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Abstract

Soft rocks, such as coal, are affected by sedimentary effects, and the surrounding rock mass of underground coal mines is
generally soft and rich in joints and cracks. A clear and deep understanding of the relationship between crack geometric
parameters and rock mechanics properties in cracked rock is greatly important to the design of engineering rock mass struc-
tures. In this study, computed tomography (CT) scanning was used to extract the internal crack network of coal specimens.
Based on the crack size and dominant crack number, the parameters of crack area, volume, length, width, and angle were
statistically analyzed by different sampling thresholds. In addition, the Pearson correlation coefficients between the crack
parameters and uniaxial compression rock mechanics properties (uniaxial compressive strength UCS, elasticity modulus E)
were calculated to quantitatively analyze the impact of each parameter. Furthermore, a method based on Pearson coefficients
was used to grade the correlation between crack geometric parameters and rock mechanical properties to determine threshold
values. The results indicated that the UCS and E of the specimens changed with the varied internal crack structures of the
specimens, the crack parameters of area, volume, length and width all showed negative correlations with UCS and E, and
the dominant crack played an important role both in weakening strength and stiffness. The crack parameters of the angle
are all positively correlated with the UCS and E. More crack statistics can significantly improve the correlation between the
parameters of the crack angle and the rock mechanics properties, and the statistics of the geometric parameters of at least 16
cracks or the area larger than 5 mm? are suggested for the analysis of complex cracked rock masses or physical reproduction
using 3D printing. The results are validated and further analyzed with triaxial tests. The findings of this study have important
reference value for future research regarding the accurate and efficient selection of a few cracks with a significant influence
on the rock mechanical properties of surrounding rock mass structures in coal engineering.
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1 Introduction stress field (Jiang et al. 2016; Cao et al. 2016). Especially

for soft rocks such as coal, which are affected by sedimen-

In most rock engineering cases, there are a large number of
discontinuities (such as fissures, joints, and weak surfaces)
in rocks because of geological movement and the tectonic
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tary effects, the surrounding rock mass of underground coal
mines is generally soft and rich in joints and cracks (Kong
et al. 2019; Gao et al. 2021). These discontinuities, joints, or
cracks in the rock are widely believed to have a significant
influence on the stability of the rock mass, particularly with
regard to the following two aspects: (1) they decrease the
strength and stiffness of the rock, and (2) they are a source
of initiation of new discontinuities, which in turn may prop-
agate and link with other cracks and further decrease the
strength and stiffness of the rock (Wong and Einstein 2009;
Bobet and Einstein 1998; Sagong and Bobet 2002). There-
fore, understanding the relationship between crack geometric
parameters and rock mechanical properties is important in
coal engineering.
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Numerous rock laboratory tests and numerical simu-
lation studies have been reported on the effects of crack
geometric parameters on rock mechanical properties. For
example, via numerical simulations, Cui et al. (2020) tested
a particle model based on flat-joint and smooth-joint con-
tacts to explore the effect of joint dip angle and joint spac-
ing on the strength characteristics of rock under uniaxial
compression with a set of nonpersistent open joints. Zhao
et al. (2022) used a particle flow model to represent rock
materials to investigate the relationship between the main
microparameters (joint angle, length, density, and aperture)
and uniaxial tensile strength; and Patel and Martin (2020)
used a flat-jointed contact model to investigate the role of
initial crack volume on the crack initiation stress of rock. By
using laboratory tests, Li et al. (2019) produced preexist-
ing joints in white marble by a high-pressure water cutting
method to study the effect of the dip angles of joints on the
rock dynamic mechanical properties, fracturing behavior,
and energy evolution characteristics. In addition, 3D print-
ing was used by Zhao et al. (2023) as a tool to examine the
mechanical behavior of rock with discontinuities, and a con-
trol variable test was performed to investigate the effect of
jointed geometric parameters (joint angle, length, and aper-
ture) on the UCS and failure pattern. These studies indicate
that the crack geometric parameters (joint angle, length, den-
sity, volume, aperture, etc.) have a very significant impact
on rock mechanics properties. However, to date, few studies
have been conducted to quantitatively analyze the correla-
tion between crack geometric parameters and rock mechan-
ics properties, even though a clear and deep understanding
of this relationship in cracked rock is of great importance to
the design of engineering rock mass structures.

Additionally, a large body of research has shown that the
sampling interval, or sampling threshold, will greatly affect
the crack morphology parameters (Xie et al. 1997; Xu et al.
2022). Furthermore, it will also undoubtedly have an impact
on the correlation between crack geometric parameters and
rock mechanics properties. Some researchers have shown
that when the sampling interval of a crack surface meets a
certain condition, the calculation results of the morphology
parameters are very stable, and much research has been car-
ried out to explore a reasonable sampling interval (Bao et al.
2020; Ge et al. 2021). However, there have been few reports
about the effect of the sampling threshold on the correlation
between crack geometric parameters and rock mechanics
properties, which limits mechanical experimental investiga-
tions on complex crack rocks to a certain extent.

In this study, CT scanning was used to extract the internal
crack network of coal specimens. Based on the crack size
and dominant crack number, the parameters of crack area,
volume, length, width, and angle were statistically analyzed
by different sampling thresholds. In addition, the Pearson
correlation coefficients between the crack parameters and
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uniaxial compression rock mechanics properties (uniaxial
compressive strength UCS, elasticity modulus E) were cal-
culated to quantitatively analyze the impact of each param-
eter. Furthermore, the Pearson correlation coefficients were
compared under different sampling thresholds, and the key
parameters and the optimal threshold value were obtained.
The results of this study will facilitate further research on the
mechanical properties of rocks with complex cracks.

2 Extraction and analysis of crack network
information based on CT scanning

2.1 The extraction of cracks

The Liangbaosi coal mine is located in Jining city, Shandong
Province. The presence of softness and weak discontinui-
ties (such as faults, joints or fractures) is consistent with the
research objectives of this project (Zhu et al. 2021). There-
fore, borehole core logging was conducted in the roof of the
Liangbaosi coal mine, and specimens were obtained for the
CT scanning tests. When X-rays emitted from an emission
source pass through an object, the intensity of the X-rays is
attenuated to some extent; the attenuation is influenced by
the thickness and internal structure of the specimen. The
attenuation characteristics follow the Lambert—Beer law,
which is expressed as follows (Salamon et al. 2019; Zhou
et al. 2016):

I = [, exp(—px) (1)

where [ is the intensity of X-rays after passing through the
object, I, is the intensity of X-rays before passing through
the object, u is the attenuation coefficient of the sample
being detected, and x is the penetration length of the inci-
dent X-rays.

The original grayscale CT image was binarized based on
Otsu’s method (Otsu et al. 1979). The black areas represent
pores, and cracks can be easily identified and segmented
from the solid matrix. In addition, the pores and cracks were
assigned a value of 0, and the solid matrix was assigned a
value of 1 (Huang et al. 2021; Omori et al. 2023). The pores
and cracks can be divided from the scan slice one by one.

The X-ray 3D microscope nanoVoxel-4000 system of
Tianjin Sanying Technology Company was used for the CT
scanning measurements, and the CT device and the process
of crack network reconstruction are shown in Fig. 1. The
main parameters for the CT scanning tests include the fol-
lowing: the voltage =150 kV, the current=150 pA, the expo-
sure time =0.8 s, the magnification =4.6, the spatial separa-
tion rate =0.127 mm, and the frame number = 1400/360°.
The CT scanning data were first processed layer by layer
to extract cracks. After the cracks were extracted, the slices
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Fig.1 CT device and crack network reconstruction process

were stacked layer by layer to form a three-dimensional
structure. A total of 1000 16-bit grayscale images with
850 x 850 pixels were obtained by CT scanning of the entire
standard coal specimen. At this time, the cracks were further
identified, information about each fracture (length, area, vol-
ume, width, angle, etc.) was extracted in three dimensions,
and finally, the crack network of the entire specimen was
reconstructed (Wu et al. 2021; Yang et al. 2021).

2.2 The analysis of correlations

To establish a quantitative relationship between the mechan-
ical properties (UCS and E) and crack data of the CT image,
the coal specimens were scanned using X-ray CT. Then,
eight typical specimens were selected to conduct uniaxial
compression tests to obtain the UCS and E. The stress—strain
curves of the coal specimens are shown in Fig. 2, and the
typical four stages (i.e., compaction, elastic stage, yielding
and postpeak stage) and brittle failure is evident in each
curve (Liu et al. 2018; Wang et al. 2020). Due to the pres-
ence of a large number of micropores and cracks, all the
specimens showed notable compaction characteristics dur-
ing initial loading, and then the stress gradually reached the
peak value as the strain increased (Liu et al. 2019; Zhao
et al. 2023). However, the UCS and E of the specimens were
different due to the varied internal crack structures of the
specimens.
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Fig.2 Comparison of the stress—strain curves of the coal specimens

Table 1 shows the results of the uniaxial compression
tests and CT scans. Through the CT scanning image, it can
be seen that the interior of the coal specimen is teeming
with a large number of randomly distributed cracks. These
cracks with different sizes and characteristics greatly affect
the stress structure of the specimens, resulting in different
mechanical properties, such as UCS and E (Liu et al. 2019;
Zhao et al. 2023). However, it is difficult to directly analyze
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Table 1 Results of the uniaxial Mark Crack structure Porosity (%) Total number UCS (MPa) E, (GPa)

compression test and CT scan
U-1 0.15 458,617 9.37 0.76
U-2 1.00 2,458,280 7.44 0.72
U-3 0.87 5,095,080 9.71 0.79
U-4 0.54 3,726,483 8.35 0.89
U-5 0.44 585,263 7.47 0.89
U-6 0.24 1,401,641 12.53 1.11
U-7 0.71 243,591 11.21 1.36
U-8 0.35 123,006 9.50 1.42

the relationship between crack characteristics and rock et al. 2022). Therefore, this coefficient is introduced here

mechanical properties only from the data in Table 1. to analyze the correlation between rock mechanical prop-
The Pearson correlation coefficient (R) is a widely used erties and crack characteristics and is calculated as follows
statistical tool that measures the strength of the relation- (Cai et al. 2020):

ship between variables (Abubakar et al. 2023; Aladejare
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where R is the Pearson correlation coefficient between
parameters X and Y, n is the number of samples of param-
eters X and Y, X; and Y, are the individual sample points
indexed with i, X is the sample mean of X;, and Y is the
sample mean of V..

The value range of R is between — 1 and+ 1. When R> 0,
the two parameters are positively correlated. Otherwise, they
are negatively correlated. Conventionally, the absolute val-
ues of R from 0.8 to 1.0 indicate an extremely strong cor-
relation, values ranging from 0.6 to 0.8 indicate a strong
correlation, values from 0.4 to 0.6 indicate a moderate cor-
relation, values from 0.2 to 0.4 indicate a weak correlation,
and values ranging from 0 to 0.2 indicate a very weak cor-
relation or no correlation (Chen et al. 2022; Su et al. 2020;
Zhao et al. 2021).

Correlations between the number of cracks, porosity, and
different mechanical parameters (UCS, E) of the coals, cal-
culated according to Eq. (2), are shown in Table 2. It can be
seen that the porosity is weakly correlated with UCS and E,
reflecting the porosity weakening effect on the strength and
stiffness at a lower level. In addition, the number of cracks
has almost no effect on UCS but has a relatively strong effect
on E, reflecting the weakening effect of the number of cracks
on the stiffness. More factors affecting the rock mechanics
properties will be analyzed in the following sections.

Numerous studies have shown that the mechanical prop-
erties of rocks are significantly affected by porosity and
crack geometric parameters (such as crack angle, and length)
(Patel and Martin 2020; He et al. 2022; Zhao et al. 2023).
Specifically, porosity is closely related to the total number,
volume, and area of cracks. Based on the fractal concept,
a selection of crack parameters, such as the area, volume,
length, and width of the cracks within the specimen, were
statistically calculated as variables about the crack param-
eters (the statistical results are shown in “Appendix A”), and
Pearson coefficients R were calculated between the variables
and the mechanical parameters of the coal specimens (UCS,
E), as shown in Table 3.

Table 2 Correlations between the number of cracks, porosity, and dif-
ferent mechanical parameters of the coals

R Porosity The
number of
cracks

R for UCS -0.33 -0.18

R for E -0.25 -0.55

With regard to the variables related to area, the variable
Smax had the strongest correlation with the UCS (R=- 0.60),
showing a strong negative correlation. The variable S, had
the weakest correlation with the UCS (R=— 0.35), showing
a weak negative correlation. Additionally, it was discovered
that as the statistical threshold was increased, the correlation
between the variables associated with area and the UCS also
increased, indicating that the dominant crack played a role
in weakening strength. Regarding the mechanical parameter
E, S,..x also had a strong correlation (R=— 0.45), showing a
moderate positive correlation. This indicates that the domi-
nant crack also played an important role in weakening stiff-
ness. Notably, the correlation between E and the area vari-
ables decreased as the statistical threshold was increased,
until the threshold reached 10 mm?, at which point the cor-
relation changed from moderate to weak, which is different
from the UCS. These results indicated that small cracks can
also weaken stiffness.

Among the volume-related variables, the variable S, ,,
also showed the strongest negative correlation with the
UCS (R=-0.62), and the correlation between the volume-
related variables and the UCS also increased as the statis-
tical threshold increased, which further indicated that the
dominant crack played a role in weakening strength. For the
mechanical parameter E, S, displays the strongest corre-
lation (R=— 0.37) among the volume-related variables but
shows a weak correlation. In addition, V,, also showed a
weak correlation (R=— 0.37), while V|, Vs and V,, indicated
a very weak correlation or no correlation with E.

In terms of length, the variable L, retained the strong-
est negative correlation with the UCS (R=- 0.57), but the
absolute values of R between UCS and other length-related
variables were below 0.2 and demonstrated a very weak cor-
relation or no correlation. For the mechanical parameter E,
L,, displayed the strongest correlation (R=— 0.53) with the
length-related variables, and the correlation between E and
the variables related to length decreased as the statistical
threshold increased. L, exhibited a very weak correlation
or no correlation with E.

For the variables related to width, the variable W,,, has
the strongest negative correlation with the UCS (R=— 0.58),
and the correlation between other variables about width and
UCS varies with the statistical threshold in a pattern con-
sistent with that of area-related variables. For the mechani-
cal parameter E, W,, displays the strongest correlation
(R=- 0.55) among the width-related variables, and the
variable W, also has a relatively strong correlation with
E (R=- 0.48). Notably, the correlation between E and the
width-related variables increased as the statistical threshold
increased, which is different from the area.

Previous studies have indicated that the crack angle has a
significant effect on the mechanical properties of the specimen
(Aliha et al. 2010; Tahmasebinia et al. 2018; Zhao et al. 2023).
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Table 3 Correlations between different crack parameters and different mechanical parameters of the coals
Area Area-related variables

Smax Sta Sl SS SlO
R for UCS —0.60 -0.29 -0.32 -0.35 -0.36
Rfor E —0.45 -0.53 —-0.44 -0.40 -0.39
Volume Volume-related variables

Vmax Vta Vl VS VlO
R for UCS —0.62 —0.33 -0.31 -0.34 -0.35
Rfor E -0.37 —0.25 -0.02 0.00 0.00
Length Length-related variables

Lmax Lta Ll LS LIO
R for UCS -0.57 —0.18 0.10 0.05 0.07
Rfor E -0.15 —0.54 -0.36 -0.22 0.02
Width Width-related variables

Wmax Wta Wl WS W]()
R for UCS —0.58 —0.12 -0.40 —0.51 -0.58
Rfor E -0.48 —0.55 -0.12 -0.40 -0.51

Note: The variables represented by S,,c» Vinax> Lmax a0d W, are the maximum area, maximum volume, maximum length, and maximum width
of a single crack within the specimen, respectively; S, V,,, L, and W,, are the sum of the areas, volumes, lengths, and openings of all cracks
within the specimen, respectively; S;, V|, L, and W, are the sum of all cracks within the specimen with an area greater than 1 mm?, the sum of
all cracks with an area greater than 1 mm?, the sum of all cracks with a track length greater than 1 mm, and the sum of all cracks with a width
greater than 1 mm, respectively; Ss, Vs, Ls and W are the sum of all cracks within the specimen with an area greater than 5 mm?, the sum of
all cracks with an area greater than 5 mm?®, the sum of all cracks with a track length greater than 5 mm, and the sum of all cracks with a width
greater than 5 mm, respectively; S0, V;o, L;o and W, are the sum of all cracks within the specimen with an area greater than 10 mm?, the sum of
all cracks with an area greater than 10 mm?, the sum of all cracks with a track length greater than 10 mm, and the sum of all cracks with a width
greater than 10 mm, respectively

Therefore, the correlations between the maximum crack angle
(Pmay)> area-weighted average angle (f3,), volume-weighted
average angle (f,), and different mechanical parameters (UCS,
E) of the coals can be calculated as shown in Table 4. The
calculation of the weighted average angle is as follows:

iﬂi * 5
po=" 3)

where m is the number of cracks taken and f;, S; and V; are
the individual crack angle, area and volume, respectively.

According to Table 4, ., shows the strongest nega-
tive correlation with the ultimate compressive strength
(UCS) (R=0.54), followed by g, (R=0.44), which both
exhibit a moderate correlation. For the mechanical param-
eter E, although S, also shows a moderate correlation
(R=0.47), its correlation is weaker than B, (R=0.60) and
p, (R=0.61). These analyses all indicate that increasing
the crack angle weakens the weakening effect of cracks on
the strength and stiffness of the specimen.

m The correlations between different weighted average

Z b+ V; angle and mechanical parameters of the coal specimens

b, = = p” @) (UCS, E) were counted for further analysis, as shown in
Z V; Table 5. It can be seen that as the statistical threshold

i=1 increased, there was a noticeable increase in the correla-

tion between mechanical parameters and area-weighted

variables. This correlation continued to be enhanced until

Table4 Correlations between R Boae B B, the threshold reached 5 mm?, at which point it became

the crack angle and different
mechanical parameters of the
coals

RforUCS 054 044 0.36
RforE 0.47 0.60 0.61

@ Springer

remarkably close to the f,,,,. For volume-weighted vari-
ables, the correlation between UCS and the variables
increased as the statistical threshold was increased, until
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Table 5 Correlations between different weighted average angle and
different mechanical parameters of the coals

Area-weighted Area-weighted variables

ﬁsl ﬂSS ﬂs]()
R for UCS 0.47 0.51 0.51
RforE 0.54 0.55 0.56
Volume-weighted Volume-weighted variables

ﬂsl ﬂsS ﬂsl()
R for UCS 0.48 0.49 0.52
RforE 0.54 0.51 0.52

Note: The variables represented by f;, B and S, are the area-
weighted average angle of cracks within the specimen with an area
greater than 1 mm?, 5 mm? and 10 mm?, respectively; Pois Pys and
P10 are the volume-weighted average angle of cracks within the spec-
imen with a volume greater than 1 mm?, 5 mm® and 10 mm?, respec-
tively

the threshold reached 10 mm?, at which point it became
remarkably close to the ..

According to the above analysis of the correlation
between crack characteristics and rock mechanical prop-
erties, it was discovered that as the statistical threshold is
increased, the correlation between the variables and the UCS
also increases. All the aforementioned analyses indicate that
the dominant crack played an important role in weakening
both the strength and stiffness. Furthermore, an analysis of
Tables 3, 4, and 5 reveals that when the statistical threshold
for crack area is set to 5 mm?, there is a high level of correla-
tion between various parameters of the crack and mechanical
parameters, meaning that cracks larger than 5 mm? have a
significant impact on the mechanical parameters.

3 Crack selection and validation
of the triaxial test
3.1 The selection of cracks

The internal cracks in the specimens were sorted in order
of size, and then, based on the fractal concept, the sorted

cracks were statistically analyzed separately according to
single, four, eight, sixteen, and thirty-two cracks. The sta-
tistical results are shown in “Appendix B”. Subsequently,
the correlation between each crack parameter obtained from
each statistical method and the rock mechanical properties
was calculated separately, as shown in Table 6.

When studying the correlation, to reduce the impact of
error and chance, the top three parameters that were most
correlated with each of the two rock mechanics properties
were selected for marking (three positive and three nega-
tive correlations were chosen for each parameter). During
the marking process, the correlation level was considered
based on the classification of correlation coefficients in
Sect. 2.2, and the parameters with lower correlation lev-
els were removed. The parameters that showed a positive
correlation with UCS were f, (R=0.58) for eight cracks,
B, (R=0.54) for single cracks, g, (R=0.54) for sixteen
cracks, and S, (R=0.54) for thirty-two cracks, and they all
showed moderate correlations. The parameters that showed
a negative correlation with UCS were V,, (R=— 0.62), S,
(R=-0.60), and W, (R=— 0.58), which all showed a strong
correlation. W, showed a moderate correlation and should
be removed during marking. The parameters that showed a
positive correlation with E were (R =0.59) for thirty-two
cracks, f, (R=0.58) for sixteen cracks, and 3, (R=0.56) for
sixteen and thirty-two cracks. The parameters that showed
a negative correlation with E were W, (R=— 0.48), S,
(R=-0.45), and V,, (R=— 0.37), which all showed moder-
ate correlations. V,, showed a weak correlation with £ and
should be removed during marking.

Finally, a statistical analysis was conducted on the param-
eters marked, and it was found that the parameters marked
the most were S, for single cracks and j, for 16-fold and
thirty-twofold cracks, which were marked twice each. This
indicates that these parameters have a strong impact on both
UCS and E. Additionally, we found that the  and g, param-
eters for all statistical methods had correlation coefficients
of over 0.4 with the rock mechanics properties, which is
not the case for other parameters. This indicates that the
angle has a strong impact on the rock mechanics proper-
ties, which is consistent with the research of Tahmasebinia

Table 6 Correlations between

: Parameter  Single cracks Four cracks Eight cracks Sixteen cracks Thirty-two

different crack parameters and cracks

different mechanical parameters

of the coals UCS E UCS E UCS E ucCs E ucCs E
L, -0.57 -0.15 0.00 0.39 0.06 0.39 0.05 0.31 0.01 0.27
Wia -0.58 -048 -049 -033 -046 -032 -045 -032 -044 -0.33
S -0.60 -045 -034 -024 -031 -0.19 -030 -0.18 -029 -0.17
Vi -0.62 -037 -047 -0.14 -040 -0.03 -0.36 0.02 -0.34 0.05
B 0.54 0.47 0.53 0.51 0.58 0.55 0.54 0.58 0.54 0.59
B, 0.54 0.47 0.52 0.50 0.50 0.54 0.49 0.56 0.49 0.56
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et al. (2018) and Zhao et al. (2023). When comparing the »

number of parameters marked under different statistical
methods, the parameters were marked the most when the
statistical methods were single cracks. This further indicates
that dominant cracks play a crucial role in affecting the rock
mechanics properties. Additionally, sixteen and thirty-two
cracks were also marked three times each, indicating that
using these statistical methods can also significantly improve
the correlation between each parameter of cracks and the
rock mechanics properties. This may imply that in future
studies on rock masses with complex cracks, in addition to
analyzing the parameters of the largest cracks in focus, the
geometric parameters of at least 16 cracks should be used as
statistics for further analysis or physical reproduction using
3D printing.

3.2 Validation of the triaxial test

To further verify the effectiveness of the conclusions
obtained from the abovementioned research in triaxial
tests that are closer to the conditions of real coal masses,
two specimens were selected from the Liangbaosi coal
mine and numbered TC-1 and TC-2 for subsequent triaxial
tests. Referring to the ultimate strengths of the specimens
in Sect. 2.2 that were determined from uniaxial tests, the
confining pressure in the triaxial test was set at 5.0 MPa.
The confining pressure increases to the expected value at
a constant rate of 0.025 MPa/s. The displacement loading
mode with a speed of 0.01 mm/s was used in the axial
direction (Chen et al. 2021; Mishra and Vermaet 2015;
Pang et al. 2014).

According to the conclusion of the previous section, CT
scans were performed on the specimens before and after
the triaxial test, and the largest 16 cracks were extracted
for statistics (“Appendix C”), which were then analyzed
in conjunction with the test results. Finally, the CT scan-
ning images before and after testing (Fig. 3), the statistical
results of cracks before and after the test (Table 7), and
the stress—strain curves of TC-1 and TC-2 were obtained
(Fig. 4).

In the previous section, it was found that S, and f; had
a large correlation with rock mechanics properties (UCS,
E). Therefore, in this section a statistical analysis is per-
formed on these two parameters, as shown in Table 7, and
UCS and E are also added for comparison. By comparing
the S, ., and § of TC-1 and TC-2 before testing, it was found
that the S,,, of TC-1 was 3.41 times that of TC-2, and the
B, values of TC-1 were significantly smaller than those of
TC-2. By comparing the rock mechanics properties, it was
determined that the UCS and E of TC-1 were significantly
smaller than those of TC-2. These comparisons indicate that
there is also a negative correlation between S,,,, and UCS
and E in triaxial testing and a positive correlation between

@ Springer

Before test

After test

Before test

(b) TC-2

Fig.3 Changes in the internal cracks in specimens before and after
the triaxial compression test
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Table 7 Results of the triaxial compression test and statistical crack
parameters

Item Porosity S max (mm?) B (°) UCS E (GPa)
(%) (MPa)

TC-1 0.0074 60.70 7729 10.68 0.68

before

test

TC-1 after 1.32 11,300.00 78.50

test

TC-2 0.0048 17.80 82.84 12.54 1.08

before

test

TC-2 after 0.43 3,300.00 51.94

test

B, and UCS and E, which is completely consistent with the
rules discovered in the uniaxial test.

Table 7 also statistically analyzes the porosity changes
before and after the triaxial tests, as well as the two key
parameters (S,,,, and f,). The g, values of TC-1 did not
change greatly before and after the test, while those of TC-2
changed significantly (i.e., the f; of TC-2 decreased from
82.84° to 51.94°). Additionally, the S, ,, of TC-1 after test-
ing is larger than that of TC-2, which is 3.4 times that of
TC-2. These analyses indicate that the failure of TC-1 is
mainly due to instability and failure after the propagation of
cracks, and TC-2 exhibits more damage than TC-1 after the
test, which can also be seen from the CT scanning images
(Fig. 3). Further analysis will be conducted based on the
stress—strain curves and electron microscopy scanning
images.

It is observed that the damage to coal specimens occurs
in four different stages following loading. These four stages
have different deformation characteristics, and the specific
results of the analysis are as follows:

Stage I: The compaction stage. Stage I begins from the
start point of the stress to point A. As the load continues
to increase, the axial and volumetric strains show positive
growth, which means that the specimens are axially com-
pressed while their volume decreases. However, it can be
seen from the radial strain—stress curve that the radial strain
is continuously decreasing, but the magnitude is relatively
small. This indicates that during Stage I, the pores and
cracks inside the specimen are compacted, and no significant
damage is caused. The larger porosity of TC-1 results in a
longer duration for this stage compared to TC-2.

Stage II: The crack initiation and steady expansion
stage. This stage starts from stress point A, goes to point
B1, and then reaches point B2. The axial strain continues
to increase, but the volumetric strain starts to decrease con-
tinuously. The decrease in radial strain starts to increase,
which indicates that the specimen is starting to crack and
experience steady expansion. During the loading process,

the specimen is subjected to both strain hardening and
strain softening, and these two mechanisms compete with
each other (Carpinteri et al. 2006; Zhao et al. 2023). It is
noteworthy that TC-2 exhibits a longer duration during this
stage and has a smoother ascent of the stress—strain curve
compared to TC-1. According to “Appendix C”, the angles
of the four largest cracks in the TC-2 specimen are 86.89°,
87.49°, 88.03°, and 89.92°, which are very close to the direc-
tion of primary cracks in rock materials during compression
(primary cracks, as tensile cracks, usually propagate in a
stable manner toward the direction of maximum compres-
sion) (Bobet and Einstein 1998; Sagong and Bobet 2002).
The similarity in direction facilitates the smooth expansion
of cracks.

Stage III: The accelerated destruction stage. This stage
starts from stress point B2, goes to point C1, and then
reaches point C2. The stress—strain curves begin to depart
from the linear behavior, and the volumetric strain and radial
strain start to accelerate. This indicates that the specimen
enters the stage of accelerated destruction, in which dila-
tancy deformation and rupture become dominant (Son-
dergeld and Estey. 1981). Due to the stable propagation
of the cracks in the CT-2 specimen toward the direction of
maximum compression, this stage lasts for a shorter duration
compared to CT-1.

Stage IV: The postpeak stage. This stage starts from stress
point B2 and lasts until the stress drops. CT-1 experienced
multiple small stress releases in Stage II and Stage III, so
its stress—strain curve slumped slowly. However, significant
decreases in volumetric strain and radial strain indicate that
the specimen has undergone instability and failure due to
the propagation of the cracks, which can also be seen in the
CT scanning images after the CT-1 test (Fig. 3a). In con-
trast, CT-2 experienced no significant stress releases in the
early stage, and large stress releases only occurred after the
stress reached its peak. As a result, the stress—strain curve of
CT-2 dropped more quickly, and CT scanning images after
its destruction (Fig. 3b) show that specimen CT-2 is more
broken than CT-1 inside.

Samples were taken near the main crack of specimens
TC-1 and TC-2 after testing to study the micromorphology
characteristics of the fracture surface. The samples were ana-
lyzed with an APREO electron microscopy scanning system
from the FEI Corporation to obtain the micromorphology
images of the coal samples, and an accelerating voltage of
2 kV was used in this study.

The typical micromorphology images of TC-1 and TC-2
near the main fractures are shown in Fig. 5. The typical
features of the coal samples near the TC-1 main fracture
show that most cracks are deflected along the grain bounda-
ries, resulting in a sharp angular edge, and the overall frac-
ture surface appears to be rougher, which is referred to as
a typical intergranular (IG) fracture (Mendhe et al. 2018;

@ Springer



78 Page 10 of 15

Y.Zhao et al.

Wang et al. 2023). In contrast, the typical features of the
coal samples near the TC-2 main fracture show that the
overall fracture surface is relatively smoother. Locally,
the boundaries of mineral grains are incomplete, and the
surfaces have scratches sliding along the fracture surface,
which is referred to as a typical transgranular (TG) fracture
(Mahanta et al. 2017; Zhu et al. 2023). IG fractures and TG
fractures are related to the energy stored before the sample
breaks. IG fractures are caused by less energy consumption
during the fracture process, while TG fractures are caused
by more energy consumption during the fracture process
(Abdollahi et al. 2012; Zhang et al. 2023; Zhou et al. 2022).
TC-2 experienced no significant stress releases in the early
stage, and large stress releases only occurred after the stress
reached its peak, resulting in more energy consumption dur-
ing the fracture process, which caused more TG fractures to
occur, which is completely consistent with the trend of the
stress—strain curves.
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(b) TC-2

Fig.5 Microstructure of coal after triaxial compression failure

4 Discussion

It is clear that a deep understanding of the relationship of
crack geometric parameters and rock mechanics properties
in cracked rock is of great importance to the design of engi-
neering rock mass structures. Currently, 3D printing has
been proven to be a powerful technique for simulating rocks
and has advantages in replicating complex cracks (Ge et al.
2021; Niu et al. 2023). However, due to the limitations of
machine accuracy, 3D printing still has some limitations in
replicating small defects, such as microcracks and micropo-
res, which will be a challenge for mechanical experimental
research on complex crack rocks. Determining the optimal
threshold value will provide a scope for 3D printing to deter-
mine the cracks that need to be reproduced during the pro-
cess of reproducing complex crack rocks. This is so that the
rocks reproduced can preserve the impact of cracks on rock
mechanics properties to the greatest extent, thereby making
the 3D printing specimens more similar to real rocks.
Although the Pearson coefficient was calculated using only
8 test specimens, a significant number of scholars maintain
the belief that it can still yield an accurate correlation in simi-
lar scenarios (Chen et al. 2022; Abubakar et al. 2023). Fur-
thermore, the results have been corroborated through triaxial
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compression tests. However, the previous studies indicate
that significant correlations exist between the parameters,
meaning that the effect of one crack geometric parameter on
UCS is significantly correlated with other crack geometric
parameters (Zhao et al. 2023), which is not taken into account
by the Pearson correlation coefficients. Therefore, the find-
ings of this study merely represent an initial exploration into
the influence of crack geometric parameters on mechanical
properties. To obtain more precise data and establish an accu-
rate functional relationship, additional experimental data are
needed, which will be a crucial undertaking.

5 Conclusions

In this paper, CT scanning was used to extract the internal
crack network of coal specimens. Based on the crack size and
dominant crack number, the parameters of crack area, vol-
ume, length, width, and angle were statistically analyzed. The
Pearson correlation coefficients between the crack parameters
and uniaxial compression rock mechanics properties (UCS, E)
were calculated to analyze the impact of each parameter, and
the results were further verified through triaxial testing. Based
on the study results, the following conclusions can be made:

(1) The UCS and E of the specimens changed with the varied
internal crack structures of the specimens, porosity was
weakly negatively correlated with UCS and E, and the
number of cracks had almost no effect on UCS but had a
relatively strong negative correlation with E.

(2) The crack parameters of area, volume, length and width
were all negatively correlated with UCS and E. The cor-
relation between the variables and the UCS increased as
the statistical threshold increased, and the dominant crack
played an important role in weakening strength and stiff-
ness. More specifically, there is a high level of correlation
between various parameters of the crack and mechanical
parameters when the statistical threshold for crack area is
set to 5 mm?. Hence, the statistics of geometric parameters
of the cracks with an area larger than 5 mm? are suggested
for analyzing complex cracked rock mass.

(3) A method based on Pearson coefficients was used to
grade the correlation between crack geometric param-
eters and rock mechanical properties to determine
threshold values. The results indicated a positive
correlation between angle-related variables and both
UCS and E. Increasing the quantity of crack statistics
significantly improved this correlation. However, the
improvement became insignificant when the number
of crack statistics reached 16. Therefore, the statistics
of geometric parameters of at least 16 cracks are sug-
gested for analyzing complex cracked rock mass or
physical reproduction using 3D printing.

(4) S, and B¢ showed a larger correlation with rock
mechanics properties (UCS, E), and the two key param-
eters were also proven to have a significant impact on
the mechanics parameters of the specimens under tri-
axial testing, and this impact was largely consistent
with that observed during uniaxial testing.

The results of this study can facilitate further targeted
research on mechanical properties of rocks with complex
cracks, especially how to accurately and efficiently select a few
cracks that may have a significant influence on rock mechani-
cal properties from complex and numerous cracks. Further-
more, additional studies may determine that the results may
not be limited to soft rock.

Appendix A: The statistical results for crack
parameters

Area  Area-related parameters (mm?)

Smax Sta S S5 Sio
U-1 845.88 14,685.81 10,077.75 9032.98 8460.10
U-2  28,334.80 73,835.90 53,163.66 50,303.61 48,880.26
U-3 391141 94,330.96 46,343.74 36,071.98 31,615.29
U-4 9416.49 59,936.61 23,765.05 18,078.70 16,419.19
U-5 8788.78 24,592.37 12,634.16 9935.48 9,384.96
U-6  3536.15 24,754.35 11,483.51 8607.85 7998.92
U-7  4045.01 30,939.80 24,818.53 22,748.86 21,731.57
U-8  2358.67 16,305.42 13,034.60 11,773.82 11,151.17
Vol-  Volume-related parameters (mm®)
T Ve s Vo S5 Vo
U-1 26.56 293.05 169.32 117.23 57.85
U-2  1083.13 1954.63 156491 1440.82 1406.73
U-3 123.15 1705.32 580.36 365.81 276.65
U4 259.05 1061.34 394.74 359.22 352.50
U-5 524.82 856.00 529.70 524.82 524.82
U-6 120.39 474.04 231.59 211.68 199.74
U-7 247.05 1390.93 1107.43 986.01 928.39
U-8 132.21 692.28 526.74 453.75 416.92
Length Length-related parameters (mm)

Lmax Sla Lmax SS Lmax
U-1 3142 37,628.39  2520.35 863.85 474.51
U-2 6494 181,555.02 5357.39 1239.20 539.65
U-3 48.12 401,078.12 16,235.19 2052.28 639.68
U-4  48.77 284,793.19 10,130.30 857.79 246.93
U-5 53.34 60,859.60 3715.18 133.63 53.34
U-6  40.77 104,179.19 7487.53 473.58 131.55
U-7 4748 33,337.85 4187.53 1180.08 617.98
U-8 47.32 17,751.73  2655.85 774.77 431.12

@ Springer



78 Page 12 of 15 Y.Zhao et al.

Width Width-related parameters (mm) Eight Parameters for eight cracks
cracks 2 S =
Wmax Sta Wmax SS Wmax Lta (mm) Wta Sta (mm ) Vta ﬁs( ) ﬂv( )
(mm) (mm3)
Ul 6.44 19.302.43 13726 1277 0.00 U-7 285.20 46.60 14,113.00 800.10 81.69 81.39
U2 48.89 101,646.77 343.07 104.75 78.49 U'S 223'87 36'10 70;9 5'1 391'52 81'77 81'81
U3 1136 213,420.48 664.67 57.74 11.36 _ : - : : i :
U4 2111 152,990.73 210.60 4349 2111 S“‘tien Parameters for sixteen cracks
cracks
U5 21.70 30,633.01  70.27 21.70 21.70 L, (mm) W, S (mm?)  V, B.) B, ()
3
U6 14.14 51,779.02  71.41 14.14 14.14 (mm) (mm”)
U7 1028 17,797.00  215.50 49.30 10.28 U-1 31899 5418 505400  137.88 7891 78.92
U8 733 9049.55  120.54 18.91 0.00 U-2 37438 133.19  41,004.00 145673 57.49 55.79
U-3 197.63  60.85  5027.00 110.52 76.36 76.33
U-4 287.86  80.04 13,754.00 386.81 7831 78.34
U-5 136.90  43.60 436.22 537.93  70.15 71.92

Appendix B: Crack parameter statistics

of under different statistical methods U-6 20424 4446 715370 23091 75.02 74.40
U-7 41230 7245 16,203.00 921.01 81.59 81.31
U-8 32609  56.04 842920  451.82 81.33 81.47
Single  Parameters for single cracks Thirty-  Parameters for thirty-two cracks
cracks 3 S S two 2 o o
Lta (mm) W[a S[a (mm ) V[a ﬁs( ) ﬂv( ) cracks Lla (mm) Wla Sla (mm ) Vla ﬁs( ) ﬁv( )
(mm) (mm3) (mm) (mm?)
U-1 31.42 6.44 84588 2656 77.24 77.24 U-1 492.87  84.81  6233.10 163.60 78.47 78.60
U-2 6494 4889  28,334.80 1083.13 47.41 47.41 U-2 54333 166.84 42,940.10 1506.77 58.44 56.54
U-3 4812 1136 391141 123.15 8537 85.37 U3 302.86 9142 6222.90 137.08 76.63 76.58
U-4 4877 2111 941649  259.05 78.78 78.78 U-4 409.19  108.07 14,503.20 403.11 78.10 78.12
U-5 5334 2170 8788.78  524.82 71.99 71.99 u-5 20572 59.74  624.56 54344 7031 71.89
U-6 4077 1414 3536.15 12039 7724 77.24 U-6 28022 6059 751370 24145 7496 74.19
U-7 4748 1028  4045.01 247.05 8228 82.28 u-7 586.86 10130  17,856.80 1010.63 81.36 81.06
U-8 47.32 733 235867 13221 8228 82.28 U-8 48876 8125 942592 49515 81.30 81.44
Four Parameters for four cracks
cracks 2 S =
L, (mm) W, S (mm?)  V, s B (®) B, (°)
(mm) (mm”) .
Appendix C: Crack parameters
U-1 99.06 17.01  2317.00 67.42 78.36 78.47 before and after TC-1 and TC-2 tests
U-2 163.00 77.04  37,104.00 135840 55.55 54.43
U-3 7490 16.88  2372.00 5238 81.96 81.95
U-4 139.98  38.75 11,998.00 341.50 79.31 79.45 Crack Crack parameters of TC-1 before test
b
U-5 7549 2769 17220 529.68 7220 71.99 mumber L gth  Width  Arca (um?) Volume  Angle ()
U-6 101.13 2416  6039.00 199.40 7634 75.97 (um) (um) (um)
U-7 17040  29.97  10,900.00 610.30 8228 82.31 - ;
U-8 13457 19.80  5017.76  271.81 82.07 82.09 ! 10,6505 237697 6.07x 10" 181 x 10" 74.04
o D Y 2 553321 64694 1.87x107 598x10° 88.22
o s arameters for e1ght cracks 3 5286.81 19338 1.86x 107 5.70x 10° 70.65
Ly, (mm) W, S (mm?)  V;, , B () B, () 4 6837.73 1630.57 1.86x 107 524 x10° 75.5
(mm) (mm’) 5 540629 1530.13 1.71x 107 5.04x 10° 83.02
U-1 185.55 31.61  3454.00 98.88 79.36 79.39 6 5256.89  888.11 1.44x 107 427 x 10® 82.63
U-2 256.27 10437 39,321.00 1413.47 56.76 55.24 7 401227 111791 1.10x 10" 3.16x 10° 47.18
U-3 122.80  35.15  3545.00 78.60 77.56 77.52 8 2790.09 1029.65 6.79 x 10° 2.26 x 10° 87.83
U-4 210.60  57.05 12,987.00 366.66 78.99 79.02 9 4050.09 92299 7.12x10° 2.10x 10° 77.18
U-5 97.77 33.66 27694 53324 67.25 71.89 10 3521.47  751.69 6.60x 10° 1.91x10® 75.96
U-6 14830 3492 6709.00 21925 7548 75.04 11 339698  607.82 6.82x 10° 1.90x 10° 86.91
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Crack Crack parameters of TC-1 before test Crack Crack parameters of TC-2 after test
number - 2 number - 2
Length  Width Area (pm~) Volume Angle (°) Length  Width Area (pm~) Volume Angle (°)
(pm)  (um) (pm’) (m)  (um) (pm’)
6 3
12 2903.15  795.04 6.14 % 106 1.76 x 103 89.04 1 527646 294431 330x10° 1.89x 10" 63.34
13 2189.02 1154.65 4.57 % 106 1.31 % 108 82.52 ) 36729.8 8828.59 5.54x 10° 3.23x 10 1435
14 3763.22 654.72 3.89 % 106 1.13 x 108 80.23 3 28.620.5 312785 4.00x 10° 2.17x10° 9.85
15 325342 74895 3.64 % 106 1.00 x 107 87.33 4 202699 13,1948 427x10° 2.00x 10" 23.52
16 1701.7 778.66 2.82x10° 8.03 x 10" 89.53 5 209935 7844.68 3.50x 10° 1.69x 100 85.58
Crack  Crack parameters of TC-1 after test 6 12,075.8  3837.24 123 x 10 6.83x10° 68.97
number Length Width  Area(um® Volume  Angle (°) 7 10,997.9 274935 1.23x10° 523%x10° 76.18
(pm) (pm) (um?) 8 11,581.7 23448 1.08x10® 4.98 x 10° 49.61
9 17,682.2  3550.51 8.09x 107 4.83x10° 89.28
1 65,650.7 42,3189 1.13x 10" 1.11x 10" 7892 0 120993 335125 8.60x 107 3.89x 10° 14.66
,999. . .60 x 89 x .
2 23,113.5 3636.88 435x10° 3.47x10'" 8595 " R605.07 200147 531x 107 258x 10° 919
. . 31 x 58 % .
3 23,514.1 4766.63 2.85x10° 1.70 x 10" 58.31 . 812858 143156 479 x 107 245 x 10° 15.98
. . T2 x 45 x .
4 7883.62 1275.65 5.65x 107 523 x10° 54.50 13 704997 122986 426 x 107 2.44% 10° 8339
. . 26 X 44 x .
5 8534.15 237338 8.13x 107 4.34x10° 79.04 " 817559 3077.94 479 107 2.43x 10° 48.88
. . 79 x 43 x .
6 5859.82 836.12 2.62x 107 187 x10° 61.37 s 885025 1510.56 4.30x 107 224x10° 2183
. . 30 x 24 % .
7 47258 315476 3.55x 10" 1.74x10° 53.29 16 11.452 13893 661 x 107 220 16° 49.53
, . .61 x 20 x .
8 8038.48 2088.57 4.35x 107 1.55x10° 88.88
9 6845.37 1002.47 2.53x 107 132x10° 86.26
10 5073.99 2140.12 2.05x 107 1.01x10° 86.48 Acknowledgements This study was financially supported by the Young
11 2099.52 89861 1.18x 107 877 x10® 75.60 Scientist Project of National Key Research and Development Program
12 714373 868.59 2.15x 107 828 x 108 87.23 of Ch.ina (2021 YFC2900600), National .Natural Science Foundation
. 3 of China (52074166) and Shandong Province (ZR2021YQ38).
13 6641.26 757.54 2.49x10 7.81 x 10°  81.02
14 4836.69 999.96 2.17x 10" 7.03x 10° 53.61 Availability of data materials Data used to support the results of this
15 4128.56 708.72 1.61x107 6.76x 10 72.14 study can be found in this manuscript text.
16 3507.83 776.68 120x 107  6.14x10° 85.39 Declarati
Crack Crack parameters of TC-2 before test eclarations
number Length  Width Area (pm?) Volume Angle (°) Competing interest The authors declare that they have no known
(um) (pm) (pm?) competing financial interests or personal relationships that could have
appeared to influence the work reported in this paper.
1 6170.77 143567 1.78 x 10" 4.98 x 10® 86.89
) 410771 147016 133 x 107 4.25% 108 87.49 Open Access This article is licensed under a Creative Commons Attri-
3 647708 1289.66 147x 107 423 % 10° 88.03 b.utlon.4.0. Intgrnatlonal L1cens§, wblch perm1t§ use, sharing, adapta-
, o tion, distribution and reproduction in any medium or format, as long
4 6920.79  1650.37 1.44x 10" 4.00x10° 89.92 as you give appropriate credit to the original author(s) and the source,
5 4496.12 1213.29 1.16 x 107 3.39x 10% 76.72 provide a link to the Creative Commons licence, and indicate if changes
6 4492.46 1153.69 1.06x 107 3.20x% 108 77.9 were made. The images or other third party material in this article are
7 484098 1347.54 8.80x 10° 2.81x 10° 85.07 1nclud§d in the artl.cle. s Creative Corpmons hcen'ce,. unles's mdlcatgd
p o otherwise in a credit line to the material. If material is not included in
8 3947.94  798.04 899 x10° 2.73x10° 74.93 the article’s Creative Commons licence and your intended use is not
9 2697.2 824.57 520x10° 1.55x10® 81.52 permitted by statutory regulation or exceeds the permitted use, you will
10 2346.15 843.44 4.19x%10° 1.45x 108 78.27 need to obtain permission directly from the copyright holder. To view a
1 2339.1 5387 324x10° 1.16x% 10° 8029 copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
12 2215.83 47191 4.17x10° 1.11x10® 60.61
13 3372.05  666.55 3.57 x 10° 9.78 x 10" 83.88
14 3542.69  731.64 299 x 10° 848 x 107 85.59
15 2059.6 476.64 2.65x10° 7.70 x 107 88.23
16 233032 503.57 240x 10° 6.80x 107 67.6
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