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This study investigates the mode Il interlaminar fracture mechanisms of flax/epoxy
multidirectional laminates through finite element analysis (FEA) using the end-notched
flexure (ENF) test. The laminates were configured as [(02/6)s/02] with 8 = 0°, 45°, and 90°,
designed to minimize elastic couplings, although off-axis orientations introduced localized
effects of limited significance. Fiber orientations perpendicular to the crack plane generated
distinct shear energy dissipation patterns, although mode Il remained dominant. Quantitative
analysis revealed that the 0° configuration exhibited a higher Mode II strain energy release
rate (Gu) than the 45° and 90° configurations. In contrast, the 45° orientation significantly
reduced the magnitude of Gi due to shear-extension coupling and mixed-mode interactions.
The +45° fiber orientation also induced a redistribution and instability of the interlaminar
shear stress field, leading to localized concentrations of strain energy near the specimen
edges. The FEA results consistently captured the sensitivity of the strain energy distribution
to the stacking sequence and confirmed Mode Il as the primary fracture propagation
mechanism in flax/epoxy laminates under ENF loading.

© 2025 The Author(s). Mechanics of Advanced Composite Structures published by Semnan University Press.
This is an open access article under the CC-BY 4.0 license. (https://creativecommons.org/licenses/by/4.0/)

1. Introduction

There has been a growing trend in the
utilization of natural fiber-based composites
engineering

across  various

considerable research attention over the past
two decades [4-6].

Several studies have demonstrated that
hybrid composites, which integrate natural and
synthetic fibers within a polymer matrix, can

applications,
enhance the overall performance of composite

including sports equipment, the automotive
industry, and marine structures, primarily due to
their economic, technical, and ecological benefits
[1, 2]. Among the different types of natural fibers,
flax fiber is one of the most widely adopted,
offering mechanical properties comparable to
those of glass fibers, which are commonly
employed as reinforcement materials [3].
Consequently, the mechanical behavior of
flax/epoxy composites has attracted
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materials [7-9]. Dhakal et al. [10] investigated the
effect of carbon fiber hybridization on the
mechanical properties of flax laminates. They
reported significant improvements in the tensile
and flexural properties of carbon/flax hybrid
composites compared to pure flax composites. In
addition, several experimental studies have
examined the mechanical behavior, damage
mechanisms, impact resistance, and water
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absorption characteristics of carbon/flax/epoxy
and glass/flax/epoxy hybrid composites [11-14].
Collectively, these findings indicate that the
incorporation of glass or carbon fiber layers into
flax/epoxy composites substantially enhances
their mechanical performance.

In addition, various studies have explored the
effects of interlayers, curing conditions, and
temperature on the interlaminar fracture
behavior of polymer composite laminates.
Hosseini et al. [15] employed double cantilever
beam (DCB) specimens to examine the effect of a
mat layer at the delamination interface on the
mode I fracture toughness of woven glass/epoxy
laminates. The mat interlayer altered the crack
propagation mechanism, reducing initiation and
propagation fracture toughness by 80% and
69%), respectively, and fiber bridging was not the
dominant toughening 'mechanism. Numerical
simulations' using -a cohesive zone model
validated by J-integral measurements accurately
predicted the experimental load-displacement
response.

Similarly, the effect of a thin mat layer
between sub-laminates on mode II fracture
toughness was studied using end-notched flexure
(ENF) specimens [16]. Experimental results
showed that the mat interlayer reduced the
interlaminar fracture toughness for delamination
initiation and propagation by 59% and 35%,
respectively, while fiber bridging remained non-
dominant in specimens without a mat interlayer.
The influence of post-curing temperature on
mode | fracture toughness was also examined.
DCB specimens post-cured at 80°C and 100°C
showed increases in initiation and propagation
fracture toughness by 20-40% and 15-22%,
respectively [17]. Increasing the test
temperature  further  enhanced fracture
toughness due to resin softening, improved
ductility, and enlarged crack-tip plastic zones.
Based on these findings, a temperature-
dependent tri-linear cohesive zone model was
developed and implemented in Abaqus via a
UMAT subroutine to simulate mode I
delamination  growth, showing excellent
agreement with experimental data (prediction
error of approximately 4%) [18]-

One of the primary failure modes in fiber-
reinforced composites is delamination, which is
considered one of the most critical and dangerous
damage ' mechanisms in high-performance
laminated composites. Consequently, extensive
efforts have been devoted to characterizing
delamination resistance, with the fracture
mechanics approach emerging as the most widely
adopted method [19, 20]. The double cantilever
beam (DCB) test has been standardized for
determining the mode I critical strain energy
release rate (Gic) in unidirectional (UD) laminates

with a stacking sequence of [0°]s [21-23].

Conversely, for mode II, several types of test
specimens have been proposed; however, no
consensus has yet been reached regarding the
most reliable method [24]. Nevertheless, owing
to its straightforward configuration, the ENF test
has become the most widely adopted procedure
for mode II characterization [25, 26]. Like mode I,
the ongoing pre-standardization work generally
employs UD specimens, which exhibit high
stiffness and the ability to maintain stable crack
growth, -making them relatively ideal for
interlaminar fracture testing. Nevertheless, most
real-world applications involve multidirectional
(MD) laminates, where delamination occurs
between plies with different fiber orientations.
Several studies have investigated mode II
fracture behavior in MD laminates [27, 28].

The findings of these studies often reveal
considerable discrepancies. For instance, the
reported values of G for specimens with initial
delamination at the 6/-0 interface have been
observed to increase [29-31], decrease [32], or
remain nearly unaffected by the ply angle 6 [33].
These variations are primarily attributed to
intra-ply damage and crack-jumping events that
occur at neighboring interfaces. Conversely, for
0/6 _ specimens, Guc tends to decrease with
increasing 0 [22, 34], suggesting that UD
specimens may not always provide the most
conservative results.

The results reported in the literature often
exhibit contradictions, particularly regarding the
influence of fiber orientation and laminate
configuration on the Gunc values of
multidirectional composites. Such
inconsistencies represent one of the primary
motivations for conducting the present
numerical investigation. In this study, ENF tests
were performed on MD flax/epoxy laminate
specimens, with stacking sequences that had
been previously ' analyzed using a three-
dimensional FEA 'model. This approach is
expected to provide a deeper understanding of
mode 1I fracture behavior in MD natural fiber
composites, while also addressing the knowledge
gap concerning the relationship between
laminate configuration, delamination
mechanisms, and fracture resistance.
Accordingly, the findings of this study are
anticipated to serve as a reference for optimizing
the design of natural fiber-based composites for
engineering  applications requiring  high
structural performance.

2. Materials and Methodology

2.1. Materials



Flax fibers were used as the reinforcement in
the composite panels, with a density of 1.40 +
0.18 g/cm?. The matrix system consisted of an
epoxy - hardener mixture, and the mechanical
properties of the flax/epoxy laminates are
summarized in Table 1.

Table 1. Material properties of flax/epoxy [35]

Type Parameters Value Unit
Flax/  Elastic E11=31.420 Ez2 = 5.580 GPa
epoxy  modulus E33=5.580 G1z2 = 2.021
G13=2.021 G23 =2.070
Poisson’s viz=0.353 vi3=0.38
ratio vz3 = 0.353

2.2.Methodology

The flax fibers were arranged ' in " a
multidirectional stacking sequence of
[(02/6)6/02], with 6 = 0°, 45°, and 90°. This
configuration, consisting of 20 plies with a fiber
volume fraction of 50%, was designed to
minimize undesirable elastic couplings, as
previously discussed [36]. The specimens were
evaluated through FEA. Their dimensions are
illustrated in Figure 1, with a width b = 20 mm,
span 2L = 100 mm, crack length a = 25 mm, and
total length of 160 mm, where the overall
laminate thickness 2h = 6.5 mm, derived from the
ply thickness of t = 0.15 mm. The numerical
models were developed using the commercial
finite element package ABAQUS®, as shown in
Figure 2.
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Fig. 1. Dimensions of ENF

Fig. 2. Test setup for Mode II Delamination

To avoid interpenetration between the
specimen arms, contact surfaces were carefully
defined. In the present study, surface-to-surface
contact was defined between the specimen and
the cylindrical rollers. A friction coefficient of p =

0.5 was adopted [36], and the resulting errors
were found to be less than 2%. The strain energy
release rate components (Gi, Gu, and Gu) were
calculated using the Virtual Crack Closure
Technique (VCCT) [37]. It has been well
established that the stress field in the vicinity of
delaminations between plies with different
orientations exhibits an oscillatory nature [38].
The energy release rates for 2D and 3D cracks
with low-order meshes are given in Equations 1-
3:

- RyAy
G = L N 1)
e RxAy
Gu = JAA (2)
- _ RZAW
G = SAA (3)

Here, Gi, Gii, and G denote the mode I, II, and
III energy release rates, respectively. The terms
Au, Av, and Aw represent the relative
displacements of the crack faces along the local x,
y, and z directions, while Rx, Ry, and Rz are the
corresponding nodal reaction forces. AA refers to
the crack extension in 2D or the crack extension
area in 3D (see Figure 3).
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Fig. 3. Crack geometry schematics for: (a) 2D and (b) 3D
models [39]

Crack growth modeling requires a fracture
criterion for initiation and propagation.In linear
elastic fracture mechanics (LEFM), this criterion
is typically expressed in terms of critical energy
release rates. In this study, a linear function of the
fundamental modes was applied as follows:

Gr |, G G
A Ak *)

Here Gf, Gf;.Gf;; denotes the critical energy
release rates for modes I, II, and III, respectively.
It should be noted that the VCCT is limited by its
need for a predefined crack front, which restricts
its use in cases such as delamination propagation
under impact. Previous studies on UD specimens
[40] highlight the need to derive Guc from pre-
cracks, as these values tend to be the most
conservative. However, in mode II precrack tests,
the exact crack length a is unknown, making
compliance calibration necessary. FEA were
utilized to verify the compliance calibration [41]:

C=Co+Cia+Csad (5)



2
Gu = ’2°—b (C1 + 3C3a?) (6)

where Co, C1, and C3 are polynomial constants, P
is the load, 6 is the displacement, and a is fixed at
25 mm. A mesh convergence study was
conducted using different element sizes to assess
the stability of the predicted peak load and strain
energy release rate. The graphical and
quantitative results are presented in Figure 4 and
Table 2, respectively.

Predicted peak load (N)

Element size near crack tip (mm)

Fig. 4. Mesh convergence

Table 2. Summary of mesh convergence results

Mesh  Element Number Predicted Change Gn
Level  Size Near of Peak Load (%) (J/m?)
Crack Tip Elements N)
(mm)
M1 2.0 18425 262.81 - 18424
M2 1.5 26783 267.54 1.75 18931
M3 1.0 39659 270.13 0.96 19216
M4 0.75 52844 271.02 0.33 19361
M5 0.5 74327 271.44 0.15 19397

Figure 4 shows that when the element size is
reduced to 0.5 mm, the variation in peak load
becomes very small (<0.2%), indicating mesh
independence at element sizes between 0.5 and
0.75 mm. Table 2 shows that the numerical
response became increasingly stable with mesh
refinement. In particular, when the element size
near the crack tip was reduced from 0.75 mm to
0.5 mm, the variation in the predicted peak load
was approximately 0.15%. In contrast, the
variation in the Gn value was less than 0.2%.
Therefore, a mesh with an element size of 0.75
mm near the crack tip was adopted as the
convergence = criterion to ensure mesh-
independent, computationally efficient results. In
addition, a mesh independence assessment was
performed for the analysis step increment size,
revealing negligible variations in the load-
displacement response and Gn values with
sufficiently small increments.

The ENF specimen was modeled as a three-
dimensional deformable solid using eight-node,
three-dimensional linear brick (C3D8) elements
with a structured hexahedral mesh. Local mesh
refinement was applied near the crack front to
accurately capture the strain energy release rate
using VCCT. The final element size near the crack
tip was 0.75 mm. Mesh refinement was
implemented using a biased seeding technique
with a refinement ratio of 2:1 between the global
mesh and the crack-front region. The ENF setup
was simulated as ' a three-point bending
configuration, 'where two cylindrical supports
were- defined as analytical rigid bodies and a
vertical displacement load was applied through
the central loading roller. Surface-to-surface
contact was defined between the specimen and
the rollers. The initial pre-crack (length a) was
implemented by introducing a seam (debonded
interface) along the laminate mid-plane over the
specified crack length.

3. Results and Discussion

The load-displacement curves obtained
during the fracture compliance test from the
experimental -results and FEA for the 0°
orientation flax/epoxy composite are shown in
Figure 5. It'should be noted that the quantitative
experimental validation in the present study was
limited to the [(02/0)¢/0,] laminate
configuration. However, the  numerical
predictions for the 45° and 90° configurations
were performed using the same validated
modeling framework, including identical
material properties, boundary conditions,
contact definitions, mesh refinement strategy,
fracture criterion, and VCCT implementation.
Therefore, the numerical trends observed for the
off-axis configurations are considered physically
consistent and suitable for a ' comparative
analysis of the effect of fiber orientation on the
distribution of the mode II strain energy release
rate (Gy;).

Figure 5(a) shows that both curves have the
same trend, with an initial linear stage until
reaching the peak load, followed by a decrease
due to the initiation and propagation of mode II
cracks. The maximum load value of the
experimental results reached approximately
294.47 N, while the FEA results showed a peak
load of approximately 271.10 N. This
corresponds to a percentage difference of
approximately 7.93%, indicating good agreement
between the experimental and numerical results.
Meanwhile, Figure 5(b) shows the stress
distribution obtained from the FEA analysis of
the ENF test specimen. The red color indicates the
maximum stress concentrated in the initial crack
area (notch), while the blue-to-green color
gradation indicates lower stress levels in other



parts. This distribution pattern is consistent with
the mode II crack mechanism, where the
dominant shear stress concentration occurs
along the interlayer plane.
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Fig. 5. (a) Load vs displacement curves and (b) FEA-based
ENF tests

Figure 6(a) shows the distribution of mode I
strain energy release rate (Gi) along the width of
the ENF specimen. Gi values tend to be very low
throughout the central areaof the specimen, with
significant increases occurring only at the edges.
For example; in the [(02/0)s/02] configuration,
the Givalue at the edges reaches 1.2 x 10-8]/m?,
which'is much higher than thatin the central part,
which is close to zero. Such a result is consistent
with the theory that mode I contributions are
very minimal in ENF testing due to the
dominance of shear loading [26]. This relatively
small Gi value confirms that the contribution of
mode 1 fracture in the multidirectional
flax/epoxy configuration is almost negligible
compared to mode II. However, edge effects must
still be taken into account.

In contrast, Figure 6(b) shows that mode II
strain energy release rate (Gi) dominates the
interlaminar response in the ENF test. For the
[(02/0)6/02] laminate, the Gn value is relatively
constant at around 19200 ]J/m? with a slight
increase at the edge area to around 24000 J/m?.
Other configurations, such as [(02/90)e/02], show
lower values, around 14500 ]/m?, indicating that
fiber orientation significantly influences the
interlaminar shear load-bearing capacity [42].
Meanwhile, in Figure 6(c), the mode III strain
energy release rate (Gm) only provides a
secondary contribution with a peak value of
around 3762 ]J/m? at the edge and approaches

zero at the center, indicating that mode IlI is only
locally significant and not dominant. This
distribution pattern is consistent with the
classical theory of delamination, where G is the
main controlling factor for crack propagation in
the mode II ENF test [43]. At the same time, Giand
Gm play only minor roles.
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Fig. 6. Distribution of strain energy release rate along the
width of ENF specimens: (a) Gi, (b) Gu, and (c) Gm

Figure 7 shows the GII distribution along the
width  of the specimens [(02/0)s/02],
[(02/45)6/02], and  [(02/90)6/02], which
represent the limit case of elastic couplings [42].
The trend is relatively uniform in the center of the
specimen, with significant deviations occurring
only at the edges due to edge effects. The Gn
values for the [(02/0)6/02] configuration tend to
be stable in the range of 1.05-1.10 relative to the



average value, indicating a nearly uniform
distribution of strain energy release across the
width. In  contrast, the [(02/45)s/02]
configuration exhibits greater variation, with a
decrease to about 0.72 in the center and an
increase to 1.30 at the edge regions. The result
indicates that the presence of the #45°
orientation causes instability in the interlayer
shear stress distribution, which implies a higher
concentration of strain energy release at the edge
regions. Such a phenomenon can be explained
through the fundamental equation for the strain
energy release rate, where variations in effective
width, as well as the contribution of fiber
orientation to compliance, affect the consistency
of the Gu distribution [44].
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Fig. 8. Widthwise distribution of the mixed-mode ratio Gu/G
in ENF specimens

Furthermore, the mode-mixity results in
Figure 8 confirm the dominance of mode II, with
the mode Il component accounting for more than
96% of the total strain energy release rate, where
G = G1 + Gu + Gu, on average. This finding confirms
that the ENF configuration is well-suited to
isolating pure mode II  fracture in
multidirectional flax/epoxy laminates, while also
strengthening the reliability of advanced FEA

simulations in capturing subtle variations across
fiber orientations. Furthermore, the slight
deviations in the [(02/45)6/02] configuration
compared with those in the [(02/0)s/02] and
[(02/90)6/02] configurations indicate that off-
axis fiber orientations introduce local coupling
effects, although these are not significant enough
to alter the dominance of mode II energy release.

The special nature of the proposed specimens
also requires validation of the test data reduction
scheme. Various studies on UD specimens [43,
45] have demonstrated the importance of
obtaining Guc values from pre-cracked specimens,
as these are usually the most conservative.
However, when testing mode II pre-cracked
specimens, the exact crack length is not known
beforehand, making a compliance calibration
scheme crucial. One widely used scheme is ESIS
compliance calibration [24].
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Fig. 9. Contour maps of the strain energy release rate (Gn):

(a) [(02/0)6/02], (b) [(02/45)6/02], and (c) [(02/90)6/02]

The G;; contour mapping results shown in
Figure 9 illustrate the distribution of the
interlaminar shear strain energy release rate for
three multidirectional laminate configurations. In
the [(02/0)s/0;] specimen (Figure 9a), the G,



concentration is relatively higher and uniformly
distributed along the crack front, indicating
efficient shear load transfer. This behavior occurs
because the fiber orientation is parallel to the
loading direction, allowing shear stresses to be
effectively transmitted across the interface and
concentrated at the crack tip.

In contrast, a significant reduction in Gy is
observed in the [(0,/45)s/0,] configuration
(Figure 9b). This reduction can be explained by
the change in local stress state and deformation
coupling induced by the off-axis ply orientation.
Unlike the 0° laminate, where shear stresses are
directly aligned with the fiber direction and
efficiently transferred across the interface, the
45° orientation introduces strong ' shear-
extension coupling effects. As shown in the
contour maps, the 45° laminate exhibits a more
diffused and redistributed. G,; field with lower
intensity. This occurs because part of the applied
shear'loading is transformed into normal stress
components due to the off-axis fiber orientation,
reducing the effective shear driving force at the
crack front and leading to mixed-mode
interactions.

For the [(0,/90)¢/0,] configuration (Figure
9c), the Gy; distribution appears more localized
with a moderate magnitude. The perpendicular
fiber orientation relative to the crack plane alters
the stiffness response and stress transfer
mechanism. Although shear remains dominant,
the energy dissipation mechanism:differs from
both the 0° and 45° cases due to the transverse
stiffness characteristics of the laminate.

4. Conclusions

The FEA results of the ENF test demonstrate
that mode Il dominates the interlayer fracture
behavior in  multidirectional flax/epoxy
laminates. The Gu distribution across the
specimen width is generally uniform, with slight
deviations at the edges. Importantly, variations in
the stacking sequence significantly influence both
the intensity and the distribution of shear energy.
Among the configurations studied, [(02/0)s/02]
exhibits the highest mode Il strain energy . release
rate (Gu) and the most uniform:distribution,
indicating the strongest shear-driven crack
propagation. In contrast, [(02/45)¢/02] shows a
notable reduction in Gu due to shear-extension
coupling ‘and mixed-mode interactions induced
by the ' off-axis fiber orientation, while
[(02/90)6/0;] presents a more localized Gn
distribution with a moderate magnitude. These
results not only confirm that the ENF test
combined with advanced numerical simulations
can accurately capture the influence of fiber
orientation on mode II fracture, but also provide
new insights for optimizing natural fiber

composite  designs for high-performance
structural applications.
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