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A B S T R A C T

Multidirectional (MD) composite laminates are extensively employed in structural applications owing to
their superior mechanical characteristics. Nevertheless, the evaluation of the fracture toughness of composite
laminates primarily relies on tests using unidirectional (UD) specimens. This study evaluates the reliability of
characterizing mode II delamination behaviour in MD laminates by using UD specimens. The quantification
of delamination area through Digital Image Correlation (DIC) analysis is integrated with a physical Energy
Release Rate (ERR) method to ascertain the fracture resistance, which is compared with the ERR derived via a
modified J-integral method and the standardized compliance methods. Fractographic analysis reveals similar
fracture mechanisms in specimens with identical interfaces. The physical ERR increases notably due to large-
scale fibre bridging induced by fibre nesting at 0◦//0◦ interfaces. Conversely, in 0◦//90◦ interfaces, large-area
matrix cracking enhances the intrinsic fracture resistance, excluding the extrinsic toughening provided by fibre
bridging.
1. Introduction

The formation and development of delamination in composite struc-
tures is one of the most damage that significantly compromises struc-
tural integrity [1,2]. In order to enhance the damage tolerance design
and certification process for composite materials, testing standards
have been established to provide guidelines for determining fracture
resistance under various fracture modes [3–5]. The recommended data
reduction methods are established based on Linear Elastic Fracture
Mechanics (LEFM) and the use of unidirectional (UD) laminates. How-
ever, multidirectional (MD) composite laminates are more commonly
used in engineering structures [6]. When the laminate layup or the
interfaceproperties have a substantial effect on the delamination be-
haviour [7–12], the validity of utilizing UD tests to determine fracture
resistance has to be confirmed.

Experimental and numerical studies have been conducted to ex-
plore the disparities in delamination behaviours between MD and
UD laminates under varying loading conditions [13–20]. For mode I
delamination growth in MD laminates, a tortuous delamination path,
induced by through-thickness matrix cracking at interfaces with various
fibre orientations (0//𝜃, or 𝜃//𝜃), causes different degrees of fibre
bridging effects, thereby enhancing fracture resistance compared to
UD laminates [21–23]. In mode II, the rising fracture resistance (R-
curve) is primarily ascribed to the toughening mechanism prompted
by delamination migration at one or multiple interfaces [15,24].

∗ Corresponding author.
E-mail address: W.Tu@tudelft.nl (W. Tu).

The through-thickness matrix cracking occurs as a result of com-
pelling the delamination to propagate along the longitudinal direction
of the specimen, at an angle to the ply orientation. The crack growth
terminates at an interface where the directing ply orientation aligns
with the longitudinal growth direction under mode II loading [15,25].
This phenomenon closely resembles the damage scenarios observed in
composite panels subjected to out-of-plane impact, wherein delamina-
tion growth tracks the fibre orientation and migration is impeded [26–
28]. In this instance, understanding the delamination behaviour at
a 0//𝜃 interface without migration effects can provide a more ac-
curate characterization for delamination behaviour in real structures.
Nevertheless, the majority of studies focus on the influence of differ-
ent interface angles on enhancing fracture resistance by permitting
migration.

In addition to the effects of interface properties, the overall stiffness
of the laminate also demonstrated significant influence on mode I de-
lamination behaviour. A stiffer specimen yields a larger fibre bridging
zone and thus a higher fracture resistance [29]. For MD and UD lam-
inates with the same number of layers and interface angles, disparity
in the overall stiffness between them should be deemed influential to
fracture resistance. However, an earlier investigation on the effects of
thickness on fracture toughness revealed no significant correlation in
both mode I and mode II tests [30]. To the authors’ knowledge, the
https://doi.org/10.1016/j.compositesb.2024.111941
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Table 1
Specimen configurations of ELS tests.

Specimen Interface Layup 𝐸𝑓 (MPa) 𝛥𝑐 𝑙 𝑎𝑚𝑝 (mm) 𝑎0 (mm) L (mm) B (mm) h (mm)

UD(0//0) 0◦∕∕0◦ [08//08] 114 276 7.60 55.0 ± 1.5 90 19.9 ± 0.1 1.29 ± 0.01
UD(0//90) 0◦∕∕90◦ [07/90//08] 111 440 3.83 55.0 ± 2.0 90 20.0 ± 0.1 1.27 ± 0.01
UD(90//90) 90◦∕∕90◦ [07/90//90/07] 108 990 3.48 54.0 ± 1.5 90 20.0 ± 0.1 1.27 ± 0.01
MD(0//0) 0◦∕∕0◦ [0∕90∕45∕ − 45]𝑠//[0∕90∕45∕ − 45]𝑠 52 507 4.68 55.0 ± 2.0 90 19.8 ± 0.1 1.28 ± 0.01
MD(0//90) 0◦∕∕90◦ [90∕0∕45∕ − 45]𝑠//[0∕90∕45∕ − 45]𝑠 45 977 5.75 56.0 ± 1.0 90 19.8 ± 0.1 1.29 ± 0.01
MD(90//90) 90◦∕∕90◦ [90∕0∕45∕ − 45]𝑠//[90∕0∕45∕ − 45]𝑠 44 498 6.38 54.5 ± 1.5 90 19.8 ± 0.1 1.30 ± 0.01

Symmetrical laminates are denoted by 𝑆 and the PTFE insert is indicated by ∕∕. 𝐸𝑓 and 𝛥𝑐 𝑙 𝑎𝑚𝑝 are he flexure modulus and clamping correction determined according to ISO-15114
[3].
Table 2
Engineering constants of DT120 carbon/epoxy prepreg [34].
𝐸11 (GPa) 𝐸22 (GPa) 𝐸33 (GPa) 𝐺12 (GPa) 𝐺13 (GPa) 𝐺23 (GPa) 𝜐12 𝜐13 𝜐23
145.0 6.4 6.4 3.38 3.38 3.92 0.26 0.26 0.31
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effect of stiffness on mode II delamination behaviour is not yet well
understood.

Therefore, this study aims to examine the discrepancies and consis-
encies between UD and MD laminates in their mode II delamination
ehaviours by conducting a series of End-Loaded Split (ELS) tests using
pecimens with different layups and initial delamination interfaces.
haracterizing delamination growth relying on a uniaxial (1-D) crack

ength is inadequate, particularly when the delamination growth in
D laminates does not have a straight-line front perpendicular to the

rowth direction [31–33]. Thus, the comparison between MD and UD
specimens is grounded on the measurement of delamination area. This
was accomplished through 3D Digital Image Correlation (DIC) analysis
coupled with an equivalent Strain Energy Density (eSED) method.
Various data reduction methods were employed to obtain the fracture
resistance of MD and UD specimens. The total Energy Release Rate
(ERR) was determined by calculating the total energy dissipation per
delamination area based on the force–displacement response, while
the ERR corresponding to the actual delamination growth was de-
rived through a modified J-integral method. Through fractographic
observations, the mode II delamination mechanisms were discerned.
Subsequently, the characterization of mode II delamination growth was
achieved by decomposing fracture resistance in alignment with the
delamination mechanisms identified.

2. Experiment

2.1. Material and specimen configurations

The material system used in the experiments was a unidirectional
arbon/epoxy prepreg system, M30SC-150-DT120-34F, manufactured
y Delta Tech Italy [34]. UD and MD laminates were designed to in-

vestigate the influence of stacking sequences and interfacial properties
on mode II delamination behaviour. The specimen details are given in
Table 1. For the ‘‘UD’’ specimens, the middle interfaces were designed
o be 0◦//0◦, 0◦//90◦, and 90◦//90◦, facilitating comparison with MD
aminates featuring identical interfaces.

The specimens were fabricated through manual layup and subse-
uently cured in an autoclave. The curing cycle followed a technical

data sheet provided by the manufacturer [34]. Specimens of identical
dimensions, measuring 180 × 20 mm2, were cut from a cured plate
with dimensions of 200 × 200 mm2 using a Proth automatic cutting
machine. Each specimen had a thickness of 2.5 mm, comprising 16
plies. To introduce an initial 55 mm delamination (𝑎0 = 55 mm), a
16 μm thick Teflon insert was positioned at the central interface before
curing, spanning the width of the plate. The engineering constants of
the material system are given in Table 2.
2 
2.2. Test setup and procedure

Following the ISO-15114 test standard, an ELS test setup was uti-
ized in the experimental campaign to determine the mode II fracture
esistance. The ELS test setup has the advantage of providing a stable

mode II delamination growth, compared to End Notch Flexure (ENF)
r 4-point bending tests [3,35,36]. As shown in Fig. 1a, a Zwick
esting machine with a 1kN load cell was employed. The loading block
as glued to the specimen and connected to an fixture with a pin

onstraint (Fig. 1c). The 1kN load cell was bolted to cross head with
an extended cylindrical bar. The length of the cylindrical bar was
800 mm, providing ample space for 3D DIC cameras equipped with
a 25 mm lens. The specimen was fully clamped with two pieces of
sliding blocks. The torque applied to the bolts was fixed at 5 N⋅m for
clamping the specimen. A thin layer of white ink with markers of 1 mm
increment was applied to the edge of the specimen in order to measure
delamination growth at one side (Fig. 1d). A travelling microscope was
placed on the other side to capture delamination migration and fibre
ridging.

As shown in Fig. 1(b), 3D DIC analysis was performed using a VIC-
3D system (Correlated Solutions, Inc.). The angle between the two
ameras was 20◦ and the working distance of the cameras was 600 mm.

The speckle pattern for DIC analysis was carefully painted on the top
surface with a speckle size of approximately 3 pixels. The frames used
to fix the cameras were constrained on the moving bed alongside the
LS fixture, ensuring that the cameras remained focused on the top

surface.
In addition, an acoustic emission (AE) sensor (Vallen System, VS900-

M) was attached to the end of the specimen, outside of the clamping
region, in order to detect initiation of delamination growth. The sam-
pling rate for AE recording was 10 MHz, with a threshold of 40 dB
determined based on preliminary testing.

The specimens were pre-cracked to 5∼10 mm under mode II loading,
ollowing the recommended pre-cracking method in the standard [3].

The specimen was clamped with a free length of 𝐿0 = 𝑎0 × (4 × 3) =
5 × (4 × 3) = 60 mm for pre-cracking. Pre-cracking was halted upon
n instantaneous drop in force, indicating that the initial delamination
ad propagated near the clamping edge. The initial insert was 45 mm,
xtending to approximately 55 mm after pre-cracking for all specimens.
 summary of the specimen geometry after pre-cracking is provided

n Table 1. The test was performed under displacement control with a
loading rate of 1 mm/min for both pre-cracking and formal testing. At
least three specimens were tested for each configuration. After testing, a
remote mode I loading with a 4 mm opening displacement was applied
to the specimens to observe fibre bridging at the interfaces.



W. Tu et al. Composites Part B 291 (2025) 111941 
Fig. 1. (a) Experiment setup, (b) DIC calculated eSED field, (c) illustration of test configuration, (d) image for measurement of edge delamination and specimen rotation.
2.3. DIC-eSED method for delamination area measurements

Since delamination growth is essentially multi-directional, the de-
lamination front may not always be perpendicular to the growth direc-
tion [37,38]. Thus, this study proposes a method to track and measure
delamination growth throughout the loading process by integrating 3D
DIC analysis with an equivalent Strain Energy Density (eSED) approach.
The eSED was calculated as follows:

𝑆𝑒𝑞 𝑣 = 1
2
(𝜎𝑥𝑥𝜀𝑥𝑥 + 𝜎𝑦𝑦𝜀𝑦𝑦 + 2𝜎𝑥𝑦𝜀𝑥𝑦) (1)

where the strain components 𝜀𝑖𝑗 (𝑖, 𝑗 = 𝑥, 𝑦) were obtained from DIC
analysis. The derivation of Eq. (1), detailed in Appendix, is based on
Classical Laminate Theory (CLT).

The eSED field is illustrated in Fig. 1(b). A high eSED gradient
can be recognized at the vicinity of an estimated delamination front.
This is mainly attributed to additional bending moments experienced
by the upper and lower sublaminates at the delamination front. A
clearer separation between the delaminated and intact regions can be
identified by applying a threshold range (0.68 MJ/m2 to 1.00 MJ/m2)
to the eSED field, as depicted in Fig. 2 (II). This threshold was deter-
mined by trial and error until the eSED gradient narrowed down to the
delamination front at different stage of delamination growth for various
specimen configurations. The extension of the delamination area for
each measurement point 𝛥𝐴𝑖 is determined by subtracting the current
area with the initial delamination area 𝐴0. The measurement was
comparable to the edge measurement of delamination length multiplied
by the specimen width, 𝑎 × 𝐵 (Fig. 6).

The longitudinal strain field (Figs. 2(a) and 2(b) (I)) can serve
as an additional method to track delamination growth. Nonetheless,
the delamination front appears ambiguous, and the strain values vary
across different specimen configurations.

2.4. Data reduction methods

Three different methods are recommended in the test standard for
determination of fracture toughness [3]: Simple Beam Theory (SBT),
Experimental Compliance Method (ECM), and Corrected Beam Theory
using Effective crack length (CBTE). The calculation of 𝐺𝐼 𝐼 𝑐 is based
on the Irwin–Kies formula:

𝑃 2 𝑑 𝐶
𝐺𝐼 𝐼 𝑐 = 2𝐵
⋅
𝑑 𝑎 (2)

3 
where 𝐶 is the compliance. The ECM and SBT methods are based on the
experimental measured crack length at the edge, while CBTE method
calculates an effective crack length in accordance with the variation of
compliance induced by crack growth:

𝑎𝑒 =
[1
3
{

2𝑏𝐶 ℎ3𝐸𝑓 − (𝐿 + 𝛥𝑐 𝑙 𝑎𝑚𝑝)3
}

]1∕3
(3)

where 𝐸𝑓 and 𝛥𝑐 𝑙 𝑎𝑚𝑝 are the flexural modulus and clamping correction.
For UD laminates, the CBTE method demonstrates the highest level of
reproducibility and is recommended to adhere to by the standard [3,
39]. The experimental flexure modulus and the clamping correlation
are given in Table 1.

The standard methods are based on Linear Elastic Fracture Mechan-
ics (LEFM) where the Fracture Process Zone (FPZ) is assumed to be
small in comparison with the dimension of the specimen. However,
mode II delamination growth in MD laminates involves a large FPZ due
to the shear-induced matrix cracks ahead of the delamination front [40–
43]. In such cases, the J-integral method offers a better solution for
characterizing non-linear fracture behaviour. The fundamental form of
the J-integral can be expressed as:

𝐽 = ∫𝛤

[

𝜔𝑑 𝑧 − 𝑇𝑘
𝜕 𝑢𝑘
𝜕 𝑥 𝑑 𝑠

]

(𝑘 = 1, 2) (4)

where 𝛤 is the contour for the integral, 𝜔 is the strain energy density,
𝑥 and 𝑧 are the horizontal and vertical coordinates, 𝑇𝑘 is the traction
force, 𝑢𝑘 is the displacement vector, 𝑑 𝑠 is the infinitesimal arc length
along 𝛤 .

For the ELS test, a closed-form solution incorporating large de-
formation correction was proposed by Pérez-Galmés et al. [40] as
follows:

𝐽 =
𝑃 (cos 𝜃𝑃 )

𝑏
t an(𝜃𝑃 − 𝜃𝑔) +

𝑛
∑

𝑘=1
∫

ℎ𝑘

−ℎ𝑘

(

−1
2
𝜎𝑥𝑥𝜀𝑦𝑦 + 𝜎𝑥𝑧(𝜀𝑥𝑧 − t an 𝜃𝑔)

)

𝑑 𝑧

(5)

The second term in the contour integral indicates the strain energy
due to bending deformation at section S-S’ in Fig. 1d. Two rotation
angles, 𝜃𝑃 and 𝜃𝑔 , are measured from images captured by the side
camera, as depicted in Fig. 1(d). The longitudinal strain 𝜀𝑥𝑥 distribution
through the thickness is assumed to be linear with 𝜀𝑚𝑎𝑥𝑥𝑥 determined
from DIC analysis. The shear strain 𝜀𝑥𝑧 was approximated using a
parabolic shear strain distribution along the thickness:

𝜀𝑥𝑧 =
3𝑃 (cos 𝜃𝑃 )(ℎ2 − 𝑧2)

(6)

4𝑏ℎ3𝐺𝑥𝑧
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Fig. 2. Monitoring delamination growth by implementing DIC-eSED method for (a) UD(0//0) and (b) MD(0//0) specimens. (I) Longitudinal strain 𝜀𝑦𝑦 field at different delamination
stages. (II) Calculated eSED field with recognized delamination front denoted by red dots. The area (dark red) below the delamination front is the fully delaminated region.
Delamination growth of the 𝑖th measurement 𝛥𝐴𝑖

𝐷 𝐼 𝐶 = 𝐴𝑖
𝐷 𝐼 𝐶 − 𝐴0

𝐷 𝐼 𝐶 (𝑖 = 1, 2,… , 𝑛). 𝐴0
𝐷 𝐼 𝐶 is the initial delamination area after pre-cracking. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
For MD laminates, the stress components can be calculated using
CLT, enabling the solution of the J-integral.

Furthermore, a physical ERR method was employed to obtain the
total 𝐺𝑡𝑜𝑡

𝐼 𝐼 𝑐 , involving all forms of energy dissipation and toughening
mechanisms. The calculation of the physical ERR relies on measuring
the increment in delamination area 𝑑 𝐴𝑖 and extracting the correspond-
ing energy dissipation. This method, referred to as the AREA method,
has been described in previous works such as Refs. [40,41,44,45].

𝐺𝑡𝑜𝑡
𝐼 𝐼 𝑐 =

𝑑 𝑈
𝑑 𝐴 (7)

The fracture resistance 𝐺𝐼 𝐼 𝑐 derived using different data reduction
methods is compared in the following sections.

3. Experimental results

3.1. Delamination growth and physical ERR

Representative force–displacement curves from the ELS tests are
shown in Fig. 3. The measurement points for the increment of de-
lamination growth are illustrated and denoted by d𝑎𝑖 and d𝐴𝑖 . For
𝐷 𝐼 𝐶

4 
every increment, the relevant energy dissipation d𝑈 is calculated by
the shaded grey area [44]. For MD laminates, a non-linear force–
displacement behaviour is presented due to large displacement and
friction at the sliding fixture during loading process. The calculation
of d𝑈 was based on the. This was validated by performing multiple
loading and reloading steps on a group of MD specimens, as shown
in Fig. 3(b). A fourth order polynomial fit, incorporating a shifted
nonlinear part (highlighted in blue in the first loading curve) and an
additional point at the origin, can be performed to obtain the reload-
ing force–displacement curves. The shifting distance was determined
by the difference in displacement between the measurement point
and the corresponding point with the same force in the first loading
curve.

Based on Eq. (7) and assuming a constant physical ERR throughout
the delamination process, the physical ERR can be acquired from the
slope of a linear fitting d𝐴𝐷 𝐼 𝐶 - d𝑈 or d𝑎×B - d𝑈 plot. The delam-
ination area calculated using d𝑎×B is based on the assumption that
the delamination front is straight and normal to the growth direction.
However, as shown in Fig. 2, a curved delamination front can be
observed in reality. The fitting curve with the d𝐴𝐷 𝐼 𝐶 demonstrates
reduced scatter and a higher Coefficient of Determination (COD) since
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Fig. 3. (a) Force–displacement behaviours and measurement points of the increments of delamination growth d𝑎𝑖 d𝐴𝑖
𝐷 𝐼 𝐶 and the corresponding energy dissipation d𝑈 . (b) Example

of the curve fitting for reloading curves of MD specimens. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
Fig. 4. Calculation of the physical ERR using the measurement of increments of delamination area d𝐴𝐷 𝐼 𝐶 . The slope of the linear fitting through the thick solid line indicates the
physical ERR of MD and UD specimens with identical interfaces.
Fig. 5. Calculation of the physical ERR using the measurement of increments of delamination length d𝑎×B.
the actual delamination area can be determined, as shown in Figs. 4 and
5. Furthermore, using different measurement methods, similar trends
of delamination growth are presented in Fig. 6. Mode II delamination
growth initiated towards the latter stages of the loading process, ex-
hibiting a rapid growth within a limited range of displacement loading.
Delamination growth occurred within a small displacement range. The
0◦//0◦ interface presents a more instant propagation process compared
to the others. In UD specimens, the growth curves of 0◦//90◦ and
90◦//90◦ interfaces nearly aligned with each other. For the 90◦//90◦

interface, the initial delamination migrated to an upper 90◦//0◦ inter-
5 
face and propagated along the 0◦ ply as shown in Fig. 10(II) (c) and (f).
Migration triggered fibre band bridging at the affected location, leading
to delamination growth at higher force and displacement compared to
MD(0//90). Nevertheless, the trends between 0◦//90◦ and 90◦//90◦

interfaces exhibit similarities.
The area measurement through DIC-eSED method provided a more

accurate characterization of delamination growth in terms of determi-
nation of the physical ERR and quantitative analysis of the delamina-
tion behaviour. Therefore, the area measurement using the DIC-eSED
method was used to derive the R-curves.
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Fig. 6. Measurement of delamination growth with different methods..

3.2. R-curves

To derive the R-curves, ISO-15114 recommends three distinct meth-
ods for determining the initiation point of delamination growth: visual
determination of initiation point (VIS), initiation of non-linear force–
displacement response based on initial compliance (NL); 5% decrease
in the compliance compared to the initial compliance (𝐶5%). Given the
pronounced non-linear behaviour observed in the force–displacement
profiles of MD specimens, both the VIS and NL methods prove in-
adequate for determining the initiation of delamination. Therefore,
an Acoustic Emission (AE) technique was employed to determine the
initiation point, relying on the variations in the sentry function [46–
48]. The sentry function is defined as the logarithm of the ratio of
mechanical energy to acoustic energy [49,50]:

𝑓𝑠(𝑥) = 𝐿𝑛
[

𝐸𝑆 (𝑥)
𝐸𝑎(𝑥)

]

(8)

The mechanical energy 𝐸𝑆 (𝑥) is calculated as the area under the
force–displacement curve at a displacement level 𝑥, while the 𝐸𝑎(𝑥) is
the cumulative acoustic energy of the AE events at the same displace-
ment level.
6 
As shown in Fig. 7, the sentry function curves can be separated
into three distinct phases. Unstable oscillation in the sentry curves
can be observed at phase I. Different specimens have shown distinct
trends in the sentry curves at the early stage. This is mainly attributed
to different interface conditions after pre-cracking. Depending on the
specimen interfaces, the fewer acoustic events, which are mainly caused
by the interface friction during phase I, show differences in term
of quantity, amplitude and energy, which affects the sentry curves.
When the acoustic energy generated by AE events increases, a de-
cline in the sentry curves can be observed. Subsequently, phase II
exhibits a gradual rise in the sentry function, indicating a stable in-
crease in the mechanical energy and acoustic energy during loading.
In phase III, a noticeable slope change in the sentry function indi-
cates the initiation and propagation of delamination that generated
AE events with higher energy and amplitude. The transition between
phase II and phase III is regarded as the initiation point of delamination
growth.

Having identified the initiation point, the fracture resistance was
computed using the J-integral. As shown in Fig. 8, a boundary de-
lineating unstable and stable delamination growth can be discerned
(indicated by the vertical dashed lines where the slope of the R-curve
approaches zero). The increase in the R-curve is mainly attributed to
the development of FPZ and coalescence of micro matrix cracks that
form the delamination surface [41,43,51]. As delamination propagates,
various damage mechanisms gradually activate, including fibre–matrix
debonding and fibre breakage (Fig. 11). Compared to UD specimens,
MD specimens exhibit a higher increase in the R-curve and a longer
range of delamination growth that involves FPZ development. Even-
tually, the ERR stabilizes once the formation of new delamination
and FPZ stabilizes, signifying a stage where unit delamination growth
releases the same amount of energy due to consistent damage modes.
The fracture resistance close to the initiation of delamination growth
was lower than that observed during the stable propagation stage,
suggesting the inception of micro-matrix cracking ahead of the crack
tip.

For all specimen configurations, the physical ERR (indicated by the
horizontal dashed lines) is higher than the ERR calculated using J-
integral. Especially for the ERR of stable delamination growth in 0◦//0◦

specimens.
For UD specimens, data reduction methods suggested by ISO-15114

were employed to determine 𝐺𝐼 𝐼 𝑐 . As shown in Fig. 9, the comparison
of 𝐺𝐼 𝐼 𝑐 results obtained through different methods is presented. For
0◦//90◦ and 90◦//90◦ interface, the discrepancies between the 𝐺𝐼 𝐼 𝑐
values derived from standard methods, AREA method, and J-integral
are relatively smaller, in contrast to the 0◦//0◦ interface. A notable
disparity exists between the 𝐺𝐼 𝐼 𝑐 obtained from J-integral and the
physical ERR for 0◦//0◦ interface. This discrepancy arises because the
J-integral method calculates the energy dissipation attributed to solely
delamination growth [40], whereas the other methods incorporate both
intrinsic energy dissipation due to delamination growth and extrin-
sic toughening effects, such as friction, fibre bridging and geometric
nonlinearity (in MD specimens), in determining 𝐺𝐼 𝐼 𝑐 .

3.3. Mode II delamination mechanisms

In order to investigate the effect of fibre bridging on mode II de-
lamination growth, a mode I opening load was applied to the specimen
after testing, as illustrated in Fig. 10. The fully delaminated region
𝛺, measuring 20 × 20 mm2, was cut from the specimen and used for
fracture texture analysis using a 3D optical profilometer (Keyence VR-
5000) and fractography with a Scanning Electron Microscope (SEM,
JSM-7500F).

The observation at section F-F’ was performed by using the trav-
elling microscope (Fig. 1(d)). As shown in Fig. 10(I), a substantial
quantity of bridging fibres was observed at the 0◦//0◦ interface in both
MD and UD specimens (Fig. 10(II) (a) and (d)). At the 0◦//90◦ and
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Fig. 7. Determination of initiation points for different specimen configurations using the sentry function.
90◦//90◦ interfaces, fibre bridging was solely evident in MD laminates.
Delamination migration occurred at the initial 90◦//90◦ interface,
followed by propagation of the migrated delamination at an upper
0◦//90◦ interface. The migrated delamination interface (Fig. 10(II) (f))
exhibited a fibre bridging pattern similar to that observed at the middle
0◦//90◦ interface (Fig. 10(II) (e)). The bridging angle 𝜃𝑓 𝑏 at 0◦//0◦

interface is larger than that of the 0◦//90◦ interface, resulting in a
shorter bridging distance and thus more bridging fibres within the same
delamination area. In addition, intralaminar cracking occurred in the
90◦ layer of UD specimen with 0◦//90◦ interface, likely due to larger
shearing in the 90◦ layer, as the other 0◦ layers are more resistant to
shearing.
7 
The bridging fibres started near the pre-crack and sustained through-
out the entire delamination process. This resulted in a bridging zone
that extended across nearly the entire delamination region. Especially
for 0◦//0◦ interfaces, the large-scale fibre bridging promotes a more
significant toughening effect. The presence of bridging effects facili-
tated additional energy dissipation through fibre pullout, fibre–matrix
debonding, and potential fibre breakage. This accounts for the higher
physical ERR compared to the ERR calculated using the J-integral
method as shown in Fig. 8. As for the 0◦//90◦ interface, the ERR
calculated by various methods closely aligns, indicating an insignificant
bridging effect. Compared to the 0◦//0◦ interface, the higher ERR for
stable delamination growth at the 0◦//90◦ interface, as calculated by
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Fig. 8. Experimental R-curves of all specimen configurations: (a) MD layup, and (b) UD layup. The master curve was obtained by using a logistic fitting function, and the area
underneath covers all the scatter points for each specimen configuration. The parallel dashed lines indicate the physical ERR, and the area around them is the 95% confidence
interval of the slope from the linear fitting of d𝑈/d𝐴𝐷 𝐼 𝐶 .
Fig. 9. Comparison of 𝐺𝐼 𝐼 𝑐 determined by different measurement methods. Props
indicates the mean 𝐺𝐼 𝐼 𝑐 calculated from all points at stable delamination growth stage.
The error bars indicate the 95% confidence interval for the determination of 𝐺𝐼 𝐼 𝑐 using
the AREA method, and the standard deviation for determination of 𝐺𝐼 𝐼 𝑐 using the other
methods.

the J-integral method, can be primarily attributed to differences in
interface texture.

As illustrated in Fig. 10(I), the main cause of the large-scale fibre
bridging at the 0◦//0◦ interface in both MD and UD laminates is
attributed to the nesting of 0◦ fibres. This phenomenon arises due to the
compression of the 0◦ fibres into the adjacent layer during the curing
process, a phenomenon exacerbated by the UD layup, as illustrated in
Fig. 10(I) (a). As for 0◦//90◦ interfaces in Fig. 10(I) (b), (c), (e) and
(f), the red colour indicates the delaminated resin-rich region within
the 90◦ ply.

Fractography using SEM provides a clearer observation of the matrix
cracks. As shown in Fig. 11, dense micro matrix cracks (cusps [20,
52,53]), along with fibre pull out, can be identified at the 0◦//0◦

interfaces for both MD and UD specimens. For 0◦//90◦ interface, large-
area matrix cracking in the 90◦ layer was presented. The formation of
such extensive matrix cracking can be mainly ascribed to the advance-
ment of matrix cracking within the resin-rich region at the 0◦//90◦
8 
interface. Another notable characteristic of the 0◦//90◦ fracture surface
is the presence of large cusps, predominantly resulting from the uneven
distribution of 0◦ fibres along the transverse direction. At the 0◦//0◦

interface, this uneven distribution induces fibre nesting, leading to
more bridging fibres.

As shown in Fig. 10, cutting plane C–C’ was used to investigate the
FPZ of all specimens, minimizing edge effects. The microscopic views
of section C–C’ are presented in Fig. 13 and Fig. 14. A comparison
between the fully delaminated interface and the intact interface is also
provided in Fig. 12. The observation was conducted with a 1 mm
opening, approximately 20 mm behind the crack tip, to provide clearer
identification of the crack tip. For specimens with 0◦//0◦ interface,
the FPZ lengths of MD and UD specimens were similar, leading to
closely matched 𝐺𝑝𝑟𝑜𝑝

𝐼 𝐼 𝑐 values by J-integral (Fig. 8). Compared to MD
specimens, UD specimens with 0◦//90◦ interface presented a longer
FPZ. This can be attributed to a longer high-stress region in the shear
stress profile along the specimen length due to the higher stiffness of
UD specimens [29]. However, the UD specimens show a lower 𝐺𝑝𝑟𝑜𝑝

𝐼 𝐼 𝑐
value compared to MD specimens. This can be attributed to an elevated
shearing effect in the 90◦ layer, as the stiffer 0◦ layers transfer higher
shear force to the middle 90◦ layer.

4. Characterization of mode II delamination growth

4.1. Effects of fibre bridging and specimen stiffness on fracture toughness

As shown in Fig. 9, MD specimens presented a higher 𝐺𝐼 𝐼 𝑐 than UD
specimens, as determined by the AREA method. This can be mainly
attributed to the effect of geometric nonlinearity [55] (large displace-
ment) on the force–displacement response, which directly affects the
calculation of d𝑈 in MD specimens with lower stiffness (Figs. 3 and 4).

As shown in Fig. 8, MD specimens exhibit a large gap between the
determined crack initiation and the stable propagation stage, as well as
a longer range of FPZ development compared to UD specimens. This in-
dicates a slower saturation of dominant fracture mechanisms occurring
during stable delamination growth. For delamination initiation, the
lower 𝐺𝐼 𝐼 𝑐 values in MD specimens can be attributed to the smoother
delamination surfaces, as illustrated in Fig. 10. For stable growth, a
constant 𝐺𝐼 𝐼 𝑐 is achieved when the crack opening is sufficiently large to
break the bridging fibre bundle in mode I [29]. In mode II, however, the
bridging fibres span the entire delamination interface, indicating that
the bridging traction [56] is present across the interface throughout
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Fig. 10. (I) Fractographic observation at the fracture surface of the upper sub-laminate 𝛺, and (II) observation of fibre bridging at side section 𝐹 − 𝐹 ′.
the duration of the test. The plateau in the R-curves of MD and UD
specimens with 0◦//0◦ interface may indicate stable growth, where
the length of pullout fibres stabilizes. In addition, the bridging fibres
at 0◦//0◦ interface are shorter than those at 0◦//90◦ interface in MD
specimens. This can lead to delayed stable growth for 0◦//90◦ inter-
faces, resulting a longer FPZ development, as fibre-matrix debonding
and fibre pullout persist during extended delamination growth. As for
UD specimens with 0◦//90◦ interface, where there is no fibre bridging,
the increase in the R-curves can be attributed to the evolution of FPZ
ahead of the crack tip.
9 
The stiffness of the specimen may influence the development of
both the fibre bridging zone behind the delamination front and the FPZ
ahead of it, thereby affecting the fracture toughness. As shown in Fig. 2,
the MD specimen exhibits more localized bending deformation near the
crack tip compared to the UD specimen. This can cause a more gradual
redistribution of shear stress, necessitating longer delamination growth
to stabilize the development of the fibre bridging zone and FPZ Fig. 8.

In this study, the effect of specimen stiffness on the fracture tough-
ness can be mainly attributed to geometric nonlinearity. By designing
a stiffer MD specimen with additional layers or a different layup, the
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Fig. 11. Fractographic observation at the upper delaminated surfaces using SEM, (a) UD(0//0), (b) UD(0//90), (c) UD(90//90), (d) MD(0//0), (e) MD(0//90), (f) MD(90//90).

Fig. 12. Comparison between fully delaminated and intact interfaces in specimens with different configurations.

Fig. 13. Observation of the FPZ ahead of the delamination front in UD and MD specimens with a 0◦∕∕0◦ interface. MMC indicates micro matrix cracking. The determination of
the FPZ was based on the definition mentioned in Ref. [54], where the coalescence of MMC was still in progress.
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Fig. 14. Observation of the FPZ ahead of the delamination front in UD and MD specimens with a 0◦∕∕90◦ interface.
geometric nonlinearity (large displacement) can be mitigated. This may
lead to different outcomes in the comparison of fracture toughness
between MD and UD specimens. Further investigation is needed using
analytical or numerical tools to enhance the understanding of how
specimen stiffness affects the formation of fibre bridging and FPZ
development during mode II delamination growth.

4.2. Decomposition of 𝐺𝐼 𝐼 𝑐

The data reduction methods employed for calculating fracture re-
sistance encompass distinct delamination mechanisms, which either
consider solely internal effects or incorporate both intrinsic and extrin-
sic factors. The principle of energy conservation in the ELS test can be
formulated as follows:

𝑊𝑏𝑒𝑛𝑑 𝑖𝑛𝑔 +𝑊𝑡𝑒𝑛𝑠𝑖𝑙 𝑒 = 𝑈𝑒 + 𝑈𝑓 𝑏 + 𝑈 (9)

where 𝑊𝑏𝑒𝑛𝑑 𝑖𝑛𝑔 and 𝑊𝑡𝑒𝑛𝑠𝑖𝑙 𝑒 are the external work provided by the bend-
ing and tensile force according to the decomposition from Ref. [40],
𝑈𝑒 and 𝑈𝑓 𝑏 are the elastic energy storage in the elastic body and the
bridging fibres, 𝑈 is the total energy dissipation and can be further
decomposed as:

𝑈 = 𝑈𝑚𝑚𝑐 + 𝑈𝑑 𝑒𝑙 𝑎𝑚 + 𝑈𝑓 𝑟𝑖𝑐 (10)

where 𝑈𝑚𝑚𝑐 , 𝑈𝑑 𝑒𝑙 𝑎𝑚 and 𝑈𝑓 𝑟𝑖𝑐 represent distinct forms of energy dissi-
pation attributed to micro matrix cracking ahead of the crack tip, co-
alescence of the matrix cracks, and friction-related energy dissipation,
respectively.

The calculation of 𝐺𝐼 𝐼 𝑐 by J-integral omitted contributions from
𝑊𝑡𝑒𝑛𝑠𝑖𝑙 𝑒, 𝑈𝑓 𝑏 and 𝑈𝑓 𝑟𝑖𝑐 . Thus, the ERR was mainly derived from the
energy dissipation associated with the formation of the actual delam-
ination area. The initiation 𝐺𝐼 𝐼 𝑐 determined by AE was attributed
to the formation of matrix cracking at the vicinity of delamination
front, whereas the mean value of propagation 𝐺𝐼 𝐼 𝑐 signifies the stable
delamination growth, driven by the coalescence of the matrix cracks
and the development of FPZ where various damage mechanisms were
activated. In contrast, the physical ERR calculated by the AREA method
includes all energy components outlined in Eq. (9). Therefore, it was
the total 𝐺𝐼 𝐼 𝑐 for the specific ELS test configuration and material system
used in this study.

The total 𝐺𝑡𝑜𝑡
𝐼 𝐼 𝑐 can be decomposed into three components governed

by distinct intrinsic damage mechanisms and extrinsic toughening ef-
fects [57,58]:

𝑡𝑜𝑡 𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐 𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐺𝐼 𝐼 𝑐 = 𝐺𝐼 𝐼 𝑐 + 𝐺𝐼 𝐼 𝑐 = (𝐺𝑚𝑚𝑐 + 𝐺𝑑 𝑒𝑙 𝑎𝑚) + 𝐺𝑒𝑓 𝑓 (11)

11 
where 𝐺𝑚𝑚𝑐 represents the ERR associated with micro matrix cracking
at the delamination front, which is equal to the ERR determined by
J-integral at the critical initiation point detected by AE 𝐺𝑚𝑚𝑐 = 𝐽𝐴𝐸

𝑖𝑛𝑡 .
𝐺𝑑 𝑒𝑙 𝑎𝑚 is the ERR influenced by other damage mechanisms such as the
coalescence of micro matrix cracks, fibre-matrix debonding and fibre
breakage, 𝐺𝑑 𝑒𝑙 𝑎𝑚 = 𝐽𝑃 𝑟𝑜𝑝𝑠

𝑖𝑛𝑡 − 𝐽𝐴𝐸
𝑖𝑛𝑡 . 𝐺𝑒𝑓 𝑓 denotes the effective toughen-

ing effect caused by fibre bridging and friction from sliding fixtures
𝐺𝑒𝑓 𝑓 = 𝐺𝐴𝑅𝐸 𝐴

𝐼 𝐼 𝑐 − 𝐽𝑃 𝑟𝑜𝑝𝑠
𝑖𝑛𝑡 . Notably, fibre bridging can be considered as

an augmentation of the friction at the delaminated interface, as it does
not directly contribute to energy dissipation. Instead, energy dissipation
occurs due to further pullout and breakage of the bridging fibres. These
are considered as extrinsic toughening effects.

The components of 𝐺𝑡𝑜𝑡
𝐼 𝐼 𝑐 for all specimen configurations are illus-

trated in Fig. 15, with each components represented as a percentage
of 𝐺𝑡𝑜𝑡

𝐼 𝐼 𝑐 . Compared to MD specimens, UD specimens present a higher
percentage of ERR for the initiation of delamination growth due to
the severe fibre nesting at 0◦//0◦ interface or severe through-thickness
matrix cracking at 0◦//90◦ and 90◦//90◦ interfaces (Fig. 10(II)). The
various interfaces exhibit disparities in propagation 𝐺𝐼 𝐼 𝑐 and total 𝐺𝐼 𝐼 𝑐
for both MD and UD specimens. For 0◦//0◦ interfaces, the extensive
fibre bridging provides a substantial toughening effect on fracture
resistance, leading to a higher proportion of 𝐺𝐼 𝐼 𝑐 attributed to extrinsic
effects (navy blue area in Fig. 15). For 0◦//90◦ and 90◦//90◦ interfaces,
the contribution of extrinsic effects to 𝐺𝑃 𝑟𝑜𝑝𝑠

𝐼 𝐼 𝑐 is due to friction in UD
specimens and a combination of fibre bridging, friction and geometric
nonlinearity in MD specimens (Fig. 10 (II)). The elevated initiation 𝐺𝐼 𝐼 𝑐
for 90◦//90◦ specimens is predominantly associated with fibre band
bridging at the migration location.

Given the potential absence of identical extrinsic toughening mech-
anisms in different structures, relying solely on the physical ERR to
predict mode II delamination growth may lead to an underestimation
of the delamination progression. This is based on the fact that UD
specimens give a lower 𝐺𝑡𝑜𝑡

𝐼 𝐼 𝑐 compared to MD specimens with the
same interfaces (Fig. 4). Conversely, utilizing the ERR computed via
J-integral may yield an overly conservative prediction by omitting
extrinsic toughening effects.

The effects of interface angles on mode II interlaminar toughness of
CFRP composites was also investigated by Koord et al. [59]. However,
the influence of fibre bridging was not presented. The 𝐺𝐼 𝐼 𝑐 of the
0◦//0◦ and 0◦//90◦ interfaces, extracted using the compliance calibra-
tion method recommended in ASTM [5], exhibited minimal variation.
The highest 𝐺𝐼 𝐼 𝑐 was calculated for the 0◦//45◦ interface, likely at-
tributed to its rougher delamination interface. The variance in results
between [59] and the current study can be ascribed to the disparities
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Fig. 15. Proportion of 𝐺𝐼 𝐼 𝑐 components of different delamination mechanisms. The percentage indicates the proportion of energy dissipation due to delamination initiation,
propagation, and other external effects such as fibre bridging and friction. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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in test configurations (End-Notched Flexure (ENF) and ELS) and the
data reduction methods used to derive 𝐺𝐼 𝐼 𝑐 . The ELS setup allows a
more stable mode II delamination growth [60,61], rendering it ideal
for exploring R-curve behaviour in mode II delamination, particularly
when combined with the J-integral and DIC-eSED methods presented
in this study.

4.3. Monitoring delamination growth with DIC-eSED method

The proposed area measurement method possesses the advantage of
mitigating the edge effect and the effect of having a curved delamina-
tion front, as it measures the actual delamination area. Furthermore,
manual measurement of delamination growth is avoided. By establish-
ing an appropriate eSED threshold, the detection of the delamination
front and calculation of delamination area can be automated using a
script.

By recognizing the evolving delamination front with a consistent
eSED value, a criterion for determination of delamination growth can
be established based on the value that is independent of stacking
sequences and interface properties. As discussed in Ref. [62], a critical
ED required for the initiation of delamination growth remains constant
or a specific material system, irrespective of the loading mode. This
s because the SED criterion was used to determine the onset of the

first micro crack in mode II delamination. In this study, the formation
f the successive micro cracks, as shown in Fig. 15, were detected
y AE, resulting in a higher ERR for mode II delamination initiation

(𝐺𝑚𝑚𝑐
𝐼 𝐼 𝑐 = 0.49 kJ/m2 for UD(0//0)) compared to that extrapolated

rom the SED method (𝐺𝑆 𝐸 𝐷
𝐼 𝐼 𝑐 = 0.20 kJ/m2 for UD(0//0)) using a

imilar carbon/epoxy material system. A SED fracture criterion capable
f describing the fracture toughness of the material and the direction
f crack initiation was outlined in Ref. [63]. The application of the SED
riterion is based on the assumption that the fracture energy remains
onstant across various forms of fracture within a consistent mate-
ial system. By encompassing all stress components pivotal to crack
nitiation, the SED presents a critical threshold for crack formation
ndependent to the loading condition.

The fracture toughness determined based on ERR possesses high
ependency on both intrinsic and extrinsic factors. The prediction of
elamination growth using the physical ERR may result in an underesti-
ation of the delamination progress. On the other hand, using the ERR
etermined by J-integral may lead to an over conservative prediction
ince it does not capture the extrinsic toughening. In contrast, the eSED,
12 
computed from the surface strain distribution, encapsulates valuable
insights into a genuine fracture toughness for delamination growth.
Further analytical investigations are warranted to precisely resolve the
SED distribution at the delamination front. This endeavour is essential
to ascertain the critical SED required for delamination growth.

5. Conclusions

In this study, a series of ELS tests were performed to investigate the
ffects of laminate stacking sequences and interfaces on the mode II

delamination behaviour. A DIC-eSED method was proposed to measure
he extension of delamination area throughout the loading process.
ased on that, the physical ERR involving all forms of energy dissi-
ation was obtained and compared with the ERR calculated by the
-integral method.

The DIC-eSED method has demonstrated its capacity to yield accu-
rate characterization of mode II delamination behaviour by quantifying
the actual delamination area.

The decomposition of 𝐺𝐼 𝐼 𝑐 , according to the comparison between
the J-integral ERR and physical ERR methods, reveals significant in-
fluences of stacking sequence and interface angles on both intrinsic
and extrinsic delamination mechanisms. MD and UD specimens with
0◦//90◦ interfaces, including the migrated ones, exhibit higher 𝐺𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐

𝐼 𝐼 𝑐
due to the large-area matrix cracking. Conversely, MD and UD speci-
mens with 0◦//0◦ interfaces show higher 𝐺𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐

𝐼 𝐼 𝑐 attributed to large-
scale fibre bridging caused by fibre nesting, thus contributing to higher
𝐺𝑡𝑜𝑡
𝐼 𝐼 𝑐 . Overall, MD specimens with large displacement demonstrate

higher 𝐺𝑡𝑜𝑡
𝐼 𝐼 𝑐 compared to UD specimens, primarily influenced by spec-

imen stiffness and interface properties affecting extrinsic toughening
mechanisms such as fibre bridging (for 0◦//90◦ interfaces), friction and
geometric nonlinearity (for 0◦//0◦ interfaces).

The determination of mode II fracture toughness of CFRP laminates
based on solely UD(0//0) specimens is deemed to be insufficient,
considering the demonstrated influence of stacking sequence and in-
erface properties on fracture toughness. The J-integral and physical

ERR methods extract the lower and upper limits of mode II fracture
toughness by excluding or including the extrinsic toughening effects.
The eSED method, however, has exhibited potential in providing a
consistent fracture criterion solely dependent on the material system.
Further refinement of the SED criterion is warranted to establish a
robust method for delamination behaviour characterization.
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Fig. A.1. Illustration of a MD laminate and the calculation of its equivalent elastic modulus and Poisson’s ratio.
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Appendix

Considering linear elastic material behaviour and a plane stress
condition, the SED can be calculated as [62,64]:

𝑆 = 1
2
(𝜎11𝜀11 + 𝜎22𝜀22 + 2𝜎12𝜀12) (12)

where 𝜎𝑖𝑗 and 𝜀𝑖𝑗 (𝑖, 𝑗 = 1, 2) indicate the stress and strain components
parallel or transverse to the fibre orientation. For a unidirectional
lamina, the stress components can be calculated based on Classical
Laminate Theory (CLT) [65]:

𝜎11 =
𝐸1

1 − 𝜐12𝜐21
(𝜀11 + 𝜐21𝜀22) (13)

𝜎22 =
𝐸2

1 − 𝜐12𝜐21
(𝜀22 + 𝜐12𝜀11) (14)

𝜎12 = 2𝐺12𝜀12 (15)

where 𝐸𝑖 and 𝜐𝑖𝑗 (𝑖, 𝑗 = 1, 2) are the elastic modulus and Poisson’s ratios
along fibre direction and transverse to fibre direction, respectively.

The calculation of SED using Eq. (13)∼Eq. (15) is based on a local
coordinate system aligning with the fibre direction. For MD laminates,
the transformation of the elastic modulus and Poisson’s ratio of an
angled ply should be calculated as follows:
𝜐𝑥𝑦
𝐸𝑥

=
𝜐𝑦𝑥
𝐸𝑦

= cos 𝜃2
𝐸1

(cos 𝜃2𝜐12 − sin 𝜃2)

+ sin 𝜃2
𝐸2

(sin 𝜃2𝜐21 − cos 𝜃2) + sin 𝜃2 cos 𝜃2
𝐺12

(16)

1
𝐸𝑥

= cos 𝜃2
𝐸1

(cos 𝜃2 − sin 𝜃2𝜐12) + sin 𝜃2
𝐸2

(sin 𝜃2 − cos 𝜃2𝜐21) + sin 𝜃2 cos 𝜃2
𝐺12
(17)

13 
1
𝐸𝑦

= sin 𝜃2
𝐸1

(sin 𝜃2 − cos 𝜃2𝜐12) + cos 𝜃2
𝐸2

(cos 𝜃2 − sin 𝜃2𝜐21) + sin 𝜃2 cos 𝜃2
𝐺12

(18)

1
𝐺𝑥𝑦

= 4 sin 𝜃2 cos 𝜃2
𝐸1

(1 + 𝜐12) + 4 sin 𝜃2 cos 𝜃2
𝐸2

(1 + 𝜐21) +
(sin 𝜃2 − cos 𝜃2)2

𝐺12

(19)

where 𝐸𝑖 and 𝜐𝑖𝑗 (𝑖, 𝑗 = 𝑥, 𝑦) are the elastic modulus and Poisson’s
ratios in a global coordinate system. 𝜃 is the angle between the fibre
orientation and the longitudinal direction of delamination growth.

The equivalent engineering constants for a specific MD laminates
can be calculated based on the rule of mixture, as shown in Fig. A.1
where 𝐸𝑒𝑞 𝑣

𝑖 and 𝜐𝑒𝑞 𝑣12∕21 indicate the equivalent elastic modulus and
Poisson’s ratios for the laminate. 𝜌𝑖 is the proportion of 𝑘th layer in
terms of volume.

By integrating Eq. (16)∼Eq. (10) in to Eq. (13)∼Eq. (15), the eSED
can then be calculated using Eq. (1).
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