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A B S T R A C T

The cohesive zone model (CZM) is widely employed for simulating delamination and debonding behaviour in
engineering structures. However, the choice of CZM shape impacts the accuracy of simulation results. Therefore,
the selection of a suitable Traction-Separation Law (TSL) with appropriate cohesive parameters is crucial. This
study focuses on simulating the mode II delamination of unidirectional carbon/epoxy composites under varying
moisture content levels (0%, 2.2%, 3.8%, and 5.3%) using the End Notched Flexure (ENF) test. Trapezoidal TSL
(TTSL) with varying pseudo-plasticity parameter (Γ) was implemented and compared. A guideline was proposed
in this study to aid in the selection of cohesive parameters, and a relationship between these parameters and
moisture content was established. The results indicate that Γ = 0.99 yields a more accurate force-displacement
response compared to Γ = 0. The estimated cohesive zone length falls within the range of 2.0–2.4 mm. During
crack growth, the analysis reveals that, at the peak force, a region approximately 0.5–0.6 mm ahead of the crack
tip undergoes total failure. Simultaneously, damage initiation occurs in the region 2.3–2.4 mm beyond the
complete failure zone.

1. Introduction

Advanced composites and their damage mechanics process have
become one of the core subjects of studies in fracture mechanics,
demanded for the design of aerospace composite parts [1]. Interlaminar
damage and fracture are classified as one of the primary failure phe-
nomena threaten structural integrity for many different applications [2,
3]. The Cohesive Zone Model (CZM) has become a prominent tool for
simulating delamination behaviour in composite laminates and adhesive
joints in recent decades. Finite element simulations utilising CZM offer
valuable insights into stress states, damage initiation, and growth,
providing an alternative to extensive and complex experimental setups.
The choice of CZM shape, which is described by the traction-separation
law (TSL), significantly influences simulation accuracy [4,5]. The
bilinear TSL (BTSL) is widely adopted for its simplicity and accuracy,
especially in modelling brittle and moderately ductile materials [6].
Publications that utilised BTSL included [7–20]. However, its

applicability is not universal. For instance, BTSL was found to be suit-
able for the brittle adhesive, while exponential TSL (ETSL) was suitable
for ductile adhesive bonded butt joints under tensile and shear loadings
[4]. ETSL has also been implemented for Ti/silicon carbide interfaces
[21], while some other types of TSL include trapezoidal [4,22–29],
trilinear [30–33], bilinear-exponential [34], tetra-linear [35], poly-
nomial [36], linear-parabolic [37], and multilinear [38]. Among these,
trapezoidal TSL (TTSL) has proven successful in simulating delamina-
tion behaviour, particularly in interfaces exhibiting non-linear fracture
behaviour [26] and elastic-plastic behaviour, where ductility was to be
considered [22–25]. May et al. [39] proposed that the plateau region of
the TTSL needed to be enlarged with the plasticity to accommodate the
increased ductility.

Several studies have applied TTSL to investigate mode II delamina-
tion. For example, Tauheed and Datla [40] conducted an investigation
on the mode II delamination of unidirectional carbon fibre composites
bonded to Araldite AV138 epoxy adhesive using End Notched Flexure
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(ENF) specimens. These specimens underwent ageing at 40 ◦C and 82%
relative humidity (RH). The mode II separation was directly determined
through digital image correlation (DIC) of crack tip images, utilising
open-faced specimens. By establishing the relationship between the
mode II energy release rate, GII, and separation, δII, the traction was
derived by differentiating GII with respect to δII. Subsequently, cohesive
parameters for TTSL were developed for all ageing conditions. The

validity of these cohesive parameters was confirmed through good
agreement when comparing results with closed specimens, providing
robust support for the model’s accuracy and reliability.

Anyfantis and Tsouvalis [41] conducted a study on mode II delam-
ination in unidirectional glass/epoxy composites using ENF specimens.
Crack growth was monitored with a high-resolution video camera.
Following a procedure similar to Tauheed and Datla [40], the traction
was computed by differentiating GII with respect to δII. The outcomes
from the TTSL, which encompassed both initiation and bridging fracture
energy, demonstrated a favourable comparison between experimental
and numerical force-displacement curves. This suggests that TTSL

Fig. 1. Schematic diagram of the mode II end-notched flexure test setup.

Fig. 2. Schematic diagram of the pure mode II trapezoidal traction-
separation law.

Fig. 3. Variation of trapezoidal traction-separation law with the pseudo-
plasticity parameter (Γ).

Fig. 4. Damage parameter evolution of trapezoidal traction-separation law.

Table 1
Interface properties used in trapezoidal traction-separation law.

M
(%)

GIIC (N/
mm) [47]

kII
(MPa/
mm)

tu,II
(MPa)

δo,II ( ×
10− 4 mm)

δp,II ( ×
10− 2 mm)
(Γ =

0.99)

δf,II ( ×
10− 2 mm)

Dry 2.06 4.5 ×

105
100 2.22 2.06 2.08

2.2 1.39 82 1.83 1.69 1.71
3.8 1.02 71 1.57 1.45 1.47
5.3 0.92 67 1.48 1.37 1.39

Fig. 5. Degradation trends of the residual property with respect to the mois-
ture content.
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effectively captured the essential aspects of the mode II delamination
behaviour in the glass/epoxy composites under investigation.

Ghabezi and Farahani [42] undertook a characterisation of mode II
delamination in nano-alumina powder-reinforced Araldite 2015 adhe-
sive bonded nano–glass/epoxy composite joints, utilising ENF speci-
mens. TTSL was implemented to account for the R-curve of the
specimens. Their findings indicated that the introduction of nano-
particles led to an increase in both initiation and plateau values of the

mode II energy release rate. Furthermore, it was observed that the mode
II interface strength demonstrated an initial increase with the addition of
nanoparticles in the adhesive, specifically in the range of 0–0.5 wt%.
However, beyond this concentration, a subsequent decrease in the mode
II interface strength was noted. This suggests a nuanced influence of
nanoparticle content on the delamination characteristics of the com-
posite joints.

Owing to the non-linear fracture behaviour observed in experiments,
TTSL was employed to assess the delamination behaviour of a
honeycomb/carbon-epoxy sandwich structure [43] using the asym-
metric ENF (AENF) test [26]. The investigation revealed that mode II
predominantly influenced the delamination occurring between the skin
and the core. Employing a numerical inverse procedure, the authors
successfully demonstrated a robust comparison between the experi-
mental and numerical force-displacement curves as well as R-curves.

Al-Azzawi et al. [22] conducted a study on the flexural behaviour of
asymmetric Glare 4B fibre-metal laminates (FMLs) featuring doubler
joint configurations, using a four-point bending test. The composite

Fig. 6. Variation of mode II fracture toughness and cohesive parameters with respect to moisture content.

Table 2
Normalised interface properties used in trapezoidal traction-separation law.

M (%) GIIC tu,II δo,II δp,II δf,II

Dry 1 1 1 1 1
2.2 0.68 0.82 0.82 0.82 0.82
3.8 0.50 0.71 0.71 0.70 0.71
5.3 0.45 0.67 0.67 0.67 0.67

Fig. 7. Finite element model of the composite for mode II delamination under three-point end-notched flexure loading: (a) side and (b) top view.
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utilised was unidirectional S2 glass/epoxy, while the metal component
was aluminium. To model the interlaminar layer between the composite
and aluminium under through-thickness compressive stress, a modified
CZM was developed. This new CZM was presented as TTSL, considering
the elastic-plastic damage behaviour due to toughened epoxy. In addi-
tion to the ductile damage in the FM94 epoxy, the numerical modelling
also accounted for damage in the composite and plasticity in the Al.
Results indicated that the modified CZM predicted a more accurate

force-deflection behaviour compared to the unmodified version. More-
over, TTSL was successfully applied to simulate delamination propaga-
tion in the same FMLs, featuring both splice and doubler configurations,
under static and fatigue loadings [23].

Furthermore, TTSL has been applied to address mode I delamination
which has normally been done using Double Cantilever Beam (DCB) test
[44]. Watson et al. [45], for example, extracted the TTSL from the rigid
Double Cantilever Beam (RDCB) test using high stiffness steel as the
adherend and 3 M impact-resistant 7333 structural epoxy as the adhe-
sive. The experimental and numerical force-displacement responses
were effectively compared. Subsequently, the authors employed the
same TTSL methodology in the tapered DCB (TDCB) test, achieving a
successful comparison between the experimental and numerical
force-displacement profiles.

Moslemi-Abyane and Ghasemi [46] conducted a study on the impact
of thermal cycle loading on mode I delamination in unidirectional
E-glass fibre-reinforced epoxy composites, utilising DCB specimens. The
specimens underwent thermal cycling between 15 and 65 ◦C for 50, 100,

Table 3
Lamina properties for the carbon fibre reinforced epoxy composite [49].

M (%) E11 (GPa) E22 (GPa) G12 (GPa) G13 (GPa)a G23 (GPa)a ν12

0 103.0 6.7 2.7 2.7 2.5 0.34
2.2 97.0 4.6 2.7 2.7 2.5 0.34
3.8 96.0 4.3 2.6 2.6 2.3 0.36
5.3 95.0 4.5 2.5 2.5 2.2 0.37

a Assumed values, derived by further refinement.

Fig. 8. Influence of the mode II interface strength on the numerical peak force for dry specimens using Γ = 0.

Fig. 9. Influence of the pseudo-plasticity parameter on the numerical force-displacement curve at dry condition.
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and 150 cycles. Notably, thermal cycling resulted in premature damage
to the composite structures. The crack tip opening displacement (CTOD)
was measured using DIC, while the traction was quantified by differ-
entiating the mode I strain energy release rate, GI with respect to the
CTOD, δI. It is essential to highlight that the same procedure was
employed for mode II delamination, as detailed in the preceding para-
graphs [40,41]. Over here, TTSL was incorporated to account for the
fibre bridging phenomenon. Analysis of the cohesive parameters
revealed that an increase in the number of thermal cycles reduced the
separation at failure but concurrently increased local traction. This
observation suggested that thermal cycling induced brittleness in the
composite material, leading to a decrease in absorbed energy.

Recently, Noruzi and Khoramishad [24] introduced an equivalent
TTSL (ETTSL) for broad applicability with both ductile and brittle ad-
hesives bonded to various substrate materials. The model’s versatility
was demonstrated by its initial application in characterising the mode I
delamination behaviour of ductile polyurethane (PU) adhesive bonded
to woven E-glass/epoxy composite joints, employing the DCB test.
Subsequent validations were conducted using data from existing liter-
ature, revealing a consistently good comparison across all cases. This
promising outcome highlights the ETTSLmodel’s potential to streamline
and economise complex analyses, particularly when compared to the
conventional CZM.

The literature discussed above highlights the versatility of TTSL,
demonstrating its suitability for implementation across various mate-
rials under diverse loading and environmental conditions. Previous
research has shown that fracture toughness was influenced by the
moisture content [47]. Specifically, in wet specimens, mode I fibre
bridging behaviour has been effectively described using a
bilinear-exponential TSL [34]. While mode II did not exhibit fibre
bridging, noticeable changes in the fracture surface were observed,
suggesting potential degradation of the interface due to moisture attack
[47]. Therefore, it is hypothesised that TTSL could serve as an appro-
priate TSL to characterise mode II delamination under different moisture
content levels.

In this study, finite element (FE) modelling was employed to inves-
tigate mode II delamination in unidirectional carbon/epoxy composite
laminates with varying moisture content. The CZM was adopted,
incorporating TTSL at varying pseudo-plasticity parameter (Γ). A sys-
tematic guideline was proposed for estimating cohesive parameters.
Numerical force-displacement curves were generated for different
moisture content levels (M = 0, 2.2, 3.8, and 5.3%), and these were
compared with experimental data obtained from Ref. [47]. Subse-
quently, the cohesive zone length was estimated, and the crack growth
behaviour was analysed.

2. Materials and methods

This section outlines the experimental details of the mode II ENF test
[48], as previously documented in Ref. [47]. Initially, two 16-ply uni-
directional carbon/epoxy composite plates (supplied by Structil)
measuring 400 × 400 × 3.2 mm3 were fabricated by using hand lay-out
technique. Pre-cracks were induced by inserting a 15 μm-thick Teflon
film at the mid-plane of the plates. Subsequently, each composite plate
was halved, resulting in four smaller plates measuring 400 × 200 × 3.2
mm3. Three of the plates were immersed in distilled water at 70 ◦C,
while the fourth was tested under dry condition. After immersion pe-
riods of 1, 3, and 9 months, corresponding to moisture gains of M =

2.2%, 3.8% and 5.3%, the plates were removed from the water bath.
Specimens with a width of 20 mm were then cut from each plate for
mode II ENF test. Fig. 1 depicts the schematic of the ENF test setup,
where the thickness of each specimen was 3.2 mm, the initial crack
length was 25 mm, and the half span length was fixed at 60 mm. Tests
were conducted under displacement control using a universal testing
machine equipped with a 5 kN capacity load cell at a crosshead speed of
1 mm/min. At least four specimens were tested for each moisture

Fig. 10. Results of force-displacement curves obtained through experiment and
numerical simulation of the samples under mode II delamination at moisture
content levels of (a)M = 0 %, (a)M = 2.2 %, (a)M = 3.8 %, and (d)M = 5.3 %.
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content.

3. Cohesive zone model

3.1. Trapezoidal traction-separation law

Fig. 2 delineates the pure mode II TTSL. During the early stage, the
shear traction, tII exhibits a linear increase with the relative separation,
δII. The slope of this linear region represents the mode II interface
stiffness, kII. Upon reaching the mode II interface strength, tu,II, which
corresponds to the relative separation δo,II, damage is initiated (D = 0).
Subsequent increment in δII results in a constant value of tII. This region
is indicative of the plasticity effect on the interface. δp,II indicates the
second inflexion point of the trapezoidal law. Beyond this plateau, the
traction diminishes linearly. Once δII equals δf,II, the element undergoes
complete damage, denoted by tII = 0 and D = 1.

According to May et al. [39], δp,II could be expressed as:

δp,II = δo,II + Γ
GIIC

tu,II
(1)

In Equation (1), Γ represents the pseudo-plasticity parameter. Fig. 3
shows that increasing Γ signifies higher plasticity level and a reduction
in δf,II. In other words, increasing plasticity leads to a more rapid decline
in the traction within the softening zone. In addition, it is noteworthy
that when Γ = 0, the model simplifies to BTSL. To assess the influence of
Γ on simulation results, several cases were examined, which included Γ
= 0, 0.2, 0.4, 0.6, 0.8, and 0.99. Specifically, Γ = 0.99 corresponds to the
scenario where the slope of softening region has the same magnitude as
kII.

The traction is defined by:

tII =

⎧
⎪⎪⎨

⎪⎪⎩

kIIδII for 0 ≤ δII ≤ δo,II

kIIδo,II for δo,II < δII ≤ δp,II
(1 − D)kIIδII for δp,II < δII ≤ δf ,II

(2)

The damage parameter, D can be defined as:

D=

⎧
⎪⎪⎨

⎪⎪⎩

1 −
δo,II
δII

for δo,II ≤ δII ≤ δp,II

δo,II
(
δf ,II − δII

)

δII
(
δf ,II − δp,II

) for δp,II ≤ δII ≤ δf ,II
(3)

The evolution of Dwith respect to the relative separation, δII – δo,II for
TTSL is schematically depicted in Fig. 4. It is evident that two distinct
regions characterise the evolution of the damage parameter, as indicated
by two different equations expressed in Equation (3).

3.2. Determination of the cohesive parameters

Similar to mode I for the same material [34], the mode II penalty
stiffness, kII is estimated using Equation (4),

kII =
Em

hce
(4)

where Em is the Young’s modulus of the epoxy resin (4.5 GPa) and hce
denotes the thickness of the cohesive element (10 μm). The estimated kII
is consistently determined to be 4.5 × 105 MPa/mm across all moisture
content levels [34]. This determination is based on experimental mode II
force-displacement curves, which illustrated a comparable initial linear
slope among specimens at different moisture content levels [47].
Furthermore, it has been documented that at various moisture levels,M
= 0, 2.2, 3.8, and 5.3%, the experimental longitudinal stiffness, E11
values were 105, 97, 96 and 95 GPa, respectively [49], falling within a
10% variation range.

The interface strength is estimated using the relationship shown in
Equation (5), which has proven effective for assessing the interface
strength across various moisture content levels [10]. The dry mode II
interface strength, tu,II,dry is estimated at 100 MPa following a thorough
parametric study, detailed in the subsequent section. The resulting
interface strength and separations for each moisture condition are
computed and summarised in Table 1.

Fig. 11. Traction profile and cohesive zone length of trapezoidal traction-separation law.
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tu,II(M)= tu,II,dry

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
GIIC(M)

GIIC,dry

√

(5)

The variation of GIIC corelated to M is fitted using the residual
property model [10]:

G IIC(M)

G IIC,dry
=

[

1 −

(
G IIC,min

G IIC,dry

)(
M

M max

)ζ]

(6)

In Equation (6), GIIC(M) represents the mode II fracture toughness at any
moisture content, GIIC,dry is the mode II fracture toughness under dry
condition, GIIC,min is lowest mode II fracture toughness (within the range
of study), M signifies any moisture content, Mm denotes the maximum
moisture content, and ζ is the degradation parameter. This model as-
sumes that GIIC is solely dependent on M. Fig. 5 describes the three
possible degradation trends, where ζ > 1 indicates an initial stable value
followed by a rapid degradation, ζ < 1 suggests a significant decrement
at the early stage but gradually level off at higher moisture content, and
ζ = 1 represents a linear degradation. Using ζ = 0.5, the solid line in
Fig. 6 fits exceptionally well with a discrepancy of less than 7%. As
shown in Fig. 5, a ζ value below unity indicates that GIIC is sensitive to
moisture attack. It is important to note that neither Equation (5) nor
Equation (6) is derived from physical laws. They are introduced to
describe the relationship between the interface strength and fracture
energy under dry and wet conditions. This approach minimises the need
for computationally intensive calibration of cohesive parameters.

Derived from Equation (5), it is evident to pustulate that the cohesive
parameters of tu,II, δo,II, δp,II, and δf,II can be effectively fitted by taking the

square root of the term
(

G IIc,min
G IIc,dry

)

. Representing all these cohesive pa-

rameters collectively as P, the relationship is expressed as follows:

P(M)

P dry
=

[

1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
G IIc,min

G IIc,dry

)√ (
M

M max

)ζ
]

(7)

Maintaining the constant value of ζ, the normalised interface prop-
erties are listed in Table 2 while the dotted line, representing the fitted
curve, is plotted in Fig. 6. A high level of agreement is observed, with a
maximum difference of less than 8%.

4. Finite element modelling

Fig. 7 shows the finite element model of the ENF specimen. Fig. 7(a)
illustrates that the composite laminate was modelled using continuum
shell elements (SC8R). The mid-plane interface was modelled using
cohesive elements (COH3D8) with a cohesive layer thickness set at 10
μm. In the thickness direction (z-axis) of the composite, a total of four
elements were discretised. For the imposition of boundary conditions, a
roller condition was applied at the bottom-left end, while the right end
was fixed with a pinned condition. To emulate the experimental setup, a
vertical displacement was introduced at the specimen’s midpoint,
serving as the designated loading condition.

Along the length of the specimen, Fig. 7(b) shows that the delami-
nation zone of interest was discretised with fine mesh at 0.1 mm. The
elements outside the delamination zone of interest were coarser at 2
mm. In the width direction, the specimen was discretised at 0.5-mm
mesh. It has been demonstrated that the above-mentioned modelling
methodology was sufficient to provide accurate simulation results [8,

Fig. 12. The cohesive zone length under mode II delamination with moisture
content levels of (a)M = 0 %, (a)M = 2.2 %, (a)M = 3.8 %, and (d)M = 5.3 %.

Table 4
Cohesive zone length of different moisture content levels for mode II
delamination.

Moisture content, M (%) 0 2.2 3.8 5.3

Cohesive zone length, LCZ (mm) 2.4 2.3 2.0 2.3
Number of elements in cohesive zone, Ne 24 23 20 23

M.N. Mohd Fua’ad et al.
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10]. Table 3 lists the lamina properties of the carbon/epoxy composite at
different M levels [49].

5. Results and discussion

5.1. Effects of mode II interface strength

Fig. 8 compares the numerical peak force under different mode II
interface strength values, tu,II at the dry condition using BTSL (Γ = 0).
The graph includes upper and lower limits corresponding to experi-
mental peak forces. Notably, as tu,II increases, the numerical peak force
also rises. However, even at the upper limit of tu,II = 100 MPa, as sum-
marised by Zhao et al. [14], the numerical peak force falls approxi-
mately in the middle of the experimental peak force range. This limits
accurate estimations at other moisture content levels. Therefore, it is
necessary to incorporate plasticity into the CZM to improve the accuracy
of the simulation results.

5.2. Effects of pseudo-plasticity parameter

Fig. 9 compares the influence of the pseudo-plasticity parameter, Γ
on the numerical force-displacement curves under dry conditions, with
tu,II fixed at 100MPa in all cases. Increasing Γ leads to a slight increase in
the numerical peak force, however, this effect is minimal. Compared to

Γ = 0, the maximum difference observed (Γ = 0.99) is approximately
4%. Furthermore, Γ has negligible influence on the slope of the force-
displacement graph. In all cases, there were no instances of instability
or convergence issues. Based on these observations, it is postulated that
the simulations in this study are insensitive to Γ. As suggested by de
Moura et al. [25], in such scenarios, δp,II can be effectively modelled by
matching the slope of the softening region with that of the initial linear
region. Therefore, Γ = 0.99 is used consistently for all cases across
varying moisture content levels.

5.3. Force-displacement curves

In Fig. 10(a)–(d) the force-displacement curves present a compre-
hensive comparison between experimental and numerical results at
varying moisture content levels. Notably, following the attainment of
peak force, a distinct drop is observed, indicating a sudden crack jump at
the specimen’s interface. The occurrence of crack jump was also re-
ported by Koloor et al. [50]. Such event could be attributed to two
primary reasons. Firstly, stable crack propagation typically requires a
13 μm-thick Teflon film [51]. However, in the experiments conducted, a
15 μm-thick Teflon film was used. Secondly, for stable crack propaga-
tion, Carlsson et al. [52] recommended initial crack length to half span
length ratio, ao/L to be greater than 0.7. Nevertheless, in the experi-
mental setup, the ratio was 0.42. The numerical simulations, employing

Fig. 13. Area of interest to analyse the crack propagation pattern.

Fig. 14. The crack propagates on the black region, and the damage initiation criterion is met on the red region at the peak load time frame for moisture content of (a)
M = 0 %, (b) M = 2.2 %, (c) M = 3.8 %, (d) M = 5.3 %.
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Γ = 0.99, demonstrate a close alignment with experimental data in
terms of peak force, slope, and displacement at failure. The maximum
difference, approximately 13%, is noted, with an exception for one
specimen atM= 3.8%. Given the singular occurrence of this deviation, it
can reasonably be attributed to experimental scatter.

It is crucial to highlight that utilising BTSL (Γ = 0) would result in
even larger discrepancies in the peak force and displacement at failure.
Therefore, the adoption of the TTSL with a suitable choice of Γ proves
essential in ensuring a satisfactory numerical simulation response across
all moisture content levels in this study.

5.4. Cohesive zone length

The condition required to obtain accurate numerical results using
CZM is the interface strength in the cohesive zone must be characterised
properly by the finite element spatial discretisation where the number of
elements of the cohesive zone is [53]:

Ne =
LCZ
Le

(8)

In Equation (8), Le represents the mesh size in the direction of crack
propagation, while LCZ denotes the length of the cohesive zone at the
point of the first element failure, ensuring accurate capture of the
cohesive stress distribution. Fig. 11 illustrates the assumed traction
profile along the crack path for the initial five elements preceding the
crack tip when the first element has undergone complete failure,
resulting in a traction value of zero. The second element exhibits a
traction lower than tu,II as it is in the softening region. The third and
fourth elements share the same traction, corresponding to the plateau
region. However, it is essential to note that the third element has
experienced damage (0 < D < 1), while the damage initiation has just
occurred for the fourth element (D = 0). As for the fifth element, it re-
mains in the elastic region, where the element is still intact.

The cohesive zone length, LCZ is determined by measuring the dis-
tance between the first element at the moment of complete failure (D =

1) and the element reaching the maximum traction, where damage
initiation is observed (D = 0). For the TTSL depicted in Fig. 11, this
refers to the distance between the first and fourth elements. It’s
important to emphasise that the variation of traction within elements
1–3 and 4–5 is an assumption made for illustrative purposes, necessi-
tating further validation.

In Fig. 12(a)–(d), the distribution of mode II traction against the
distance from the crack tip at the moment of complete failure of the first
interface element, which represents the LCZ, is illustrated. The final data
in each plot represents the element that has just attained damage initi-
ation (D = 0). Notably, in these plots, the mode II traction for the first
three elements from the crack tip is consistently 0 MPa before sharply
increasing to the respective shear interface strength. This observation
suggests that, at the moment the first element experiences total failure,
the crack extension is so abrupt that it directly propagates to the first
three elements.

A minimum number of elements Ne within the cohesive zone is
crucial for accurately representing the fracture energy, ensuring the
model captures the continuum field of a cohesive crack [54]. Previous
studies have generally indicated that this minimum Ne often ranges from
2 to 10 [54]. Further investigations that considered different modes of
loading and adopted BTSL in numerical analysis suggested a minimum
Ne of 3 for accurate analysis [55]. Recent findings aligned with this,
emphasising that at least 3 cohesive elements within the cohesive zone
are necessary to obtain an accurate cohesive zone length [14].

As indicated in Table 4, LCZ ranges from 2.0 mm to 2.4 mm when
employing TTSL across all moisture levels, with a given mesh size, Le of
0.1 mm. Thus, based on Equation (8), the corresponding Ne falls within
the range of 20–24, as detailed in Table 4. Notably, for TTSL, plasticity is
induced when the shear interface strength is reached, signifying a

plateau in the softening region. As a result, the expected Ne is higher
compared to BTSL at the same mesh size, Le and shear interface strength,
tu,II.

5.5. Crack growth profile

The crack growth profile is defined by key failure variables, specif-
ically encompassing damage initiation (0 < D < 1) and complete dam-
age (D = 1). Extracting data from force-displacement measurements in
Fig. 10, the failure variables during the peak force timeframe imposed
on ENF models under various moisture conditions are extracted.
Considering symmetry, only half of the specimen’s width in the
delamination zone of interest is considered, as highlighted in yellow in
Fig. 13. Analysis reveals that, at the peak force, the cohesive elements
preceding the crack tip undergo complete damage, illustrated by the
crack propagation length (depicted in black) in Fig. 14. The red region
signifies the crack initiation length, while the blue region remains un-
damaged. At the point of peak force, the crack propagation length ranges
from 0.5 mm to 0.6 mm, while the crack initiation length spans from 2.3
mm to 2.4 mm at the interface, irrespective of the moisture content in
the ENF specimen.

The plastic zone’s shape during interlaminar delamination of car-
bon/epoxy laminate is characterised by the extent of damage initiation.
A comparative analysis of the interface damage initiation sizes reveals
that, during this process, the size of damage initiation at the edge (under
plane stress condition) is marginally larger than the size observed at
mid-width (under plane strain condition). This discrepancy is attributed
to plane strain condition restraining yielding, ultimately leading to a
more confined or smaller plastic zone [56].

6. Conclusions

In this study, trapezoidal traction-separation law (TTSL) was
implemented to simulate the mode II delamination behaviour in unidi-
rectional carbon/epoxy composite laminates across moisture content
levels of 0, 2.2, 3.8, and 5.3 %. Key findings and conclusions include:

i) TTSL with pseudo-plasticity Γ = 0.99 consistently outperformed
BTSL (Γ = 0) in predicting force-displacement responses across
all moisture conditions.

ii) The residual property model (RPM) demonstrated a strong fit for
GIIC as a function of moisture content. This modified RPM also
exhibited an excellent fit for other cohesive parameters.

iii) Across all four moisture content levels, the cohesive zone length
ranged from 2.0 to 2.4 mm.

iv) At the peak load, progressive damage of 2.3–2.4 mm and com-
plete damage of 0.5–0.6 mm were observed for all moisture-
conditioned cases.
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