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A B S T R A C T   

Shear fractures are common in the rock mass, especially with increasing depth, due to the increase in lateral 
pressure. Hence, investigating these fractures is crucial for improving the stability and safety of underground 
structures at greater depths. The Short Core in Compression (SCC) method has recently been used by some re
searchers to generate shear fractures under mode II loading and initiation due to the ease of sample preparation 
and lateral pressure application. This study examines the impact of sample geometry and lateral pressure on the 
formation of shear fractures in rocks, by conducting numerical and experimental investigations on SCC samples. 
In this paper, the effect of sample shape, notch length, and lateral pressure was evaluated depending on the shear 
and the maximum principal stress distribution. To the best knowledge of the authors, the impact of these factors 
has not been sufficiently explored in the literature. Moreover, the mode II stress intensity factor, fracture 
toughness, and fracture path were investigated. The results provided the stress intensity factor for different 
geometries of the SCC sample that can be used for many applications in mechanical and geological engineering. 
Our findings showed that the resulting fracture must be evaluated due to the possibility of crack growth under 
shear σxy or maximum principal stress σmax, especially for Notch Length/Diameter ≥0.5. Additionally, lateral 
pressure mainly affects the distribution and magnitude of σmax, such that σmax is inversely proportional to this 
pressure. The results showed that the SCC sample with Height/Diameter = 2 is preferred because σmax is min
imum for this sample shape, which promoted fracture growth under shear stress not tensile stress. Furthermore, 
as the lateral pressure increases, mode II fracture toughness significantly increases and the number of fragments 
that spalled off the specimen along the fracture path decreases.   

1. Introduction 

The study of fractures in rock mass, concrete, and other brittle ma
terials has wide scientific and practical applications in various fields of 
civil engineering, rock mechanics, geological engineering, material 
science, and fracture mechanics (Alneasan and Behnia, 2022b; Alneasan 
et al., 2020; Bahrami et al., 2022; Zhang et al., 2022b). Shear fractures 
are a common occurrence in the deep underground crust due to the ef
fect of high in-situ stresses. Analyzing these fractures is critical to un
derstand the mechanism of growth of these fractures under the influence 
of different loading patterns, and thus increase the safety and stability of 
mines, underground infrastructures, buildings, etc. (Alzo’ubi, 2014; Guo 
et al., 2020; Kim and Larson, 2021; Li et al., 2020; Szwedzicki, 2003). 

Most research on this topic focused on mode I fractures that grow 
under tension. Various methods and sample geometries such as Semi- 
Circular Specimens (SCB) (Ayatollahi et al., 2006; Kuruppu et al., 
2014), Cracked Chevron Notched Brazilian Disc (CCNBD) (Fowell et al., 
1995), Edge Cracked Short Bend Beam (ECSBB) (Aliha and Ayatollahi, 
2010; Mousavi et al., 2020), and Chevron Bending (CB) (Franklin et al., 
1988) were suggested to study these fractures. Studies related to mode II 
(shear) fractures are fewer than those relate to pure mode I fractures. 
This is because measuring fracture parameters such as fracture tough
ness under pure shear loads is more difficult than that under pure ten
sion (Wang et al., 2011). The issue becomes more complicated when 
studying shear fractures under both mode II loading and mode II initi
ation. This is because the geometry of the sample and the applied loads 
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must ensure that crack growth initiates under shear stress (σrθ), not 
under tensile stress (σθθ). Some methods were suggested to tackle this 
problem, see Fig. 1. These methods include Short Beam in Compression 
(SBC) (Watkins and Liu, 1985), Punch Through Shear (PTS) (Backers 
and Stephansson, 2012), Shear Boxing Test (SBT) (Rao et al., 2003) and 
Short Core in Compression (SCC) (Jung et al., 2016), as shown in 
Fig. 1-a, b, c, and d, respectively. The first three specimens in Fig. 1 are 
difficult to prepare and to be notched in comparison with the SCC 
specimen. It is worth mentioning that, the SCC specimen can be easily 
prepared by extracting a core with diameter D from a rock block and 
then cutting two parallel horizontal notches into the specimen. As a 
result, the use of the SCC configuration is prevalent among researchers 
investigating shear fracture initiation and development. Furthermore, 
the SCC sample is the optimal choice for applying lateral pressure, which 
is one of the central focuses of this study. 

Several researchers have studied and developed the SCC method to 
investigate shear fractures in rocks. Jung et al. (2016) suggested the SCC 
method with H/D = 2 to generate shear fractures under the mode II 
loading and initiation, where H and D are the height and diameter of the 
SCC sample, respectively. Xu et al. (2020) evaluated the SCC method to 
measure mode II fracture toughness by comparing its results with those 
of the SCB method. Yao et al. (2021) used SCC samples with H/D = 1 in 
marble to investigate dynamic mode II fracture toughness under hy
drostatic pressure. In addition, the effect of thermal treatment on the 
dynamic mode II fracture toughness of granite was investigated by Li 
et al. (2022b) by using SCC samples with H/D = 1. Li et al. (2022a); 
Zhang et al. (2023) investigated the dynamic shear behavior of SCC 
samples using the digital image correlation technique and found that the 

new shear fracture initiates from tips of two notches and the fracture 
path is nearly independent of the loading rate. Yao et al. (2022) utilized 
SCC and PTS samples to investigate dynamic mode II fracture toughness 
of marble under various in situ loading conditions, they provided 
empirical equations for the effect of the loading rate, confining pressure, 
and sample geometry on the fracture toughness. Zhang et al. (2022a) 
studied the effect of confining pressure on shear fractures induced in 
SCC samples of granite and concluded that the peak load, shear 
modulus, nominal shear strength and mode II fracture toughness of SCC 
specimens increase approximatively linearly with confining pressure. 
Taking into account previous studies, the SCC method still needs further 
investigation to study important factors related to the distribution of 
stresses in SCC samples, and to predict mode II stress intensity factors 
and fracture toughness in different geometries of SCC samples, espe
cially when lateral pressure is considered. Therefore, a numerical code 
based on the Displacement Discontinuity Method (DDM) was extended 
in this study to investigate the effect of sample geometry such as sample 
shape, notch length, and lateral pressure on the growth of shear frac
tures in SCC samples. The effect of sample geometry and lateral pressure 
were evaluated depending on distribution of shear and maximum 
principal stress, and depending on the mode II stress intensity factor and 
fracture toughness. Furthermore, experimental tests were conducted on 
12 SCC samples under four values of lateral pressure to study the effect 
of confinment on mode II fracture toughness and fracture path. 

2. Preparation of SCC specimen 

As shown in Fig. 2-a, the SCC sample is cylindrical and has two 

Fig. 1. Different suggested methods for studying shear fractures under both the mode II loading and the mode II initiation, (a) SBC, (b) PTS, (c) SBT, and (d) SCC.  
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Fig. 2. (a) Geometry of the SCC sample, (b) SCC sample under lateral pressure, (c) SCC sample with different notches lengths.  
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parallel notches. Different values of the H/D ratio can be selected to 
prepare SCC samples. Therefore, the effect of sample shape was 
numerically investigated in this work by choosing different values of H/ 
D ratio from 0.5 to 2. The vertical distance between the tips of the two 
notches is C, and the ratio of C/H has a great effect on the magnitude and 
distribution of shear stress along the bridge between the tips of the two 
notches. The effect of the C/H ratio on the shear and maximum principal 
stress fields, and mode II stress intensity factor KII was numerically 
investigated by Xu et al. (2020) for H/D = 2, and they showed that by 
increasing the C/H ratio, shear and maximum principal stress along the 
bridge between notches tips decreases. In this paper, we investigate the 
effect of sample configuration and lateral pressure on the factors that 
influence the propagation of shear cracks between the tips of two 
notches. These factors are the stress fields and the mode II stress in
tensity factor. The effects of H/D, a/D, and K ratios on the phenomenon 
of shear fractures in SCC samples were considered. Where K is the ratio 
of lateral to vertical stresses under conventional triaxial conditions 
(Fig. 2-b). Therefore, this study examines the impact of the following 
factors on the onset and propagation of shear fractures in SCC samples: 
1) the effect of sample shape, by choosing different values of the H/D 
ratio between 0.5 and 2, 2) the effect of lateral pressure for K values 
between 0.0 (uniaxial case) and 1 (hydrostatic case), 3) the effect of 
notch length, a, and the horizontal distance between tips of two notches, 
b, by controlling of a/D ratio within values between 0.45 and 0.55. 

3. Numerical procedure 

Mode II shear fractures using the short core in compression (SCC) 
method were modeled firstly by Jung et al. (2016) using the Finite 
Element Method (FEM) and considering the SCC approach. Some re
searchers developed similar FEM models but considered other di
mensions of the SCC sample (Xu et al., 2020) and lateral pressure (Yao 
et al., 2021). Numerical modeling using the FEM requires dividing the 
entire area or volume into finite elements, and each element contains at 
least three or four nodes (Alzo’ubi, 2016). So in FEM, the number of 
resulting equations is large and numerical modeling requires a consid
erable computational time. Additionally, any modification to the model 
dimensions requires a geometric reconstruction of the sample. There
fore, the DDM, which is a branch of the Boundary Element Method 
(BEM) was used in this work to model the SCC specimens. In the DDM, 

only the boundary and discontinuities of interest, such as the horizontal 
notches, are discretized into N Displacement Discontinuity (DD) ele
ments (Crouch et al., 1983). Therefore, the number of resulting equa
tions decreases, and the model is solved in lesser time than the FEM. 

The basic model is a 3D model (Fig. 3-a), however, Yao et al. (2021) 
argued that due to the symmetric configuration of the SCC sample, the 
XZ plane in the middle of the SCC sample that contains two parallel 
notches represents the plane of maximum shear stress along the failure 
surface (Fig. 3-b). Therefore, this plane is the critical plane for shear 
fracture and can be modeled in a 2D manner to represent the stress 
distribution and state when a shear failure occurs in the SCC sample. 
Fig. 3-c shows how the whole region of the SSC sample is discretized 
depending on the FEM, while Fig. 3-d shows how the boundary of the 
SCC sample with two horizontal notches is discretized into DD elements. 

A DD element (Fig. 3-e) has one node at its center and it is subjected 
to normal stress, σn, and shear stress, σs, or normal displacement, un, and 
shear displacement, us, or stress and displacement simultaneously. This 
depends on the boundary conditions. For the current study, two types of 
boundary conditions were adopted to simulate the SCC sample under 
uniaxial and lateral stress states (conventional triaxial conditions). 
Firstly, under the uniaxial stress state, only the upper and lower surfaces 
of the SCC sample are subjected to vertical stress σV, so the DD elements 
of these surfaces are modeled asσn = σV, σs = 0.0, us = un = free, while 
other DD elements for the side surfaces and inner notches are modeled as 
free traction elements (σn = σs = us = un = free). Secondly, in the lateral 
stress state, the upper and lower surfaces are subjected to vertical stress 
σV and the side surfaces are subjected to lateral stress σH, so the DD 
elements for the upper and lower surfaces are modeled as σn = σV, σs =

0.0, us = un = free, while DD elements for the side surfaces are modeled 
as σn = σH, σs = 0.0, us = un = free, other DD elements for inner notches 
are modeled as free traction elements. The displacement discontinuities 
vector (Dn, Ds) correlates to the boundary conditions vector (Bn, Bs) via 
the influence coefficients matrix (A). Where Dn and Ds are normal and 
shear displacement discontinuities at the center of the DD element, 
respectively. Bn and Bs are normal and shear displacement of stress that 
applied to the DD element. Finally, displacement discontinuities are 
determined by solving a system of algebraic equations (B = A × D). As 
shown in Fig. 3-e, positive Dn means that element surfaces approach 
each other and the element is under compression, while positive Ds 
means that the upper surface moves to the left relative to the lower 
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Fig. 3. Modeling of SCC sample depending on FEM and DDM.  
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surface indicating left-lateral slip. 
A two-dimensional crack propagation code (TDCPC) based on the 

DDM method was developed previously by Alneasan and Behnia 
(2022a) to solve different problems in rock mechanics (Alneasan et al., 
2022a, 2022b). In this work, this code was extended to model SCC 
samples under uniaxial and biaxial compressive stress states (Fig. 3-f). 
As shown in the next section, the extended code was verified by 
comparing its result with similar studies in fracture mechanics. For the 
developed numerical code, two cases should be distinguished when 
predicting stress fields and calculating stress intensity factors and frac
ture toughness. The first case is the uniaxial stress state where the upper 
and lower surfaces of the SCC sample are only subjected to increasing 
vertical pressure σ1 = σV until the onset of fracture, and the side surfaces 

and internal notches are pressure-free. The second case is the lateral 
stress state that corresponds to the conventional triaxial test (σ1 = σV 
and σ2 = σ3 = σH ∕= 0), in this case, the upper and lower surfaces of the 
SCC sample are subjected to increasing vertical stress σ1 = σV, and the 
side surfaces are subjected to constant pressure σ2 = σ3 = σH until the 
onset of fracture. In this study there a rubber membrane was used to 
surround the SCC sample during the conventional triaxial test by using 
Hoek cell. This membrane does not allow the hydraulic oil to enter the 
two tiny notches, so the notches surfaces are not directly subjected to the 
hydraulic pressure as in the experiments conducted by Zhang et al. 
(2022a). Thus, there is no need to numerically simulate the SCC sample 
by considering the effect of hydraulic pressure inside the two notches. 

Fig. 4. Verification of the extended TDCPC, stage 1: prediction of shear and maximum principal stresses, (a and c) by Xu, Yao [2], (e and g) by Yao, Xu [3], (b, d, f, 
and h) DDM code of the current study. 
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3.1. Verification of the extended TDCPC 

The extended TDCPC based on the DDM model was verified by 
comparing its results with the numerical results of previous studies for 
two geometries of the SCC sample. In the first geometry, the H/D ratio is 
2, and the SCC sample was modeled by Xu et al. (2020) using the FEM in 
a 3D manner. In the second geometry, the H/D ratio is 1, and the SCC 
sample was modeled by Yao et al. (2021) using the FEM in a 3D and 2D 
manner. 

In the first stage, shear and maximum principal stress fields were 
determined and compared with that of previous similar studies. Fig. 4-a 
and Fig. 4-b shows shear stress σxy and maximum principal stress σmax 
predicted by Xu, Yao [2] using the FEM model for H/D = 2, C/H = 0.2, 
σV = − 1 MPa and σH = 0 (uniaxial stress case). σxy and σmax were pre
dicted in this work under the same mentioned conditions by using the 
extended DDM code and they are shown in Fig. 4-b and Fig. 4-d, 
respectively. Comparing Fig. 4-a and Fig. 4-b, it can be noted that σxy 
predicted by the DDM model has the same distribution and values as 
predicted by the FEM model. Under uniaxial stress case (σV = − 1 and σH 
= 0 MPa), σxy changes between − 2 and +2 MPa over the entire SCC 
sample, and it has the maximum value at the notch tip. The same can be 
noted for σmax by comparing Fig. 4-d and Fig. 4-c σmax predicted by the 
DDM model has the same distribution and magnitude as that predicted 
by the FEM model. In addition, to ensure the validity of the extended 
DDM model under biaxial stress state and for other SCC geometry (H/D 
= 1), σxy and σmax were predicted by the DDM model under H/D = 1, C/ 
H = 0.2, σV = − 10 MPa, σH = − 20 MPa, and compared with that pre
dicted by Yao, Xu [3] using the FEM model under the same mentioned 
conditions. Comparing Fig. 4-e and Fig. 4-f for σxy, Fig. 4-g and Fig. 4-h 

for σmax, it can be noted that σxy and σmax predicted by the DDM model 
agree with that predicted by the FEM model under the effect of lateral 
stress σH = − 20 MPa. 

In the second stage of verification of the extended TDCPC, the mode 
II stress intensity factor (KII) was calculated using the extended TDCPC 
code for the previous two geometries (H/D = 2 and 1) and compared 
with those found in similar studies. Yao et al. (2021) pointed out that the 
maximum shear stress concentrates along the vertical bridge between 
two notch tips and it is maximized at these tips, the fracture initiates at 
lower and upper notch tips, and secondary shear cracks are required to 
calculate KII. Moreover, by using the digital image correlation technique 
on SCC samples of granite, Zhang et al. (2023) found that new cracks 
first initiate from two notch tips and then propagate toward the central 
area in the expected shear fracture band. To apply the traditional frac
ture mechanics theory to the SCC specimen, the secondary shear crack is 
necessary for accurately determining the stress intensity factor in the 
fracture process, and the KIIC can be further determined precisely when a 
crack tip exists along the shear bridge between tips of the two horizontal 
notches (Atkinson, 1987; Horii and Nemat-Nasser, 1985, 1986; Nem
at-Nasser and Horii, 1982). Fig. 5 shows an SCC specimen with sec
ondary shear cracks modeled by FEM as well as DDM. The length of the 
shear crack, hc, is divided into Nc DD elements. Stress intensity factors in 
the study of Xu et al. (2020); Yao et al. (2021) were calculated using 
finite element analysis (FEA) with the J-integral method. In our work the 
KII was computed for the crack tip using the DD analysis as shown by 
Shou and Crouch (1995) in Equation (1): 

KII =
G

4(1 − ν)

̅̅̅̅̅
2π
ae

√

DTip
s (1)  

where G and ν are shear modulus and Poisson’s ratio, respectively. Ds
Tip 

is the shear displacement discontinuity at the crack tip element. ae is half 
the length of the crack tip element. Fig. 6-a shows the change in KII as a 
function of the C/H ratio for H/D = 2. This figure shows that the KII 
determined by the extended TDCPC code is in good agreement with that 
of Xu et al. (2020) for different bridge lengths (different C/H ratios). 
Fig. 6-b shows KII as a function of vertical stress σV under lateral pressure 
σH = 10 MPa, while Fig. 6-c shows the effect of vertical and lateral 
pressure on the KII. These two figures show good agreement between our 
results and those of Yao et al. (2021). Accordingly, the extended TDCPC 
is valid to model SCC samples under uniaxial and lateral stress states. 

4. Results and discussions 

The numerical results constitute the main section of the results of this 
study, with a set of experimental results testing the effects of lateral 
pressure on SCC samples with a geometry of H/D = 2. For H/D = 1, the 
effect of lateral pressure was investigated by Yao et al. (2021). In this 
paper, the focus of the numerical and experimental results was on C/H 
= 0.15. This is to increase the effect of shear stress along the bridge 

Fig. 5. SCC specimen with secondary shear cracks modeled by FEM as well 
as DDM. 
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between tips of two notches and to ensure the growth of shear fracture 
from the notch tip. As mentioned previously, the effect of the C/H ratio 
was investigated by Xu et al. (2020) for an SCC sample with a geometry 
of H/D = 2, where they concluded that the shear and maximum prin
cipal stresses increase with decreasing C/H ratio. 

4.1. The effect of notch length (a/D ratio) on stress fields 

The effect of notch length was investigated by choosing three values 
for the a/D ratio (0.45, 0.5, and 0.55). The effect of the a/D ratio on the 
shear and maximum principal stress fields in SCC samples for H/D = 2 
and 1, determined by DDM is shown in Fig. 7. The case with a/D = 0.45, 
is called under-cut where the tips of two notches are horizontally spaced 
away from each other. Maximum shear stress between notches tips does 
not form a continuous bridge for two SCC geometries (H/D = 2 and 1, 
Fig. 7-a,c). For H/D = 2 (Fig. 7-b), the maximum principal stress is 
continuous between notches tips and it has a tensile effect (σmax > 0.0). 
Therefore, a tensile fracture can occur under the effect of this stress. For 

H/D = 1 (Fig. 7-d), σmax is concentrated at the upper and lower surfaces 
of the SCC sample and does not form a continuous bridge between 
notches tips. 

The case with a/D = 0.5, is an ideal case, where the horizontal dis
tance between notch tips is zero. i.e., vertically aligned. σxy and σmax are 
concentrated along the bridge between the two notch tips for H/D = 2 
and 1 (Fig. 7-e,f,g,h). Therefore, a fracture can occur under the effect of 
σxy or σmax. According to stress distribution, if the resulting fracture is 
almost vertical and straight between two notches (as in σxy bridge in 
Fig. 7-e,g), it is an ideal shear fracture. But if it is inclined to the right 
with respect to the vertical axis of the SCC sample, as is the case in σmax 
bridge between notch tips (Fig. 7-f,h), it is likely not considered a shear 
fracture. 

The case with a/D = 0.55, is called over-cut where the notches are 
horizontally (parallel to the top edge of the sample) overlapping each 
other. Compared to the case of a/D = 0.45 that is shown in Fig. 7-a,c, σxy 
in Fig. 7-i,k is continuous along the bridge between notches tips for H/D 
= 2 and 1. Therefore, shear fractures can grow in this case. But the 

Fig. 7. The effect of a/D ratio on the shear and maximum principal stress fields in SCC samples for H/D = 2 and 1, d/H = 0.5, C/H = 0.15, K = 0.0, σV = − 1 MPa.  
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resulting fracture must be evaluated to determine if it is caused by σxy or 
σmax. When the fracture grows from notch tips tilted to the left with 
respect to the vertical axis of the SCC sample, as is the case of σxy bridge 
shown in Fig. 7-i,k, it is a shear fracture. But if the fracture grows tilted 
to the right with respect to the vertical axis of the sample, as is the case of 
σmax bridge shown in Fig. 7-j,l, it is not considered a shear fracture, and it 
is likely to be a tensile fracture caused by σmax. 

Concerning the effect of the a/D ratio, it can be concluded that if a/D 
< 0.5 (under-cut case), it is not recommended to investigate shear 
fractures by SCC samples, especially for H/D = 1. For a/D = 0.5 and 
0.55, the resulting fracture should be evaluated to determine whether 
this fracture is due to shear or maximum principal stress. Even in the 
ideal case (a/D = 0.5), the fracture can be caused by σmax, not by σxy. 
Hence the importance of applying lateral pressure that reduces the effect 

Fig. 8. The effect of lateral stress on σxy and σmax for H/D = 2 and 1, d/H = 0.5, a/D = 0.5, C/H = 0.15, σV = − 1 MPa.  
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of σmax, as shown in the following section. 

4.2. The effect of lateral stress (K ratio) on stress fields 

The effect of the lateral stress on σxy and σmax for the ideal case (a/D 
= 0.5) is shown in Fig. 8. This figure shows that for H/D = 2 and 1, the 
distribution and magnitude of σxy are not affected by the lateral stress. 
For H/D = 2, the magnitude of the shear stress at the center of the bridge 
between notches tips (σxy(Bridge)) is 2.83 MPa for K from 0 to 1. The same 
point can be observed for H/D = 1, where σxy(Bridge) is 6.2 MPa for all K 
ratios. The main effect of the lateral stress for two SCC geometries is on 
the magnitude of the σmax. Fig. 8 shows that for H/D = 2, the magnitude 
of σmax at the center of the bridge between notches tips (σmax(Bridge)) 
decreases by about 38% when the K ratio increases from 0 to 1. For H/D 

= 1, σmax(Bridge) decreases by about 17% for K between zero and one. So 
the shape of the sample plays an important role in determining the effect 
of the lateral stress; σmax in the SCC sample with the geometry of H/D =
2 is more affected by lateral stress than that of H/D = 1. This may give an 
advantage to the use of an SCC sample with H/D = 2 when the lateral 
stress is applied. This is because a significant decrease in σmax(Bridge) can 
be achieved by increasing the lateral stress, which inhibits the growth of 
tensile cracks caused by σmax > 0 and promotes the growth of shear 
cracks caused by σxy. 

4.3. The effect of notch length (a/D ratio) and lateral stress on the stress 
intensity factor 

Mode II stress intensity factor KII in the SCC sample can be computed 
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Fig. 9. The effect of the a/D ratio on YII for (a) H/D = 2 and (b) H/D = 1.  

Fig. 10. The effect of H/D ratio on σxy and σmax for C/H = 0.15, a/D = 0.5 and K = 0.0, σV = − 1 MPa.  
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using Equation (2): 

KII =YIIτ
̅̅̅̅̅
πa

√
= YII

P
D C

̅̅̅̅̅
πa

√
(2)  

where YII is the dimensionless stress intensity factor, which depends on 
the geometry of the sample, τ is the shear stress along the bridge be
tween notch tips, and P is the applied load. KII was calculated numeri
cally using Equation (1) and the dimensionless stress intensity factor YII 
was obtained using Equation (3): 

YII =
KIID C
P

̅̅̅̅̅
πa

√ (3) 

Using these equations, the effect of the a/D ratio on YII for H/D = 2 
and 1 and different values of the C/H ratio is shown in Fig. 9. This figure 
shows that YII increases with increasing the a/D ratio. Moreover, for H/ 
D = 2, YII is greater than that for H/D = 1 given the same C/H. 

Regarding the effect of lateral pressure on the KII and YII, the results 
indicated that KII and YII are independent of lateral pressure. This is 
because the mode II stress intensity factor is mainly a function of the 
shear stress along the bridge between notch tips (τ in Equation (2)). As 
discussed in the previous section, the lateral pressure mainly affects the 
σmax, and does not affect the σxy. Note that Fig. 6-c shows the KII pre
dicted by the DDM model of the current study and the FEM model of Yao 
et al. (2021) as a function of vertical and lateral stresses. This figure 
shows that the KII is not affected by increasing the lateral pressure from 

0 to 25 MPa, and it is mainly affected by vertical stress. As will be shown 
later in section 4.5, lateral pressure affects the fracture load and the 
fracture toughness at the moment of fracture. 

4.4. The effect of sample shape (H/D ratio) on stress fields 

For some special considerations, it may be necessary to prepare SCC 
samples with shapes that are different from the two geometries shown in 
section 4.1 (H/D = 2 and 1). Therefore, the effect of sample shape was 
numerically investigated by changing the H/D ratio from 0.5 to 2. The 
effect of the H/D ratio on σxy and σmax for C/H = 0.15, a/D = 0.5, and K 
= 0.0 is shown in Fig. 10. It can be observed that by increasing the H/D 
ratio from 0.5 to 2, distribution of σxy is not affected, but the magnitude 
of this stress at the center of the bridge between notches tips (σxy(Bridge)) 
decreases by about 79%. Shear fracture in the SCC sample grows from 
tips of two notches and the KII is mainly a function of the shear stress 
along the bridge between notch tips (τ in Equation (2)). If τs is the shear 
strength of the material and is a material constant, then, a decrease of σxy 

(Bridge) by an increase in H/D ratio indicates an increase in the critical 
load at the moment of fracture, Pcr. Therefore, it can be said that the 
force required to cause the failure of the SCC sample is directly pro
portional to the H/D ratio. 

With an increase of the H/D ratio, the concentration of the σmax at the 
upper and lower boundaries of the sample is significantly reduced. For 
H/D = 2, the effect of the σmax at the upper and lower boundaries of the 
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Fig. 11. The effect of H/D, C/H, and a/D ratios on YII in the SCC sample, with (a) a/D = 0.45, (b) a/D = 0.5, and (c) a/D = 0.55.  
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sample vanishes. As shown in Fig. 10 σmax effect is more pronounced on 
the sample right and left boundaries near the two notches. In addition, it 
can be noted that the magnitude of the σmax at the center of the bridge 
between notch tips (σmax(Bridge)) decreases by about 77% when the D/H 
ratio increases from 0.5 to 2. 

4.5. The effect of sample shape (H/D ratio) on the stress intensity factor 

The stress intensity factor KII was calculated using Equation (1) for 
H/D ratio from 0.5 to 2, C/H from 0.1 to 0.5, and a/D = 0.45, 0.5, and 
0.55. Then, YII was calculated using Equation (3) and the results are 
shown in Fig. 11. The curves presented in Fig. 11 are considered the 
most comprehensive in this study as they incorporate the effects of all 
geometric ratios into account, where they can be used to calculate KII for 
almost all configurations of SCC samples. It can be observed from the 
figure that YII is directly proportional to changes in the H/D, C/H, and a/ 
D ratios. 

4.6. The effect of lateral pressure on the fracture toughness and fracture 
path in the lab 

To investigate the effect of lateral pressure on the mode II fracture 
toughness (KIIC), 12 SCC samples of mudstone rock with H/D = 2, C/H 
= 0.15, and a/D = 0.5 were prepared. Geometry and dimensions are 
shown in Fig. 12-a. The geometry of H/D = 2 was chosen because as 

mentioned in section 4.2, the SCC specimen with H/D = 2 is more 
affected by lateral pressure, where the σmax(Bridge) is minimum for H/D 
= 2 and this promotes the growth of shear fracture along the bridge 
between notch tips. The loading device and the system used in this study 
to apply lateral pressure are shown in Fig. 12-b. The SCC sample was 
laterally stressed by using Hoek cell. The lateral pressure was applied 
gradually at first by the hydraulic pump, and the pressure was moni
tored by the PC connected to the hydraulic pump until the desired 
pressure was reached. Then the SCC sample was vertically loaded by 
using a loading device until fracture. Twelve SCC samples were tested 
under lateral stresses of σH = 0.0, 0.5, 2, and 4 MPa, and each test was 
repeated 3 times to ensure the results. The effect of lateral stress on load- 
displacement curves is shown in Fig. 13. This figure shows that by 
increasing σH from 0.0 to 4 MPa, the fracture load and the area under 
load-displacement curves increase. An increase in the fracture load in
dicates an increase in the mode II fracture toughness (KIIC), while an 
increase in the area under load-displacement curves indicates an in
crease in the strain energy stored in the rock sample until fracture. The 
KIIC was computed using the following equation: 

KIIC =YII
Pcr

D C
̅̅̅̅̅
πa

√
(4)  

where Pcr is the fracture load, which corresponds to the peak of the load- 
displacement curve, D = 50 mm, C = 15 mm, a = 25 mm, and YII = 0.69. 

Fig. 12. (a) Geometry and dimensions of an SCC sample of mudstone used in this paper, (b) loading device and system to apply lateral pressure.  
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Fig. 13. The effect of lateral stress on displacement-load curves, (a) σH = 0.0, (b) σH = 0.5, (c) σH = 2.0, and (d) σH = 4.0 MPa.  
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YII was obtained from Fig. 9-a for C/H = 0.15 and a/D = 0.5. KIIC as a 
function of σH is shown in Fig. 14-a. This figure shows that the mode II 
fracture toughness of the shear crack in the SCC sample is directly 
proportional to the lateral stress. By increasing σH from 0.0 (uniaxial 
case) to 0.5, 2, and 4, the average value of KIIC increases by about 1.54, 
1.92, and 2.36 orders of magnitude. This result is consistent with that of 
Yao et al. (2020) who indicated a rise in fracture toughness with the 
confining pressure. 

Shear fractures in the 12 SCC samples after the test are shown in 
Fig. 14-b. This figure shows that under a uniaxial compressive stress 
state (σH = 0.0 MPa), the shear fracture can bifurcate into two fractures. 
This point was observed in two SCC samples under the uniaxial case. 
Under the effect of lateral stress, the bifurcation case is not observed in 
Fig. 14-b, but under σH = 0.5 and 2 MPa, some fragments spalled off 
along the fracture path, and they are highlighted by blue in Fig. 14-b. 
Under σH = 4 MPa, some fragments of the specimen spalled off only in 

Fig. 14. (a) Mode II fracture toughness KIIC as a function of lateral stress, σH, (b) Shear fractures in SCC samples after test under different values of lateral stress 
(0.0–4 MPa). 
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one SCC sample. 

5. Conclusion 

This study utilized both numerical and experimental methods to 
investigate shear fractures in SCC samples, with a focus on analyzing the 
effects of sample configuration and lateral pressure. A numerical TDCPC 
based on the DDM was extended in this work to model the SCC method, 
allowing for the examination of the effect of notch length (a/D ratio), 
sample shape (H/D ratio), and lateral stress (σH and K ratio) on shear 
and maximum principal stress, and stress intensity factor. 

The study examined three values of the a/D ratio including 0.45 
(under-cut), 0.5 (ideal case), and 0.55 (over-cut). Findings indicated that 
the case of a/D < 0.5 is not optimal as the resulting stress σxy does not 
form a continuous bridge between notch tips. However, for a/D = 0.5 
and 0.55, the resulting fracture should be evaluated to determine 
whether this fracture is caused by σxy or σmax. 

The study found that increasing the H/D ratio from 0.5 to 2 did not 
affect the distribution of σxy, but resulted in a reduction of the stress 
magnitude along the bridge between the notch tips. Additionally, 
increasing the H/D ratio reduced significantly the concentration of σmax 
at the two upper and lower surfaces of the SCC sample. Most impor
tantly, for H/D = 2, the effect of σmax at the two upper and lower sur
faces of the sample vanishes, while its effect appears on the sample right 
and left boundaries against the two notches. 

The study found that lateral pressure primarly impcated σmax, while 
leaving the magnitude and distribution of σxy unaffected. Consequently, 
the lateral stress did not have an impact on the stress intensity factor KII 
and its dimensionless form YII. Thus, the SCC sample with H/D = 2 is 
recommended to be used because a significant decrease in σmax(Bridge) is 
achieved by increasing the lateral stress. This lateral stress inhibits the 
growth of tensile cracks caused by σmax > 0 and promotes the growth of 
shear cracks caused by σxy. Additionally, it was observed that the frac
ture toughness KIIC increased in direct proportion to the lateral stress. 
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