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ARTICLE INFO ABSTRACT

Keywords: To characterise mixed-mode fracture, including mode III, a combination of Arcan fixture, that offers both in-
Arcan fixture plane and out-of-plane loading, and stereo digital image correlation (DIC) has proven valuable for measuring
J-integral in-plane and out-of-plane surface displacement and deformation fields while allowing for direct stress intensity
(S::::el; g];’é"th factor (SIF) extraction throughout the tests, but it comes with many caveats. Using stereo DIC, the mixed mode

fracture behaviour of PMMA is analysed using a novel mode decomposition technique that combines experi-
mental and analytical approaches. This technique divides the measured displacement field from digital image
correlation into three distinct components: a symmetric field (u'), an in-plane anti-symmetric field (u"), and an
out-of-plane antisymmetric field (u™"), decomposed by a difference operation on the reflected and non-reflected
fields about the crack plane. Then, the strain energy release rate of the crack is calculated for each loading mode
using finite elements without knowledge of the sample geometry or nominal loading condition. Our work
revealed parasitic loading modes induced by the Archan fixture plus other intrinsic sources related to load ac-
commodation. Nevertheless, the calculated SIFs measured during stable crack growth were normalised using
different fracture toughness (Kic) values with Kjc of 1.82 + 0.32 MPa m?%5, providing the best fit to the fracture

Stress intensity factor

loci with an R? of 0.95. This value agrees well with the ASTM-obtained value of 1.7 MPa m®®.

1. Introduction

Materials and structural engineering may require considering mixed-
mode fracture to improve our understanding of complex failure mech-
anisms. One way to study mixed-mode fracture involves employing an
Arcan fixture in tandem with digital image correlation (DIC) to allow for
more in-depth investigations into mechanisms that describe fracture
under different crack-loading conditions while observing near-crack tip
deformations [1-3].

The Arcan fixture is designed to control and vary loading modes
across a broad spectrum, from pure mode I to mode II and mode III, as
well as mixed-mode conditions, making it particularly suitable for
complex fracture scenarios where multiple modes of loading occur
simultaneously [4]. It also offers the ability to describe and evaluate
fracture using fracture mechanics parameters such as mixed-mode stress
intensity factors (SIFs) [4,5]. Meanwhile, DIC provides high-resolution
deformation measurements, enabling the observation of localised
strain fields at the crack tip and revealing crack propagation patterns.
This combination allows measurement of strain evolution near the crack

tip, a crucial aspect in understanding crack behaviour and SIFs. Analysis
of DIC data in conjunction with mode-specific loading conditions has
been shown to provide valuable information on crack initiation, prop-
agation, and interaction under mixed-mode loading conditions [5-7].

Previous studies have applied the Arcan fixture in combination with
DIC to a variety of materials, including steel plates repaired with carbon
fibre-reinforced plastic (CFRP) [8,9], off-axis laminated composites
[10], and Cold In-place Recycling (CIR) mixtures [4,11,12]. Researchers
have observed good consistency between experimental results and
modelling predictions by monitoring the fracture process using DIC and
calculating SIFs from finite element modelling or analytical solutions
[4,12,13]. These studies have shown that the combination of DIC and
the Arcan fixture can yield valuable insights into materials’ mixed-mode
fracture behaviour and has simultaneously facilitated the verification
and accuracy assessment of experimental setups [4].

The measured displacement field has typically not been used
directly; however, various attempts have been made to extract SIFs from
DIC data. McNeill et al. [14] in 1987 estimated SIFs by fitting the Wil-
liam’s solution to the DIC-measured displacement data ahead of the
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crack tip using a least-squares approach and noted the results’ sensitivity
(up to 7 % [15]) to the accuracy in defining the crack tip location. Later
work by Yoneyama et al. [16,17] expanded the work for mixed-mode
SIFs and higher-order terms. The effects of anisotropy on SIFs were
studied [18,19] in single-crystal materials, and the inclusion of T-stress
and higher-order terms were shown to improve the accuracy of the
regression [20]. Instead of a two-step process, direct approaches have
also been proposed, known as integrated approaches (or IDIC), such as
those presented by Roux and Hild [15]. IDIC uses prior information,
such as the constituent laws and the applied boundary conditions, to
allow for the direct identification of the relevant material parameters of
the model.

Poor performance in extracting SIFs from DIC data is often attributed
to the uncertainty in measuring the displacement vectors near discon-
tinuities (i.e., near the crack) or edges. However, measurements in the
vicinity of the crack tip are typically excluded (e.g., by masking),
excluding the steepest displacement gradients. To avoid these issues and
obtain an experiment-representative clean displacement field, the use of
the Finite Element Method (FEM) for post-processing of the DIC data
(hybrid method [21]) has also been explored with in-plane displacement
[22].

The strain energy release rate (i.e., J-integral) is a well-established
technique often used in the finite element (FE) method for both in-
plane (2D) or volumetric (3D) analysis. It allows for rather complex
crack configurations using the boundary condition of the displacement
field or applied loads [23-25]. The J;-integral is highly important in
modern fracture mechanics, is easy to implement in finite element
software, and has been coupled with residual stress, internal tractions,
and thermal and electrochemical processes [26]. The existing analytical
solutions used to measure standardised fracture toughness are approx-
imated, or can be derived, from the J-integral [27]. The local full
displacement field can also extract the strain energy release rate and
autonomously monitor crack growth [24]. However, analysing energy
release rates using integrals cannot distinguish between mechanical
loading conditions (i.e., tensile or compressive mode I, in-plane shear
mode I, and out-of-plane shear mode III), which can affect the fracture
rate and direction [2]. These local conditions are valuable when the
external conditions (e.g., the boundary conditions) are unknown or
uncertain. This is especially important on a microscale as knowledge of
the mechanical conditions at the crack provides alternatives to the
existing methods and analytical solutions that use unreliable micro-
pillars, microcantilevers, and indentation techniques [28,29].

Becker et al. [30] first used a full field displacement obtained using
DIC to calculate the J-integral using an FE framework with a crack lying
on the x; axis. They noted that J-integral evaluation requires high-
quality displacement field data for the integral to converge and should
only consider mode I loading. Breitbarth et al. [31] included mode I and
II. Further development of the method was carried out by Barhli et al.
[32], who showed that it was possible to calculate the J-integral using
strain field data acquired using energy dispersive X-ray diffraction
(EDXD). This opened the possibility of using the HR-EBSD elastic
displacement gradient tensors to calculate the J-integral [33,34]."

Stren et al. [35] proposed an interaction integral (M—integral)
approach, and Ishikawa [36] proposed a kinematic decomposition
method to separate the loading modes without having to assume an
elastic fracture (i.e., /7™, where I, II and III represents the J specific
mode) requiring, however, the exact knowledge of the crack tip. Mol-
teno and Becker [7] introduced the decomposition of the J-integral to
facilitate its mode decomposition, only requiring knowledge of the crack
plane. Cinar et al. [37] introduced an autonomous, more precise, and
reliable crack detection algorithm based on the phase congruency
method. By applying a refined FE mesh for imported displacement data

! The subscript 1 denotes the predefined direction of crack propagation, i.e.,
Jp assumes the crack advances only in x; in a locally defined coordinate system.
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around the detected crack and using the commercial ABAQUS software’s
native capability to separate the different loading modes for 2D and 3D
displacement data, it is possible to separate the J-integral in mixed-mode
loading conditions [24,25,38].

These methods have yet to be implemented with Arcan testing to
illustrate the capability of extracting mixed-mode SIFs from DIC
computed displacement data. The premise is that the combination of
mixed-mode loading testing using the Arcan geometry and mixed-mode
SIF extraction from DIC computed displacement data should provide a
more comprehensive understanding of the mechanisms that describe
fracture under different crack loading conditions. Thus, this paper aims
to develop a novel method to use the measured displacement field to
calculate the crack strain energy release rate and the mode I-III stress
intensity factors. At the same time, the fundamental principles and
methodologies associated with mixed-mode cracking analysis, stereo
digital image correlation techniques, and using the Arcan fixture in
experimental studies will be discussed For mixed mode fracture,
including mode I, II, and III, stereo-DIC (or 3D DIC, i.e., using more than
one camera) is a useful technique for tracking cracks and other discon-
tinuities in materials, and also provides in- and out-of-plane surface
displacement and deformation fields. By combining experimental and
novel analytical approaches that calculated the in situ mixed-mode SIFs,
we seek to show how the combination of Arcan and stereo-DIC provides
insights into the behaviour of materials under mixed-mode loading,
which can further improve our understanding of crack growth and
fracture mechanisms.

2. Method

The study builds on the techniques established by Becker et al. [30],
Molteno and Becker [7] and Koko et al. [39] to combine Arcan testing
and digital image correlation to establish mixed-mode fracture proper-
ties from laboratory-scale samples. A comprehensive review of the
extraction of SIFs from DIC computed displacement data can be found
here [40]. Following these, we outline the details of our experimental
methods below.

2.1. Arcan test fixture

Mechanical testing utilised the modified version of the Arcan fixture
proposed by Yen et al. [41], which involved bolting a butterfly-shaped
specimen between two symmetrical semi-circular steel discs. The spec-
imen had trapezoidal cut-outs for fitting before bolting. Yen et al. [41]
demonstrated that a homogeneous stress and strain field can be achieved
with a central butterfly-shaped specimen, now known as the “butterfly
specimen”.

Polymethyl methacrylate (PMMA, also known as Perspex or Plex-
iglass) was used as a homogeneous and isotropic material, exhibiting
near-linear elastic brittle fracture at room temperature [42]. Clear-cast
PMMA CT specimens were laser cut from a 6 mm sheet to the butter-
fly geometry (Fig. 1). Sharp pre-cracks were induced from a 15 mm
starter notch to a total length of approximately 20 mm, with crack tips
located within a 2 mm? region at the specimen’s centre. The samples
were secured using six M6x1 bolts (three on each side, thus fully con-
straining the specimen). We determined the respective tensile properties
using uniaxial tensile tests according to ASTM D638 as follows: Young’s
modulus, E = 3GPa, and Poisson’s ratio, v = 0.36. Furthermore, the
mode [ fracture toughness value for PMMA was determined as K. =
1.7MPa.m®°, averaged from three ASTM E1820 compact tension (CT)
specimen tests with W = 50mm and B = 12mm.

We use a modified Arcan fixture that allows for testing for the three
modes of failure; it consists of two rotating halves that can be adjusted in
15° increments in two rotation axes to facilitate the independent
contribution of modes I and III (Fig. 1). By adjusting the loading points
of the fixture, different crack loading configurations are possible,
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Fig. 1. The Arcan test fixture with the butterfly sample and digital image correlation system.

ranging from pure tensile (i.e., mode I loading) to pure in-plane shear (i.
e., mode II loading) and an out-of-plane shear contribution (i.e., a mode
III contribution).

In its neutral orientation, the fixture is loaded using the tensile test
clevis to impose mode I loading (i.e., the crack plane is perpendicular to
the loading axes). Mapping the clevis about the out-of-plane axis con-
tributes to mode II loading, thereby maintaining the sample surface
parallel to the loading axis. Rotation angles of 0, 30, 45 and 90 were
considered. Contributions to mode III loading is achieved by rotating the
clevis about the in-plane axis to tilt the sample relative to the loading
axis. Rotation angles of 0, 30, and 45 were considered. The rig is pre-
vented from lateral and rotational movement by constraining the fixture
to the tensile machine using two pins required to induce mixed-mode
loading.

The samples were tested in displacement control at a 5 mm/min rate.

2.2. Digital image correlation

A stereo-DIC system was employed to account for in- and out-of-
plane surface deformation measurements to capture mode I-III
loading. The system consisted of two Lavision™ (LaVision Gmbh)
Imager E-lite 12-bit cameras equipped with 5-megapixel Sony ICX625
CCD sensors and two LaVision™ linear arrays of 12 white LEDs each
that produce light with a radiometric power of 20 W. System-specific
parameters are summarised in Table 1 in accordance with the iDICs
guidelines [43]. The system was calibrated using a LaVision™ stereo-
DIC calibration plate.

Table 1
DIC system parameters.

Image resloution
Field of view 110 by 131 mm

Stand-off distance 550 mm

Image acquisition rate 1 Hz'

Magnification factor 15 pixel/mm

Patterning technique White base coat with black speckles via spray can
Pattern feature size (average) 6-10 pixels

2,058 by 2,456 pixel

t The experiments were performed under quasi-static loading conditions, where
the crack growth is relatively slow, and sudden crack propagation events are less
common. During these tests, the crack growth was stable and progressive, which
allowed us to capture the crack tip displacement field with sufficient resolution
using a 1 Hz acquisition rate. Furthermore, the focus of our study was on un-
derstanding the fracture process during mixed-mode loading rather than
capturing ultra-fast crack propagation events associated with dynamic fracture.

The Arcan fixture was loaded using a Criterion Series 40 (MTS Sys-
tems cooperation) frame fitted with a 30 kN load cell. The cameras were
aligned for each specific mixed-mode setup to ensure the crack tip is
approximately located at the centre of each camera and to ensure a
similar field of view between different mode configurations. The data
were DIC-analysed using DaVis v.10.2 (LaVision GmbH). Relevant DIC
process parameters are summarised in Table 2 in accordance with the
iDICs guidelines [43].

Rigid body movement correction was done using the approach
described in [44]. Rigid body movement refers to the combined trans-
lation and rotation of an object, without changing the shape or defor-
mation of the object itself. The correction involved identifying the point
with the absolute minimum displacement at the origin [34]. This pro-
vided a displacement noise floor of 2.9 pm.

2.3. Integral analysis

We employ a finite element method to extract SIFs using the J-in-
tegral from displacement data that was acquired using DIC. The J-inte-
gral quantifies the strain energy release rate for the crack propagation
using the DIC local measurements without knowing the external
boundary conditions. Compared to using the Williams’ series least
square fitting method, it is less sensitive to knowledge of the exact po-
sition of the crack tip [40].

To do this, we used the displacement information as boundary con-
ditions within a finite element model of a crack. We use a MATLAB code
that operates within the ABAQUS software to streamline this process.
We ensure that our finite element (FE) model aligns with the DIC
analysis results by adjusting the spacing of the FE mesh nodes to match
the regular DIC grid, employing square elements. This alignment allows
us to avoid interpolation when applying the DIC displacement field to
the FE mesh. We then locally refine the FE mesh to introduce the crack in
regions where the DIC displacement vectors are “censored” due to noise.
Additionally, the mesh density near the crack tip was tripled to capture

Table 2
DIC process parameters.

Subset size

Step size

Subset shape function
Matching criterion
Interpolant
Displacement noise floor

41 pixels (Guassian-weighted)

4 pixels

Second order

Zero-normalised sum of squared differences (ZNSSD)
Bicubic spline

2.9 ym
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steep displacement gradients and intense stress concentrations accu-
rately. This finer mesh is crucial for resolving strain and displacement
fields, which is essential for calculating SIFs. Previous studies showed
that a threefold increase ensures convergence of the J-integral and ac-
curate SIF extraction without excessive computational cost [45]. This
refinement balances accuracy and computational efficiency.

To ensure accurate results, we increase the mesh density threefold at
the crack’s tip [24,46]. This is due to the steep displacement gradients,
where a finer mesh is required to accurately resolve the strain and
displacement fields, which are critical for calculating the SIFs [46 45].

Nodal displacements are imposed based on the measured displace-
ment vectors. These local boundary conditions are applied throughout
the model except in the “censored” region, which can deform freely
based on surrounding conditions and material properties. We then
assign a material law to the model; in our study, we use the ABAQUS FE
software package and a linear elastic material law requiring E and v.

To ensure that the region of interest (ROI) was not compromised at
inclined positions, a portion of the full field of view (representing
approximately 35 by 35 mm) was used. This region was approximately
8 mm from the clamps and within 3 mm from the crack tip. This se-
lection ensured even stress distributions throughout the specimen’s
thickness. Consequently, J-integral contours were chosen between 3 and
12 mm from the crack tip.

The entire displacement field was analysed using the mode decom-
position technique. This technique divides the displacement field into
three distinct components: a symmetric field (u), an in-plane anti-
symmetric field (u”), and an out-of-plane antisymmetric field (u"); the
mode of interest is separated by a sum or difference operation on the
reflected and non-reflected fields about the crack plane (Equation (1).
The decomposed fields expand the measured field, creating a repre-
sentation of symmetry that simultaneously satisfies the equilibrium
equation and a presumed traction-free boundary condition along the
crack faces.

Uy + Uy Uy — Uy 1 0
u=u+d"+u" = u,—u g+ u U p o 0 @
_ 2 2 —
U, + Uy, 0 U; — Uy
or
1(u+u 1fu —u 1fu,+1u
I | 1T m X X il X X il 2 'z
uswrw _2{uy—ﬂy}+2{uy+ﬂy}+z{uz—ﬁz @

The ABAQUS® v.6.14 finite element solver was utilised to evaluate the
strain energy release rate (J'') and corresponding stress intensity
factors for each decomposed field. This was achieved by applying the
nodal displacements of the u!, u”' and v fields as boundary conditions in
a simplified two-dimensional geometry, as described in Equation (2).
The stress intensity factors K; and Ky were obtained from the uf and u”
fields, respectively, without the need for assuming u, + 4, = 0. The
antisymmetric shear stress intensity factor Ky and its associated sym-
metric out-of-plane contribution to mode I (K™ of plane § o L, + )
was calculated from the v field using the mode decomposition algo-
rithm [47]. Then, both the in and out-of-plane mode I were combined as
shown in Equation (3).

K = K}n plane +K;)ut of plane (3)

The calculations used a rectangular grid spacing with four nodes for
each plane stress element (ABAQUS® CPS4). ABAQUS allows for the
consideration of linear elastic material properties, and the imple-
mentation of equivalent domain integration (EDI) [48-50], rather than
line integration, to evaluate the magnitude and sign of the three-
dimensional stress intensity factors [51]. The EDI approach started at
the tip of the crack. It propagated in the local direction of a virtual
extension, with the linear spatial variation across nodes determined
using a smooth function (q) that is set as unity at the tip and zero at the
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outer domain. We define the g-vector normal to the crack front, aligning
it with the linear segment of the crack path closest to the crack tip. The
J-integral calculation is performed over multiple contours to ensure the
results are independent of the chosen contour. This allows us to deter-
mine the potential release of elastic strain energy associated with crack
propagation based on the measured displacement field.

It is important to note that the sign of in-plane shear (II) and out-of-
plane shear (III) is irrelevant in this context, as it depends on the node
arrangement at the tip and does not have any physical significance [52].
However, the sign of mode I is crucial as it characterises the presence of
tensile or compressive conditions at the tip of the slip band. It should
also be emphasised that the sign of the symmetrical out-of-plane
contribution to mode I is not influenced by the sign of the mode III
stress intensity factor.

The resulting values of the J integral and the SIF values were ob-
tained as J' and K; from the u’ (where i designate the mode) displacement
field as given in Equation (2). Furthermore, based on the work of Cottrell
and Rice [53], it was established that for mixed-mode crack loading, the
total strain energy release rate, J, is the sum of the energy release rates
for each mode, as expressed in Equation (4).

J=J gty g 4)
3. Results and discussion

In the experimental setup, the specimen was securely affixed to the
Arcan fixture (Fig. 2a) to allow for the application of multi-axial loads.
The loading process was initiated at what is referred to as Stage O in
Fig. 3a. This stage represents the initial displacement, which is the point
at which the load begins to be applied to the specimen. It is a critical
reference point in the testing procedure as it sets the baseline for sub-
sequent measurements and observations.

In the initial loading stage (Stage I), the interval at which the images
were captured versus the SIF plot, as depicted in Fig. 3, exhibits a linear
elastic regime, forming the fracture zone ahead of the crack. As the load
increases (Stage II), cracks extend toward the mode-specific crack front,
influenced by loading conditions. In the concluding stages of loading
(Stage III), the fracture becomes unstable, leading to rapid crack growth
and sudden, catastrophic failure. The fracture path remains dependent
on mixed-mode loading conditions.

After testing, images were analysed, and stress intensity factors
(SIFs) were computed. For each imaging interval, the strain energy field
around the crack tip was evaluated by calculating the mode-specific
J-integral as the integration domain expanded from the crack tip. The
mode-specific J-integral converged once the displacement singularity
ahead of the crack was engulfed by the integration domain. Initial non-
convergence of the J-integral can be due to the breakdown of the elas-
ticity assumption and elevated localised plasticity or poor discretisation
of the strain data near the crack tip [54], but stable convergence was
achieved as the domain expands. The characteristic mode-specific
J-integral values were taken from the stable converged region (shaded
area in Fig. 2b), with variance indicating convergence stability. The
mode-specific J-integral values were then used to calculate the mode
I-II-III stress intensity factors through the Young’s modulus, shear
modulus, and Poisson’s ratio. In addition, the total J-integral is the sum
of the mode-specific integrals (shown in read in Fig. 2b).

The values for linear gradient increment for Stage I in SIFs, stable
SIFs values in Stage II, and linear gradient of Stage III are summarised in
Table 3 for all loading conditions.

3.1. Model

The loading was set to induce a tensile (mode. I) loading. The initial
stages (Stage I) show slower increases in Kj, Ky, Kir, and the J-integral,
corresponding to crack initiation. Initially, K; values were low, reflecting
the early stages of crack initiation, where the crack begins to open under
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Fig. 2. (a) Imaging field of view for a butterfly sample loaded in mode I with 45° mode II and 45° mode III contributions at 183 intervals. (b) Example of calculated
J-integral and decomposed stress intensity factors (SIFs) for the 32nd interval when the sample was loaded in mode II with 45° mode III. The integration contours
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Fig. 3. (a) Applied pure mode I loading intervals of the crack while being in displacement control and calculated in and out of plane mode I —III stress intensity
factors (SIFs). (b) Crack growth in Stage III of fracture numerated per interval. (c¢) The final fracture surface.

applied tensile stress. This phase is characterised by minimal material
separation and the beginning of stress concentration at the crack tip. In
this stage, the gradient for the crack being loaded was 3.04 & 0.03 MPa
mo's/mm.

As K; values increased up to the end of Stage I (Fig. 3a), which
signified the transition from crack loading to propagating through the
material. This stage is marked by a controlled, steady increase in crack
length under increasing applied load. The stress intensity factor at this
stage remains below the material’s fracture toughness (Kjc). For this
test, Stage I was defined by the stable K; values. However, even though
the test is supposed to be in pure mode I (great care was taken in

machining, setting up and aligning the fixture), computed SIFs from the
measured displacement field reveal parasitic in and out-of-plane shear,
resulting in mode II and III contributions. The non-zero Ky and Ky
values, increasing as the test continued, can occur due to factors like
fixture alignment, specimen geometry, or loading conditions. The vari-
ations in Ky and Kj across intervals might reflect complex interactions
of different loading modes contributing to overall crack behaviour and
growth, albeit secondary to the primary mode I loading scenario.
Overall, during Stage II, the crack experienced an average of 1.14 +
0.14 MPa m®® mode I SIF, 0.69 = 0.23 MPa m®° mode II SIF, and 0.85
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+ 0.41 MPa m®> mode III SIF, with a total strain energy release rate of

1.38 + 0.78 kJ/m?2. The (negative) sign of the shear mode II and III SIFs
depend on the chosen node arrangement at the crack tip and lack
physical meaning [52].

A sharp increase in K; indicates the material was approaching its
fracture toughness, where the crack grew rapidly and uncontrollably,
leading to the final fracture. This stage represents a critical point where
the material can no longer withstand the applied stresses, culminating in
catastrophic failure. The gradient for the crack loading in mode I in this
stage was 3.91 + 0.08 MPa m®%/mm, accompanied by parasitic mode II
of 0.85 + 0.03 MPa m®®/mm and mode III of 3.48 + 0.14 MPa m®%/
mm. In addition, as shown in Fig. 3b, in the final stage of fracture (Stage
1), the crack exhibited a gradual change in direction, explaining the
ultimate deviation of the surface (Fig. 3c) from the fracture surface ex-
pected in pure mode I loading. In pure mode I, the crack front is semi-
elliptical, and the crack surface is flat in homogeneous materials like
PMMA, occurring perpendicular to the applied tensile stress [71], con-
tradicting Fig. 2c and further substantiating the stereo-DIC observed
parasitic shear.

The J-integral represents the energy release rate as the crack prop-
agates and provides a measure of the crack driving force in the material.
An increasing trend in the J-integral values through the intervals, mir-
roring the crack growth stages, from initiation through stable growth,
until the rapid propagation just before failure. The J-integral’s behav-
iour complements the observations made from Kj, Kj;, and Kjy, offering
an energy-based perspective on the crack growth process. It provides a
holistic view of how the material dissipates energy under applied
stresses, which is particularly useful for materials with nonlinear elastic
or plastic behaviour at the crack tip.

3.2. Mode 1 with 15° modelll

The loading was configured to create a mix of tensile mode I and out-
of-plane shear mode III conditions. This was done by altering the loading
points on the fixture by 15°. The mode III loading contributions were
made possible by rotating the clevis around the in-plane axis and tilting

3.5

-.p-nf'i';
4 6
Elongation (mm)
0 20 40 60
(a ) Intervals
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the sample about the loading axis. The rig was kept stable and prevented
from moving laterally or rotating by securing the fixture to the tensile
machine using two pins. This was necessary for inducing mixed-mode
loading.

Like the mode I loading, the crack displayed the three loading stages
that are visible in Fig. 4a, where there is a progressive increase in K; and
Ky by a gradient of 0.75 + 0.01 MPa m®%/mm and 0.87 + 0.02 MPa
m®®/mm, respectively, emphasising the primary role of tensile stresses
(mode I) in initiating and driving the crack growth, and the additional
tearing mode stresses at a 15° orientation, contributing to the cracking
behaviour. This trend reaffirms the crack’s extension under opening
mode conditions, with a steady increase indicating the material’s
response to tensile loading. In addition, Fig. 4a shows that these out-of-
plane shear stresses, while secondary to the primary mode I stresses,
play a significant role in the material’s overall fracture response.

As K; and Ky values increased up to the end of Stage I (Fig. 4a),
identified by the subsequent stabilising of the SIFs in Stage II as the
loaded crack minimally but steadily propagates through the material.
Furthermore, although the focus is not on mode II loading, the presence
of Kjy values and their variations across intervals suggest minor in-
fluences of shear stresses on the crack propagation. Overall, during Stage
11, the crack experienced an average of 1.04 = 0.08 MPa m®° mode I SIF,
1.10 =+ 0.06 MPa m®> mode III SIF, and a minimal 0.11 + 0.05 MPa m®>
mode II SIF, with a total strain energy release rate of 1.47 + 0.12 kJ/m>.
After stage II, the crack grew rapidly before the final fracture.

After 44 imaging intervals, a sudden 0.15 + 0.04 MPa m®® increase
in K; and 0.12 + 0.05 MPa m®® in Ky that lasted up to the 50 intervals.
Upon closer inspection of the images and the displacement fields, we
saw no visible changes indicating this change’s source. Thus, we
assumed it was due to an error in locating the crack tip, which can in-
fluence the strain energy release rate calculation by approximately 0.08
% per pixel [46]. Please see [64] and Appendix (5.C) for more detailed
error analysis.

After Stage II, a sharp increase in K; and Ky, indicating rapid crack
growth with a steep gradient of mode I and III equal 1.14 + 0.03 MPa
m®®/mm and 0.72 + 0.06 MPa m®>/mm, respectively. In addition, the
fracture surface resulting from the mixed load in mode I and III can be
complex and is characterised by a combination of features from both

Fig. 4. (a) Mode I with 15° mode III loading intervals of the crack while being in displacement control and calculated mode I —III stress intensity factors (SIFs). (b)
The crack angle is inferred from J-integral calculation. (a) Crack growing in Stage III. (b) Crack surfaces of specimens under mode I with 15° mode IIL
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loading modes. From the fracture propagation images (Fig. 4b), the di-
rection of the crack was straight during initial growth. However, it
started to change direction gradually as it reached stage III, resulting in
the fracture surface (Fig. 3c), which was initially flat and then serrated at
an angle corresponding to the crack direction.

Similar to the mode I, the J-integral’s trend across intervals provides
insight into the energy release rate and crack driving force, reflecting the
cumulative effects of K, Ky, and Kj. The progressive increase in the
J-integral, alongside changes in K; and Kj; highlights the material’s
energy absorption and dissipation behaviour as it responds to applied
stresses. However, different from mode I, the J-integral matched K; and
Ky behaviour, due to the minimal mode II, which means that mode II
was likely induced due to intrinsic material properties and behaviour
under stress, rather than a problem in the fixture.

3.3. Mode 1 with 45° modelll

The loading was adjusted to enhance the out-of-plane shear mode III
conditions by modifying the fixture’s loading points by 45°. Like the
previous loading conditions, the crack experienced the three regimes of
loading; however, there was a longer Stage I region of slow initial crack
loading (Fig. 5a) with a Ky gradient of 0.59 + 0.01 MPa m%%/mm,
followed by Stage II, and similar Stage III gradient of 0.57 £+ 0.00 MPa
m®>/mm for mode III. During Stage II, the crack experienced an average
of 1.45 + 0.03 MPa m®® mode III SIF, and minimal 0.17 &+ 0.03 MPa
m®® mode I SIF and 0.09 + 0.03 MPa m®® mode II SIF, with a total
strain energy release rate of 1.93 + 0.08 kJ/m?.

Variations in K; and Kj; across intervals indicate the influence of
tensile and in-plane shear stresses on the crack’s initiation and propa-
gation, with stress conditions at the crack tip being mainly due to out-of-
plane shear stresses from tearing mode loading at a 45° angle. Overall,
the trend observed in the J-integral values reflect the cumulative energy
release rate associated with crack growth, and indicated, similar to the
mode I with 15° mode III loading, that K; and Kj; are intrinsic and not
due to the fixture. An increasing J-integral indicates the escalating
availability of energy for crack propagation, informed by the contribu-
tions of K[, K[], and K[H.

After 36 imaging intervals (Fig. 5a) there was a sudden 0.06 + 0.00
MPa m®> increase in K; that lasted for 3 intervals. Upon closer inspec-
tion, no apparent changes were found in the image and displacement
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field; the change was assumed to be due to an error in accurately
locating the crack tip.

In addition, the fracture surface showed evidence of shearing in a
direction parallel to the plane of the crack, and the fracture surface was
inclined to the original plane of the crack (Fig. 5¢) as mode III loading
occurs when shear stress is applied to the crack faces in a direction
perpendicular to the plane of the crack. Here, the crack faces slide past
each other in this direction, forming a fracture surface that appears
rough and jagged, with little or no opening of the crack faces. This
fracture surface is typical for mode III loading [2].

3.4. Modell

The loading was set to induce in-plane shear mode II conditions.
Given the complexity of applying mode II conditions, additional mode I
and III were observed by stereo-DIC. As for Stage I, the crack was loaded
with a steep gradient of K; that equalled 0.71 =+ 0.02 MPa m®°/mm and
a Ky with a 0.15 + 0.00 MPa m®®/mm gradient. But Ky had a parabolic
increment that dropped when the crack reached Stage II.

Across Stage II, which is defined by the stabilising of mode II values,
the crack experienced an K; of 1.26 + 0.11 MPa m%® and Ky of 0.43 +
0.03 MPa m®®, and a fluctuating Ky of 0.83 + 0.33 MPa m%°, with a
total strain energy release rate of 1.33 + 0.50 kJ/m2. Once the crack
reached the unstable crack propagation region, K; decreased whereas Kj;
and Ky increased, all with a similar gradient of —0.69 + 0.01 MPa m%®/
mm, 0.64 + 0.01 MPa m®®/mm, and 0.61 + 0.03 MPa m®%/mm,
respectively, before the crack rapidly ran across the entire sample.
Similar to the previous tests, the J-integral’s progression across intervals
reflects the energy release rate and the overall crack driving force.

In general, a mode I contribution is to be expected as a pure mode II
loading is not possible using an Arcan setup, due to the elastic defor-
mation of the sample, resulting in some rotation and hence crack
opening [55]. In addition, the mode III contribution can be the crack tip
intrinsic to stabilise the crack propagation. However, because its
contribution increased during the test, it is most likely due to mis-
alignments in the setup, similar to what was observed for the mode I test.

A sudden change in the direction of the crack occurred as the crack
abruptly changed in length and direction, leading to failure between two
frames that were taken 1 s apart (Fig. 6b). The fracture surface shown in
Fig. 6c¢ resulted from sliding (mode II) and tearing (mode III). This

Fig. 5. Mode I with 45° mode III loading intervals of the crack while being in displacement control and calculated mode I —IIII stress intensity factors (SIFs). (b) Stage
III crack growth under mode I with 45° mode III loading. (c) Specimen final surface.
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Fig. 6. (a) Pure mode II loading intervals of the crack while being in displacement control and calculated mode I —III stress intensity factors (SIFs). (b) Crack growth
in the last two loading intervals in what was assumed to be a pure mode II loading conditions. (c) The specimen’s final fracture surface.

caused the crack surfaces to slide relative to each other, resulting in
shear stresses in the y-direction ahead of the crack.

3.5. Mode 11 with 15° modelll

By adjusting the loading points of the fixture at 15°, the loading was
set to induce a combination of mode II and III conditions at the crack tip.
Stage I saw the in-plane shear stresses (sliding mode) K and out-of-
plane shear stresses (tearing mode) Kj; values increased by 0.48 +
0.01 MPa m®%>/mm and 1.25 + 0.03 MPa m®>/mm, respectively

25

Elongation (mm)

20 30 40
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(a)é 10

(Fig. 7a). However, like the mode I with 15° mode III setup, an unin-
tended mode I contribution was uncovered using the stereo-DIC setup,
suggesting that tensile stresses (opening mode) also influence the crack
tip’s stress state. Similar to mode I with 15° mode III loading, K; seems to
be intrinsic as it stabilised in Stage IL

During Stage II (Fig. 7a) the crack experienced an average of 1.41 +
0.12 MPa m®® mode III SIF, 0.48 + 0.01 MPa m*° mode II SIF, and
minimal compressive —0.12 + 0.03 MPa m®® mode I SIF, with a total
strain energy release rate of 1.89 =+ 0.25 J/m2.

Following 25 imaging intervals (as shown in Fig. 7a), Ky and Ky

Fig. 7. (a) Mode II with 15° mode III loading intervals of the crack while being in displacement control and calculated mode I —III stress intensity factors (SIFs). (b)
Stage III crack growth at final 42, 45, 47 and 49 intervals. (c) The crack surface of the specimen under mode II with 15° mode III.
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exhibited a slow upward trend, while K; showed a reduction throughout
the three intervals. Despite a thorough examination revealing no
noticeable alterations in the image and displacement field, it was
inferred that the observed changes were likely attributable to inaccur-
acies in pinpointing the exact location of the crack tip.

Then, during Stage III, mode II and III increased linearly with a 0.32

+ 0.01 MPa m®%/mm and 1.9 + 0.02 MPa m®®/mm gradients, respec-

tively and a decrease in mode I by a —0.17 & 0.03 MPa m®°/mm. In
Stage III, the crack started to kink due to the slide and tearing of the
crack surface (Fig. 7b) due to mode II and mode III loading and minimal
compressive mode I. The final fracture surface (Fig. 7c) showed craze
marks with an inclined and jagged fracture surface.

Overall, as seen in Fig. 7a, the trends in Ky and Kjj stress intensity
factors provide valuable insights into how the combined shear and
tearing stresses drive crack propagation, with no significant mode I
contribution. The simultaneous occurrence and variation of K;, Kj;, and
Ky underline a complex stress environment at the crack tip, where
sliding (mode II) and tearing (mode III) stresses are predominant but
influenced by incidental opening stresses. This was accompanied by the
increasing trend in the J-integral across intervals, reflecting the energy
aspects of crack growth, highlighting the transition from crack initiation
through stable growth to rapid propagation and eventual fracture under
the combined effects of shear and tearing loading. In general, the crack
behaviour is similar to the mode I with 15° mode III loading.

3.6. Mode 11 with 45° modelll

The loading was adjusted to enhance the out-of-plane shear mode IIT
conditions by adjusting the fixture’s loading points by 45° angle. Like
the previous loading conditions, the crack experienced the three regimes
of loading (Fig. 5a); however, there was a longer Stage I region — similar
to mode I with 15° mode III loading observations — as initial crack
loading has a Kj; gradient of 0.24 £+ 0.00 MPa mo's/mm, followed by
Stage II, and Stage III gradient of 0.37 & 0.01 MPa m®%/mm for mode
III.

During Stage II, the crack experienced an average of 1.48 + 0.06
MPa m®® mode III SIF, and minimal compressive —0.10 & 0.01 MPa
m%® mode I SIF and 0.13 + 0.02 MPa m®° mode IT SIF, with a total strain
energy release rate of 2.00 = 0.16 kJ/m?2. In Stage II, after 115 imaging
intervals, there was a sudden 0.13 + 0.03 MPa m®® decrease in K
probably due to an error in identifying the crack tip.
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50 100
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Variations in K; and Kjr across intervals indicate the fluctuating, yet
minimal, influence of tensile and in-plane shear stresses on the crack’s
initiation and propagation, with stress conditions at the crack tip mainly
due to out-of-plane shear stresses from tearing mode loading at 45°.
Overall, the trend observed in the J-integral values reflect the cumula-
tive energy release rate associated with crack growth, and indicated,
similar to the mode II with 15° mode III loading, that K; and Kj are
intrinsic and likely not due to a misalignment in the fixture. An
increasing J-integral indicates the escalating availability of energy for
crack propagation, informed by the contributions of Kj, Ky and Kjj.

Fig. 8b indicates that the crack’s kink is mainly due to the mode IIT
tearing of the crack surface (see additional supplementary videos). As
the test continued, the crack kept curving until the final fracture
(Fig. 8c), where the fracture surface also showed craze marks with a
curved fracture surface.

3.7. Mode 1 with 45° mode 11 and 45° modelll

The loading encompassed a complex mixed-mode fracture scenario
combining mode I-III at a 45° orientation to induce mode I-II-III. This
setup is designed to investigate the interplay of opening, sliding, and
tearing stresses on crack propagation, which is crucial for understanding
material response under realistic loading conditions that often involve
multiple stress modes.

Stage I saw a steep mode III gradient of 0.57 + 0.00 MPa m®>, Ky
gradient of 0.21 + 0.00 MPa mo.s, and K; of 0.17 £ 0.00 MPa m®>,
matched with similar ascending order of 0.13 + 0.01 MPa m®°, 0.21 +
0.00 MPa m®®, and 0.62 + 0.00 MPa m®® gradients for mode I-II-IIL.
During Stage II of the crack growth, the crack experienced an average of
0.44 =+ 0.02 MPa m®® mode I SIF, 0.50 + 0.04 MPa m®> mode II SIF,
and 1.35 + 0.02 MPa m®> mode III SIF, with a total strain energy release
rate of 1.81 + 0.16 J/m>

After 13 imaging intervals (Fig. 9a) there was a sudden increase in K;
by 0.02 + 0.01 MPa m®®, Ky by 0.02 + 0.02 MPa m®®, and Ky by 0.04

+ 0.01 MPa m®®. Also, after 43 imaging intervals, there was a sudden

increase in K; by 0.05 + 0.02 MPa mo.s’ Ky by 0.01 £+ 0.06 MPa mo.s’
and Ky by 0.02 + 0.02 MPa m®>. Upon closer inspection of the images
and displacement data, the behaviour - like other instances — can be
attributed to the uncertainties in defining the crack tip location.

There were no obvious signs of fixture-induced additional loading,
and similar to the previous crack loading that involved mode II, the

(c)

Fig. 8. Mode I with 45° mode III loading intervals of the crack while being in displacement control and calculated mode I, mode II, and mode III stress intensity
factors (SIFs). (b) The crack angle is inferred from J-integral calculation. Crack (a) growth and (b) final fracture surface of specimens under mode II with 45° mode III.
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Fig. 9. Mode I with 45° mode II and 45° mode III loading intervals of the crack while being in displacement control and calculated mode I —III stress intensity factors
(SIFs). (b) The crack angle is inferred from J-integral calculation. (c) Crack growth in Stage IIL

crack kinked and continued to curve as it grew (Fig. 9b) but due to a
combination of in- and out-of-plane shear. Unfortunately, we could not
retrieve the sample for imaging after the test.

3.8. Effective stress intensity factor

To predict mixed-mode crack growth behaviour, several criteria
have been previously developed, such as the Maximum Hoop Stress
criterion [56], Maximum Circumferential Stress criterion [57], and
Minimum Strain Energy Density (SED) criterion [58,59]. Considering
that the current calculation of SIFs is based on the potential energy
release rate, using the Maximum Potential Energy Release Rate
(MPERR) criterion [60] was deemed most appropriate. The MPERR
criterion analyses crack propagation by considering the maximum po-
tential energy release during growth, extending Griffith’s fracture the-
ory. It asserts that a crack will grow in the direction where the maximum
energy is released, aiding in determining critical conditions for crack
growth under complex loading conditions.

The calculated SIFs measured during stable crack growth in Stage II
were then normalised by the effective or equivalent SIF (K), calculated
from Equation (5). The normalisation of SIFs measured during stable
crack growth using the K.y is a crucial aspect in understanding mixed-
mode fracture mechanics and allows for the representation of the
combined effects of modes I (opening), II (sliding), and III (tearing) on
crack propagation. This approach, proposed by Chang et al. [60], le-
verages a three-dimensional fracture surface analysis to account for
these mixed-mode contributions, providing a comprehensive under-
standing of crack growth dynamics. An alternative formulation based on
the Huber-Mises criterion is available but applicable only to mode I/1I
and mode I/III cracks [61,62]. However, the K is suited for slow and
stable fracture, limiting its calculation to Stage II data.

10

Ky = \/K} + K5 + K3, (5)
Y= tan71 (KIII/ KIZ + KIZI) (6)

The normalised data fits well with the 3D surface from Chang et al. [60]
(Fig. 10a) with an average R? of 0.91. The normalised data is clustering
in regions corresponding to the specific setup of mode I, II and III con-
tributions. Data from the experimental setting to induce a pure mode II
(Ky) and mode II with 45° mode III exhibited spreading due to the
changing interplay between SIFs driving fracture during Stage II. In
addition, the mode ratio angle, given by Equation (6), provides a better
visualisation of the conditions at the mixed-mode crack (Fig. 10c). The
colour zones, derived from the 3D surface, indicate the dominant
cracking direction, and data fit well in these zones.

Similar to Fig. 10c, the experimental data can be fitted to critical
surface constructed for the MPERR but using a constant value rather
than K. This value, which provides the best fit for all the data, is
assumed to equal the material fracture toughness (Kj¢c). The best fit was
at 1.82 MPa m®® with an R? of 0.95, which agrees with the mode I
fracture toughness determined using ASTM E1820. A video that
parametric-sweep of different K¢ and its effect on the fitting is included
as a supplementary video. Nonetheless, the value of R? is rather quali-
tative for non-linear fitting [63] and cannot be used to estimate the
uncertainty in the fracture toughness. From analysing the residuals be-
tween the fitting and raw data, the average uncertainty was around +
0.32 MPa m®>.
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Fig. 10. (a) Fracture loci for the three-dimensional plot of the SIFs. (b) Solid
black lines represent the uncertainty of measurement in mode I-III indicated as
S? ; in the zoomed-in red circle. The vertically dotted black lines (see partially
in at each point indicate the difference (parallel to the other axis) between the
data and the surface. (c) Experimental data with the critical surface (equations
(5) to (6) constructed at a constant value of K for the mixed-mode maximum
potential energy release rate (MPERR).

4. General discussion
4.1. Insights from the tests

Experimentally, we observed that the fracture in PMMA encom-
passes three stages: initiation (Stage I), propagation (Stage II), and fast
unstable fracture (Stage III), each associated with distinct characteristics
observable in the load-displacement curve, crack extension, and cor-
responding SIFs. In the initial loading stage (Stage I), the interval at
which the images were captured versus the SIF plot, as depicted in Fig. 3,
exhibits a linear elastic regime, forming the fracture zone ahead of the
crack. At higher loads, crack propagation initiates near the specimen
surface of the pre-crack front, especially pronounced in mixed-mode
loading due to variations in the stress field around the crack.

As the load increases (Stage II), cracks extend toward the mode-
specific crack front, influenced by loading conditions. Studies on frac-
ture propagation paths under mixed-mode loading in PMMA by Cooke &
Pollard [64] reveal that the resulting crack geometry and its angle to the
load line depend heavily on mixed-mode contributions. The craze zone
on the fracture surface, formed during Stage II loading, reflects a process
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dependent on micro-deformation mechanisms occurring before or dur-
ing slow crack propagation, independent of the loading angle [65]. The
craze length was determined to be approximately 0.5 mm [66]. During
this stage, relative stability in the elongation vs. SIF behaviour is
observed, with the crack advancing steadily before the final fracture.

The crack’s stable growth regime changes with the loading mode due
to the inherent differences in the stress distribution and deformation
mechanisms activated around the crack tip under different loading
conditions. Each mode of loading—mode I (opening or tensile mode),
mode II (sliding or shear mode), and mode III (tearing or out-of-plane
shear mode)—introduces distinct stress fields and crack tip displace-
ments, influencing the material’s response and the crack propagation
mechanisms. This complexity is critical for understanding material
behaviour under realistic loading conditions, often involving multiple
stress modes.

This is because in mode I, the crack faces are subjected to tensile
stresses that open the crack. This mode typically results in a relatively
straightforward crack propagation path, perpendicular to the direction
of applied stress. The stable growth regime in mode I is characterised by
a crack growth resistance that increases with a crack extension due to
factors like material toughening mechanisms and crack path deflection.

Mode II introduces shear stresses that cause the crack faces to slide.
As the material experiences shear-dominated deformation, the crack
path can be more complex, often curving or branching. Stable crack
growth in mode II may encounter different resistance mechanisms, such
as microstructural barriers to shear displacement and frictional forces
along the crack surfaces.

With mode III loading, the crack faces experience out-of-plane shear
stresses, leading to tearing. The stable growth regime under mode III can
be influenced by the material’s resistance to tearing deformations,
which may involve different microstructural and geometrical factors
compared to modes I and II.

In the concluding stages of loading (Stage III), the fracture becomes
unstable, leading to rapid crack growth and sudden, catastrophic failure.
The fracture path remains dependent on mixed-mode loading
conditions.

In general, the absence of pure mode loading in experimental setups,
even when tests are designed to simulate pure modes, can be attributed
to complex stress fields representing real-world scenarios where the
stress fields around cracks are rarely uniform or singularly directional.
Material anisotropy, heterogeneity, and geometric constraints can lead
to complex stress distributions that introduce mixed-mode conditions. In
addition, as a crack propagates, it may encounter microstructural fea-
tures or inhomogeneities that alter its path. These deviations can change
the local loading mode at the crack tip, introducing mixed-mode con-
ditions even in tests designed for pure mode loading. The intrinsic ma-
terial properties and behaviour under stress, such as plasticity and crack
tip blunting, can affect the stress distribution and deformation around
the crack tip, leading to the emergence of mixed-mode conditions.

However, these might not be issues related to the PMMA samples,
although PMMA can undergo some plastic deformation as it exhibits
elastic—plastic dominant deformation behaviour at the micron scale
[78]. However, no significant plastic deformation region was observed
in PMMA except for crazing marks, which were apparent in most tests
and typically perceived as plastic deformation [67]. In future work,
freezing to about —20 °C or UV aging [68] should be used to improve the
brittleness of PMMA.

Also, achieving pure mode loading requires precise control over
loading directions, magnitudes, and boundary conditions. Unavoidable
deviations in the experimental setup, such as alignment errors or non-
uniform load application, can introduce additional stress modes.
Nonetheless, as shown in Table 3, the induced load was captured using
stereo-DIC, revealing the unintended contribution to the stress state at
the crack tip, which dictated the crack’s growth path rate, loading rate,
and overall fracture behaviour. This is because mixed-mode conditions,
especially those combining mode II and mode III stresses present
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Table 3
Summary of the stress intensity factors (SIFs) linear gradient for Stage I and III, and the average SIFs for Stage II.
Stage I
Test K;(MPa m®®/mm) Ky(MPa m®®/mm) Ky(MPa m®®/mm)
I 3.04 £ 0.03 - —
I/10I 15° 0.75 £ 0.01 — 0.87 + 0.02
I/11I 45° - — 0.59 + 0.01
I 0.71 £ 0.02 0.15 £+ 0.00 -
II/III 15° - 0.48 + 0.01 1.25 + 0.03
II/111 45° - — 0.24 £+ 0.00
1/11/111 45° 0.17 £+ 0.00 0.21 £ 0.00 0.57 £+ 0.00
Stage II
Test K;(MPa m®®) K (MPa m®®) Kr(MPa m®>) Additional mode due to
I 1.14 + 0.14 0.69 £+ 0.23 0.85 + 0.41 Fixture
I/101 15° 1.04 + 0.08 0.11 £+ 0.05 1.10 + 0.06 Intrinsic
1/111 45° 0.09 + 0.03 0.17 £ 0.03 1.45 £ 0.03 Intrinsic
I 1.26 + 0.11 0.43 £ 0.03 0.83 +£0.33 Fixture
II/101 15° —0.12 + 0.03 0.48 + 0.01 1.41 +£0.12 Intrinsic
II/111 45° —0.10 £ 0.01 0.13 £+ 0.02 1.48 + 0.06 Intrinsic
I/11/111 45° 0.44 £+ 0.02 0.50 £ 0.04 1.35 £ 0.02 None
Stage III
Test K;(MPa m®®/mm) Ky(MPa m®®/mm) Ky(MPa m®®/mm)
I 3.91 +0.08 0.85 £+ 0.03 3.48 £0.14
I/101 15° 1.14 £ 0.03 — 0.72 + 0.06
1/11I 45° - — 0.57 £+ 0.00
I —0.69 + 0.01 0.64 £ 0.01 0.61 + 0.03
II/101 15° —-0.17 + 0.03 0.32 £ 0.01 1.90 + 0.02
II/11I 45° — — 0.37 £ 0.01
I/11/111 45° 0.13 £ 0.01 0.21 £ 0.00 0.62 £+ 0.00

complex stress states that can significantly affect the material’s fracture
behaviour.

In addition, the change in crack stable growth regime with the mode
of loading is supported by literature, indicating that different modes (I,
11, and III) influence crack propagation directions and rates due to the
varying stress fields and material response [1]. Mixed mode loading
conditions further complicate crack growth behaviour, necessitating
criteria for predicting crack growth directions under such conditions
[69]. The complexities of achieving pure mode loading in experimental
setups are highlighted by studies on crack arrest features and the in-
fluence of crack tip plasticity on determining and enhancing material
resistance to crack growth.

The increasing trend in the J-integral across intervals encapsulates
the energy aspects of the crack growth process, highlighting how the
material’s ability to absorb and release energy under applied stresses
influences the progression towards fracture. The interplay between the
energy release rate (J-integral) and the stress intensity factors (Kj, Ky,
and Kjj) provides a comprehensive view of the fracture process, from
crack initiation through stable growth to the onset of rapid propagation
and eventual failure, and offers invaluable insights into the mechanics of
mixed-mode fractures and material resilience under combined loading
conditions.

Fitting the experimental results to the MPERR criterion, a fracture
toughness of 1.82 + 0.32 MPa m0.5 was calculated. In general, the
fracture toughness of PMMA typically ranges from 1.42 to 1.86 MPa
mO0.5 under quasi-static loading, while it can reach up to 2.5 to 4 MPa
m®5, Moreover, our ASTM E1820 tests revealed a fracture toughness of
1.7 MPa m®>.

4.2. Mixed-mode testing

The existing literature presents various iterations of the Arcan fixture
and specimen designs for mixed-mode testing. Notable variations
include butterfly-shaped and square-shaped geometries, with notched
and unnotched configurations reported. Circular fixtures are common,
though exceptions exist [70]. When connecting the Arcan fixture to the
load frame actuators, two main methods prevail: (1) a rotational
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connection within the specimen plane and (2) a fixed connection
limiting rotation at the fixture ends [70].

A freely rotating fixture is advantageous for alignment but poses
challenges when imposing mixed-mode loading. Off-axis loading angles
complicate the mixed-mode load, necessitating scrutiny of unwanted
out-of-plane bending to prevent undesirable mode components in the
SIF. This complexity is evident in pure mode I and II setups with mode III
contributions. This is highlighted in the pure mode I and mode II setups
presented in this study where contributions of mode III are present.

Precision in initiating the pre-crack is crucial to avoid errors in
specimen and load orientations. Additionally, misalignment of the crack
plane may introduce unwanted mode contributions, highlighting the
need for careful examination. Moreover, minimising movement between
components improves stability, reducing the chance of unwanted mode
contributions. For example, the amount of “play” in the test rig (see the
supplementary videos) during the experimental procedure could pro-
duce undesirable forces within the specimen. These seemingly negligible
misalignments highlight the benefits of using an Arcan setup with
stereo-DIC to capture actual conditions at the crack tip.

Modifications to the Arcan fixture aim to address non-uniformities
and minimise mode III contributions for uniform stress states and pure
plane strain conditions [71-75]. Although most modifications are vali-
dated analytically, one study validated a modified loading fixture using
3D finite element analysis and experiments on pre-cracked PMMA
specimens [72]. However, asymmetry and unwanted mode III contri-
butions in the modified Arcan fixture played a significant role in fracture
results, particularly close to pure mode II loading angles, with up to a
42.65 % difference compared to a symmetrical fixture [76].

Previous attempts to calculate mixed-mode SIFs from the Arcan
fixture relied on analytical solutions or simulation, often neglecting
small mixed-mode load contributions — only some acknowledged that
there might be a load skewness in their setup. In contrast, others rec-
ognised mixed-mode load contributions, using correction factors [77] or
attributing inconsistencies between simulation and experiment crack
trajectories to mode contributions [78]. Despite these variations, some
observed good consistency between experimental results and finite
element predictions [4,12,79], even without considering minor mode
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contributions. These observations challenge previous conclusions that
mixed-mode fracture tends to follow mode I crack, since mode I,
observed from DIC data, is induced by in- and out-of-plane loading in
tension and compression [80]. A study showed that as the load shifted
from pure mode I to pure mode III, the fracture load increased while the
corresponding fracture toughness value decreased [81].

The challenges extend beyond Arcan testing. A comparison between
the International Organization for Standardization (ISO) and the
American Society for Testing and Materials (ASTM) standards for
measuring fracture toughness reveals significant experimental dispar-
ities of 58 % [82] and 24 % [80], with a theoretical inconsistency of 5 %
[83]. Notably, these figures do not account for additional uncertainties
stemming from test system compliance and load misalignment.

Misalignment of the load introduces strain asymmetry on one side of
the sample, intensifying during testing and diminishing the specimen’s
fracture toughness, especially in brittle materials [88-90]. This further
underlines the complexities of fracture toughness measurements,
emphasising the need for meticulous consideration of various factors
influencing test outcomes and the inclusion of DIC in fracture testing.

4.3. Addition of stereo-DIC

As in the current work, local analyses utilising an Arcan fixture and
stereo-DIC were shown to be valuable in scenarios where external con-
ditions are uncertain. This approach offers alternatives to simulation
and analytical solutions, acknowledging the absence of a simple
boundary condition assumed in existing models. The reliability of results
can be compromised when such conditions do not exist. Future methods
improvements should address scalability and non-linearity, considering
the incompleteness of the classic definition of the J-integral at the
microscale, highlighted by large-scale yield phenomena [84].

During the experiment, the crack propagated at times faster than the
image acquisition rate, emphasising the critical need for imaging during
Stage II and III, especially during the sonic growth in mode II or III
loading. Faster image acquisition would capture crucial details of crack
behaviour and loading conditions that dominate crack propagation.
Additionally, assumptions about the properties of homogeneous mate-
rials for heterogeneous materials need to be reconsidered, as variations
in thickness permeability induced by the loading system affect the crack
field in the sample [77].

Nonetheless, in the aforementioned literature, a planar medium is
assumed, opening a different cane of warms when the assumption is
invalid. For example, Vormwald et al. [85] investigated the use of stereo
DIC to measure crack tip displacement fields on cylindrical surfaces
under mixed-mode loading, addressing the variable mode-mixity
encountered during fatigue crack growth. Their study highlighted the
limitations of applying planar models to curved specimens, especially
under mixed-mode conditions. Similarly, Camacho-Reyes et al. [86]
developed a novel method for characterising non-planar crack tip fields
using a differential geometry approach in combination with stereo DIC,
allowing accurate measurement of crack tip displacements on curved
surfaces such as thin-walled cylindrical specimens. Their approach ex-
tends traditional planar crack models to curved surfaces by incorpo-
rating 3D geometrical corrections. Lastly, Cao and Sipos [87] proposed a
method for measuring the SIF of cracks in weakly curved brittle shells,
demonstrating that traditional planar assumptions are insufficient for
capturing the stress distribution in curved geometries. They applied a
modified Williams expansion to curved shells and validated their
approach through experimental tests on cylindrical and spherical shells.
These studies collectively emphasise the complexity and necessity of
considering non-planar geometries in fracture mechanics and provide
methods that expand upon traditional planar approaches.

Hence, combining mixed-mode crack loading with three-
dimensional imaging and correlation, such as digital volume correla-
tion (DVC), emerges as an insightful approach [25,88-91]. This inte-
gration can provide a comprehensive understanding of the strain
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distribution and crack development during shear testing. Such insights
are essential for calibrating existing macro- and mesoscale models and
testing methods, bridging gaps in our understanding of material
behaviour under complex loading conditions.

4.4. Extraction of SIFs

The calculation of SIFs has been reported using various approaches,
including field-fitting, integral methods, and more generalised crack
opening displacement approaches. Additionally, cohesive zone models
(CZMs) can be computed from displacement data, providing an alter-
native framework for analysing crack behaviour and propagation [40].

The choice of the J-integral is attractive since it does not necessitate
precise knowledge of the crack tip and, in mixed-mode loading, only
requires information about the crack plane. It eliminates the need for
accurate DIC computed displacements near the crack tip, relying on data
away from it. This study demonstrates the extraction of mixed-mode
SIFs in complex mixed-mode testing, providing estimates for mode I,
I, and III SIFs that align with experimental loading configurations.
Furthermore, the obtained SIFs highlight unwanted mode contributions
and facilitate the computation of the more general MPERR criterion. In
addition, the new method shown here uses out-of-plane displacements,
contrary to existing methods that use only in-plane displacements.

In this work, the crack direction remained constant, except in cases
where shear was predominantly due to mode II. When controlled in
mode I, the crack plane remained flat and did not curve, contrasting with
the behaviour observed under shear control. Additionally, when the
crack was under mode II loading, the rapid growth of the crack was
sudden and less gradual compared to when it was controlled by mode I
or mode III. These observations highlight the sensitivity of crack
behaviour to different loading conditions, emphasising the need for
nuanced analyses in mixed-mode scenarios, which can include using the
J-vector analysis [92-94].

5. Conclusions

The study analyses mixed-mode fracture of Polymethyl methacrylate
(PMMA) tested and monitored using an Arcan fixture coupled with
stereo digital image correlation (DIC), which can measure the in- and
out-of-plane surface displacement fields. The contribution of different
loading modes was obtained by a novel method where the measured
displacement field was decomposed into three distinct components: a
symmetric field (¢!), an in-plane anti-symmetric field (u), and an out-
of-plane antisymmetric field (u'!), which were used to calculate the
mode-specific strain energy release rate (J-integral) and stress intensity
factors (SIFs), including out-of-plane mode III without knowing the
sample geometry or the nominal loading conditions.

In addition, the SIFs, measured during stable crack growth, were
normalised by the effective SIF (K,5) which fitted well against a fracture
locus constructed using the Maximum Potential Energy Release Rate
(MPERR) criterion. Using parametric sweeping, the fracture toughness
(Kic) found to equal 1.82 + 0.32 MPa m0.5, which agrees with values
reported in the literature.

The methodology presented in this study, which combines Arcan
fixture testing with stereo-DIC for mixed-mode fracture analysis, pro-
vides a comprehensive understanding of strain distribution and crack
development and can be applied to a wide range of materials where in-
plane and out-of-plane loading conditions are relevant, including com-
posites, metals, and polymers. However, the method is limited by the
potential for parasitic loading modes inherent in the Arcan setup, as well
as the need for careful alignment and calibration to ensure accurate
displacement measurements and stress intensity factor extraction.
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