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Abstract

The effects of the shallow angle on the static strength and the fatigue life of the multi-directional glass fiber-reinforced

plastics for wind turbine blades were presented based on experimental results and predictions. The static tests and the

tension–tension fatigue tests under cyclic fatigue loads with a stress ratio of 0.1 were performed on bi-axial (BX, [��]),
tri-axial 1 (TA, [0/��2]), and tri-axial 2 (TX, [02/��]) laminates with ply angles � of 25�, 35�, and 45�. A multiscale

approach was applied to predict the static tensile and compressive strengths and the S–N curves of BX, TA, and

TX laminates based on the constituents: fiber, matrix, and interface. Three ply-based failure criteria (Hashin, Puck,

and Tsai–Wu) were also employed to predict the static strength and compare with the experimental results.

The predictions and the experimental results show that the tensile strength increases as � becomes shallower, while

laminates with a shallow ply angle of 35� showed similar or even lower compressive strengths, especially for TA and

TX laminates. The laminate fatigue life increases as � becomes shallower. The shallow angle effect on strength and fatigue

life is greater for BX than TA and TX laminates since the ply angle � plays a more important role in BX. By using the

multiscale approach, the shallow angle effect on the laminate static and fatigue behaviors were also explained based on

the ply stresses as well as the constitutive micro stresses.
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Introduction

Glass fiber-reinforced plastics (GFRP) have been
widely used for wind turbine blades due to their high
specific stiffness, high specific strength, and excellent
long-term durability.1 It is well known that bi-axial
(BX, [��]S), tri-axial 1 (TA, [0/��2]S), and tri-axial 2
(TX, [02/��]S) laminates play an important role in the
composite blades. As demand has increased for the
development of large-scale wind turbine blades for
the wind energy market, weight reduction of the blade
has become one of the most critical issues.2 One of
the solutions is to apply various combinations of con-
ventional 45� oriented plies and non-conventional plies
oriented at shallows angles of 35� and 25�. Hayat et al.3

studied the mass reduction of a 5MW wind turbine
blade with symmetric and asymmetric skins using com-
binations of conventional 45� and shallow angles such

as 25� and �5�. By using shallow angled skins, a thin-
ner spar cap was designed, and the total blade mass was
reduced up to 14%, meeting the design requirements.

A large number of studies have been conducted
to observe the effect of the fiber orientation on the
static and fatigue behaviors of the multi-directional
laminates. Rotem and Hashin4 performed experiments
on BX with different fiber angles for comparison with
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their proposed fatigue theory. Laminates with various
fiber angles of 30�, 35�, 41�, 45�, 49�, 55�, and 60� were
considered under the static tensile loading and the pure
tension fatigue loading with a stress ratio (R) of 0.1.
The fatigue behavior of BX with six fiber orientations
and four different widths for R¼ 0.05 was presented
by Kujawski.5 Plenty of experiments on [�] laminates
with six different � under static tensile and compressive
loadings as well as fatigue loadings of seven different
R-values have been performed by Kawai et al.6 to pro-
pose an anisomorphic constant life diagram (CLD) of
carbon/epoxy laminates. Philippidis and Vassilopoulos7

studied the effect of the fiber direction on the fatigue
life of the laminates under tension–compression
(R¼–1) loadings. Laminates with lay-up sequences of
[0/(�45)2/0] were selected, and four different types of
off-axis loading directions were considered to observe
the stiffness degradation for different off-axis angles.
Studies on the cross-ply laminates ([0/90]) with different
fatigue loading orientations were also presented pre-
viously.8,9 The composite technologies research group
at Montana State University has been working on the
fatigue behavior of fiber-reinforced plastics for the wind
turbine blades previously.10,11 It has been observed that
the fiber off-axis angles of the laminates are mostly the
conventional 45�, and no other fiber angle has been stu-
died by the Montana State University group.

A variety of methodologies have been used to
predict the static and the fatigue behaviors of the com-
posite laminates. The ply-based failure criteria (FC)
such as the Tsai and Wu,12 Hashin,13 and Puck14 FC,
have been widely used to predict the laminate static
strengths. Philippidis and Passipoularidis15 observed
the probabilistic distribution of the laminate residual
strength after fatigue, and proposed phenomenological
theories. Considerable amount of experimental efforts
were included to better predict the test data. Kawai
et al.16–20 proposed an anisomorphic CLD based on
experimental results, which can predict the fatigue
lives of various laminates for different stress ratios, tem-
peratures, and fiber orientations. However, it was
shown that a lot of experimental data should be
needed to construct the anisomorphic CLD. Miyano
et al.21–28 proposed a fatigue life prediction approach
named accelerated testing methodology (ATM), by
applying the time-temperature superposition principle
(TTSP), which is originally for temperature-dependent
elastic properties of linear viscoelastic materials, to
static, creep, and fatigue strengths of both polymeric
matrix and associated composites.

Most of above-mentioned conventional approaches
for predicting laminate strength and fatigue are either
ply- or laminate-based. It was shown that these models
require a lot of tests and complicated theories to deter-
mine the parameters which are costly in both money

and time. Recently, micromechanics of failure (MMF)
was proposed by Ha et al.29 and Huang et al.30 which
are based on the actual building block of composites,
i.e. fiber, matrix, and interface. This simple and generic
theory presented reasonable predictions compared with
the experimental results and the widely used ply-based
FC. Later on, a multiscale-based fatigue life prediction
methodology called MMFatigue was proposed.31,32

As an extension of MMF, MMFatigue includes theories
of the micromechanics and the constituent fatigue
models. Therefore, MMFatigue is able to predict indi-
vidual constituent fatigue failure in each ply in order to
predict the fatigue behavior of the laminate, and the
comparison between prediction and test data of various
laminates showed satisfactory agreement. MMF and
MMFatigue, which are multiscale-based approaches,
provide the effective methodologies to predict the lamin-
ate mechanical behavior by minimizing the number of
required experiments for determining parameters.

As the design of light large-scale blades using shal-
low angled laminates draws an increasing amount of
attention, it has become necessary to have a compre-
hensive summary of the effects of shallow angles on the
mechanical behavior of the bi-axial and tri-axial lamin-
ates. This paper presents the effects of shallow angles
on the static strengths and the fatigue lives of the
bi-axial and tri-axial laminates based on predictions
and test results. The static tensile and compressive
tests were performed for BX�, TA�, and TX� laminates
with three different values of �: the conventional 45� as
well as shallow angles of 35� and 25�. The tension–
tension fatigue tests under the cyclic fatigue loads
with a stress ratio of 0.1 were performed to measure
the S–N curves. A multiscale approach29–32 was applied to
predict the static strengths and the S–N curves of BX, TA,
and TX laminates. Three ply-based FC, the Hashin, Puck,
and Tsai–Wu, were also employed to predict the static
strength in order to compare with the experimental results.
Based on the multiscale approach, the shallow angle effects
on laminate strengths and fatigue lives were explained in
terms of the ply stresses and the constitutive stresses.

Methods

Strength prediction using ply-based failure criteria

In order to predict the laminate static strength, three
commonly used ply-based failure criteria, the Tsai–Wu,
Hashin, and Puck, were employed in combination
with progressive damage models. By using these FC,
the damage initiation for each ply was evaluated and
the laminate strength was predicted using the first ply
failure (FPF). The progressive damage models were
used to degrade the damaged ply stiffness to predict
the laminate strength based on the last ply failure
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(LPF). The commercial finite element analysis (FEA)
tool Abaqus33 was employed for the static strength pre-
diction using the Hashin FC and the energy dissipation-
based progressive damage model. The Tsai–Wu and
Puck FC were implemented using Microsoft Excel
software. After the first ply failure initiation based on
Tsai–Wu and Puck, it was assumed that the failed ply
stiffness and Poisson’s ratio were decreased to 10%
of the original intact values to perform the progressive
failure of the laminates. The predicted results were also
compared with the test data to verify the accuracy of
the failure criteria and the progressive damage models.

Multiscale approach for static strength
prediction: MMF

A micromechanics-based multiscale approach named
MMF29,30 is applied to predict the laminate static strength
based its three constituents: fiber, matrix, and interface.

Micromechanics to calculate constituent micro stresses. In
order to calculate the micro stresses from the macro
stresses applied to the ply, three regular arrays of micro-
mechanical unit cell models were introduced in MMF

r ¼M �rþ A�T ð1Þ

where r, �r, and �T represent the tensorial form of the
micro stresses, macro stresses, temperature increments,
respectively. The M (6� 6 matrix) is called the stress
amplification factor (SAF) for the macro stresses and A

(6� 1 matrix) is the stress amplification factor for the
temperature increment. In this paper, the hexagonal
unit cell model was used since it shows the most rea-
sonable micro stress distributions comparing to the
random fiber arrays.34

Failure criterion for each constituent. After the micro stres-
ses were calculated, the constitutive failure criteria were
applied to predict the failure of each constituent. For
fiber, a maximum longitudinal stress failure criterion
was employed

�f1 � Tf OR �f1 � �Cf ð2Þ

where Tf and Cf are fiber longitudinal tensile and com-
pressive strength, respectively, and �f1 is the micro stress
component in the fiber along the longitudinal direction.

For the matrix, the Stassi failure criterion35 was used

�2VM
CmTm

þ
1

Tm
�

1

Cm

� �
I1 � 1 ð3Þ

where �VM and I1 are the von Mises equivalent stress and
the first stress invariant of the micro stresses at a point

within the matrix, respectively. Tm and Cm denote the
tensile and compressive strengths of matrix, respectively.

For the interface, a quadractic failure criterion was
used in MMF

�nh i

Yn

� �2

þ
�

Ys

� �2

� 1 ð4Þ

where �n, �, Yn, and Ys are interfacial normal traction,
shear traction, normal strength, and shear strength,
respectively. The Macauley brackets ‘< >‘ mean that
normal stress will contribute to failure only when it is
positive.

Laminate strength prediction based on first constituent failure

and last constituent failure. By using the constituent fail-
ure criteria, the constitutive failure can be predicted and
the laminate strength can be estimated based on the
first constituent failure (FCF). After FCF, the failed
constituent stiffnesses are degraded and the ply and
laminate stiffnesses are also degraded accordingly.
The ply stresses and the micro stresses are then redis-
tributed causing further constituent failure, and the
laminate strength can be predicted based on last con-
stituent failure (LCF).

Multiscale approach for fatigue life prediction:
MMFatigue

As the extension of MMF, MMFatigue31 includes
theories of the micromechanics and the constitutive
fatigue models to predict the fatigue damage of each
constituent, and the damage accumulations as well
as the progressive failure to predict the laminate
fatigue life.

Equivalent stress model for multi-axial stresses. The equiva-
lent stress models are introduced to replace the multi-
axial time-varying micro stresses by one equivalent
stress component. For fiber, the longitudinal stress
component is taken as the equivalent stress

�eq,f tð Þ ¼ �f1 tð Þ ð5Þ

In case of matrix, the equivalent mean stress and the
stress amplitude are derived from equation (3), with
some modifications such that the equivalent stresses
are equal to the actual stress components under the
uniaxial loading case32

�mean
eq ¼ sgn Imean

1

� �
�� 1ð Þ Imean

1

�� ��
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�� 1ð Þ

2 Imean
1

� �2
þ4� �mean

VM

� �2q
8<
:

9=
;

2�
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�amp
eq ¼

�� 1ð ÞIamp
1 þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�� 1ð Þ

2 Iamp
1

� �2
þ4� �amp

VM

� �2q
2�

ð6Þ

where

sgn Imean
1

� �
¼

1 Imean
1 � 0

� �
�1 Imean

1 5 0
� �

(
ð7Þ

Here, � is the ratio between Cm and Tm.
For interface, a critical plane model is applied

�eq,i tð Þ ¼ sgn �nh i, �ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�nh i

2þ ki�ð Þ
2

q
ð8Þ

where the function sgn(<�n>, �) is the sign of the one
component between <�n> and � which has the greater
absolute value. The material constant ki is generally taken
as the ratio of fatigue limit under completely reserved
bending and torsional S–N curves. In MMFatigue, it is
assumed that ki is the ratio of Yn and Ys.

Constant life diagram for mean stress effect. After obtaining
the equivalent mean stress and the stress amplitude, the
effective stress is introduced to consider the mean stress
effect. A constant life diagram (CLD) model consider-
ing the creep effect is proposed for each constituent36,37

�eff ¼
2Tc T, tfð Þ�amp

Tc T, tfð Þ þ Cc T, tfð Þ½ �

� 2�mean � Tc T, tfð Þ � Cc T, tfð Þ½ �
�� ��

( )

�eff ¼ b Tð ÞN
� 1

m Tð Þ

f

8>>>>><
>>>>>:

ð9Þ

where �eff is the effective stress including the effect of
the mean stress. Tc and Cc represent the tensile and
compressive creep strengths, which are function the
temperature T and the time to failure tf. Specially, in
case of the interface, Tc denotes interfacial normal
creep strength Yn,c, and Cc denotes the shear creep
strength Ys,c. Nf, b, and m are the number of cycles
to failure, and the magnitude and slope parameters of
the effective S–N curve, respectively. The kinetic theory
of fracture is used in MMFatigue to calculate the creep
strength of the CLD model

tf¼
h

kT
exp

U� �Tc

kT

� �
ð10Þ

where h, k, U, and � are Planck constant, Boltzmann
constant, activation energy, and activation volume of
the material, respectively.

Based on the CLD and the kinetic theory, the con-
stitutive fatigue life Nf can be predicted using the effect-
ive S–N curve measured from the experiment.

Fatigue damage accumulation and progressive failure. After
calculating the Nf for each constituent, the accumulated
damage was then calculated by using the Miner’s rule

D ¼
X
j

nj
Nf,j

ð11Þ

where nj and Nf,j are the number of cycles applied and
the number of cycles to failure under j-th loading,
respectively. When D reaches 1, the constituent failure
occurs and the laminate fatigue life is estimated based
on the FCF. After FCF, similarly to the method used in
MMF, the stiffness degradation of the constituent, ply,
and laminate is performed and the final fatigue failure
of the laminate is achieved when the laminate stiffness
degradation reaches 50%,38,39 and the fatigue life can
be predicted based on LCF.

Experiment

Materials

Three types of the non-crimp fabric (NCF) laminates
are used in this study: bi-axial (BX, [��]), tri-axial 1
(TA, [0/��2]), and tri-axial 2 (TX, [02/��]) with
values of �¼ 25�, 35�, and 45�. It is noticed that the
TA has only 20% of 0� ply while TX has 50% of 0�

ply in terms of the volume fraction. The BX and TX
NCFs have an areal weight of 1200 g/m2, and the TA
NCF has an areal weight of 750 g/m2, all provided by
the Chomarat Group, with the Advantex E-glass fiber
with the sizing of SE1500 from 3B Company. An epoxy
resin system from Momentive Specialty Chemicals
EPIKOTETM was used: resin MGS� RIMR 135 and
curing agent MGS� RIMH 137 in a mixing ratio of
100:30 by weight.

Specimen fabrications and test methods

All of the NCF composite panels were fabricated using
vacuum assisted resin infusion. The specimen fabrica-
tion procedures are explained in Figure 1. A wood plate
with dimensions of 500mm� 500mm with fine outer
surfaces was used as a base tool for the infusion pro-
cess. The release agent was applied to the top of the
clean base plate and allowed to dry for half hour.
Double-backed vacuum tape was applied near the
edges of the base plate. One peel ply, the NCF
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preforms, another one peel ply, and one resin infusion
mesh were then placed in sequence. Inlet and outlet
connectors and spiral tubes were placed at specific loca-
tions, and a vacuum bag was then attached to the whole
infusion setup. The inlet and outlet vacuum tubes were
connected to the vacuum pump to create a vacuum of –
0.9 bar. After mixing the resin system according to the
mixing ratio, it was degassed in a vacuum chamber at a
vacuum of –1.0 bar in order to remove the air bubbles,
and then the infusion was carried out. The resin trap
was used as a reservoir for extra resin that came out
with the air bubbles from the base plate. After the infu-
sion, the base plate was placed in the curing oven for
18 h at 60�C. The cured composite panel was then cut
into small panels using a diamond saw cutter. The tabs
were then attached to the panels and then the specimens
were cut. The edges of the test specimens were polished
using sandpaper. The dimensions of the test specimens
are shown in Figure 2. The fiber volume fraction was
(Vf) measured based on the ASTM D792,40 and range
of Vf was 0.48 to 0.53.

Static tensile tests were performed according to
ASTM D3039.41 The in-house developed multifunc-
tional horizontal electro-serve test machines were used
for the tensile tests. A constant speed of 1mm/min was
applied to the composite specimens. Static compressive
tests were performed based on ASTM D3410.42

An MTS LandmarkTM 370.10 servo-hydraulic test
machine was used for static compressive tests. A con-
stant speed of �1mm/min was applied to the composite
specimens. The fatigue tests were performed based on
ASTM D3479.43 T–T fatigue loadings with R¼ 0.1 and
frequency¼ 1 Hz were applied in the fatigue tests.
All the tests were run at room temperature, which is
approximately 25�C.

Figure 1. Specimen fabrication using resin infusion.

Figure 2. Dimensions of test specimens.
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Results and discussions

Shallow angle effect on static strengths of BX,
TA, TX

Variation of ply stresses with respect to ply angles. Table 1
presents the ply material properties used for the lamin-
ate strength prediction. These values were based on our

own testing and test data provided by the 3B company.
The parameters for the Puck failure criterion were
referred to Puck and Schürmann,14 and the parameters
for the progressive damage model were determined
based on Camanho and Dávila.44

Table 2 shows the constitutive properties for
strength and life prediction of laminates using MMF
and MMFatigue. Matrix properties were obtained
based on the pure resin tests, and the fiber properties
were indirectly measured from the composites previ-
ously.32 The single fiber fragmentation test (SFFT)45

was performed to measure the interfacial shear
strength. The interfacial normal strength and the fati-
gue parameters were back-calculated from the compos-
ite laminates.

Before showing the results of the static strengths, the
ply stresses with respect to the ply angles are studied, as
shown in the Figures 3 to 5. Each ply stress is normal-
ized by corresponding ply strength, and each ply
strength is normalized by the longitudinal tensile
strength (X). The reason of using the normalized ply
stresses and the normalized ply strengths is to observe
which stress component is critical to the ply failure.

The shear stress (�s) is dominant for BX, as shown in
Figure 3. �s decreases when � changes from 45� to 25�,
which means that BX with a shallower angle is capable
of supporting more tensile or compressive loads.

Table 1. Ply properties for laminate strength prediction.

Type Explanation Symbol Value

Stiffness and Poisson’s ratio longitudinal Ex 40.0 GPa

transverse Ey 10.1 GPa

shear Es 3.1 GPa

Poisson’s ratio vxy 0.27

Strength longitudinal tensile X 901.3 MPa

longitudinal compressive X’ 656.6 MPa

transverse tensile Y 50.3 MPa

transverse compressive Y’ 126.2 MPa

shear S 57.5 MPa

Puck

failure criterion

fiber stiffness Ef1 82 GPa

fiber Poisson’s ratio nf12 0.3

stress magnification factor m�f 1.3

slope of the fracture envelope for normal

stress>0 at normal stress¼ 0

P
ðþÞ

?k 0.3

slope of the fracture envelope for normal

stress<0 at normal stress¼ 0

P
ð�Þ

?k 0.25

Hashin progressive damage

model

longitudinal tensile fracture energy Gft 1.1E7 J

longitudinal compressive fracture energy Gfc 5.9E6 J

transverse tensile fracture energy Gmt 1.4E5 J

transverse compressive fracture energy Gmc 8.7E5 J

Table 2. Constitutive properties for laminate strength and life

predictions.

Explanation Symbol

Constituent properties

Fiber Matrix Interface

Young’s modulus E (GPa) 74 3.0 –

Shear modulus G (GPa) 30.8 1.24 –

Poisson’s ratio v (�) 0.2 0.35 –

Tensile strength T (MPa) 1890 68.3 –

Compression

strength

C (MPa) 1280 85.6 –

Normal strength Yn (MPa) – – 110.5

Shear strength Ys (MPa) – – 62.7

S–N curve slope m (–) 6.245 4.747 7.5

Fatigue strength b0 (MPa) 2758.1 186.1 159.2

Activation energy U0 (J) 1.16e-18 2.78e-19 2.65e-19

Activation volume W (m3) 5.49e-28 1.50e-27 2.01e-27
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In case of the TA and TX laminates, the variations
of ply stresses at � ply have similar trends as BX, as
shown in Figures 4 and 5. At 0� ply, the longitudinal
stress (�x) and the transverse stress (�y) are critical fac-
tors. Under the tensile loading, �x and �y decrease with
the shallower angle when � ranges between 25� and 45�.
However, �x decreases but �y increases under the com-
pressive loads. It is noted that the 0� ply is subject to
transverse tensile load of which direction the ply
strength is very low. It is observed in Figures 4(b-2)
and 5(b-2) that �y at 0� is similar for �¼ 35� and
�¼ 45�. One of the reasons can be the effect of the �
on the Poisson’s ratio (v12) of the TA or TX laminate.

As shown in the Figure 6, when � is smaller than 65�,
v12 is larger than the one when � is equal to 0�, which
indicates that v12 of the 0

� ply is smaller than that of �
ply, such that 0� ply is forced to extend transversely.
This requires a transverse tensile load to occur at 0� ply
that is critical to 0� ply failure. It is found in the figure
that v12 of TX35 is larger than that of TX45. Therefore,
more transverse tensile stress will occur for 0� ply of
TX35. A similar trend was also found in Hoppel and
De Teresa.46

Shallow angle effect on static strengths of BX, TA, TX. The
static tensile strengths XT of BX, TA, and TX were
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Figure 4. Normalized ply stresses of TA at (a-1) � ply under tension, (a-2) 0� ply under tension, (b-1) � ply under compression, and

(b-2) 0� ply under compression.
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measured and predicted, as summarized in Figure 7.
The dots represent the test data, and for the ply-
based predictions, the dotted lines and the full lines
represent the predictions according to the FPF and
LPF, respectively. For the MMF predictions, the
dotted lines and the full lines represent the predictions
according to the FCF and the LCF, respectively.

For the BX laminates, the predicted XT values based
on the FPF (or FCF) and LPF (or LCF) are the same,
while the XT values of the TA or TX laminates based
on the FPF (or FCF) and LPF (or LCF) are different.
The difference between an FPF(or FCF)-based predic-
tion and an LPF(or LCF)-based prediction becomes
larger as the volume fraction of the 0� ply gets larger
because more 0� plies are capable of withstanding more
external loads after the initial failure of the angled plies.

Based on the predictions, the failure modes of the
laminates can also be clarified. The ply-based predic-
tions indicate that the FPF is due to � ply and the LPF
is due to 0� ply, and MMF predicts that FCF is due to
interface or matrix at � ply and LCF is due to fiber at 0�

ply. Previously, it was observed in Figures 3 to 5 that at
� ply the shear stress is critical, and at 0� ply longitu-
dinal stress is critical in the ply failure. It is well known
that the ply shear stress causes the matrix or interface
failure and the ply longitudinal stress relates the fiber
failure. Therefore, the failure modes from ply-based
predictions and MMF predictions coincide.

It is reasonable that the test results are closer to the
LPF-based and LCF-based predictions, and they are in
acceptable agreements. Both test results and predictions
show a similar trend that shallower angles improve XT

significantly. For example, compared with the BX45
laminates, XT can more than double for BX25, and
more than 40% increase of XT can be obtained when
� of 35� is used. In case of the TA laminates, XT is
increased by over 50% from TA45 to TA25 and by
over 10% from TA45 to TA35. XT of TX25 is about
over 20% larger than that of TX45, and XT of TX35
increases approximately 10% as compared to that of
TX45. The increase in XT is more obvious for BX
than TA and TX, since there is no 0� ply in BX and
the effect of the shallow angle is more critical.

The shallow angle effects on the static compres-
sive strength XC are shown in Figure 8. The failure
modes of the laminates under the compression are

-1

0

1

2

3

4

5

6

7

8
(a-1) (a-2)

(b-1) (b-2)

0 10 20 30 40 50 60 70 80 90 θ (°°)

xσsσ
yσ

-1

0

1

2

3

4

5

6

7

8

0 10 20 30 40 50 60 70 80 90 θ (°)

xσ

yσ
sσ

-4

-3

-2

-1

0

1

2

3

4

0 10 20 30 40 50 60 70 80 90 θ (°)

xσsσ
yσ

-4

-3

-2

-1

0

1

2

3

4

0 10 20 30 40 50 60 70 80 90θ (°)

xσ

yσ
sσ

Figure 5. Normalized ply stresses of TX at (a-1) � ply under tension, (a-2) 0� ply under tension load, (b-1) � ply under compression,

and (b-2) 0� ply under compression.

0

0.1

0.2

0.3

0.4

0.5

0.6

0 10 20 30 40 50 60 70 80 90 θ( )°

12ν

Figure 6. Poisson’s ratio of TX laminate.

2556 Journal of Composite Materials 51(18)



different from the case under the tensile loads. Tsai–Wu
predict that the FPF is due to 0� ply, while Puck and
Hahsin’s predictions indicate that the FPF is due to �
ply. MMF predicts that FCF is due to interface or
matrix at � ply except for TX25 which FCF is due to
fiber at 0� ply.

Compared with tensile strength, the shallow angle
provides less effect on the compressive strength. Based
on the test results, XC of BX25 is over 70% larger than
that of BX45, and BX35 has a 55% higher XC than
BX45. A similar trend is observed for TA and TX.
For example, in the case of TX laminates, XC is
increased by 10% for a 25� angle as compared to 45�.
No increase of XC can be observed for TX when 35� is
used. The test results show that XC of TX35 is even
lower than that of TX45. The same conclusion was
found and the reasons are explained in Shirazi and
Varvani-Farahani.39 One of the main reasons is the
Poission’s effect producing transverse tensile stress at
the 0� ply, as previously explained in Figure 6.

Shallow angle effect on fatigue life of BX, TA, TX

Shallow angle effect on S–N curves of BX, TA, TX. Figure 9
shows the S–N curves of BX, TA, and TX laminates.
The fatigue stress is expressed in terms of the maximum
stress �max, while the fatigue life is presented in terms of
the number of cycles in log scale. The red, green, and
blue corresponds to the results when � is equal to 25�,
35�, and 45�, respectively. The dots represent the test
results while the dotted and full lines represent the
MMFatigue predictions based on FCF and LCF,
respectively.

Generally, the predictions and the test results are
in acceptable agreements in most cases, and they
show similar trend that a shallower angle provides a
longer laminate fatigue life under the tension–tension
fatigue loads.

Similarly to the case of the static strength, the FCF-
based and LCF-based predictions of the BX laminates
are exactly the same because there is only þ� (or –�)
ply. For TA laminates in case of TA35 and TA45, the
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FCF-based and LCF-based S–N curves are almost the
same indicating that the 0� ply does not contribute to
the laminate failure. This is because, based on the
MMFatigue prediction, after the failure of � ply, the
laminate stiffness in the longitudinal direction is
degraded enough to satisfy the failure prediction (i.e.
laminate stiffness degradation is more than 50%) and
no further progressive failure is necessary. However, a
slight difference between FCF-based and LCF-based
S–N curves were found for TA25 meaning that after
the � ply failure the 0� ply also contributes to the lamin-
ate failure. The difference between FCF-based and
LCF-based predictions is mainly due to the fiber at
the 0� ply, and it becomes more observable for TX
laminate than for TA laminates due to the larger
volume fraction of 0� ply.

The shallow angle effect on the laminate fatigue life
is observed in Figure 9. Compared with the 45�, a shal-
low angle of 25� provides much longer fatigue life. For

example, in case of the BX laminate, and when �max is
78MPa, fatigue life of BX25 is 457 times of BX45, and
�max is 56MPa, fatigue life of BX25 is 339 times of
BX45. For the TX laminate, due to the 50% volume
fraction of the �� ply, the shallow angle of 25� does not
improve fatigue as much as the case of BX, but it still
increases the fatigue life in a large amount compared
with the 45�. For example, when �max is 325MPa, fati-
gue life of TX25 is 25 times of TX45, and when �max is
232MPa, fatigue life of TX25 is 9 times of TX45.
Compared with the 25�, less improvements in the fati-
gue life were observed when �¼ 35� is used. In case of
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Figure 10. Shallow angle effect on constitutive effective stres-

ses of BX at [�] ply: (a) matrix, (b) interface.
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Figure 12. Shallow angle effect on constitutive effective stres-

ses of TA at (a) matrix of [�] ply before [�] ply failure, (b)

interface of [�] ply before [�] ply failure, and (c) fiber of [0] ply

after [�] ply failure.

Figure 14. Shallow angle effect on constitutive effective

stresses of TX at (a) matrix of [�] ply before [�] ply failure,

(b) interface of [�] ply before [�] ply failure, and (c) fiber of [0] ply

after [�] ply failure.
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the BX and the TA laminates, the failures are mainly
due to � ply, so it is important to understand the vari-
ation of matrix and interface stresses at � ply with
respect to �. For TX, since the portion of 0� ply is
50%, it may be more important to observe the variation
of the fiber stress at the 0� ply.

Explaining shallow angle effect on laminate fatigue life using

constitutive effective stress. In order to explain the shallow
angle effect of the laminates fatigue lives, the constitu-
tive effective stresses were calculated. Three different
fatigue load cases were selected for each BX, TA, and
TX laminate, and the variation of the constitutive
micro stresses and the laminate fatigue lives with
respect to � were plotted.

The effective stresses of the matrix (�m,eff) and inter-
face (�i,eff) of BX laminates are shown in Figure 10.
As � becomes shallower, �m,eff and �i,eff decrease.
Based on the calculated �m,eff and �i,eff, the constitutive
fatigue damages were determined and the laminate fati-
gue lives were predicted, as shown in Figure 11. Due to
the decrease of constituent effective stresses, the BX
fatigue life increases when � becomes smaller.

The case of the TA laminates is more complicated
than BX since there is the 0� ply except the � ply.
Considering that the fraction of � ply is 80% and 0�

ply is only 20%, the matrix or interface failure at � ply
is dominant while the fiber at the 0� ply may contribute
to the failure of the TA laminate.

Figure 12 shows the constitutive effective stresses
at the � ply of the TA laminate, and the redistributed
fiber effective stresses at the 0� ply after � ply failure.
Obvious decreases of micro stresses were observed as �
becomes shallower.

Figure 13 presents the fatigue life of the TA lamin-
ates under three different fatigue load level. Due to the
less constituent effective stresses, TA with a shallower
angle has a longer fatigue life.

In case of the TX laminate, since 0� ply possesses
50% volume fraction of the TX, the laminate failure
is dominated by the failure of the fiber at 0� ply. The
constitutive effective stresses under three different fati-
gue loads are shown in Figure 14. It is observed that the
fiber stress decreases as � becomes shallower causing a
longer TX fatigue life. Compared with the case of BX
and TA, shallow angle effect is less for TX.

Conclusions

The effects of shallow angles on static strengths and
fatigue lives of BX ([��]S), TA([0/��2]S) and TX ([02/
��]S), which are typical laminates for wind turbine
blades, were evaluated based on experiments and
predictions.

Static tensile and compressive tests were performed
to measure the laminate strengths, and tension–tension
fatigue tests for R¼ 0.1 were performed to measure the
S–N curves. Three ply-based failure criteria, the
Hashin, Puck, and Tsai–Wu, and a micromechanics-
based theory named MMF were applied to predict
the static strength. A multiscale-based life prediction
methodology called MMFatigue was used to predict
and micromechanically explain the laminate S–N
curves.

For the static strength, both the predictions and
the experimental results show the same trend: the ten-
sile strength increases as � becomes shallower, while
laminates with a shallow ply angle of 35� showed simi-
lar or even lower compressive strengths, especially for
TA and TX laminates. One of the reasons for low com-
pressive strengths of TA35 and TX35 is the transverse
stress at the � ply caused by the Poisson’s effect.

In case of the fatigue life, the predicted S–N curves
and the experimental results are in acceptable agree-
ments. Compared with 45�, the shallow angles of 25�

and 35� provide much longer laminate fatigue life for
BX and TA laminates, while the shallow angle effects
on the fatigue life becomes less for TA and TX. The
effect of the shallow angle on the laminate fatigue life
was explained using the constitutive effective stresses.
For the BX laminates, the failure mode is either matrix
or interface, and both interface and matrix effective
stresses decrease as � decreases. In case of the TA
laminates, the volume fraction of the 0� ply is only
20% and the laminate failure is also dominated by
the matrix and the interface at the � ply. The effective
stresses at the matrix and the interface decrease for a
shallow angle causing the longest fatigue life. For the
TX laminates, the volume fraction of the 0� ply is 50%
and the laminate failure is mostly determined by the
fibers at the 0� ply. A shallow ply angle provides a
less fiber effective stress and consequently a longer
TX fatigue life.
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Appendix 1. Stress–strain curves of BX,
TA, and TX

The tensile stress–strain curves and compressive stress–
strain curves of BX, TA, and TX laminates are shown
in Figures A1 and A2, respectively.

In order to verify the accuracy of the predictions,
the tensile test of TA25 laminate and the compressive
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Figure A2. Compressive stress-strain curves: (a) BX, (b) TA,

and (c) TX.
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Figure A1. Tensile stress–strain curves: (a) BX, (b) TA, and (c) TX.
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test of TX45 laminate were selected for stress–strain
curves. The strains were measured using strain gauges.
The stiffness of TA25 is 28.8GPa from the test and is
28.4GPa from the prediction using classical laminate
theory (CLT), while for the TX45, the laminate test
results give a stiffness of 25.6GPa while CLT predicts
26.7GPa. The average XT of TA25 from the experiment
is 452MPa, while the predicted values are 435MPa,
444MPa, and 522MPa based on the Hashin, Tsai–Wu,
and Puck failure criteria, respectively. The test data give
an average XC of 381MPa for TX45, while the Hashin,
Tsai–Wu, and Puck failure criteria predict 395MPa,
275MPa, and 396MPa for the XC, respectively.
Compared with the test data, the predicted stiffness and
strength are in acceptable ranges.

Obviously, different failure criteria give different pre-
dictions of the static strengths. There is no general

trend of the predicted strengths from different failure
criteria. For example, the Tsai–Wu and Hashin failure
criteria predict similar XT, and the Puck criterion pre-
dicts the largest XT. However, for the compressive case,
the Puck and Hashin failure criteria predict similar XC,
and Tsai–Wu gives the lowest XC out of the three cri-
teria, which is in agreement with the trend found in
Shirazi and Varvani-Farahani.39

The strength predictions based on FPF and LPF can
also be observed from the stress–strain curves. For BX
laminate, since there is only � (or –�) ply, the strengths
based on FPF and LPF are obviously the same.
However, for TA and TX, after the FPF, the stiffnesses
of failed plies are reduced, but other intact plies can still
support the load, so the applied loading continues to
increase up to the LPF.
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