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a b s t r a c t

In this article the effect of delaminations on the load carrying capacity of a large wind turbine blade is
studied numerically. For this purpose an 8.65 m long blade section with different initial delaminations in
the main spar was subjected to a flapwise dominated bending moment. The model was setup in Abaqus
and cohesive elements were chosen for modelling delamination growth.

For initial delaminations with a width of 30e50% of the cap width the study showed that delamination
close to the surface started to grow in load ranges of normal operation conditions and led to local
buckling modes. The local buckling caused high strains and stresses in the surrounding of the delami-
nation, which exceeded the material design properties and therefore should be considered as dangerous.

Delaminations placed near the mid-surface of the cap did not have a significant effect on the blade
response under normal operation conditions. In the simulations the static load exceeded the design load
by more than 40% before delamination growth or cap buckling occurred.

It could be concluded that delamination induced near-surface buckling modes have to be considered
critical due to an onset of local sublaminate buckling below the design load level.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Areas of poor or no bonding in the interface between adjacent
layers of a composite material are defined as delaminations. These
interlaminar gaps/cracks normally originate from manufacturing
flaws, areas with high stress concentrations around structural dis-
continuities such as holes, notches, ply drops or connections, or
from impact damage during production, transport or service [1e3].

Delaminations embody a local separation of the laminated
composite structures into sublaminates. The critical buckling load
of the sublaminates may be well below the critical buckling load of
the original structure. Consequently, the presence of delaminations
may lead to a reduction of structural stiffness and strength. Due to
this delaminations in laminated composite structures are consid-
ered to be the most critical type of damage that composite struc-
tures under compression can experience [4e6].

Delaminations in composite structures can trigger different
buckling mode shapes, which poses different levels of danger to the
structure. Considering buckling on a panel level the buckling
robi@dtu.dk (R.D. Bitsche),
behaviour of the structure with a delamination can be divided into
local and global buckling modes (see Fig. 1) as well as into other
combinational modes. A local buckling mode shape represents
deformations of mainly one sublaminate on one side of the
delamination. This local buckling mode will then introduce
bending of the buckled sublaminate and reduce its load carrying
capacity. Therefore, the other sublaminate will be subjected to
higher compressive loading and additionally experience bending
caused by the adjacent buckled sublaminate [7]. Higher ply stresses
than in a sound structure will therefore occur, the consequence
being that a reduced failure load of the composite structure under
compression will arise. A significant reduction of the global critical
buckling load can occur. The strength and stiffness reduction can be
linked to the initial buckling of the structure. Local buckling typi-
cally occurs when the delamination is large and close to the surface
(thin sublaminate on one side), which allows one part of the
structure to buckle locally; whereas the remaining structure (basic
laminate/thick sublaminate) does not buckle. For smaller de-
laminations located closer to the mid-surface global buckling pre-
dominantly occurs, wherein both sublaminates buckle towards the
same side.

Under operation conditions wind turbine blades experience
high aerodynamic loads, which lead to blade bending. The loading
introduces compression on the suction side and tension on the
pressure side of blades in normal operation. The loading-carrying
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Fig. 1. Left: Local buckling mode (local cap opening); Right: Global buckling mode (full cap buckling); figure from Ref. [22]. The red dots symbolise displacement evaluation points.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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structure providing the blade with sufficient strength and stiffness
often consists of a main spar and shear webs integrated into the
aerodynamic shell. Usually the main spar is made of fibre com-
posite materials, where most of the fibres are oriented in longitu-
dinal direction. Often glass fibres or glass and carbon fibre
combinations embedded in epoxy resin matrices are used,
providing the composite structure with a high strength-to-weight
ratio.

Delaminations may be found within the main spar of the blade.
Overgaard et al. [8,9] e.g. investigated experimentally and numer-
ically the structural collapse of a wind turbine blade and came to
the conclusion that the structural collapse was caused by multiple
local buckling-driven delamination processes. For an accurate
assessment of detected delaminations based on size and location in
wind turbine blades, guidelines and recommendations are needed.

In order to understand the effect of delamination under
compression on laminated composite materials several tests and
studies have been conducted. Short et al. [7] tested small glass-
fibre-reinforced plastic test specimens, ran Finite Element simula-
tions and developed simple closed-form models for isotropic ma-
terials. They also created for flat and curved test specimens a
delamination induced buckling mode map for varying delamina-
tion sizes and through thickness positions differentiating between
local and global.

Studies on the behaviour of delaminations in rectangular com-
posite panels with an initial delamination under compressive
loading were carried out by Branner and Berring [10]. They
compared experimental findings with a numerical parameter
study. Branner and Berring created a buckling modemap for panels
under in-plane compression similar to the load carrying flange in
the main spar of a typical wind turbine blade. The study showed
how the buckling mode shape depends on the size and on the
location of the delamination through thickness.

Gaotti et al. [11] studied numerically the panel behaviour under
uni-axial loading. They compared advanced numerical prediction
methods with the simple models, where delaminations were
modelled as disconnected finite element regions.

In all these studies the authors concluded that the panels under
uni-axial in-plane loading experience a significantly reduced
compressive strength in case of simply supported boundary con-
ditions. Short et al. [7] also concluded that delaminations near the
convex side lead to more significant strength reductions than
Fig. 2. Blade section shell model (grey) of the DTU 10MW Reference Wind Turbine includ
cohesive zone I (red) and cohesive zone II (green). (For interpretation of the references to
delaminations near the concave side of the panel. Much work was
done to address delaminations on component and panel level.
However, due to the assumed boundary conditions used in the
studies the authors were limited in drawing solid conclusions
whether or not their results can be transferred to full scale wind
turbine blade structures. Does a delamination in a main spar of a
blade cause a similar strength reduction or does the surrounded
structure compensate the local stiffness and strength loss up to a
certain size of the delamination? A design criterion for how large
and deep delaminations can be accepted without increasing the
risk of blade collapse taking the surrounding structure into account
is missing.

Such a criterion could help blade manufactures and turbine
operators to decide whether a detected delamination can be
accepted, needs to be repaired, or whether the blade must be
scrapped.

The aim of this numerical study was to investigate how much
the strength of a wind turbine rotor blade is affected by de-
laminations. Two different approaches were used to study the ef-
fect of delaminations, where one of the numerical approaches
allowed interlaminar crack growth in order to achieve higher
accuracy.

2. Methods

2.1. Modelling method

The DTU 10 MW reference wind turbine blade was used as a
basis for simulating the effect of delaminations. The blade,
described in detail in Refs. [13], has a lenght of 86.4 m and a root
diameter of 5.4 m. The load carrying structure of the blade is based
on two caps and two shear webs. For the studies an 8.65 m long
section of the blade was used to investigate delamination behav-
iour under static load. The section represented the rotor blade in a
distance from 41.65 m to 50.3 m from the root at radial position
from 44.45 m to 53.1 m (see Fig. 2).

The blade section was modelled with four node shell elements
(Abaqus element type S4) in the commercial finite element soft-
ware Abaqus/CAE 6.12-2. The outer surface of the blade was used as
the reference surface containing the finite element nodes (“node
offset option”) (see Fig. 3). Apparent material properties were
assumed to represent the multi-directional plies instead of a more
ing submodel (red). The submodel on the left picture is subdivided into two section
colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. Simplifications due to the shell modelling approach.
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detailed lay-up description. The entire layup and the material
properties for the blade are available online: http://dtu-10mw-rwt.
vindenergi.dtu.dk/ and can be accessed after free registration. In
this paper only the apparent material properties of the unidirec-
tional material used in the caps is given in Table 1 to illustrate the
properties of the region studied in detail. The critical energy release
rate values were chosen according to typical magnitudes for uni-
directional composite materials [14].

Further simplifications were made due to the shell modelling
approach. The trailing edge and the cap/web joints were modelled
in a general way without specifying the geometrical details at the
joints. Themodelling strategy is shown in Fig. 3 for the shear web to
cap joints and the trailing edge joint, where simple edge to edge
joints were assumed.

The shell model contains 60,999 four node shell elements. The
typical elements in the model had a characteristic element length
of 0.05 m. Mesh refinement applied to shell elements around the
area of interest, where an initial delamination was modelled,
reduced the characteristic element length to 0.01 m.

The region surrounding the delamination was discretised using
a fine mesh of solid brick elements. In the following this regionwill
be referred to as “submodel”. The term should not be confusewith a
technique of the same name, where a local part of a model is
analysed based on interpolation of the solution from a coarser
mesh. In our simulation the submodel was implemented in order to
simulate buckling driven delamination growth in the cap. The
submodel had a span of ca.1.7m andwas placed centrally in the cap
(see Fig. 2). The width of the cap (B) varied between 0.707 m and
0.725 m. The thickness of the cap at this location was 0.0817 m.

In order to investigate the behaviour of rotor blades with initial
delaminations, rectangularly shaped delaminated areas were cen-
trally positioned in the submodel. The initial delaminated areas
varied in size and position through the thickness. The ratio t/T
described the position through the thickness (see Fig. 4) with the
total cap thickness T ¼ 0.0817 m and the distance to the outer
Table 1
Apparent material properties of the unidirectional composite material. Young's
modulus (E), Poission's ratio (n), density (r), shear modulus (G), critical energy
release rate (Gc), mixed mode exponent (h), maximum traction (t), stiffness of the
interface(K), critical strain parameter (ε), safety factor (g) [13e15].

E11 E22 E33 n12 n13 h

41.63 GPa 14.93 GPa 13.43 GPa 0.2410 0.2675 3.8
n23 r G12 G13 G23

0.3301 1900 kg/m3 5.047 GPa 5.047 GPa 5.047 GPa
GIC GIIC GIIIC gF gMa

200 J/m2 1000 J/m2 1000 J/m2 2.205 1.35
tI tII tIII ε

T
1 ε

C
1

7.5 MPa 15 MPa 15 MPa 2.10% 1.50%
Knn Kss Ktt ε

T
1=gMa ε

C
1=gMa

3e14 N/m3 1.15e14 N/m3 1.15e14 N/m3 0.9523% 0.6802%
surface t. The length (a) and width (b) of the initially delaminated
areawere varied. For all simulations in this study the aspect ratio a/
b ¼ 1.29 was used. This aspect ratio was chosen to promote the
formation of a single buckle at low loads. The minimum buckling
load (critical buckling load ¼ N0) depends on both the elastic
properties and the initial delamination size (a,b) and position (t).

For the cap with the material properties given in Table 1 the
aspect ratio a/b ¼ 1.29 can be derived for orthotropic panels sub-
jected to uniaxial in-plane compression where all edges are simply
supported [1,10,11]. The assumption leads to the following equation:

N0ðm;nÞ ¼ p2
h
D11

hm
a

i2
þ 2ðD12 þ 2D66Þ

hn
b

i2
þ D22

hn
b

i4ha
m

i2i
(1)

where N0 is the critical buckling load in terms of a force per length,
Dij are the elements of the bending-stiffness matrix from classical
laminate theory which relates bending and torsion moments with
curvatures, andm and n are the numbers of buckle half wavelength
in spanwise and transverse direction, respectively. Assuming n ¼ 1
it can easily be shown that the critical buckling load N0 is minimal
if:

m ¼ a
b

�
D22

D11

�1
4

(2)

Assuming m ¼ 1 in Eq. (2) yields a/b ¼ 1.29. The aspect ratio is
similar to the results Braner et al. presented in Ref. [7] with a/
b ¼ 1.31.

The submodel is a highly discretised 3D model of the cap (see
Fig. 2) consisting of incompatible mode eight-node brick elements
(Abaqus element type: C3D8I) and 3D cohesive elements (Abaqus
element type: COH3D8). The cohesive elements were placed in a
0.817 mm (¼1/100,T) thin layer. The cohesive elements provided
the possibility of delamination growth whereas the initial delami-
nation was modelled by a missing layer of elements corresponding
to the size of the delaminated area. Contact constraints are used to
prevent element interpenetration.

The submodel has two different mesh densities with an element
length of 0.01 m and 0.005 m, respectively, in order to smoothen
the transition between the coarser shell and the finer brick ele-
ments (see Fig. 2). The entire submodel consists of approximately
180,000 solid elements and 22,000 cohesive elements. The solid
elements are equally distributed into seven layers through the
thickness. The outer (rougher) and inner (finer) submodel element
areas were tied together via so-called tie constraints (provided by
Abaqus).

The submodel 3D brick elements were coupled with suitable
constraint equations to the shell element edges of the basic model
(shell-to-solid coupling provided by Abaqus).

http://dtu-10mw-rwt.vindenergi.dtu.dk/
http://dtu-10mw-rwt.vindenergi.dtu.dk/


Fig. 4. Geometrical description of positioning the initial delaminated [12].
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2.1.1. Cohesive elements
Cohesive elements were chosen for modelling delamination

growth because this method allows existing cracks to growand also
to initiate new cracks within the framework of Continuum Damage
Mechanics (CDM) [15].

In general material damage considers crack initiation, crack
growth and crackmerging. CDM describes the state of damagewith
a damage variable (d). The variable ranges between d ¼ 0 (no
damage) and d ¼ 1 (full damage). The material fails completely
when the value d ¼ 1 is reached. CDM can be described with the
cohesive zone model (CZM) approach. Within the energy based
CZM approachmaterial properties, crack initiation conditions and a
crack evolution functions are defined and can be visualised in a
tension softening diagram.

A critical energy release rate defines the area under the traction-
separation-relation. Cohesive elements are used to model material
discontinuities and damage based on Griffiths energy approach
[16,17]. For the current work a bilinear traction-separation relation
was chosen because of its simplicity [17].

The energy release rate associated with delamination growth
strongly depends on the fracture mode. The criteria for crack
initiation and crack propagation have to take mode-mixity into
account. Generally, three different modes of fractures are assumed
and consequently also three traction-separations laws according to
the different interfacial strength andmaximum tractions have to be
defined. The delamination growth process starts when the stresses
and/or strains satisfy a damage initiation criterion. In the present
work a quadratic nominal stress criterion was used to interpolate
between these different traction-separation laws. The criterion
assumes damage initiation when a quadratic interaction function
reaches the value one (see Fig. 5).

The delamination evolution was defined by the Benzeggagh-
Kenane (BK) fracture criterion [18], which considers the depen-
dence of the fracture energy on themodemixity. The BK criterion is
particularly useful when the critical fracture energies for the sec-
ond and third mode of fracture are the same, which is commonly
assumed.

The BK fracture criterion is defined by the components of the
energy release rate Gi and the critical energy release rate GC

i (see
Fig. 5). Further assumptions were that the delamination can only
propagate in the interface between two plies. The interface was
represented by the cohesive elements. Additionally, the delami-
nation cannot jump between the plies during crack propagation
because the model only contains one layer of cohesive elements
[15,19].

In numerical FEM analyses the calculation time is mainly
determined by the number of degrees of freedom (DOF) of a model.
Therefore, on the one hand the mesh discretisation should be as
coarse as possible. On the other hand often fine discretizations are
needed to yield accurate results. Especially in areas, where stress
concentrations are expected or energies have to be determined
accurately. The latter is the case for the process zone of the cohesive
layer where the crack propagation takes place. The length of the
process zone is called cohesive zone length (lcz). The cohesive zone
length should contain at least three elements to calculate the en-
ergy release rate during the delamination growth precisely [20].
The length of the process zone can be estimated as: (Hillerborg's
model) [20]

lcz ¼ M*E*
Gc�
t0
�2 with M ¼ 1 (3)

where M is a parameter depending on the adopted calculation
model. The interfacial strength is expressed by t0, Gc is the critical
energy rate and E the Youngs modulus.

Typically, glass fibre epoxy or carbon fibre epoxy composite
materials have a lcz that is only a few millimetres long. Discretisa-
tion of the lczwith at least three elements would require an element
size of around a millimeter or smaller depending on the material.
The calculation time to analyse large structures with such a high
discretisation would cause problems and predictions for large
scaled progressive delaminations would not be realised in
reasonable time with current state of computational power.

An engineering solution for using coarser meshes was given by
Turon et al. [16] by artificially lowering the interfacial strength.
Lowering the interfacial strength (t0) increases the lcz. As a conse-
quence the length of each element (Le) in the cohesive zone can be
increased, which decreases the calculation time without having a
strong influence on the accuracy:

Ne ¼ lcz
Le

: (4)

According to Turon et al. [16] the required t0 for a desired Le and
Ne representing the lcz can be calculated by

t0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9�p � E � Gc

32�Ne�Le

s
: (5)

The reduction of t0 by e.g. a factor of 10 increases the length of
the cohesive zone by a factor 100. Table 1 shows the used material

properties, where t0 was reduced by a factor of seven compared to
a typical interfacial strength of glass fibre epoxy with t0 ¼ 53 MPa.



Fig. 5. Illustration of mixed-mode response in cohesive elements with Benzeggagh-Kenane fracture criterion (equation on the right hand side) and quadratic damage initiation
interaction function (equation on the left hand side).
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In the numerical study the cohesive element layer was divided
in two sections (cohesive zone I and cohesive zone II) as shown in
Fig. 2. The partition ensured that delamination growth always
initiated around the initially delaminated area and avoided artifi-
cially induced delamination growth evoked by stress concentra-
tions at the transition zones between the zones with different level
of discretisation. Cohesive zone II describes the material properties
of the first and last 0.1 m in radial position of the cohesive elements
which embody the transition to the coarser solid elements. Cohe-
sive zone I specifies the material properties of the remaining
cohesive elements. The critical energy release rate between cohe-
sive zone II were increased by a factor of ten compared to the values
for cohesive zone I given in Table 1 in order to ensure delamination
growth starting around the initial delaminated area and not at
areas with artificially high stresses and strains due to mesh
refinement.
2.1.2. Numerical analysis and boundary conditions
In order to simulate delamination growth moments dominated

by flapwise bending, comparable to those blade structures expe-
rience under normal operation conditions, were applied. All nodes
representing the back section (the section closest to the root) were
fully constrained. The nodes representing the front section were
coupled to a reference node using a so-called kinematic coupling
constraint (see Fig. 6). This forces the front section to move like a
rigid body. Three moments were applied to the references node at
the front section: Mx ¼ �16.4e6 Nm, My ¼ 2.4e6 Nm ¼ and
Mz ¼ 0.32e6 Nm. The moments correspond to approximately 100%
of the moments of the design loads evaluated for the blade cross
section at r ¼ 48.775 m (middle of the simulated blade section).

Experimental investigations on the compressive strength of
thick composite panels have shown that the loading has to be high
before delaminations located close to the centre of the panels
propagate [10]. In order to ensure delamination growth for all
simulated cases, the applied moment was scaled up to 200% of the
design load including the safety factor of 1.35. 100% of the load
applied to the sound blade section leads to maximum and
Fig. 6. Boundary condition at the front end of the blade section.
minimum strain values of around 0.6% at a load level of 100% of the
design load. At a load level between 125% (compression) to 145%
(tension) the design strain values (see Table 1) are reached.

The numerical study is based on a quasi-static nonlinear analysis
implemented in Abaqus/Explicit. The Abaqus/Explicit solver em-
ploys an explicit time integration scheme [21]. The explicit solver
was chosen due to its efficiency when analysing large models and
because it is really suited for models which exhibit a softening
response (cohesive elements), and contact. No mass scaling was
used. In order to simulate a quasi-static loading process the loading
speed was kept so low that the kinematic energy of the systemwas
very small compared to the internal energy of the structure
ensuring that inertia forces were insignificant.

Two different modelling approaches were conducted. One
approach only included solid elements in the submodel, but no
cohesive elements, and therefore did not allow delamination
growth. This approach is referred to as ”solid element approach” in
the following.

Cohesive elements were used for the secondmodelling strategy.
This approach allowed delamination growth around the initial
delamination. The delamination growth was limited to the area of
the cohesive elements. The approach is referred to as the “cohesive
element approach” in the following.

Three different initial delamination sizes (variation of b/B)
placed at different thicknesses (t/T) in the laminate were studied.
The width took the values b/B ¼ 0.278, b/B ¼ 0.4 and b/B ¼ 0.5. The
delaminations were placed in thicknesses of t/T ¼ 0.05 up to t/
T ¼ 0.35, divided in steps of Dt/T ¼ 0.05.

3. Results

A shell model including the implemented submodel without
delamination was validated against the original blade shell model
without submodel. No significant differences between both models
were found. Also the stresses and strains at the interface from the
shell to solid elements showed smooth transition. The submodel
approach has therefore been found reliable and suitable.

The local occurring buckling modes in the main spar were
divided into two different groups full cap buckling and local-
cap opening. The out-of-plane displacement of the central nodes of
the sublaminates (see Fig. 1) were used to distinguish between the
local cap opening and full cap buckling. The full cap buckling is
comparable to global buckling on panel level. It is characterized by
both nodes following the same path [22]. The sublaminates on both
sides of the delamination move in the same out-of-plane direction,
which usually leads to delamination gap closing. The local cap
opening buckling mode is comparable to local buckling on panel
level. The central nodes of the sublaminates move in opposite out-
of-plane directions and cause an opening of the delamination [22].

Furthermore stable and unstable delamination growth was
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observed. For delaminations close to the surface stable delamina-
tion growth was observed. Stable delamination growth is charac-
terised by gradual crack propagation and a slow increase of
dissipated energy, respectively. Increasing loading is required in
order to have crack propagation under stable crack growth condi-
tions. Unstable/sudden delamination growth is characterized by
progressive crack propagation without or with only very little
additional loading. The delamination grows significantly faster and
partly independent from additional external energy. Unstable
delamination growth occurred for delaminations located deeper
inside the caps.

3.1. Local cap opening buckling mode with stable crack growth

For local cap opening modes with stable delamination growth
the solid and the cohesive element approach showed good agree-
ment regarding buckling onset such as the one example shown in
Fig. 7(a). At a load level of approximately 50% the upper sub-
laminate buckled whereas the basic laminate (lower sublaminate)
remained undeformed. The delamination led to a local cap opening
buckling mode. Simultaneously with the opening of the initial
delamination, the delamination started to grow. The delamination
propagation originated from the initial delaminated area and grew
circularly around it (see Fig. 8(a) to Fig. 9(b)). This phenomenonwas
indicated by the dissipated energy and the damage stage of the
cohesive elements. At a load level of approximately 135% the out-
of-plane displacement of the upper sublaminate (cohesive
element approach) shows a small kink. This kink can be explained
with changes in the buckling mode shape. The sine-shaped buck-
ling mode with a single local cap opening buckle was moving to-
wards another bucklingmode configurationwith three buckles (see
Fig. 10).

At low load levels both modelling approaches showed small
reductions in the bending stiffness caused by the Brazier effect [23]
(see Fig. 7(b)). The bending stiffness was determined by dividing
the applied bending moment by the strain at the center of the cap
on the pressure side in longitudinal direction. At a load level of
approximately 50% buckling occurred and delamination growth
started, which caused a progressive decrease of the bending stiff-
ness for the cohesive element approach. No significant changes in
the bending stiffness due to the buckling could be observed for the
solid element approach at this load level.

The next significant decrease happened at a loading of around
135% for the cohesive element approach. The decrease of the
Fig. 7. (a) Local cap opening buckling mode with stable crack growth (t/T ¼ 7.5%, b/B ¼ 0.40)
energy as a function of the load. (b) Bending stiffness plot of the entire blade section evalu
bending stiffness was accompanied by the change in the buckling
mode shape, which showed progressive decrease. A small increase
of the bending stiffness due to contact between the upper and
lower sublaminate at a load level around 175% occurred. First at
load levels of more than 160% the solid element approach showed
an progressive decrease in the bending stiffness. However, the
blade bending stiffness only slightly decreased in the overall per-
formance with less than 1% for both approaches for loads up to the
design load and up to 2% for a load factor of 2.

During the buckling of the sublaminate high stresses and strains
in the upper sublaminate occurred. In Fig. 11 the longitudinal
normal strain of the blade section with a cap opening buckling
mode is plotted at a loading of 80%. The colour bar for the design
strain values for the unidirectional material used in the main spar
ranges from red (in web version) (tensile design strain,
ε
T
1=gMa ¼ 0.9523%) to blue (in web version) (compressive design
strain, εC1=gMa ¼ �0.6802%). The black colour indicates areas where
the compressive design strain value is exceeded. The figure shows
that the cap opening buckling mode causes stress concentrations
and that the compressive strain around the initial delamination in
the upper sublaminate exceeds the compressive strain design value
(εC1=gMa) by more than 40%. The local cap opening buckling modes
with stable delamination growth caused less than 1% decrease of
the bending stiffness at the design load level but caused high
strains and stresses in the surrounding of the delamination. This
high strains and stresses in the upper sublaminate were close to
and partly even above the material design properties and could
easily have led to material failure.

For all simulated delaminations that caused local cap opening
buckling with stable delamination growth the critical buckling
load, when delamination propagation started, was below the
maximumdesign load. The local cap opening bucklingmodes led to
a bending stiffness reduction of less than 1% for loads lower than
the design load. The fact that the delamination grew already at
these load levels raises awareness of how critical delaminations can
be.

3.2. Local cap opening buckling with sudden/unstable crack growth

The differences between the simulations based on the solid
element approach and simulation based on the cohesive elements
approach became apparent for local cap opening buckling modes
with sudden/unstable crack growth. The models with cohesive el-
ements showed local cap opening up to a thickness ratio of t/
. The figure shows the out-of-plane displacement of the central points and the released
ated at the pressure side in the middle to the cap.



Fig. 8. The figures show the progressive damage initiation of the cohesive elements around the initial delamination (white square) for local cap opening buckling mode with stable
crack growth (t/T ¼ 7.5%, b/B ¼ 0.40) for different load levels. The variable ranges between d ¼ 0 (no damage) and d ¼ 1 (full damage).

Fig. 9. The figures show the progressive damage initiation of the cohesive elements around the initial delamination (white square) for local cap opening buckling mode with stable
crack growth (t/T ¼ 7.5%, b/B ¼ 0.40) for different load levels. The variable ranges between d ¼ 0 (no damage) and d ¼ 1 (full damage).

Fig. 10. Local cap opening buckling mode with stable crack growth (t/T ¼ 7.5%, b/B ¼ 0.40). The strain in longitudinal direction is plotted. The colour bar indicates the design strain
values of the longitudinal tensile strain (0.9523%) and compressive strain (�0.6802%) to failure. The sine-shaped local cap opening buckling mode with a single buckle at 100%
loading (Picture 1.) moved towards another buckling mode configuration. Picture 2 represents the buckling mode shape at a load level of 150%.
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T ¼ 0.25, whereas models with solid elements had already shown a
delamination closing and tended towards full cap buckling
behaviour at that thickness ratio (see Fig. 12(a)).

The graphs representing the solid model without delamination
growth possibility (solid element approach) showed delamination
gap closing/full cap buckling at high loads. The initial delamination
size to depth ratio prevented the solid model from local cap
opening buckling. While delamination growth for initial de-
laminations close to the surface (low t/T ratio) were driven by
buckling at low loads and with stable delamination propagation,
the opposite was the case for deeper placed initial delaminations.
For delaminations deeper inside the main spar, the thicker
sublaminates were less flexible and could withstand higher loads
before buckling onset. For simulations based on the cohesive
element approach delamination growth occurred due to the high
stresses and strains before cap opening buckling occurred. The
delamination propagation operated like a splitting of the load
carrying main spar and extended the area of the initial delamina-
tion. Delamination-driven buckling occurred. For initial de-
laminations placed at t/T � 0.15 the buckling first occurred at load
levels significantly above the maximum design load level(>125%
loading) and with prior delamination growth as shown in Table 2.
Before reaching these high load levels the blade section had already
exceeded the design strain values in the main spar as shown on the



Fig. 11. Local cap opening buckling mode with stable crack growth (t/T ¼ 10%, b/B ¼ 0.50). The strain in longitudinal direction under 80% of the design load is plotted. The colour bar
indicates the design strain values of the longitudinal tensile strain (0.9523%) and compressive strain (0.6802%) to failure.

Fig. 12. (a) Local cap opening buckling mode and cap closing buckling mode with sudden/unstable crack growth (t/T ¼ 25%, b/B ¼ 0.50). The figure shows the out-of-plane
displacement of the central points and the released energy as a function of the load. (b) Bending stiffness plot of the entire blade section evaluated at the pressure side in the
middle to the cap. The bending stiffness reduces after passing the design load (load factor ¼ 1).
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sound blade structure in Fig. 13.
For the cohesive element approach a clear reduction of the

bending stiffness first occurred when the delamination started to
grow (see Fig. 12(b)). Before the delamination growth started the
reduction of the bending stiffness was mainly caused by the Brazier
effect [23]. The cohesive element approach predicted the bending
Table 2
Results of the delamination study, width ratio (b/B), delamination placed in through
cap thickness ratio (t/T), local cap opening buckling load (Popen), buckling mode
shape, delamination growth onset as a factor of the design load.

b/B t/T Popen coh. Popen solid Buckling mode Del. onset

0.278 0.05 0.53 0.54 Local cap opening 0.53
0.278 0.075 1.08 1.11 Local cap opening 1.08
0.278 0.010 1.55 1.59 Local cap opening 1.55
0.278 0.015 1.84 e Local cap opening 1.60
0.278 0.020 1.90 e Local cap opening 1.60
0.278 0.025 1.90 e Local cap opening 1.60
0.278 0.030 e e Cap closing 1.60
0.40 0.05 0.24 0.24 Local cap opening 0.34
0.40 0.075 0.50 0.50 Local cap opening 0.50
0.40 0.010 0.80 0.80 Local cap opening 0.80
0.40 0.015 1.50 1.50 Local cap opening 1.42
0.40 0.020 1.64 e Local cap opening 1.53
0.40 0.025 1.83 e Local cap opening 1.53
0.40 0.030 e e Cap closing 1.53
0.50 0.010 0.60 0.59 Local cap opening 0.60
0.50 0.015 1.26 1.25 Local cap opening 1.25
0.50 0.020 1.53 1.65 Local cap opening 1.38
0.50 0.025 1.75 e Local cap opening 1.42
0.50 0.030 e e Cap closing 1.42
stiffness degradation at an earlier stage due the delamination
growth and thus an increase of the delamination. At a certain load
level the delamination started to grow in size and consequently the
delaminated area got large enough to cause local cap opening
buckling at the given load level. In cases where simulations based
on the solid element approach predicted full cap buckling behav-
iour/delamination closing, it can be concluded that the size of the
initial delamination was too small and too deep through the
thickness to cause local cap opening. However, the maximum
bending stiffness reduction for both approaches was less than 1.5%.
Fig. 13. Strain distribution in the sound blade structure at a load level of around 146%
of the designated load.



Fig. 14. (a) Full cap opening buckling mode with sudden/unstable delamination growth (t/T ¼ 30%, b/B ¼ 0.40). The figure shows the out-of-plane displacement of the central points
and the released energy as a function of the load. (b) Bending stiffness plot of the entire blade section evaluated at the pressure side in the middle to the cap.

Fig. 15. Buckling mode map for the cap section with an initial delamination aspect
ratio a/b ¼ 1.29.
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3.3. Full cap buckling

Full cap buckling modes occurred for both simulation ap-
proaches when the initial delamination was positioned deep inside
the structure. The blade model with cohesive elements showed
blade collapse on lower load levels than the model based on the
solid element approach due to a significant reduction in the
bending stiffness caused by delamination growth. Typical observed
full cap buckling behaviour responses looked like the one example
shown in Fig. 14(a). In all simulated cases, where full cap buckling
had been observed, the load level was higher than 140% of the
design load before a significant bending stiffness reduction could
be observed. By exceeding this load level high stress and strain
levels were also obtained. These high stresses and strains exceeded
the design strain values but were still below the critical material
strain values when critical buckling loads were reached as shown in
Fig. 13. For models based on the cohesive element approach
delamination growth always had occurred before full cap buckling
occurred. The simulations showed clear differences between both
approaches regarding the bending stiffness reduction (see Fig.
14(b)). The cohesive element approach clearly predicted more
conservative results with bigger losses in the bending stiffness than
the solid element approach. The bending stiffness degradation for
the cohesive element approach happened on lower load levels. The
extension of the delaminated area during delamination growth
process led to the earlier bending stiffness reduction. The alterna-
tion of the bending stiffness starting around a load level of 130%
resulted from the contact during the gliding between the upper and
lower delaminated sublaminates during the buckling process.
However, the maximum bending stiffness reduction was less than
1% for loads up to the design load.

All buckling modes that occurred during the study are sum-
marised in Fig. 15 and Table 2. The modes, as described above, were
divided into different buckling modes, local cap opening buckling
mode and full cap buckling mode. In the figure the buckling modes
are plotted with their initial delamination width b/B over the po-
sition through the cap thickness t/T. For each configuration both
modelling approaches were adopted and compared.

3.4. Blade vs. panel studies

The buckling mode map (Fig. 15) clearly shows that the bigger
the initial delaminationwas in size the bigger the tendency for local
cap opening buckling modes. This tendency is compliant with the
observation of panel experiments and simulations conducted by
Branner and Berring [10].
However, differences arose when comparing the Branner and

Berring's residual strength map for simply supported composite
panels with imbedded delaminations published in Ref. [10] with
the results of the current blade study. Branner and Berring's
residual strength map shows for delaminations with a size of
b/B ¼ 0.3 and a through thickness positioning ratio between
0 < t/T < 0.5 no or less than 5% reduction of the compressive
strength for the load carrying capacity of the panels. Comparing
these results with the present blade study similar results were
found if the design load (load factor of 1) is considered to be the
maximum load the blade has to withstand.

Looking at delaminations with a size of b/B ¼ 0.5 and a through
thickness positioning ratio between 0 < t/T < 0.5, Branner and
Berring predicted a compressive strength reduction between 5%
and 15% of its load carrying capacity. Only very little reductions of
the bending stiffness of less than 1.0% for loads up to the maximum
design load (load factor of 1) could be noticed in the blade study.

The delaminations in the main spar of the blade under quasi-
static loading did not cause the same bending stiffness reduction
as strength reductions observed in the panel experiments and
simulations conducted by Branner and Berring [10]. Reflecting the
results from the blade study, the results make senses anyway.
Considering 60% of the blade flapwise bending stiffness is provided
by the caps, each cap provides 30% of the flapwise bending stiffness.
If the upper 10% of the bending stiffness over the complete cap
width B would be removed and would not contribute at all to the
overall blade bending stiffness, the bending stiffness would be
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reduced by maximum 3%.
It seems that differences in boundary conditions (the main spar

as part of the entire blade vs. simply supported panel) were
essential. It looked as if the local stiffness bending and strength
reduction caused by the delamination (for the here simulated
cases) in the blade could be compensated by the surrounded blade
structure. The main spar as an integrated part of the entire blade
structure cannot twist, rotate and strain freely as the panel can. The
panels in Branner's study were the more flexibly supported at the
panel edges and thus tended to buckle earlier than the spar in the
present blade study. Furthermore, the laminated caps in the blade
only provide a share to the overall flapwise bending stiffness. Other
effects like the distance between the caps, the shear webs and the
aerodynamic shell also have a significant contribution to the overall
blade bending stiffness, which was neglected in the panel study.

4. Discussion and conclusion

The study showed that modelling buckling driven delamination
in wind turbine blades is feasible. The highly discretised sub-
modelling approach where a subset of brick elements was con-
nected to a shell element model via suitable couplings constraints,
made it possible to predict the effect of delaminations on wind
turbine blade structures. Two different subset modelling ap-
proaches were applied. One approach was purely based on solid
elements and the other included the possibility to simulate
delamination growth based on the implementation of cohesive
elements.

The cohesive element approach was more comprehensive and
provided, due to the possibility of delamination growth simulation,
good insights of the delamination process and buckling behaviour.
The implementation of cohesive elements was clearly the superior
approach compared to the solid element approach because addi-
tional information such as the load level for delamination growth
onset/propagation could be extracted. Thus, the cohesive element
approach made it easier and more precise to evaluate the critical
delamination size. The cohesive element approach was the more
conservative approach due to the consideration of delamination
propagation and its effect on the blade structure.

Beside the different numerical approaches the effect of the
delamination on the blade section was studied. The study showed
that blade structures with initial delaminations with a width be-
tween 30 and 50% of the cap width positioned close to the surface
started to grow in load ranges of normal operation conditions and
led to local cap opening buckling modes. The local cap opening
buckling modes with stable delamination growth (with numerical
limitation of maximum delamination growth) caused only little
bending stiffness reductions of less than 1.5% compared to the
sound structure. Nevertheless, the near-surface local cap buckling
modes led to high strains and stresses in the surrounding of the
delamination. Therefore, near-surface delamination has to be
considered to be critical.

The study showed how critical near-surface delamination in
wind turbine blades under design load conditions can be even
though only quasi-static loading was applied, the delamination
growth was limited in size due to the modelling approach and no
ply failure criteria has been considered. In the simulations the
delamination growth started at loads of around 50% of the design
load. In reality already this normal operation load for local near-
surface delaminations would probably be high enough to cause
delamination growth due to cyclic loading. At a certain size of the
delaminated area and at a corresponding load level local cap
opening would occur. High stresses and strains in the sublaminate
around the delamination induced by local cap opening would be
the consequence. The highly stressed and strained plies would
probably be reduced in their life-time and fatigue failure would
occur. Consequently, the adjacent plies have to compensate for the
failed plies and would be loaded higher, too. This process would
continue until ultimate failure occurs.

Full cap buckling for the here tested blade and delamination
configurations did not have any significant effect on the blade
response under normal operation conditions. In the simulations the
static load exceeded the design load by more than 40% before
delamination growth onset or buckling occurred.

The conclusion based on the study is that the load threshold of
delamination propagation is highly depending on the location and
size of the initial delamination. Delamination induced local cap
opening buckling modes have to be considered to be more critical
due to an earlier onset of local cap opening buckling compared to
full cap buckling modes. This finding is in good agreement with the
finding described in Overgaard et al. [9] that moderately sized
initial and near-surface delamination will reduce the critical load
significantly.

With the hereby presented study the authors came a little closer
to the goal of getting to a design criterion for improved and more
reliable prediction of delamination induced failure in wind turbine
blades.

Interesting future studies would be to investigate how big and in
which distance to the outer surface delaminations have to be to
become critical and how local delaminations behave under dy-
namic load conditions.
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