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 A B S T R A C T

Delamination growth in composite laminates is essentially two-dimensional (2D), indicating a multidirectional 
spreading of interlaminar damage. However, the evaluation and prediction of delamination growth mainly 
relies on the quantification of one-dimensional (1D) growth using unidirectional specimens. In this study, 
the discrepancies and similarities between 1D and 2D delamination behaviours of composite laminates are 
investigated, both experimentally and numerically. The fracture toughness of mode II delamination, measured 
experimentally through 1D tests, is compared with the numerically fitted critical Energy Release Rate (ERR) 
in 2D delamination using Cohesive Zone Modelling (CZM) method. The fracture mechanisms involved in 1D 
and 2D delamination growth are investigated through fractography at the delamination interfaces. Although 
similar damage mechanisms are present in 1D and 2D tests, using the fracture toughness measured from 1D 
tests to predict 2D growth is proven to be insufficient due to distinct extrinsic toughening effects. Variations 
in local stress states significantly influence delamination growth, necessitating different cohesive constitutive 
models to accurately describe 1D and 2D delamination processes.

1. Introduction

In order to assess the structural hazard posed by delamination, its 
severity must be evaluated. In Carbon Fibre-reinforced Polymer (CFRP) 
composites particularly, delamination occurs at the laminate interface 
and is not visible to the naked eye. Non-destructive inspection methods, 
such as ultrasound scanning (primarily C-scan mapping [1,2]) and X-
ray computed tomography (CT-scan) [3,4], are commonly employed 
to study the morphology of multiple delaminations. A typical impact 
damage scenario visualised by a 𝜇-CT scan is shown in Fig.  1. Multiple 
delaminations are located at various interfaces and depths. Delami-
nation growth generally follows the fibre orientation of the adjacent 
ply, resulting in a petal-shaped delamination pattern. The overlapping 
of delaminations complicates the determination of the actual damage 
area within the damage envelope [5]. Delamination growth in such 
damage scenarios is inherently multidirectional and must be addressed 
as a two-dimensional (2D) problem. In contrast, standardised coupon 
tests simplify delamination to a one-dimensional (1D) phenomenon, 
characterising size solely by delamination or crack length, such as 
Double Cantilever Beam (DCB [6]) and End-notched Split (ENF [7]) 
tests.

Given the presence of multiple delamination interfaces in impact-
induced damage, the influence of interface angles on fracture resistance 
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has garnered increasing attention. Depending on the loading condi-
tions, variations in interface angles have been shown to affect both 
delamination behaviour and fracture resistance [8–10]. A tortuous 
delamination path (under mode I loading [11]) or delamination mi-
gration (under mode II loading [12]) may occur when the delamination 
growth direction does not align with the ply orientation. This behaviour 
enhances fracture resistance (R-curve behaviour) due to significant 
intralaminar matrix cracking, development of a Fracture Process Zone 
(FPZ) and fibre bridging. Based on 1D delamination tests, the use of 
MD laminates with tailored stacking sequences offers the potential 
for improved structural design to enhance damage tolerance [10,13]. 
However, this approach is effective only if specific fracture modes 
are activated under service condition and the fracture mechanisms 
observed in actual damage scenarios are reproducible.

Previous studies have shown that extrinsic fracture toughness, pri-
marily governed by fibre bridging and interfacial friction, is signif-
icantly influenced by interface angles, specimen configurations, and 
test conditions [14–18]. Consequently, using fracture toughness derived 
from standardised experiments with unidirectional (UD) specimens 
may result in inaccurate predictions of delamination growth at angled 
interfaces, where distinct toughening mechanisms arise from variations 
in local stress states [19,20]. Despite these variations, numerical pre-
dictions of delamination growth continue to rely on fracture toughness 
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Fig. 1. (a) Typical impact induced delamination pattern extracted from CT-scan (adapted from [3]). (b) Cross-sectional view of the damage.

values obtained from standard 1D tests using UD laminates [21–25]. 
Although these simulations effectively capture the overall delamination 
behaviours, including patterns and propagation trends, a quantitative 
gap remains between the predicted results and the actual delamination 
growth.

Significant research efforts have been devoted to developing nu-
merical tools to accurately capture delamination behaviour and the in-
teractions between intralaminar and interlaminar damage modes [26–
31]. Only few studies explicitly assess the applicability of fracture 
toughness values obtained from standard tests when simulating delam-
ination growth in non-standard specimen configurations [18,32,33]. 
Wang et al. [18] developed a modified cohesive model to investigate 
differences in cohesive constitutive behaviour between 1D and 2D de-
lamination in glass-fibre composite laminates. In that study, a constant 
total fracture toughness measured from 1D coupon tests was applied to 
simulate both 1D and 2D delamination growth. The fracture toughness 
at the tip of the delamination front was treated as a constant, while 
the remaining contributions to the energy release rate (ERR), including 
those associated with the evolution of the FPZ and fibre bridging, 
differed between 1D and 2D delamination behaviours. However, the 
determination of the different ERR components remains empirical and 
relies on experimental data for calibration.

In practical applications, it is challenging to ensure that a fully de-
veloped FPZ and fibre bridging zone exist in composite structures when 
delamination occurs. As a result, fracture toughness values determined 
using standard testing methods, which includes contributions from FPZ 
and fibre bridging, may not be directly applied to assess 2D delamina-
tion growth, as these contributions differ between configurations. The 
extent to which such fracture toughness values can be reliably used 
for predicting 2D delamination remains uncertain and requires careful 
consideration.

Therefore, this research presents a comprehensive comparison of 
1D and 2D delamination behaviours with different interface angles, 
with a focus on mode II-dominated delamination growth, using both 
experimental and numerical approaches. The mechanisms of mode 
II delamination growth were investigated through experiments, em-
ploying various testing techniques, including Digital Image Correlation 
(DIC), C-scan, and fractography, to monitor the delamination process 
and gain insights into the underlying damage mechanisms. The onset 
and evolution of different types of damage were also monitored by 
analysing the Acoustic Emission (AE) signals generated by the damage 
events. Based on the detection of delamination onset and propaga-
tion, the fracture toughness is decomposed by separating the total 
fracture toughness, 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 , into intrinsic fracture resistance, 𝐺𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐼𝐼𝑐 , 

and extrinsic toughening primarily caused by fibre bridging, 𝐺𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐼𝐼𝑐 . 

A numerical scheme for simulating and comparing 1D and 2D de-
lamination phenomena was validated by applying the decomposed 
fracture toughness through modified cohesive traction-separation laws. 
The comparison elucidates the similarities and discrepancies between 
1D and 2D delamination behaviours, highlighting the importance of 
accurately determining fracture toughness by considering the dominant 
delamination mechanisms.

2. Experiment

2.1. Material system

A unidirectional carbon/epoxy composite prepreg, M30SC-DT120-
200-36, was used to fabricate the UD and MD laminates through 
manual layup and autoclave curing, following the specifications pro-
vided in the technical data sheet [34]. The curing cycle involved 
heating to 120 ◦C at a rate of 2.4 ◦C/min, holding for 1.5 h, and cooling 
at the same rate. A cure pressure of 6.0 bar was applied throughout the 
curing cycle with a vacuum bag.

To investigate the influence of interface angles on mode II delami-
nation behaviour, four different layups were designed for 1D tests, and 
two different layups were designed for 2D tests [20]. The specimen 
configurations are listed in Table  1. The MD layups for the 1D tests were 
specifically designed to mitigate the bending–torsion coupling effect 
on the mixed-mode ratio [35,36] and the geometric nonlinearity effect 
on the force–displacement response [37,38]. Initial delamination was 
introduced by embedding a thin Teflon sheet (0.016 mm thickness) at 
the middle interface. At least three specimens were tested for each of 
the 1D configurations, while one specimen was tested for each of the 
2D configurations [20].

2.2. Test configurations and test procedure

The 1D experiments were conducted using the End-Loaded Split 
(ELS) test configuration, as recommended by the international standard 
ISO 15114 [39]. The ELS setup, shown in Fig.  2, provides more stable 
delamination growth under pure mode II loading compared to other 
test setups, such as ENF and 4-point bending [15,40]. The total spec-
imen length (𝐿𝑡) is 180 mm, while the effective length, including the 
clamped regions, (𝐿𝑐) is 150 mm.

The test procedure followed the steps outlined below:

• Perform clamp correction tests to determine the effective flexural 
modulus.

• Conduct mode II pre-cracking tests with a loading rate of 0.5 mm/
min (with a crack length of 5 to 10 mm).

• Perform mode II delamination tests with a loading rate of 0.5 mm
/min.

• Determine the fracture toughness using the J-integral method [37] 
and the Corrected Beam Theory with Effective Crack Length 
(CBTE) [39].

In contrast to the 1D tests, a two-step testing procedure was used for 
the 2D Planar Central Loaded Split (PCLS) tests. The experimental setup 
is illustrated in Fig.  3. A pre-loading process was conducted to separate 
the Teflon sheet from the laminates without causing propagation. The 
formal tests were then performed following the pre-loading process, 
with a loading rate of 0.6 mm/min.

Composites Part B 324 (2026) 113836 
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Table 1
Specimen configurations of 1D ELS tests and 2D PCLS tests.
 Specimen Initial interface Layup 𝑎0 L B H=2h  
 UD(0//0) 0◦∕∕0◦ [014//014] 52 ± 1 90 20.0 ± 0.1 4.54 ± 0.10 
 MD(0//0) 0◦∕∕0◦ [(0∕0∕90)4∕02//02∕(0∕0∕90)4] 55 ± 1 90 20.0 ± 0.1 4.51 ± 0.05 
 MD(0//45) 0◦∕∕45◦ [(0∕0∕90)4∕0∕45//02∕(0∕0∕90)4] 55 ± 1 90 20.0 ± 0.1 4.45 ± 0.05 
 MD(0//90) 0◦∕∕90◦ [(0∕0∕90)4∕0∕90//02∕(0∕0∕90)4] 55 ± 1 90 20.0 ± 0.1 4.45 ± 0.05 
 PCLS(0//00) 0◦∕∕0◦ [0∕90∕45∕ − 45]𝑠//[0∕90∕45∕ − 45]𝑠 9 ± 0.1 140 140 2.5 ± 0.05  
 PCLS(0//90) 0◦∕∕90◦ [0∕90∕45∕ − 45]𝑠//[90∕0∕45∕ − 45]𝑠 9 ± 0.1 140 140 2.5 ± 0.05  
𝑠 indicates a symmetrical layup, // indicates the interface with Teflon insert.

Fig. 2. Illustration of the ELS test setup. The specimen is fully clamped in the fixture, with 8 N m torque applied to each of the screws. The support frame is 
rigidly constrained to the base of the testing machine.

Fig. 3. Illustration of the PCLS test setup. The shaded region in the specimen configuration indicates the clamping area. (a) PCLS test fixtures, (b) top view of 
the specimen configuration, and (c) side view of the out-of-plane loading condition. Si (i = 1, 2, 3, 4) denotes the AE sensors. All measurements are reported in 
mm.

To monitor delamination growth, 3D DIC cameras were used to cap-
ture speckle images of the top surface throughout the loading process 
for both 1D and 2D experiments. The principal curvature from the DIC 
analysis is sensitive to delamination growth and was used to determine 
the 2D delamination contours [20]. For the 1D tests, an equivalent 
Strain Energy Density (SED) method based on DIC analysis (DIC-eSED) 
was used to track the delamination front [38]. The delamination growth 
measured from DIC analysis was compared with C-scan results.

Additionally, an AE system (Vallen Systeme) was used in both 1D 
and 2D tests to identify damage types and analyse their evolution. 
The sampling rate for the AE sensor (VS900-M) was 10 MHz. The 
thresholds for eliminating environmental noise were set at 38 dB for 
the 1D tests and 45 dB for the 2D tests, based on preliminary tests. 
The configurations of the AE sensors are shown in Figs.  2 and 3. For 
the ELS tests, the AE sensor was secured at the end of the specimen 
using a clamp. For the PCLS tests, the AE sensors were mounted at 

the designated locations using 3D-printed plastic holders, which were 
adhered to the specimens with glue. The rearm time and duration for 
transient signal acquisition were set to 400 μs, with a pre-trigger of 
200 μs before recording each AE hit. This configuration provides a 
1000-μs time window for capturing the AE transient signal wave. The 
AE features presented in Fig.  4 were extracted by analysing these signal 
waves.

Furthermore, clustering analysis was performed to separate differ-
ent AE events, which can be correlated with different damage modes. 
The features for AE clustering were selected based on Principal Com-
ponent Analysis (PCA) [41,42]. A cumulative contribution rate greater 
than 80% was considered, which was primarily composed of the first 
four principal components [43]. The first four AE features that con-
tributed the most to the principal components were selected for the 
clustering analysis.
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Fig. 4. Schematic of data processing and clustering analysis for the AE dataset: (a) extracted AE features in time and frequency domains; (b) feature selection 
based on PCA; (c) optimisation of the number of clusters; (d) clustering results.

A flowchart for AE clustering is illustrated in Fig.  4. The Par-
tial Power Value (PPV) [44] was calculated as the ratio of the sig-
nal energy within specific frequency bands, obtained via Fast Fourier 
Transform (FFT) analysis in the frequency domain. The PPVs were 
used to characterise the energy distribution across low- and high-
frequency bands. They capture variations in signal strength, especially 
where high-frequency components attenuate more rapidly than low-
frequency components [44]. A centroid frequency of 200 kHz was used 
to separate the frequency range for the PPV calculation. The opti-
mal number of clusters was determined by evaluating various validity 
indices, including the Calinski–Harabasz Score, Silhouette Score, and 
Davies–Bouldin Score (Fig.  4-c) [45,46]. Higher values of the first two 
scores and a lower value of the third indicate better clustering. The 
determination of cluster numbers also considered potential damage 
modes occurring during mode II delamination [38]. A hierarchical 
clustering algorithm was employed for the final clustering analysis, as 
it provides better reproducibility than K-means or Gaussian Mixture 
Model (GMM) when using the same PCA-selected features. A detailed 
comparison of the clustering algorithms is beyond the main scope of 
this study; comprehensive investigations can be found in Refs. [45–48].

Finally, to investigate the fracture surface morphology, fracto-
graphic observations of the delaminated surface were conducted using 
a 3D optical profilometer (Keyence VR-5000) and a Scanning Electron 
Microscope (SEM, JSM-7500F). Only the upper delamination surface 
(opposite the loading side) was selected for the fractographic analysis.

3. Numerical modelling

3.1. 1D and 2D models

A numerical investigation was performed using Abaqus2021 to 
simulate 1D and 2D delamination growth using the fracture toughness 
determined from the 1D experiments. An implicit/standard solver was 
utilised for quasi-static analysis. The numerical models for both 1D and 
2D tests were constructed based on the experimental configurations 
shown in Figs.  2 and 3. The boundary conditions suggested in Ref. [49] 
were applied to the 1D model. For the 2D test, only a quarter of the 
square panel was modelled, utilising symmetry boundary conditions 
along the symmetry planes to improve computational efficiency.

Since the rubber mats in the clamping frame affect the boundary 
conditions, these components were also incorporated into the model 

to accurately represent the experimental loading and constraints. In 
the clamping region, the top surface of the upper rubber mat and the 
bottom surface of the lower mat were fully constrained to replicate 
experimental constraints. The rubber material properties were selected 
from Ref. [50], and its behaviour was simulated using a hyperelastic 
Yeoh model [51]. The coefficients for this model are provided in Table 
2.

To enhance computational efficiency, the upper and lower sublam-
inates were each subdivided into three sections. As shown in Fig.  5, 
the middle two layers adjacent to the delamination interface were 
modelled with 3D solid elements using incompatible mode (C3D8I) 
to accurately capture the stress states at the interface. The remaining 
layers were represented by continuum shell elements (SC8R), assigned 
with a section property that replicates the composite layup provided 
in Table  1. Reduced integration was applied to mitigate shear locking, 
with enhanced hourglass control included to prevent severe element 
distortion. Frictionless hard contact is applied to the interfaces to 
prevent surface penetration.

A cohesive zone model (CZM) was used to simulate delamination 
at the interfaces of interest. The interfaces were represented by 8-
node 3D cohesive elements (COH3D8). For the 2D model, CZM was 
employed not only to simulate the delamination interface but also 
to capture intralaminar cracks responsible for delamination migration 
(Fig.  5(e)). The material properties of the CFRP composites used in 
both models are summarised in Table  3. A sensitivity analysis of the 
estimated material properties confirmed that reasonable variations in 
𝜈12 = 𝜈13 (0.25∼0.30), 𝜈23 (0.30∼0.40), and 𝐺23 (3000∼4000 MPa) 
present no significant influence on the force–displacement response, the 
local stress state, or the progression of delamination.

3.2. Cohesive law for mode II delamination growth

A multi-point cohesive constitutive model is proposed based on 
the decomposition of 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 to describe the mode II delamination pro-
cess [38,53–55]. The cohesive constitutive model, along with the dam-
age onset and evolution criteria, are provided in Appendix. As shown in 
Fig.  5(c), several control parameters are defined in the cohesive model 
to determine the damage stage during the stiffness degradation process. 
The corresponding traction levels of these points are determined by 
scaling the matrix tensile strength 𝑌𝑇  with coefficients 𝑎 to 𝑑. Another 
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Table 2
Material coefficients of Yeoh model in Abaqus [50].
 𝐶10 (MPa) 𝐶20 (MPa) 𝐶30 (MPa) 𝐷1 𝐷2 𝐷3 𝑅2  
 0.2019 4.43 × 10−5 1.30 × 10−4 2.18 × 10−3 8.68 × 10−5 −1.79 × 10−5 0.9962 

Fig. 5. Finite element models for (a) ELS specimen, and (d) PCLS specimen. The element types and locations of cohesive elements are detailed in (b) for the 1D 
model and (e) for the 2D model. The modified cohesive constitutive model, implemented in the simulations, is depicted in (c).

Table 3
Engineering constants of the DT120 carbon/epoxy prepreg [34].
 Properties Test method Value  
 Tensile Modulus (0◦) 𝐸11 (GPa) ASTM D3039 145.0  
 Tensile Modulus (90◦) 𝐸22 = 𝐸33 (GPa) ASTM D3039 6.4  
 Tensile Modulus (90◦) 𝐸22 = 𝐸33 (GPa) ASTM D3039 6.4  
 In-plane shear Modulus 𝐺12 = 𝐺13 (GPa) EN 6031 3.38  
 Transverse shear Modulus 𝐺23 (GPa) – 3.92a  
 Tensile Strength (0◦) 𝑋𝑇  (MPa) ASTM D3039 3010  
 Tensile Strength (90◦) 𝑌𝑇  (MPa) ASTM D3039 39  
 In-plane Shear Strength 𝑆12 = 𝑆13 (MPa) EN 6031 95.6  
 ILSS (MPa) EN 6031 77.2  
 Poisson’s ratio 𝜈12 = 𝜈13 – 0.26a  
 Poisson’s ratio 𝜈23 – 0.31a  
 Mode I fracture toughness 𝐺𝐼𝑐 (kJ/m2) ASTM D5528-01 0.219 [52] 
a indicates an estimated value

control parameter 𝛾 is used to separate the 𝐺𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐼𝐼𝑐  into an effective 

toughening 𝐺𝑇
𝑒𝑓𝑓 = 𝛾𝐺𝑒𝑓𝑓  due to the development of fibre bridging 

zone, and energy dissipation 𝐺𝑓𝑏
𝑒𝑓𝑓  due to fibre breakage. The modi-

fied cohesive model was implemented using a User Material (UMAT) 
subroutine.

An optimal set of parameters provides a precise estimation of the 
traction distribution at the crack front [56]. Researchers have made 
efforts to correlate the cohesive parameters with the mechanical prop-
erties of composite laminates [21,57,58]. However, the selection of 
penalty stiffness 𝐾 and critical traction 𝜏 varies across the litera-
ture [59]. The matrix tensile strength was used as the critical traction 
in Ref. [53] for mode I delamination. Meanwhile, it is suggested in 
Ref. [21] to use normal and shear traction values equal to 55%–65%, 
50%–60% and 50%–75% of the matrix tensile strength 𝑌𝑇 . These 
parameters are highly dependent on the model geometry, element size, 
and loading and boundary conditions.

A comprehensive investigation into the selection of optimal cohe-
sive parameters has been conducted by Turon et al. [56], who proposed 
a correlation between normal and shear traction values expressed as 
𝜏0𝑠ℎ = 𝜏0𝑛

√

𝐺𝐼𝐼𝑐∕𝐺𝐼𝑐 for mixed-mode cohesive model. The cohesive 
parameters, together with the element size, have influence on the 
virtual FPZ and therefore affect the delamination process. This interplay 
complicates the determination of an appropriate set of parameters for 
different material systems or test setups. In general, a lower 𝜏 can 

provide better convergence, but a very low 𝜏 value may result in an 
inaccurate force–displacement response [58].

Since there is no consistency in the cohesive parameters, the pa-
rameters in the modified cohesive model were determined through 
trial and error until a satisfactory match between the numerical results 
and experimental data was achieved. A constant penalty stiffness of 
𝐾 = 1 × 105 MPa/mm was used for all analyses, as suggested in 
Ref. [18]. In addition, the default bilinear cohesive law was applied 
to the intralaminar cohesive elements (migration), with the critical 
traction set to the matrix tensile strength 𝑌𝑇 , and a fracture toughness 
corresponding to mode I 𝐺𝐼𝑐 [52].

A mesh sensitivity test was conducted using a characteristic co-
hesive element length ranging from 0.1 mm to 2.0 mm. An optimal 
element length of 0.5 mm was selected for all simulations to balance 
accuracy and computational efficiency. The element size in the regions 
outside the cohesive zone was increased to 1 mm for the 1D model and 
2.5 mm for the 2D model. The numerical results obtained using the 
modified cohesive model (indicated by ‘UMAT’) were compared with 
the default Bilinear model (indicated by ‘Bi’).

3.3. Calibrated cohesive models

As previously mentioned, the parameters of the modified cohesive 
model were calibrated through a trial-and-error approach, by minimis-
ing the discrepancy between numerical predictions and experimental 
results. In this case, the calibrated model is suitable for investigating 
the influence of model parameters on delamination behaviour, rather 
than for predicting delamination growth in real-world applications.

The procedure for calibrating the cohesive models used to simulate 
1D and 2D delamination growth is illustrated in Fig.  6. First, the 
modified multi-point cohesive model (UMAT) is numerically calibrated 
by tuning the cohesive parameters to achieve better agreement with 
experimental results, compared to the bilinear cohesive models. The 
calibrated model (UMAT(1D)) is then applied to predict 2D delam-
ination growth. Based on comparisons between the simulation and 
experimental results, the multi-point model is either adopted directly 
for 2D simulations or further calibrated using the 2D experimental data. 
Then, the performance of the recalibrated cohesive model (UMAT(2D)) 
is compared with the bilinear models.

It is important to note that, for 1D calibration, the total fracture 
toughness 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 is specified for each specimen configuration. However, 
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Fig. 6. Procedure for calibrating cohesive models for simulation of 1D and 2D 
delamination growth. The calibrated parameters from 1D simulation are used 
as initial values for simulating 2D delamination growth, to assess whether the 
model calibrated from 1D tests is sufficient for capturing 2D behaviour. If 
discrepancies arise, 𝐺𝐼𝐼𝑐 is then considered as a variable in 2D simulation.

for 2D delamination growth, the extrinsic toughening mechanisms may 
differ from those observed in 1D. Therefore, the extrinsic component of 
the fracture toughness is treated as a variable, adjustable based on 2D 
experimental results, whereas the intrinsic component is considered a 
constant that depends only on the interface angle.

The calibrated cohesive models are presented in Fig.  7, alongside 
the default bilinear models (indicated by ‘Bi’) for comparison. The 
calibration was achieved by tuning the cohesive parameters to precisely 
replicate the force–displacement response and delamination growth 
trends. The decomposed values of 𝐺 were obtained experimentally. The 
control parameters 𝜏𝑖(𝑖 = 0, 1, 2, 3) were calibrated via a brute-force 
search over possible combinations of traction values. Initially, 𝜏0 was 
fixed using 𝑌𝑇 , 𝜏1 was set to the interlaminar shear strength (ILSS) 
by default, and 𝜏2 corresponded to the bridging-related traction [18]. 
Finally, 𝜏3, representing the tail of the traction–separation curve, was 
numerically adjusted until a satisfactory match with the delamination 
growth curves was achieved.

For 1D ELS model, the multiple traction values are tuned based on 
the transverse tensile strength 𝑌𝑇  of the lamina using scaling factors 
𝑎 ∼ 𝑑. As shown in Fig.  7, the cohesive models present differences 
between the 0◦∕∕0◦ interface and the angled interfaces 0◦∕∕𝜃◦ (𝜃 > 0◦). 
Notably, although the shape of cohesive model remains the same for 
1D 0◦∕∕0◦ interfaces (UD and MD(0//0) specimens) or angled inter-
faces (MD(0//45) and MD(0//90) specimens), the area of the coloured 
regions varies, depending on the decomposition of fracture toughness 
(Fig.  9). Bilinear models with identical total fracture toughness 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐
but different critical traction 𝜏0 and 𝜏1 were used to investigate the 
influence of the critical traction on the simulation of 1D delamination 
growth.

The modified cohesive model for the 2D 0◦∕∕0◦ interface (coloured 
region in Fig.  7-c) is specifically calibrated to simulate delamination 
growth at the initial interface of the PCLS(0//0) specimen. For the 
migrated interface in the PCLS(0//0) specimen, as well as both the 

initial and migrated interfaces in the PCLS(0//90) specimen — all of 
which are 0◦∕∕90◦ interfaces — the same cohesive model is applied 
(coloured region in Fig.  7-d).

In addition, bilinear cohesive models were also implemented to 
simulate 2D delamination growth, aiming to evaluate their effective-
ness in predicting planar delamination using either the total fracture 
toughness 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 or intrinsic fracture toughness 𝐺𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐼𝐼𝑐 , with critical 

traction 𝜏0 = 𝑌𝑇  (represented by navy blue or dashed light blue lines 
in Fig.  7-c and 7-d).

In order to validate the numerical modelling approach, the force–
displacement response and the flexural deformation at the top surface 
were compared between the numerical and experimental results. As 
presented in Fig.  8, the out-of-plane deflection along the central line at 
the top surface was extracted for both 1D (ELS) and 2D (PCLS) models. 
The modelling strategy presented in Fig.  5 demonstrates proper match 
with the experimental results obtained from the DIC analysis. For the 
2D model, modelling the rubber mats at the clamping area accurately 
described the boundary conditions.

4. Experimental and numerical results

4.1. 1D results

As recommended by the ISO standard [39], the fracture toughness 
was calculated using the CBTE method, which includes a correction for 
the FPZ and a clamping condition correction. The R-curves are shown 
in Fig.  9. The total energy release rate (ERR), 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 , calculated using 
CBTE, exceeds the ERR obtained from the J-integral, which excludes 
extrinsic toughening mechanisms such as fibre bridging and interface 
friction [37]. The left end of the R-curves corresponds to the onset of 
delamination growth, as detected by AE.

The total ERR 𝐺𝑡𝑜𝑡
𝐼𝐼𝑐 , the intrinsic ERR at the onset point 𝐽 𝑖𝑛𝑖𝑡, and the 

intrinsic ERR during the stable propagation phase 𝐽 𝑝𝑟𝑜𝑝 were extracted 
from the R-curves and summarised in Fig.  9b. For MD specimens, 
the interface angles of the MD specimens show a negligible influence 
on 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 and 𝐽 𝑝𝑟𝑜𝑝. The slight differences in 𝐺𝑡𝑜𝑡
𝐼𝐼𝑐 can be attributed 

to variations in fibre bridging intensity across different specimens. 
The UD specimen exhibits the highest ERR values compared to the 
MD specimens, ascribed to intensive fibre nesting and bridging at the 
interface (Fig.  12). The values of 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 and 𝐽 𝑝𝑟𝑜𝑝 are comparable with 
those obtained from Ref. [38] for the same material system but different 
laminate layups. The MDs specimens follow the same stacking sequence 
as the PCLS specimens, while the UDs specimen contains fewer layers 
(16) compared to the 28 layers in the present UD configuration. The dif-
ferences observed between specimens with the same interfaces can be 
attributed to variations in the stacking sequence and overall specimen 
stiffness, which influence the development of FPZ and fibre bridging 
zone [60].

The comparison of ERRs between MD and MDs specimens indicates 
that specimen stiffness also affects ERR calculation. In the more com-
pliant MDs specimens, geometric nonlinearity complicates J-integral 
evaluation and total ERR determination, leading to greater scatter 
and reduced accuracy. Therefore, ERRs derived from the MD and UD 
specimens were used for numerical simulations of both 1D and 2D 
delamination behaviours, where the predicted force–displacement re-
sponse and delamination growth were compared against experimental 
results.

The force–displacement responses and delamination growth curves 
from the ELS tests and simulations are shown in Fig.  10. The numerical 
force–displacement response and propagation curves from the modified 
cohesive law (red curves) are compared with the experimental results 
(black curves). The bilinear cohesive model with varying critical trac-
tion values produces comparable results (blue curves). The simulation 
results using different cohesive models closely align during the initial 
linear phase. For the bilinear cohesive model, a higher critical traction 
(𝜏1 = 78 MPa) produces a higher peak force followed by a rapid 
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Fig. 7. Comparison of the modified cohesive models (UMAT) with the default bilinear models. The calibrated cohesive parameters for all specimens are summarised 
in the table.

Fig. 8. Comparison of out-of-plane deflection between DIC measurement and 
numerical results. The blue curve represents the numerical result from the 1D 
simulation, while the red curve represents the result from the 2D simulation. 
(For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)

decrease in the force response once delamination propagates, whereas 
a lower critical traction (𝜏0 = 39 MPa) results in a more gradual 
reduction in the reaction force. The modified cohesive model yields 
numerical results that lie between the stiffer and softer responses 
predicted by the bilinear model. Overall, the choice of cohesive model 
has only a minor influence on both the force–displacement response 
and delamination growth trends. Across all specimens, the numerical 
results closely match the experimental data during the initial linear 
stage. For the MD specimens, the numerical results are slightly higher 
than the experimental measurements, likely due to the testing frame 
compliance, which has a more pronounced influence for the relatively 
compliant MD specimens. The influence of different cohesive consti-
tutive models on 1D delamination behaviour is further discussed in 
Section 4.4.

For experimental results, compared to the 0◦∕∕0◦ interface, the 
0◦∕∕45◦ and 0◦∕∕90◦ interfaces exhibit a more gradual force reduction, 
reflecting slower and more stable delamination growth. The delami-
nation area was measured using the DIC-eSED method developed in 
Ref. [38]. The progressive delamination areas are shown in Fig.  11. 
The delamination contours captured using the DIC-eSED method are 
irregular and vary in shape as propagation progresses. At the 0◦∕∕45◦
interface, a slightly tilted delamination front is observed. Consequently, 
delamination area, rather than side length, is measured to provide a 

more representative description of the actual growth and to construct 
the fracture resistance curve (R-curve).

Fractographic analysis was then performed to investigate the dam-
age modes governing the delamination process. As shown in Fig.  12, the 
surface fracture morphologies obtained from SEM reveal distinct dam-
age modes at different interfaces. Small matrix cracks (cusps) formed 
and propagated due to shear stress at the interfaces. These cracks coa-
lesced under increasing load, leading to a fully delaminated interface. 
This behaviour was observed across various specimen interfaces. In 
MD specimens with 0◦∕∕45◦ and 0◦∕∕90◦ interfaces, large-area matrix 
cracking was observed, oriented along the angled fibre orientation. 
This can be attributed to the resin-rich regions at the interfaces. Large-
scale fibre bridging is evident in all specimens, covering the entire 
delaminated area. However, the intensity of bridging fibres and the 
bridging angles varied among specimens (Fig.  12). In the UD specimen, 
the delamination surface exhibited greater height variations than in the 
MD(0//0) specimen, indicating more pronounced fibre nesting. As a 
result, the interface was less clearly defined, allowing matrix cracks to 
propagate into the nested fibres and thereby promoting fibre–matrix 
debonding and fibre bridging.

Although different interfaces exhibit distinct fractographic mor-
phologies, similar damage modes are observed across specimens. Ex-
perimental observations identified three characteristic damage mecha-
nisms: matrix cracking (small or large cusps), fibre–matrix debonding 
(associated with delamination), and fibre breakage. The onset and 
evolution of these damage modes were further analysed through AE 
clustering.

4.2. 2D results

In 2D PCLS experiments, the propagation of an initially embedded 
circular delamination was monitored using DIC and C-scan techniques. 
As shown in Fig.  13, the embedded circular delamination propagated 
along the 0◦ fibre orientation at the initial interface (deep orange), but 
migrated to another interface where the normal direction of the circular 
front became perpendicular to the 0◦ layer. The migrated delamina-
tion then propagated along the 90◦ fibre orientation (light orange). 
For the PCLS(0//0) specimen, the delamination contour captured by 
C-scan, including regions near the top surface (blue area, Fig.  13), 
is well reflected in the surface curvature contours. Overall, the DIC 
contour closely matches the C-scan results at maximum deflection. 
For the PCLS(0//90) specimen, the maximum vertical and horizontal 
dimensions of the delamination area also closely agree with the C-scan 
measurements.
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Fig. 9. (a) Experimental R-curves and (b) a summary of decomposed ERRs based on onset and propagation ERR values extracted using the compliance and 
J-integral methods. ‘s’ denotes the experimental results obtained using specimens with quasi-isotropic layups from Ref. [38].

Fig. 10. Force and delamination area versus displacement curves for 1D ELS specimens. ‘EXP’ denotes the experimental results, while ‘FEM’ represents the 
numerical results from the finite element model.

The delamination lengths 𝑎𝑖𝑛𝑖𝑡 and 𝑎𝑚𝑖𝑔 , measured by the maximum 
dimensions of the delamination area from the DIC curvature and C-
scan, were compared with the numerical results. As shown in Figs. 
14 and 15, a quarter of the specimen is used for comparing the test 
results with the simulated delamination growth. Initially, the cohesive 
model calibrated from 1D tests was used to predict planar delamina-
tion growth. The results (grey dashed contour) are almost identical 
to those obtained using the bilinear cohesive model with the total 
fracture toughness 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 (dark blue dashed contour). These contours 
lie within the DIC-estimated delamination contour, indicating that 
the numerical model underpredicts planar delamination growth when 

using the total fracture toughness 𝐺𝑡𝑜𝑡
𝐼𝐼𝑐 obtained from 1D experiments. 

In contrast, using the intrinsic fracture toughness 𝐽 𝑝𝑟𝑜𝑝 slightly overpre-
dicts delamination growth (light blue dashed curves). The modified 2D 
cohesive models show a good agreement with the DIC measurements 
of delamination growth in both the vertical and horizontal directions.

Compared to the C-scan results at the highest deflection, the numer-
ical model overpredicts delamination growth in the diagonal direction. 
This discrepancy arises because intralaminar damage was not consid-
ered in the numerical model. It is important to note that the cohesive 
law does not account for mode mixity, as delamination growth along 
the fibre orientation is primarily driven by mode II. The displacement 
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Fig. 11. Variations in the delamination front captured by the DIC-eSED method during testing [38]. The shaded regions represent C-scan results obtained after 
the tests. Delamination area 𝐴 was captured by the area between the current delamination front and the initial front after pre-cracking.

Fig. 12. SEM observation at the upper fracture surface for ELS specimens with different interfaces. The colour bar in the second column indicates the height 
distribution. fibre bridging, shown in the left column, was observed using an optical microscope under 3 mm opening displacement.

jump, 𝜆 (in Eq.  (2)), is normalised by shear splitting in the fibre 
direction 𝛿1 (local mode II), and transverse to the fibre direction, 𝛿2
(local mode III). The normalisation of the displacement jump with 
both 𝛿1 and 𝛿2 results in larger shear splitting, which induces more 
delamination growth compared to C-scan results. In reality, local mode 
III does not induce delamination growth but rather intralaminar crack-
ing. As delamination propagates, it may migrate to another critical 
interface, which is not accounted for in the current numerical model. 
Consequently, delamination growth along the diagonal direction is less 
in the experiments than in the simulations, due to the interaction 
between matrix cracking through the ply and interfacial delamination 
under local mixed-mode II/III [20].

Fig.  16 presents a comparison between the force–deflection curves 
and propagation curves obtained from experiments and simulations. 
The force–deflection curves show good agreement with the experi-
mental results. Using the maximum length at the initial and migrated 
interfaces, the delamination growth curves from the modified cohesive 

model (red solid curves) closely match the experimental data (scatter 
plots). However, a larger discrepancy is observed when considering 
the total delamination area. This deviation can be attributed to mea-
surement errors in the diagonal direction when capturing delamination 
growth using DIC, as illustrated in Fig.  13. Notably, the delamination 
area curves show a better agreement with the C-scan results. In con-
trast, the default bilinear cohesive law results in either overestimation 
or underestimation of delamination growth when using the total ERR 
𝐺𝑡𝑜𝑡
𝐼𝐼𝑐 or the intrinsic ERR 𝐽 𝑝𝑟𝑜𝑝, respectively.
According to the force–deflection response, no significant stiffness 

reduction was observed due to delamination growth. Force increases 
exponentially with displacement, attributed to geometric nonlinearity 
(in-plane stretching) [18] and material nonlinearity (strain-dependent 
stiffening) [61]. Experiments were terminated upon severe flexural 
fracture. Numerical force–deflection curves are similarly unaffected by 
delamination growth, regardless of the cohesive model; therefore, only 
one set of simulation results is presented.
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Fig. 13. Advancing delamination contours detected using the surface curvature in 2D PCLS specimens. The colour bars indicates the interface depth obtained 
from C-scan and the out-of-plane deflection level measured by DIC, respectively.

Fig. 14. (a) Cohesive models applied in simulations of the PCLS(0//0) specimen. (b) Comparison of delamination growth captured by DIC and C-scan, alongside 
simulation results using different cohesive models. The background colour represents the 0◦∕∕0◦ interface (red) and 0◦∕∕90◦ interface (yellow), with corresponding 
cohesive models shown in (a).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

To predict flexural failure and assess its impact on delamination 
behaviour, the 2D Hashin damage criterion is activated in the SC8R 
shell elements. Using the modified 2D cohesive model, delamination 
growth predicted with and without Hashin damage criterion shows no 
significant difference, as indicated by the delamination contours repre-
sented by red dashed and solid lines in the first three steps of Fig.  14b. 
This is because the flexural failure has not developed sufficiently to 
cause a significant reduction in stiffness. For PCLS(0//90), when critical 
flexural failure occurs, delamination propagation slows down. Since 
delamination growth is not substantially affected by damage evolution 
in the sublaminates before the onset of critical flexural failure, the 

prediction results without activating the 2D Hashin damage criterion 
can be used for comparison with the experimental results.

It is worth mentioning that the calibrated cohesive model for 2D 
delamination growth is dependent on a single specimen result and is 
therefore not a general solution for prediction of delamination growth 
in other test configurations. The tuning of the cohesive parameters 
is empirical and dependent on the test configurations. The modified 
cohesive model is only used to provide flexibility for conducting a 
parametric study on the influence of the cohesive model shape on 
the 1D and 2D delamination behaviours. The 2D experiments in this 
study primarily serve as an initial validation of the proposed numerical 
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Fig. 15. (a) Cohesive models applied in simulations of the PCLS(0//90) specimen. (b) Comparison of delamination growth captured by DIC and C-scan, alongside 
simulation results using different cohesive models.

Fig. 16. Reaction force and delamination growth versus deflection curves for PCLS specimens. The deflection is determined at the central point of the upper 
surface using DIC. The measurements of the delamination area (𝐴), initial interface delamination length (𝑎𝑖𝑛𝑖𝑡), and migrated interface delamination length (𝑎𝑚𝑖𝑔) 
are illustrated in Fig.  14. Comparison between simulation results using different cohesive models are illustrated using lines with ‘FEM’ initial in the legends.
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Fig. 17. Development of virtual FPZ extracted from numerical results for (a) 1D delamination growth and (b) 2D delamination growth. Numerical results from 
different cohesive models were compared for ELS UD specimens, while FPZ evolution in PCLS specimens was predicted using only the modified cohesive model. 
In the numerical plots, red indicates delamination with fibre bridging (SDEG above threshold), grey shows complete interface failure (SDEG = 1), and blue 
represents the virtual FPZ (SDEG between 0 and the threshold).  (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.)

approach, rather than as a statistically representative characterisation 
of planar delamination behaviour. Their main purpose is to demon-
strate the feasibility of the modelling framework and to highlight the 
limitations of directly transferring 1D fracture toughness measurements 
to more complex 2D delamination scenarios.

4.3. Damage evolution in 1D and 2D growth by CZM

The difference between the bilinear and modified cohesive models is 
analysed through the virtual FPZ. As shown in Fig.  17, the numerically 
predicted delamination area is divided into three regions. The red 
area represents the delaminated region with developing fibre bridging, 
where the damage variable (SDEG) exceeds the damage threshold. This 
threshold corresponds to the damage value when the traction reduces 
to control point 𝜏3. The grey area indicates complete interface failure 
(SDEG = 1). The blue area represents the virtual FPZ, where SDEG 
varies between 0 and the threshold, capturing the progressive damage 
accumulation before full delamination occurs.

For ELS specimens, cohesive damage initiates early in the loading 
process, accompanied by an increasing virtual FPZ length. This can 
be correlated to the onset of the micro matrix cracks along the crack 
tip that form the cusps. As displacement increases, the FPZ length 
continues to grow. Using the modified cohesive models, a distinct 
transition in the slope of the FPZ curves is observed. This ‘‘elbow’’ 
point marks the onset of delamination growth when the second control 
point 𝜏2 is reached, triggering a rapid traction drop and accelerated 
stiffness degradation. In contrast, the bilinear cohesive model fails to 
capture this transition point. The virtual FPZ length eventually reaches 
a plateau. This signifies stable delamination growth, occurring when 
the SDEG reaches the threshold at 𝜏3. Total failure of the cohesive 
elements follows when the SDEG reaches 1. The subsequent decrease in 
FPZ length is attributed to boundary effects, as delamination propagates 
closer to the clamping side, where interlaminar shearing becomes 
restricted.

Similar to 1D growth, the onset and stable delamination growth 
phases can be identified in 2D cases. For the PCLS(0//90) specimen, 
the FPZ length variations at the initial and migrated interfaces are 
closely aligned. In contrast, for the PCLS(0//0) specimen, the initial 
and migrated interfaces exhibit different displacement levels for stable 
growth due to the distinct cohesive behaviours assigned to each in-
terface. Despite these differences, the virtual FPZ length during stable 

delamination growth remains comparable between 1D and 2D cases, 
with the 2D simulations exhibiting a slightly shorter FPZ than the 1D 
results.

The ERR distribution at the delamination front is also extracted to 
analyse the influence of misalignment between the fibre orientation 
and the growth direction on delamination propagation. As shown in 
Fig.  18, the ERR along the delamination front of the ELS specimens 
at the corresponding onset displacement level equals 𝐺𝑚𝑚𝑐 = 𝐽 𝑖𝑛𝑖𝑡. 
For the 0◦∕∕45◦ interface, the ERR is not uniformly distributed along 
the delamination front but varies due to the asymmetrical stress state 
caused by bending/twisting coupling in the 45◦ ply. This leads to a 
tilted delamination front that follows the 45◦ ply orientation (Fig.  10). 
For stable delamination growth, the ERR along the delamination front 
is nearly uniform and approximately equal to the total ERR, 𝐺𝑡𝑜𝑡.

The ERR distributions along the 2D delamination front are extracted 
and presented in Fig.  18(d)∼(f). For the initial delamination front 
(contour 1), a higher ERR is observed at locations where the normal 
direction of the front is parallel to the fibre direction, aligned with 
the maximum principal stress vector. This leads to localised delam-
ination onset at two critical locations (normalised length = 0 or 1). 
Once damage initiates at these critical points, the stress concentration 
redistributes along the front, causing a rapid increase in ERR in the sur-
rounding regions. As delamination progresses, the ERR values along the 
newly formed delamination front stabilise and reach 𝐽𝑝𝑟𝑜𝑝, indicating 
stable delamination growth.

4.4. Damage evolution in 1D and 2D growth by AE

Since mode II delamination growth is driven by the development 
and coalescence of shear-induced matrix cracks ahead of the delam-
ination tip [52,62], clustering analysis was performed to distinguish 
AE events that potentially represent different damage modes at various 
stages of damage evolution.

The peak frequency of AE events was identified as the most rep-
resentative feature and was used to classify the AE clusters [63]. As 
shown in Fig.  19, four distinct clusters with different peak frequency 
ranges were identified. A statistical analysis was performed, showing 
that each pair of clusters exhibited significant differences with p-
values smaller than 0.05. This indicates that the clusters are clearly 
distinguishable based on frequency. For the MD specimens, the peak 
frequencies of the first three clusters exhibit strong similarities, in 
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Fig. 18. ERR distribution along the progressive delamination front. For 2D growth, the ERR distribution along the initial delamination front (contour 1) and 
the propagated delamination front (contour 2) is extracted, as illustrated in (f). For both 1D and 2D growth, the ERR along the delamination front remains 
nearly constant during the stable growth phase (black curves), but shows variation at the angled interface in the MD(0//45) specimen and in PCLS specimens at 
delamination onset (red curves).  (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

contrast to the UD specimen, where more distinct frequency variations 
are observed.

In 1D tests, the first cluster (orange curves) exhibits the lowest peak 
frequency, with no distinct onset points identified across the specimens. 
For the MD(0//45) and MD(0//90) specimens, the second and third 
clusters display similar peak frequency ranges and onset displacement 
levels on average. In contrast, for the UD and MD(0//0) specimens, 
the third cluster shows a significantly higher peak frequency than the 
second cluster. Moreover, the onset displacement of the third cluster 
spans a broader range and appears earlier than the second cluster. 
This variation between the 0◦∕∕0◦ and angled (0◦∕∕45◦ and 0◦∕∕90◦) 
interfaces can be attributed to the different bridging effects.

For the 0◦∕∕0◦ interface, extensive fibre bridging is already present 
near the initial insert after pre-cracking, especially in UD specimen. 
This promotes earlier fibre–matrix debonding and fibre breakage, which 
may correspond to the third and fourth AE clusters, respectively. In 
contrast, for the angled interfaces with less intensive fibre bridging, 
the third cluster can be associated with delamination growth driven 
by large-area matrix cracking, while the second cluster corresponds to 
small-scale matrix cracking.

To determine the onset point for each cluster, Sentry function 
curves were analysed [64]. A drop in the curve signifies increased AE 
energy or load drop, indicating damage onset [65]. The onset points 
(displacement levels) correspond to the local extreme in the Sentry 
function curves, marked by vertical dashed lines in Fig.  19. The drop 
in the Sentry function near the force decrease can be correlated to the 
onset of delamination growth [45,65].

Compared to 1D results, the onset points are less consistent in 2D 
tests. The first few drops in the Sentry function curve can be consid-
ered as potential onset points. A statistical analysis was performed to 

determine the onset deflection levels and peak frequencies of different 
clusters. The results are summarised in Fig.  20.

The 1st cluster, characterised by the lowest peak frequency, exhibits 
a significant difference between the 1D and 2D tests. This discrepancy is 
likely associated with friction-generated AE signals, which vary notably 
under the distinct test conditions. For PCLS specimens, the 2nd and 
3rd clusters show similar peak frequency ranges to those observed in 
the 1D tests. The mean onset deflection of the 2nd cluster is lower 
than that of the 3rd cluster, indicating that the 2nd cluster can be 
correlated with the matrix cracking event. The 3rd cluster, with higher 
onset deflection levels and peak frequency ranges, can be attributed to 
a combination of matrix crack coalescence and fibre–matrix debonding 
in the PCLS(0//0) specimen. For the PCLS(0//90) specimen, it aligns 
with delamination growth involving large-area matrix cracking. The 
4th cluster, characterised by the highest peak frequency and onset 
displacement level, may be associated with fibre pullout and fibre 
breakage, which result from bridging zone development in 1D tests 
and flexural failure in 2D tests. The clustering results also show strong 
agreement with the peak frequency ranges reported in Ref. [66] for 1D 
tests and Ref. [67] for 2D tests.

The corresponding displacement (1D) or deflection (2D) levels of 
various delamination phases predicted using the modified cohesive 
model from Fig.  17 are summarised in Fig.  20, along with the AE 
clustering results. The displacement levels for initial and stable delam-
ination growth fall within the range of the 2nd and 3rd AE clusters, 
which correspond to matrix cracking and fibre–matrix debonding (or 
delamination) events. Total failure aligns with fibre breakage events 
identified in the 4th cluster for 1D tests. While the AE clusters capture 
the actual damage events observed in physical tests, the numerical 
model offers an idealised prediction of the onset of different damage 
phases in the mode II delamination process.

Composites Part B 324 (2026) 113836 

13 



W. Tu et al.

Fig. 19. Example of AE clustering results for 1D and 2D experiments of a single specimen. The full dataset is publicly available and can be accessed via the link 
provided in the Data Availability section. The sentry function (SF) curves for all AE events and individual clusters are depicted as solid lines. The peak frequencies 
(PF) of AE events assigned to different clusters are also provided. For ELS specimens, the onset point of each AE cluster is identified by the initial drop in the SF 
curves. For PCLS specimens, the onset is less distinct and is therefore defined as a displacement range within the first few drops in the SF curves.

5. Discussion

5.1. The effect of misalignment between fibre orientation and growth direc-
tion

For quasi-static delamination growth in 1D, distinct delamination 
mechanisms can be identified at different interfaces, as demonstrated 
by SEM observations (Fig.  21) and AE clustering (Fig.  20). However, 
the intrinsic fracture toughness, 𝐺𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐

𝐼𝐼𝑐 = 𝐽 𝑝𝑟𝑜𝑝, is not significantly 
influenced by the interface angle, as illustrated in Fig.  9. Although the 
fracture morphologies vary across different interfaces, the propagation 
follows the 0◦ ply, where shear-induced matrix cracks cannot propagate 
further into the 0◦ layer. In this case, only interlaminar matrix cracking 

— specifically, the formation of cusps — contributes to the intrinsic 
fracture resistance.

As shown in the third column of Fig.  21, the presence of small 
cusps within the large matrix cracking region indicates that the de-
lamination growth direction follows the maximum principal stress (Fig. 
18-f). For ELS tests, such matrix cracking patterns do not significantly 
influence the intrinsic fracture toughness. However, in 2D delamination 
growth, less propagation is observed in the diagonal direction, where 
there is a misalignment angle 𝜃 between the fibre orientation and the 
growth direction. Delamination growth in this direction is equivalent 
to propagation at a −𝜃◦∕∕ + 𝜃◦ interface, where matrix cracks may 
propagate further into the 𝜃◦ ply, driven by mixed-mode II/III loading. 
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Fig. 20. (a) Statistical analysis of AE clustering results from 1D and 2D experiments. The peak frequency (PF) ranges for different damage events in a different 
CFRP material system (Ref.[66]) and the same material system (Ref.[67]) are shown in the upper left and right figures, respectively, using distinct pattern 
regions. These PF ranges are comparable to those of the AE clusters identified in the present study, represented by floating bars. (b) Statistical analysis of onset 
displacement levels for each cluster across different specimen configurations, alongside numerical predictions for delamination onset, stable growth, and total 
failure, each indicated by distinct marker shapes. ‘1.5IQR’ denotes the 1.5 times Interquartile Range, representing the upper and lower bounds of data dispersion, 
‘25%’ indicates the first quartile, while ‘75%’ indicates the third quartile.

Consequently, the formation of a larger delamination area involves ad-
ditional intralaminar damage mechanisms, resulting in higher fracture 
resistance.

The characterisation of mode II 2D delamination growth can primar-
ily focus on regions where delamination propagates along the fibre di-
rection. However, as the contribution of mode III increases with further 
delamination propagation, delamination may migrate again and con-
tinue to propagate at a more critical interface, depending on the stack-
ing sequence. Accurate prediction of the migration phenomenon is, 
therefore, essential for reliably predicting planar delamination growth.

5.2. In-plane stretching effect

For the 1D ELS model, the shape of the cohesive constitutive model 
has no significant influence on the delamination behaviour or the 
force–displacement response, provided the total fracture toughness 
𝐺𝑡𝑜𝑡
𝐼𝐼𝑐 remains constant. However, this is not the case for 2D delami-

nation growth. As shown in Fig.  16, the bilinear cohesive model, when 
using only the intrinsic fracture toughness, overestimates delamination 
growth at the initial interface (blue dotted line). By modifying the 
shape of the cohesive model using a UMAT (red solid line), a larger 
critical separation for the final failure, 𝛿3 in Eq. (12), results in a 
smaller predicted delamination growth, even when the same intrinsic 
fracture toughness is applied (Fig.  7). This indicates that predicting 
2D delamination growth using CZM is highly sensitive to the shape 

of the cohesive law, particularly the critical displacement jump. This 
sensitivity arises from additional in-plane stretching in the 2D PCLS 
test, which modifies the local stress state and strain distribution.

In-plane stretching plays a pivotal role in planar delamination 
tests [16,68]. The radial membrane stress in tension acts as an ad-
ditional opening force, facilitating delamination growth [68,69]. As 
shown in Fig.  22, the opening stress 𝜎11 in the PCLS specimen promotes 
matrix cracking, resulting in less sharp cusps and larger gaps between 
them. The difference in the local stress state between 1D and 2D 
delamination fronts significantly influences the formation of cusps. The 
contribution of 𝜎11 to mode II delamination growth would not exist 
if delamination is modelled as a flat plane without thickness, as is 
commonly assumed.

Since the stress state at the delamination front influences cohe-
sive behaviour, the calibrated cohesive parameters cannot be directly 
applied to predict 2D delamination growth. Additionally, extrinsic 
toughening mechanisms are strongly influenced by interface properties. 
The higher total fracture toughness 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 observed in the UD specimen 
is primarily due to large-scale fibre bridging at the 0◦∕∕0◦ interface, 
which is facilitated by fibre nesting. However, such large-scale bridging 
effects were not observed in 2D delamination growth with a 0◦∕∕0◦ in-
terface. Therefore, the intrinsic fracture toughness should be employed 
for predicting delamination growth without bridging effects, although 
it provides a conservative prediction by overestimating delamination 
growth. The same applies to the 0◦∕∕90◦ interface, with less bridging 
effects.
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Fig. 21. Comparison in the fracture surface morphologies between 1D ELS and 2D PCLS specimens. The interface angles are indicated in the bottom-right corner, 
while the arrows in the bottom-left corner denote the delamination growth direction.

Fig. 22. Illustration of the progressive delamination growth and local stress state for ELS UD(0//0) specimen, (a) and (c), PCLS(0//0) specimen, (b) and (d).

Using the bilinear model with either intrinsic or total fracture 
toughness and 𝜏0 = 𝑌𝑇  provides a prediction band for 2D delami-
nation growth following the fibre direction. Tuning the shape of the 
cohesive model can achieve better agreement with experimental re-
sults; however, this is highly dependent on the experimental setup, 
local stress state, and active delamination mechanisms. The stretching 
effect, which is induced by boundary constraints, can also be af-
fected by the specimen geometry [68]. Further investigation into these 
contributing factors is necessary to support the development of gener-
alised numerical or analytical tools for predicting planar delamination 
growth.

6. Conclusions

This work presents a comprehensive comparison of 1D and 2D mode 
II delamination growth, both experimentally and numerically. To gain a 
better understanding of the delamination process, various experimental 
monitoring techniques were employed to track delamination growth 

in CFRP laminates. The decomposed fracture toughness, derived from 
standard 1D tests, was used in the modified cohesive model to simulate 
both 1D and 2D growth. Various cohesive constitutive models were 
determined by numerically tuning the parameters to align with the 
experimental results.

The intrinsic fracture toughness can be influenced by the speci-
men stiffness due to its effect on the geometric nonlinearity in the 
J-integral calculation. The interface angle exhibits negligible influence 
on the intrinsic fracture toughness, despite the distinct fracture surface 
morphologies observed at different interfaces. On the other hand, ex-
trinsic toughening is affected by both the interface properties and the 
specimen stiffness.

Although similar damage modes and damage processes are iden-
tified in 1D and 2D tests, the extrinsic toughening mechanisms are 
distinct between 1D and 2D mode II growth. Using fracture toughness 
with or without the extrinsic toughening components in the bilinear 
cohesive model can lead to either underestimation or overestimation 
of 2D delamination growth.
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Compared to the bilinear cohesive law, the modified cohesive model 
provides better predictions of the force–displacement responses and 
delamination evolution for the 1D case. However, it cannot be directly 
applied to the 2D model, as identical extrinsic toughening mechanisms, 
such as large-scale fibre bridging, may not be present. For 2D growth, 
excluding the extrinsic toughening in the numerical simulation can 
yield better alignment with experimental results. This can be achieved 
by introducing additional control parameters that offer a more accurate 
description of the interface fracture behaviour.

The modified cohesive model offers flexibility in adjusting the con-
trolling parameters to accurately capture mode II delamination be-
haviour. However, the calibration of these parameters relies on manual 
tuning, which may vary depending on changes in experimental condi-
tions or specimen configurations. Accurate prediction of the delamina-
tion process using CZM requires proper identification of the governing 
damage and toughening mechanisms. The use of 1D data from UD 
specimens to predict 2D delamination growth across various interfaces 
must be carefully validated, as the extrinsic toughening mechanisms 
can vary significantly between 1D and 2D scenarios. The intrinsic 
fracture toughness is suggested for a conservative design in engineering 
applications.
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Appendix 7

7.1. Cohesive constitutive law

The cohesive constitutive law is defined as [70]: 

𝜏 =

⎧

⎪

⎨

⎪

⎩

𝜏1
𝜏2
𝜏3

⎫

⎪

⎬

⎪

⎭

= (1 − 𝑑)𝐾

⎧

⎪

⎨

⎪

⎩

𝛿1
𝛿2
𝛿3

⎫

⎪

⎬

⎪

⎭

(1)

where 𝜏𝑖(𝑖 = 1, 2, 3) are the traction components, 𝛿𝑖(𝑖 = 1, 2, 3) are the 
displacement jump in three directions, 𝑑 is the damage variable, and 𝐾
is the undamaged penalty stiffness.

The norm of the displacement tensor is defined as: 

𝜆 =
√

< 𝛿3 >2 +(𝛿1)2 + (𝛿2)2 (2)

where 𝛿3 is the normal displacement jump, < ⋅ > is the Macaulay 
bracket defined as < 𝑥 >= 1

2
(𝑥+|𝑥|), which omits negative displacement 

jump in compression. 𝛿1 and 𝛿2 are the shear displacement jump in 
mode II and mode III, respectively. It should be noted that mixed-mode 
effects on stiffness, discussed in Ref. [27], are not considered here, since 
delamination growth is predominantly driven by mode II.

7.2. Damage onset

The onset of cohesive failure is defined by Ye’s criterion [71], using 
a quadratic interaction of the traction tensor: 
(

< 𝜏3 >
𝜏03

)2

+

(

𝜏1
𝜏01

)2

+

(

𝜏2
𝜏02

)2

= 1 (3)

where 𝜏0𝑖 (𝑖 = 1, 2, 3) indicates the critical interface strength in three 
directions.

The criterion can be also implemented in the displacement jump 
space: 
(

< 𝛿3 >
𝛿03

)2

+

(

𝛿1
𝛿01

)2

+

(

𝛿2
𝛿02

)2

= 1 (4)

where the critical displacement tensor 𝛿0𝑖 (𝑖 = 1, 2, 3) can be calculated 
using 𝛿𝑖 =

𝜏𝑖
𝐾
, with the assumption that the penalty stiffness is the same 

for normal and shear tractions.
The cohesive damage variable is updated when the following crite-

rion is satisfied: 
𝐹 (𝜆𝑡, 𝑟𝑡) ∶= 𝜆𝑡 − 𝑟𝑡 ≤ 0,∀𝑡 ≥ 0 (5)

where 𝑡 indicates the actual time and 𝑟𝑡 is the displacement jump at 
the current damage states 𝑑𝑡. Damage evolves when the norm of the 
displacement tensor 𝜆 exceeds the threshold displacement jump 𝑟𝑡, and 
Eq. (5) returns False. 𝑟0 equals 𝛿0 for damage onset.

7.3. Damage evolution law

The traditional bilinear damage evolution law is defined as follows:

𝑑(𝜆) =
𝛿𝑓 (𝜆 − 𝛿0)
𝜆(𝛿𝑓 − 𝛿0)

(6)

where the 𝛿0 is the onset displacement threshold, 𝛿𝑓  is the failure 
displacement jump.

The area under the traction-separation law is equal to the fracture 
toughness: 

𝐺𝑖𝑐 =
1
2
𝐾𝛿0𝛿𝑓 (7)

where 𝐺𝑖𝑐 (𝑖 = 𝐼, 𝐼𝐼, 𝐼𝐼𝐼) are the fracture toughness for pure mode I, 
mode II, and mode III fracture.

7.4. Modified damage evolution law

A multi-point damage evolution law is developed based on the 
decomposition of 𝐺𝐼𝐼𝑐 into intrinsic resistance and extrinsic toughening 
as follows: 
𝐺𝐼𝐼𝑐 = 𝐺𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐

𝐼𝐼𝑐 + 𝐺𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐼𝐼𝑐 (8)

where the intrinsic resistance 𝐺𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐼𝐼𝑐  and 𝐺𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐

𝐼𝐼𝑐  can be further 
decomposed as: 
𝐺𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐼𝐼𝑐 = 𝐺𝑚𝑚𝑐 + 𝐺𝑑𝑒𝑙𝑎𝑚 (9)

where 𝐺𝑚𝑚𝑐 is the ERR for micro matrix cracking determined by 𝐽 𝑖𝑛𝑖𝑡, 
𝐺𝑑𝑒𝑙𝑎𝑚 is the ERR for the coalescence of matrix cracks that forms 
delamination calculated by 𝐽 𝑝𝑟𝑜𝑝−𝐽 𝑖𝑛𝑖𝑡, 𝐺𝑒𝑓𝑓  is the extrinsic toughening 
calculated by 𝐺𝑡𝑜𝑡

𝐼𝐼𝑐 − 𝐽 𝑝𝑟𝑜𝑝. 𝐺𝑒𝑓𝑓  is further decomposed into effective 
toughening 𝐺𝑇

𝑒𝑓𝑓  due to fibre bridging and interface friction, and 𝐺
𝑓𝑏
𝑒𝑓𝑓

from fibre breakage. 𝛾 is a numerical coefficient that needs to be de-
fined to determine the proportion of the extrinsic ERR caused effective 
toughening and fibre breakage: 
𝐺𝑒𝑥𝑡𝑟𝑖𝑛𝑠𝑖𝑐
𝐼𝐼𝑐 = 𝐺𝑇

𝑒𝑓𝑓 + 𝐺𝑓𝑏
𝑒𝑓𝑓 = 𝛾𝐺𝑒𝑓𝑓 + (1 − 𝛾)𝐺𝑒𝑓𝑓 (10)

Four traction parameters 𝜏𝑖(𝑖 = 0, 1, 2, 3) are defined in the dam-
age evolution law. It is worth mention that mode dependency is not 
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included in the modified cohesive law. Therefore, the corresponding 
displacement jump thresholds 𝛿𝑖(𝑖 = 0, 1, 2, 3, 𝑓 ) can be calculated based 
on the decomposed ERR components: 
⎧

⎪

⎪

⎪

⎪
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⎨

⎪

⎪

⎪

⎪

⎪

⎩

𝛿0 = 𝜏
𝐾

𝛿1 =
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𝜏0
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2𝐺𝑑𝑒𝑙𝑎𝑚

𝜏1 + 𝜏2
+ 𝛿1
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2𝐺𝑇

𝑒𝑓𝑓

𝜏2 + 𝜏3
+ 𝛿2

𝛿𝑓 =
2𝐺𝑓𝑏

𝑒𝑓𝑓

𝜏3
+ 𝛿3

(11)

The corresponding damage variable can be calculated as a function 
of 𝜆 using the cohesive parameters: 

𝑑(𝜆) =

⎧
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0 , 𝜆 ≤ 𝛿0

𝐾𝛿1(𝜆 − 𝛿0) + 𝜏1(𝛿0 − 𝜆)
𝐾𝜆(𝛿1 − 𝛿0)

, 𝛿0 < 𝜆 ≤ 𝛿1

1 +
𝜆(𝜏1 − 𝜏2) + 𝛿1𝜏2 − 𝛿2𝜏1

𝐾𝜆(𝛿2 − 𝛿1)
, 𝛿1 < 𝜆 ≤ 𝛿2

1 +
𝜆(𝜏2 − 𝜏3) + 𝛿2𝜏3 − 𝛿3𝜏2

𝐾𝜆(𝛿3 − 𝛿2)
, 𝛿2 < 𝜆 ≤ 𝛿3

1 +
𝜏3(𝜆 − 𝛿𝑓 )
𝐾𝜆(𝛿𝑓 − 𝛿3)

, 𝜆 > 𝛿3

(12)

Data availability

The experimental dataset is available for download from: https:
//doi.org/10.4121/ec008223-1408-481db641-d6e7903dd594.
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