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A B S T R A C T

This study investigates the influence of pre-crack conditions (introduced under Mode I and Mode 
II loading prior to fracture testing) and specimen compliance on the Mode II fracture charac
terization (GIIC) of adhesively bonded composite joints. Calibrated End-Loaded Split (CELS) and 3- 
Point-Bending ENF tests were performed using structural AF163-2 K adhesive. Various data 
reduction schemes were employed to account for pre-crack morphology and compliance in the 
development of the R-curve. The data reduction schemes showed significant scatter, ranging from 
8.07 ± 0.17 to 17.3 ± 1.19 N/mm, depending on the pre-cracking conditions and compliance 
effect. Mode I pre-cracked specimens consistently exhibit higher GIIC values compared to Mode II 
pre-cracked specimens, a difference governed by the morphology and extent of the fracture 
process zone (FPZ). Mode I pre-cracking forms a localized FPZ that subsequently transitions into a 
shear-dominated FPZ for GIIC evaluation during the subsequent Mode II fracture test. In contrast, 
Mode II pre-cracked specimens contain an already-developed shear FPZ that is broader and more 
diffuse, resulting in lower strain-energy release rates and lower GIIC values. High compliance 
effects cause significant bending, additionally introducing high derogatory energy deformation 
from the test fixtures, obscuring the actual crack tip. The apparent crack length methods 
demonstrated reliable estimates of fracture energy and R-curve behavior by accounting for the 
effects of large FPZ, thereby capturing both crack-tip and distributed dissipation mechanisms. The 
experimental findings correlate with computational results, displaying stable cohesive disbond 
growth in the adhesive layer. This study indicates that pre-cracking and compliance effects 
significantly influence Mode II fracture characterization and, therefore, need to be properly 
addressed.

Abbreviations: ASTM, American Society for Testing and Materials; CBBM, Compliance-Based Beam Method; CBTE, Corrected Beam Theory with 
Effective crack length; CCM, Compliance Calibration Method (specific to ENF); CELS, Calibrated End-Loaded Split; CFRP, Carbon Fiber Reinforced 
Polymer; CZM, Cohesive Zone Modeling; DBT, Direct Beam Theory; DCB, Double Cantilever Beam; DIC, Digital Image Correlation; ECM, Experi
mental Compliance Method; ENF, End-Notch Flexural; FEA, Finite Element Analysis; FPZ, Fracture Process Zone; ISO, International Organization for 
Standardization; LEFM, Linear Elastic Fracture Mechanics; R-curve, Resistance curve (Fracture energy vs. crack extension); SBT, Simple Beam 
Theory; UD, Unidirectional.
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1. Introduction

Adhesively bonded joints have several advantages over mechanical fastening and riveting [1,2]. They reduce structural weight, 
provide better stress distribution, and cause less damage to the adherends compared to drilling a hole for fasteners [3,4]. In practical 
applications, load transfer between substrates occurs through a combination of loading modes. The dominant mechanisms are Mode I 
(tensile opening) and Mode II (in-plane shear). Mode I behavior is typically characterized using the Double Cantilever Beam (DCB) test, 
whereas Mode II response is evaluated through methods such as the Calibrated End-Load Split (CELS), three-point bending End-Notch 
Flexure (ENF), and four-point bending ENF tests [5].

Adhesively bonded joints are designed to maximize in-plane shear loading, promoting crack propagation in a constrained manner 
parallel to the bonded interface through sufficient overlap length [6,7]. Yet, Mode II fracture characterization remains challenging due 
to the inherent difficulties in real-time crack-tip monitoring, the sensitivity of the energy release rate calculations to specimen 

Nomenclature

Latin Symbols
a Physically/Visually Observed Crack Length
a0 Initial Crack length (from Teflon insert)
ae Effective Crack Length (used in CBTE)
af Apparent Crack Length (used in CBBM)
aP Pre-crack Length
B Specimen Width
C Compliance
C0 Initial Compliance
CC Corrected Compliance
C0C Initial Corrected Compliance
E = Enn Young’s Modulus of Adhesive
E11, E22 Longitudinal and Transverse Modulus of the Laminate
Ef Flexural Modulus of Adherend
E1f Apparent Flexural Modulus (used in CBBM)
e1 [1] Major Principal Strain (from DIC software)
F Large displacement Correction Factor
G = Ess Shear Modulus of Adhesive
G12, G13, G23 In-Plane, Out-of-Plane, and Transverse Shear Modulus of Laminate
GIC Mode I critical Strain Energy Release Rate
GII Mode II Strain Energy Release Rate
GIIC Mode II critical Strain Energy Release Rate
h Thickness of a Single Specimen Arm
I Second Moment of Inertia
L Free length/Span Length
L0 Initial Free Length
m Slope of the Compliance vs. a3 Curve
M Bending Moment
N End-block Correction Factor
P Applied Load
t Adhesive Thickness
U Strain Energy

Greek Symbols
δ Displacement
Δclamp (or Δ) Clamp Correction Factor for CELS
ΔI Correction Factor for Crack Length in Mode I
ΔII Crack Length Correction for Mode II
η Mixed-mode Interaction Parameter (BK law)
θ 1..5 Geometric Variables for Calculating F and N
μ Coefficient of Friction
ʋ12, ʋ13, ʋ23 Poisson’s Ratios of Laminate in Respective Direction
σn Normal Cohesive Strength
σt Shear Cohesive Strength
s Viscosity Stabilization Parameter
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compliance, and the development of a fracture process zone (FPZ) that is significantly larger than that observed in Mode I. Further
more, results are influenced by discrepancies in experimental test configurations, such as the clamping effect or the fixture-induced 
friction, and the selection of analytical data reduction schemes used to interpret the load–displacement data [8,9].

While ASTM and ISO standards [10,11] provide well-established guidelines for Mode II delamination characterization in fiber- 
reinforced composites, no standardized procedures currently exist for Mode II fracture characterization for adhesively bonded 
joints. This gap is due to the difference in the size and morphology of FPZ formed in adhesive layer, which is different from that formed 
in interlaminar delamination. Hence, it becomes imperative to properly address the factors influencing the fracture characterization of 
adhesives [12].

Mode II fracture characterization has been explored previously; however, the primary difficulty lies in the poor reproducibility of 

Fig. 1. (a) Representation of Lay-out for laminate preparation of CELS and ENF specimens (b) C-Scan performed to ensure build-up quality of 
laminates (c) Attachment of End-block to CELS specimens.
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fracture toughness and the factors that influence it [13–16]. Carlsson et al. [17] reported that friction between roller and specimen in 
the ENF test can produce a difference in measured mode II critical strain energy release rate (GIIC). The sensitivity in choosing the data 
reduction schemes for measuring GIIC should account for the fixture-induced friction effect [18,19]. For instance, the classical data 
reduction scheme depends on the precise measurement of the real-time crack tip, which is highly sensitive to its location [20]. 
However, it is very difficult to accurately locate the actual crack tip in mode II due to the large FPZs and due to absence of a crack 
opening line such as in pure Mode I tests [15,21].

To address this limitation, Blackman et al. [15,22] proposed an apparent crack length method that incorporates compliance 
calibration to account for variations in flexural modulus. Similarly, De Moura et al. [23–25] introduced the effective crack length 
method, which also utilizes the apparent flexural modulus to improve the accuracy of Mode II fracture characterization. Sarrado et al. 
[26] found that data decomposition based on the J-integral is a good alternative to Linear Elastic Fracture Mechanics (LEFM) when 
large FPZs are present. Similarly, several studies have proposed that the J-integral closed-form solution can be a better alternative to 
other available data reduction schemes [27–29]. Despite these findings, literature reveals substantial variability in the reported Mode 
II fracture toughness of adhesives. For example, studies on the structural film adhesive AF163-2 K have shown an extensive range of 
GIIC values, varying from 0.67 N/mm to 17.8 N/mm [28,30–36]. Additionally, it is often unclear why GIIC values selected for validation 
in numerical models differ from those obtained through experimental characterization [36]. Moreover, challenges still remain in 
achieving stable crack propagation and convergence in the R-curve, especially for toughened adhesives [37,38].

ASTM D7905 [10] and ISO 15114 [11] explicitly state that a pre-crack may be introduced in either Mode I or Mode II to facilitate 
stable crack propagation. Typically, a sharp pre-crack is employed to ensure such stability. However, a notable gap exists in literature 
concerning the influence of this pre-cracking, despite its potentially significant effect on the formation and evolution of the FPZ 
[39,40]. Furthermore, it remains unexamined whether identical pre-cracking modes applied across different test configurations yield 
consistent material properties. For example, some studies indicate that the CELS test provides more favorable conditions for achieving 
stable crack growth compared to the three-point ENF test, implying the results may not be directly transferable [41,42].

It is noted that strict Linear Elastic Fracture Mechanics (LEFM) applicability requires a small-scale damage zone relative to the 
specimen dimensions, a condition more readily satisfied in Mode I (e.g., DCB) configurations [29,45–48]. In contrast, Mode II fracture 
in toughened adhesive systems is typically associated with a relatively large FPZ [15,23,24,40]. Despite this, several studies have 
demonstrated that energy-based fracture parameters remain consistent, with the strain energy release rate (G) showing strong 
agreement with nonlinear J-integral evaluations [26,36,49]. Therefore, the use of LEFM-based energy concepts in conjunction with 
appropriate data reduction schemes remains a valid and widely accepted approach for Mode II characterization [14,22,50].

The objective of the present study was to investigate the influence of the pre-cracking condition (introduced under Mode I or Mode 
II loading prior to fracture testing) on the determination of GIIC and development of the FPZ, using two test configurations having 
different compliance characteristics, along with a comparison of multiple data-reduction schemes. Finally, finite-element analysis 
(FEA) exploiting cohesive zone modeling (CZM) was employed to correlate with experimental findings, effectively replicating the 
fracture process and enabling the estimation of fracture toughness [43,44].

The outcomes of this work provide valuable insights into the role of pre-cracking across different test configurations with varying 
compliance and establish a correlation between data reduction schemes and the evaluation of Mode II fracture toughness.

2. Experiments

2.1. Materials and manufacturing

The laminates were manufactured using 16 plies of unidirectional HexPly IM7/8552 prepreg, with a nominal fiber volume fraction 
of 57.70% (as indicated in the data sheet) [51]. The lay-up plan, as illustrated in Fig. 1a, representatively displays the geometry of the 
laminates from which the adherends were cut. The laminates were manufactured using the hand lay-up process, with vacuum 
debulking applied after each alternate ply. The length of the adherend was 250 mm, and its width was 25 mm.

The laminates were cured in an autoclave according to the manufacturer's recommendations at an absolute pressure of 7 bar and a 
maximum temperature of 180 ◦C for 7 h [51]. A C-scan was performed on the laminate to ensure the quality of the manufactured 
composite (Fig. 1b). The thickness of the laminate was calculated by averaging 5 points on each side: t ≈ 2.16 ± 0.09 mm. The top and 
bottom adherends of the CELS and ENF specimens were cut from the laminate using a comp-cut ACS 600 cutting machine using a 
cutting disc and water as a coolant, before being bonded together. The surface of the composites was carefully abraded using fine-grit 
sandpaper (P120) along the fiber direction [52]. The surface was then cleaned with a fresh cotton cloth soaked in isopropanol. The 
structural film adhesive AF163-2 K was employed for bonding the adherends [28,30–36].

Recent work by Sun et al. [28,36] investigated this adhesive using thick adherends. In contrast, the present study utilized 
comparatively thinner adherends made of a different material, following a unidirectional (UD) lay-up to account for compliance effects 
and evaluate the source of property discrepancies using the same adhesive. This approach also enables a more consistent comparison 
for determining the intrinsic material properties of the adhesive. An initial crack of 70 mm was created for CELS and ENF specimens 
using a very thin (≈ 0.1 mm) Teflon insert. The top and bottom adherends of bonded CELS and ENF assembly were again autoclaved 
according to the manufacturer's curing recommendation at a differential pressure of 3.5 bar and a maximum temperature of 130 ◦C for 
2 h [53]. The bonded composite laminates were then precisely cut to the required specimen geometry. The thickness of the adhesive 
layer after curing was measured using an optical microscope, which was ≈ 0.17 ± 0.02 mm. The end blocks for the CELS specimens 
were grit blasted and cleaned with acetone. Finally, the end blocks were bonded to the CELS samples and left to cure at room tem
perature for 48 h (Fig. 1c). A minimum of three samples for each test were manufactured to ensure repeatability.
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2.2. Test Set-Up

The ENF and CELS tests were performed on a Zwick static testing machine equipped with a 1 or 10 kN load cell. The tests were 
conducted in a displacement-controlled setup with a quasi-static rate of 0.5 mm/min. The test setup for the ENF and CELS tests is 
depicted in Fig. 2. A high-resolution camera was positioned on one side to track the propagation of the crack (Camera 1). One lateral 
side of the specimens was painted white, and then, using a sharp knife with a ≈ 0.1 mm nib, marks were made at regular intervals of 1 
mm for the initial 10 – 20 mm of length from the crack tip, 2.5 mm for the next 10–20 mm of length, and 5 mm for remaining specimen 
length up to the clamp. Similarly, a high-resolution Digital Image Correlation (DIC) camera, was used to monitor changes in the speckle 
pattern from the other side [54]. Very fine speckles were painted on the specimens on the DIC camera's side to form trackable patterns.

The DIC helped in obtaining a full-field strain field and displacement map, while camera 1 provided complementary visual crack 
tracking, enabling the accurate measurement of disbond growth. A third high-resolution camera (camera 2) was installed to monitor 
the displacement and rotation of the end block attached to the machine. All three cameras were synchronized with the controller of the 
Zwick machine for the force and displacement readings. Pictures for crack tracking and DIC were taken at an interval of 3 s, while the 
third camera recorded the movement after consecutive 10-second intervals. Sufficient light sources were used to illuminate the test 
environment, reducing the scatter of outside lighting. All tests were conducted under laboratory conditions at 22 ◦C and 60% relative 
humidity.

2.2.1. Pre-cracking and geometric details for CELS
Two sets of specimens were prepared to introduce controlled pre-crack conditions prior to Mode II fracture testing. The distinction 

between Mode I and Mode II pre-cracks in this study refers exclusively to the method used to generate the initial crack, and not to the 
subsequent fracture loading mode.

For the first set, pre-cracks were introduced under Mode I loading conditions using a controlled opening procedure similar to a 
Double Cantilever Beam (DCB) configuration. This approach promotes crack initiation under tensile-dominated conditions, resulting 
in a relatively sharp crack tip with limited shear-induced damage.

For the second set, pre-cracks were generated under Mode II loading conditions, producing a shear-dominated crack front with a 
more developed local damage zone at the crack tip.

Following pre-crack introduction, all specimens were tested under Mode II loading conditions, using either the CELS or ENF 
configurations to evaluate the Mode II fracture response. This approach enables a direct assessment of how the initial pre-crack 
condition influences the subsequent fracture behavior and the measured apparent Mode II fracture toughness.

The initial crack length“a0”, measured from the point of load application, was approximately 60 ± 1 mm. Mode II pre-cracking 
introduction was conducted at a loading rate of 0.5 mm/min, followed by unloading at a rate of 5 mm/min, as specified in ISO 
15114 [11]. The initial free length “L0”, for pre-cracking, was selected based on a ratio of “a0/L0 = 0.8”, resulting in a relatively short 
span.

To control crack extension within the range of 2–5 mm, 2.5 mm markings were made on the specimen. The test was stopped when 
the vertical lines had shifted beyond the first 2.5 mm marking and slightly before the 5 mm markings. Visual inspection indicated that 
the new initial crack length, “aP”, was approximately 63.5 ± 1.5 mm. For the final testing phase, a longer free length was adopted to 
obtain a fully developed R-curve. The new free length, L = 95 mm, corresponded to a ratio of “aP/L = 0.66”. To introduce Mode I pre- 
cracks, both adherends of the specimen were pulled in tension, producing a sharp pre-crack approximately 2.5 ± 0.5 mm in length. An 
illustration of the CELS sample tested is shown in Fig. 3.

2.2.2. Pre-cracking and geometric details for ENF
Three-point bending ENF tests were performed to compare the pure mode II results with those of the CELS specimens, taking into 

account any variation that may arise from differences in test set-up. Similar to the CELS specimens, two batches of ENF specimens were 

Fig. 2. Experimental test set-up for pure Mode II in-plane shear test (a) CELS (b) ENF.
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prepared with pre-cracks introduced under Mode I and Mode II loading conditions. The length of the pre-crack was maintained be
tween 2.5 ± 0.5 mm [41,42]. The initial crack length introduced by the Teflon insert was 70 mm. It should be noted that all ENF 
specimens, irrespective of pre-cracking method, were tested under Mode II loading conditions at a displacement rate of 0.5 mm/min. 
Unloading at 5 mm/min was performed after failure.

The span length between the two bottom rollers was set to “2L = 100 mm”, in accordance with ASTM D7905 [10], with a distance 
of 50 mm maintained between the consecutive rollers. The initial crack length, a0, measured from the first bottom roller to the crack 
tip, was approximately 30 ± 1 mm. For further clarity, please refer to Fig. 4.

3. Data reduction schemes

This section briefly outlines the different data reduction schemes used for the CELS and ENF tests. These data reduction schemes 
relied upon measurement of Load (P), displacement (δ), width of specimen (B), thickness of each arm (h), free length (L), and 
sometimes crack length (a). It is therefore essential to clearly outline each data reduction method, specifying the parameters it depends 
on, to facilitate accurate correlation and comparison of the results in subsequent discussions. Additional details of the data reduction 
schemes are given in the Appendix section.

Fig. 3. (a) Schematic representation of pre-crack introduction and subsequent Mode II CELS testing: (Left) Mode I pre-cracking followed by Mode II 
testing, and (Right) Mode II pre-cracking followed by Mode II testing (Figure not to scale) (b) Rear-view camera image used for monitoring and 
measuring crack length in CELS specimen 1 (c) Digital Image Correlation (DIC) image of CELS specimen 1 showing the random speckle pattern 
applied for full-field strain analysis.
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3.1. CELS

3.1.1. Simple Beam Theory (SBT)
The simple beam theory uses the Irwin-Kies equation (Appendix) to calculate the strain energy release rate in mode II. 

GIIC =
9P2a2

4B2h3Ef
(1) 

It should be noted that this equation is applicable only for specimens with a very thin bond layer, and where the flexural modulus of the 
adherend is significantly higher than the Young’s modulus of the adhesive [11,15,22].

3.1.2. Corrected Beam Theory (CBT)
Corrected beam theory is a modification to SBT that utilizes a correction factor to measure crack length “a” and free length “L” 

[21,22]. Additionally, it accounts for the large deflection via the correction factor “F”, includes a correction term for crack length in 
mode II “ΔII”, and also accounts for the bonded end-block by the factor “N” (Appendix A). The final expression for GIIC using CBT is 
displayed by Eq. (2), 

Fig. 4. (a) Schematic representation of pre-crack introduction and subsequent Mode II ENF testing: (Left) Mode I pre-cracking followed by Mode II 
testing, and (Right) Mode II pre-cracking followed by Mode II testing (Figure not to scale) (b) Rear-view camera image used for monitoring and 
measuring crack length in ENF specimen 1 (c) Digital Image Correlation (DIC) image of ENF specimen 1 showing the random speckle pattern applied 
for full-field strain analysis.
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GIIC =
9P2(a + ΔII)

2

4B2h3Ef
.F (2) 

3.1.3. Experimental compliance method (ECM)
The experimental compliance method [11] directly relates the measured crack length “a” to the observed compliance “C” in a cubic 

relationship as shown in Eq. (3), 

C = C0 +ma3 (3) 

The values of “C0” and “m” are constants, which are obtained by performing linear regression of the obtained values [11]. The final 
expression using ECM is given in Eq. (4), 

GIIC =
3P2a2m

2B
(4) 

3.1.4. Corrected Beam Theory with effective crack length (CBTE)
The data reduction schemes outlined above are often referred to as classical data reduction schemes. They rely heavily on the 

accurate measurement of crack length, which is highly sensitive to experimental errors. Moreover, the FPZs, which are significantly 
large in pure mode II loading, are only marginally captured using the conventional SBT or CBT methods. To address these limitations, 
an alternative approach was adopted, namely Corrected Beam Theory with Effective crack length (CBTE) [15,22]. This method em
ploys the calculation of an effective crack length “ae” to more accurately determine GIIC (Appendix). However, a preliminary bending 
test is mandatory to estimate the flexural modulus of the samples. The strain energy release rate, as defined using CBTE, can be 
expressed as Eq. (5). 

GIIC =
9P2a2

e
4B2h3Ef

× F (5) 

3.1.5. Compliance-Based Beam method (CBBM)
The compliance-based beam method (CBBM) also utilizes the apparent crack length “af” for calculating SERR in mode II [23,25]. 

The CBBM differs from the CBTE in that it uses apparent modulus instead of flexural modulus to calculate GIIC. Moreover, CBBM 
assumes that the crack tip near FPZ is influenced by plasticity and micro-straining.

In the presence of a significant FPZ, the measured fracture toughness should be interpreted as an apparent or effective value, which 
incorporates both elastic and inelastic dissipation mechanisms. Equivalent or apparent crack length approaches (e.g., CBTE and CBBM) 
account for this by embedding the nonlinear FPZ contribution into an effective elastic crack length, thereby enabling the use of LEFM- 
based formulations without direct crack length measurement [15,23,24].

The apparent modulus is calculated using the initial compliance (C0C) of the specimen, as determined in the tests (Refer to Ap
pendix). The following equation highlights GIIC as proposed by De Moura for CBBM [23,25]. 

GIIC =
9P2a2

f C0C

2B
(
3a3

0 + L3
)× F (6) 

3.2. ENF

3.2.1. Direct Beam Theory (DBT)
The value of GIIC for the ENF specimen using DBT can be expressed as [23,25]: 

GIIC =
9Pδa2

2B
(
2L3 + 3a3

) (7) 

During the testing of the ENF specimens, the large-displacement factor “F” was found to be significantly lower; therefore, it is ignored 
in the ENF calculation. Additionally, DBT does not require the calculation of the flexural modulus for the samples (Refer to Appendix).

While a separate numerical sensitivity study was not conducted in this work, the assumption of negligible friction is justified by the 
analytical framework established by Carlsson et al. [17]. According to their study, the reduction in the strain energy release rate due to 
friction can be quantified by the non-dimensional parameter:

GIIC(μ)
GIIC

= 1 − μ
[

4
3

(
h
a

)]

(7(i)).

Where μ is the coefficient of friction, h is the adherend thickness, and a is the crack length. In our study, using the nominal values h 
≈ 2.16 mm and a0 ≈ 30 mm, even a conservative friction coefficient of μ = 0.05 results in a very small dispersion of less than 1%. 
Furthermore, as Carlsson et al. [17] concluded, for standard ENF geometries with optimized a0/L ratios, the contribution of frictional 
work to the overall energy balance is minimal. Given that our experimental GIIC values for the toughened AF163-2 K adhesive were 
significantly higher (Refer to section 4) than these minor frictional losses, the assumption is physically and mathematically sound.
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3.2.2. Compliance Calibration method (CCM)
The CCM method for the ENF specimens is similar to the ECM method for the CELS. The CCM requires a cubic relation between the 

measured crack length “a” and the compliance “C” of the specimen. Eqs. (3) and (4) can then be used for the CCM approach to calculate 
SERR for ENF specimens.

3.2.2. Corrected Beam Theory with effective crack length (CBTE)
The CBTE, as proposed by Blackman et al. s 

GIIC =
9P2a2

e
16B2h3Ef

(8) 

3.2.3. Compliance-Based Beam method (CBBM)
The CBBM method proposed by De Moura [23,24] can be modified for the ENF specimen, similar to the CBTE method, as: 

GIIC =
9P2a2

f C0c

2B
(
3a3

0 + 2L3
) (9) 

4. Results and discussion

The experimental analysis of CELS and ENF specimens was performed using data synchronized between the Zwick machine, DIC, 
and the other cameras. The raw data were post-processed using different data reduction schemes, giving the relation between fracture 
toughness, crack length, compliance, and the nature of the R-curve. The obtained data from the current analysis were then used as 
input in the numerical simulations to validate the experimental findings. The study's outcomes are summarized, forming the basis for 
subsequent discussion.

1.1. CELS

The test of the CELS sample, as per ISO 15114, began with measuring the compliance of the CELS specimen using the inverse ELS 
test. A linear regression was performed after using a cube root relation between compliance and free length to obtain the clamp 
correction factor (Δ) and flexural modulus (Ef) (see Fig. 5). The measured Ef and |Δ| of the specimen are ≈ 147910 MPa and 11.09 mm, 
respectively.

4.1.1. Mode I Pre-Crack – CELS
Mode I pre-cracking in the CELS specimen was restricted to 2–3 mm (the reader is referred for pre-cracking details to Section 2.2.1). 

The initial crack length was recorded for each sample, and then the specimens were subjected to in-plane shear loading using the CELS 
fixture. After reaching the peak load, when the force began to increase again under the clamping pressure, the sample was unloaded. A 
stable cohesive failure was observed in the bond layer. The force–displacement diagram for Mode I pre-crack specimens is shown in 
Fig. 6a. The measured peak load for the specimens was 893 ± 33.36 N, with a standard deviation of 3.73%. The variation in the peak 
load and the displacement assures that there was minimal variation in the initial pre-crack. However, the measured displacement for 
all the samples was relatively high, which can be attributed to the specimen's overall thickness (Fig. 6). Hence, it was imperative to 

Fig. 5. (a) Compliance Calibration performed on inverse CLS configuration at different free lengths to obtain flexural modulus, (b) Flexural modulus 
and clamp correction factor obtained by performing linear regression analysis.
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account for the significant displacement correction factor “F” in the different data reduction schemes. The end-load block correction 
factor “N” was negligible; hence, it was ignored in the calculations. The decision to neglect the end-load block correction factor N is 
supported by both a sensitivity assessment and evidence from the literature. In the present study, a preliminary evaluation indicated 
that the contribution of N to the apparent crack length and, consequently, to the calculated GIIC values was approximately 1% or less, 
which falls within the typical experimental scatter observed in Mode II fracture tests. Therefore, its influence on the final results is 
negligible.

This assumption is consistent with previous studies. For example, De Moura [23] shows that simplified correction procedures 
associated with load-block and geometric factors introduce errors typically below 0.1%, indicating minimal impact on fracture 
toughness evaluation. Furthermore, round-robin studies conducted during the development of the ISO 15114 [11] standard (as 
summarized in the literature) have shown that these correction factors are generally small and can be safely neglected under standard 
test conditions.

In light of these observations, neglecting N in the present analysis is justified and does not affect the accuracy of the reported GIIC 
values.

The classical data reduction schemes that utilize the observed crack length “a” were employed to calculate GIIC and get the R-curve 
(Fig. 6c). It should be noted that the physical crack length (a) and the equivalent or apparent crack length are treated as distinct 
parameters in the analysis. The equivalent crack length (ae) and apparent crack length (af) are derived from compliance-based 
methods (CBTE and CBBM) and implicitly account for the contribution of the fracture process zone, whereas the physical crack 
length (a) corresponds to the visually measured crack front. The images from the DIC camera and camera 1 were carefully correlated to 
measure the crack length (Fig. 2a).

The curve displayed a steady growth with a plateau region before the crack reached the clamp (Fig. 6c). However, a significant 
difference was observed in the GIIC value between the ECM and the SBT or CBT methods. The measured GIIC value using the ECM 
method was 17.3 ± 1.19 N/mm, whereas the SBT method yielded a significantly lower GIIC value of 10.13 ± 0.87 N/mm. The CBT 

Fig. 6. (a) Force Displacement curve for mode I pre-cracked specimens showing a good repeatability in the experiment. (b) Large displacement for 
the CELS specimen, for which factor “F” is utilized in the data reduction schemes. (c) R-curve developed using various data reduction schemes. GII 
varies according to physical (a), effective (ae), or apparent crack length (af), depending on the method used. They are treated as distinct parameters 
in the analysis. The bold line represents the mean value, while the shaded area represents the standard deviation.
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method, which uses a correction factor for crack length and clamped length in the SBT method, yielded a value of 11.26 ± 1.85 N/mm. 
The difference of ≈70% between the ECM and SBT results can be attributed to the ECM method’s strong dependence on specimen 
compliance, which tends to be substantially higher for thinner specimens.

The CBTE and CBBM methods were also employed because significant discrepancies were observed in the results obtained from 
classical data reduction schemes. The R-curves exhibited by CBTE and CBBM show a steady rising progression followed by a distinct 
plateau region (Fig. 6c). This plateau value corresponds to the steady state of crack propagation, aligning near the maximum load, 
compensating for the parasitic effects of the clamped region. The GIIC value for CBTE was 13.6 ± 0.84 N/mm, whereas for CBBM, it was 
comparatively higher, at 15.27 ± 0.66 N/mm. Previous studies have shown that fracture toughness values obtained using effective 
crack length methods are in agreement with those derived from J-integral approaches, confirming the validity of energy equivalence 
even in the presence of significant nonlinear deformation [26,49]. Hence, the reported GIIC values should be interpreted as effective 
fracture energies that reflect both crack-tip and process-zone dissipation mechanisms.

A notable distinction between the two methods was observed in the corresponding apparent crack lengths: the “af” value obtained 
from the CBBM method extended beyond the clamped region and was significantly higher than that from CBTE. In contrast, the “ae” 

Fig. 7. (a) DIC-derived major principal strain component (e1 [1]) along the bond-line direction illustrating the evolution of the FPZ ahead of the 
crack tip for Mode I and Mode II pre-cracked CELS specimens for qualitative comparison of FPZ evolution. The observed differences in GIIC are 
associated with variations in FPZ development resulting from the pre-cracking mode. Images are captured at approximately 90–95% of the critical 
load to compare the FPZ development at a near-critical state (b) Annotated fracture surfaces of CELS specimens showing crack evolution for 
specimens pre-cracked under (top) Mode II and (bottom) Mode I pre-cracked conditions. The initial insert region (a0), pre-cracked zone (aP), and 
steady-state Mode II propagation are identified. The crack growth direction is indicated, highlighting differences in fracture process development 
associated with the pre-cracking mode. (not to scale).
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value for CBTE remained within the clamping region. This variation arises from the definition of the flexural modulus used in each 
formulation. The CBTE method utilizes the experimentally measured flexural modulus (Ef), which is determined from the non-pre- 
cracked side of the specimen and accounts for the experimentally obtained clamp correction factor (Δ). In contrast, the CBBM 
method uses the apparent flexural modulus (E1f), derived from the initial compliance of the pre-cracked configuration and the absence 
of the “Δ” term in its formulation.

The use of E1f inherently accounts for additional deformation near the crack tip and nonlinear compliance effects not captured 
when using Ef [23,24]. This difference introduces a compliance mismatch and energy dissipation ahead of the crack tip, contributing to 
scatter in the results.

4.1.2. Mode II pre-crack – CELS
The Mode II pre-crack for the other CELS specimens was provided by loading the specimen with a shorter free length of about 65 

mm, such that the ratio between the initial crack and the free length is “a0/L = 0.8” to get stable crack initiation (details of the pre- 
cracking procedure are discussed in section 2.2.1). The loading was immediately terminated once a displacement of the initial crack 
line markers was observed, indicating the initiation of the crack. Although the ISO 15114 standard recommends Mode II pre-cracking, 
its use in the literature is relatively limited due to concerns regarding potential stable crack growth during the pre-cracking process 
[39]. The pre-crack length was carefully controlled within the range of 2–3 mm to ensure sufficient remaining length for complete 
crack propagation and to allow the R-curve to reach a distinct plateau. For the pre-cracked fracture test, a longer free length of 95 mm 
was chosen to allow the crack to grow completely, such that the ratio of ap/L is maintained at 0.65.

The pre-crack fracture test encouragingly displayed a stable disbond growth with a cohesive failure in the bond layer. The observed 
failure load for the pre-crack test was 934 ± 31.6 N, which is 4.5% higher than the fracture test using a mode I pre-crack. The initial 
portions of the load–displacement curves for both pre-cracking modes were similar; however, the nonlinear regime revealed a pro
nounced difference. The mode I pre-cracked CELS tests exhibited greater plastic deformation before failure, resulting in a 
displacement-to-failure ratio nearly 35% higher than that of the mode II pre-cracked CELS tests.

Fig. 7. (continued).
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This variation can arise from the distinct FPZ formed ahead of the crack tip, depending on the pre-cracking mode (Fig. 7a). The DIC- 
derived strain contours shown in Fig. 7a and 9a represent the major principal strain component (e1 [1]), evaluated along the bond-line 
direction. This strain component was selected as it provides a consistent measure of deformation ahead of the crack tip. The spatial 
distribution and gradient of e1 [1] are used to qualitatively identify the extent and evolution of the FPZ. It is observed that specimens 
pre-cracked under Mode II loading exhibit a more extended FPZ compared to those pre-cracked under Mode I conditions. This dif
ference reflects the influence of the initial crack tip condition on subsequent damage evolution under Mode II loading.

To further quantify this behavior, various data-reduction schemes were employed to construct the R-curve for Mode II pre-cracked 
CELS tests. The classical data reduction schemes, ECM, SBT, and CBT, showed a steady nature of the R-curve (Fig. 6c). The GIIC value 
for ECM, SBT, and CBT is 10.34 ± 0.3, 8.01 ± 0.17, and 8.45 ± 0.18 N/mm, respectively. These results demonstrated significantly less 
scatter compared to those obtained from Mode I pre-cracked CELS tests; however, an apparent plateau in the R-curve was not observed.

This can be attributed to the extensive FPZ formed ahead of the crack tip in Mode II pre-cracked CELS specimens, which obscures 

Fig. 8. (a) Force-displacement diagram for the mode I pre-cracked ENF specimens, (b) Force-displacement diagram for the mode II pre-cracked ENF 
specimens, (c) Compliance Calibration performed for the ENF specimens, (d) R-curve developed using various data reduction schemes. GII varies 
according to physical (a), effective (ae), apparent crack length (af), depending on the method used. They are distinct parameters in the analysis.
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precise crack tip tracking and complicates the accurate estimation of energy release rates. Consequently, the CBTE and CBBM ap
proaches, which are based on apparent crack lengths, were adopted. The R-curves developed using CBTE and CBBM clearly exhibited a 
plateau region. The GIIC value, obtained using the CBTE method, was 11.2 ± 0.93 N/mm (Fig. 6c), whereas the CBBM value was 14.1 
± 1.1 N/mm (Fig. 10c). Notably, the value of apparent crack length (ae or af, using the CBTE and CBBM methods) was significantly 
lower than that of the mode I pre-cracked CELS test. The values of GIIC and apparent crack length for CBTE were consistently lower than 
those of CBBM, as discussed in Section 4.1.1.

The analysis of CBTE or CBBM methods indicates that the apparent crack length (ae or af) is much higher than the observed crack 
length (a) (see Fig. 6c). This clearly indicates that in mode II pre-crack CELS tests, the results show the formation of a large FPZ 
extending beyond the free length (L = 95 mm) into the clamped region (see Fig. 6c). The visual observation from the disbonded surface 
in mode I and mode II pre-crack CELS specimens confirms the difference in crack growth (Fig. 7b, A1).

It is important to highlight that after the final failure, the specimens were opened in mode I using manual force to see the fracture 
surface, as continuing the test in Mode II can damage the specimen due to high bending forces. Consequently, apparent crack 
length–based approaches, such as CBTE and CBBM, provide a more reliable estimation of GIIC under these conditions. Additionally, 
mode II pre-crack CELS tests yield a lower value of GIIC than mode I pre-crack CELS tests, regardless of the data reduction schemes 
employed.

This difference can be attributed to the nature of FPZs created ahead of the crack tip. Mode I pre-cracking forms a localized FPZ, 
which subsequently evolves into a shear-dominant FPZ for GIIC, evaluated during actual test, whereas a shear-driven FPZ is already 
present in Mode II pre-cracked specimens. Mode I pre-cracking generates a sharp, singular crack tip with a negligible initial shear- 
damage zone. Upon transitioning to Mode II loading, this configuration requires significant energy to initiate plastic deformation 
and develop a new, shear-dominant FPZ, leading to higher GIIC values (Fig. 7a). On the contrary, mode II pre-crack CELS specimens 
induce a broader FPZ that distributes damage ahead of the crack tip, thereby reducing the localized energy release rate at the crack tip 
and yielding a lower fracture toughness estimate.

1.2. Three-point bending ENF

4.2.1. Mode I pre-crack − ENF
All the ENF specimens exhibited stable crack growth, displaying cohesive failure in the bond layer. The force–displacement curve of 

the ENF specimens is shown in Fig. 8. The peak load exhibited excellent repeatability, with an average value of 2868 ± 134 N in Mode I 
pre-cracked ENF specimens. The mode II pre-cracked ENF specimens displayed a peak load of 3240.66 ± 161.2 N. The displacement at 
the maximum failure load was also significantly lower in the ENF specimens compared to the CELS specimens, exhibiting a more global 
stiff response and reduced compliance effects. The nonlinear portion of the load–displacement curve showed pronounced plasticity, 
similar to the response observed in the Mode I pre-cracked CELS specimens. This behavior reinforces that Mode I pre-cracking produces 
a relatively smaller FPZ ahead of the crack tip, which in turn promotes localized plastic deformation during the final fracture stage.

The critical Mode II strain energy release rate (GIIC) for Mode II ENF tests was evaluated at the peak force to avoid the parasitic 
effects of local compression and constraints from the loading indenter, a standard protocol in literature to ensure data integrity 
[28,50,55–58]. The classical data reduction schemes DBT and CBT were used to develop the R-curve. The DBT and CCM showed a 
stable nature of the R-curve with an apparent plateau. The obtained GIIC values using the DBT and CCM methods are 14.71 ± 1.08 and 
13.09 ± 1.22 N/mm, respectively. The relatively low scatter in GIIC values compared to Mode I pre-cracked CELS specimens highlights 
the lower compliance sensitivity of the ENF configuration (Fig. 6c and 8d).

The CBTE and CBBM methods are used to further investigate the effect of compliance. The extracted GIIC value for CBTE and CBBM 
is 15.38 ± 1.03 and 14.67 ± 0.99 N/mm, respectively. The scatter in CBTE and CBBM GIIC values in the mode I pre-cracked ENF 
specimens is significantly lower than that of mode I pre-cracked CELS samples. This behavior can be attributed to the CELS config
uration's greater sensitivity to compliance variations, which increases scatter in the evaluated GIIC values.

4.2.2. Mode II pre-crack – ENF
The GIIC for mode II pre-cracked ENF specimens using CBTE and CBBM are 12.34 ± 1.08 N/mm and 11.85 ± 0.87 N/mm (Fig. 8d). 

The classical data reduction schemes DBT and CCM yielded GIIC of 14.33 ± 1.7 N/mm and 13.06 ± 1.62 N/mm. The Mode II pre- 
cracked ENF specimens exhibited trends consistent with Mode II pre-cracked CELS specimens, showing lower strain-energy-release- 
rate values across most methods. The slightly higher GIIC estimates from the CBTE method in ENF tests, compared to CELS, can be 
attributed to the different correction methodologies: CELS utilizes an experimentally derived clamp correction factor Δ, and the CBTE 
for ENF relies on an analytical compliance formulation that incorporates the effective bending modulus and shear strength (G13) of the 
laminae to determine the apparent crack length (see Appendix for formulation) [11,23,59]. Notably, the CBBM results for the mode II 
pre-crack ENF configuration showed the strongest consistency with the mode II pre-crack CELS data. This is because CBBM accounts 
for individual specimen compliance, stress concentration near the crack-tip and utilizes an equivalent crack length, effectively mir
roring the flexural modulus and clamp correction effects provided by the CBTE method in CELS setups. Consequently, the data support 
the use of CBBM as a robust alternative for ENF characterization when high compliance and pre-existing damage zones are present.

These findings reinforce the capability of apparent-crack-length-based methods to accurately determine GIIC, even when test 
configurations are highly sensitive to compliance. This contrast becomes more evident when compared to CELS specimens, which, 
owing to their cantilever-based configuration, exhibit greater compliance and consequently discrepancies between apparent and 
flexural moduli. The ENF configuration, on the other hand, functions as a supported beam, resulting in lower compliance and more 
consistent stiffness characteristics. Therefore, the CBTE and CBBM methods for CELS and ENF configurations, respectively, 
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demonstrate convergent reliability, even in the presence of fixture effects such as clamping constraints and roller friction, and a large 
FPZ ahead of the crack tip.

Importantly, mode I pre-cracking in CELS and ENF specimens displayed higher fracture toughness than mode II pre-cracking due to 
a smaller initial fracture process zone with a larger fracture process zone in the stage of fracture testing. Mode I pre-cracking exhibits a 
localized FPZ, which subsequently evolves into a shear-dominant FPZ for GIIC, as observed during actual testing. In contrast, a shear- 
driven FPZ is already present in Mode II pre-cracked specimens (Fig. 7a and 9a). This pre-existing FPZ also influences the global 
stiffness response, allowing the displacement behavior to be captured accordingly. Mode II pre-cracking generates a broader and more 
diffuse FPZ, resulting in reduced strain energy release rate, which yields more conservative GIIC values.

1.3. Computational study and analysis

The experimental observations were further studied through computational simulations designed to replicate the force
–displacement response. All computational analyses were performed using Abaqus/CAE 2024 [60]. Two-dimensional plane-strain 
finite element (FE) models were developed to conduct the simulations and minimize computational cost [61,62]. The adherends were 
partitioned into individual prepreg layers, comprising a total of 16 plies, replicating the experimental configuration. A very thin 
delamination layer was introduced just above the first ply, adjacent to the interface, to monitor potential crack migration (see 
Fig. 10a).

The material properties of unidirectional (UD 0⁰) IM7/8552 and the resin used for delamination were obtained from the literature 
[63,64]. Each individual ply was properly assigned material orientation along the fiber direction. The properties employed for the 
CFRP in the numerical study are summarized in Tables 1 and 2. The adhesive bond layer (AF163-2 K) was modeled as a cohesive layer 
tied to the upper and lower adherends using a tie constraint. A bilinear cohesive traction–separation law was adopted to simulate the 
behavior of both the adhesive disbond and delamination layers [14,65]. The quadratic stress criterion (QUADS) was used to define the 
damage initiation traction behavior of the adhesive. A single layer of cohesive elements was employed through the adhesive thickness 
to represent its response. The cohesive elements were modeled with a finite physical thickness of 0.17 mm. These moduli (E and G) 
provide the correct physical stiffness of the bond line. This approach avoids the need for an arbitrary penalty stiffness and ensures the 
numerical model accurately reflects the experimental compliance. A mesh convergence study was carried out along the length to 
ensure numerical accuracy.

The three-point bending ENF configuration was modeled using three analytical rigid rollers to replicate the experimental fixture. 
The two bottom support rollers were fully constrained in all degrees of freedom (Encastre), while the top loading roller was constrained 
to move only in the vertical direction (y-axis). Loading was applied via a prescribed downward displacement to the top roller, 
consistent with the experimental displacement-controlled setup. The CELS specimen boundary conditions were defined to accurately 
mimic the clamped and supported ends of the fixture. The end block at the loading point was subjected to a vertical displacement (y- 
direction). At the opposite end, a roller support arrangement was implemented; this allowed for horizontal translation (x-direction) 
while constraining vertical movement, thereby replicating the kinematic behavior of the physical test assembly.

The mode I critical strain energy release rate (GIC) of the adhesive was obtained from the DCB tests reported in Reference [66]. The 
simulations incorporated different GIIC values obtained from experimental data reduction schemes, which exhibited a notable variation 
ranging from 8.01 ± 0.17 N/mm to 17.3 ± 1.19 N/mm. The geometry and boundary conditions applied in the numerical models 
accurately replicated the experimental setup.

The numerical simulations consistently reproduced stable cohesive failure within the adhesive layer, in complete agreement with 
the experimental failure patterns. The scalar stiffness degradation contour plots obtained from the simulations further substantiated 
these findings, demonstrating a progressive damage evolution pattern consistent with cohesive failure mechanisms observed exper
imentally (see Fig. 10b and c). A systematic parametric analysis revealed that higher GIIC inputs led to increased failure loads and slight 
deviations in the post-yield region of the load–displacement response, confirming the direct sensitivity of global joint behavior to 
interfacial fracture energy.

Three GIIC input values, 9, 11, and 13 N/mm, were examined to achieve the best correlation with experimental results (see Fig. 11). 
Among these, the GIIC = 11 N/mm condition most accurately reproduced both the failure load and the global displacement response for 
the different CELS and ENF configurations. Furthermore, the plastic softening region in the simulated curves showed a close resem
blance to the Mode II pre-cracked CELS and ENF response, indicating an identical FPZ. In the Mode I pre-cracked ENF specimens, the 
simulated displacement at peak load was slightly lower than the experimental mean. However, the magnitude of the peak load 
remained nearly identical. This indicates that the numerical model slightly overpredicted the specimen stiffness while maintaining 
accurate energy dissipation characteristics for Mode I pre-cracked fracture tests.

This finding highlights that the CBTE method for CELS and the CBBM method for ENF, used in the data extraction for Mode II pre- 
cracked samples, are displaying the best results. The spread of GIIC was primarily attributed to the influence of pre-crack type (Mode I 
vs. Mode II) and specimen compliance effects inherent in different test configurations.

The GIIC value, obtained using the CBTE and CBBM method, was 11.2 ± 0.93 N/mm and 11.85 ± 0.87 N/mm for the mode II pre- 
crack CELS and ENF tests, respectively, which accurately replicates the fracture characterization (Table 3).

5. Conclusions

This study developed a detailed understanding of the pure Mode II characterization of adhesively bonded joints, focusing on the 
effects of pre-cracking and compliance in various test configurations. Two different test configurations, the CELS and ENF tests, were 
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Fig. 9. (a) DIC-derived major principal strain component (e1 [1]) along the bond-line direction illustrating the evolution of the FPZ ahead of the 
crack tip for Mode I and Mode II pre-cracked ENF specimens for qualitative comparison of FPZ evolution. The observed differences in GIIC are 
associated with variations in FPZ development resulting from the pre-cracking mode. Images are captured at approximately 90–95% of the critical 
load to compare the FPZ development at a near-critical state (b) Annotated fracture surfaces of ENF specimens showing crack evolution for 
specimens pre-cracked under (top) Mode II and (bottom) Mode I pre-cracked conditions. The initial insert region (a0), pre-cracked zone (aP), and 
steady-state Mode II propagation are identified. The crack growth direction is indicated, highlighting differences in fracture process development 
associated with the pre-cracking mode. (not to scale).

Fig. 10. (a) Schematic representation of ENF specimen (similar for CELS) modeled in Abaqus CAE 2024. The delamination layer is inserted above 
and below the plies adjacent to the interface to track crack migration Scalar Stiffness Degradation Plot showing progressive failure for (b) CELS 
(c) ENF.
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performed under quasi-static loading. The disbond growth in all specimens, despite pre-cracking and compliance effects, exhibited 
stable crack growth with cohesive failure in the adhesive. The lessons learned from this study are summarized below: 

• Mode II CELS and ENF specimens, owing to their cantilever or 3-point bending configuration, exhibit differences in compliance and 
consequently discrepancies between GIIC. A significant difference in the profile and magnitude of the R-curve was observed when 
using various data reduction schemes, including the classical and apparent crack length based data reduction schemes.

• The data reduction schemes displayed a significant variation in estimating GIIC values, ranging from 8.07 ± 0.17 to 17.3 ± 1.19 N/ 
mm, depending upon the modes of pre-crack and compliance effect. The classical data reduction schemes displayed greater 
sensitivity to measured crack length because of different FPZs. Additionally, these schemes were susceptible to compliance effects, 
particularly in cases involving highly deformable specimens or setups. The CBTE and CBBM methods for CELS and ENF configu
rations, respectively, demonstrate convergent reliability, even in the presence of fixture effects such as clamping constraints and 
roller friction, and a large FPZ ahead of the crack tip. The GIIC value, obtained using the CBTE method, was 11.2 ± 0.93 N/mm for 
the mode II pre-crack CELS, and the GIIC value of 11.85 ± 0.87 N/mm was obtained using the CBBM method for mode II pre-crack 

Fig. 10. (continued).

Table 1 
Material properties of IM7/8552 [63,64].

E11 [MPa] 146,700

E22 = E33 [MPa] 8700
G12 = G13 [MPa] 5160
G23 [MPa] 3000
ʋ12 = ʋ13 0.3
ʋ23 0.4

Table 2 
Cohesive element properties for IM7/8552 used in FE modeling [64].

GIC [N/mm] GIIC [N/mm] σn [MPa] σt [MPa]

0.24 0.739 80.1 97.6
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Fig. 11. Comparison of force and displacement experimental results to computational studies (a) ENF Pre-cracked Specimens (either in Mode I or 
Mode II), (b) Mode II Non-pre-cracked CELS specimens force–displacement response, (c) CELS Pre-cracked Specimens (either in Mode I or Mode II). 
Comparison of maximum load for pre-cracked specimens for (d) ENF specimens, (e) CELS specimens.

Table 3 
Final cohesive properties used in FE modeling [36,66,67].

E = Enn [MPa] G = Ess [MPa] GIC 

[N/mm]
GIIC [N/mm] σn 

[MPa]
σt 

[MPa]
η s

1520 565 3.05 11.2 35 35 1.73 0.00001
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ENF tests, respectively. These results from the Mode II pre-cracked specimens using apparent crack length are appropriate for 
conservative fracture characterization.

• The mode of pre-cracking has a significant influence on the mode II fracture energy. Mode II pre-cracking results in a lower value of 
GIIC, whereas mode I pre-cracking captures the upper-bound fracture resistance of the adhesive layer. Mode I pre-cracked speci
mens (CELS and ENF) consistently exhibit higher GIIC values compared to Mode II pre-cracked specimens, a difference governed by 
the morphology and extent of the initial FPZ. Specifically, Mode I pre-cracking produces a crack tip with a localized initial FPZ, 
which promotes intense plastic deformation and shear cracks during the final fracture phase, dissipating extra strain energy. Mode I 
pre-cracking exhibits a localized FPZ, which subsequently evolves into a shear-dominant FPZ for GIIC, as observed during actual 
testing. In contrast, an extensive shear-driven FPZ is already present in Mode II pre-cracked specimens. This pre-existing FPZ also 
influences the global stiffness response, allowing the displacement behavior to be captured accordingly. Mode II pre-cracking 
generates a broader and more diffuse FPZ, resulting in reduced strain energy release rate, which yields lower GIIC values.

The findings of this study conclude that pre-cracking and compliance effects should be appropriately considered for an effective 
Mode II characterization and design of adhesively bonded joints. For conservative results, a mode II pre-crack should be used, and 
effective crack length based methods (CBTE and CBBM) are more appropriate in cases where there are large FPZs.
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