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Local fatigue behavior in tapered areas of large
o shore wind turbine blades

Seyed Aydin Raeis Hosseiny and Johnny Jakobsen
Department of Mechanical and Manufacturing Engineering, Aalborg University, Aalborg,
Denmark

E-mail: aydin@m-tech.aau.dk

Abstract. Thickness transitions in load carrying elements lead to improved geometries and
e cient material utilization. However, these transitions may introduce localized areas with high
stress concentrations and may act as crack initiators that could potentially cause delamination
and further catastrophic failure of an entire blade structure. The local strength degradation
under an ultimate static loading, subsequent to several years of fatigue, is predicted for an
o shore wind turbine blade. Fatigue failure indexes of di erent damage modes are calculated
using a sub-modeling approach. Multi axial stresses are accounted for using a developed failure
criterion with residual strengths instead of the virgin strengths. Damage initiation is predicted
by including available Wohler curve data of E-Glass fabrics and epoxy matrix into multi-axial
fatigue failure criteria. As a result of this study, proper knock-down factors for ply-drop e ects
in wind turbine blades under multi-axial static and fatigue loadings can be obtained.

1. Introduction
Damage tolerant design of composites attracts attention of industry, owing to signi cantly
reducing the maintenance costs in remote structures. O shore wind turbine blades are designed
to ful | high endurance limits with minimum repair requirements+. Improving the e ective
life-time of the blades requires special considerations in areas, where continuous degradation of
material characteristics due to high loading cycle is inevitable. Thickness transitions (ply-drops)
are critical failure areas, because of local stress concentrations. Failure at ply-drops is largely
dominated by interlaminar and transverse shear e ects in the matrix [1, 2]. The process of
failure can lead to ply delamination at relatively low applied strains under fatigue loading [3].
Among the current fatigue models in e ect, fatigue life model and residual strength or sti ness
models are formulated in macro-scale, while progressive damage model is de ned in micro-
scale [4, 5]. Progressive damage model is a computationally expensive method with inherent
complexities. Additionally, obtaining the experimental data for generating su ciently accurate
Wohler (S-N) curves and residual strength models is considerably time consuming [5]. A method
of reducing computational and experimental cost in fatigue life prediction of multi-directional
laminates through conducting experiments of di erent stress levels and geometries has been
established [6]. By constructing a relationship between fatigue life and stress level for each
stage, multi-axial damage index of a static strength failure criterion can predict the fatigue life
of a general stacking sequence and ply orientation [5]. A relationship between damage evolution
and remaining life of the composites, outlines the process of damage mechanism that would
take place in the course of ultimate fracture [7]. Despite the promising applications of these
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methods, they are mainly experimentally validated against constant amplitude tension fatigue
type problems.

A vast amount of damage mechanisms in composite materials, force designers to consider
the degraded sti ness and residual strength of blades, subjected to life-time fatigue in their
calculations. This is typically done through design codes, where suitable knock-down factors
are recommended. A new blade design has to ful Il its reliability under an extreme of a 20
years fatigue, followed by static loading to its ultimate limits. This particular loading scenario
has been considered as an example for the present study. Local strength degradation and onset
of damage in two selected ply-drop regions of the DTU 10 MW reference wind turbine [8]
has been investigated. The blade geometry is provided in the form of an ABAQUS [9] nite
element model with conventional layered shell elements ( gure 1). Homogeneous anisotropic
approximation of material properties are assigned to multidirectional laminates in the model,
for simplicity [10, 11]. Composite layup is de ned by partitioning the blade into 11 regions
circumferentially ( gure 2) and 100 regions radially [8]. The reference model considers the blade
body as a prismatic beam passing through de ned sections and does not consider the e ect of
tapering throughout the blade [8].

Figure 2. DTU 10 MW wind turbine blade
reference model composite layup de nition
along circumferential partitions.

Figure 1. DTU 10 MW wind turbine blade
reference model layup partitioning.

This study aims to determine the loss of strength in ply-drop areas in a wind turbine blade
structure, where material transition discontinuities, abrupt change in bending sti ness, and
singular inter-laminar stresses turn them into critical failure prone regions.

2. Methodology

Load combinations outcome have been provided in 27 cross sections along the reference blade,
in accordance with IEC 61400-1 Ed.3 [8]. The ultimate load case(1.3)! for maximum moment
resultant is the prominent design load case. Corresponding forces and moments are distributed
over nodal points in cross sections, through de ning coupled constraints with respect to nodal
distance from the elastic center ( gure 3). The resulted displacement eld is then applied
to a sub-model to investigate the local stress concentrations and damage onset in selected
thickness tapered regions as sub-models in ABAQUS ( gure 4). Sub-modeling provides ner
mesh resolution and use of di erent set and geometry of elements, while all essential and natural
boundary conditions from the main model are inherited over the desired area [13]. Conventional
layered shell elements are replaced with solid elements to model the geometrical variations and
obtain a local strain distribution in ply-drop areas, especially near the boundaries of the resin

1 Extreme turbulence model wind conditions with safety factor of 1.35, according to IEC 61400-1 Ed.3.
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Figure 3. DTU 10 MW o shore wind turbine blade reference model under
ultimate design load case(1.3), according to the Guideline approach [12] with
an inherent partial safety factor of 1.35 for ap-wise blade bending moment.

rich pocket area. Biaxial and triaxial laminae have been considered as an assembly of individual
uni-directional laminae with their corresponding directions, bonded together in interfaces. Large
displacements due to blade movements, have been carefully decoupled from internal displacement

eld. Linear elastic material properties for the constituent materials are mentioned in tables
1-4. Tensile, compressive, and shear strengths of the material that have not been reported in the
reference blade document [8] have been derived from the literature by matching the materials
elastic moduli [14] (tables 1 and 2).

Figure 4. Finite element sub-model
of ply-drop e ect, to study localized
stresses, leading to failure initiation.

Ply stacking of the sub-model which is a 1:10 tapered section of [[-45/0/+45]/0s/[+45/0/-
45]] to [[-45/0/+45]/0,]s ( gure 4), has to be considered under fatigue loading. Tension and
compression fatigue test results from equivalent sample of QQ12[3] of the same material with
very close mechanical properties is adopted in calculation of residual strength by means of tensile
and compressive stress to fatigue life curves in both ber and transverse directions ( gures 5
and 6).

2 Test specimen series of epoxy and glass ber with 53% ber volume with a similar layup to the numerical model
of the current study [3].
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Table 1. Mechanical properties of the epoxy matrix [8, 14].

Property Value Unit
Young’s modulus En, 4.0 GPa
Poisson’s ratio m 0.35 ..
Shear modulus Gy, 1.48 GPa
Mass density m 1140  kg/m?®
Tensile strength Ymt 0.075 GPa
Compressive strength Y, 0.150 GPa
Shear strength Sy 0.070 GPa

Table 2. Mechanical properties of E-glass bers [8, 14].

Property Value Unit
Longitudinal Young’s modulus E¢; 75.0 GPa
Transverse Young’s modulus E¢» 75.0 GPa
Major Poisson’s ratio 12 0.2
In-plane shear modulus Ggi» 31.25 GPa
Transverse shear modulus Ggas 31.25 GPa
Mass density ¢ 2550  kg/m®
Longitudinal tensile strength Xg¢ 2.150 GPa

Longitudinal Compressive strength X¢. 1.450 GPa

Table 3. Apparent mechanical properties of two uni-directional laminae [8].

Property Laminal Lamina2 Unit
Fiber volume fraction V¢ 0.50 0.55 e
Young’s modulus in ber direction E; 39.50 43.05 GPa
Young’s modulus in dir. transverse to dir.1 E; 12.10 13.43 GPa
In-planar shear modulus Gi» 4.54 5.05 GPa
Out-of-plane shear modulus Ga3 4.54 5.05 GPa
In-plane Poisson’s ratio 12 0.275 0.268
Out-of-plane Poisson’s ratio 23 0.333 0.330
Mass density 1845 1915 kg/m?

A set of modi ed Hashin-type damage criterion [15], capable of predicting di erent modes of
fatigue failure is employed to model the progressive fatigue damage in the sub model. In order to
excess the necessity of performing intensive test numbers, the material properties are considered
as function of number of cycles, stress states and stress ratios [6]. A residual strength approach,
which considers the material sti ness and strength as a function of time, predicts the remaining
fatigue life of a unidirectional ply under a multiaxial state of fatigue stress [6]. Di erent modes
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Table 4. Fiber orientation and apparent mechanical properties of the multi-directional plies

[8].

Multi-directional ply Uniax Biax Triax Unit
Fiber volume fraction V¢ 0.55 0.5 0.5
Unidirectional lamina Lamina2 Laminal Laminal

0 Dbers 95 0 30 %
90 bers 5 0 0 %
+45 bers 0 50 35 %

45  Dbers 0 50 35 %
Young’s modulus E; 41.63 13.92 21.79 GPa
Young’s modulus E» 14.93 13.92 14.67 GPa
Shear modulus Gi» 5.047 11.50 9.413 GPa
Poisson’s ratio 1> 0.241 0.533 0.478
In-plane shear modulus G¢12 31.25 GPa
Transverse shear modulus Gi3 = Ga3 5.05 4.54 4.54 GPa
Mass density 1915 1845 1845 kg/m?3
Longitudinal tensile failure strain ] 2.10 1.60 2.20 %
Longitudinal Compressive failure strain § 1.50 1.50 1.80 %

= 600 | ‘ S-N curve (R=0.1) g:: \\"\ ! SN curve (R=10)
Ezoo o E-zoo N“‘N‘n—\x\“_‘m
100 AT T Sul 100 R A
A——A—m
Figure 5. S-N curve for the laminate Figure 6. S-N curve for the laminate under
under di erent tensile fatigue states(R=0.1) di erent compressive fatigue states(R=10) for
for ber and transverse directions [3]. ber and transverse directions [3].

of fatigue failure initiation, propagation, and ultimate damage of a unidirectional ply under
uniaxial fatigue loading are calculated by the following criteria [6].
For Dber tension fatigue failure mode ( xx = 0), the criterion is:

Y 43 4 2 3 4
[ XX ]2 [ 2Exy(n; ;) 4 Xy ] [ 2Exz(N; ;) 4 Xz — g'2: (1)
- . - - . . +
Xe(m o) TSI L3 se ) Gy sk )

2Exy(n; ;) X

where X¢(n; 5 ), Sxy(n; 5 ), and Sxz(n; ; ) are the ber residual tensile, in-plane shear,
and out of plane shear fatigue strengths, Exy(n; ; ) and Ex,(n; ; ) are in-plane and out of
plane shear residual fatigue sti ness of a unidirectional ply under uniaxial fatigue loading, and
n, ; ,and account for number of cycles, stress state, stress ratio, and parameter of material
nonlinearity, respectively.
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For ber compression fatigue failure mode ( xx < 0), the criterion is:

[ XX

X ) )]=9§ )

where X¢(n; ; ) is the ber compressive residual fatigue strength of a unidirectional ply
under uniaxial fatigue loading.

For ber-matrix shearing fatigue failure mode ( xx < 0), the criterion is:

2
[T [Wﬂi 2 ] [2E<’+i r =gt ()
Xl i) A e shn ) syt Sk 1)
For matrix tension fatigue failure mode ( yy > 0), the criterion is:
¢+§ 4
2P +lga 2+ [ P=g}, @

B Sgy(n; ;) .o ] B
e 5 ) 2E:y(n; ;)+% Sgy(; ;) Syz(n; )

where Y¢(n; ; )and Sy,(n; ; ) are residual transverse tensile and out of plane shear fatigue
strengths of a unidirectional ply under uniaxial fatigue loading, respectively.

and nally for matrix compression fatigue mode ( yy <0), we can write:

>2<y 3 4

+
2Exy(n; ;) 4 Xy yz 2 _ 52
[P+ s 1+ — 1" = v ©)

where Yc(n; ; ) is the transverse compressive residual fatigue strength of a unidirectional
ply under uniaxial fatigue loading. In each of the equations 1 to 5, failure occurs when g value
on the right hand side of the criterion exceeds 1. This means that the material properties under
the increasing number of cycles decrease to a level that fail to withstand the applied stresses.

The residual strength in the material by the number of fatigue loadings cycles with random
stress ratio is formulated as [6]:

log(n) log(0:25)

log(Nr _Tog025)) | (Rs )+ 6)

R(n; ; )=[1 (

where Rg is static strength, N is the fatigue life at , and and are experimental curve
tting parameters.

A similar equation for the sti ness degradation by number of cycles is rearranged as [16]:

log(n) log(0:25)
log(N¢ log(0:25)

E(n; ; )= )T (B ="f)+ = )

where Eg is static sti ness, "¢ is average strain to failure, and and are experimental curve
tting parameters.
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3. Results and Discussion

Ply-drop con gurations have been modelled on two extreme stress concentration positions
throughout the cap sections on pressure and suction sides of the reference wind turbine blade.
The sub-model with continuum solid elements of quadratic order inherits the displacement eld
from the global model and shows the local distribution of di erent stress states around the
dropped thickness area ( gures 7 and 8). Average nodal stress components of elements with
high stress concentrations in the vicinity of resin pocket (table 5) are input in equations 1-5 to
calculate the failure index for each fatigue failure mode. Final failure mechanism and remaining
life is estimated by replacing the virgin static strengths in the criteria by residual static strength
of the material [17].

Table 5. Average stress values at points of stress for calculating the ber/matrix fatigue failure
index.

Stress component  suction side pressure side Unit

xx -83 224 MPa
Xy 27 7 MPa
Xz 12,6 -24.4 MPa
vy 313 -45 MPa
y2 2 -45 MPa
22 29.8 41.06 MPa

Figure 8. Interlaminar stress concentrations

Figure 7. Axial stress distribution in ply- about resin pocket edges in ply-drop area
drop sub-model under ultimate tensile loading within suction side of the cap section.

within pressure side of the cap section.

Residual strength and sti ness throughout the life-time of blade have been approximated by
curve- tting over existing Wohler curve data and equations 6-7. Residual strength has been
calculated in 20%, 60%, and 80% of the normalized fatigue life and introduced into the fatigue
failure criterions ( gure 9). Degradation of the material characteristics over the time, resembles
fatigue loading e ects and in uences each failure criterion in a particular way. Failure index
foremost hits the limits for delamination and ber tension fatigue in pressure side of the blade,
while matrix compression and delamination fatigue failure modes are prominent modes in suction
side. Fiber tension fatigue failure mode is observed to be more sensitive to the cyclic loading
with a more steep trend during the time. Other failure modes are almost constant during
80% of the life-time and increase abruptly throughout the last 20%. The method calculates an








