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Abstract. Full-scale structural tests enable us to monitor the mechanical response of the blades under various
loading scenarios. Yet, these tests must be accompanied by numerical simulations so that the physical basis of the
progressive damage development can be better interpreted and understood. In this work, finite element analysis
is utilized to investigate the strength characteristics of an existing 5m RUZGEM composite wind turbine blade
under extreme flapwise, edgewise and combined flapwise plus edgewise loading conditions. For this purpose,
in addition to a linear buckling analysis, Puck’s (2D) physically based phenomenological model is used for
the progressive damage analysis of the blade. The 5 m RUZGEM blade is found to exhibit sufficient resistance
against buckling. However, Puck’s damage model indicates that laminate failure plays a major role in the ultimate
blade failure. Under extreme flapwise and combined load cases, the internal flange at the leading edge and the
trailing edge are identified as the main damaged regions. Under edgewise loading, the leading edge close to the
root is the failure region. When extreme load case is applied as a combination of edgewise and flapwise loading

cases, less damage is observed compared to the pure flapwise loading case.

1 Introduction

As fundamental eco-friendly renewable energy resources,
wind turbines are designed to operate over a lifespan of
20 years. According to Holmes et al. (2007), the long-term
structural reliability of wind turbine components is vital
when the high cost of manufacturing, inspection and repair,
especially for turbines located in remote regions, is consid-
ered. Composite blades are among the most critical compo-
nents of a wind turbine, which are subjected to complex load-
ing conditions. A rotor blade failure can have a significant
impact on turbine downtime and safety. In order to assure
sufficient mechanical resistance, structural testing and anal-
ysis must be conducted. However, structural testing meth-
ods, such as full-scale testing of the blade, are expensive and
troublesome due to the construction of a test setup. For a bet-
ter understanding and interpretation of the progressive dam-
age development, tests need to be accompanied by numerical
analysis methods (Chen et al., 2017). Moreover, structural

analyses are utilized to calibrate structural blade test set-ups
for different loading conditions.

In the literature, many studies on the structural behavior
of composite turbine blades have been published in the past
2 decades with most of the studies conducted for large wind
turbine blades. Jensen et al. (2006) carried out full-scale tests
and nonlinear finite element (FE) simulations of a 34 m com-
posite wind turbine blade under flapwise loading. In both the
tests and the simulations, they noted that the spar cap (suc-
tion side) deflected nonlinearly and observed cross-sectional
ovalization, i.e., the Brazier effect, arguing that the Brazier
effect is the main reason for the blade collapse. Overgaard
et al. (2010) reported on testing and numerical analysis of
the collapse of a 25 m composite wind turbine blade sub-
jected to static flapwise loading. In the study, in contrast to
Jensen et al. (2006), the main failure mechanism which leads
to blade collapse is argued to be delamination and its inter-
action with local buckling. It is stated that nonlinear strain
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behavior, i.e., local buckling, is triggered by geometrical im-
perfections. According to Overgaard et al. (2010) delamina-
tion and local buckling occur prior to the Brazier effect ob-
served in spar caps. Once the blade is weakened by the afore-
mentioned failure mechanisms, the blade collapses due to the
compressive strains in fiber directions.

Yang et al. (2013) investigated the structural collapse of a
40 m blade and based on full-scale test results showed that
aerodynamic shell debonding was the root cause of rotor
blade collapse. Kim et al. (2014) studied the structural re-
sponse of a multi-MW class wind turbine blade using Puck’s
3D damage model and linear buckling analysis. According to
the results, the blade shows sufficient structural strength and
resistance against buckling. When laminate failure is of con-
cern, the major weak point of the blade is located in the skin
at the maximum chord. In another study, Chen et al. (2014)
conducted a full-scale bending test of a 52.3 m wind turbine
blade. Delamination in the spar cap and shear web failure
in the root transition region were found to be the main fail-
ure mechanisms for the blade collapse. Local buckling con-
tributed to the main failure mechanism by facilitating lo-
cal out-of-plane deformation. They conclude that for large
blades, through-the-thickness stresses which cause debond-
ing and delamination at the blade root transition region need
to be considered in the finite element analysis (FEA). In the
follow-up study, Chen et al. (2017) stated that 3D stresses
and strains are important in the failure of a 52.3 m blade and
recommended the use of solid elements in the FE simula-
tion when debonding failure is of concern. The Yeh—Stratton
failure criterion and 3D strains were used to calculate delam-
ination and debonding failures in the blade utilizing submod-
eling technique.

Haselbach and Branner (2016) discuss the initiation and
development of trailing edge failure in the full-scale test
of a 34 m wind turbine blade. They highlight the influence
of buckling on the damage onset in the trailing edge and
sandwich panel failure. As a further outcome of the study,
they show that a modeling technique utilizing a fracture me-
chanics approach for the failure in the trailing edge delivers
good agreement with experiments. Later, Haselbach (2017)
investigated different trailing edge modeling methods in his
work. He analyzed the trailing edge failure under edgewise
and combined loading conditions. He concluded that mod-
eling the adhesive bonding in the trailing edge with solid
brick elements and connecting them to the shell elements
of the skin with multipoint constraints (MPCs) shows the
best agreement with experiments. Recently, Noever Caste-
los and Balzani (2016) studied the effect of geometric non-
linearities on the fatigue analysis of the trailing edge bond-
ing in wind turbine blades. They point out that the super-
position of stresses for the fatigue may be misleading for
modern, flexible rotor blades where geometric nonlinearities
must be considered. In addition to this, they propose a novel
methodology for calculating stresses with a new load appli-
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cation method that reduces geometric nonlinear behavior of
the blade.

Montesano et al. (2016) state that progressive failure mod-
els incorporating failure criteria do not consider the progres-
sive nature of subcritical microscopic intralaminar damage,
which is vital for predicting the onset of macroscopic fail-
ure modes. Therefore, in the study a physically based mul-
tiscale damage model, which can account for failures of a
33.25m rotor blade under quasi-static and fatigue loading,
is introduced. The simulation results show the capability of
the model to predict the evolution of subcritical ply cracks
between spar webs located near the blade root at maximum
chord length. The capability of the model to show damage
evolution in the early stages of the progressive damage anal-
ysis is important for increasing damage tolerance accuracy
and structural health monitoring. In the follow-up work by
Zuo et al. (2018), the multiscale model is further expanded to
include cohesive zone elements to predict structural debond-
ing failure at the spar—skin interface located near the blade
root at maximum chord.

In contrast to large wind turbine blades, fewer investiga-
tions into the structural analysis of small wind turbine blades
exist. Chen et al. (2015) focused on the local buckling resis-
tance of 10.3 m wind turbine blades. FE analysis showed that
configurations with sharp edges are susceptible to local buck-
ling. During testing of the 10.3 m blade, although local buck-
ling of shear webs and flatback airfoils was observed, com-
posite laminate failure in these locations was not observed.
These results show the possibility of different failure mecha-
nisms for different blade sizes. In another study, to improve
the structural strength of a small-size 9 m wind turbine blade,
Paquette and Veers (2007) carried out a blade system design
study (BSDS) where structural innovations such as flatback
airfoils, large root diameter and carbon spar caps were in-
troduced and their advantages were demonstrated. The static
strength of the blades was determined by measuring strains to
failure by tests and using finite element analysis. Moreover,
linear buckling analysis of the blades was conducted.

Fagan et al. (2016) presented a new iterative design pro-
cess and utilized failure criteria to check the structural
strength of different blade designs under various load cases.
Besides this, Fagan et al. (2017) utilized failure criteria for
the structural design optimization of a 13 m glass-fiber epoxy
composite wind turbine blade. In the study, experimental
testing was used to calibrate finite element models. In these
studies, Puck’s damage model is used to determine the most
suitable composite turbine blade design in terms of its struc-
tural behavior.

Within the framework of this study, the authors of this
study refer back to their previous paper concerning the
strength analysis of an existing 5 m RUZGEM glass fiber re-
inforced polymer (GFRP) turbine blade using Puck failure
criteria (Ozyildiz et al., 2018). As a part of the previous study,
the linear Puck material model was compared with the pro-
gressive damage model (Puck). They concluded that progres-
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Figure 1. Blade assembly for the 5 m RUZGEM turbine blade (Philippidis and Roukis, 2013).

sive failure analysis is necessary to capture a more realistic
simulation of failure mechanisms prior to testing.

The scope of this work is limited to the investigation of
the structural response of an existing 5 m wind turbine blade
using a global finite element modeling approach and pro-
gressive composite failure analysis. Hence, using the current
modeling technique with shell elements, critical locations for
failure and a worst-case load scenario are identified. Puck’s
2D damage model demonstrates the direction to proceed for a
complete and comprehensive modeling of the failure mecha-
nisms. Furthermore, differences between edgewise, flapwise
and combined flapwise—edgewise loading conditions are dis-
cussed. In combined edgewise and flapwise loading, less
damage is observed compared to the pure flapwise loading
case.

The existing blade investigated in this work was designed
as part of a joint project between the Core Team of the Uni-
versity of Patras and METUWIND (RUZGEM) — METU
Center for Wind Energy. The blade was designed for a
wind turbine that has a 30kW nominal power capacity at
10ms~! wind speed. According to the wind turbine charac-
teristics, optimized aerodynamic blade design was finalized
by the blade manufacturer. The existing blade consists of five
main parts: suction side, pressure side, internal flange, “hat-
shaped” chassis (spar) and flange, as seen in Fig. 1.

2 Methodology

For the progressive failure analysis of the blade, Puck crite-
ria, explained briefly in the following paragraphs, are used.
Puck failure criteria (Puck and Schiirmann, 1998) are some
of the most commonly used and well-established criteria for
the assessment of composite laminate strength. In this study,
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Puck’s failure criteria are implemented for the evaluation of
stress results of unidirectional and triaxial composite lami-
nates.

For fiber failure, Puck’s criteria are as follows:

o1 .

faEm = o lifop >0, (1)
o] .

feoem = ot lifoy <0, )

where fET(FF) and flg(FF) are stress exposures for fiber failure
under tension and compression loading cases. o7 is the stress
value in the fiber direction; X1 and X¢ are tensile and com-
pressive strengths in the fiber direction, respectively. Puck’s
interfiber failure uses different equations depending on the
failure mode detected. Under two-dimensional (2D) biaxial
loading, the failure modes which can be detected are sum-
marized in Fig. 2. In Fig. 2 the transition point from failure
mode B to failure mode C is denoted by the point (Rﬁ 1 T21c)
and is calculated by the ratio Rf: | /T21c. Their values are cal-
culated by the expressions below:
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Depending on the region of the failure envelope, the fol-
lowing interfiber failure expressions are written:
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Figure 2. Failure envelope under biaxial loading (Knops, 2008).
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In the equations above pﬁ% p(l_lf and pﬁ_l) represent inclina-

tion parameters that control the shape of the failure envelope.

According to Puck and Schuermann (1998), p(ﬂl) =0.3 and

p(jf = (.25 are chosen for the GFRP material. o, is the stress
value in the transverse fiber direction; Y1 and Y¢ are tensile
and compressive strengths in the transverse fiber direction.
Shear stress and shear strength are represented by og and S,
respectively. If the value of stress exposure ( fg) is equal to or
greater than 1, failure initiation occurs. Mode A is caused by
tensile and shear stresses. Modes B occurs under compres-
sive and shear stresses. Mode C is a dangerous failure mode
in compressive shearing, which may lead to delamination.
Degradation rules are applied to the elements which fail
according to the specific Puck’s failure criteria that are inter-
fiber failure (IFF) mode A, B or C (Egs. 6-38, respectively).
As presented by Passipoularidis et al. (2011), based on degra-
dation rules in Table 1, transverse elasticity and shear moduli
of the damaged elements are reduced accordingly. Recom-

Wind Energ. Sci., 5, 1339-1358, 2020

Table 1. Degradation rules according to the failure mode.

Failure mode Degradation rule

FF (tension—compression) Failure of the

or IFF (C) in at least laminate

one-third of plies of a laminate

IFF (A) Ey =nEy
Gi2=nG12
V12 = nvi2

IFF (B) Ey =nky
Gi2=nG12
V2 =nvi2

IFF (C) Ey=0.1E;
G12=0.1G3
vip =0.1v12

mended parameters c, i, and & for the degradation function
of the GFRP material in Eq. (9) are taken from Knops and
Bogle (2006). fQIFF), fEBhFF) and fé:(IFF) are the stress ex-
posure values that are considered for determining the failure
mode during the analysis.

In Eq. (9) n is known as the degradation factor and can be
expressed according to the equation below:

= L —n
1+ ¢(fearr) — 1)E

+ 7. €))

The summary of the algorithm of the FE-analysis-based
progressive failure analysis of a composite laminate using
Puck failure criteria is shown in Fig. 3. The complete algo-
rithm is implemented using Ansys Parametric Design Lan-
guage (APDL; Ansys Inc, 2017). First, using Ansys APDL
script, different material numbers are given to each lamina,
which constitutes a layer of a composite laminate. This step
is necessary because, during the execution of the progres-
sive damage propagation, each lamina is subjected to differ-
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Figure 3. Flowchart of the FE-analysis-based strength analysis of a composite laminate using Puck’s damage model.

ent degradation rules. Then, an extreme load case is applied
incrementally to the model, and static analysis is run. After-
wards, in the postprocessing module, stresses are read. From
Puck failure criteria for fiber failure (FF; Eqs. 1 and 2) and
IFF (Egs. 6-8), stress exposures are calculated. Depending
on the rules presented in Table 1 whether ply failure happens
is checked. If ply failure occurs due to first fiber failure (FFF)
or if IFF (C) is observed in at least one-third of the plies of a
laminate, laminate failure is assumed to take place. If IFF A
or B or IFF C in any ply is seen, gradual degradation rules
are applied, and after the assembly of the new constitutive
material model, the load is increased and the analysis is re-
run. This calculation procedure is run until the solution does
not converge. If the solution does not converge, the analysis
is aborted. As seen from the flow chart (Fig. 3), as long as
no FF or IFF occurs, without updating the constitutive mate-
rial model, load is incremented and the analysis is executed.

Validation of the APDL code against experimental data
provided by Hinton et al. (2002) is carried out for the
[0/90]s GFRP laminate MY750 and [0/ £45/90]s carbon
fiber reinforced polymer (CFRP) laminate AS4 3501-6 un-
der uniaxial tension loading. As seen from Fig. 4, there is a
good agreement between APDL code and experimental data
for the progressive failure analysis of [0/90]s GFRP MY750
and [0/ £ 45/90]; CFRP AS4 3501-6 laminates.

2.1 Finite element model of the RUZGEM blade

The 2D blade technical drawings, which include the blade
aerodynamic design details such as chord length and twist
angle along the blade, were provided by the blade manufac-
turer Compblades. By using these given 2D blade drawings,
the 3D CAD model of the blade is prepared in an NX 12.0
environment (Siemens NX, 2017). In Table 2, the material
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properties and design allowables of the blade materials for
static analysis are listed (Philippidis and Roukis, 2013). Re-
ferring to Germanischer Lloyd Guidelines (2010), design al-
lowables are obtained from the knockdown of the experimen-
tal strength values by the material safety factor 2.406.

The skin of the blade is composed of unidirectional and
triaxial laminates, whereas only triaxial laminates are used
for the spar. The layup sequence for the pressure and suction
side differs only in the area from 1.25 to 2.0 m, where an ex-
tra unidirectional glass fabric was placed in the suction side
of the blade. The root part of the blade is composed of uni-
directional laminate, triaxial laminates and steel. The outer
surface of the blade is covered with transparent gel coat and
a layer of chopped strand mat of 300 gm™2, CSM 300. In
addition to this, the Divinycell H45 foam used in the trail-
ing edge is of 10 mm thickness in the area from 0.7 to 2.0 m
and 5mm thickness from 2.0 to 3.0 m. Since the gel coat,
CSM 300 and foam do not make a significant contribution
to the strength of the blade, these materials are not included
in the finite element model. The details of the material layup
and geometry are given in the Supplement.

After geometric modeling of the blade, the material model
of the blade structure is prepared in the Ansys ACP (Pre)
module. Plane stress SHELL 181 quadrilateral elements are
used to mesh the blade entirely in Ansys Workbench, as seen
in Fig. 5. The mesh density of the FE model and the boundary
conditions are depicted in Fig. 5. For the blade FE model all
rotational and translational degrees of freedom at the blade
root are fixed. A total of approximately 35 000 nodes are used
in the finite element model, which is determined based on the
mesh convergence study discussed later in this subsection.
SHELL 181 elements with size 15 mm x 15 mm are used for
the mesh. This element size correlates to the typical element
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1344
800
600 3

400 1+

o, (MPa)

—Experimental data
(WWFE I; Hinton et al., 2002)
= Simulation (Ansys APDL)

200 {r

o
O

r T T )
-1.0 -0.5 0.0 0.5 1.0 15 2.0 25 3.0
£ (%)

(2)

T T T T

C. Muyan and D. Coker: Finite element simulations for investigating the strength characteristics

800 r

-
00 f /
g
= 4
2 —Experimental data
20! (WWEFE I; Hinton et al., 2002)
= Simulation (Ansys APDL)

r T o T T 1

-1.0 -0.5 0.0 0.5 1.0 1.5

£ (%)

(b)

Figure 4. Validation of the APDL code for the progressive failure analysis of (a) [0/90]s GFRP MY750 laminate under o uniaxial tension
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Figure 5. (a) Boundary conditions and the mesh density of the FE model and (b) blade detail.

size for small-scale wind turbine blades. Adhesive materi-
als are used for connections: pressure side—spar—suction side,
pressure side—internal flange—suction side along the leading
edge, and finally between suction side and pressure side.
These connections are modeled using bonded contact with
the augmented Lagrange algorithm in the FE model. Differ-
ent trailing edge modeling methods as presented in Hasel-
bach (2017) can be implemented and compared with experi-
mental data in the future.

Since the total displacement of the blade is relatively small
compared to the total length of the blade under 100 % flap-
wise, edgewise and combined loading cases, the analysis is
limited to linear geometry. Another reason for the choice of
the linear geometry option is to avoid convergence problems
and excessive computation time at higher load levels. In ad-
dition to this, using the global modeling of the 5 m wind tur-
bine blade with plane stress elements, through-the-thickness
stresses, which are necessary for a detailed examination of
delamination and/or debonding failures, cannot be obtained.

Load—displacement curves are utilized for investigating
the structural response of the blade under various loading
scenarios. In Fig. 6 load and displacement measurement
points are displayed. Loads are measured at the blade pitch
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coordinate system defined at the root center according to
Germanischer Lloyd Guidelines (2010), and displacements
are measured from point P at the spar tip, which is high-
lighted in green. The exact coordinates of the displacement
point with respect to the coordinate system at blade root are
x =-9.801, y = —4.15 and z = 4000.

For the design of the RUZGEM blade, the turbine specifi-
cations are obtained from the meteorological data in Ankara,
Turkey (Weinzierl and Pechlivanoglou, 2013). These were
analyzed so that average wind speed, the occurrence of gusts
and wind speeds are determined. Based on this informa-
tion, the turbine specifications were selected according to
IEC 61400-2 Standard (2006). Loads for the structural design
were selected as the worst-case load scenario for the com-
plete set of the IEC 61400-2 Standard extreme loads provided
by aeroelastic simulations performed at Smart Blade GmbH
(Weinzierl and Pechlivanoglou, 2013).

A mixture of different design load cases (DLCs) and time
instances are used for this study, and moments are extreme
for all positions along the blade. The extreme loads were
computed using the wind turbine aero-hydro-servo-elastic
software tool FAST v7.01.00a-bjj (FAST, 2013). During
the simulations, the turbine is simulated as a stall-regulated
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Table 2. Material properties and design allowables of RUZGEM blade for static analysis.

Material property Unidirectional  Steel Gel CSM Divinycell
laminate coat 300 H45

Density, p (kg mm3) 1896 7850 1200 1896 200
Thickness, & (mm) 0.716 53 0.9 0.358 Sor10
Eq (GPa) 24.84 210 398 9.14 55%x1073
Ey (GPa) 9.14 55%x 1073
V12 0.29 0.3 034 0.29 0.4
G (GPa) 2.83 15 1073
Xt (MPa) 191.73 581.8 3529 16.86 1.4
Xc (MPa) 101.16 0.6
YT (MPa) 16.86 14
Yc (MPa) 50.41 0.6
S (MPa) 11.29 0.56

P (-9.801,-4.15,4000)

Figure 6. Location of the load measurement coordinate system and the deflection measurement point P.

constant-speed turbine at 83 rpm with a gearbox and simple
induction generator. Using this input, the blade is analyzed
under extreme loads in the flapwise, edgewise and combined
edgewise—flapwise loading. Loads are calculated at 28 sta-
tions along the blade span direction.

According to the recommendations of the IEC 61400-
23:2002 (2002) standard a partial safety factor of 1.35 is in-
cluded in the loads for the FE simulations. The forces and
moments are given in the blade pitch coordinate system in
Fig. 7 according to Germanischer Lloyd Guidelines (2010),
where Fy, Fy and F; are the forces in the flapwise, edge-
wise and axial directions, respectively. Mx, My, Mz are the
moments in the edgewise, flapwise and pitch directions, re-
spectively. After considering partial safety factors, extreme
flapwise and edgewise external load distributions are plotted
along the spar of the blade length in Fig. 8. Similarly, Fig. 9
shows the calculated values of the flapwise and edgewise
bending moment in sections along the blade span length.
These edgewise and flapwise moment values are computed
from flapwise and edgewise loads, respectively. As stated in
the IEC 61400-23 standard, for the FE simulations, external
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Figure 7. Blade pitch coordinate system (Germanischer Lloyd
Guidelines, 2010).
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flapwise and edgewise loads are increased incrementally by
1 % of the extreme load case until the collapse of the blade
occurs.

Extreme external loads are given over 28 stations of the
blade suction and pressure sides as displayed in Fig. 10a
for flapwise loading and Fig. 11a for edgewise loading. The
loads at these stations are distributed among the nodes along
the spar width on the suction and pressure sides as shown in
Figs. 10b and 11b for flapwise and edgewise load applica-
tions, respectively.

In order to decide on the reasonable mesh density, a mesh
convergence study is conducted. Mesh convergence is shown
for total displacement at blade tip under extreme flapwise
loading and the first eigenfrequency as seen in Fig. 12a and b,
respectively. There are approximately 35000 nodes in the
FE model. The decision regarding the mesh refinement is
based on a good compromise between accuracy and comput-
ing time. The analysis takes about 36 h for flapwise and com-
bined load cases, whereas for edgewise loading around 72 h
is needed with an Intel Xeon E5-1620 v3 Workstation PC
with 64 GB RAM.

Wind Energ. Sci., 5, 1339-1358, 2020
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3 Results

This section begins with a linear buckling analysis, followed
by the progressive failure analysis of the blade under extreme
flapwise, edgewise and combined loading conditions. This
section is followed by a discussion regarding the comparative
study of these three loading scenarios.

3.1 Buckling analysis

Linear buckling analysis of the blade is performed in order to
investigate its buckling resistance and the location of buck-
ling eigenmodes. The results are depicted in Fig. 13, which
shows the buckling modes of the blade under the 100 % flap-
wise (max) loading case (Fig. 13a), 100 % edgewise (min)
loading case (Fig. 13b), and 100 % combined edgewise (min)
and flapwise (max) loading case (Fig. 13c). Negative buck-
ling factors correspond to the loads applied in the opposite di-
rection, because no critical eigenvalue could be found in the
load application direction. In other words, the blade exhibits
sufficient buckling resistance in the load application direc-
tion for flapwise, edgewise and combined edgewise plus flap-
wise loading. According to Germanischer Lloyd Guidelines
(2010) the load factor should be greater than 1.25, which is
fulfilled for all the load cases studied. We note that in other
cases in the literature such as Paquette and Veers (2007) and
Chen et al. (2015), local buckling of small-size wind turbine
blades is found to be a major design concern.

The locations of buckling regions are observed in the suc-
tion side and pressure side aeroshells of the trailing edge
sides for the flapwise and the combined edgewise and flap-
wise loading cases, respectively. For the extreme edgewise
load case, the buckling failure location is in the pressure side
trailing edge towards the blade root. The buckling mode lo-
cations show similarity with buckling mode locations of the
multi-MW blade in the study of Kim et al. (2014) and of
blade configurations with PVC foam in the study of Chen et
al. (2015) as they are located in the wide trailing edge region
near the maximum chord. However, in the study of Paquette
and Veers (2007), the buckling failure location is in the root
transition region.

3.2 Progressive damage analysis

In this subsection, results from the progressive damage anal-
ysis of the RUZGEM blade subjected to flapwise, edgewise
and combined loading conditions are presented.

3.2.1 Progressive damage analysis under flapwise
(max) loading

The total deformation of the nonlinear blade model versus
the undeformed model under 100 % extreme flapwise load-
ing is displayed in Fig. 14. The maximum blade deflection at
the blade tip is 121 mm.

https://doi.org/10.5194/wes-5-1339-2020
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Figure 10. Extreme flapwise load application to blade FE model: (a) side and (b) cross-section view.
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Figure 11. Extreme edgewise load application to blade FE model: (a) top and (b) cross-section view.
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Figure 12. Mesh convergence study using (a) total number of nodes vs. total displacement (flapwise direction) at blade tip under flapwise
loading and (b) total number of nodes vs. first eigenfrequency.
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Figure 13. Buckling modes of the blade under (a) 100 % flap-
wise (max) loading case, (b) 100 % edgewise (min) loading case,
and (c¢) 100 % combined edgewise (min) and flapwise (max) load-
ing. (Color bar shows total deformation.)

Load—displacement curves of the blade in the range be-
tween 10 % and 120 % of extreme flapwise loading are dis-
played for the linear elastic model and progressive damage
model (Puck) in Fig. 15. Load application and displacement
measurement is carried out in the flapwise direction. Based
on this load—displacement curve, element failure progression
in the damaged blade components — the pressure side, in-
ternal flange and suction side — at 75 %, 100 %, 105 % and
116 % is depicted in Fig. 17. According to the implemented
methodology, an element fails if FF or IFF (C) in at least one-
third of the plies of a laminate is detected. It can be observed
from the figure that up to 75 % of the extreme flapwise load-
ing, the stiffness for both linear elastic and progressive dam-
age models, remains almost the same. However, the analy-
sis output data show that degradations in the transverse elas-
ticity, shear moduli and Poisson’s ratio starting from 13 %
loading occur, but this does not play a significant role in the
deflection of the blade as can be seen from Fig. 15. Accord-
ing to the analysis results, element failure is observed in the
internal flange at 75 % loading. This is the first slope drop
of the load—displacement curve and can be considered as the
first turning point. As seen from Fig. 17, failure in the inter-
nal flange grows further as the load is increased to 100 %. At
105 % loading in addition to the damaged region in the inter-
nal flange, damage grows along the trailing edge and leading
edge. This turning point can be regarded as the second slope
drop in the load—displacement curve. Due to the element fail-
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ure, deformation in the form of local buckling at the trailing
edge is observed in Fig. 16.

Shortly before collapse at 116 % loading, damaged regions
at the leading and trailing edges evolve further and damage
close to the blade tip occurs. The reasons for damage initi-
ation at the blade tip at the most extreme load level can be
explained by the fact that there is, although low, some load-
ing on the blade tip as seen in Fig. 8. At 116 %, 1.16 times
the extreme flapwise loading, which is read from Fig. 8, is ap-
plied to the blade, and the blade collapses afterwards. More-
over, the blade tip structure is rather thin and less stiff com-
pared to other regions of the blade. On top of this, as seen in
Fig. 17d at 116 % load level, the trailing edge and the internal
flange which is used to bond the pressure and suction sides
of the blade are already damaged. As a consequence, towards
the blade tip the pressure and suction sides of the blade are
detached at this load level. Under these circumstances, the
blade tip structure is weaker and can be damaged more eas-
ily. Likewise, debonding of suction and pressure sides from
the adhesive joints was reported as the main failure mecha-
nism causing a progressive collapse of the blade structure in
Yang et al. (2013). Finally, the blade collapses after 116 % of
extreme flapwise loading.

In Fig. 18 interfiber failure mode A (IFF (A)) and interfiber
failure mode B (IFF (B)) distribution in the pressure side, in-
ternal flange and suction side of the blade at 50 % flapwise
loading are shown. If both stress exposures are present in
an element, the higher-stress-exposure IFF (A) or IFF (B)
is shown. Based on the output data from the FE analysis of
the blade, the damage initiation begins at 13 % of extreme
flapwise loading due to IFF (A) or IFF (B). As discussed
in the methodology section, stress exposures greater than or
equal to 1 indicate damage, and damaged regions are shown
in red. The figure shows that interfiber failure is present in
the internal flange and the trailing edge of the blade. It is
worth noting that, IFF (A) and IFF (B) do not lead to the ele-
ment failure. When IFF (A) or IFF (B) occurs, only the trans-
verse elasticity moduli, shear moduli, and Poisson’s ratio are
reduced according to the degradation rules. It is noted that
FF and IFF (C) initiate in the same location as IFF (A) and
IFF (B), which can be considered subcritical cracks. Simi-
lar to our findings, Montesano et al. (2016) state that (refer-
ring to Lambert et al., 2012, and Sgrensen, 2009) subcritical
cracks can act as a precursor to more critical damage modes
such as delamination or adhesive debonding. In this study,
IFF (C), which is a dangerous failure mode indicating risk
of delamination, and FF are the critical failure modes which
lead to element failure. Recently, Chen et al. (2019) reported
that matrix-dominant failure and delamination occurs before
fiber-dominant failure at the trailing edge. Likewise, we ob-
serve IFF (A) or IFF (B) before FF at the trailing edge.

https://doi.org/10.5194/wes-5-1339-2020
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Figure 14. Total deformation of the RUZGEM blade model vs. undeformed model under 100 % extreme flapwise loading condition (scale

factor: x2).
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Figure 15. Load—displacement curves of the blade using the linear
elastic model and progressive damage model (Puck) under extreme
flapwise loading.
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Figure 16. Total deformation occurring in the form of local de-
formation due to failed elements at 105 % flapwise (max) loading.
(Scale factor for deformation plot: x20.)

3.2.2 Progressive damage analysis under
edgewise (min) loading

The total deformation of the nonlinear blade model versus
the undeformed model under 100 % extreme edgewise load-
ing is displayed in Fig. 19. The maximum blade deflection at
the blade tip is 31 mm and much less than the deformation
compared to pure flapwise loading.

Load—displacement curves in the range between 10 % and
320 % of extreme edgewise loading of the blade are dis-
played for the linear elastic model and progressive damage
model (Puck) in Fig. 20. In the figure, the load is applied

https://doi.org/10.5194/wes-5-1339-2020

and displacement at the spar tip is measured in the edge-
wise direction. Figure 22 shows the element failure evolution
in the blade components — the pressure side, internal flange
and suction side of the blade — at 100 %, 210 %, 309 % and
314 % load levels. Stress exposures fiber failure (FF) and in-
terfiber failure mode C (IFF (C)) distributions are shown in
the same plot. Since element failure in spar is not detected
within the above-mentioned loading range, it is not shown
in Fig. 22. The regions where the stress exposure is equal to
or greater than 1 are depicted in red. The stiffness of these
failed elements is set to zero, and they do not contribute to
blade strength anymore. It is seen that at 100 % loading, ele-
ment failure is not detected. It can further be observed from
the figure that in up to 210 % of the extreme edgewise load-
ing, the stiffness for both models remains almost the same.
After 210 % loading, the stiffness is reduced slightly due to
the element failures at the internal flange tip (see Fig. 20).
At 309 % loading, element failure at the leading edge in the
blade root is observed. Due to edgewise (min) loading, com-
pressive stresses are dominant in this region and the blade
material is weaker in compression than in tension loading.
This failure causes the more significant slope drop in the
curve, and at 314 % loading the blade is close to collapse.
At the turning point which corresponds to 309 % edgewise
loading, the stiffness of the failed elements in the leading
edge towards the blade root are set to zero and total defor-
mation due to element failure in the form of local buckling is
observed as depicted in Fig. 21.

Based on the results, the blade design exhibits excessive
safety levels in edgewise direction and is considered to be
overconservative for this type of loading.

In Fig. 23, interfiber failure mode A (IFF (A)) and inter-
fiber failure mode B (IFF (B)) stress exposure distributions in
the pressure side, internal flange and suction side of the blade
at 140 % edgewise loading are shown. Based on the output
data from the FE analysis of the blade, the damage initiation
begins at 45 % of extreme flapwise loading due to IFF (A).
Stress exposures greater than or equal to 1 indicate damage,
and damaged regions are shown in red. The figure shows that
interfiber failure begins in the internal flange of the blade.
IFF (A) and IFF (B) do not lead to the element failure but

Wind Energ. Sci., 5, 1339-1358, 2020
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Figure 17. Element failure progression in the pressure side, internal flange and suction side of the blade (from top to bottom in a panel) at
(a) 75 %, (b) 100 %, (c) 105 % and (d) 116 % of extreme flapwise loading.

cause degradation in the transverse elasticity moduli, shear
moduli and Poisson’s ratio. The stress exposure at the lead-
ing edge near the root and trailing edge are higher compared
to in other blade regions at this load level, which indicates
damage growth at higher load levels in these areas. Under the
edgewise (min) loading condition, the leading edge close to
the blade root is subjected to compressive and trailing edge
tensile stresses, respectively. Consequently IFF (A) caused
by the combination of tensile and shear stresses and IFF (B)
caused by the combination of compressive and shear stresses
are seen at the trailing edge and leading edge close to the

Wind Energ. Sci., 5, 1339-1358, 2020

blade root, respectively. It is noted that FF and IFF (C) also
initiate in the internal flange first but at a higher load level:
210 % load. At 309 % load FF and IFF (C) are seen at the
leading edge close to the root, where compressive stresses
are dominant. As the material has less strength under com-
pression compared to tension, failure initiation begins at the
leading edge close to the root. These failures are in the same
location as IFF (A) or IFF (B) which can be considered as
subcritical cracks. As was the case for flapwise loading, this
observation is similar to the statement (referring to Lambert
et al., 2012, and Sgrensen, 2009) in Montesano et al. (2016)

https://doi.org/10.5194/wes-5-1339-2020
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Figure 18. Damage evolution — IFF (A) or IFF (B) — in the pressure side, internal flange and suction side of the blade (from top to bottom in

a panel) at 50 % of extreme flapwise loading.

I 00000020

0 7 14
3 10

21 28
17 24 31

Figure 19. Total deformation of the RUZGEM blade model vs. undeformed model under 100 % extreme edgewise loading condition (scale

factor: x8).
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Figure 20. Load—displacement curves of the blade using the linear
elastic model and progressive damage model (Puck) under extreme
edgewise loading.
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Figure 21. Total deformation occurring in the form of local de-
formation due to failed elements at 309 % edgewise (min) loading.
(Scale factor for deformation plot: x15.)

that subcritical cracks can act as a precursor to more critical
damage modes such as delamination or adhesive debonding.

3.2.3 Progressive damage analysis under combined
edgewise (min) and flapwise (max) loading

The total deformation of the nonlinear blade model versus
the undeformed model under 100 % combined extreme flap-
wise and edgewise loading is displayed in Fig. 24. The max-
imum blade deflection at the blade tip is 104 mm and less

Wind Energ. Sci., 5, 1339-1358, 2020
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Figure 22. Element failure progression in the pressure side, internal flange and suction side of the blade (from top to bottom in a panel) at
(a) 100 %, (b) 210 %, (c) 309 % and (d) 314 % of extreme edgewise loading.

than the deformation in pure flapwise loading. We further
note that the deflection of 8 mm in the edgewise direction is
much less than the deflection of 103 mm in the flapwise di-
rection.

Load—displacement curves in the range between 10 % and
130 % of combined extreme flapwise and edgewise loading
of the blade are displayed for the linear elastic model and
progressive damage model (Puck) in Fig. 25. In the figure,
resultant edgewise plus flapwise displacement versus resul-
tant edgewise plus flapwise loading is plotted. Element fail-

Wind Energ. Sci., 5, 1339-1358, 2020

ure progression in the damaged blade components — the pres-
sure side, internal flange and suction side of the blade — is
depicted in Fig. 27. The regions where the stress exposure
IFF (C) or FF is equal to or greater than 1 are depicted in
red. The stiffness of these elements is set to zero, and these
elements do not contribute to the blade strength anymore.
In general, under combined loading, element failure evolu-
tion is similar to the pure flapwise loading case, but failure
occurs at higher load levels. Figure 25 shows that in up to
85 % extreme flapwise loading, the stiffness for both linear

https://doi.org/10.5194/wes-5-1339-2020
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Figure 23. Damage evolution — IFF (A) or IFF (B) — in the pressure side, internal flange and suction side of the blade (from top to bottom)

at 140 % of extreme edgewise loading.
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Figure 24. Total deformation of the RUZGEM blade model vs. undeformed model under 100 % combined extreme edgewise and extreme

flapwise loading condition (a) top view and (b) side view (scale factor: x2.5).

elastic and progressive damage models remains almost the
same. After 85 % loading, slope reduction starts in the non-
linear progressive Puck model due to the element failures at
the internal flange, suction and pressure side leading edges.
This point is the first turning point in the load—displacement
curve. As the loading is increased to 100 %, element failure
at the internal flange, suction and pressure side leading edges
grows further. A second slope reduction is detected at 118 %
loading. At this load level, in addition to the damaged re-
gion in the internal flange and leading edges, element failure
initiates at the trailing edge. This is a more obvious turn-
ing point compared to the first turning point at 85 % load-
ing. At this load level Fig. 27c shows laminate failure in the
internal flange and leading and trailing edges. Due to ele-
ment failure, deformation in the form of local buckling at
the leading trailing edge is observed as depicted in Fig. 26.

https://doi.org/10.5194/wes-5-1339-2020

In their study regarding the full-scale testing of a 34 m wind
turbine blade, under combined loading Haselbach and Bran-
ner (2016) also observed laminate failure along the trailing
edge. As the loading is further increased to 126 %, element
failure at the leading and trailing edges covers a larger area.
As a consequence, suction and pressure panels are detached
and the blade integrity is lost. Finally, after 126 % loading,
the blade is close to collapse. When the results in Fig. 17 are
compared with Fig. 27, it can be concluded that under the
same load level the number of failed elements under com-
bined loading is less than in the pure flapwise loading case.

4 Discussion

In this section the progressive damage behavior of the blade
under flapwise (max), edgewise (min), and combined flap-

Wind Energ. Sci., 5, 1339-1358, 2020
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Table 3. Axial stress levels and stress exposures in the critical regions of blade under flapwise, edgewise and combined (flapwise plus
edgewise) loading in 100 % extreme loading cases. Compressive stress components are denoted in bold.

Pressure side (Point A)

Internal flange (Point B)

Suction side (Point C)

Loading Axial Stress Axial Stress Axial Stress
condition stress exposure stress exposure stress exposure
(073 (FF) (0 (FF) (073 (FF)
MPa) MPa) MPa)
Flapwise (max) -19.89 0.54 -33.46 0.88 -32.46 0.76
Edgewise (min) 0.98 0.01 2.13 0.08 1.86 0.02
Combined -17.97 0.50 -25.19 0.68 -28.31 0.69
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Figure 25. Load—displacement curves of the blade using the linear
elastic model and progressive damage model (Puck) under com-
bined extreme edgewise (min) and extreme flapwise (max) loading.
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Figure 26. Total deformation occurring in the form of local defor-
mation due to failed elements at 118 % extreme combined edge-
wise and extreme flapwise loading. (Scale factor for deformation
plot: x15.)

wise (max) and edgewise loading (min) is discussed. From
Figs. 15, 20 and 25 it is seen that the slope of the load—
displacement curve is highest for edgewise loading followed
by edgewise plus flapwise loading. For flapwise loading, the
slope of the load—displacement curve is the lowest. In Fig. 28,
instead of the resultant components of the combined load-
ing, its flapwise components, i.e., load and displacement in
the flapwise direction, are plotted. It is seen that the blade
exhibits a stiffer behavior in the flapwise direction under the

Wind Energ. Sci., 5, 1339-1358, 2020

combined loading condition compared to in the pure flapwise
loading case. As a consequence, at 100 % loading the flap-
wise deflection component under combined loading is ap-
proximately 85 % of the flapwise deflection under pure flap-
wise loading. The blade is stronger under combined loading
and at 116 % loading, and the damaged region is smaller un-
der combined loading compared to under flapwise loading
as shown in Fig. 29. In Fig. 29, element failure progression
is compared for edgewise, flapwise, and combined loading
scenarios under 116 % loading. It is observed that the degree
of the failed region is highest for the flapwise loading case,
followed by combined loading, and there is no failed region
in the edgewise loading case. This failure development can
be explained by the superposition of loads and stress com-
ponents as tabulated in Table 3. For this study, points A—C
are picked from the heavily damaged blade regions at 116 %
flapwise loading as shown in Fig. 29a. Since stresses can-
not be read in regions where element failures are present, the
study is carried out at 100 % loading. The higher stress expo-
sure fiber-failure (FF) or interfiber-failure mode C (IFF (C)),
which cause laminate failure for the elements at points A—
C, are computed on a ply-by-ply basis. The critical ply with
the highest stress exposure is detected, and for this critical
ply the axial stress component (o) is extracted. As seen
from Table 3, at the selected points and the load cases, stress
exposures for the FF mode are dominant. Under the flap-
wise (max) loading case the critical plies are subjected to
compressive axial stresses. When edgewise (min) loading
is applied, tensile axial stresses are induced at the critical
plies of the elements at points A—C. In the table, compres-
sive stress components are written in bold, which are seen
under flapwise and combined loading. Under combined load-
ing, the compressive stress component due to flapwise (max)
loading and tensile stress component due to edgewise (min)
loading are superimposed causing an overall reduction in the
axial stress level as shown in Table 3. From the table, it is
noted that the reduction in the axial stresses leads to a re-
duction in the stress exposures. It is also seen that the de-
crease in stress level is approximately 10 %-25 %, which is
in line with the 10 % increase observed in the ultimate failure
load value under combined loading compared to under pure

https://doi.org/10.5194/wes-5-1339-2020
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Figure 27. Element failure progression in the pressure side, internal flange and suction side of the blade (from top to bottom in a panel) at

(a) 85 %, (b) 100 %, (c) 118 % and (d) 126 % of combined loading.
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Figure 28. Load-displacement curves of the blade under pure flap-
wise and combined loading using flapwise components of the load
and displacement.
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flapwise loading. Consequently, the stress state in the blade
caused by the superimposed stress components under com-
bined loading decreases the extent of damage at the specified
blade locations.

To summarize, finite element analysis of the RUZGEM
5m blade using Puck’s damage model indicates that lam-
inate failure plays a major role in the ultimate blade fail-
ure. Laminate failure progression observed under flapwise,
edgewise and combined loading conditions falls into type 4
(internal damage formation and growth in laminates in the
skin) and type 5 (splitting and fracture of separate fibers in
laminates of the skin) wind blade damage as categorized in
Sgrensen et al. (2004). Although local buckling of small-size
wind turbine blades is found to be the major design con-
cern in Paquette and Veers (2007) and Chen et al. (2015), the
RUZGEM 5m blade is found to exhibit sufficient resistance
against buckling in our investigation.

Wind Energ. Sci., 5, 1339-1358, 2020
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Figure 29. Element failure progression in the pressure side, internal flange and suction side of the blade (from top to bottom in a panel) under
(a) extreme flapwise, (b) extreme edgewise (no element failure), and (¢) combined extreme flapwise and extreme edgewise conditions in the
116 % extreme loading case. Points A (48, 147, 4301) at the pressure side, B (—31, 152, 2224) at the internal flange and C (55, 176, 4288) at
the suction side are used to interrogate the axial stress levels in the plies in Table 3 for 100 % extreme loading.

5 Conclusions under 100 % edgewise loading, element failures are not
observed.

In this work, strength characteristics of an existing 5m

RUZGEM composite wind turbine blade under extreme flap- — For flapwise and combined loading scenarios, a simi-

wise, edgewise, and combined flapwise and edgewise load- lar damage pattern is observed; laminate failure due to

ing conditions are investigated. For this purpose, in addition IFF (C) or FF in the internal flange causes the first slope

to a linear buckling analysis, progressive damage analysis of reduction in the load—displacement curve. As the load is

the blade using Puck’s (2D) physically based phenomeno- increased, damage grows along the trailing edge, which

logical model is performed. The main conclusions are as fol- causes a second slope reduction before collapse.

lows:

— For edgewise loading, laminate failure observed in the
internal flange is the first slight slope reduction in the
load—displacement curve. As the load is further in-
creased, due to compressive stresses, damage accumu-
lates at the leading edge close to the blade root, which

— Linear buckling analysis shows that the blade shows
sufficient strength against buckling.

— Failure of elements due to IFF (C) or FF are observed, leads to a second slope reduction before collapse.
and a slope reduction in the load—displacement is de-
tected after the application of 75 % extreme flapwise — FF and IFF (C) initiate in the same location as IFF (A)
loading and 85 % combined loading cases. In contrast, or IFF (B). IFF (A) or IFF (B) denotes subcritical ply

Wind Energ. Sci., 5, 1339-1358, 2020 https://doi.org/10.5194/wes-5-1339-2020
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cracks which precede more critical damage modes such
as IFF (C) (which is an indicator of possible delamina-
tion) and FF.

— At the same load level, less damage is observed un-
der combined loading compared to under pure flapwise
loading. This damage evolution is attributed to the re-
duction in stresses (and thus stress exposure) caused
by the superposition of stress components under flap-
wise (max) and edgewise (min) loading conditions.

As a summary, the trailing edge and internal flange located
at the leading edge of the 5m RUZGEM blade are found to
be damaged primarily under flapwise and combined loading
conditions. For the edgewise loading, the internal flange and
leading edge close to the blade root are the main damaged
areas of the blade. It is noted that using the global mod-
eling approach of the 5Sm wind turbine blade with plane
stress elements, through-the-thickness stresses, which are
necessary for a detailed examination of delamination and/or
debonding failures, cannot be obtained. In a future work us-
ing a submodeling technique with solid elements, compet-
ing failure mechanisms such as delamination and/or debond-
ing can be investigated in the critical failure regions. As a
follow-up study, full-scale structural tests for the existing
5m RUZGEM wind turbine blade are planned following the
completion of the testing facility. Afterwards, the structural
response and primary damage zones and their development
obtained from simulations will be compared with the experi-
mental findings.
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