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environments

M. Kawaia*, Y. Yagihashia, H. Hoshib and Y. Iwahorib

aDepartment of Engineering Mechanics and Energy, University of Tsukuba, Tsukuba, Ibaraki 305-8573,
Japan; bAdvanced Composite Group, Japan Aerospace Exploration Agency, Mitaka, Tokyo 181-0015,

Japan

(Received 16 March 2012; accepted 6 August 2012)

The effect of absorbed moisture on the fatigue strength of a plain-weave roving fabric car-
bon/epoxy quasi-isotropic laminate under constant amplitude loading at different stress
ratios has been examined. First, constant amplitude fatigue tests are performed at room and
high temperatures (HT), respectively, on the specimens immersed in hot water until satura-
tion as well as on the specimens kept in a dry place. The results indicate that the fatigue
lives of wet specimens are shorter than those of dry specimens, regardless of stress ratio as
well as test temperature. The fatigue strength is reduced by about 11% due to water absorp-
tion at room temperature (RT), regardless of stress ratio. A similar reduction in fatigue
strength can be seen in wet specimens at HT as well. Then, the full shapes of constant fati-
gue life (CFL) diagrams for the woven carbon fiber-reinforced plastic (CFRP) laminate in
dry and wet environments are identified using fatigue test data obtained at different stress
ratios and at different test temperatures. The results show that the experimental CFL
diagrams are asymmetric and nonlinear, and the shape of CFL envelope gradually changes.
Finally, the CFL diagrams for the woven CFRP laminate under uniaxial fatigue loading in
different hygro-thermal environments are predicted using the anisomorphic CFL diagram
approach for composites that was developed in an earlier study. Comparison with experi-
mental results demonstrates that the anisomorphic CFL diagram approach is a promising
step in predicting the CFL diagram for the woven CFRP laminate not only in a dry
environment but also in a wet environment, regardless of test temperature.

Keywords: CFRP; woven fabric; fatigue; moisture; temperature; S–N relationship; constant
fatigue life diagram

1. Introduction

Key application areas that benefit from the high specific stiffness and strength of carbon
fiber-reinforced plastics (CFRPs) are rapidly growing, not only in the aerospace sector but
also in wind energy,[1] offshore [2] and high performance vehicle [3] sectors. A larger-sized
wind turbine is required to enhance efficiency. The diameter of a wind turbine rotor that
allows generating more than 5MW of power, for example, exceeds the length of 100m.[1]
As the length of wind turbine blades increases, a lighter and stiffer material is needed. In
deepwater offshore applications, a target water depth of oil and gas drilling is increasing to
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exceed 3,000m.[4] When they are made of steel, the riser pipes for the target deep sea may
suffer from their increased weight and decreased axial rigidity. Such a large riser pipe for
deepwater exploration thus requires selecting a material with low weight and high stiffness,
in line with a large wind turbine blade. A strong demand for reducing the emissions of car-
bon dioxide pushes automotive industries to replace conventional materials with composites
and to redesign vehicles accordingly.[3]

For reliable application of CFRPs to the components of structures in those key application
areas, it is a prerequisite to establish a method for accurately evaluating their fatigue lives
under cyclic loading. In other words, it is essential to evaluate the maximum stress levels
below which the fatigue lives of their components under constant amplitude cyclic stressing
become longer than a specified number of cycles. This is because a fatigue limit that is
identified with a stress level below which fatigue life becomes infinite in a given environment
cannot clearly be identified in the S–N curves for most continuous carbon fiber composite
laminates, unlike most metallic materials. The fatigue analysis of composite structures is thus
based on the premise that the fatigue life of a composite for a given loading condition can
accurately be predicted.

Fatigue load that composite structures are required to withstand during service differs
depending on application. It is characterized by variable amplitude, mean, frequency, and
waveform in general. All these factors have significant influences on the fatigue life of
composites. Thus, careful consideration of these factors is the key to accurate evaluation of
the fatigue lives of composites and composite structures. In this study, we will focus on the
effect of the mean stress of a sinusoidal stress–time pattern of constant amplitude and fixed
frequency on the fatigue life of CFRP laminates.[5–13]

The effect of mean stress on the fatigue strength of a given composite laminate can
conveniently be described using a constant fatigue life (CFL) diagram. In a CFL diagram,
alternating stress amplitude is usually plotted against mean stress for different numbers of
cycles to failure. The CFL diagrams suitable for CFRPs, unlike metallic materials, were not
available until quite recently. Harris et al. [5–11] have quantified the mean stress dependence
of fatigue life for various kinds of CFRP laminates, and showed that the CFL envelopes for
those composites are nonlinear in shape and asymmetric about the alternating stress axis, and
the peak positions are slightly offset to the right of the alternating stress axis. The experimen-
tal results obtained from their extensive research work, along with the fatigue data from the
other sources,[14–17] suggest that the maxima of CFL envelopes of CFRP laminates
correspond to fatigue loading at a stress ratio almost equal to the ratio of compressive
strength to tensile strength.

These experimental observations suggest that the linear Goodman diagram,[18] which has
successfully been employed in the fatigue analysis of metals, is not always valid for CFRP
laminates. It is thus required to establish an engineering method that is suitable for construct-
ing a CFL diagram for CFRP laminates. Adam et al. [7] assumed similar curves for different
constant values of fatigue life and proposed an asymmetric parabolic representation of CFL
diagram for a composite. Harris et al. [6] found a more general representation of CFL
diagram by means of a bell-shape function. Recently, Kawai et al. [16,17] have proposed a
different method for efficiently constructing an asymmetric and nonlinear CFL diagram for a
given composite on the basis of the static strengths in tension and compression and the refer-
ence S–N relationship for a particular stress ratio equal to the ratio of compressive strength to
tensile strength. This method was called anisomorphic CFL diagram approach, and shown to
be valid for different types of CFRP laminates at room temperature (RT) in a dry environ-
ment.[16,17] Accurately constructing the CFL diagrams for composites allows accurately pre-
dicting their fatigue lives under constant amplitude fatigue loading at any stress ratios, and
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thus efficiently preparing inputs to the fatigue analysis of composites subjected to spectrum
loading. The vital importance of the CFL diagrams for composites has more extensively been
discussed in Harris [5] and Vassilopoulos [19].

Accurate evaluation of the fatigue lives of CFRP structures also needs consideration of
the effects of temperature and moisture, since hygro-thermal environments are often unfavor-
able for the properties of polymer matrices, especially epoxy resins, in CFRPs.[20,21] The
static and fatigue strengths of CFRP at HT are usually lower than those at RT; this tendency
has been reported for unidirectional carbon/epoxy laminates [22,23] and for woven fabric
carbon/epoxy laminates.[24] A similar reduction in static and fatigue strengths due to temper-
ature has also been observed for carbon fiber-reinforced thermoplastic matrix composites.[25]
Regarding the effect of moisture mainly absorbed by the polymer matrices in composites,
many experimental studies have revealed that it reduces the tensile strengths of unidirectional
carbon/epoxy laminates not only in the transverse direction [26] but also in the fiber
direction.[26,27] The reduction in tensile strength due to moisture has also been observed for
multidirectional carbon/epoxy laminates of different lay-ups.[28] Ray [29] showed that the
interlaminar shear strength of a carbon/epoxy laminate is lowered by water absorption. Patel
and Case [30] examined the effect of water absorption on the fatigue damage and strength of
woven fabric carbon/epoxy laminates, and found that fiber/matrix decohesion and interlaminar
delamination develop more markedly in the specimens that absorbed water, and accordingly
the resistance to fatigue is degraded.

These experimental results prove that the fatigue failure of a given CFRP laminate in a
wet environment differs from that in a dry environment. It is thus required to establish an
engineering method for accurately evaluating the fatigue lives of composites under a variety
of hygro-thermal loading conditions that are characterized by a combination of loading wave-
form, absorbed water content and temperature. If the anisomorphic CFL diagram approach
that was developed to predict the fatigue lives of composites for different mechanical loading
conditions can be used to predict the fatigue lives of composites exposed to hygro-thermal
environments as well, it becomes a more useful and powerful tool for engineering fatigue life
analysis of composites.

In the present study, we test the anisomorphic CFL diagram approach for the prediction
of fatigue life of composites for its applicability, respectively, to fatigue of a different kind of
CFRP laminate (i.e. a woven fabric carbon/epoxy laminate) in dry and wet environments, and
to fatigue at different test temperatures. For this purpose, the effects of water absorption on
the fatigue lives of the woven CFRP laminate at different stress ratios and at different test
temperatures are first discussed. A limited number of constant amplitude fatigue tests at
different stress ratios are performed at RT and HT, respectively, on the specimens that were
immersed in hot water until saturation as well as on the specimens that were not exposed to
water environment but kept in a dry place. By comparing the S–N relationships for the dry
and wet specimens that are obtained from testing at different temperatures, the effects of
water uptake and temperature on the fatigue lives of the woven CFRP laminate under
constant amplitude loading at different stress ratios are observed. The effect of these factors
on the shapes of the CFL diagrams in dry and wet environments is also examined. Finally,
the S–N relationships for different stress ratios at different temperatures in dry and wet envi-
ronments are predicted using the anisomorphic CFL diagram approach, and the predictions
are compared with experimental results to assess its predictive capability. Because of
time-consuming preparation of wet specimens, the number of fatigue data was limited and
thus their statistical distribution has not been identified. In this study, therefore, we will
confine our attention to observation of the overall effect of water absorption on the fatigue
behavior of the woven fabric CFRP laminate at RT and HT and of the potential applicability
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of the anisomorphic CFL diagram approach for fatigue life prediction of the woven CFRP
laminate in different hygro-thermal environments.

2. Material and testing procedure

2.1. Material and specimen

The material used in this study was a plain-weave roving fabric carbon/epoxy laminate. The
woven fabric composite was supplied by TORAY in the form of prepreg sheets
(QFC133-6E01A). Twelve-ply quasi-isotropic laminates were fabricated from the prepreg
tapes with the stacking sequence of [(±45)/(0/90)]3S. The woven carbon/epoxy laminates were
cured in an autoclave at 350°F (177 °C). The nominal thickness of as-received laminates was
about 2.4mm.

Two kinds of coupon specimens with different nominal dimensions were prepared. For
static tension tests and tension–tension (T–T) fatigue tests, long specimens based on the test-
ing standards JIS K7073 [31] and JIS K7083 [32] were employed; as shown in Figure 1(a),
the dimensions of the tensile specimens were gage length LG = 100mm and width W= 20mm.
For static compression tests and compression–compression (C–C) and tension–compression
(T–C) fatigue tests, on the other hand, short specimens were used to reduce the risk of
buckling of specimens due to compressive load; as shown in Fig. 1(b), the dimensions of the
compressive specimens were gage length LG = 10mm and width W= 10mm. The nominal
dimensions of short specimens were determined on the basis of the testing standards JIS
K7076 [33] and the report of Harberle and Matthews [34] that discussed suitable methods for
compression testing of composite laminates.

A set of tensile and compressive specimens were immersed in hot water of 71 ± 1 °C until
saturation, and they are referred to as wet specimens. A water bath with a digital temperature
control capability and an automatic water-supply function was used for preparing wet
specimens. Another set of tensile and compressive specimens was kept in a dry place at RT,
and they are called dry specimens.

On both ends of dry specimens, rectangular-shaped aluminum alloy tabs were glued with
epoxy adhesive (Araldite) in order to protect their gripped portions. The thickness of the
end-tabs was 1.0mm for tensile specimens and 2.0mm for compressive specimens. To wet
specimens, however, end-tabs were not attached to avoid drying during their cure process.

20

50 50100

(a) Gauge length 100 mm (tensile specimen) 

10

45 10 45

(b) Gauge length 10 mm (compressive specimen) 

Figure 1. Specimen geometry (dimension in mm).
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Since the 0° layers of the laminate used in this study are protected by the ±45° layers on the
surfaces, it is not much hazardous to grip the ends of wet specimens directly.

2.2. Testing procedure

Constant amplitude fatigue tests were carried out on dry and wet specimens under load
control at RT (RT� 23 °C) and at HT (HT= 80 °C). Fatigue load was applied to specimens in
a sinusoidal waveform with a constant frequency of 10Hz; the fatigue loading condition is
based on the testing standard JIS K7083.[32]

Fatigue tests were performed at three different values of stress ratio R = 0.1, 10, and χ,
where χ = σC/σT and it designates the critical stress ratio that is equal to the ratio of compres-
sive strength σC (<0) to tensile strength σT (>0).[16,17] Most specimens were fatigue-tested
for up to 106 cycles. Prior to fatigue testing, static tension and compression tests were per-
formed on dry and wet specimens at RT and HT to identify the tensile and compressive
strengths of the woven CFRP laminate in the test environments. The static tests were carried
out at a constant rate of 1.0%/min until ultimate failure occurred, following the testing stan-
dards JIS K7073.[31] Wet specimens were vaselined except for the gripped portions and then
wrapped in a cling film in order to prevent them from drying during fatigue test. It was con-
firmed that no change occurs in the weight of wet specimens treated as such over the range
of time observed up to 4,900 h at RT.

Static and fatigue tests were conducted in 100 kN servo hydraulic MTS-810 machine. For
raising the temperature of a specimen, a heating chamber with a precise digital control
capability was employed. Each specimen was clamped in the heating chamber by the HT
hydraulic wedge grips fitted on the testing machine, and it was heated up to a test tempera-
ture in air without applying load and preconditioned in a test environment for 1 h prior to
testing. Variation of specimen temperature in time from the prescribed value was less than
1.0 °C. Humidity in the heating chamber was not controlled. The longitudinal and lateral
strains of dry specimens in static tests were monitored with two-element L-type rosette strain
gages; the gage length of rosettes was 2.0mm for tension tests and 1.0mm for compression
tests. The strain gages were mounted back to back at the center of each specimen.

3. Experimental results and discussion

The number of experimental data is limited, especially for specimens preconditioned in a wet
environment. In this study, therefore, only the qualitative features of the experimental results
are observed.

3.1. Water absorption behavior

The moisture absorption behavior of the woven CFRP laminate is first observed. A set of
tensile and compressive specimens was immersed in hot water of 71 °C, and the weight of
the specimens was measured periodically. The immersion of the specimens in hot water was
continued until near saturation of water absorption. The weight gain Mt in percent was
calculated using the following equation:

Mt ¼ Wt �W0

W0
� 100 ð1Þ

where W0 is the initial weight of a dry specimen, and Wt is the current weight of the
specimen after t hours of immersion.
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Figure 2 shows the relationships between the weight gain and the square root of immer-
sion time for long and short specimens of the woven CFRP laminate. The solid and dashed
lines indicate the absorption curves that were obtained by fitting the following simplified
equation [35,36] of the solution of the Fick equation [35] to the experimental data:

Mt

M1
¼ tanh

4

h

ffiffiffiffiffi
Dt

p

r !
ð2Þ

where M∞ is the weight gain at saturation, D is the diffusion coefficient, and h is the
thickness of specimens. The value of the diffusion coefficient was 2.0� 10�7mm2/s for the
long specimen and 2.5� 10�7mm2/s for the short specimen. The values of diffusion
coefficient that were obtained in this study are close to the value of 1.9� 10�7mm2/s for the
IM7/8551-7 carbon/epoxy laminate.[37] In Figure 2, it is seen that the water absorption pro-
cess of the woven carbon/epoxy laminate is well described by the Fickian diffusion model.
The approximate saturation value of water absorption was about M∞ ≈ 1.0%, and it took
2,500 h (104 days) to reach the approximate saturation level.

3.2. Static strength

Comparison of the tensile strengths for dry and wet specimens at RT and HT is shown in Fig-
ure 3(a). Similar comparison of the compressive strengths is also presented in Figure 3(b).
These figures show the average values of two or three samples. The number of samples is
limited, but the possible range of scatter of the static strengths in tension and compression is
small. This feature allows us to qualitatively discuss the effects of temperature and moisture
on the static and fatigue strengths of the woven CFRP laminate on the basis of a limited
number of data.

3.2.1. Effect of temperature

The tensile strengths at RT and HT are compared. The ratio of the tensile strength at HT to that
at RT was rdryUTSðHTÞ=rdryUTSðRTÞ ¼ 0:99 for dry specimens and rwetUTSðHTÞ=rwetUTSðRTÞ ¼ 0:95 for
wet specimens. These comparisons suggest that while it has no influence of temperature on the
tensile strength of a dry specimen, the increase in temperature has a slightly unfavorable
influence on the tensile strength of a wet specimen. A similar comparison of compressive

0

0.5

1

1.5

0 10 20 30 40 50 60

Square root of time (h1/2)

M
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y 
W

ei
gh

t (
%

)

Woven CFRP quasi-isotropic
[(±45)/(0/90)]3s

 Short specimen

 Long specimen

Water temperature 71°C

Figure 2. Water absorption curve.
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strengths led to rdryUCSðHTÞ=rdryUCSðRTÞ ¼ 0:91 for dry specimens and rwetUCSðHTÞ=rwetUCS

ðRTÞ ¼ 0:88 for wet specimens. The latter observation reveals that the compressive strength of
the woven carbon/epoxy laminate tends to be more significantly reduced by the increase in
temperature, regardless of moisture content. The ratio of tensile strength to compressive

strength, which gives the critical stress ratio, was jvdryj ¼ jrdryUCS j=rdryUTS ¼ 0:55(RT) and 0.51
(HT) for dry specimens, and jvwetj ¼ jrwetUCS j=rwetUTS ¼ 0:52(RT) and 0.48(HT) for wet speci-
mens. Obviously, the compressive strength of the woven carbon/epoxy laminate is lower than
the tensile strength, regardless of temperature and water absorption.

3.2.2. Effect of water absorption

The strengths of dry and wet specimens that were obtained from static tests at the same test
temperature are compared to extract the effect of water absorption. The ratio of the compres-
sive strength of wet specimens to that of dry specimens was rwetUCSðRTÞ=rdryUCSðRTÞ ¼ 0:94 at

RT and rwetUCSðHTÞ=rdryUCSðHTÞ ¼ 0:91 at HT. Namely, the compressive strength of wet

0

200

400

600

800

1000
Woven CFRP quasi-isotropic [(±45)/(0/90)]3s

832.0841.0

U
T

S,
 M

Pa

790.0835.9

Dry-RT Dry-HT Wet-HTWet-RT

(a) Tensile strength 

-600

-500

-400

-300

-200

-100

0

 U
C

S,
 M

Pa

Woven CFRP quasi-isotropic [(±45)/(0/90)]3s

Dry-RT Dry-HT Wet-RT Wet-HT

-464.7 -422.0 -435.9 -382.0

(b) Compressive strength 

Figure 3. Comparison of static strengths under different hygro-thermal conditions.
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specimens at RT was about 6% smaller than that of dry specimens, and the compressive
strength of wet specimens at HT was about 9% smaller than that of dry specimens. Thus, the
water absorption is apt to moderately reduce the compressive strength of the woven carbon/
epoxy laminate, regardless of test temperature.

The effect of water absorption on the tensile strength at RT is considered to be negligible
since rwetUTSðRTÞ=rdryUTSðRTÞ ¼ 0:99. In contrast, the ratio at HT became rwetUTSðHTÞ=rdryUTSðHTÞ
¼ 0:95, thus suggesting that the tensile strength at HT is apt to be reduced by water absorp-
tion. A similar tendency of the reduction in tensile and compressive strengths of composites
due to water absorption has been reported in literature.[27,29,35] Incidentally, it is considered
that the reduction in static strength due to water absorption is caused by the reduction in
interlaminar adhesion strength as well as the reduction in the strength of matrix according to
the increase in ductility due to water absorption.[38]

3.3. Fatigue strength

The S–N relationships at RT are shown in Figures 4 and 5 for dry and wet specimens,
respectively. Each figure includes fatigue data for different stress ratios R = 0.1, 10, and χ,
where χ=�0.55 for dry specimens and χ =�0.52 for wet specimens. The maximum fatigue
stress σmax is plotted against the logarithm of the number of reversals to failure 2Nf in the case
R = 0.1 and χ, while the absolute value of minimum fatigue stress |σmin| is plotted in the case
R = 10. From these figures, it can clearly be observed that the S–N relationship for the woven
carbon/epoxy laminate significantly depends on the shape of load waveform (i.e. the value of
stress ratio in the present context), regardless of the degree of water absorption.

It has been reported that the gradient of S–N relationship becomes largest under fatigue
loading at the critical stress ratio.[16,17] Observing the results in Figure 4 for dry specimens
and Figure 5 for wet specimens, we can confirm that it is also true for the woven carbon/
epoxy laminate tested in this study, and the gradient of S–N relationship becomes largest
under fatigue loading at the critical stress ratio, regardless of moisture content.

Comparisons of the S–N relationships for dry and wet specimens are shown in Figure 6
(a)–(c) for different stress ratios R= 0.1, 10, and χ, respectively. We can clearly observe that
the fatigue lives of wet specimens are shorter than those of dry specimens, regardless of stress
ratio. While the number of fatigue data is limited, the fatigue strength of wet specimens can
be estimated to be about 11% lower than that of dry specimens, regardless of stress ratio.

0

200

400

600

800

1000

100 101 102 103 104 105 106 107

2Nf

m
ax
 (

|
m

in
|),

 M
Pa

Woven CFRP quasi-isotropic 
[(±45)/(0/90)]3s

Experimental
Dry-RT  10 Hz

R = 0.1

R =  = -0.55

R = 10
Fitted

UTS

UCS

Figure 4. S–N relationships for dry specimens at RT.
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The reduction in fatigue strength is affected by the reduction in static strength in general.
As observed above, rwetUTSðRTÞ=rdryUTSðRTÞ ¼ 0:99, and thus the difference between the tensile
strengths of dry and wet specimens at RT is negligible. This fact reveals that lower fatigue
strengths of wet specimens for R= 0.1 and χ that can be seen in Figure 6(a) and (b) were
caused by the absorption of water.

On the other hand, the above observation that rwetUCSðRTÞ=rdryUCSðRTÞ ¼ 0:94 suggests that
the compressive strength of the woven carbon/epoxy laminate was reduced by water absorp-
tion. Therefore, it is considered that the difference between the S–N relationships for the dry
and wet specimens fatigue loaded at R = 10 that was observed in Figure 6(c) is affected by
the reduction in compressive strength due to water absorption. To observe the effect of
moisture on the fatigue strength of the woven carbon/epoxy laminate for R = 10, the fatigue
data for dry and wet specimens were normalized with respect to their compressive strengths.
Figure 7 shows the normalized S–N relationships for the dry and wet specimens that were
fatigue loaded at R= 10. There is a tendency for the relative fatigue resistance to be slightly
reduced by water absorption under C–C fatigue loading at R= 10, which is consistent with
the above observations for R= 0.1 and χ at RT. On the fatigue strength at HT, a similar
degrading effect of water absorption was observed. For reference, the fatigue data obtained at
HT are presented in Figures 8 and 9, and Figure 10(a)–(c) in the same manner as in the
results at RT.

3.4. Experimental CFL diagram

The effect of moisture absorption on the CFL diagram for the woven carbon/epoxy laminate
is examined. The experimental CFL diagram can be constructed by plotting alternating stress
against mean stress. Figures 11 and 12 show the experimental CFL diagrams for dry and wet
specimens at RT, respectively. In these figures, the experimental data points for different
constant values of life were evaluated using the S–N curves fitted to the experimental S–N
data; they are indicated by dashed lines in Figures 4–10. The dashed lines in Figures 11 and
12 indicate the CFL envelopes for different values of life that were predicted using the
anisomorphic CFL diagram approach.[16,17]

While more fatigue data for different stress ratios are necessary to identify the shape of
CFL diagram, the plots of CFL data in Figures 11 and 12 strongly suggest that the overall
shape of the CFL diagram for the woven carbon/epoxy laminate at RT becomes asymmetric
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Figure 5. S–N relationships for wet specimens at RT.
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about the alternating stress axis, and the shape of CFL envelope changes as the number of
cycles to failure increases. As guided by the dashed lines, the CFL envelope is almost linear
in the range of a short life, but it turns nonlinear in the range of a longer life. The peak of
the CFL envelope is slightly offset to the right of the alternating stress axis, and it is
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Figure 6. Comparison of S–N relationships for dry and wet specimens at RT.
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associated with the stress ratio close to the ratio of compressive strength to tensile strength,
i.e. χ = –0.55. This means that the maximum alternating stress is accompanied not by T–C
fatigue loading at R = –1 but by T–C fatigue loading at the critical stress ratio R= χ.
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Figure 7. Normalized S–N relationships for dry and wet specimens at RT.
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Figure 9. S–N relationships for wet specimens at HT.
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The shape of the CFL diagram for wet specimens is similar to that for dry specimens, as
can be seen in Figure 12. The difference between the CFL diagrams for dry and wet speci-
mens is small, since the difference between the absolute values of tensile and compressive
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Figure 10. Comparison of S–N relationships for dry and wet specimens at HT.
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strengths for these specimens is small and the critical stress ratio for wet specimens χ= –0.52
is close to that for dry specimens χ = –0.55, accordingly.

Consequently, the experimental results suggest the following features: (1) the CFL
diagram for the woven carbon/epoxy laminate is asymmetric about the alternating stress axis,
(2) the shape of CFL envelope changes in shape from a straight line to a nonlinear curve as
the number of cycles to failure increases, (3) the peaks of CFL envelopes correspond to
fatigue loading at the critical stress ratio, and (4) these features are common to the CFL
diagrams for dry and wet environments.

4. Theoretical CFL diagram

If the CFL diagram for a composite that is exposed to a hygro-thermal environment is
identified over the whole range of mean stress rC 6 rm 6 rT , one can efficiently predict the
fatigue life of the composite for any constant amplitude fatigue loading in the given
hygro-thermal environment. Therefore, it is a practical demand to establish such a CFL dia-
gram approach in the form that is suitable for composites. The experimental results obtained
from this study, along with the results from other sources,[6–11,14–17] suggest not only that
the symmetric and linear Goodman diagram is not always valid for CFRP laminates, but also
that a CFL diagram constructed using the equi-life envelopes of similar shape for different
constant values of life cannot be justified for all kinds of composite laminates.

The anisomorphic CFL diagram that was recently proposed by Kawai et al. [16,17] takes
account of all the fundamental requirements that are suggested by the experimental results
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Figure 11. Anisomorphic CFL diagram for dry specimen at RT.
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Figure 12. Anisomorphic CFL diagram for wet specimen at RT.
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reported so far. The anisomorphic CFL diagram was shown to be valid for different types of
non-woven CFRP laminates in a dry environment at RT. A generalization attempt has also
been made to enhance the flexibility of the anisomorphic CFL diagram approach by which it
can be applied to the fatigue behavior of composites that exhibit more complicated sensitivity
to mean stress in fatigue loading.[39]

If the anisomorphic CFL diagram is applicable to woven carbon/epoxy laminates not only
in a dry environment but also in different hygro-thermal environments, the potential
usefulness of this approach for evaluating the fatigue life of composites can be justified
further. In order to answer this question, therefore, the anisomorphic CFL diagram approach
is further tested on the woven carbon/epoxy laminates that are exposed to different
hygro-thermal environments.

4.1. Anisomorphic CFL diagram

The anisomorphic CFL diagram [16,17] is a theoretical CFL diagram that can be constructed
for a given composite using only the static strengths in tension and compression and a single
reference S–N relationship for the critical stress ratio χ. It allows predicting the S–N curves
for the composite for any stress ratios in a given environment.

A brief review of this method is presented for the sake of convenience. The CFL
envelope for a given constant value of life is composed of two smooth members that are
defined in the two intervals of mean stress and associated with tension and compression
dominated failure modes, respectively. The two member curves are connected with each
other on the radial straight line with a particular constant value of amplitude ratio

ra=rm ¼ rðvÞa =rðvÞm ¼ ð1� vÞ=ð1þ vÞ that is associated with the critical stress ratio χ. The
theoretical CFL curves are described by means of a piecewise nonlinear function that is
defined by different formulas depending on the position of mean stress σm in the interval
½rC; rT � as follows:

�ra � rðvÞ
a

rðvÞ
a

¼
rm�rðvÞm
rT�rvm

� �2�wv

; rðvÞ
m 6 rm 6 rT

rm�rðvÞm

rC�rðvÞm

� �2�wv

; rC 6 rm\rðvÞ
m

8><
>: ð3Þ

where σC (<0) and σT (>0) are the compressive and tensile strengths of the composite
considered, respectively. The key quantities rðvÞa and rðvÞm represent the alternating and mean

stress components, respectively, of the maximum fatigue stress rðvÞmax for a given constant
value of life Nf under T–C fatigue loading at the critical stress ratio χ= σC/σT ;

rðvÞ
a ¼ 1

2
ð1� vÞrðvÞ

max ð4Þ

rðvÞ
m ¼ 1

2
ð1þ vÞrðvÞ

max ð5Þ

The variable ψχ in Equation (3) denotes the fatigue strength ratio for loading at the critical
stress ratio χ, and it is defined as

wv ¼
rðvÞ
max

rT
ð6Þ
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Accordingly, 0 6 wv 6 1. Note that the tendency to tensile fatigue failure is equivalent to
the tendency to compressive fatigue failure, i.e. rmax=rT ¼ rmin=rC , only under T–C fatigue
loading at the critical stress ratio χ that is not always equal to –1 in the case of fiber-
reinforced composites, since they are asymmetric in tension and compression in general.

The reference S–N curve for the critical stress ratio is described in a normalized form by
means of a continuous monotonic function of the number of cycles to failure 2Nf= f(ψχ). It is
useful to assume a particular form of the function that is given by

2Nf ¼ 1

Kv

1

ðwvÞn
h1� wvia

hwv � wvðLÞib
ð7Þ

where the angular brackets hi denote the singular function defined as hxi ¼ maxf0; xg;wvðLÞ
is a normalized fatigue limit. The coefficients Kχ, n, a, b, and ψχ(L) designate material
constants, and they are determined by fitting Equation (7) to the reference fatigue data for the
critical stress ratio.

If the exponent M= 2�ψχ in the piecewise-defined function is replaced with a constant
value of unity, the anisomorphic CFL diagram can be reduced to the following form [40]:

�ra � rðvÞ
a

rðvÞ
a

¼
rm�rðvÞm

rT�rðvÞm

; rðvÞ
m 6 rm 6 rT

rm�rðvÞm

rC�rðvÞm

; rC 6 rm\rðvÞ
m

8<
: ð8Þ

which represents the asymmetric Goodman diagram. If ψχ is eliminated from the exponent,
the formulas for the anisomorphic CFL diagram become

�ra � rðvÞ
a

rðvÞ
a

¼
rm�rðvÞm

rT�rðvÞm

� �2
; rðvÞ

m 6 rm 6 rT

rm�rðvÞm

rC�rðvÞm

� �2
; rC 6 rm\rðvÞ

m

8><
>: ð9Þ

which is equivalent to the asymmetric Gerber diagram.[38] A more systematic review of
advanced modeling of CFL diagram for uniaxial fatigue loading of composites has been
presented in [41].

4.2. Comparison with experimental results

The dashed lines in Figures 11 and 12 indicate the anisomorphic CFL diagrams predicted.
The solid line in each figure by which the anisomorphic CFL diagram is bounded corre-
sponds to static failure ψχ= 1. In these figures, it is seen that for both dry and wet specimens,
the experimental CFL data for R= 0.1 and 10 are in good agreements with the predicted CFL
envelopes, regardless of temperature and moisture content. Note that the fatigue data for
R = 0.1 and 10 were not used for predicting the anisomorphic CFL diagrams for dry and wet
specimens. The fatigue data used in constructing the anisomorphic CFL diagram are those for
only the critical stress ratio. Thus, we can use the fatigue data for R = 0.1 and 10 to verify the
anisomorphic CFL diagram approach. Consequently, the good agreements between predictions
and observations for these stress ratios suggest that the anisomorphic CFL diagram approach
has great potential as a preliminary tool for visualizing the mean stress dependence of fatigue
life of the woven carbon/epoxy laminate in different hygro-thermal environments.
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Using these anisomorphic CFL diagrams, we can predict S–N relationships for constant
amplitude fatigue loading at any stress ratios for different temperature and moisture environ-
ments. The predicted S–N curves for dry and wet specimens at RT are shown in Figures 13
and 14, respectively, along with the corresponding experimental data. It is clearly seen that
the predicted S–N curves for R = 0.1 and 10 agree well with the experimental results, regard-
less of moisture content, which is consistent with the good agreements between the predicted
and experimental CFL diagrams. These comparisons thus prove that the anisomorphic CFL
diagram approach has the potential of giving reasonable predictions of the fatigue lives of the
woven carbon/epoxy laminate in a wet environment as well as in a dry environment.

Similar comparisons of predictions for dry and wet environments at 80 °C are shown in
Figures 15–18. In Figures 15 and 16, it is seen that the observed asymmetric and nonlinear
CFL diagrams in dry and wet environments at 80 °C agree well with those predicted using
the anisomorphic CFL diagram approach. Accordingly, the S–N relationships for different
stress ratios that were predicted using the anisomorphic CFL diagrams correlate well with the
experimental S–N data, as seen in Figures 17 and 18. Inspecting these predictions in a more
detail, however, we notice that optimistic predictions were made for R= 10 at 80 °C. In order
to evaluate the accuracy of prediction using the present method, more data would be required
especially for R= 10, since the S–N relationship for C–C loading at R= 10 has a small
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Figure 13. Predicted S–N relationships for dry specimens at RT.
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Figure 14. Predicted S–N relationships for wet specimens at RT.
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gradient, and it is apt to be unfavorably affected by the scatter of data particularly in such a
case. While it involves the limitation of the number of fatigue data especially for wet
environments, the present study has succeeded in suggesting a potential usefulness of the
anisomorphic CFL diagram approach for prediction of fatigue life of the woven carbon/epoxy
laminate in different hygro-thermal environments.
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Figure 15. Anisomorphic CFL diagram for dry specimen at HT.
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Figure 16. Anisomorphic CFL diagram for wet specimen at HT.
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Figure 17. Predicted S–N relationships for dry specimens at HT.
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5. Conclusions

The anisomorphic CFL diagram approach was tested on plain-weave roving fabric carbon/
epoxy quasi-isotropic laminates that were exposed to different hygro-thermal environments.
For this purpose, a limited number of constant amplitude fatigue tests were performed on the
woven carbon/epoxy laminates in dry and wet environments at different stress ratios and at
different temperatures. The effect of a combination of water absorption and temperature on
the fatigue strength of the woven carbon/epoxy laminate was distilled from these experimental
results. They were used to assess the overall applicability of the anisomorphic CFL diagram
approach. The results obtained can be summarized as follows:

(1) The fatigue lives of wet specimens tend to become shorter than those of dry
specimens at RT, regardless of stress ratio. The reduction in fatigue strength due to
water absorption was about 11%.

(2) A similar reduction in fatigue strength due to water absorption occurred at HT (80 °C).
(3) Stress ratio has a significant influence on the S–N relationship for the woven carbon/

epoxy laminate, regardless of temperature and moisture content.
(4) The slope of S–N relationship became largest for fatigue loading at the critical stress

ratio, regardless of temperature and moisture content.
(5) The experimental CFL diagram for the woven carbon/epoxy laminate exhibits

asymmetry and nonlinearity, regardless of test temperature and moisture content. The
peaks of CFL envelopes are accompanied by fatigue loading at the critical stress ratio.
The difference between the critical stress ratios for dry and wet specimens is small
because of small difference between the static strengths in tension and compression.
Accordingly, no significant difference in shape was observed between the CFL
diagrams for dry and wet specimens.

(6) The anisomorphic CFL diagrams predicted for different moisture–temperature
conditions agree well with the CFL diagrams suggested by a limited amount of experi-
mental data. Accordingly, the S–N curves for the woven carbon/epoxy laminate that
were predicted using the anisomorphic CFL diagram are in good correlation with
the experiment S–N curves, regardless of water content, temperature, and stress ratio.
The good agreements between the predicted and observed results suggest that the
anisomorphic CFL diagram approach is a promising step in predicting fatigue lives of
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Figure 18. Predicted S–N relationships for wet specimens at HT.
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the woven carbon/epoxy laminate at different temperatures not only in a dry environ-
ment but also in a wet environment.
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