.1533/9781845699796.1.79

Ray, B. C., & Rathore, D. (2015). A Review on Mechanical Behavior of FRP Composites at Different Loading Speeds.
Critical Reviews in Solid State and Materials Sciences, 40(2), 119-135.
https://doi.org/10.1080/10408436.2014.940443

Rosa, G. L., & Risitano, A. (2000). Thermographic methodology for rapid determination of the fatigue limit of mate-
rials and mechanical components. International Journal of Fatigue, 22(1), 65-73. https://doi.org/10.1016/S0142-
1123(99)00088-2

Rotem, A., & Nelson, H. G. (1989). Failure of a laminated composite under tension—compression fatigue loading.
Composites Science and Technology, 36(1), 45-62. https://doi.org/10.1016/0266-3538(89)90015-8

Spearing, S. M., & Beaumont, P. W. R. (1992a). Fatigue damage mechanics of composite materials. I: Experimental
measurement of damage and post-fatigue properties. Composites Science and Technology, 44(2), 159-168.
https://doi.org/10.1016/0266-3538(92)90109-G

Spearing, S. M., & Beaumont, P. W. R. (1992b). Fatigue damage mechanics of composite materials Part I1l: Prediction
of post-fatigue strength. Composites Science and Technology, 44(4), 299-307. https://doi.org/10.1016/0266-
3538(92)90067-D

Tomblin, ]., & Seneviratne, W. (2011). Determining the Fatigue Life of Composite Aircraft Structures Using Life and
Load-Enhancement Factors (No. DOT/FAA/AR-10/6) (p. 155). Department of Aerospace Engineering National In-
stitute for Aviation Research Wichita State University. Retrieved from actlibrary.act.faa.gov.

Wicaksono, S., & Chai, G. B. (2013). A review of advances in fatigue and life prediction of fiber-reinforced compo-
sites. Proceedings of the Institution of Mechanical Engineers, Part L: Journal of Materials: Design and Applications,
227(3), 179-195. https://doi.org/10.1177 /1464420712458201.

Yang, J. N, & Jones, D. L. (1980). Effect of Load Sequence on the Statistical Fatigue of Composites. AIAA Journal,
18(12), 1525-1531. https://doi.org/10.2514/3.50912

Yang, N, & Cole, R. (1982). Fatigue of composite bolted joints under dual load levels. Progress in Science and Engi-
neering of Composites, 333-340.

Yang, J.N., & Du, S. (1983). An Exploratory Study into the Fatigue of Composites under Spectrum Loading. Journal
of Composite Materials, 17(6), 511-526. https://doi.org/10.1177/002199838301700604

Yang, Jn, & Jones, D. (1981). Load Sequence Effects on the Fatigue of Unnotched Composite Materials. In K. Lauraitis
(Ed.), Fatigue of Fibrous Composite Materials (pp. 213-213-220). 100 Barr Harbor Drive, PO Box C700, West Con-
shohocken, PA 19428-2959: ASTM International. https://doi.org/10.1520/STP27622S

Latin American Journal of Solids and Structures, 2018, 15(7), €72 15/16



C. Ganesan et al.
Fatigue Life and Residual Strength prediction of GFRP Composites: An Experimental and Theoretical approach

Yang, J.N., & Liu, M. D. (1977). Residual Strength Degradation Model and Theory of Periodic Proof Tests for Graph-

ite/Epoxy Laminates*. Journal of Composite Materials, 11(2), 176-203.
https://doi.org/10.1177/002199837701100205

Zuluaga, W. (2013, June). Effect of Fatigue Cycle Loading Amplitude Tension-Tension on Composite Laminated
Plates with initial Delamination (PhD Thesis). California Polytechnic State University.

Latin American Journal of Solids and Structures, 2018, 15(7), €72 16/16



