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Abstract

Polymer-based sandwich structures are widely used for their lightweight and tailorable properties,
but interfacial failure phenomena often govern their performance. Among these, Mode I skin/core
debonding is a critical mechanism that limits structural reliability. This review provides a unified and
critical assessment of experimental methodologies for Mode I fracture characterisation, focusing on
the ASTM D8637/D8637M standard and alternative setups, including Double Cantilever Beam (DCB),
Single Cantilever Beam (SCB), and Climbing Drum Peel (CDP) tests. Alongside, the influence of
geometrical factors, processing conditions, and intrinsic polymer properties on Mode I
characterisation is detailed.Conventional DCB setups are shown to introduce mixed-mode effects due
to asymmetric loading. In contrast, the modified DCB-UBM setup achieves near-pure Mode I
conditions at the expense of increased complexity. Comparative analysis indicates that SCB with
roller base outperforms the standardised flexible-rod setup, particularly for specimens with non-
linear responses. The geometric constraints imposed by ASTM D8637/D8637M are also revisited,
demonstrating that reduced-dimension specimens can yield comparable fracture toughness, thereby
enabling greater design flexibility. Additionally, while the standard prescribes Modified Beam
Theory (MBT) and Area Method (AM) for initiation and propagation, both methods provide
comparable propagation toughness under linear conditions. For non-linear systems, alternative data
reductions based on CDP concepts, with the SCB-roller base setup, are effective. Mode I
characterisation is strongly influenced by polymer properties, as well as processing-induced polymer
and interfacial behaviour, requiring interpretation within a structure—property—processing
framework. Based on this assessment, key challenges and potential improvements are identified,
guiding the development of more accurate and reliable testing methodologies for polymer sandwich
structures.

Keywords: polymer sandwich structure; Mode I characterisation; single cantilever beam; climbing
drum peel; double cantilever beam; skin/core debonding; interfacial failure

1. Introduction

Advances in polymer processing technologies, encompassing both thermoplastic and thermoset
systems, together with improvements in manufacturing efficiency, are driving the widespread
adoption of polymer-based sandwich composites across diverse engineering applications. In such
systems, the intrinsic behaviour of the polymer matrix, including viscoelasticity, ductility, and
temperature-dependent response, plays a critical role in governing structural performance and
failure. Consequently, a thorough understanding of the failure mechanisms governing polymer-
based sandwich structures is essential to ensure safe and reliable service.

Polymer-based sandwich structures, consisting of fibre-reinforced skins bonded or welded to
lightweight cores, exhibit complex failure mechanisms [1-4]. While thermoset-based systems
generally display relatively brittle behaviour, thermoplastic matrices can exhibit significant plastic
deformation and rate-dependent response, leading to distinct fracture characteristics. The most
significant failure modes, according to Zenkert et al. [5] are: skin failure, skin wrinkling, core shear

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1107.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 May 2026

2 of 26

failure, localised core crushing, global buckling and skin/core interface debonding. Among different
damage modes, debonding at the skin/core interface is a crucial failure mechanism in polymer-based
sandwich panels [6-8]. Experimental and numerical studies indicate that interfacial failure is the
dominant failure mechanism, as insufficient adhesion between the skin and core compromises the
structural integrity and load-transfer capability of the entire panel [7,9-14]. Unlike skin or core
failures, this mode is strongly influenced by the manufacturing process, leading to insufficient
skin/core wetting, particularly at welded or co-consolidated interfaces, where incomplete fusion,
voids, or thermal gradients may be present [7,15,16]. The sensitivity of polymers to temperature,
strain rate, and time-dependent viscoelastic effects further contributes to interfacial degradation
during service. Other factors that contribute to the failure mode include service temperature and in-
service loading over a period of time, due to overloading and impact-initiated debonds [17-20].
Debonding has been linked to various in-service failures, including structural issues in rudders and
malfunctions of other aerospace control surfaces [21,22]. Its importance lies in the fact that it often
remains barely visible while drastically reducing load transfer efficiency, promoting premature face
wrinkling or core collapse. Hence, careful attention must be given to interface design, welding or
bonding quality, and damage tolerance assessment with a high level of reliability to ensure safe and
dependable performance of sandwich structures across their full operational load envelope.

Skin/core debonding occurs when the skin separates from the core in a sandwich structure,
which can compromise the structural integrity of the component. Therefore, the strength of a
skin/core interface can be quantified by measuring the energy required to separate the skin from the
core, commonly referred to as the interfacial fracture toughness or critical strain energy release rate
(SERR) [23-26]. Understanding damage tolerance is essential in the design and analysis of sandwich
structures, as it involves identifying and predicting crack initiation and propagation. Although
standardised fracture toughness testing methods are well established for composite laminates,
sandwich composites have historically received much less attention, with formal test protocols for
failure modes emerging only in recent years. Skin/core interfacial debonding in sandwich structures
can occur in various modes, including debonding under Mode I (opening), Mode II (shear) and
mixed-mode (combination of Mode I and Mode II) conditions, each necessitating specific
characterisation approaches.

For skin/core interfaces, fracture toughness must be characterised, in principle, over a range of
mixed-mode conditions (Mode I + Mode II), as cracks in service are generally subjected to combined
opening (Mode I) and shear (Mode II) loading rather than a single pure mode. Nevertheless, most
numerical and experimental studies focus on dominant Mode I rather than Mode II or mixed-mode
loading conditions [23-32]. This is because Mode I is the most critical and governing fracture mode
for skin/core debonding. Ratcliffe et al. [26] and many other researchers [33-35] also claimed that the
most critical failure mode at the skin/core crack tip is Mode I. Moreover, in several material systems,
the Mode I fracture toughness of skin/core interfaces is typically much lower than the corresponding
Mode II, which further promotes Mode I-controlled crack initiation [27,29]. Accurate characterisation
of Mode linterfacial fracture toughness is therefore essential for predicting failure, improving design,
and ensuring structural safety. Several experimental methodologies have been developed [24],
among which ASTM D8637/D8637M [36] has recently been used for evaluating Mode I skin/core
debonding resistance. The standard provides guidelines for specimen geometry and data reduction
based on beam-theory assumptions, aiming to ensure dominant Mode I conditions during testing of
sandwich systems under linear loading.

Alternative and modified testing approaches, including adaptations of the double cantilever
beam (DCB) [37-41], single cantilever beam (SCB) [25,26,40,42-45] and peel-test (PT) methods [24,30]
were widely used for measuring Mode I in polymer-based sandwich panels. These techniques aim to
better replicate dominant Mode I conditions and improve the reliability of fracture toughness
measurements. Wiedmann et al. [24] presented a comprehensive review of various Mode I
characterisation techniques in thermoplastic sandwich panels, analysing methods such as DCB, SCB,
and peel tests for evaluating dominant Mode I conditions at crack tips. However, a systematic and
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critical comparison of these approaches with the current standard, ASTM D8637/D8637M [36], is still
lacking. In particular, recent advancements in test configurations, such as DCB-UBM and SCB
adapted for non-linear loading, as well as emerging sizing methodologies in sandwich structures for
Mode I testing, have not yet been collectively assessed within a unified framework. Moreover, the
coupled influence of data reduction and geometrical-material parameters on fracture behaviour and
measurement reliability remains insufficiently understood.

To address these gaps, this review provides, for the first time, a unified and critical assessment
of experimental methods for Mode I characterisation in polymer-based sandwich structures, with a
specific focus on the limitations of ASTM D8637/D8637M [36]. Unlike previous studies, this work
systematically integrates and compares conventional and emerging test configurations, while
explicitly evaluating the influence of data reduction methods, key geometrical-material parameters
and processing conditions (such as curing or polymeric chain interdiffusion) relationships on fracture
toughness measurements. Furthermore, it highlights the limitations of current standardised
approaches under non-linear and realistic service conditions. The pictorial representation of the
organisational framework of the review is shown in Figure 1. Based on this comprehensive analysis,
the review identifies critical challenges and proposes targeted recommendations for improving
testing methodologies. Thereby, contributing to the advancement of more accurate, reliable, and
application-relevant standards for Mode I characterisation of sandwich structures.
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Figure 1. Schematic block diagram illustrating the organisation of the present review.

2. Mode I Skin/Core Interfacial Debonding Methods

Without claiming completeness in obtaining dominant Mode I in sandwich panels, the most
commonly utilised non-standardised and standardised test methods are classified into two: the
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cantilever beam methods (shown in Figure 2 and Figure 3), such as double cantilever beam (DCB)
and single cantilever beam (SCB), and the peeling test, including the climbing drum peel test, as
depicted in Figure 6. A comparative summary of testing configurations, data reduction methods, and
governing parameters is presented in Table 1. A more detailed overview of different methods for
characterising Mode I interfacial fracture toughness, data reduction schemes and governing
parameters is provided in the following subsections.
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Figure 2. Schematics of different double cantilever beam (DCB) methods: (a) DCB and (b) DCB with uneven

bending moment.
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Figure 3. Prominent single cantilever beam test (SCB) methods: (a) single cantilever beam with rigid base, (b)
SCB with long, flexible loading rod and (c) SCB with a rigid roller base (Picture courtesy [43]).

Table 1. Summary of experimental methods and parameters for Mode I fracture characterisation in polymer-

based sandwich structures.
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2.1. Double Cantilever Beam Methods

Mode I debonding is an interfacial failure mode in sandwich structures, in which the skin peels
away from the core surface under tensile or opening-load conditions acting perpendicular to the
skin/core interface. Under bending, tensile normal stresses develop in the loaded skin and produce
peel stresses at the skin/core interface, leading to local crack opening and progressive interfacial
separation. However, the chances for attaining a dominant Mode I condition at the crack tips are
challenging. Test methods designed to apply predominantly Mode I loading to the skin/core interface
may still generate a secondary Mode II component when used for sandwich structures. According to
Hutchinson and Suo [46-48], this behaviour is attributed to the elastic mismatch between the core
and skins, as well as to asymmetries in specimen geometries and in the applied loading conditions.
As a result, the interfacial crack experiences mixed-mode loading, which is commonly described in
terms of a mode-mixity phase angle or a mixed-mode ratio.

The DCB method for sandwich panels is derived from the ASTM D 5528 standard for monolithic
polymer composite materials. The DCB configuration was modified for sandwich structures by
Prasad and Carlsson [49] as shown in Figure 2a. Unlike the standard DCB specimen used for
monolithic polymer composites, in sandwich structures, the pre-crack is not located at the mid-plane
of the specimen thickness, but is instead positioned along the interface between the core and the
upper skin, as shown in Figure 2a, b. Although significant attempts have been made to modify the
DCB method for application to sandwich structures [23,29,37,50-53], important difficulties persist. In
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particular, crack growth during the test causes a progressive rotation of the specimen around the
bottom load application point [51,54] and bending moments are induced in the core due to the
eccentric application of the load [26,45].

Hence, the DCB test method applied to sandwich structures involves a non-negligible Mode II
component at the crack tip due to the asymmetric loading and material property mismatch [33,47,55].
It is widely accepted that a bi-material interface, such as the skin/core polymer interface in sandwich
structures, results in coupling between normal and shear deformations [46,47,56,57]. Burlayenko et
al. [29] examined the debonding behaviour of sandwich structures comprising glass fibre-reinforced
epoxy skins and PVC foam cores using DCB and SCB configurations. Their experimental results,
supported by finite element analysis, revealed significantly higher fracture toughness for the DCB
method, which was attributed to pronounced Mode II fractions developed by the asymmetric
loading. Moreover, they showed that shear stresses at the crack tip can induce crack kinking into the
core. This result confirms earlier reports in which crack kinking in DCB specimens was associated
with positive shear stresses (i.e.,, crack kinking into the core) at the crack tip, which arises from
asymmetric loading conditions and elastic mismatch between the skin and core materials [33,49,58].
Based on these findings and their evaluation against the criteria for dominant Mode I sandwich
testing procedures, the DCB configuration is deemed inappropriate for Mode I-dominated
determination of the fracture toughness of the skin/core interface in polymer-based sandwich
structures.

Cantilever beam test methods, except the DCB with UBM, consist of applying a load P to debond
a skin from the core of a sandwich specimen with length L, width b, and total thickness h. Before
testing, a pre-crack of length ao is introduced at the skin/core interface. The load Pis applied through
a piano hinge or connecting blocks, which may be adhesively or mechanically attached to the
specimen. As the applied load P and the load-point displacement & increase, crack initiation occurs,
followed by stable crack propagation along the interface.

The fracture toughness, expressed in terms of the SERR, can be evaluated using several data-
reduction methods [59,60], including the modified beam theory (MBT) [61-64], the compliance
calibration (CC) method [65,66], the compliance-based beam method (CBM) [59], and the elastic
foundation analysis (EFA) method [37,67,68]. Kanninen [69] first developed the EFA approach for
isotropic materials, and later extended it to orthotropic materials by Williams [70]. However, all these
methods are valid only when the assumptions of linear elastic fracture mechanics (LEFM) are
satisfied, particularly small deflections and linear elastic material behaviour [63,71].

Among these approaches, the MBT, originally proposed by Williams [70], is widely used due to
its simplicity and reliability. For Mode I fracture of skin/core interfaces in DCB specimens,
Shivakumar et al. [60] recommend MBT, which requires measurement of the specimen width b,
applied load P, load point deflection 6, and crack length (a) during testing. The Mode I SERR is then

evaluated using the MBT expression for G;.
3PS

= 2b(atn)

J/m2

I

1
where A is the effective crack length correction factor that accounts for root rotation and shear
deformation at the crack tip. Here, A can be determined from the cube root of the compliance C 13,
measured during testing, together with the corresponding crack length, a.

DCB with Uneven Bending Moments (DCB-UBM) is used for interfacial fracture testing under
controlled mode mixity, primarily to measure Mode I dominant and mixed-mode (Mode I+ Mode II)
fracture toughness. The DCB-UBM specimen was first introduced by Serensen et al. [38] for the
determination of fracture toughness in monolithic composites. Later, Lundsgaard-Larsen et al. [41]
extended it to sandwich structures to overcome the drawbacks of the existing DCB testing method
for sandwich panels. The test configuration comprises the DCB specimen loaded with uneven
bending moments. The fracture specimen principle of DCB-UBM in the sandwich panel is depicted
in Figure 2b, in which the crack flanks or specimen edges are subjected to pure moments (M: and M>).
For instance, dominant Mode I loading is obtained by applying opening moments with M; > 0 and
M, < 0. To ensure a constant mode mixity during fracture propagation, the two applied moments
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must be actively controlled such that the moment ratio (MR) remains constant throughout the test.
When equal moments of opposite sign are applied (e.g., M;/M, = —1), the loading is dominated by
crack opening in the normal direction, corresponding to Mode I fracture. Conversely, when moments
of the same sign are applied, shear sliding along the crack interface prevails, leading to Mode 1I-
dominated behaviour. Accordingly, the mode mixity can be prescribed by varying the ratio of the
applied bending moments, MR = M;/M,. Since this ratio is kept constant throughout the test, the
DCB-UBM configuration represents a steady-state fracture specimen. As a result, both fracture
toughness and mode mixity, expressed as the phase angle 1, remain constant during crack
propagation, ensuring stable Mode I-dominated fracture conditions [72-74]. Hutchinson and Suo [46]
defined the mode-mixity phase angle, 1, as a parameter characterising the proportion of Mode II
relative to Mode I loading at the crack tip. In this definition, ¥ = 0°corresponds to pure Mode 1
conditions, while ¥ = 90°denotes pure Mode II loading.

A DCB-UBM test rig, capable of applying pure bending moments, is utilised to maintain a
predominantly Mode I loading condition at the crack tip and to minimise Mode II contributions [72].
Several methods exist to maintain a constant moment ratio, MR, and each method is specific to the
construction of the test rig. Hence, bending moments can be applied to the crack flanks through wire-
and-roller systems [38], steel band-roller fixtures [75], rigid linkage mechanisms [76], or directly via
independent torsional actuators [39,72], all of which represent different mechanical implementations
of the same DCB-UBM loading principle. Berggreen et al. [39] developed a DCB-UBM test
configuration, in which pure bending moments are applied directly to the crack flanks using
independent torsional actuators. This setup enables controlled crack propagation along the glass-
fibre skin/PVC H45 foam core interface. A constant mode-mixity was maintained throughout the
experiments, enabling fracture toughness to be evaluated over a range of phase angles. In all cases,
crack growth was confined to the skin/core interface. Under Mode I-dominated loading, the
measured fracture toughness showed good agreement with values reported in previous studies
employing alternative test configurations.

A similar experimental configuration was utilised by Vishnu et al. [72] for fracture testing of
aerospace-grade Nomex®- and Kevlar®-based honeycomb core of different grades of sandwich panels
with carbon fibre-reinforced polymer skins. Mode I-dominated fracture toughness values measured
along the longitudinal (L) and transverse (W) directions were compared across the different core
densities (32, 64, and 96 kg/m?). The highest Mode I toughness (1511 J/m?) was obtained for the 96
kg/m3 core in the transverse direction, while the lowest value (872 J/m?) was recorded for the 32 kg/m?
core in the longitudinal direction.

The fracture characterisation is performed within the framework of Linear Elastic Fracture
Mechanics (LEFM) [39,72]. When employing the DCB-UBM specimen for sandwich composites, it is
critical to avoid competing failure mechanisms such as plastic yielding, damage dissipation,
excessive deflections, and large rotations, as these violate LEFM assumptions and compromise the
validity of the measured fracture toughness. In particular, sandwich specimens with very thin skins
are susceptible to large bending deformations under applied moments, which can invalidate the test
results. To mitigate these effects, stiff reinforcement layers, typically high-strength steel, are bonded
to the skins. These reinforcements reduce beam stresses and deflections while enabling reliable end-
tab attachment using screws. The steel doublers are designed to remain fully elastic before crack
propagation. The fracture toughness of a DCB-UBM specimen is evaluated using the J-integral, which
under LEFM equals the energy release rate (G) [39,41]:

G=]
2

The DCB-UBM specimen is modelled as three beams: (i) the debonded (upper) beam consisting
of the top skin with or without a top doubler, contributing J;; (ii) the substrate (lower) beam
comprising the core, bottom skin, and optional bottom doubler, contributing J,; and (iii) the intact
base region ahead of the pre-crack, contributing /;.The total J-integral is the sum of contributions
from these three regions:
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J=h++]3
3
Here, the index i = 1, 2, 3 correspond to the debonded beam, substrate beam, and base beam,
respectively. Each contribution J;is calculated from the applied bending moments M;, the elastic
modulus Ej, the beam stiffness terms A4;, B;, D;, and a geometric factor that depends on the layer
thicknesses and their positions relative to the neutral axis (yy,). The J-integral for each beam is given

by:
10 EM2
i 2(.,3 3 2 2
L= — | A? = — 3A:B: =
]l p=16(AiDi_Bi2)2[ l(yp 1 yp) i l(yp 1 :Vp)

+ 3B (Vp-1=7p)]
The extensional, coupling, and bending stiffnesses of each beam are determined from the

4

material properties and geometry of each layer as A; = Y Ey hy, B; = X Ex b (Vx — Yna),and D; =
3
Z E’;—:k + Y Ex hie Uk — Yna)?. Where E, and hjare the elastic modulus and the thickness of the
K

layer k, and yy,is the neutral axis of the corresponding beam.

Although the DCB with uneven bending moment (DCB-UBM) predominantly induces Mode I
loading at the crack tip, the J-integral-based data-reduction scheme, while providing a rigorous
framework for evaluating fracture toughness under pure moments, relies on linear elastic beam
theory. Consequently, it is highly sensitive to material properties, geometric parameters, and the
determination of the neutral axis [39]. Moreover, the DCB-UBM fixtures require specialised moment
application and have limitations in terms of achievable mode mixity and practical loading
arrangements, indicating that the experimental setup is complex and sensitive to alignment and
boundary conditions [39,73]. Owing to these criticalities, the applicability of the DCB-UBM
configuration becomes restricted.

2.2. Single Cantilever Beam Methods

In search of a facile and dominant Mode I configuration, many researchers have developed and
studied different variants of a single cantilever beam (SCB) [77], as shown in Figure 3. These setups
offer simpler fixturing, improved stability during crack growth, and easier instrumentation
compared with DCB-UBM.

Varying peel angles by tilting the specimen at an angle, 8, and loading it with a vertical force P
was performed using the tilted sandwich debond (TSD) variant [78]. However, this configuration
often introduces mixed-mode loading and instability in crack propagation, limiting its suitability for
reliable Mode I characterisation. Based on extensive experimental and analytical studies by Adams
[33] as well as Ratcliffe et al. [26], the SCB configurations have emerged as the most promising
approach compared to the TSD and DCB methods for characterising Mode I fracture toughness.
Burlayenko et al. [29] investigated the Mode I dominance of DCB and SCB (with rigid base) test
methods for sandwich structures with varying material and geometrical parameters. Based on their
findings, the SCB configuration proves to be significantly more effective in promoting Mode I-
dominated fracture compared with the DCB test. Furthermore, in addition to the dominant Mode I
character, the SCB method shows only a limited propensity for crack kinking into the core, a
behaviour also reported by several other authors [33,50,74]. The SERR for this configuration can be
calculated using data-reduction methods analogous to those employed in the DCB test [71,79].

The SCB test is a cantilever-type fracture configuration in which one free skin of a sandwich
panel is debonded from the core while the opposite skin is constrained against a rigid base plate, as
illustrated in Figure 3a. A load is applied to the free skin through a hinge or loading block, causing
the crack at the skin/core interface to open primarily in Mode I. However, as the crack propagates
during testing, the position of the load relative to the crack tip changes continuously. Consequently,
the applied loading angle is not fixed but varies throughout the test. This variation generates shear
stresses or horizontal load components within the core and gives rise to a Mode II contribution at the
crack tip, which depends on the local crack-tip orientation [78-81]. Charalambides et al. [82] and
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Cantwell [79] reported that apart from the pure Mode I, a dominant Mode II contribution locally
occurs in an SCB on a fixed base subjected to a bending moment. As a result, specific measures are
implemented to maintain a fixed position of the crack tip relative to the load displacement axis of the
testing machine throughout the test. Consequently, a modification of the conventional SCB
configuration is necessary to attain a dominant Mode I condition at the skin/core interface. To attain
this, two modified SCB approaches have been proposed in literature: one utilises a movable base
carrier (Figure 3b), while the other employs a long, flexible, and rotatable loading rod (Figure 3c).

In SCB with a movable base carrier setup, the sandwich specimen is attached to a rigid steel base
plate mounted on a horizontally movable carriage, as shown Figure 3b. The vertical load is applied
at the free end of the cantilever through a hinge or loading block. Any horizontal components of the
load cause movement of the sliding carriage, effectively eliminating shear forces at the crack tip. This
ensures that the crack experiences primarily dominant Mode I opening, reduces the risk of crack
kinking, and improves the accuracy and repeatability of fracture toughness measurements. This
setup was developed by Cantwell and Davies [83] and employed by Glaessgen et al. [80], where the
horizontal movement of the base carrier ensures that the applied load acts purely in the vertical
direction, as any horizontal load components would result in displacement of the carrier. The same
SCB configuration was also employed by Irven et al. [27,84] to investigate Mode I-dominated
skin/core debonding in sandwich structures with carbon-fibre-reinforced epoxy (DGEBA) skins
modified with CSR and silica nanoparticles and epoxy foam cores. While the sliding base carriage
effectively minimises Mode II loading from the test setup, their results revealed that a negligible local
Mode II component still arises, leading to crack propagation into the core. This behaviour was
attributed to the mismatch in material modulus between the skin and the core, which promotes local
shear stresses at the crack tip.

To reduce the complexity associated with the SCB configuration using a moving carriage,
McGarva et al. [81,85] introduced an SCB setup with a long, flexible, and rotatable loading rod. In
this arrangement, the long, flexible, and rotatable loading rod connects a hinge mounted on the SCB
specimen skin to the testing machine, allowing the load to remain nearly vertical throughout testing,
thereby minimising horizontal components (Mode II) and maintaining predominantly Mode I
loading at the crack tip. A schematic representation of the SCB with a long, flexible load rod is
displayed in Figure 3c. In this configuration, the SCB specimen is fixed to a rigid base plate, and the
rotatable rod allows the vertical load to remain aligned with the crack opening throughout testing,
accommodating deflections without introducing horizontal forces. Wilk [71] examined the
applicability of SCB with a long, flexible loading rod for the evaluation of Mode I-dominated
debonding in carbon epoxy/aramid honeycomb sandwich panels under quasi-static and fatigue
loading. Fracture toughness was evaluated using both MBT and the area method, showing that the
rotatable-rod SCB provides reliable Mode I characterisation with a simple fixture. In comparison, the
area method is more robust for propagation due to difficulties in visualising crack lengths in
honeycomb cores. The debond propagated predominantly by cohesive fracture within the core,
occurring very close to the core/skin interface, just beneath the adhesive bond line. No evidence of
crack kinking into the core was observed during propagation; however, the resulting fracture surface
exhibited a rough and irregular morphology, indicative of non-uniform crack advance within the
core material. A similar crack deviation into the core, attributed to the mismatch in skin and core
moduli, was also reported by EASA (European Union Aviation Safety Agency) [77]. This deviation
was observed even when a long, rotatable loading rod SCB configuration was employed, which is
intended to maintain a nearly vertical load path throughout testing. This introduces a negligible
Mode II component at the crack tip, promoting crack deflection into the core rather than maintaining
a pure interfacial Mode I failure. However, by providing a considerably simpler test apparatus, the
use of a long rotatable rod minimises Mode Il loading and suppresses shear development in the core
[26]. This advantage has motivated Ratcliffe et al. [26,45] and Adam [33] to adopt and further develop
this setup for interfacial bonding characterisation and for the standardisation of Mode I interfacial
fracture toughness testing of sandwich structures.
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Although the challenges associated with the test setups are largely minimised by using an SCB
configuration with either a moving carrier or a long, flexible loading rod, experimental results can
still be significantly affected by specimen geometry, material properties, and local heterogeneities at
the skin/core interface, such as variations in adhesive thickness, fibre distribution, or core cell
structure. The influence of various geometric parameters, such as specimen geometry, skin thickness,
core thickness, and core density, on the fracture behaviour of sandwich structures has been
extensively studied by various researchers [58,86]. Maleki and Toygar [58] reported that core density
significantly influences the measured SERR in GFRP sandwich structures with PVC foam cores tested
using the SCB method. Their results showed that sandwiches with higher-density cores exhibit
increased SERR values, indicating improved resistance to skin/core debonding. Moreover, Viana and
Carlsson [86] provide further support for this observation, as they also reported an increase in SERR
with higher-density foam core sandwich structures, which inherently introduces a Mode II
component. The increase in SERR with higher-density cores is attributed to the greater stiffness of the
core, which reduces local deformation and ensures that more of the applied energy is directed toward
opening the interface. Xue et al. [12] performed a parametric study to assess the influence of fracture
toughness, characteristic length, skin thickness, and fracture-related parameters on the mechanical
response of the sandwich structure. The study showed that higher fracture toughness increases
fracture load, displacement, and interfacial strength, particularly at smaller characteristic lengths,
while increasing the characteristic length reduces fracture load and interfacial stiffness, increases
fracture displacement, and extends the damage zone. Thicker skins enhance bending and shear
stiffness, resulting in higher interfacial strength and longer damage zones, whereas increasing core
thickness slightly reduces interfacial strength with little effect on damage length. Similar findings of
an increase in skin/core interfacial fracture toughness with the increase in skin thickness were
reported by Amal et al. [43]. This trend was found to be similar across all the SCB configurations.
Likely, Burlayenko et al. [29] found that the specimens must produce only negative phase angle
values, which decrease with increasing skin thickness; this trend is consistent across the full range of
pre-crack lengths and material combinations. Therefore, thicker skins reduce the magnitude of
negative phase angle, helping maintain Mode I dominance across different crack lengths and material
combinations. Adam [33] through both experimental and numerical studies, demonstrated that the
use of a skin doubler to reduce skin deflection can alter the crack propagation path and affect the
measured fracture toughness. Therefore, the use of skin doublers in SCB specimens with thin skins
is not recommended. Denning et al. [87] demonstrated that failure mode strongly affects fracture
toughness and resistance curves in sandwich structures. Core failure produces smooth, stable crack
growth with low scatter, while pullout and adhesive failures show abrupt propagation and higher
variability. Core type, cell size, and density influence the energy required for crack propagation, with
higher-density cores requiring more energy. Also, changing the skin thickness can alter the failure
mode of the material system, leading to significant differences in fracture toughness. Thicker skin
specimens generally exhibit higher fracture toughness, as reflected in the resistance curves, although
some systems show slightly rising or falling curves due to changes in failure mode and increased
material nonlinearity. These findings emphasise the need to optimise core and skin properties in SCB
specimens to achieve Mode I-dominated, reproducible measurements. Similar findings were also
reported by several others [40,45,64,74]. Saseendran et al. [74] conducted a numerical parametric
study to investigate local Mode mixity in sandwich structures, varying geometrical parameters (skin
thickness and intact length) and material properties (skin-core modulus and Poisson’s ratio). They
found that skin modulus, Poisson’s ratio, and thickness strongly influence the mixed-mode
conditions, while the intact length significantly affects the phase angle (¢), particularly for longer
cracks in shorter specimens. Similarly, Burlayenko et al. [29] used finite element analysis to examine
SCB and DCB polymer specimens and reported that both specimen types are highly sensitive to
changes in material properties, geometrical parameters (skin thickness, initial debond and intact
length), and boundary conditions, affecting both Mode I and Mode II fracture responses. Amal et al.
[44] studied the influence of different intact (Lb) and initial debond (ao) lengths on SCB Mode I fracture
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toughness. It was found that there exists a significant influence of the Lv and ao on the Mode I
fracture toughness of polypropylene (PP)-based thermoplastic sandwich panels. Lv and ao
dimensions lower than the proposed sizing constraints showed deviation from the dominant Mode I
condition.

Apart from these geometrical influences, polymer-dependent properties of the sandwich
systems significantly affect the Mode I fracture toughness. Various polymer-dependent factors
affecting the Mode I characterization in sandwich structures were tabulated in Table 2. Processing
temperature and pressure plays a critical role in determining the interfacial fracture behaviour of
thermoplastic sandwich structures. As detailed in one-stage non-isothermal compression moulding
process [43,44], an increase in press plate temperature from 30 °C to 50 °C was shown to enhance the
measured Mode I fracture toughness by approximately 19% under dominant Mode I conditions in
PP-based sandwich panels. This improvement is attributed to enhanced skin consolidation resulting
from reduced cooling rates, which increases skin bending stiffness and modifies the global structural
compliance in SCB configurations. Consequently, the energy release rate and the measured G,., are
directly affected. Also, a better interdiffusion of molecular chain between the skin-core polymer
resulted in cohesive fracture under Mode I loading. Ultrasonic welding parameters strongly influence
interfacial fracture behaviour through their effect on polymer melting, flow, and interdiffusion at the
interface of PP thermoplastic sandwich structures [88]. It was found that higher horn pressure (0.39
MPa) enhances interfacial contact and polymer chain mobility, resulting in cohesive failure within
the core, indicating improved bonding. However, lower 0.29 MPa resulted in a higher value for Mode
I fracture than 0.39 MPa associated with crack propagation through the skin. Similarly, with respect
to welding speed, a lower speed of 4 mm/s promotes cohesive failure in the core and therefore
provides a more reliable measure of skin/core interfacial toughness. In contrast, at 5 mmy/s, although
higher fracture toughness values (~51%) are observed, failure occurs within the skin due to
delamination. Thus, the measured values reflect the fracture resistance of the PP skin rather than the
true skin/core interfacial bond strength. Furthermore, Paolo et al. [89] observed that temperature
variations across the steel mould during the manufacturing of PP sandwich panels through an in-situ
physical foaming and skin/core bonding influenced the Mode I characterization. Gas diffusion into
PP molten polymer across the mould walls occurred at higher rate due to the increased temperature.
This leads variations in cell morphology alongside of the mould walls of the polymeric foam core
with low dense, larger cells, while at the center has a high dense, smaller cells. As a consequence of
the Mode I test, the crack propagated through the weaker skin/core interface having a low dense,
larger cell foam core. This affected the Mode I fracture toughness of the in-situ foamed and skin/core
bonded sandwich panels. As reported by Viana et al. [86], resin or adhesive penetration into partially
open core cells forms a dense interphase layer that resists crack propagation under Mode I loading,
promoting failure within the core rather than along the interface. Additionally, the bimaterial
interface drives crack kinking into the compliant core. Although not explicitly stated, this behaviour
is governed by wettability and surface energy, which control resin infiltration and interfacial bonding
quality. Similarly, brittle polymer foam structure and skin/core interface affecting the Mode I fracture
behaviors were reported by [27,83,84]. These findings highlight that processing-induced variations
in polymer properties can significantly influence fracture characterisation, demonstrating that
measured toughness values reflect not only interfacial adhesion but also changes in structural
stiffness and energy distribution. Therefore, the fracture toughness values alone cannot rely to
determine the performance of polymeric sandwich panels without considering mode of fracture.

Table 2. Polymer-dependent factors influencing Mode I fracture toughness characterisation in sandwich

structures.
Impact on Typical Effect on
Method / Influence on L
Category . Characterisation Measured
Parameter Fracture Behaviour
(Mode I Tests) Toughness

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1107.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 May 2026

d0i:10.20944/preprints202605.1107.v1

13 of 26
o ) Alters crack Higher
Polymer Crystallinity Influences stiffness .
. ; . path and energy crystallinity —
properties (thermoplastics)  and crack resistance i .
absorption higher toughness
Intermolecular Controls interfacial Dependent on Improved
diffusion (fusion strength in temperature and diffusion —
bonding) thermoplastics pressure higher toughness
Affects bonding Influences i
Surface energy / ] ] B Poor wetting —
. quality during repeatability of
wettability . lower toughness
processing results
Cell structure Affects failure
Influences crack Irregular cells —
(foam/honeycomb o mode )
deviation into core . . scatter in results
morphology) interpretation
Controls interfacial ]
. } Requires careful
) Skin/core adhesion, L
Processing oo o . Influences optimization for
consolidation diffusion/penetration . . .
Parameters . bonding quality improved
pressure of polymer chains
) toughness
and void content
Optimal
) ) Affects
Processing Governs melting, . . temperature —
) o interfacial )
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Therefore, in line with the dominance of opening-mode debonding in sandwich structures,

Ratcliffe et al. [26,45] defined the requirements for a standardised test method to evaluate the
reproducible and consistent Mode I-dominant skin/core fracture toughness in the SCB method.
Building on these findings, specific constraints regarding specimen geometry and testing procedures
were proposed to improve repeatability and reliability of the SCB method. As a result of these
collective efforts and the generally positive outcomes, a draft for an ASTM standard for the SCB
method was developed and proposed to the ASTM D30 committee [33]. Subsequently, a large
international round-robin testing programme was conducted by multiple research institutes and
industrial laboratories worldwide [77]. These developments ultimately culminated in the publication
of ASTM D8637/D8637M [36] in Nov 2025, a standard test method for Mode I dominant skin-to-core
fracture toughness of sandwich constructions. This standard formalises the SCB configuration,
specimen requirements, and data reduction procedures, and defines Mode I dominance as having at
least 90% of the total SERR in Mode I.

ASTM D8637/D8637M [36] proposes MBT (Equation 1) as the data reduction method for
determining crack initiation fracture toughness (G,,;), and the area method (AM) for computing crack
propagation fracture toughness. The propagation fracture toughness (G,.,) measured utilising the
AM is given as:
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G au
Iecp — a 5
where, dA= incremental crack area (mm?), b= specimen width (mm), a,= initial crack length (mm),
and a,= final crack length after increment (mm).
dA=b(a,—a,)
6

Several authors consider the average propagation fracture toughness (G,.,) as the value for
fracture toughness in sandwich structures [26,43,44,88]. Wilk [71] conducted experiments that
yielded similar results for the propagation toughness (Giy) in SCB specimens, as evaluated using the
two proposed data reduction methods (MBT and AM). However, accurate measurement of debond
length during propagation remains challenging, particularly due to the honeycomb core structure,
which affects visual tracking. Consequently, the AM is preferred as it relies only on initial and final
crack length measurements. In contrast, the MBT approach is more sensitive to crack length
measurement and may be influenced by run-arrest propagation behaviour, often yielding more
conservative results. Drake et al. [90,91] investigated SCB testing for sandwich structures and
compared different data reduction methods for opening-mode fracture toughness. The study showed
that the AM is commonly used but requires periodic unloading, making it impractical for
instantaneous evaluation. In contrast, the MBT showed deviations at large displacements due to
nonlinear compliance effects and empirical crack-root rotation corrections. A numerical virtual crack-
closure technique demonstrated good agreement with experimental results and provided an
alternative J-integral-based approach for more accurate and instantaneous fracture toughness
evaluation. Moreover, a similar propagation fracture toughness was reported with both MBT and
AM.

The two data reduction methods reported in the standard (Equations 1, 5) calculate the dominant
Mode I fracture toughness in a sandwich structure utilising the linear elastic fracture mechanics.
Therefore, their applicability is limited to specimens that demonstrate linear fracture responses, and
no established methodology currently exists for specimens with compliant or highly deformable
skins that exhibit non-linear loading behaviour. A comparative analysis among various SCB setups
for determining the dominant Mode I in sandwich panels was performed by Amal et al. [43]. Both
the SCB with the roller base and the long, rotatable loading rod configurations provide a dominant
Mode I loading condition at the crack tips for stiffer and compliant skin specimens. Consequently,
both configurations yield a similar average fracture toughness for stiffer skin specimens. The SCB
with the rigid base setup showed a mixed-mode behaviour. Moreover, a near 90° peeling effect was
observed for the SCB configuration with a roller base when testing compliant skin specimens
exhibiting non-linear load-displacement behaviour, as shown in Figure 4a. As a result, a sawtooth
load-displacement curve was observed as illustrated in Figure 4b. In contrast, the long, rotatable
loading rod configuration induces a peeling angle lower than 90°, promoting crack kinking into the
core rather than propagation along the skin/core interface, as depicted in Figure 4c. With the roller
base configuration, crack propagation is confined to the skin/core interface, thereby ensuring
predominantly Mode I conditions at the crack tip. This observation motivated the modification of the
climbing drum peel (CDP) equation for a compliance-independent Mode I fracture toughness
expression. The developed propagation Mode I fracture toughness equation (Gi) for SCB specimens
exhibiting non-linear behaviour in conjunction with the roller base setup is given as:

GIcp = % ]/m2 7
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Figure 4. (a) Skin peeling under SCB with the roller base (90°), (b) load-displacement curve with complaint skin
specimens (1.2 mm skin thickness ) for different SCB setups and (c) SCB skin peeling with the long, rotatable
loading rod (< 90°) (Picture courtesy [43]).

P2 is accounted for by the average force required to completely peel off the skin from the core
surface during crack propagation. d refers to the displacement of the load frame, b is the width of the
specimen, and D signifies the total crack length or the length of the peeled skin. The parametric
calculations for measuring the Gip were schematized in the load-displacement curve indicated in
Figure 5. This compliance-independent data reduction method offers more reliable results for
compliant skin specimens than those obtained using the MBT. In this approach, micro-cracks in the
flexible skin material can affect test results.

Load, P

A
Y

o

v

Displacement, d

Figure 5. Illustrates the schematics of the load-displacement curve for compliant skin specimens.

Likewise, Amal et al. [43,88,89] utilised two data-reduction schemes to compute the Mode I
fracture toughness of SCB specimens exhibiting non-linear fracture conditions. These investigations
were performed on a full thermoplastic PP-based sandwich system. This was based on: one assuming
a linear elastic fracture mechanics (LEFM) using MBT (using Equation 1), and another employing the
climbing drum peel (CDP) expression (using Equation 7). The data reduced using the compliant-
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independent CDP expression exhibit a higher fracture toughness than those reduced using the
compliant-dependent MBT. In the MBT approach, the specimen compliance (C), which is directly
related to structural stiffness, significantly influences the calculated Mode I fracture toughness. In
particular, MBT tends to underestimate the skin/core debonding toughness for specimens with lower
stiffness or non-linear loading, especially when a ductile interface is present. These approaches are
effective for assessing Mode I fracture toughness and for comparing processing parameters and for
optimisation purposes.

SCB dimensional constraints are proposed in ASTM D8637/D8637M [36] for the initial debond
and intact lengths (shown in Equation 11), aimed at ensuring dominant Mode I bending conditions.
The initial debond (ao) and intact specimen lengths (Lb), as denoted in Figure 2, proposed by the
standard to reduce the shear deformation are as follows:

a0 = aomin = 2.7/A 8
Lb 2 Lomin =2.7/A 9
Ais given as the ratio of the stiffness of the elastic foundation to the bending stiffness of the top

skin and given as:
1

/1=[3k ]Z 10

ts3 E¢sb
Here, b represents the width of the specimen, while ts and Es denote the thickness and flexural

modulus of the skin, respectively. Where k is the elastic foundation modulus and is related to the z-
direction modulus of the core material. The optimal value for k is given as E«b/tc by Li et. al [67] to
minimise the shear and provide in the expressions proposed by Ratcliffe et al. [26]. Ecz is Young's
modulus of the core along the thickness direction, and tcis the core thickness. Then the final
expression for computing the values for ac and L is derived by substituting Equation 10 with the
above expression for k into Equations 8 and 9, resulting in the following:
a0 2 aomin = Lb > Lbmin = 2.7

: 11
e B

3 Ecr
The ao and Lo are kept above or equal to the minimum value according to Equation 11 to reduce

the shear stress at the crack tips. However, the application of Equation 11 results in a significantly
larger specimen dimensions for SCB configurations with higher skin stiffness or thickness. This
requirement restricts the practical applicability of the standard, particularly for stiff sandwich
systems, due to increased material and experimental limitations.

To solve this, Amal et al. [44] proposed two equations for a0 and Ly, where k expressed in terms
of 2Exb/tc and 2Eb/ts, as suggested by Aviles et. al [37] and Quispitupa et al.[92], respectively. By
substituting these values for k in the Equation 10, and subsequently into Equations 8 and 9, gives
the expressions for ao and Ls as:

a0 = aomin = Lb > Lbmin = 2.7
1

[tc ts3 EfS]Z 12
6 Ecz
a0 = aomin = Lb > Lbmin = 2.7
1
[tS4 Efslz 13
6 Ecs

It was observed that the SCB sizing dimensions obtained by the equations 12 and 13, with lower
dimensions, yielded average Mode I fracture toughness values comparable to those obtained using
the dimensions recommended by ASTM D8637/D8637M [36] (Equation 11). Nonetheless, more
stable crack propagation into the core and parallel to the skin/core interface was observed for
specimens designed according to Equation 11. Comparatively, SCB based on Equations 12 and 13
showed deeper crack propagation into the core. Therefore, these Equations (12, 13) can be considered
for measuring ao and Lb in certain situations where the testing dimensions are limited. Otherwise,
Equation 11 is considered the optimum sizing criterion for ao and L» to maintain a dominant Mode
I condition at the crack tip. However, it was also found that deviations from the dimensioning criteria
specified in Equations 11-13 leads to a variation from dominant Mode I behaviour.
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2.3. Climbing Drum Peel Test

When the skin is compliant or flexible and shows non-linear load-displacement behaviour,
conventional SCB or DCB-based fracture toughness methods become unreliable. This is because these
methods rely on LEFM assumptions, which are violated when the polymer-skin undergoes large
deformations, plasticity, or significant bending non-linearity. In such cases, the energy release rate
(SERR, G;) cannot be accurately determined using standard beam theory or compliance-based
approaches.

To overcome this limitation, a peeling test can be used as an alternative method for quantifying
skin/core fracture toughness. Peeling tests for polymer-based sandwich structures were primarily
derived from the determination of the peel strength of metal-metal bonds [93,94]. In addition to
metal-metal bonds, many other material combinations require interfacial bonding evaluation. These
include rigid-rigid systems such as welded thermoplastic composites, hybrid metal-composite
structures, and adhesively bonded metals [95-99]; flexible-rigid systems such as coatings, thin
polymer films, and printed circuit boards on rigid substrates [100-102]; and flexible systems such as
multilayer foils and packaging materials [103-105].

P

v

Figure 6. Schematic illustration of the climbing drum peel (CDP) test, showing the initial configuration (left) and
the configuration after peeling a skin length D1 (right) (Adapted from [62,106]).

In a peeling test, the skin or the top adherent is peeled away from the core or substrate at a
controlled angle (typically 90° or 180°) while measuring the peeling force. Unlike SCB, this method
does not require linear elastic behaviour of the skin, making it suitable for flexible, ductile, or
polymeric skins. The fracture toughness is then determined from the measured peel force using an
energy balance approach rather than beam bending theory [107]. The work done by the peeling force
is related directly to the interfacial fracture energy, accounting for both fracture and any plastic
deformation in the skin [108]. This makes the peeling test more representative of real debonding
mechanisms in compliant sandwich structures.

In the context of sandwich structures, the available literature on peel-based interfacial fracture
testing is extremely limited. To date, the climbing drum peel test appears to be the only peel
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configuration specifically applied to sandwich composites. Consequently, in this review, the climbing
drum peel test is considered the sole relevant peel-based method for evaluating skin/core interfacial
fracture toughness in sandwich structures. The climbing drum peel (CDP) test was originally
standardised in the 1960s as ASTM D1781 [109]. It has since been widely used to characterise
delamination resistance and skin/core interfacial bonding in sandwich structures, including
thermoplastic sandwich systems. In this method, the upper skin of the sandwich panel is bonded to
a rotating drum comprising two concentric sections with different radii, as shown in Figure 6. The
skin is secured to the inner drum section of radius Ri, while tension straps are attached to the outer
section of larger radius Rz (R2 > Ri). Both the straps and the sandwich specimen are clamped on
opposite sides of a uniaxial testing machine. As the machine applies tensile load to the straps, a torque
is transmitted to the drum, causing it to rotate along the surface of the sandwich specimen. This
controlled rotation progressively peels the skin away from the core, enabling stable crack propagation
under approximately constant load conditions. In its standard form, the climbing drum peel (CDP)
test provides a measure of peel strength, expressed as force per unit width, and allows quantitative
comparison of results only when the specimen and drum geometry remain unchanged. However,
Nettles et al. [110,111] proposed a method to determine the Mode I fracture toughness from CDP
tests, building on the work of Okada and Kortschot [112].

In the CDP setup, the kinematic constraints cause the instantaneous crack length D;to depend
directly on the crosshead displacement § and the drum radii R;and R,, as expressed by:

R, &
1T R,—R, 14

During the peeling process, two distinct load stages are observed as indicated in Figure 7.
Initially, the skin is wrapped around the inner drum of the radius R;using the pre-crack region,
without any skin/core debonding, generating a load P;. This is followed by the initiation and stable
propagation of the skin/core debond under a nearly constant load P,. The work done during the
peeling process is indicated as a grey area in Figure 7, can be translated into the fracture toughness
by relating the energy to the peeled surface area, the specimen width b, and the crack length D;. The
SERR (Gi) in the CDP test can be calculated as:
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Figure 7. Sketch of the experimental load-displacement of the climbing drum peel test (Adapted from [62]).
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Using this approach, the debonding of carbon fibre-reinforced epoxy skins from glass/phenolic
honeycomb cores was experimentally evaluated. Comparisons with conventional DCB tests showed
that both methods yielded similar G,values. However, the CDP test offers a clear advantage in terms
of ease of execution and practical handling. Moreover, Adams et al. [33] also performed a
comparative analysis between the CDP test and the SCB with a rigid base method for honeycomb-
based sandwich panels. They carried out Mode I fracture toughness measurements using different
drum peel radii, 2 in. (as specified in ASTM D1781 [109]), 4 in., and 6 in., along with various skin
thicknesses (3, 6, and 9 plies). Their findings showed that the SERR derived from the SCB test is
sensitive to changes in skin thickness, whereas the CDP test generally produces SERR values that are
less dependent on thickness. However, they also observed that modifying the roller diameter in the
CDP test resulted in varying SERR values. This variation was attributed to potential conformity issues
in roller peel tests, particularly because there is no predefined alignment between the bending arm
and the roller. Furthermore, the CDP method assumes perfect contact between the bending arm and
the drum during SERR calculation, a condition that may not always be achieved experimentally.

Restrictions on utilising the CDP test are primarily associated with the mechanical behaviour of
the skin and the resulting failure mode of the sandwich structure. The skin cannot be excessively
thick or stiff, as it must be able to conform to the curvature of the drum to ensure meaningful loading
conditions. In addition, the test is most appropriate when interfacial debonding between the skin and
the core is the dominant failure mechanism; if fracture instead occurs in the core or within the skin,
the measured SERR no longer represents a true characterisation of the bondline fracture toughness.
Finally, the skin must have adequate tensile strength to avoid premature tensile rupture during
loading, which would invalidate the test outcome.

3. Conclusion

The present review critically examined a range of experimental methods for the accurate
characterisation of dominant Mode I fracture behaviour in polymer-based sandwich structures, with
particular emphasis on the applicability and limitations of ASTM D8637/D8637M. A comparative
assessment of DCB, SCB, and CDP configurations highlighted their ability to achieve dominant Mode
I conditions, as well as their experimental complexity and practical limitations. Furthermore, the
influence of polymer-dependent response, processing effects, and fracture behaviour on the Mode I
characteristic was detailed.

The analysis shows that conventional DCB configurations are inherently affected by mixed-
mode conditions due to asymmetric loading and specimen rotation, making them unsuitable for
accurate Mode [ characterisation in sandwich structures. Although modified DCB-UBM
configurations can effectively reduce these effects, their experimental and analytical complexity limits
their broader applicability. In contrast, SCB configurations provide a more practical and adaptable
approach; however, maintaining dominant Mode I conditions strongly depends on boundary
conditions, with a rigid base inevitably introducing mixed-mode effects, proving ineligible to
maintain Mode I conditions. On the other hand, SCB with roller-base support and long, flexible, and
rotatable loading systems proves more effective in maintaining dominant Mode I conditions at the
crack tips. Considering design simplicity, the approach with the long, flexible, and rotatable loading
rod with SCB sizing requirements was adopted in ASTM D8637/D8637M for measuring dominant
Mode I fracture toughness. The CDP test is suitable for sandwich structures with thin, compliant
skins exhibiting non-linear behaviour, where LEFM-based methods are limited. However, its
accuracy is affected by drum roller diameter and contact uncertainties. Thus, while useful for
parametric and comparative studies, further refinement is needed for reliable fracture toughness
evaluation.

A key limitation of ASTM D8637/D8637M is its restriction to linear elastic fracture behaviour,
making it unsuitable for sandwich structures with compliant skins that exhibit non-linear responses.
In addition, the standard imposes stringent specimen sizing requirements, particularly for intact and
initial debond lengths (Equation 11), which often result in impractically large specimens and
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increased material and experimental constraints. Furthermore, the prescribed SCB configuration does
not fully account for variations in boundary conditions that can significantly influence crack tip
loading.

The study also highlights the critical influence of geometrical and material parameters on
fracture behaviour. It is demonstrated that alternative reduced-dimension specimen sizing
(Equations 12, 13) can yield fracture toughness values comparable to those prescribed in the standard,
offering greater flexibility in specimen design while reducing experimental constraints. The
boundary conditions strongly influence the loading conditions at the crack tip, particularly in bi-
material systems with asymmetric elastic properties. The increasing skin thickness enhanced bending
stiffness, promoted more linear elastic behaviour, and increased measured fracture toughness.

In terms of data reduction, although the standard prescribes MBT for initiation and AM for
propagation fracture toughness, both methods were found to provide comparable propagation
toughness under linear elastic conditions, indicating potential flexibility in their application.
However, AM remains more experimentally robust, while MBT is more sensitive to crack-length
measurement and propagation instability. For SCB exhibiting non-linear behaviour, conventional
LEFM-based approaches are insufficient, and alternative methods based on the climbing drum peel
concept (Equation 7) with the roller-base supports provide a more suitable framework.

Irrespective of the testing configuration, data reduction method, and boundary conditions, the
Mode I interfacial fracture behaviour in polymer-based sandwich structures is strongly governed by
the interplay between processing conditions, polymer properties, and interface quality. Variations in
manufacturing parameters significantly influence interfacial bonding, defect formation, and failure
mechanisms, which in turn affect the measured fracture toughness. Importantly, the results
demonstrate that fracture toughness alone cannot reliably assess interfacial performance without
considering the underlying failure mode. Therefore, accurate Mode I characterisation requires a
combined evaluation of polymer-dependent behaviour, processing effects, and fracture response.

Overall, this review identifies key limitations in existing standards and provides new insights
into boundary-condition design, specimen-sizing flexibility, and data-reduction strategies. Future
work should focus on developing unified testing methodologies capable of accurately capturing non-
linear fracture behaviour, integrating experimental and numerical approaches, and refining
standardised procedures to accommodate a wider range of material systems and realistic service
conditions.
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DCB Double Cantilever Beam
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CDP Climbing Drum Peel

SERR Strain Energy Release Rate

TSD Tilted Sandwich Debond

LEFM Linear Elastic Fracture Mechanics

MBT Modified Beam Theory

AM Area Method

Gip Mode I Fracture Toughness Propagation
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