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Abstract

Wind turbine is a source of non-polluting renewable energy. Whether a wind turbine is viable depends entirely on the
structural integrity of turbine blade. To assess the structural integrity of wind turbine blades it is necessary to investi-
gate the loading behaviour of adhesively bonded composite joints. Finite element along with cohesive zone modelling
(CZM) methods were implemented to investigate the elastic indentation contact of adhesively bonded leading-edge
composite joints in wind turbine blades. The CZM was validated by replicating existing experimental and numerical
work on composite-to-adhesive bonds applied to wind turbine structures. This validated model was then used to inves-
tigate the structural integrity of a variety of leading-edge joint configurations, adhesive thicknesses and bond finishes
under indentation. Numerical results showed that an off-centre adhesive joint configuration was desirable and capable
of withstanding between 39 and 96% more load than centred joints. Direct indenter to adhesive contact was shown
to reduce fracture resistance by up to 4.7%. An adhesive joint based on a lap joint configuration was proposed as an
alternative to current designs.
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CFRP  Carbon fibre reinforced polymers m Mass
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1 Introduction

Predicting failures in turbine blade composite lay-ups or
adhesive joints is a key aspect in assessing their struc-
tural integrity, for a reliable renewable energy produc-
tion. Adhesives are fundamental to modern-day wind
turbine blade structures, favoured due to their high
strength to weight ratio and flexible nature. Adhesive
failure and the occurrence of de-bonding within a wind
turbine blade is highlighted as one of the main causes
of damage, particularly with the development of larger
blades [1]. Materials used in modern wind turbine blade
construction are fibre-reinforced polymers due to their
good fatigue properties, high specific stiffness, ability
to be tailored by differing fibre lay-up orientations and
low density. Glass fibre reinforced polymers (GFRP) are
the most commonly used composites. Carbon fibre rein-
force polymers (CFRP) are occasionally used but limited
to local reinforcement only due to their high cost. There
are many adhesive joints throughout a turbine blade’s
internal structure as shown in Fig. 1a. However, the
focus of this study is the leading-edge adhesive joint as
this is the most likely area to be exposed to indentation
or impact loading. Several recognised adhesive joint
configurations exist, with a summary of the main ones
shown in Fig. 1b.

A fracture mechanics approach is an effective method
of determining damage and energy release rates dur-
ing adhesive failure, and was implemented by Feraren
et al. [2], Ji et al. [3] and Floros et al. [4]. However, such
an approach becomes invalid if the fracture consists of a
crack tip and large non-linear zone. The finite element (FE)
method, combined with a simulation technique known as
a cohesive zone model (CZM), provides an effective means
of analysing adhesive failure in bonded joints. Hazimeh
etal. [5] used these to analyse adhesively bonded compos-
ite double lap joints subjected to in-plane dynamic impact
loads. Floros et al. [4] used an experimental procedure and
the numerical simulation to investigate Mode-I, Mode-I|
and mixed mode (I and Il) fracture characteristics of adhe-
sively bonded composite joints. This involved a double
cantilever beam (DCB) for Mode-l, and end-notch flexure
(ENF) for Mode-Il experiments, as well as corresponding
FE models. Their results concluded that the FE/CZM and
experimental validation method worked well in Mode-|
cases, but in Mode-Il and mixed mode cases, modifications
to the CZM parameters were needed to obtain satisfactory
results. Similar procedures of experimental CZM valida-
tion were implemented by Prathuru et al. [6]. These stud-
ies highlighted the usefulness of these methods but they
are not specifically applied to the composite to adhesive
bonds found in wind turbine applications.
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Fig. 1 Adhesive bond joints: a commonly found turbine blade
structure, showing single rectangular spar [where, (1) leading edge
adhesive joint, (2) aerodynamic panels made as a sandwich struc-
ture with foam or wood cores, (3) adhesive joint (suction side), (4)
suction side spar cap, (5) suction side mould, (6) trailing edge adhe-
sive joint, (7) pressure side mould, and (8) pressure side spar cap,
and b common adhesive joint configurations widely applied in
various applications

Petterson [7] carried out the design and analysis of a
wind turbine adhesive joint using the FE method and a
CZM to investigate the adhesive strength of a carbon fibre
box spar joint under extreme tensile loads. Using this, he
optimised the design of the adhesive joint configuration
by analysing the stress concentrations around the bond
interfaces. Eder et al. [8] highlighted and investigated
the use of the virtual crack closure technique (VCCT), an
alternative theory to CZM, and the effect of geometric
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non-linearity on energy release rates of adhesive cracks
under bi-axial bending in a realistic wind turbine blade
cross section. They concluded that taking a simplified
cross-sectional slice of complex turbine blade leading
edge geometries was an effective method for analysing
structures with geometric non-linearity.

Hua et al. [9] investigated the performance of carbon/
epoxy composite to adhesive bonds in wind turbine
blades subjected to combined bending and torsional load-
ing by using the FE method and a traction-separation law
to predict crack initiation and propagation. They showed
that non-filleted adhesive finishes and internal adhesive
defects caused significant reduction in adhesive bond
strength due to increased stress concentrations. Zarouchas
etal.[10] implemented a CZM to investigate 4-point bend-
ing of an adhesively bonded composite I-section beam to
replicate the internal web of a wind turbine blade. They
achieved strong numerical and experimental result cor-
relation, but only until the point of adhesive fracture ini-
tiation, highlighting possible limitations for this type of
analysis in the software package they used. Ji et al. [3],
used a fracture mechanics approach to determine the
critical stresses and fracture energies of an epoxy adhesive
used in wind turbine structures. Using these values, they
modelled the adhesive behaviour by implementing a CZM
in a different FE software package to that used in [10]. This
CZM was validated through numerical and experimental
result comparisons with a 3-point-bending end notched
specimen with high similarity (within 2%) between FE and
experimental results. This validated CZM was then used
to investigate adhesive failure of a support web within a
full-scale turbine blade under extreme flap-wise bending.

Although some work has been done on investigat-
ing adhesive joints in wind turbine blades under general
loads, there is a lack of studies investigating adhesive bond
behaviour during indentation (or impact) loading condi-
tions. Therefore, the aim of this study is to investigate the
behaviour, using FE with CZM, of composite-to-composite
adhesive bonds found in large wind turbine blades where
blade leading edges are susceptible to exposure to elastic
indentation loading conditions.

2 Modelling and simulations
2.1 Cohesive zone model formulation

In fracture mechanics, a material’s resistance to fracture
can be expressed in terms of two material constants, its
fracture toughness, K, or its critical energy release rate G,
[11]. A CZM utilises a strength-based fracture criterion to
determine failure initiation, along with an energy-based
criterion to predict the crack propagation [12]. Before

failure, the bonded surfaces are held together by cohesive
traction stresses on which damage initiation is dependant.
Following crack initiation, the traction stresses decrease as
the surfaces separate and the crack propagates. Generally,
the traction-separation law is defined by a variety of rela-
tionships such as triangular, exponential and trapezoidal
shapes. Using this relationship, the CZM is modelled as
linear elastic up until damage of the cohesive elements
occur. Upon failure, the material will degrade and behave
as defined by the traction-separation law.

Within an FE model the CZM assumes that one or mul-
tiple fracture interfaces/regions can be artificially intro-
duced in structures, in which damage growth is allowed
by the possible introduction of a discontinuity in the dis-
placement field.

In this study, the interfaces between the two adherend
were modelled in ANSYS v.17 using a CZM with interfa-
cial contact as a series of springs whose stiffness varied
as a function of the displacement. CONTACT172 and
TARGET169 elements with the de-bonding option were
created along the interface. The overall behaviour was
represented by a triangular traction-separation law to
determine the energy release rate during failure propa-
gation as also used in.

The damage initiation and energy criteria as used in [3]
and here are defined in Egs. 1 and 2, providing the neces-
sary theoretical damage and propagation relationships for
the CZM. Initial damage criteria are described by:

o\’ ot \’ o\’
- +1| = +\ = =1 (1)
o-max O-max Gmax
where ¢", 6'ands® are the normal, tangential and shear
stress components in the adhesive material, respectively.

The energy release and crack propagation criteria was
defined as:

&) (@) (@)

(G/c " Gyc i Gy @
where G, GycandG, are the critical fracture energy
release rates in the three fracture modes. It should be
noted that in the case of a 2D analysis or where both mate-
rial shear properties are the same, it is only the first two
modes (Mode | and II) that are of significance. The CZM

and hence adhesive bond interfaces will not fail under
compressive stress [13].

2.2 Cohesive zone model validation

The CZM used in this study was validated against the work
of Ji et al. [3] who carried out experimental and numeri-
cal analysis on two unidirectional glass fibre reinforced
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Upper composite adherend, 0.1 mm (x and y), Bias factor: 100

Adhesive element size: 0.1 mm (x) 0.04 mm (y)

Lower composite adherend, 0.1 mm (x and y), Bias factor: 100

Table 1 Composite (adherend) properties [3]

Properties Composite value

Elastic modulus in fibre direction, E;, (GPa) 414
Elastic modulus transverse to fibre, E,, (GPa) 13.56
Tangential elastic modulus (in-plane), G,, (GPa) 3.5
Poisson ratio, v, 0.31

Table 2 Adhesive and CZM properties [3]

Properties Adhesive value
Elastic modulus, E (GPa) 42

Poisson ratio, v 0.45

Normal tensile strength, o7} | (GPa) 0.012

Shear (tangential) strength, 6. (GPa) 0.048

Mode-| critical fracture energy release rate, G, (kJ/ 0.4
m?)

Mode-Il critical fracture energy release rate, G 0.8
(kJ/m?)

epoxy composite layers (Fig. 2), bonded with a brittle
epoxy-based structural adhesive that was applied to the
load-carrying components of a wind turbine blade, with
relevant mechanical properties listed in Tables 1 and 2.
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It is important to note that glass fibre are made of small
glass fibers that are connected together to form a material,
and the glass is made of silicon and not carbon, whereas,
carbon fibre is made with small strands of carbon atoms
that are combined into strands woven together to form
durable and lightweight single mass material. Glass fibre
requires an epoxy to maintain its strength and durabil-
ity. Without the hard-outer covering, fiberglass is likely to
come apart.

The 2D geometry implemented by Ji et al. [3] was rep-
licated for this study using the ‘Static-Structural’ solver in
ANSYS® 17.0 and is shown in Fig. 2a. The aim of this valida-
tion procedure was to replicate their load-displacement
curve and shear stress distribution at failure. Material prop-
erties of the composite, adhesive and CZM implemented
in the ANSYS” model throughout are show in Tables 1 and
2.

To simplify the model and boundary conditions, the
supports and loading pin were not modelled, with dis-
placement boundary conditions being defined to repre-
sent the structural set up shown in Fig. 2b. A 5 mm verti-
cally downward displacement was applied to the upper
adherend along with a horizontal restriction, while the
lower adherend was constrained in the vertical direc-
tion. The contact behaviour for the composite-to-adhe-
sive interface was set to ‘bonded’ and followed a pure
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penalty formulation (which introduces a force at the
contact detection point(s) which have penetrated the
target surface with the express purpose of eliminating
the penetration). To implement the CZM and model the
fracture mechanics, these bond interfaces were assigned
‘contact de-bonding’ through the ‘fracture’ tool. Without
defining this behaviour, the bonds in this model would
be perfect and never fail.

Meshes were constructed using the automatic mesh-
ing capabilities of ANSYS® with a more refined mesh near
the adhesive region where large stress gradients were
expected and taking advantage of the bias effects, which
allowed grading the element size in the adherends from
the loading points towards the contact regions, as shown
in Fig. 2c. A mesh convergence study was carried out by
investigating force values as well as shear stress along the
top adhesive-to-composite bond, with satisfactory con-
vergence being achieved.

Fig. 3 Cohesive zone model 300
validation: a load-displace-
ment curves for FE model (4 250
different mesh sizes) along
with experimental and 200
numerical results of [3], and b
deformation and shear stress
L o : 150
distribution at critical point
where the crack has just begun =
to propagate E o
(=]
“ 50
0

0

———4400 Elements
74000 Elements
Experimental Results from Literature

Deformation, mm
4,5133 Max
5 4012
3.5106
~— 3.0093
2.5079
2.0066
1.5053
1.0039
0.50257
0.0012282 Min

Shear stress. MPa
25.464 Max
B 14.394
33249
— -7.7447
-18.814
-29.884
-40.953
-52.023
63.093
~74.162 Min

The numerical results for four different mesh sizes were
compared, in Fig. 3a, with both the experimental and
numerical results achieved by [3]. As can be seen, the FE
model showed a good agreement, within approximately
2% of the experimental results and 3.8% of the numeri-
cal results until adhesive failure (the point of crack initia-
tion). This implies that the model adequately predicted the
damage initiation and fracture behaviour and hence, the
CZM approach can be used to predict failure of adhesively
bonded joints.

Deformation and shear stress distributions throughout
the structure were used to further compare and validate
the FE model. As can be seen in Fig. 3b, the numerical
results compare well with those from [3], in which stress
distribution and displacement patterns match conclu-
sively. This further confirms that the modelling undertaken
in ANSYS” has been successful and can be implemented in
further investigations with confidence. This CZM approach

2 3 4 5
Displacement (mm)
21500 Elements
82000 Elements
Numerical Model Results from Literature

(b)
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could then be extended to predict the failure in the lead-
ing-edge adhesive joints of wind turbine blades.

2.3 Leading-edge composite-to-composite
adhesive joint model

The proposed methodology and model provide a simpli-
fied solution to investigating impact by using an inden-
tation model as an initial step towards understanding
the effects of strikes on turbine blades. FE analysis of the
leading-edge composite-to-composite adhesive joint in
a wind turbine blade was carried out using the validated
CZM approach. The geometry investigated in this study
was based on the work carried out by Keegan et al. [14],
and shown in Fig. 4, and represents the leading-edge
geometry of currently manufactured turbine blades. The
composite thickness implemented in their study was

43
\

30

Fig.4 2D leading edge geometry investigated in this study.
(Adapted from Keegan et al. [14])

approximately 2 mm and this thickness was also imple-
mented in this study. Leading edge composite thickness
is known to range from 2 to 5 mm near the blade tip. The
initial adhesive thickness chosen for analysis was 0.5 mm.
Composite (adherend), adhesive and CZM properties from
the validation model mentioned above were implemented
in this analysis using relevant properties (Tables 1 and 2).
An elastic indenter material with properties taken from
[14] was selected to imitate ice balls (hailstone) with three
different diameters and a square shape (Table 3). Defor-
mation behaviour within the indenter was not part of
this analysis. Therefore, this study proposed an indenta-
tion (or contact mechanics) based numerical method to
investigate the failure of different leading-edge bond con-
figurations exposed to different indenter shapes (spherical
representing Hertzian contact and square acting like a flat
punch). A numerical model of the specimen was devel-
oped using 2D finite element analysis.

The assumptions made for the model included: (a) sim-
plified geometry represented in 2D, (b) contact mechan-
ics treated as cylindrical to cylindrical contact or cylindri-
cal to flat plate contact, (c) a small region of cylindrical
to cylindrical contact, making the 2D assumption valid,
(d) plane stress assumed since only a thin slice was rep-
resented. It should be noted that the adherend materi-
als were assumed to be orthotropic (in this case, elasticity
modulus in fibre direction, E;; =41.4 GPa elasticity modu-
lus transverse to fibre, E,,=13.56 GPa, see Table 1). Also,
the adhesive bond interface was perfect i.e. with no manu-
facturing defects such as dust, bubbles or other impurities
in the adhesive or along the adhesive bond lines.

A summary of the leading-edge joint configurations
is shown in Fig. 5. These configurations were chosen to
allow for factors such as joint positioning, adhesive thick-
ness, adhesive shape and applicability to real wind turbine

Table 3 Finite element method-based crack initiation load and displacements results for all leading-edge joint configurations with 0.5 mm

adhesive thickness

Configuration Indenter Displacement for crack Crack initiation Location
initiation (mm) load (N)
A (simple butt) Spherical (5 mm) 0.212 52.01 Both CZ. Inside edge
A (simple butt) Spherical (10 mm) 0.212 53.99 Both CZ. Inside edge
A (simple butt) Spherical (15 mm) 0.212 53.15 Both CZ. Inside edge
A (simple butt) Square 0.212 55.81 Both CZ. Inside edge
B (off centre simple butt straight) Square 0.104 91.17 Bottom CZ. Inside edge
C (off centre simple butt curved) Square 0.102 89.01 Bottom CZ. Inside edge
D (simple centred step) Square 0.119 39.02 Top CZ. Inside edge
E (off centre simple step) Square 0.087 69.79 Bottom CZ. Inside edge.
F (single lap straight) Square 0.955 854.60 Top CZ. Inside edge
G (single lap curved) Square 1.200 1078.70 Bottom CZ. Internal

delamination near
inside edge
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Fig.5 Wind turbine blade
leading edge joint configura-
tions (A to G)

(a) Configuration A
(simple butt joint)

(d) Configuration D
(simple stepped joint)

blade applications to be investigated. Moreover, straight
and curved adhesive body finishes were selected to inves-
tigate the effect of an ‘ideal’ (curved) finish, achieved in
practice from moulding, and ‘non-ideal’ (straight) adhe-
sive edges where the manufacturing process could cause
defective and deformed adhesive edges.

The boundary conditions of the proposed model can be
seen in Fig. 6a. The two-left-hand side flat edges were fixed
with a vertical displacement and a horizontal restriction, as

(b) Configuration B
(off centre simple butt
joint, straight
adhesive edges)

(c) Configuration C
(off centre simple butt
joint, flush/curved
adhesive edges)

Straight
edge /

(f) Configuration F
(single lap joint, straight
adhesive edges)

(e) Configuration E
(off-centre simple
stepped joint)

Straight

(g) Configuration G
(single lap joint,
curved/flush adhesive
edges)

Curved
edge/v

in practice this geometry would be supported by a shear
web or spar cap at these points. Displacement was applied
to the indenter in the negative x-direction to simulate the
indentation that might occur due to impact or contact
with an object. The magnitude of this displacement was
varied throughout the analysis. To ensure efficient conver-
gence of each simulation the indenter was displaced only
enough to cause crack initiation and the first steps of prop-
agation. Configuration A, with simple butt joints as shown
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| A Displacement
i Displacement 2

.....

(b)

Fullimeshed geomety, Magnified view of localised contact

Fig. 6 Finite element model: a boundary conditions and geometry,
b meshing showing full body meshed geometry, and a magnified
view of localised contact (boxed region of left figure)

in Fig. 5a, was selected to carry out the mesh convergence
study for the composite body, contact interface and adhe-
sive body. Figure 6b shows the full geometrical model and
a refined mesh for the joint A configuration with 10 mm
diameter spherical indenter. Adequate convergence was
observed with an element size of 0.01 mm at the bond
contact interfaces and 0.5 mm throughout the rest of the
body, whilst the contact face of the indenter body was
given an element size of 0.08 mm. Although other joint
configurations have more complex adhesive geometries
compared to configuration A, this converged mesh size
was maintained at the contact interfaces throughout all
the analyses.

The FE method outlined throughout this section was
applied to each of the leading-edge joint configurations
shown in Fig. 5. Initial analysis was carried out to investi-
gate all of the proposed configurations under indentation
contact with the square object to identify crack initiation
load and characteristics of failure. Results were extracted
using the ‘Contact Tool’ between the bond interfaces
to identify the point and load at which a crack initiated
(when the contact status changed from ‘sticking’ to ‘slid-
ing’). Table 3 shows the predicted FE crack initiation load,
displacement and crack initiation locations for all joint
configurations exposed to the defined indentation cases.

The effect of varying the indenter size and shape was
also investigated. Configuration A was chosen for this anal-
ysis with all four indenter cases being analysed as shown
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(a) Case 1: 5 mm diameter  (b) Case 2: 10 mm diameter

(c¢) Case 3: 15 mm diameter  (d) Case 4: 15 mm square

Fig.7 Four indenter cases where the indenter size and shape were
varied for configuration A

in Fig. 7. This was followed by a detailed stress analysis
of the leading-edge adhesive bodies, with stress results
at crack initiation being extracted. On completion of this
analysis the strongest joint configurations (F and G) were
selected for more detailed investigation where variations
in adhesive thickness and stress behaviour along the frac-
ture path were analysed.

3 Results
3.1 Adhesive joint configuration strength

With reference to the leading-edge joint configurations
shown in Fig. 5, Table 3 highlights the key indentation-
based FE results that give an indication of the adhesive
joint configuration’s strength. As can be seen, the least and
most resistant joint configuration to adhesive failure were
identified. In configuration A, where varying indentation
cases were investigated, crack initiation load declined by
4.76% between the most severe (5 mm spherical indenter)
and least severe (square indenter) indentation contact. The
configuration that possessed the worst strength character-
istics was the centred simple step joint (D), with a crack ini-
tiation load of 39.02 N. The off-centre simple step joint (E)
exhibited the poorest fracture resistance of the off-centre
configurations, with a crack initiation load of 69.79 N. The
strongest joint configurations were the lap joints, with F
predicting a 95.4% and G a 96.4% greater load carrying
capability than the weakest joint D. Off-centre joints were
shown to be capable of withstanding between 39 and 96%
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more load before fracture, compared to the centred joint
configurations. For the lap joints, a perfectly curved adhe-
sive finish (G) led to a 20.78% increase in adhesive fracture
load, compared to the imperfect straight adhesive edge
finish (F). However, the off-centred simple joint for the per-
fect adhesive edge finish (E) exhibited a 2.37% reduction in
fracture load compared to the imperfect straight finish (D).

Figure 8 further illustrates the reduction in fracture
strength with decreasing indenter size as shear and nor-
mal stresses increased by 74.1%, 70.7% and 38.1% respec-
tively between the most extreme 5 mm indenter case and
the square (flat punch) indentation contact.

To analyse the failure of adhesive joints used in wind
turbine blades only stresses which contribute to adhesive
failure, such as shear stress and normal stress in x-direc-
tion and y-direction, were considered in this study. Stress
plots for all adhesive configurations were analysed, with
the location of the crack initiation highlighted by the cir-
clesin Fig. 8.1t should be noted that all stress distributions
presented are at the time of fracture initiation.

3.2 Stress distribution for various configurations

From shear stress plots through the adhesive body (Fig. 9),
along with the shear strength values of the adhesive and
CZM (Table 2), it can be identified whether or not these
stresses are the cause of fracture initiation. In configura-
tion A the areas of shear stress do not coincide with the
location of fracture initiation and are well below the adhe-
sive shear stress failure criterion, so are not the cause of
failure. In configurations B and C the maximum negative
shear stress does coincide with the location of fracture.
However, the stress values are significantly lower than the

Fig. 8 Variation of stress with 100

different indentation cases 76

shown in Fig. 7 80 = n
60
40

20

B Max. Shear Stress

Stress (MPa)
o
1

Min. Shear Stress

adhesive shear strength failure criterion of 48 MPa. Again,
this suggests that this is not the cause of fracture. In con-
figurations D and E the locations of extreme shear stress
concentrations do not coincide with fracture location, sug-
gesting that shear stresses are not the cause of fracture. In
configurations F and G, significant areas of negative shear
stress, up to 29% greater than the adhesive failure criteria
value, coincide with fracture location closely. Shear stress
may contribute to mixed mode failure in configurations F
and G, but it is not the conclusive cause of fracture. Since
there is no definite correlation between shear stress and
crack initiation location in the other adhesive bodies, it
is difficult to conclude that these stresses contribute to
failure.

Figure 10 shows the x-direction normal stresses through
the adhesive. It allows the x-direction normal stress to be
investigated to determine if this contributes to fracture
initiation by coinciding with its location. In configura-
tion A, the location of fracture does not coincide with the
maximum tensile stress value. In configurations B and C,
areas of maximum tensile stress do coincide with fracture
initiation location, but are well below the failure criterion
of the adhesive. In configurations A, B and C stresses in
this direction act along the bondline interface, hence do
not cause Mode-l opening. Configurations D and E exhibit
significant areas of tensile stress that are up to seven times
larger than the adhesive failure criterion, however these
areas do not coincide with fracture initiation locations. In
configurations F and G significant compressive stresses
exist normal to the adhesive bond line, so do not contrib-
ute to fracture initiation. In configurations F and G areas
of high tension that are in excess of the adhesives normal
failure criterion (12 MPa) exist at crack initiation locations.
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Fig. 10 Local adhesive body normal stress (x-direction) contour plots for configurations A to G (values in MPa)

This indicates that Mode- failure is likely to be the cause
of fracture initiation in configurations F and G.

Figure 11 shows the y-direction normal stresses
throughout the adhesive body to allow for relation-
ships between these stresses and fracture initiation to
be investigated. In configurations A, B and C stress in
this orientation acts normal to the bond line, not along
it, hence tensile stresses will cause Mode-| opening to
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occur. This is conclusive in configurations A, B, and C as
maximum tensile stress coincides with fracture location
and exceeds the normal failure criterion of the adhesive
(12 MPa). Configurations D and E show an inconclusive
relationship between maximum normal stress in this
orientation and fracture initiation location. Maximum
stress values exceed the failure criterion of the adhesive
significantly (by 96.8% in D and 93.15% in E). However,
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Fig. 11 Local adhesive body normal stress (y-direction) contour plots for configurations A to G (values in MPa)

they do not coincide with fracture initiation location. In
configurations F and G stresses in this orientation act
along the bond line and do not contribute to fracture
initiation. Reasons why the adhesive is capable of with-
standing stress along the bond interface are discussed
later.

As configurations F and G possess superior fracture
resistance over other joints investigated, it was decided
to investigate these configurations in more detail,
including an analysis of the effects of adhesive thick-
ness and fracture behaviour.

Fig. 12 Effect of adhesive 1200
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3.3 Effect of adhesive thickness and crack initiation
load

Figure 12 shows the results of adhesive thickness variation
on crack initiation load. As can be seen, configuration G
with an adhesive thickness of 1 mm is the most resistant
to fracture. Thicknesses above and below this value cause
a weaker joint, though the 0.5 mm joint is very close in
strength to the 1 mm. In configuration F, 1 mm is not the
optimum thickness, highlighting that the non-perfect
adhesive edge finish effects the load carrying capability of
the joint. The pattern of crack initiation load change with
bond line thickness agrees with the experimental work
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carried out by Canales [15] who observed a peak adhe-
sive thickness with reduced strength characteristics above
and below the optimum thickness for an epoxy-based
adhesive. He concluded that the reason for weakness in
the thinner adhesive bond lines was due to an increased
strain caused by the inverse relationship between strain
and adhesive thickness. In thicker bond lines, the reason
for these characteristics in experimental work is due to an
increase in voids/defects through a thicker adhesive. In the
case of this analysis, this explanation for thick adhesives
is not valid as the adhesive is assumed perfect in the FE
model. Reasons for a reduction in strength with increas-
ing adhesive thickness can therefore be explained by its
reduced tolerance to deformation, due to its brittle char-
acteristic and inability to flex.

3.4 Stresses along the adhesive paths

To investigate the fracture behaviour of the failing adhe-
sive edges, stress results were extracted along the failing
bond-line at both crack initiation condition (point where
detectable crack initiation occurred) and maximum dis-
placement condition (crack fully developed and propa-
gated). Shear stress results along the adhesive path are
shown in Fig. 13i-a, b for the crack initiation and maximum
displacement conditions respectively. Figure 13ii, iii show
similar plots for x-direction normal stress, and for y-direc-
tion normal stress, respectively. These results confirm the
location of crack initiation as being at the internal adhe-
sive edge corner (0 mm along bond line) in configuration
F, and internally (approximately 1.5 mm along the bond
line) in configuration G (see Fig. 13iii-a). At crack initiation,
significant stress concentrations at the fracture locations
are evident, as seen in Fig. 13i-a suggesting that Mode-Il
failure may in fact contribute to fracture initiation. This is
followed by a smooth distribution of stress throughout the
remaining bond line. At maximum displacement condi-
tions (Fig. 13i-b), significant shear stress concentrations at
the crack tips can be seen.

At crack initiation, there are areas of tensile stress con-
centrations that coincide with fracture initiation locations,
like the trend seen with shear stress. The concentrations
of stress are of the order of the tensile failure criteria of
the adhesive and confirm that Mode-l opening contributes
to fracture initiation. These stress concentrations are also
observed at the crack tip as the fracture propagates, with
aredistribution of stress along the bond interface past the
crack. At crack initiation, there are significant stress con-
centrations that are much greater than the failure criteria
proving that the adhesive is capable of withstanding sig-
nificant stress along its bond line. Stress concentrations
are present at crack tip locations, matching the patterns
observed with shear and normal (x-direction) stress. Once

SN Applied Sciences

A SPRINGER NATURE journal

crack initiation has occurred, normal stress concentrations
at the crack tip in this orientation may cause Mode-Il con-
ditions that contribute to crack propagation.

4 Discussion

Each configuration (A to G) was analysed and critically dis-
cussed, referring to the presented results to understand
the characteristics of adhesive failure.

4.1 Joint A (simple butt joint)

This joint proved to have poor fracture resistance, only
capable of withstanding a load of 55.8 N (see Table 3,
square indenter) before adhesive fracture occurred, and
possessed even poorer fracture resistance capabilities
in circular indentation cases when contact effects were
more significant. This highlighted that the size and shape
of indenter can influence the stress distribution, and hence
fracture behaviour of the adhesive, with a 4.7% reduction
in fracture resistance with decreasing indenter size from
15 to 5 mm diameter. The smallest diameter cylindrical
indentation case proved to cause the most significant
stress distribution throughout the adhesive, as was shown
in Fig. 8, causing 71.4% greater shear stress, 70.7% greater
x-direction normal stress and 31.8% greater y-direction
stress than a square/flat punch indentation. This behaviour
was expected and agrees with contact mechanics theory
[11,16]. The crack initiation location, in Fig. 11a) coincided
with the area of highest tensile stress which exceeded the
adhesive normal stress failure criterion of 12 MPa (Table 2).
This concludes that Mode-Il opening is the dominant cause
of fracture initiation in this configuration.

Normal stress along the x-axis is not considered the
cause of fracture because it acts along the bond line.
Where this bond line is still bonded, there is no difference
in stress between the adhesive body and the composite
body. Without a difference in stress between these two
interfaces, there will be no occurrence of fracture initiation
conditions. If there was a difference of stress between the
two bodies, it is likely to cause Mode-Il sliding to occur.
Conditions like this would occur after crack initiation, sug-
gesting that Mode-Il sliding contributes to crack propaga-
tion. This is an important concept to understand and helps
explain the behaviour and capabilities of the adhesive
bond line to withstand stresses along its interface.

4.2 Joint B and C (off-centre simple joints)
Joints B and C proved to exhibit better fracture resistance

capabilities than the simple butt joint (A), as they with-
stood up to 38.8% greater load before fracture initiation.
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This can be explained by considering the distribution of
normal stress throughout the adhesive body. As previ-
ously highlighted, normal tensile stress in the y-direction
(Fig. 11b, c) is extremely high at the centre line of the
inside composite edge. The off-centre configuration posi-
tions the joint in an area away from this significant stress,
hence allowing for greater displacement and force to

be exerted on the leading edge before adhesive failure
occurs. Due to the fracture location coinciding with the
area of maximum tensile stress in the y-direction as seen
in (Fig. 11b, c), Mode-I fracture in this orientation is the
dominant cause of adhesive failure.

The effect of straight (B) and curved (C) adhesive edges
was also investigated. As can be seen in Table 3 the perfect
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moulded edge finish has not caused a significant variation
of fracture resistance though it did show a 2.3% reduction
in crack initiation load. This implies that the effect of the
adhesive edge finish has not provided an improved frac-
ture resistance in this case. This disagrees with the work
of Hua et al. [9] who showed that a filleted adhesive edge
improved joint strength. The differences exhibited here
can be explained by the fact that there is little difference
in the edge profiles of these bodies at this small scale.

4.3 Joint D and E (stepped joints)

Stepped joints D and E showed the poorest fracture resist-
ance characteristics. D was the weakest joint configuration
overall and E exhibited the poorest strength of all the off-
centred joints. However, an improved fracture resistance
with off-centred joint location is exhibited between joints
D and E. Generally, the greater bonded area that both con-
figurations achieve, compared to the simple butt joint,
should increase the strength of the adhesive joint [17].
However, the stepped joints investigated in this study have
shown low fracture resistance. This might be explained by
the clear stress concentrations around the corners of the
stepped adhesive bodies in all stress plot results for D and
EinFigs.9, 10 and 11. As the areas of stress do not coincide
with the areas of fracture initiation, the identification of
the dominant failure mode of these configurations is not
clear. High concentrations of stress in these areas suggests
that, in practice, plastic behaviour of the adhesive or com-
posite could occur before fracture initiates.

4.4 Joint F and G (lap joints)

Joints F and G proved to be the strongest joints, able to
withstand a load of 854.6 N and 1078.7 N respectively, over
94% more than the weakest joint (D) (Table 3). This can
be partially explained by the capabilities of the adhesive
bond to withstand large normal force along its bond inter-
face. Also, as previously highlighted, an adhesive and CZM
will not fail under pure compression. To further explain this
configuration’s capability to withstand high force, its ori-
entation and the transition of stresses from composite to
adhesive must be explained. As can be seen in Fig. 11f, g,
extreme areas of y-direction tensile stress can be observed.
However, the orientation of this joint means these stresses
act along the bond interface, which has been shown not
to be a contributing factor towards crack initiation. The
orientation of stress that will cause Mode-Il opening failure
is the normal x-direction stress shown in Fig. 10f, g, which
was shown to be much less significant than y-direction
normal stress. This allowed more leading-edge displace-
ment to take place before the critical adhesive tensile fail-
ure stress was reached. Therefore, Mode-| opening failure
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due to stress in the x-direction is believed to be the domi-
nant failure mode for configurations F and G.

In the lap joint cases of F and G, adhesive edge fin-
ish was shown to be a highly significant factor with the
perfectly moulded adhesive edge (G) showing a 20.7%
increase in fracture resistance compared to the non-ideal
straight edge finish (F) (Table 3). These results showed con-
clusively that the perfect curved joint (G) allowed more
deformation to occur before adhesive failure than the
non-ideal straight adhesive edge finish (F). The difference
in crack location and initiation load can be explained by
several factors. Firstly, the non-ideal adhesive edge in F
is less tolerant to the displacement being experienced in
that area, due to the extra adhesive thickness and its brittle
nature. The more significant cause of earlier failure is due
to the stress concentrations that occur at the adhesive tip
in the non-ideal bond finish. In a filleted curved finish like
G, there are no areas of sharp geometrical non-linearity
between the adhesive and composite body, hence less sig-
nificant areas of stress concentration. Increased stress con-
centrations at the adhesive tip in F can be seen in Fig. 13i-
a, ii-a and are the cause of earlier crack initiation. This was
shown in the work of Hua et al. [9] who determined that a
non-filleted adhesive finish in an internal shear web adhe-
sive joint reduced the strength by 2.4%, due to increased
stress concentrations. In this case, a much more signifi-
cant reduction of 20.7% in adhesive strength is observed
though the same explanation applies.

Figure 13iii-a showed crack initiation and propagation
behaviours. It can be seen that configuration G fractures
internally along the bond interface, resulting in an internal
crack that propagates both up and down the interface.
The non-ideal adhesive edge (F), exhibits fracture at the
inside edge and propagates upwards along the bond line.
At crack initiation conditions, there is an erratic distribu-
tion of shear stress around the crack location (Fig. 13iii-a),
followed by an increase in stress along the adhesive path.
The stress concentrations at the crack tips and redistribu-
tion of stress along the bond lines cause the continuous
propagation of the crack. This is characteristic of the frac-
ture mechanics expected and follows similar patterns to
the results of Ji et al. [3] who also showed significant stress
concentrations at crack initiation and crack tip locations,
with a redistribution of stress throughout the remaining
adhesive bond line. Brittle adhesives, like the epoxy-based
adhesive investigated in this study, are known to be sensi-
tive to stress concentrations, as highlighted by Petterson
[7], confirming the stress behaviour exhibited in this case
is valid and characteristic of brittle adhesive failure.

Considering the possibility of composite adherend
failure before adhesive bond failure, it is important to
compare the stress contour values with the approximate
strength values of the composite. Approximate strength
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values for glass fibre reinforced epoxy composite extracted
from Ref. [18] are (shear strength =120 MPa; ultimate ten-
sile stress=410 MPa; compressive strength=570 MPa).
As shown in Fig. 14, global stress contour plots were
extracted from the leading-edge body allowing the stress
distribution and transition from composite to adhesive to
be presented. Lap joints F and G, the strongest join config-
urations, all exhibit significantly high shear stress between
74% and 79% greater than ultimate shear strength (as
shown in Fig. 14i). This shows that composite failure due
to shear stress is extremely likely in these cases. Again, as
shown in (as shown in Fig. 14ii,in F and G, excessive tensile
and compressive stress that exceed the ultimate strength
values of the composite by up to 31% and 49%, respec-
tively, exists at the transition to the curved leading edge.
These stresses are caused by the overall deformation of
the leading-edge profile as it is indented. And finally, as
shown in Fig. 14iii, F and G exhibit normal stresses that

significantly exceed the tensile and compressive ultimate
stress values by between 47 to 87% and 42 to 82%, respec-
tively. Extreme areas of tension are located at the internal
edge of the leading-edge composite body. Extreme areas
of compression are located at the external edge of the
leading-edge composite body. These stresses are caused
by the overall deformation of the leading-edge profile. As
it deforms the curved leading edge is effectively ‘straight-
ened out causing these significant stresses that will cause
composite failure.

4.5 Further work

In simple terms, the impact force, F, is given by: F, = mz_\;z
where m is the mass of an object (kg), v is the velocity of
the object (m/s) and s is slow down distance (m) that is
usually taken as the length of the object. F, can be used
to estimate the impact force of selected objects and

Fig. 14 Global leading-edge
stress contours for configura-
tions F and G (values in MPa)
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hence give an indication of whether the joint configura-
tions investigated can withstand the impact force. If an
extreme impact velocity of 120 m/s is considered for pos-
sible hailstone impact cases [14], the maximum impact
force of a 15 mm diameter hailstone is calculated to be
approximately 761 N. This shows that the only configura-
tions capable of being able to withstand this impact would
be F and G. Itis important to consider how this analysis can
develop from considering the static loading indentation
cases, to investigating impact. Many materials will behave
differently under impact loading, and this is an important
phenomenon to understand. Impact loading causes vari-
ation in loading phases. These effects are not accounted
for in static indentation loading and should be considered
in future analysis.

Limitations with the 2D analysis and the effect of the
assumptions set out throughout the methodology must
be considered. The structure being investigated is 3D in
practice, hence simplifying it into a 2D analysis causes
potential errors. The plane stress analysis in ANSYS has its
limitations as this assumes a thin body. A wind turbine
blade is not a thin body with the leading-edge profile
being supported by material in the z-direction. The jus-
tification for using plane stress is that indentation occurs
at a very small localised point along the turbine blade,
hence the material along the blade in the z-direction is not
affected by the indentation. 3D analysis would produce
a much more realistic representation of a leading-edge
section exposed to an occurrence of impact. However,
time and computational constraints did not allow for the
development of such a model. As highlighted by Eder et al.
[8] a CZM applied to a 3D model is extremely computa-
tionally demanding and rarely implemented in practice,
especially where geometrical non-linearity is present, so
2D approximation is needed. They implemented a 2D slice
method to analyse a complex leading-edge geometry for
investigation using FE, highlighting its success as a model
that allowed for high mesh discretisation. This highlights
the main justification for proposing a 2D model for the
purposes of this study, where geometric non-linearity was
present and computational resources were limited.

Due to the ultimate strength of the composite material,
plastic behaviour of the composite is extremely likely, mak-
ing the linear elastic assumption specified for this analysis
questionable. Zarouchas et al. [10] confirmed that a linear
elastic assumption for the adhesive is acceptable, but a bi-
linear behaviour is required to accurately model composite
failure behaviour. This could not be applied and investi-
gated in this study due to time constraints but should be
considered in future investigations. Plastic deformation of a
composite body will cause snapping and buckling of com-
posite microfibres if tensile or compressive stresses exceed
their ultimate strength value. This would cause damage
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propagation throughout the composite body causing sig-
nificant energy dissipation, reducing the stress on the adhe-
sive bond. Hua et al. [9] proved that considering the effects
of plasticity in an FE model of composite to adhesive bonds
caused an 8.2% reduction in peel stress (Mode-I), as well
as a reduction in shear stress, leading to improved fracture
strength. This concluded that in configurations where the
strength values of the composite were exceeded, the com-
posite would fail prior to the adhesive, therefore improving
the performance of the adhesive. Configurations F and G,
are therefore limited by the capability of the composite to
withstand leading edge deformation, not by the adhesive
joint strength.

In practice, the perfect bond interface assumption is
also limited as defects throughout adhesive bodies and
their contact interfaces are inevitable. Bubbles through the
adhesive or moisture/dust on the contact interfaces are the
most likely causes of imperfect bonds. Hua et al. [9] proved
that an adhesive body with an elliptical void showed a 4.8%
reduction in fracture strength, demonstrating that this is an
important consideration to investigate for real life scenarios.
These areas of limitation highlight the need for future work
and investigation development. However, this study pro-
posed a simplified 2D model that was successful in iden-
tifying adhesive joint configurations for development and
application to real blade design.

It is likely that the choice in the modification in adhesive
joint place and the manufacturing method can restrict the
design of the blade and affect the selection of manufactur-
ing materials, quality, performance, and the assembly cost.
Other factors influencing the choice in the modification in
adhesive joint place are the size and shape of adherend to
be bonded, the areas where the adhesive is to be applied,
and production volume or rate. The selection of the adhe-
sive joint place and the application of the adhesive bond
materials could also depend on the adhesive form (e.g. lig-
uid, paste, powder, film, hot melt, etc.). Importantly, after
application of adhesive at the alternative joint places, the
assembly must be designed to be mated as quickly as pos-
sible to prevent contamination of the bond surface. Also,
the substrates will have to be held together under modified
pressure and heating conditions, leading to entire curing.
The modification in the manufacturing or assembly equip-
ment is also required to perform these functions and which
must provide adequate heat and pressure to maintain con-
stant and uniform pressure during the entire curing process.

5 Conclusions

In the first investigation of its type, this study presents
a simulation method to investigate the structural integ-
rity and failure characteristics of adhesively bonded
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composite joint configurations at the leading edge of
a wind turbine blade subject to elastic indentation con-
tact. The main conclusions are as follows:

a. Stepped joint configurations possessed the poor-
est strength characteristics due to areas of extreme
stress concentrations at areas of non-linear geometry.
Off-centre joint configurations were capable of with-
standing between 39 and 96% more load than centred
joints by avoiding areas of high stress and indentation
effects. Direct contact with the most severe indenta-
tion case on the adhesive body caused up to a 4.7%
reduction in load carrying capabilities. This concludes
that direct indenter to adhesive contact should be
avoided by positioning the joint away from a centred
location. Lap joint configurations were the strongest
joints, capable of withstanding up to 96.4% greater
load before failure.

b. Mode-l opening was the dominant cause of fracture in
joints A, B, C, F and G, with fracture initiation locations
coinciding with areas of tensile stress in the order of
the adhesive failure criterion. Mode-Il was concluded
to contribute to crack propagation but was not the
dominant mode of fracture initiation. Adhesive char-
acteristics proved that the epoxy-based adhesive was
capable of withstanding significant stress along its
bond line interfaces, and did not fail under compres-
sive stresses, agreeing with CZM theory.

¢. In the strongest configurations, there were stresses
above the strength values (shear strength, ultimate
tensile stress, compressive strength) of glass fibre rein-
forced epoxy composites, suggesting that there would
be the possibility of composite failure before adhesive
bond failure (e.g. in F and G).

d. Anon-ideal adhesive lap joint finish shows a reduction
in resistance to fracture of 20.77% due to high stress
concentrations at the transition from composite to
adhesive caused by the geometric non-linearity of the
straight adhesive edge. This concludes that a perfectly
moulded and filleted adhesive edge is recommended
for improved adhesive joint integrity.

e. Finally, it was concluded that a lap joint configuration
with 1 mm thick adhesive and a perfectly moulded
adhesive finish (G), possessed the best fracture resist-
ance, and would be capable of withstanding extreme
impact cases. It was shown that this joint configuration
possessed greater adhesive fracture strength charac-
teristics and can be recommended as a joint configura-
tion that justifies further development for application
in wind turbine (for a reliable renewable energy pro-
duction).
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