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Abstract

This study developed a combined computational-experimental approach to investigate
crack kinking in thick adhesively bonded Glass Fibre Reinforced Polymer (GFRP) compo-
site joints, focusing on the adhesive joints found at wind turbine blade trailing edges.
Double Cantilever Beam (DCB) tests were performed on composite joints with a 10-mm
thick epoxy adhesive, representative of trailing-edge joints. Finite Element (FE) models
included cross-ply GFRP composites and an adhesive layer. Subsequently, both the com-
posite/adhesive interfaces and voids were explicitly modelled, allowing separate and
combined evaluations of their effects on crack kinking. A cohesive zone model was used
to capture the fracture along the composite/adhesive interfaces, while a Drucker-Prager
plasticity model combined with a ductile damage model was used for the adhesive. The
numerical findings indicated that crack kinking in FE simulations with explicit interfaces
was primarily governed by the lower fracture resistance of the composite/adhesive inter-
face relative to that of the bulk adhesive. Voids with a total volume fraction of approxi-
mately 1% were modelled by randomly deleting cubic 1 mm C3D8R elements in the ad-
hesive layer to reproduce the voids typically observed in thick adhesive joints. The pre-
dicted crack paths closely matched experimental results. Simulations with voids revealed
that voids above or below the adhesive midplane caused crack deflection toward the near-
est interface. In models combining both features, cracks were consistently redirected to-
ward the composite/adhesive boundary near voids, reproducing experimental observa-
tions. These results provide new insights into trailing-edge adhesive joint failure and es-
tablish a foundation for better modelling and design.

Keywords: mode I loading; thick adhesive joints; voids; composite/adhesive interfaces;
crack kinking

1. Introduction
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Adhesive joints are crucial for connecting wind turbine blades and providing light-
weight solutions, durability, fatigue resistance, and uniform stress distribution [1]. How-
ever, their failure often shortens the blade lifespan. Trailing-edge failure is one of the most
common damage modes observed in 1.5 MW wind turbine blades, as reported by Eder et
al. [2-4]. Similarly, Ataya et al. [5] found that visual inspection of several blades with 17—
22 years of service revealed severe trailing-edge cracking. Recent investigations of the
DTU 10 MW reference turbine (86m long blade) have confirmed that trailing-edge failure
remains a critical mode for contemporary wind turbines [6,7].

Detailed studies of trailing-edge-inspired thick joints have further shown that com-
plex multi-site crack initiation, interactions among adhesives, interfaces, laminate crack-
ing, and manufacturing-induced defects can strongly affect local strength and failure
mechanisms of these joints [8-12]. These findings underscore the need for a dedicated in-
vestigation of trailing-edge adhesive failure [1,2,10,13-16]. Moreover, mode I opening
(peel) is a fundamental failure mode that is directly relevant to how trailing-edge joints
initiate and grow cracks [10,17-19]. To study the mode I failure behaviour of trailing-edge
adhesive joints, coupon-level Double Cantilever Beam (DCB) tests of adhesively bonded
composite joints were conducted in previous works by the authors [10,17]. It is high-
lighted that the adhesive bond lines in the trailing-edge of the wind turbine blades are at
least 10 mm thick [10,12,15,17,18] and therefore all the presented specimens, as well as the
FE models, will have a bond line thickness of ~10 mm.

To represent trailing-edge adhesive joints, the DCB specimens consisted of two cross-
ply Glass Fibre Reinforced Polymer (GFRP) laminates adhered using an approximately 10
mm-thick adhesive layer. Moreover, a pre-crack was created in the DCB specimens in the
middle of the adhesive layer. These tests replicated mode I loading conditions in a simpli-
fied and controlled environment and offered valuable insights into the mode I behaviour
of thick adhesive joints utilised in the trailing edges of wind turbine blades [17,20].

Despite the pre-crack in the midplane of the adhesive, the crack path always deviated
from the midplane towards the composite/adhesive boundary in thick adhesively bonded
composite joints [21-24]. This phenomenon is known as crack kinking [17]. Research ex-
amining crack kinking under mode I loading of thick adhesive joints is limited, with a few
exceptions [14,17]. One of the reason for crack kinking in thick adhesive joints under mode
I loading is the presence of voids, which are inevitable due to the high viscosity of these
adhesives [9,10,25,26]. Barzegar et al. [27] utilised an ultrasonic guided-wave-based meth-
odology to detect and quantify porosity in adhesively bonded CFRP joints. The aforemen-
tioned study concluded that voids serve as crack initiation sites in the adhesive layer.

In addition to the voids, a weak composite/adhesive interface may be a major con-
tributor to crack kinking. A crack naturally follows the path of least resistance. It avoids
the higher energy required to propagate through the tougher adhesive and deviates to-
ward the interface, consistent with the principle that the weakest link in the system fails
first [12,28-30]. Hence, assessing the influence of the weak composite/adhesive interface
on the crack kinking is essential. Moreover, material discontinuities in the adherend/ad-
hesive interfaces lead to local stress concentrations, creating crack initiation sites in a 10
mm-thick adhesive layer joint under mode I loading [24].

In this regard, Villamil et al. [21] reported mode I crack propagation rates in adhe-
sively bonded GFRP joints under impact and constant-amplitude fatigue loading. How-
ever, the mechanisms and conditions that led to crack kinking toward composite/adhesive
boundaries were not analysed. Similarly, Fernandes et al. [24] investigated multi-material
DCB joints with 10 mm thick adhesive layers and analysed how modulus mismatch, pre-
crack length, and T-stress influenced crack-path stability. However, voids and compo-
site/adhesive interfaces were not explicitly modelled. Moreover, Sengab et al. [25] numer-
ically studied a single-lap adhesive joint with an interfacial crack and a void in the
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adhesive and analysed how the void size, shape, and location influence the energy release
rates and kinking of the interface crack into the adhesive. However, the behaviour of the
joint under global mode I opening was not studied, nor were composite/adhesive inter-
faces and voids modelled together in that context.

Similarly, Miao et al. [8] investigated crack initiation in composite/adhesive joints us-
ing DCB tests. The study revealed that voids in a thick (~7 mm) adhesive layer altered the
crack propagation path. In addition, if pre-cracks were present at the interface, the cracks
often propagated into the composite layers. However, the aforementioned study did not
account for the influence of voids and composite/adhesive interfaces. In their studies of
thick, adhesively bonded GFRP composite joints, Fan et al. [3,9] found that the inevitable
voids resulting from the adhesive paste’s high viscosity led to unstable propagation and
promoted crack kinking. However, the studies by Fan et al. did not address the individual
and/or combined influence of voids or composite/adhesive interfaces on crack kinking
under mode I loading. Sam-Daliri et al. [31,32] estimated the shear strength of unidirec-
tional GFRP joints manufactured by co-curing with varying adhesive thickness. However,
the mode I behaviour of the joints has not been studied.

Additionally, the elastoplastic behaviour of adhesives and the presence of residual
stresses influence the mode I behaviour of thick adhesive joints [10,33-38]. Shao et al. [39]
developed a physics-informed, data-driven framework to predict the fatigue life of CFRP
adhesively bonded joints in offshore wind turbine blades. However, the aforementioned
research work did not incorporate an elastoplastic material model for the adhesive, rely-
ing instead on cohesive traction-separation degradation. Moreover, the aforementioned
study focused on thin adhesive layers (0.3-1.1 mm) and did not explore the influence of
adhesive plasticity. Similarly, Akpinar et al. [40] conducted a 3D nonlinear finite element
analysis of single-lap composite joints under four-point bending using an elastoplastic
model of the adhesive layer. However, the aforementioned study used a very thin (~0.12
mm) adhesive layer and did not address curing-induced or thermal residual stresses.

Residual stresses arise from mismatches in the thermal expansion coefficients (CTEs)
between the composite and adhesive when the adhesive joint undergoes a significant tem-
perature change during curing [37,41,42]. In this regard, Agha et al. [37,38] implemented
a cure-, temperature-, and rate-dependent viscoelastic—plastic adhesive model to predict
curing-induced residual stresses in a multi-material automotive roof joint. However, it
remained limited to a thin (~0.20 mm) adhesive layer and an aluminium-steel roof con-
figuration, thereby restricting its applicability to thick composite joints under mode I load-
ing.

In addition, the pre-cracking process during DCB specimen preparation influences
the residual stress and crack propagation in thick adhesive joints [17]. In this context, finite
element (FE) simulations are advantageous because they enable the seamless integration
of the aforementioned multiple factors concurrently [15,40].

Thus, computational studies must first include the influence of thermal loads, subse-
quent pre-cracking, and mechanical mode I loading. Then, the reason for the crack kinking
can be addressed. The aforementioned aspects were thoroughly investigated in the au-
thors” previous study on the mode I failure behaviour of joints between two cross-ply
GFRP laminates with a ~10 mm-thick epoxy-based adhesive layer [15].

In the abovementioned research work, although experimental and computational
strain fields and load-displacement responses matched, discrepancies in crack paths were
observed after crack initiation. The experimental cracks deviated toward the compo-
site/adhesive boundary, whereas the computational cracks remained centred. Since the
FE model in ref. [15] had a perfectly bonded composite/adhesive interface and a void-free
adhesive, the influence of a weak composite/adhesive interface and the effect of voids
could not be studied.
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Building on the research mentioned above, the current study explicitly incorporated
the effects of the composite/adhesive interface and voids. Moreover, the interaction be-
tween the interface and voids was incorporated into the computational approach to im-
prove the prediction of crack paths in thick adhesive joints under mode I loading. In ad-
dition to the above, since crack propagation is a highly nonlinear phenomenon, it was
ensured that numerical artefacts did not trigger crack kinking in FE simulations.

To the best of the authors” knowledge, none of the computational studies on thick
adhesive joints have examined the combined and individual effects of (i) the compo-
site/adhesive interface and (ii) voids on the crack kinking phenomenon observed in such
joints. Based on these considerations, the following objectives were established:

e Identifying the potential causes of crack kinking in mode I failure of ~10 mm thick
adhesive joints using FE simulations.

e Investigating the impact of voids and the composite/adhesive interface within the
adhesive layers on the mode I behaviour of thick adhesively bonded GFRP composite
joints through FE simulations.

To achieve the objectives discussed above, the composite/adhesive interface and
voids were first incorporated into the model individually and then in combination. The
composite/adhesive interface properties were assessed using DCB tests, with the pre-
crack located at the composite/adhesive boundary. The experimental results were then
compared with corresponding FE simulations incorporating an explicitly modelled com-
posite/adhesive interface. Finally, the overall influence of the void and composite/adhe-
sive interface on crack kinking was assessed through FE simulations. A thickness of 10
mm was chosen for all numerical models to ensure consistency and relevance to the tar-
geted application: the trailing-edge joint of wind turbine blades. In addition, the identified
numerical artefacts are discussed in Appendix A.

2. Experiments
2.1. Material Characterisation
2.1.1. Bulk Adhesive

The study utilises Sika power®-830 adhesive from Sika Technology AG, Baar, Swit-
zerland. This epoxy-based adhesive is specifically designed to join the two halves of the
wind turbine blades. The mechanical properties of the adhesive were experimentally de-
termined by performing tensile tests (according to ASTM D638-22 [43]) and compressive
tests (according to ASTM D695) on a bulk adhesive specimen [17,44]. The bulk adhesive
specimens were cured by heating them to 70 °C for four hours, as recommended by the
manufacturer. A horizontal optical dilatometer (Misura® ODLT, manufactured by Expert
System Solutions S.r.l., Modena, Italy) was used to measure the material’s CTE [7]. The
material properties are listed in Table 1.

Table 1. The properties of the adhesive [15,17,43].

Properties Sika Power®-830 Epoxy Adhesive

Ea, [GPa] 2.6
Va, [-] 0.4

Ga, [N/mm)] 0.001

aa, [107/°C] 78.2

B, [°]7 23.2

K [1* 0.875

Plastic strain at failure, [mm/mm)] 0.0118
oy, [MPa] 40
oc, [MPa] 60
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# slope of the yield surface in the p-t stress plane (°); * ratio of yield stress in triaxial tension to that

in triaxial compression.

2.1.2. Composite

The adherends were cross-ply[90/0]zs GFRP composite laminates produced by Vac-
uum-Assisted Resin Transfer Moulding (VARTM). UD glass fabric (supplied by Suter
Kunststoffe AG, Fraubrunnen, Switzerland; aerial weight: 425 g/m?) and EPIKOTE epoxy
resin MGS RIMR 135 were used as the reinforcement and matrix, respectively. EPIKURE
MGS RIMH 137 was used as the curing agent. The composite was first cured at room
temperature for 24 h. During post-curing, the temperature was gradually increased from
20 °C to 60 °C over 2 h, maintained at 60 °C for 9.5 h, and then maintained at 80 °C for 6 h
[10]. The fibre volume fraction was 50.8%. The fibre volume fraction was determined us-
ing a burn-off test in accordance with ASTM D3171 [45] and the procedure reported in
[46], in which the composite specimens were heated at 550 °C for 6 h to burn off the matrix
and thus allow the fibre mass (and corresponding volume fraction) to be calculated from
the residual reinforcement. The mechanical properties and thermal expansion coefficients
of the composite laminate were obtained from the previous research work of the authors
[15,17] and are shown in Table 2.

Table 2. Elastic properties and thermal expansion coefficients of cross-ply [90/0]zs GFRP laminate
[15,17].

Properties Cross-Ply [90/0]7s GFRP Laminate
Exx, [GPa] 24.7
Evy, [GPa] 243
Ezz, [GPa] 12.7
Vxy, vxz, [-] 0.13
Gxy, [GPa] 3.2
Gxz, [GPa] 3.2
Gyz, [GPa] 3.5
axx, [10-¢/°C] 14.9
ayy, [10-¢/°C] 15.3
azz, [106/°C] 38.1

2.2. DCB Tests
2.2.1. Thick Adhesive Joints with Pre-Crack in the Middle

DCB specimens with varying pre-crack lengths (ao) (24 mm to 52 mm) were tested in
the authors’ previous research [15,17]. An adhesive layer approximately 10 mm thick was
applied between the two cross-ply laminates. Spacers were inserted between the lami-
nates to maintain a 10 mm adhesive layer thickness during curing. The joint was placed
in a metallic mould, and a 70 kg load was applied to the mould. Afterwards, the obtained
adhesive joint was post-cured at 70 °C for six hours. Subsequently, the joint was left to air-
cool to room temperature (20 °C). A pre-crack was created in the middle of the adhesive
layer using a diamond saw. The thickness of the pre-crack was 1 mm (left image in Figure
1a). The specimen dimensions followed the ASTM D3433 standard [17,47]. For details of
the test setup with a midplane pre-crack, the reader is referred to the authors’ previous
study [17].

https://doi.org/10.3390/jcs10020107
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(a)
Pre-crack in the middle __ , . .0 Pre-crack at the interface

— Adherend

(b)

| o |
P12 13 W 15 16 17 18 19 20 2 2

i} |
BN 7 ¢ 9 o

Figure 1. The Double Cantilever Beam (DCB) test: (a) Schematic description of the specimens (all
dimensions are in mm); (b) Experimental set-up for pre-crack at the composite/adhesive boundary
(for the setup of the test, with middle pre-crack, the readers are referred to [17]).

In addition, the diamond saw pre-cracking method was adopted because, as reported
in [14], it provides precise, controllable, and reproducible starter cracks in thick adhesive
DCB joints. Moreover, its influence on the results has been experimentally and analytically
verified in previous studies using the same specimen geometry and identical materials
[14,17,18,22].

2.2.2. Thick Adhesive Joints with Pre-Cracks in the Composite/Adhesive Boundary

The second series of tests was conducted on DCB specimens with a pre-crack at the
composite/adhesive boundary to determine the properties of the composite/adhesive in-
terface. The specimens were GFRP composites bonded by an adhesive (right image in Fig-
ure la). The manufacturing technique was the same as that for the specimens discussed
above, except that a 50 mm-long and 0.01 mm-thick Teflon sheet was inserted at the com-
posite/adhesive boundary. Subsequently, the Teflon inserted at the composite/adhesive
boundary was removed, creating a 50 mm-long pre-crack (denoted as ao in Figure 1a).
DCB tests were performed, and load-displacement curves were generated. The dimen-
sions of the specimens are listed in Table 3.

Table 3. Dimensions of the specimens with pre-cracks at the composite/adhesive boundary.

Composite Thickness Adhesive Thickness

Specimen W [mm] t Laminate [mm] t Adh [mm] ao [mm]
S1 25.31 8.7 10.8 50
S2 25.06 8.7 10.8 50
S3 25.08 8.7 11 50
S4 25.1 8.7 10.6 50
S5 25.61 8.7 10.7 50
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S6 24.86 8.7 10.6 50

3. Modelling
3.1. Modelling of the DCB Specimens

The finite element (FE) models of the DCB specimens consisted of 8-noded hexahe-
dral elements with reduced integration (C3D8R). These DCB FE models had dimensions
identical to those of the physical specimens used in the experimental investigations. Two
distinct models were developed. In the first model, without a cohesive interface, the com-
posite and adhesive regions were assumed to be perfectly bonded (Figure 2a). The adhe-
sive properties were assigned to the central section, while the top and bottom sections
were assigned the properties of the cross-ply GFRP composite laminate.

For the DCB FE simulations involving the effect of the composite/adhesive interface,
an interface (0.01 mm thick) was inserted between the composite and adhesive through
partitioning. Cohesive elements (COH3D8) were assigned to the interface. The Cohesive
Zone model (CZM) available in Abaqus was assigned to the interface section. The FE
model is shown in Figure 2b.

(@)

B Adhesive
1 Adherend

(b)

B Adhesive
[JAdherend
B [nterface

Figure 2. Finite element models for the DCB specimen: (a) without cohesive interface and (b) with

cohesive interface.
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3.2. Material Models
3.2.1. Adhesive

The Drucker-Prager plasticity model was used to describe the elastoplastic behaviour
of the adhesive. The Drucker-Prager model was then combined with the ductile damage
model to facilitate damage. These are built-in material models in Abaqus [48,49]. The yield
criterion for the Drucker-Prager model is as follows:

F=t — ptan — d=0;

. 3 . )
where, t= [3][(1+5) = () (1 - 9]

where p is the hydrostatic stress (MPa). Moreover, t is the flow stress (MPa), and q is the
Von Mises stress (MPa). In addition, r is the third invariant of the deviatoric stress tensor
(MPa). Further, {3 is the slope of the yield surface in the p-t stress plane (°), and K is the
ratio of the yield stress in triaxial tension to that in triaxial compression. The values of 3
and K for the Sika power®-830 epoxy adhesive are listed in Table 1. The following flow
potential describes plastic flow:

G=t — ptany 2)

Given that epoxy resin does not undergo a change in volume while yielding, a non-
dilatant flow (i.e., dilation angle { = 0) was used [15,50]. The adhesive properties are listed
in Table 1. The hardening curves extracted from the experimental tensile stress-strain data
simulated the hardening [15].

The failure plastic strain of the adhesive (0.0118 mm/mm) was used as the equivalent
plastic strain (PEEQ) at the initiation of failure [17]. Once the damage is initiated, the scalar
damage variable ‘Dm’ governing the damage evolution evolves from ‘0’ (no damage) to
‘1" (complete damage). Hence, a small fracture energy ‘Ga" of 0.001 N/mm was used to
ensure the immediate removal of the element once the equivalent plastic strain surpassed
the failure strain [15,47,48].

The built-in thermal expansion model in Abaqus was coupled with the above model
to compute thermal stresses in the adhesive. The CTE of the adhesive is presented in Table
1. The chemical volume shrinkage of ~3-7% caused by curing was not modelled to prevent
complexity [37,42,51]. In addition, to assess the influence of the voids, voids were added
to the DCB FE models as deleted elements within the adhesive layer.

3.2.2. Composite

A linear-elastic, transversely isotropic material model in Abaqus represented the
composite’s behaviour. Additionally, a built-in orthotropic thermal expansion model in
Abaqus was used to assess the thermal stresses. The CTEs of the composite are listed in
Table 2. No damage model was assigned to the composite, as it remained intact during
DCB testing.

3.2.3. Composite/Adhesive Interface

A bilinear traction-separation law, available in Abaqus, was used to capture the me-
chanical behaviour of the interface between the GFRP composite and adhesive [50,52]. The
following equation defines the linear-elastic component of the traction-separation law:

- & 3|4

)
The onset of interface damage is assumed to occur as soon as the following maxi-

OKO
0 0 K

mum-stress criterion is satisfied.
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(tn> ts tt
max {E,EE =1 (4)
Here, ( ) represents the Macaulay brackets, which imply that only tensile normal
deformations are considered in the criterion [46]. Moreover, the damage evolution is gov-
erned by the following power-law criterion:
a

) +le) +la) = ®
GIC GIIC GIIIC

In the above equation, Gr is the critical normal fracture energy while Gr. and Grme are the

critical shear and tangential fracture energies. Gn, Gs, and Gt are the fracture energies in nor-
mal, tangential and shear modes. o represents the power-law coefficient and is set to 2 [53].

3.3. Approach for Simulations

The finite element simulation approach followed a unique computational methodol-
ogy comprising three steps. The first step was thermal post-curing of the thick adhesive
joint. The second step was virtual pre-cracking, and the third was mechanical loading [15].
These steps aimed to mirror the lifecycle of the DCB specimens—from adhesive curing to
final mode I DCB testing —as accurately as possible.

3.3.1. Thermal Loading

A temperature reduction from 70 °C to 20 °C (AT =-50 °C) was implemented to rep-
licate the cooling of the DCB specimen during the post-curing step. At the same time, a
single middle node was fixed to avoid free-body motion. Spacers were inserted between
the laminates to maintain a ~10 mm-thick adhesive layer during curing. This meant that
the composite laminates could not move in the through-thickness direction during curing
because of these spacers. Hence, the thickness-direction movement of the nodes on the
surfaces at the composite/adhesive boundary was constrained (as shown in Figure 3).

(a) (b) (c)

AT — Adhesive
— Adherend

AT "= Adhesive
E3  Adherend AT = Adhesive
Interface Adherend
Bl Interface

B
BBy

A laminate

Crack gen
il

=
Crack gen
— _ P
A~
\,A W
) 3 Adhesive

7{2 Mechanical loading

72 T Adherend
MP constraint

72
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Figure 3. Description of the finite element simulation approaches: (a) MPC-PB (DCB FE simulations
with Midplane Pre-crack and Perfect Bond between composite and adhesive), (b) IPC-WCI (DCB
FE simulations having Interface Pre-crack With Cohesive Interface); and (c) MPC-WCI (DCB FE

simulations with Midplane Pre-crack With Cohesive Interface).

3.3.2. Virtual Pre-Crack Generation

Virtual pre-cracking was achieved by removing elements from the FE model using
the command line “*model, change’ in Abaqus, thereby replicating the physical pre-crack
in the experiment. Initially, the DCB FE model without a cohesive interface, as shown in
Figure 2a, was pre-cracked in the middle (Figure 3a). The midplane pre-crack was 1 mm
thick. The composite and adhesive in the model were perfectly bonded. This simulation
is referred to hereon as MPC-PB, i.e., DCB FE simulations with a Midplane Pre-crack and
Perfect Bond between the composite and adhesive. In subsequent simulations, the DCB
FE model with a cohesive interface was pre-cracked using the following two approaches:
(i) a pre-crack at the composite/adhesive interface (Figure 3b) and (ii) a pre-crack in the
middle of the adhesive layers (Figure 3c).

The approach shown in Figure 3b was employed to compare with the DCB tests on
thick adhesive joints with pre-cracks in the composite/adhesive boundary to estimate the
properties of the composite/adhesive interface. For clarity, this approach will be referred
to as IPC-WCI (DCB FE simulations with Interface Pre-crack and Cohesive Interface) from
here on. The approach shown in Figure 3c was used to investigate the effects of the com-
posite/adhesive interface on mode I behaviour when the pre-crack was in the middle of
the DCB specimens. From here on, the approach in Figure 3¢ will be referred to as MPC-
WCI (DCB FE simulations with Midplane Pre-crack With Cohesive Interface). The thick-
ness of the midplane pre-crack in the MPC-WCI model was 1 mm, while that of the inter-
face pre-crack in the IPC-WCI model was 0.01 mm.

It is again emphasised that midplane and interface pre-cracks were created during
the ongoing simulation. Hence, the equilibrium of the residual stresses was disturbed by
the removal of elements in the pre-crack. This allowed the influence of the crack generated
during specimen preparation to be incorporated into the mode I behaviour of the adhesive
joints. Note that during the pre-cracking, the spacers were removed while preparing the
DCB specimens. Hence, the restriction on the translational movement of nodes along the
through-thickness direction at the composite/adhesive boundary was no longer effective
in this step.

3.3.3. Mechanical Loading

The steps mentioned above were executed using the Abaqus/Standard module. Dur-
ing mechanical loading, it is highly likely that the nonlinear adhesive material behaviour,
combined with damage and element deletion, would cause convergence difficulties in
Abaqus/Standard. Hence, the mechanical loading step was executed using the
Abaqus/Explicit module. The results of the pre-cracking step were transferred to
Abaqus/Explicit. Subsequently, two reference points were established, and a rigid beam
multi-point (MP) constraint connection was created between these points and the edges
of the upper and lower adherends. The top reference point (TRP) was subjected to dis-
placement, while the bottom reference point (BRP) remained fixed in the translational de-
gree of freedom. The boundary conditions of the model during the steps mentioned above
are shown in Figure 3.

An applied mass-scaling factor of 1000 was used to speed up simulations during me-
chanical loading. To maintain quasi-static behaviour, the kinetic-to-internal energy
(KE/IE) ratio for the simulations must be less than 5% [54,55]. The aforementioned ratio

was examined post-simulation and was well below 5% in all simulations.
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3.3.4. Numerical Artefacts

In this paper, the authors wanted to investigate the physical sources of crack kinking
in thick adhesive joints. However, many numerical artefacts can cause (i) incorrect crack
tip stresses before mode I loading and (ii) parasitic crack kinking solely caused by numer-
ical sources. These numerical artefacts are often overlooked in the literature on mode I
simulations of adhesive joints and can lead to misinterpretations of crack kinking. The
authors carefully eliminated these artefacts, ensuring that the FE results described in this
paper were free of them. The artefacts and their remedies are described in the Appendix
A.

4. Results and Discussion
4.1. Results of the FE Simulations

The numerical results discussed in this section correspond to the MPC-PB model
(Figure 3a). The length of the middle pre-crack was 25 mm. Based on the results of a mesh
sensitivity analysis, cubic elements with a side of 1 mm were used for the adhesive section.
The composite sections had a larger element size (1.3 mm x 1 mm x 1 mm) to mitigate
computational costs (Figure 2b).

4.1.1. Effect of Thermal Loads

Due to the temperature difference of -50 °C, the mismatch in the thermal expansion
coefficient caused stress in the adhesive layer of the FE model, as shown in Figure 4. The
stresses along the thickness were maximum at the boundary of the adhesive and compo-
site. Furthermore, the stress concentration was ~12 MPa, as highlighted by the yellow ring
in Figure 4. This stress equates to roughly 30% of the adhesive tensile strength of 40 MPa.
Note that the stress in the middle of the adhesive layer was ~5 MPa.

End of thermal loading step

Szz

(Avg: 75%)
—r +3.110x10!
- +1.733x10!

L X L O —
+7.4zax10°F e — I

+2.476%10° ‘
~2.476x 107
—7.428%10°
~1.238% 10!
~1733x 10

X

Figure 4. The influence of thermal loading on the thick adhesive joint: through-the-thickness stresses

in the adhesive joint after thermal loads.

4.1.2. Effect of Virtual Pre-Cracking

When the virtual pre-crack was generated, the crack tip stresses were ~5 MPa (Figure
5a). However, the creation of a virtual pre-crack resulted in unbalanced forces. These un-
balanced forces bent the adhesive surfaces on either side of the crack towards each other.
This led to the through-thickness stress at the crack tip becoming negative, approximately
-4.3 MPa (Figure 5b). The crack continued to close until mechanical equilibrium was at-
tained. Finally, the stress decreased to —17 MPa (Figure 5c), compared with the previous
value of —4.3 MPa.
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Figure 5. The influence of virtual pre-crack generation: (a) virtual pre-crack generation; (b) stress

redistribution; (c) closure of the pre-crack, (d) deformed FE model superimposed on the unde-

formed FE model (deformation scale factor 3) after virtual pre-cracking.

Note that Abaqus/Standard checks the mechanical equilibrium throughout the sim-
ulation [44]. This means that at each simulation increment, the forces were balanced. Thus,
the virtual crack was closed statically with no dynamic changes. The crack closure is
shown in Figure 5d. Interestingly, this simulated crack closure behaviour was consistent
with the experimental observations. The joints were closed during the pre-cracking of the
DCB specimens. This was also documented by Fan et al., who used the same adhesive
joint [10].

It is important to emphasise that almost all DCB simulations in the literature insert
the pre-crack as a pre-existing geometrical feature in the FE model and then apply the
thermal loading. This is not correct, since they start with a stress-free crack tip before the
thermal loading.

4.1.3. Effect of Mechanical Loading

The results of the virtual pre-cracking were exported to Abaqus/explicit. The dis-
placement was subsequently applied to the top reference point (TRP), and the bottom ref-
erence point (BRP) was fixed. The vertical reaction force of the TRP was plotted against
the relative displacement between the TRP and BRP to generate a numerical load-dis-
placement curve. The obtained curve was compared with the experimental load-displace-
ment curve derived in previous experimental studies conducted by the authors’ research
group [10,15,17].

As shown in Figure 6a,b, the PEEQ, i.e., equivalent plastic strain, was maximum at
the crack tip. When the crack tip PEEQ became 0.0118 mm/mm, damage was initiated at
the crack tip elements. Due to a minuscule fracture energy (0.001 N/mm), the damage
(Dm) quickly increased from 0 (no degradation) to 1 (total degradation). Hence, the crack
tip elements underwent deletion ("Element deletion’ in Figure 6a) when the PEEQ in an
element reached the adhesive’s failure plastic strain. As loading progressed, neighbouring
elements along the crack tip line also reached the failure strain. This led to their sequential
removal, resembling crack propagation (Figure 6b). Thus, crack propagation was gov-
erned by the adhesive’s actual plastic failure strain (Figure 6b).
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Figure 6. Computational and experimental results: (a) Computational load-displacement response
for specimen-S1 illustrating the progression of PEEQ at the crack-tip; (b) Crack propagation dictated
by PEEQ at points 1 to 6 of the computational curve; (c) Failure of the experimental DCB specimen
reported in [17].

The numerical load-displacement response matched the experimental results (Figure
6a) [15,17]. However, the crack propagation path in the thick adhesive layer did not match
the experimental crack propagation path in the DCB specimens. The experiments exhib-
ited crack kinking towards the interface between the composite and adhesive (Figure 6c).
The failed specimen (S1) shown in Figure 6c¢ is part of an experimental study conducted
by the authors [15,17]. It was ensured that the results discussed abovewere not influenced
by numerical artefacts.

4.2. DCB Tests: Pre-Crack at the Composite/ Adhesive Interface

Figure 6a shows that the experimental behaviour was accurately predicted up to the
onset of crack propagation. However, the simulated crack remained straight throughout
the rest of the simulation (Figure 6b), while the experimental crack kinked to the compo-
site/adhesive boundary (Figure 6c). As mentioned in Section 3.3.4, the numerical artefacts
were already eliminated and can be found in the Appendix A of this paper. Hence, this
discrepancy was attributed to the lack of a discretely modelled composite/adhesive inter-
face and the presence of voids within the adhesive layer in the FE model. Hence, these
aspects were incorporated into the DCB FE model. For this purpose, the composite/adhe-
sive interface properties were required. To extract the aforementioned properties, DCB
tests were conducted in which the pre-crack was at the composite/adhesive boundary.

During the DCB tests with a pre-crack at the composite/adhesive boundary, crack
propagation was observed at two different locations in all specimens. Figure 7 shows the
crack propagation observed at different stages under applied loading for specimen S2.
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Initially, failure occurred at the composite/adhesive boundary. Subsequently, the crack
began to propagate along the composite/adhesive boundary as the loading increased [Fig-
ure 7a,b]. Upon further loading, the crack propagated along the interface, while the 90°
layer of the composite, adjacent to the adhesive, delaminated from its upper plies. (Figure
7c). Eventually, the crack propagated entirely within the composite [Figure 7d,e].
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Figure 7. Progression of the crack for the experimental specimen: (a) initial load application, (b)
onset of crack propagation along the composite/adhesive interface, (c) crack initiation into the com-
posite layer, (d) crack propagation within the composite laminate, and (e) zoomed-in image to high-
light crack propagating into the composite.

The load-displacement curves of the specimens are shown in Figure 8.

0.6 —S1—S4
S2—S5

—S3—S6

Load, kN
e
~

o
)

0 5 10 15 20 25 30
Displacement, mm

Figure 8. Load versus displacement curves for the specimens with pre-cracks at the composite/ad-

hesive interface.

4.3. Composite/ Adhesive Interface Properties

The crack traversing the composite rendered the conventional formulae for evaluat-
ing the interface’s fracture properties inapplicable. Hence, DCB-FE-IPC simulations, as
shown in Figure 3b, were conducted to assess them by comparing them with the experi-
mental response. The interface properties were adopted from values reported in the liter-
ature [53] and used directly to simulate the load-displacement responses. The agreement
cannot be expected to be perfect because the experimental crack also migrates from the
composite/adhesive interface to the internal composite ply/ply interfaces.

4.3.1. Determination of Interface Properties
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The computational load-displacement response was predicted through the IPC-WCI
simulation approach shown in Figure 3b and compared with the experimental results. The
interface stiffness ‘K’ was assumed to be 3 x 10 N/mm? [54]. The normal interface strength
(Tn) was assumed to be 30 MPa, as in [54]. The shear (Ts) and tangential (Tt) strength values
were assumed to be equal to 17.3 MPa [54]. In addition, the value of the critical fracture
energy ‘Gi’ was fixed at 600 J/m? [54]. The mode II/III interface fracture energies (Giic)
were set to 1200 J/m2. It was assumed that Guec = Guie [54]. To govern the evolution of dam-
age at the interface, the power-law criterion highlighted in Equation (5) was utilised. The
predicted load-displacement curve was plotted against the experimental curve (Figure 9).
The computational load-displacement curve accurately matched the experimental curves
up to the peak load.

0.6 —S1—S5

S2—S6
—S3-x-FEA
0.4}
"U“
<
o =
= 0.2} 7
— “Composite
— FEA. Composite !
O.k L L L L L 1
0 5 10 15 20 25 30

Displacement, mm

Figure 9. Experimental versus computational load-displacement response of a thick adhesive joint

with a pre-crack at the interface.

4.3.2. Validation of Interface Properties

It should be noted that the experimental load-displacement curve results from a sce-
nario with two distinct cracks formed during the DCB tests. The first crack propagated
along the composite/adhesive interface, and the second crack propagated through the
composite laminate. It is not possible to replicate the second crack in the FE simulations
since no damage behaviour was assigned to the composite in the model. The additional
energy dissipation from the additional crack results in experimental load-displacement
curves that show higher loads than the computational curves in the post-peak portion.
Nevertheless, it is worth noting that the experimental peak load was accurately predicted
(Figure 9).

4.4. Effect of Composite/ Adhesive Interface

The MPC-WCI simulation (Figure 3c) was conducted with a midplane pre-crack
length of 25 mm. Note that the results of the thermal loading, pre-crack generation, and
load-displacement curves were the same as those reported in Section 4.1. Henceforth,
these results are omitted. As shown in Figure 10a, the PEEQ was maximum at the crack
tip. Damage to the tip elements commenced when the crack-tip PEEQ reached 0.0118
mm/mm (adhesive’s plastic strain at failure). Again, owing to the small fracture energy
(0.001 N/mm), the elements were immediately removed. This caused the crack to initially
propagate in a straight path (Figure 10b).
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Figure 10. Results from the MPC-W(I, i.e., Midplane Pre-crack model With Cohesive Interface: (a)
the evolution of PEEQ at the crack-tip; (b) straight crack propagation in the adhesive governed by
PEEQ and simultaneous reduction in the stiffness of the cohesive interface elements; (c) crack de-
flection towards the composite/adhesive interface; and (d) crack propagation along the compo-

site/adhesive interface.

Simultaneously, when the stress at the composite/adhesive interface exceeded 30
MPa, damage was initiated in the cohesive elements. When the critical fracture energy of
the interface elements was entirely dissipated, the ‘scalar stiffness degradation’ (SDEG)
variable reached ‘1", indicating complete degradation (Figure 10b). The PEEQ of adhesive
elements adjacent to the interface increased due to stress redistribution. As a result, the
crack path deviated sharply from the adhesive midplane to the composite/adhesive
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interface region (Figure 10c). Subsequent crack propagation along the composite/adhesive
interface was driven by the continuous removal of the interface elements (Figure 10d).
Thus, the crack deviation is attributed to the lower fracture resistance of the composite/ad-
hesive interface compared to that of the bulk adhesive.

The crack propagation in the deformed FE model (Figure 10d) resembles the experi-
mental crack path (Figure 6c). The only difference here is that the computational crack
jumped towards the interface below the crack tip, whereas in the experiment, it jumped
towards the upper composite/adhesive boundary.

If the cohesive interface properties were assigned sufficiently large values, the crack
propagated in a nearly straight path, resembling the response obtained for the MPC-PB
(Midplane Pre-crack with Perfectly Bonded composite and adhesive) configuration. To
demonstrate this, another simulation was conducted on the MPC-WCI model. The MPC-
WCI model was assigned interface strengths (tn= ts= tt) of 45 MPa, and the mode I fracture
energy, Gic, was doubled to 1200 J/m?2. Note that the assigned interface strength exceeds
the strength of the adhesive (Table 1). The mode II and III fracture energies, Guc and Guc,
were maintained at 1200 J/m?2. Figure 11 shows the simulations demonstrating straight
crack propagation. Assigning these fracture energies indicated that the interface was very
tough or nearly perfectly bonded. Therefore, the crack remained in the middle with such
high fracture energies. This result is evidence that the presence of a cohesive compo-
site/adhesive interface in the model influences crack kinking.

Figure 11. Computational response of the MPC-WCI model with very high interface strengths and
fracture energies.

4.5. Effect of the Presence of Voids
4.5.1. Effect of Multiple Voids

Computed Tomography (CT) images of the adhesive joints revealed a void content
ranging from 0.36% to 4.19% in the experimental specimens, as shown in Figure 12 [10].
Due to meshing constraints, it was not feasible to replicate the actual geometry of voids
observed in experimental specimens. Instead, voids were represented by randomly delet-
ing cubic C3D8R elements from the adhesive layer in the MPC-PB model; each deleted
element had an edge length of 1 mm. Elements were deleted iteratively until a total void
content of ~1% was reached. This approach reduced modelling complexity and prepro-
cessing effort (Figure 13a). To study the effect of the voids separately, the simulations pre-
sented in this section did not explicitly model cohesive interfaces, and the composite and
adhesive were perfectly bonded, similar to the MPC-PB model shown in Figure 3a.

Figure 12. Computed Tomography (CT) images of voids in the adhesive layers of various thick ad-
hesive joints [10].
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Thermal loading and pre-cracking effects were the same as those obtained from the
void-free MPC-PB model shown in Section 4.1; hence, they are omitted here to maintain
brevity. The vertical reaction forces (RF2) at the top and bottom loading points of the
model must be in equilibrium (see Appendix A). However, the voids attracted crack prop-
agation toward their location. The crack initially propagated straight because the voids
were in the middle (Figure 13b).

However, as soon as the crack reached a region of the adhesive where the voids were
not in the middle but near the composite/adhesive interface, it kinked towards the void.
It is evident from Figure 13c that the value of PEEQ at the void was very high, which, in
turn, attracted the crack. When crack kinking occurred, the altered propagation path led
to a force imbalance (Figure 13d). In addition, the KE/IE was less than 3% for the simula-
tion, indicating quasi-static simulations. Subsequently, the effect of void location on crack
propagation was investigated.
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Figure 13. Influence of voids in the adhesive layer: (a) DCB FE model with voids; (b) evolution of
an almost straight crack; (c) crack deflection towards the composite/adhesive boundary; (d) crack

propagation along the composite/adhesive boundary.

4.5.2. Effect of Void’s Location

Two FE simulations, each featuring a single void, were conducted. In the first simu-
lation, the void was located above the pre-crack within the adhesive layer. Whereas in the
second, it was positioned below the pre-crack.

When the void was above the crack tip line (Figure 14a), the crack initially propa-
gated in a straight path before traversing towards the void. Subsequently, the crack coa-
lesced with the void due to the high PEEQ around the void, as shown in Figure 14b. The
crack jumped towards and propagated along the boundary between the composite and
adhesive above the crack tip (Figure 14b). Similarly, when the void was located below the
crack tip line (Figure 14c), the crack coalesced with the void and subsequently jumped to
the composite/adhesive boundary below the crack tip.
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Figure 14. Influence of void location in the adhesive layer: (a) straight crack propagation when the
void is above the crack tip line; (b) coalescence of the crack and void due to the high PEEQ around

the void and subsequent crack jump to the boundary; (c) coalescence of the crack and void and

subsequent crack jump to the boundary when the void is below the crack tip line.

4.6. Combined Effect of Voids and Composite/ Adhesive Interface

Finally, simulations with voids and explicitly modelled composite/adhesive inter-
faces, where the estimated composite/adhesive interface properties were assigned, were
conducted. Note that these models were obtained by generating voids in the MPC-WCI
(Figure 3c). Voids were modelled as deleted cubic elements, with each element having a
side of 1 mm. The pre-crack length was 25 mm.

Figure 15 illustrates the combined influence of voids and the composite/adhesive in-
terface. The abovementioned model is shown in Figure 15a. Crack propagation initiated
at the crack tip and advanced straight, driven by the PEEQ within the adhesive (Figure
15b). When the normal stress at the interface elements reached 30 MPa, stiffness degrada-
tion in the cohesive interface elements led to progressive debonding at the composite/ad-
hesive interface.

As the crack advanced in a straight line, it reached a region where a void was above
its path. As shown in Figure 15¢c, upon reaching the aforementioned location, the crack
coalesced with the voids due to the very high PEEQ around the void. This triggered the
crack to jump towards the composite/adhesive interface. Notably, the interface in this re-
gion had already experienced significant degradation. Consequently, the crack propa-
gated from the void to the degraded composite/adhesive interface, ultimately traversing
the composite/adhesive boundary. Finally, the deformed FE model (Figure 15c) exhibited
a computational crack propagation that resembles the experimental crack path (Figure 6c).
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Figure 15. Combined influence of voids and composite/adhesive interface: (a) MPC-WCI model
with the inclusion of voids; (b) crack propagation towards void in the adhesive governed by PEEQ
and simultaneous stiffness degradation of the cohesive interface elements; (c) coalescence of crack

and void and subsequently crack jumps to the interface.

5. Conclusions

The crack kinking behaviour of thick adhesively bonded GFRP composite joints sub-
jected to mode I loading was investigated using a combined computational and experi-
mental approach. As a key contribution, the effects of the composite/adhesive interface
and the presence of voids within the adhesive layers were incorporated concurrently.

The MPC-WCI simulations, i.e., simulations with composite/adhesive interfaces, re-
vealed that crack kinking in thick adhesive joints was primarily attributed to the lower
fracture resistance of the composite/adhesive interface compared to that of the adhesive.
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The computational crack path closely matched experimental crack paths. The MPC-PB
simulations with voids in the adhesive layer revealed that voids above or below the ad-
hesive midplane promoted upward or downward crack deflection toward the nearest in-
terface.

The voids were then introduced into the adhesive layer in the MPC-WCI model
(model with a Midplane Pre-crack and an explicitly modelled composite/adhesive inter-
face). The aforementioned simulations revealed that the crack was redirected toward the
composite/adhesive interface when voids were encountered near the crack propagation
path. Finally, the observed computational crack path exhibited crack kinking that closely
matched the experimental crack path [15,17].

Unlike previous studies that mainly attributed crack kinking in thick adhesive joints
to geometry-induced T-stress under idealised, perfectly bonded conditions, the present
work demonstrates that both composite/adhesive debonding and void-induced path de-
viations jointly contribute to crack kinking in thick adhesive joints. The results also un-
derscore the importance of minimising void formation and improving bonding proce-
dures during manufacturing. Implementing improved adhesive handling, surface prepa-
ration, and process control can therefore enhance structural performance and reduce in-
terfacial debonding in adhesively bonded composite joints.

Regarding future work, subsequent studies should extend this approach to thick ad-
hesive joints subjected to mode II, mixed-mode, and fatigue loading conditions, while re-
taining the crucial aspects identified in this study: the influence of residual stresses, pre-
cracking conditions, composite/adhesive interface defects, and void defects. Such investi-
gations, combined with more detailed micro-scale fracture surface characterisation, will
further generalise the present findings and support the development of physically sound
design criteria for thick adhesive joints.

Furthermore, to enable a quantitative separation between interface-driven and void-
induced crack kinking, future work should include systematic sensitivity analyses in
which interface properties and void content are varied independently.
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Appendix A

As highlighted in Section 3.3.4, many numerical artefacts that are often overlooked
can lead to misinterpretations of the crack kinking. The authors carefully eliminated these
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artefacts, ensuring that the FE results described in this paper were free of them. The arte-
facts and their remedies are described herein.

Appendix A.1. Effect of Pre-Crack Generation

The post-curing of the thick adhesive joints generates stresses within the adhesive
layer, due to the mismatch in thermal expansion coefficient between the adhesive and the
composite [15]. Creating a pre-crack will alter the stress state within the adhesive layer.
Therefore, pre-cracking must be achieved during the ongoing simulation. This aspect is
often overlooked in simulations, as pre-cracks are often inserted as pre-existing geomet-
rical features in the finite element (FE) models typically used by researchers [56,57]. While
not a computational artefact, it remains a relevant conceptual inconsistency.

To highlight the influence of virtual pre-cracking, a model with a pre-existing crack
was subjected to a thermal load of 50 °C (Figure Ala). Subsequently, the stresses in the
adhesive of the aforementioned model were compared with those in the virtually pre-
cracked model.

(a)

Yy

Model with already a pre-crack in the geomet

(b)
Model with already Model with ‘virtually

. enerated’ pre-crack in the
Szz a pre-crack in the ieometw p
. o
e 7o geometry = Crack cl t equilibri
+1.733x10! (Avg: 75%) e T
+1.238x10" +1.733x101 —17.33 MPa
+7.427x10° +1.238=10
+2.476x10° +7.428%10 _
—2.476x10° +2.476%10° —17.33 MPa
A e T
-1 1 -7. x
Z1a35as 7 MPa Stress at the ~1.238x10! —17.33 MPa Stress at the
X crack tip =it~ 10 —crack tip-and-the crack

underwent closure

Figure A1. Effect of virtual pre-crack generation: (a) FE model with an already present pre-crack in
the geometry; (b) stresses at the crack-tip for the FE model with an already present pre-crack in the

geometry versus the one with a “virtually generated” pre-crack.

Figure Alb demonstrates a substantial discrepancy in the crack-tip stresses, with val-
ues of 7 MPa and —17.33 MPa. Moreover, crack closure has been observed during the prep-
aration of DCB specimens [10,15,17]. A similar crack closure was observed only in the FE
simulation when pre-cracking was achieved during an ongoing simulation.

Appendix A.2. Effect of Mesh Refinement at the Crack Tip

The most common suggestion in computational studies is to use a highly refined
mesh for the region near the crack tip [58-61]. However, serious issues related to mesh
refinement at the crack tip were encountered.

Figure A2 compares the refined and unrefined meshes in the crack-tip region. To
minimise the dependence on mesh size, the aspect ratio of the elements must be as close
to unity as possible when using the ductile damage model [46]. Hence, during FE simula-
tions with the refined crack-tip mesh, the ductile damage formulation tended to delete
elements with an aspect ratio greater than 1 first, even when neighbouring elements along
the straight crack path had higher equivalent plastic strains.
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Retined crack-tip mesh

Non-retined crack-tip mesh

Figure A2. Highly refined vs. non-refined mesh at the crack tip region.

Reducing the ratio to unity while maintaining a significantly refined crack-tip mesh
was impractical because the large number of elements would make the computations too
expensive to perform. Hence, the crack-tip refinement was disregarded. Thus, to maintain
an aspect ratio of unity in the adhesive region and ensure that the virtual pre-crack
matched the 1 mm crack thickness, the mesh described in Section 4.1 was employed. As a
result, the elements were deleted based on their damaged state, causing the crack to trav-
erse the middle of the adhesive region in a straight path (Figure A3b). Hence, the aspect
ratio of the elements must be carefully examined when using the ductile damage model.

(a)
§, Mises
(Ave: 75%)
+4.500x101
+3.858x10 1
+3.216x107
+2.574x10
+1.932$(1(]1
+1.289x10 o
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+5.656x10°

+6.343x107

Figure A3. Effect of crack-tip refinement on crack propagation in the DCB FE model: (a) refined and

(b) non-refined crack-tip mesh.

Appendix A.3. Effect of Inertial Forces

The thickness-direction reaction forces (RF2 in Figure A4) at the top and bottom load-
ing points must remain balanced (RF2iwp = RF2bottom) to ensure quasi-static crack growth
(Figure A4a). This equilibrium is achievable only when the kinetic-to-internal energy
(KE/IE) ratio remains low throughout the simulation (<2%). As mentioned earlier, the
mass-scaling factor in the simulations was set to 1000.

When a higher mass-scaling factor of 10,000 was used to further speed up the simu-
lation, the KE/IE ratio exceeded 8%. A KE/IE ratio higher than 5% undermined the quasi-
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static assumptions [54,55]. Thus, RF2bottem became significantly larger than RF2twp, resulting
in crack propagation toward the bottom composite laminate (Figure A4b). If RF2p became
considerably larger than RF2bottom, the crack propagated toward the top composite lami-
nate. Thus, monitoring the force balance at the loading points is critical, and mass scaling
must be applied cautiously.
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Figure A4. Effect of reaction forces in the DCB FE model: (a) balanced vs. (b) imbalanced reaction

forces.
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