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ABSTRACT: Due to rock mass being commonly subjected to compressive or shear loading, the mode II fracture toughness is an
important material parameter for rocks. Fracturing in rocks is governed by the behavior of a nonlinear region surrounding the crack
tip called the fracture process zone (FPZ). However, the characteristics of mode II fracture are still determined based on the linear
elastic fracture mechanics (LEFM), which assumes that a pure mode II loading results in a pure mode II fracture. In this study, the
FPZ development in Barre granite specimens under mode II loading was investigated using the short beam compression (SBC) test.
Additionally, the influence of lateral confinement on various characteristics of mode II fracture was studied. The experimental setup
included the simultaneous monitoring of surface deformation using the two-dimensional digital image correlation technique (2D-
DIC) to identify fracture mode and characterize the FPZ evolution in Barre granite specimens. The 2D-DIC analysis showed a
dominant mixed-mode I/II fracture in the ligament between two notches, irrespective of confinement level on the SBC specimens.
The influence of confinement on the SBC specimens was assessed by analyzing the evolution of crack displacement and changes in
value of mode II fracture toughness. Larger levels of damage in confined specimens were observed prior to the failure than the
unconfined specimens, indicating an increase in the fracture resistance and therefore mode II fracture toughness with the confining

stress.

1. INTRODUCTION

The fracturing in laboratory-scale rock specimens is often
characterized by the deformation of the inelastic region
surrounding the crack tips, also known as the fracture
process zone (FPZ) (Backers et al., 2005; Ghamgosar and
Erarslan, 2016). While the influence of the FPZ on mode
I fracture in rocks has been extensively investigated, there
are limited studies on FPZ development in rocks under
pure mode Il loading (Ji et al., 2016; Lin et al., 2020; Garg
etal., 2021; Li et al., 2021).

Over the years, various geometries such as anti-
symmetric four-point bending (ASFPB) (Wang et al.,
2016), cracked straight-through Brazilian disc (CSTBD)
(Ayatollahi and Sistaninia, 2011), the double-edge
semicircular bend (SCB) with an inclined notch (Aliha et
al., 2006), short beam in compression (SBC) (Ko and
Kemeny, 2007) and punch-through shear (PTS) (Backers
et al., 2002) have been used to estimate mode II fracture
toughness in rocks. The geometries mentioned above can
be divided into two categories, namely: a) pure shear
loading (i.e. k; = 0) and b) compression-induced shear
loading (i.e. k; < 0) (Lui et al., 2018; Bahrami et al.,

2020). The geometries from the first categories, such as
notch deep beam (NDB) and semicircular bend (SCB)
specimen with an inclined notch, typically result in the
formation of a kink fracture (Ji et al., 2016; Lin et al.,
2020; Garg et al., 2021). These geometries are selected
based on the linear elastic fracture mechanics (LEFM),
which assume that pure mode II loading is equivalent to
pure mode II fracture (Ayatollahi and Sistaninia, 2011;
Mirsayar et al., 2018; Bahrami et al., 2020). However,
recent studies (Ji et al., 2016; Lin et al., 2020, 2019; Garg
et al.,, 2021) based on characterization of the FPZ
evolution under pure mode II loading have found that the
pure mode II cracks are difficult to create in rocks without
the elimination of the tensile stresses at the crack tip. For
instance, Garg et al. (2021) tested various configurations
of notch deep beam (NDB) specimens of Barre granite
specimens and only found mode I fracture in these
specimen geometries, despite the fact that these NDB
specimens were subjected to the pure mode II loading
condition.

The geometries based on compression-induced mode II
loading such as short beam in compression (SBC), punch-
through shear (PTS), and short core in compression



(SCCQ) tests, typically result in the formation of fracture in
the original notches plane or along the maximum shear
stress directions (Xu et al., 2020; Backers et al., 2002). In
these geometries confining pressure can be applied to
suppress tensile stresses at the notch tip and prevent crack
kinking (Bahrami et al., 2020; Xu et al., 2020). In recent
years, these compression-induced shear loading based
geometries have been increasingly used to characterize
the mode II fracture toughness in various rocks such as
Aue granite, Carrara marble, Flagstaff sandstone,
Escabrosa limestone (Backers, 2004; Ko and Kemeny,
2007; Jung et al., 2016; Li et al., 2021). Despite these
applications, deformation behavior and fracture
characteristics during the formation of mode II crack are
not well understood. Additionally, only limited studies
have explored the influence of mode II loading on the FPZ
development in rocks (Backers, 2004; Lin et al., 2018),
which typically requires a detailed analysis of the FPZ
characteristics such as its shape and size, and magnitude
of crack displacements. Optical techniques such as digital
image correlation (DIC) can be a vital tool to characterize
the FPZ development as it provides direct measurements
of the displacement and strain fields inside the FPZ.
Because of its simple setup and accurate measurements,
DIC has gained attention in experimental fracture
mechanics (Hedayat et al., 2014; Miao et al., 2018;
Sharafisafa et al., 2018; Zhang et al., 2018).

The main aim of this study is to characterize the FPZ
development in rock using geometries based on
compression-induced mode II loading. For this purpose,
the short beam compression (SBC) tests were performed
on granite specimens. The SBC test was selected due to
its numerous advantages over other cylindrical
geometries such as ease of preparation and availability of
multiple specimen configurations for pure mode II
loading by changing ligament length (Ko, 2008). Unlike
typical mode II tests such as punch-through shear tests,
the SBC specimens, due to the planar surface, allow the
estimation of surface deformation (using an optical
technique such as DIC). This facilitates the estimation of
various fracture properties such as crack displacements
and fracture geometry. The SBC specimens of Barre
granite were tested under compression loading along with
the simultaneous implementation of 2D-DIC to
characterize the various crack characteristics such as the
FPZ evolution and its crack type under mode II loading.
The fracture mode was determined based on both
displacement and strain approaches of 2D-DIC.
Additionally, the influence of confinement on the SBC
specimens was assessed in terms of variation in mode 11
toughness and changes in characteristics of the developed
FPZ.

2. SBC CONFIGURATION FOR PURE MODE II
LOADING

The SBC specimen is a prismatic specimen with two
horizontal notches under compression loading (Figure
1a). The pure mode II loading is achieved by creating two
parallel and opposite notches, resulting in shear stress
concentration at the central part of the specimen (Watkins
and Liu, 1985). Both notches have a length of a = W/2 (W
is specimen width) and are separated by a rock bridge
length of c. Mode II stress intensity factor (Kj;) for the
SBC specimen (Watkins and Liu, 1985) can be defined
using the following equations:
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where P is the applied load on the specimen, L is
specimen height, B is the specimen thickness, Yj; is the
mode II non-dimensional geometrical factor, a is the
notch length, and 77 is nominal shear stress at the peak
load and typically represents the average shear stress
applied on the rock bridge between two horizontal
notches. The geometrical factor (Y;;) primarily depends
on the bridge length to height ratio (c/L).

Various experimental studies (Ko, 2008; Ko and Jeon,
2017) have shown the formation of the vertical crack,
which is perpendicular to the notch plane in the SBC
testing configurations. Therefore, estimation of mode II
geometrical factor (Y;;) should account for the existence
of crack tip perpendicular to the notch plane based on
fracture mechanics theory. Xu et al. (2020) have shown
that the addition of cracks tips along the shear crack
direction in a short core compression test (similar to mode
IT testing configuration as SBC specimens) allows an
accurate estimation of mode II stress intensity factors in
rocks specimens. For this purpose, two shear cracks of the
length of h, along with horizontal notches were modeled
in the finite element package ABAQUS (see inset in
Figure 1). The small shear cracks are modeled as line
cracks based on the assumption of LEFM with singular 6-
node quadratic plane stress triangle elements (CPS6).
These elements facilitate the calculation of stress intensity
factors by replicating singularities at the crack tips. For
accurate estimation of stress intensity, 20 rings of
quadrilateral elements (20 elements for each ring) around
crack tips were meshed using the sweep technique (Figure
1). The remaining region was modeled using the 8-node
biquadratic plane stress quadrilateral elements (CPSS).
The modeled SBC specimen had the same nominal
dimensions as the experiments with two rectangular
notches (Figures 1).



To model uniaxial compressive loading on the SBC
specimen, a vertical displacement rate of 0.1 mm/step
(1step =1sec) was applied at the top of the beam. The
material behavior was assumed to be linearly elastic with
Young’s modulus (E) of 52 GPa and Poisson’s ratio (v)
of 0.16 to represent the elastic properties of Barre granite
ported by Shirole et al. (2020). In the current study, the
SBC specimens with (c/L) ratio of 0.2 were used as they
are typically considered the most favorable configuration
for the formation of the shear crack between two notches
(Ko and Kemeny, 2007). Figure 2 shows the approximate
linear variation of the numerical mode II stress intensity
factor (K/*™) at the shear crack tips with respect to
normalized shear cracks length (2h./c) in the modeled
specimens. Since actual SBC test specimens don’t have
shear cracks, the accurate estimation of mode II stress
intensity factor (K;;) would require shear cracks in small
lengths. However, FEM-based analysis cannot provide
accurate results for small shear cracks as finite elements
in the tip region require very dense meshing (element size
< 0.001 mm). Therefore, the estimation of the mode II
stress intensity factor (Kj;) for the SBC specimens was
done using extrapolation from the fitted curve of
numerical mode II factor (K/}*™) vs. normalized shear
cracks length (2h./c) (Figure 2). This extrapolation
approach is valid since it follows the assumptions of
LFEM and is known to provide a good estimate of the
mode II stress intensity factor (K;;) in SBC type
configurations (Ko and Kemeny, 2007, Xu et al., 2020).
For a given bridge length to height ratio (c¢/L), mode II
geometrical factor (V;) is then obtained using Eq 1a-b and
numerical model.
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Figure 1. Finite element mesh used for estimation of
geometrical factors in SBC specimens.
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Figure 2. Variations of numerical mode II stress intensity factor
(KI*™) with respect to normalized shear crack length (2 h./c)
for the modeled SBC specimens with ¢/H of 0.2.

3. EXPERIMENTAL DESIGN

3.1 Specimen Preparation

This study characterizes the fracture processes in Barre
granite specimens under pure mode II loading. Barre
granite (B.G.) is a medium-grained crystalline rock with
an average grain size of 0.87 mm (Shirole et al., 2020).
The prismatic specimens of length L=150 mm, width
W=75 mm, and thickness B=25 mm (Figures 1) were
prepared from a large block of Barre granite. Two
horizontal center notches with 1.02 mm aperture and 38
mm notch length was created by the Colorado WaterJet
Company (Figure 1).

3.2 Experimental Setup and Testing

The SBC specimens of Barre granite were tested under
compression loading using a biaxial loading device
(Figure 3). The designed configuration for the
experimental setup essentially consisted of two
independent parts: (a) the horizontal loading frame to
apply and control the required confinement on the
specimen, and (b) the MTS loading machine to apply the
uniaxial loading in the vertical direction (Figure 3). The
horizontal loading frame consists of three main plates
connected by four high-strength rods (Figure 3). The two
outer plates with four rods provided the primary support
for the flat jack and rock assembly placement, while the
middle plate applied the load to the specimen (Figure 3).
The hydraulic flat jack was used to apply the confinement
in the horizontal direction, controlled through a hand-held
hydraulic pump (Figure 3). The Teflon sheets in
conjunction with elastic rubber were placed on two lateral
surfaces of the specimen (Figure 3) in order to minimize
the friction between the steel plates and rock specimen.
The rubber sheets ensured a uniform stress distribution on



the lateral surfaces in an irregular-ended rock specimen.
A steel spacer (dimensions of 50 mm x 72 mm x 25 mm)
on the top of the specimen was used to transfer the axial
load from the platens of the MTS machine to the specimen

(Figure 3).

A small seating load was applied in the axial direction to
securely fix the setup before starting the test.
Subsequently, both confining pressure and axial load
were increased in 0.2 MPa increments until the desired
level of confinement was achieved. Finally, the axial load
was increased at a constant rate of 0.1 pm/sec until
specimen failure. The confining pressure (o) acts normal
to the future fracture plane, which typically forms in the
rock bridge between two notches (Figures 1 and 3). The
surface deformation was simultaneously monitored
during testing using the 2D-DIC system, as shown in
Figure 1. The DIC system consists of a CCD (Charged-
coupled device) camera and two steady white sources
(Figure 3). The post-processing of acquired images was
done using Correlated Solutions software (VIC-2D) to
measure the deformation and strain fields on the
specimen’s surface. The procedure involved first defining
a region of interest (ROI) which is around 40x75 mm? in
SBC specimens. Three input parameters, namely (a)
subset size, (b) step size, and (c) filter size, were required
for accurate estimation of the strain field around FPZs.
The optimum values of each parameter are based on the
suggestion by the author’s earlier work (Garg et al., 2020
and 2021).

Figure 3. The experimental setup used in SBC test on prismatic
specimen along with 2D-DIC where: (1) Steel rods (2) main
support plates (3) middle plate (4) Hydraulic flat jack (5) Steel

Spacer; (6) top platen of MTS machine; (7) CCD camera; (8)
two light sources (9) Speckled specimen.

4. EXPERIMENTAL RESULTS

4.1 Fracture toughness evaluation

In each experiment, the axial load, the axial displacement,
and the confining pressure values were recorded and then
used along with the mode II geometrical factor (obtained
from FEM-based analysis in Figure 2) to calculate the
mode II fracture toughness of the SBC specimens under
various levels of confining pressure. Figure 4 shows a
linear variation of mode II fracture toughness (K;;) with
confining pressure for the tested range. This linear
increase in mode II fracture toughness at low confinement
(0. <30 MPa) agrees with the observation of other studies
(Backers et al., 2002; Ko and Kemeny, 2007) on various
rock types such as Aue granite, Carrara marble, Flagstaff
sandstone. For instance, Ko and Kemeny (2007) found a
linear variation in mode II fracture toughness (K;; =1.31-
9.11 MPa mm®’) for Flagstaff sandstone with the
confining pressures ranging from 0-10 MPa. Table 1
summarizes the results of SBC specimens at various
levels of pressure (o, =0, 1.7, 3.5, 10.4 MPa). In this
study, the SBC specimens were labeled as “SBC-0,.-N”
where “o.” represents confinement level, and “N”
represents specimen number for a given confinement
level “o.”.
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Figure 4. Variation of the mode II fracture toughness with
respect to confining pressure.

Table 2: Experimental results of the SBC specimens of Barre
granite tested in this study

. Confining | Peak K, Wit | Wy,
Spe;}lénen Pressure | load | (MPa m®?) | (um) |[(um)
o. (MPa) | (kN)
SBC-0-1 0 11.2 1.75 3 3




SBC-0-2 0 12.0 1.88 52| 5
SBC-1.7-1 1.7 20.7 3.25 40 | 42
SBC-1.7-2 1.7 14.2 2.23 47 | 51
SBC-3.5-1 3.5 36.8 5.76 95 [ 109
SBC-3.5-2 3.5 33.9 5.31 98 |114
SBC-10-1 10 52.2 8.18 134 (130

4.2 Fracture characterization using DIC

Both strain and displacement approaches of the 2D-DIC
were used to characterize the fracture development in
SBC specimens tested under various confinement levels.
Figures Sa-d present the contours of the minimum
principal strain (€,,) and the maximum shear strain
(Vmax) for specimen SBC-0-1 at the 95% peak load stage
(post-peak regime) and for SBC-3.5-1 at the peak load
stage. The minimum principal strains (€,;) and the
maximum shear strain (¥;,4,) are known to provide a
qualitative estimate of the damage due to tensile and shear
micro-cracks, respectively. It is clearly shown in Figure
S5a-d that three FPZs (FPZ-1, FPZ-2, and FPZ-3),
characterized by the strain localized zones, have been
formed between two notches in both SBC specimens
(SBC-0-1 and SBC-3.5-1). The FPZ-1 represents the
formation of a vertical crack between two notches of both
SBC specimens (SBC-0-1 and SBC-3.5-1). It is
composed of both tensile (negative (—) principal strain
representing tension) and shear micro-cracks, as shown
by a strain localization in both principal strain (€,5) and
the maximum shear strain (Y,q,) (Figures S5a-d).
Therefore, FPZ-1 (main crack) in both specimens will
transition into a mixed-mode I/II fracture. Additionally,
the SBC specimens under confined conditions (SBC-3.5-
1) underwent a larger amount of damage as compared to
SBC specimens under unconfined conditions (SBC-0-1),
as evident by higher strain concentration in the localized
zones of the former case (Figures 5a-d). This can be
attributed to the high level of confining pressure (,=3.5
MPa) in SBC-3.5-1 suppressed large-scale tensile micro-
cracking and thereby increased fracture resistance of
ligament region between two notches. This also facilitated
the generation of more micro-cracks under shear in SBC-
3.5-1, as evident by the larger concentration of maximum
shear strain (Vy, 4 ~4 to 6% in SBC-3.5-1) as compared to
the SBC specimen under the unconfined state (Vyq, ~ 0
to 2% in SBC-0-1) (Figures 5c-d). The remaining two
FPZs (represented by FPZ-2 and FPZ-3 in Figures 5a-d)
were initiated from the inner surfaces of two notches in
both SBC specimens (SBC-0-1 and SBC-3.5-1) but didn’t
lead to failure of SBC specimens.

In this study, the displacement approach involving the
analysis of full-field surface deformation was also
analyzed to determine the fracture mode. According to

LEFM, the fracture mode is defined based on the
displacement profiles across the crack faces. For instance,
a mode [ crack (tensile crack) only has normal
displacements  across its faces (i.e., opening
displacements), while a mode II crack (shear crack) has
displacements parallel to the crack faces (i.e., sliding
displacements). Similarly, mixed-mode I/Il crack has
both opening and sliding displacements across its faces.

(a) €22 (%) 20 (b) Ymax (%)

-20

Figure 5: Contour of (a-c) minimum principal strain (€,,) (b-d)
and maximum shear strain (¥;,q,) obtained by 2D-DIC for
SBC-0-1 at 95 % peak load (post-peak regime) and SBC-3.5-1
at peak load stage.

Figures 6a-d present the distribution of both horizontal
(U) and vertical displacement (V) fields along with their
profile across the three horizontal cross-sections (y =-5
mm, 0 mm, and 5 mm) at the 95% of the peak load (post-
peak regime) for SBC specimen under unconfined state
(SBC-0-1). The shaded region in Figures 6¢-d represents
the approximate width of three FPZs (FPZ-1, FPZ-2, and
FPZ-3). The width of three FPZs was estimated based on
the range of positive horizontal displacement gradient
(QU/0x) in displacement profile along three cross-
sections (y = -5 mm, 0 mm, and 5 mm in Figure 6¢). The
FPZ’s width is a material property that represents the
lateral size of the micro-cracking region (normal to crack
path). Therefore, for each FPZ, a small region containing
the positive horizontal displacement gradient (0U/dx) was
selected (three shaded regions in Figure 6¢). The selection
of small FPZ width also ensured that the crack
displacements only account for micro-cracking inside the
given FPZ while minimizing the influence of other nearby
FPZs. Additionally, the selection of the FPZ’s width was
made only based on horizontal displacement profiles and
not the vertical displacement profiles (Figures 6¢-d) as the
former presents a more accurate estimation.



The contour of horizontal displacement (U) clearly shows
the formation of three distinct FPZs (characterized by the
merged displacement contours in figure 6a), similar to the
contour of minimum principal strain (€;,) (Figure 5a).
This results in the formation of the three distinct regions
of positive horizontal displacement gradient (dU/0x), as
shown by horizontal displacement profiles along three
cross-sections (y =-5 mm, 0 mm, and 5 mm) (Figure 6c¢).
In contrast, the vertical displacement (V) field only
indicates the formation of two FPZs (FPZ-1 and FPZ-3)
(Figures 6b). The vertical displacement profiles along all
three cross-sections (y =-5 mm, 0 mm, and 5 mm)
indicated the formation of only one distinct region of
positive vertical displacement gradient (9V/0x) (-6 mm <
x < 6 mm in Figure 6d) but with a larger extent as
compared to one obtained from horizontal displacement
profile (0 mm <x <4 mm in Figure 6¢). This larger extent
of positive vertical displacement gradient (0V/0x) (Figure
6d) can be attributed to the combination of various factors
such as large elastic deformation, small sliding
displacements along FPZ-1, and the formation of three
FPZs in a narrow region. The material between two
notches undergoes large elastic deformation in the
vertical direction due to interaction between two notches
(described in section 4.3). This along with the formation
of three FPZs inside a small width (-4 mm < x < 8 mm in
Figure 6a), resulted in a single region of positive
displacement gradient (0V/0x) with a large width positive
vertical displacement gradient (dV/0x) (Figure 6d).
Therefore, the actual width of FPZ-1 is represented by the
region of positive horizontal displacement gradient
(0U0x) (highlighted by the shaded region FPZ-1 in figure
6¢). The FPZ-1 in SBC-0-1 transitions into a mixed-mode
I/I1 macro-crack between two notches, as evidenced by a
positive displacement gradient across its width in
horizontal and vertical displacement profiles (Figure 6¢-
d).

Similarly, in the case of the SBC specimen under confined
conditions (SBC-3.5-1), the formation of the three FPZs
in a small width (-5 mm < x <5 mm in Figure 5¢) yielded
two distinct regions of merged contours in horizontal and
vertical displacement fields at peak load stage (Figure 7a-
b). Consequently, both horizontal and vertical
displacement profiles along three cross-sections (y =-5
mm, 0 mm, and 5 mm) only showed the two distinct
regions of the positive displacement gradient (shaded
regions in Figures 7c-d) representing the formation of
FPZ-1 and FPZ-3. The FPZ-1 in SBC-3.5-1 also
transitions to a vertical macro-crack between two notches
(Figures 7a and 7c) involving both tensile and shear
components, as evident by a large positive gradient in
horizontal and vertical displacement profiles (shaded
regions in Figures 7c-d). The width of FPZ-1 in this SBC
specimen can be again represented by the small region of

positive horizontal displacement gradient (dU/dx) (shown
by the shaded region FPZ-1 in figure 7c).
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Figure 6. Specimen SBC-0-1, at 95% peak load (post-peak
regime): Contours of (a) horizontal displacement; (b) vertical
displacement; three horizontal cross-sections, i.e., y = -Smm, 0
mm, 5 mm showing (c) plot of horizontal displacement (U)
profiles (d) plot of vertical displacement (V) profiles.

In most of the tested SBC specimens, the dominant
fracture that resulted in specimen failure was initiated at
the location of the FPZ-1. Therefore, the remainder of the
study mainly focuses on the fracture process occurring
inside the FPZ-1. Since the multiple FPZs in both SBC
specimens (SBC-0-1 and SBC-3.5-1) are confined in a
narrow region, it is vital to separate the influence of FPZ-
1 from other FPZs to ensure accurate estimation of crack
opening and sliding displacements. This is done by
selecting a small width only containing the positive
horizontal displacement gradient (dU/dx) around FPZ-1
(represented by the shaded region FPZ-1 in Figures 6¢ and
7¢) in both SBC specimens. Therefore, the normal and
tangential displacements field along the FPZ-1 were
calculated as relative differences of the horizontal and
vertical displacements (U, V') across its width (represented
by the shaded region FPZ-1 in Figures 6¢ and 7c) in the
two SBC specimens. Additionally, the central portion of
ligament length (-5mm <y <5 mm) mostly has FPZ-1, as
seen in the contour of minimum principal strain (€,5) in
both SBC specimens. Therefore, the FPZ evolution of the
central portion of ligament length (-5mm <y <5 mm) was
analyzed in the next section.
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Figure 7. Specimen SBC-3.5-1, at peak load stage: Contours of
(a) horizontal displacement; (b) vertical displacement; three
horizontal cross-sections, i.e., ¥y = -5mm, 0 mm, 5 mm showing
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vertical displacement (V') profiles.

4.3 FPZ evolution using 2D-DIC analysis

This section presents the evolution of the fracture process
inside the FPZ-1 in the SBC specimens. As discussed in
section 4.2, only a central portion along ligament length
(-5 mm <y < 5 mm) between two notches should be used
as it mainly contains a single micro-cracking zone (FPZ-
1). Therefore, the evolution of horizontal and vertical
displacement profiles along a central cross-section of y=0
mm was analyzed for both SBC specimens (SBC-0-1 and
SBC-3.5-1).

Figures 8a-d present the horizontal and vertical
displacement profiles along the central cross-sections of
y=0 mm at the various loading stages for two SBC
specimens (SBC-0-1 and SBC-3.5-1). At the initial
loading stages, both horizontal and vertical fields showed
a linear displacement profile (Figures 8a-d), signifying an
elastic deformation at this location in both SBC
specimens (SBC-0-1 and SBC-3.5-1). Additionally,
vertical displacement profiles showed a large gradient
under elastic deformation (Figures 8c-d), which resulted
in a non-negligible crack sliding displacement across the
width of FPZ-1 in both SBC specimens (SBC-0-1 and
SBC-3.5-1). For instance, crack sliding displacement of 3
pum, and 10 pm were observed in SBC-0-1 and SBC-3.5-
1 at 70% peak load (pre-peak regime), respectively
(Figures 8c-d). This large gradient in vertical
displacement profiles can be attributed to the interaction
between two horizontal notches, resulting in large vertical
deformation in the ligament region. With additional
loading, both horizontal and vertical fields showed a
nonlinear displacement profile (Figure 8a-d) in two SBC
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specimens (SBC-0-1 and SBC-3.5-1), signifying the
formation of FPZ at the location. Therefore, the crack
displacements characterizing the FPZ formation should
only account for nonlinear portions of displacement
profiles. For this purpose, total crack opening (w{*) and
sliding displacements (w;’) were calculated first based on
the methodology described in section 4.2. This is
followed by the calculation of the inelastic component of
crack displacements as given by:

n _ n_ .,n
Wne = Wt We

(2a)
(2b)

Wie = Wi —wg
where w7, and w;;, represent the inelastic components of
crack opening and sliding displacement, respectively. The
elastic component of crack opening (w}') and sliding
displacements (w;) were calculated based on the FPZ
initiation stage at this location. The FPZ initiation at the
central cross-section of y=0 mm occurred around peak
load and 70% of peak load (pre-peak regime) in
specimens SBC-0-1 and SBC-3.5-1, respectively, as
evident by an approximate linear profile of horizontal
displacement for these specimens (Figures 8a-b). Based
on this methodology, the elastic crack opening
displacement (w,}, ) was around 2 pum and 5.6 um for
SBC-0-1 and SBC-3.5-1, respectively. In a similar
manner, elastic crack sliding displacement (w;, ) was
estimated and is approximately equal to 4.5 um and 10
pm for SBC-0-1 and SBC-3.5-1, respectively.

Figure 9a-b presents the evolution of the inelastic
component of crack opening (wy.) and sliding
displacement (wy,) inside FPZ-1 with respect to the
normalized load-point displacement (8,4, ) for two SBC
specimens (SBC-0-1 and SBC-3.5-1). The FPZ initiation
occurred approximately at peak load and 70% of peak
load (pre-peak regime) in specimen SBC-0-1 and SBC-
3.5-1, respectively (represented by point A in Figures 9a-
b), as evident by non-zero values of inelastic crack
displacements from this point. With further loading, both
crack opening (w;.) and sliding displacement (w;.)
increased with an accelerated rate (Figures 9a-b) in both
SBC specimens (SBC-0-1 and SBC-3.5-1) and
consequently had a rapid jump in the post-peak regime.
The onset of the rapid jump in the crack opening (w;%)
and sliding displacement (w;;,) signifies the occurrence of
unstable crack propagation (represented by point B in
Figure 9a-b), which also leads to the failure of SBC
specimens.

In the study, the influence of confinement on the SBC
specimens was assessed by analyzing the evolution of
crack opening (w;L) and sliding displacements (w;.)
inside the FPZ-1 (Figures 9a-b). The FPZ-1 in the SBC
specimen under an unconfined state (SBC-0-1) is



characterized by an equal amount of mode I and mode II
components, as evident by similar values of inelastic
crack opening (w;,) and sliding displacement (w;;,)
(Figure 9a) while FPZ-1 in the SBC specimen under a
confined state (SBC-3.5-1) involves a large magnitude of
mode Il components after the peak load stage. This can be
attributed to the significant amount of confining pressure
in SBC-3.5-1 (P = 3.5 MPa) that resulted in the
suppression of tensile micro-cracking and, consequently,
facilitated the generations of more micro-cracks under
shear. Additionally, the confining pressure in SBC-3.5-1
also resulted in a significantly larger damage level as
compared to SBC-0-1 inside the FPZ-1, as evident by
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large values of crack displacements (w,;, and w;,) at the
onset of unstable crack propagation in the former case. A
similar observation of larger mode II components was
observed in the SBC specimens at other confining
pressure (P =10.4 MPa), as shown in Table 1. Table 1
presents values of crack opening (w;,) and sliding
displacements (w;;,) inside FPZ-1 at the onset of unstable
crack propagation in SBC specimens under various levels
of confining pressure (P =0, 1.7, 3.5, 10.4 MPa). It can be
concluded that the FPZ-1 will transition into a mixed-
mode I/II vertical fracture formed between two notches in
all SBC specimens.

SBC-0-1
Y ey
FPZ-1

0=
(c)
—4—Pre-peak-50
——Pre-peak-70
Pre-peak-90
—+—Peak
—+—Post-peak-98
—4—Post-peak-95

15t

30— SE—
10-8 -6 420 2 4 6 810
SBC-3.5-1
baidindil
FPZ-1

200 —
(d)

—b— Pre-peak-50

—i— Pre-peak-70
Pre-peak-90

—— Peak

—— Post-peak-98

50
g

4

150

100

-50 — — —me——————
-10-8 6 4-20 2 4 6 810
x (mm)

Figure 8. Plot of (a-b) horizontal displacement (U) profiles (c-d) and vertical displacement (V) profiles along the central cross-
section of y = 0 mm at various loading stages for two SBC specimens (SBC-0-1 and SBC-3.5-1).
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Figure 9(a-b) Variation of load, the inelastic component of COD and CSD for FPZ-1 with the applied load-point displacement in two

SBC specimens (SBC-0-1 and SBC-3.5-1).

5. CONCLUSION

The short beam compression tests on Barre granite
specimens were performed to characterize the
development of the FPZ under pure mode II loading.
Various crack characteristics such as fracture mode and
its location were identified using the DIC imaging.
Additionally, the SBC specimens were also tested under
multiple levels of confining pressure (P =0, 1.7, 3.5, 10.4
MPa). The major findings are as follows:

1. Mode II fracture toughness was obtained using FEM
analysis. It was found to increase linearly with
increasing levels of confining pressures.

2. In all tested SBC specimens, failure occurred due to
the formation of a vertical fracture between two
notches. The DIC-based analysis characterized it as a
mixed-mode /Il crack, irrespective of confining
pressure applied to the SBC specimens.

3. The influence of confinement on the SBC specimens
was assessed by analyzing the evolution of crack
opening (wj) and sliding displacements (W)
inside the FPZ-1 that subsequently transitions into the
vertical fracture between two notches.

4. The FPZ-1 in the SBC specimen under the
unconfined state is characterized by an equal amount
of mode I and mode Il components. In contrast, the
FPZ-1 in the SBC specimen under a confined state
involves a large magnitude of mode II components
after the peak load stage

5. Larger levels of damage in confined specimens were
observed before the failure than in the unconfined
specimens, as evident by significantly higher
magnitudes of crack displacements at the onset of
unstable crack propagation. This indicated an

increase in the fracture resistance and therefore mode
II fracture toughness with the confining stress.
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