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Abstract: In order to accurately test the KIC of the vertical stratification direction of shale, a semi-
circular bending specimen with a linear chevron notch ligament (LCNSCB) was designed. The
minimum dimensionless stress intensity factor (Y*

min) of the LCNSCB specimen was calculated by
the finite element method and the slice synthesis method, respectively. Two sets of prefabricated
samples of the LCNSCB specimen under arrester and divider mode were used to conduct three-point
bending loading experiments. The dispersion of the measured KIC value of the specimens was
analyzed by standard deviation and coefficient of variation, and the reason that the KIC dispersion
of specimens in divider mode was larger than in arrester mode was discussed. Compared with the
experimental data of the existing literature, the data of this experiment shows that the LCNSCB
specimen can avoid the disadvantage of lower measured KIC values due to a larger fracture processing
zone featured in the CSTSCB and CCNBD specimens, combined with the merits of a shorter fracture
processing zone of the SR or CR specimens, and the render measured the KIC value to be closer to
the material’s true fracture toughness value. The narrow ligament of the LCNSCB specimen has a
favorable crack propagation guiding effect, can generate consistent KIC values, and could be used to
accurately test the fracture toughness of rock material in vertical bedding direction.

Keywords: shale; mode-I fracture toughness; three-point bending; LCNSCB; stress intensity factor
(SIF); dimensionless stress intensity factor Y*

1. Introduction

The stress intensity factor K is always a very important domination parameter, espe-
cially in today’s linear elastic fracture mechanics. It can reflect the singular property of
the stress field around the crack tip and have a close relation with the available energy’s
release rate. This factor, K, which has the dimensions of stress × (crack length)0.5, can be
obtained by analysis. The critical value of K is called the plane strain fracture toughness,
denoted by KIC. Thus, KIC is generally regarded as a parameter of the mechanical capability
of the material. In addition, it can be assumed that the crack growth causing catastrophic
damage will occur when the K value reaches KIC. Hence, a structure can be viewed as in a
safe state when K is no more than KIC, such as in a destructed state when K exceeds KIC.
As an important parameter in the field of fracture mechanics, fracture toughness, which
describes the material resistance to the pre-existing cracks propagation, can be obtained
by a test of experiment and calculation [1,2]. Rock fracture mechanics is an interdiscipline
of mechanics with geoscience and geotechnical engineering [3,4]. Its application is very
extensive. In addition to construction, dams, nuclear power plant foundation, tunnels, and
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other geotechnical engineering, it also involves coal mining, shale gas development, hot
dry rock development, and other energy engineering problems [5–7]. Most of the previous
studies on fracture toughness focused on homogeneous rocks, but less on heterogeneous
rocks [8]. Especially for rocks with obvious anisotropy, such as transversely isotropic
rocks with bedding distribution, the existing testing methods cannot accurately determine
the KIC value of rocks in the vertical bedding direction. Se-Wook Oh [9] investigated
the relationship between the microcrack-induced fracture toughness anisotropy and the
loading rate dependency by conducting static and dynamic fracture toughness tests on the
straight notched disc bend (SNDB) specimen of Youngju granite. The anisotropic behavior
of rock can be scaled by its elastic wave velocity and fracture toughness. According to the
fracture geometry visualized by the X-ray CT results, the KIC is supposed to be dictated
by the microstructure of each material. Moreover, the KIC value of the tested rock has the
anisotropic characteristic due to the grain distribution [10]. M. H. B. Nasseri [11] proposed
a new test method aiming at the assessment of the correlation between fracture toughness
(KIC) and fracture roughness of two granitic rocks (Barre and Stanstead granites), which
both have significant anisotropic properties in fracture toughness. Layered rocks, especially
shale, are not similar to isotropic media consisting of uniformly distributed particles, such
as sandstone. Because the mineral particles are arranged in the direction of the parallel
plane, and the micro-cracks and pores formed during the generation and storage of gas are
ubiquitous in its interior, its mechanical properties are characterized as anisotropy [12–16].
Due to the influence of rock sample structure and experimental test methods, the test
results of rock fracture toughness are very discrete. Therefore, the International Society
for Rock Mechanics recommended a variety of standard methods for testing rock fracture
toughness [17–20]. Wang et.al prepared the CCNBD and CSTSCB specimens to test the
fracture toughness of shale specimens at 0◦, 45◦, and 90◦ bedding angles [21]. This study
also suggested that the tested results of KIC were smaller and showed greater scatteredness
for SCB shale specimens than those for CCNBD specimens, which can be interpreted by
the differences in notch type and the fracture process zone. The test results of rock fracture
toughness are affected by many factors, and many scholars have studied the test methods.
However, the test methods and specimen configurations are relatively complex. Therefore,
some scholars suggest that the rock fracture toughness should be tested by a straight-slit
semi-circular disc specimen. This method not only saves rock samples but also reduces the
difficulty of sample preparation [22–24]. Similar to the experimental results in the litera-
ture [25], the CSTSCB specimen did not have the phenomenon of fracture stripping along
the horizontal layer. The reason may be that the experimental conditions of three-point
bending loading can provide a sufficiently large stress concentration strength for the crack
tip to ensure that the vertical propagation of the crack does not deviate from the symmetry
plane. In reference [26], the prefabricated crack of the herringbone CCNSCB specimen has
a certain guiding effect, which can reduce the probability of deflection of the prefabricated
joint during the expansion process, but it cannot be completely avoided. The fracture
load Pmax and the calculated fracture toughness KIC values are somewhat improved in
dispersion, but only to some extent close to the KIC values representing the true properties
of the shale; it is still necessary to continue to improve.

In this paper, a linear chevron-notched semi-circular bending specimen (abbreviated as
LCNSCB) is designed to measure the fracture toughness of the layered rock in the vertical
bedding direction. The Y∗min of the test specimen with this grooved configuration was
calculated by the finite element method and the slice synthesis method, respectively. The
fracture toughness was tested by a three-point bending experiment to verify the validity of
this configuration specimen.

2. Specimen Preparation and Testing

The configuration and loading configuration of the semi-disc three-point bending test
specimen are shown in Figure 1. Formula (1) for calculating the fracture toughness is the
same as the formula for calculating the fracture toughness of the CNNBD test specimen,
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regardless of whether the groove is an oblique straight groove (LCNSCB) or a herringbone
groove (CCNSCB) cut by a saw blade. Unification is the formula suggested by ISRM [25].

KIC =
Pmax

B
√

R
Y∗min (1)
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Figure 1. Sampling position. (a) Sampling location of shale rock and (b) outcrop shale with a
layered joint.

In the formula, KIC indicates the fracture toughness value of mode-I; Pmax indicates
the peak load; B is the thickness of the specimen; R is the radius of the specimen; Y∗min is
the minimum dimensionless stress intensity factor; and 2S is the support span.

The rock specimens used in this experiment are shale in Shizhu County, Chongqing.
The outcrop shale is located at the exit of the Dafengao No. 3 tunnel in Shizhu County,
Chongqing, as shown in Figure 1a; outcrop shale has layered joints. From the broken shale
fragments on site, it can be preliminarily judged that the shale has high brittleness and low
hardness, as shown in Figure 1b. For mechanical parameters, see the literature [21]. Loading
and geometry configuration of LCNSCB is shown in Figure 2. The radius, thickness,
and grooving size of the semi-disc specimen are listed in Table 1. The corresponding
dimensionless dimension are α0(=a0/R), α1(=a1/R), α(=a/R), αB(=aB/R), and αS(=S/R).
Four specimens were prepared for cutting groove and bedding arrester arrangement, and
four specimens for divider arrangement, respectively. The grooving configuration is shown
in Figure 3a,b.

The schematic diagram of the V-shaped groove is illustrated in Figure 4. The V-
shaped groove is processed by a diamond wire cutting machine, which can realize a
prefabricated artificial seam with a width of 0.5 mm. When calculating the KIC value, the
stress distribution at the tip of the fine groove is closer to that of the sharp crack. Compared
with blade cutting, wire cutting has many advantages in rock sample preparation. For
example, the wire cutting slit width is small, reducing the damage degree of rock samples.
In addition, wire cutting can ensure the flatness of the sample cutting surface and improve
the test accuracy of rock fracture toughness. Finally, the sample preparation method is
more convenient. The inclination angle of the specimen is set to θ, and the cutting line level
is guaranteed. The cutting depth of the sample is Hc. During the line cutting operation,
the cutting part needs to be water-cooled to prevent friction and thermal erosion from
changing the fracture toughness of the rock cutting joint.
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Figure 2. Loading and geometry configuration of LCNSCB.

Table 1. Geometry of the LCNSCB specimen.

Specimen Size Description Value Normalized Value

Radius R (mm) 37.5 –
Thickness B (mm) 30 0.8

Initial crack length a0 (mm) 0 0
Termination crack length a1 (mm) 37.5 1

Grooving angle 2θ (◦) 43.6◦ –
Support span 2S (mm) 60 0.8
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Figure 4. Machining of the LCNSCB notch.

The configuration of three-point bending loading is presented in Figure 5. The research
group specially designed the loading system and supporting device for the three-point
bending test. Loaded by the MTS-CMT5105 rock testing machine, the maximum load is
100 kN, and the loading rate is 0.06 mm/min. The specimens need to be accurately placed
between the two rollers using alignment aids. Before the fracture mechanics test, auxiliary
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lines need to be drawn on both sides of the semi-circular specimen. The auxiliary lines
include two horizontal lines and three vertical lines. The horizontal auxiliary lines are used
to determine the position of the artificial cutting seam, and the vertical auxiliary lines are
used to determine the position of the support point of the semi-circular specimen. These
preparations ensure the accuracy of the experimental results.
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During the experiment, it is necessary to ensure that the manual slits are straight, the
slits on the front and back of the sample are symmetrical, and the supporting points are
symmetrical. In this way, the symmetry of the strain field and stress field at the crack tip can
be ensured during the loading process. The purpose is to ensure the vertical propagation
of the crack as much as possible and to avoid the inclined crack to the maximum extent.

3. Two Methods to Calculate Y*
min

3.1. The Finite Element Method

A 3D model of semi disc specimen with a V-shaped groove was built using the
ABAQUS method, and the dimensionless stress intensity factor (SIF) at the crack tip of
the specimen was calculated. The J-integral can obtain the stress intensity factors of
multiple confining channels around the crack. This method is used by many scholars to
calculate the SIF of the herringbone groove specimen, which is considered to be effective
and feasible [26,27].

Figure 6a is a specimen model established with ABAQUS. Using symmetry, only a
half-mesh model is built to simulate the specimen. The model consists of approximately
50,000 units and 110,000 nodes. The elastic modulus and the Poisson ratio are set as 3.5 GPa
and 0.3, respectively. The geometric configuration dimensions are listed in Table 1.
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The area near the crack tip is finely divided by a hexahedral grid, and the remaining
model is filled by a tetrahedral grid. Note that there exists mesh refinement near the crack
tip to obtain the correct stress and strain, which solve the stress singularity problem near
the crack.

The sharp corner at the junction of the straight crack in the middle of the V-groove
crack front and the oblique crack on both sides is passivated to a rounded corner. This
treatment can solve the problem of stress concentration at the sharp corner. The fillet radius
is determined through multiple attempts, and finally, the KIC values of the measuring
points on the middle straight crack can be made more consistent.

A series of Y* values with the corresponding varying crack length (a) can be obtained
by setting the appropriate boundary limit for the numerical model and applying the
appropriate load at the top of the specimen. The V-groove of the specimen is actually a
three-dimensional configuration. The KIC values of the nodes in the middle part of the crack
front are not completely the same, and there are some differences. The average KIC of the
middle straight measurement point is taken as the corresponding KIC when the crack length
is a. This is a general numerical model calculation method for calculating the V-groove
specimen KIC at a given crack length (a). The finite element analysis can directly obtain the
stress intensity factor KIC. Then, the dimensionless stress intensity factor Y* can be obtained
by applying the calculated KIC, load P, and geometric dimensions into Formula (1). Repeat
this step to calculate Y* corresponding to all selected α values. According to the series of
points calculated above, the trend curve of Y* with α is fitted to find the turning point of
the curve. The critical crack length αm and the corresponding minimum dimensionless
intensity factor Y*

min can be obtained. In this example, Figure 6b shows the model when
the crack length is α = 0.45. Figure 9 shows the Y* curve obtained by the finite element
method (FEM) fitting.

3.2. The Slice Synthesis Method

The slice synthetic method (SSM) was first proposed by Bluhm to calculate the stress
intensity factor (SIF) of a V-grooved cube prism three-point bending specimen [28]. Xu and
Fowell calculated the SIF of the CNCNBD specimen by the slice synthetic method [29]. Both
of these are slice synthetic methods based on flexibility calculations. Wang QZ proposed
a new method of slicing synthesis to calculate the SIF of a CCNBD specimen, which is
simpler and more effective than the flexibility method by using the stress intensity factor
directly instead of the flexibility [30].

Referring to Wang’s slice synthesis method, the load of the LCNSCB specimen is
equal to the load of a single CSTSCB specimen with an intermediate thickness b and the
superimposed load of the N-piece thin CSTSCB specimen with a thickness ∆t on both sides,
as shown in Figure 7. Equation (2) gives the formula for calculating the fracture toughness
of CSTSCB specimens, where Y′ is the dimensionless stress intensity factor of CSTSCB
specimens [31].

KIC =
Pmax

√
πa

2RB
Y′ (2)

Y′ = 0.41 + 5.06(s/2R) + (−16.65 + 3.32(s/2R))(a/R)+
(52 .94 + 76.91(s/2R))(a/R)2 +

(
−67.03− 257.73

(
s/2R))(a/R)3

+(29 .25 + 252.8(s/2R))(a/R)4
(3)

During the crack propagation of the LCNSCB specimen, according to the assumption
of a straight through crack, the crack front always maintains a straight shape and only
the stress intensity factor in the middle straight crack zone remains basically unchanged;
that is, the central part of the width (b) is a real crack [30]. The stress concentration of the
notches on both sides is attenuated, so the stress intensity factor is smaller than the central
straight crack. K′I and KI are taken to represent the stress intensity factors of the grooves on
both sides and the grooves with straight cracks in the center width of b, respectively; then,
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K′I = KI/β. Here, β is an empirical coefficient greater than 1. Assuming that the slot on the
single side is divided into N slices, the load from the medial to the lateral number i slice is:

Pi =
2R∆tKI

βY′(αi)
√

πai
(4)
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The total load of the LCNSCB specimen is the sum of the central part of the width (b)
and the sheet sections on both sides, as shown below:

P =
2RbKI

Y′(α)
√

πa
+ 2

N

∑
i=1

2R∆tKI

βY′(αi)
√

πai
(5)

The trigonometric function relation of the cutting section of the LCNSCB specimen is:

tan θ =
B

2(a1 − a0)
=

b
2(a− a0)

=
0.5b + i · ∆t
(ai − a0)

(6)

The central crack width (b) can be obtained from the trigonometric function relationship:

b = 2 tan θ(a− a0) (7)

The slice thickness ∆t can be determined by the following formula:

∆t =
B− b
2N

(8)

The dimensionless crack length ai can be determined by the trigonometric function
relationship:

ai = a0 +
0.5b + i · ∆t

tan θ
(9)

By introducing the expression P in Formula (5) into Formula (1), the expression of Y*
can be obtained by eliminating KI:

Y∗ = B
2

√
π

R

[
b

Y′I(α)
√

a
+ 2

N

∑
i=1

∆t
βY′I(αi)

√
ai

]−1

(10)
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β = 1 + γ
α1 − α

αB
(11)

The coefficient γ = 0.85 in Formula (11) is obtained by comparing the simulation results
of the finite element in Section 3.1 and the slice synthesis method.

The calculation of Formula (10) is realized by MATLAB programming, and the calcula-
tion of Y∗min is realized by a two-layer loop. The inner loop realizes the accumulation of the
N-layer sheet load. The outer loop allows α in 0.01 increments from α0 to α1 to facilitate the
calculation of Y*. Note that N needs to be large enough to ensure that the three digits after
the calculated Y* decimal point remain unchanged. The program calculation can obtain the
dimensionless stress intensity factor Y∗min corresponding to the critical length αm.

Reference [31] specifies that the α = a/R value range of Formula (3) is 0.2 ≤ a/R ≤ 0.8,
and the span diameter ratio is 0.5~0.8. The span ratio of the specimens in this paper is 0.8,
which meets the requirements. Due to the special grooving dimensions of this test specimen
(α0 = 0 and α1 = 1), a distance around α0 = 0 at the beginning is skipped in the MATLAB
program, and calculation is started directly from 0.2, so that α meets the requirements of
the range of a/R values in Formula (3). In order to improve the calculation efficiency of the
program, skip a distance near the tail α1 = 1. So, set the value range of the α in the program
at 0.2~0.8, as shown in Figure 8, which meets the dual requirements of the effective value
range of α and efficient program calculation. Figure 9 shows the Y* fitting curve obtained
by the slice synthetic method (SSM).

Sustainability 2023, 15, 1863 9 of 14 
 

 
Figure 8. Range of α in MATLAB programming. 

3.3. Comparison of the Two Methods 
Figure 9 is the two methods obtaining relatively consistent Y* curves. The trend of 

change is that with the increase in α, the Y* decreases first and then increases, which rep-
resents the transformation process of steady-state expansion (α < αm) and unsteady expan-
sion (α > αm) of cracks. The finite element method obtained Y*min = 3.2591 and the slice 
synthesis method obtained Y*min = 3.4022, and the latter versus the former, with a deviation 
of 4.39%. 

0.2 0.3 0.4 0.5 0.6 0.7 0.8
3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

(0.468,3.2591)Y*

α

 SSM
 FEM

(0.437,3.4022)

 
Figure 9. The fitting curve of Y* by SSM and FEM. 

4. Experimental Analysis and Discussion 
4.1. Experimental Result 

According to the arrangement of bedding and ligament surface in reference [23], two 
groups of specimens were designed in this experiment. The vertical intersecting modes of 
groove ligament and bedding are an arrester arrangement (specimen number h90) and a 
divider arrangement (specimen number V). Figure 10 shows the morphology of surface 
fracture and fracture surface fracture after the rupture of two groups of typical specimens. 
From the surface morphology of the fractured specimens, the cracks of the specimens 
were extended along the vertical bedding of the precast groove surface, and the specimen 
is divided into two halves on average. From the fracture morphology of the specimen after 
rupture, the arrester grooved specimen has a slightly rougher fracture surface and a 
slightly higher surface undulation than the divider grooved specimen, which has a flatter 
fracture. Although the fracture surface of the specimen is slightly undulating, the general 
tendency of the cracks is to expand along the orientation of the maximum principal stress, 
and the crack path is successfully confined in the vertical plane, which produces a good 
vertical cracking effect [32]. The fracture does not have left and right deflection and inter-
nal torsion, so it is reasonable to believe that the three-point bending experiment was suc-
cessful and that the measured KIC value was valid. 

α=0.8

α=0.2
t

B

R

Figure 8. Range of α in MATLAB programming.

Sustainability 2023, 15, 1863 9 of 14 
 

 
Figure 8. Range of α in MATLAB programming. 

3.3. Comparison of the Two Methods 
Figure 9 is the two methods obtaining relatively consistent Y* curves. The trend of 

change is that with the increase in α, the Y* decreases first and then increases, which rep-
resents the transformation process of steady-state expansion (α < αm) and unsteady expan-
sion (α > αm) of cracks. The finite element method obtained Y*min = 3.2591 and the slice 
synthesis method obtained Y*min = 3.4022, and the latter versus the former, with a deviation 
of 4.39%. 

0.2 0.3 0.4 0.5 0.6 0.7 0.8
3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

(0.468,3.2591)Y*

α

 SSM
 FEM

(0.437,3.4022)

 
Figure 9. The fitting curve of Y* by SSM and FEM. 

4. Experimental Analysis and Discussion 
4.1. Experimental Result 

According to the arrangement of bedding and ligament surface in reference [23], two 
groups of specimens were designed in this experiment. The vertical intersecting modes of 
groove ligament and bedding are an arrester arrangement (specimen number h90) and a 
divider arrangement (specimen number V). Figure 10 shows the morphology of surface 
fracture and fracture surface fracture after the rupture of two groups of typical specimens. 
From the surface morphology of the fractured specimens, the cracks of the specimens 
were extended along the vertical bedding of the precast groove surface, and the specimen 
is divided into two halves on average. From the fracture morphology of the specimen after 
rupture, the arrester grooved specimen has a slightly rougher fracture surface and a 
slightly higher surface undulation than the divider grooved specimen, which has a flatter 
fracture. Although the fracture surface of the specimen is slightly undulating, the general 
tendency of the cracks is to expand along the orientation of the maximum principal stress, 
and the crack path is successfully confined in the vertical plane, which produces a good 
vertical cracking effect [32]. The fracture does not have left and right deflection and inter-
nal torsion, so it is reasonable to believe that the three-point bending experiment was suc-
cessful and that the measured KIC value was valid. 

α=0.8

α=0.2
t

B

R

Figure 9. The fitting curve of Y* by SSM and FEM.



Sustainability 2023, 15, 1863 9 of 14

3.3. Comparison of the Two Methods

Figure 9 is the two methods obtaining relatively consistent Y* curves. The trend
of change is that with the increase in α, the Y* decreases first and then increases, which
represents the transformation process of steady-state expansion (α < αm) and unsteady
expansion (α > αm) of cracks. The finite element method obtained Y*

min = 3.2591 and the
slice synthesis method obtained Y*

min = 3.4022, and the latter versus the former, with a
deviation of 4.39%.

4. Experimental Analysis and Discussion
4.1. Experimental Result

According to the arrangement of bedding and ligament surface in reference [23], two
groups of specimens were designed in this experiment. The vertical intersecting modes of
groove ligament and bedding are an arrester arrangement (specimen number h90) and a
divider arrangement (specimen number V). Figure 10 shows the morphology of surface
fracture and fracture surface fracture after the rupture of two groups of typical specimens.
From the surface morphology of the fractured specimens, the cracks of the specimens were
extended along the vertical bedding of the precast groove surface, and the specimen is
divided into two halves on average. From the fracture morphology of the specimen after
rupture, the arrester grooved specimen has a slightly rougher fracture surface and a slightly
higher surface undulation than the divider grooved specimen, which has a flatter fracture.
Although the fracture surface of the specimen is slightly undulating, the general tendency
of the cracks is to expand along the orientation of the maximum principal stress, and the
crack path is successfully confined in the vertical plane, which produces a good vertical
cracking effect [32]. The fracture does not have left and right deflection and internal torsion,
so it is reasonable to believe that the three-point bending experiment was successful and
that the measured KIC value was valid.
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Table 2 shows the peak load Pmax and fracture toughness KIC calculation results of
the LCNSCB specimens under the two notch arrangements. Table 3 is the summary data.
Where Y∗minis the result of using the finite element method to calculate, the KIC value is
calculated by Formula (1), and the coefficient of variation is the ratio of standard deviation
and the mean, which can compare the variation range between each set of data and its own
mean. The KIC mean values of h90 (arrester) and V (divider) classes are 1.1998 and 1.2923,
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and the coefficient of variation are 0.0740 and 0.2362, respectively. The former has a small
coefficient of variation and very concentrated data, while the latter has a slightly larger
coefficient of variation and more discrete data.

Table 2. KIC values from all tested LCNSCB specimens.

Specimen Number B/mm R/mm Y*
min Pmax/kN KIC/(MPa·m0.5)

h90-1 30 37.5 3.2591 2.1676 1.2141
h90-2 30 37.5 3.2591 2.1744 1.2179
h90-3 30 37.5 3.2591 2.3032 1.2901
h90-4 30 37.5 3.2591 1.9234 1.0773
V-1 30 37.5 3.2591 2.4673 1.3820
V-2 30 37.5 3.2591 1.7542 0.9825
V-3 30 37.5 3.2591 2.9945 1.6773
V-4 30 37.5 3.2591 2.0125 1.1272

Table 3. Summary of KIC values of all LCNSCB specimens.

Type Pmax Mean/
kN

KIC Mean/
(MPa·m0.5)

KIC Standard Deviation/
(MPa·m0.5)

KIC Coefficient of
Variation

h90 2.1421 1.1998 0.0888 0.0740
V 2.3071 1.2923 0.3052 0.2362

4.2. Analysis and Discussion

The shale sample used in this experiment and the shale sample in reference [33] are
from the same collection place and the same batch, so the KIC value calculated in this paper
can be compared with the data in reference [33]. The comparison results are credible.

Firstly, the experimental data of the LCNSCB specimen in this paper show that the KIC
value of the V type (divider) is slightly larger than the KIC value of the h90 type (arrester),
which is consistent with the data of the CCNSCB and CSTSCB specimens in reference [33],
as shown in Table 4.

Table 4. Comparison of KIC values of specimens with different types of ligaments.

Grooving Direction
Reference [33]

Herringbone Slot
CCNSCB

Reference [33]
CSTSCB

Straight v-Slot
in This Text

CCNSCB

Arrester 1.1307 0.7309 1.1998
Divider 1.1894 0.9949 1.2923

Secondly, in the h90 type (arrester) arrangement mode, compared with the herringbone
slot CCNSCB specimen in reference [33], the CSTSCB specimen, and the CSTSCB specimen
in reference [21], the experimental data of the LCNSCB specimen has a small degree of
dispersion and the coefficient of variation is only 0.074, which is much smaller than the
coefficient of variation of the comparison object, indicating that the KIC value obtained by
this experiment is very accurate. The comparison results are listed in Table 5.

Table 5. Comparison of dispersion of KIC values of specimens with different types of ligaments.

Data Sources Pmax
Mean/kN

KIC Mean
/(MPa·m0.5)

KIC Coefficient of
Variation

This text LCNSCB 2.1421 1.1998 0.0740
Reference [19] CCNSCB 1.2704 1.1307 0.2530
Reference [19] CSTSCB 1.9310 0.7309 0.1908
Reference [9] CCNBD 9.8220 0.9226 0.0144
Reference [9] CSTSCB 1.4870 0.8297 0.1887



Sustainability 2023, 15, 1863 11 of 14

Although the coefficient of variation of the CCNBD data in reference [21] is only 0.0144,
the KIC value obtained by this method is 0.9226, which is relatively small compared with
the KIC measurement value 1.1998 of the LCNSCB method in this paper. Additionally, for
the CSTSCB specimens, both the measured KIC value of 0.8297 in reference [21] and the
measured KIC value of 0.7309 in reference [19] are significantly smaller than the measured
KIC value in this paper. Only the KIC value of the herringbone slot CCNSCB in reference [33]
is 1.1307, which is close to the results in this paper.

The reason for the difference in the calculation results of the different methods men-
tioned above may be that for the standard specimen recommended by ISRM, the length
of the process zone of the CSTSCB and CCNBD specimens is larger, but the length of
the process zone of the SR and CB specimens is shorter, which leads to the KIC value
obtained by the experiment being smaller than the true fracture toughness value of the
material. Scholars have suggested that the effective fracture critical propagation length
ae = ac + lFPZ, including the crack tip process zone, is adopted to estimate the fracture
toughness of rock materials accurately [21,33]. According to reference [21], at the moment
when the crack expands from the steady state to the unsteady state, the critical crack exten-
sion length of the specimen is ac, which is determined by the finite element method or the
slice synthesis method, according to the linear elastic fracture theory. The length lFPZ of the
crack tip process zone is related to the type of rock, the shape of the groove ligament of the
specimen, and the loading mode of the specimen. The KIC value of rock material is mainly
affected by the size of lFPZ. According to the fitting curve of Figure 18 in reference [34],
for the CCNBD specimen, the Ka/Kc decreases greatly as the lFPZ/R increases, while the
Ka/Kc of the SR and CB specimens does not change significantly, and there is no such rule.
Ka is the apparent fracture toughness value obtained by experiments and Kc represents the
fracture toughness value of the inherent properties of the material, which is obtained from
the critical effective crack length ae. It is shown that with the increase in the fracture process
zone, for the CCNBD specimen, the difference between the apparent fracture toughness
value and the true fracture toughness value obtained by the experimental test becomes
larger, but for the SR and CB specimens, the difference is not obvious. The experimental
data of some scholars also confirmed the above rule. In the experimental data of Cui
Zhendong [16], for sandstone specimens with diameters of 50, 55, 68, and 74 mm, the KIC
values obtained with the SR specimens are 2.59, 2.41, 2.57, and 3.07 Mpa ·m0.5, and the
KIC values obtained with the CCNBD specimens are 0.39, 0.63, 1.66, and 1.89 Mpa ·m0.5,
respectively. Erarslan’s experimental results show that the SR and CCNBD specimens for
risbanetuff-1 rock have KIC values of 2.13 and 1.12 Mpa ·m0.5, respectively [35].

Thirdly, the coefficient of variation of the LCNSCB specimen in this experiment of type
V (divider) is larger than that of type h90 (arrester), and the reason why the KIC measured
value is relatively discrete can be explained with reference to the schematic diagram 10. The
crack expansion in the layered specimen is show in Figure 11. According to the calculation
principle of the slice synthesis method in Section 3.2 of this paper, it can be known that when
the crack extends to the critical length ac = am, the part with the middle width (b) plays a
major role in calculating the fracture toughness of the specimen. At a certain scale, the shale
grain layer composed of different attribute particles is interphase distribution [36,37]. The
number of layers included in the central section of the width (b) along the normal direction
of the bedding in the arrester mode is greater than the divider. The strength of type V
(divider) specimens is only affected by a small amount of bedding. Because the bedding
strength of different categories is relatively large, its strength is significantly affected by
the bedding strength, showing a large dispersion. However, the strength of h90 (arrester)
specimens is affected by the average strength of each bedding because of the large number
of grain layers, and the numerical fluctuation degree is smaller than that of the former.
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5. Conclusions

In the paper, a semi-circular bending specimen with a linear chevron notch ligament
(LCNSCB) was designed to accurately test the KIC of the vertical stratification direction
of the shale. Two sets of prefabricated samples of LCNSCB specimens under arrester
and divider modes were adopted in the three-point bending loading experiments. The
following conclusions were obtained:

(1) The minimum dimensionless stress intensity factor (Y*
min) of the LCNSCB speci-

men was calculated by the finite element method and the slice synthesis method,
respectively. With the increase in α, the Y* decreases first and then increases, which
represents the transformation process of steady-state expansion (α < αm) and unsteady
expansion (α > αm).

(2) Compared with the experimental data of the existing literature, these data in this
experiment show that the LCNSCB specimen can avoid the disadvantage of lower
measured KIC values due to a larger fracture processing zone featured in CSTSCB and
CCNBD specimens, combined with the merits of a shorter fracture processing zone of
the SR or CR specimens, and the render measured the KIC value to be closer to the
material’s true fracture toughness value.

(3) The narrow ligament of the LCNSCB specimen has a favorable crack propagation
guiding effect and can generate consistent KIC values and could be used to accurately
test the fracture toughness of rock material in vertical bedding direction.

(4) The KIC mean values of h90 (arrester) and V (divider) are 1.1998 and 1.2923, and the
variation coefficients are 0.0740 and 0.2362, respectively. The latter has a slightly larger
variation coefficient and more discrete data.
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