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The mechanical response characteristics of rocks under cyclic loading conditions are crucial factors for evaluating and analyzing
the stability of rock mass during underground excavation. In this study, based on fractal theory and a series of tests using the
MTS815.02 rock mechanics test system, the classification and fractal characteristics of limestone specimen fragments are in-
vestigated. The results show that limestone specimens subjected to cyclic loading can generate more small-sized fragments than
conventional compression, but the large-fragment-producing abilities of the two tests exhibit small difference. The mass fraction
of the fragments in the cyclic loading test is obviously greater than that in the conventional test when the fragment size is less than
4.75 mm; however, only a small difference is observed between the cyclic loading tests with frequencies of 0.25 and 0.5 Hz. In the
same type of test, a confining pressure is helpful in reducing the fragmentation of limestone specimen. As the size interval
decreases, the shapes of limestone fragment transition from rectangular to long slice and then to square. The results also indicate
that the confining pressure has a significant influence on the size-quantity and size-mass fractal dimensions of limestone
fragments. The former has a positive correlation with the confining pressure, whereas the latter decreases with confining pressure.
The conclusions obtained in this investigation can enrich the theoretical research on the failure response and mechanism of rock
under cyclic loading conditions.

1. Introduction

Mining, tunnel excavation, and other projects in deep mines
can involve repeated loading and unloading of rock [1],
which has a nonnegligible impact on the strength and long-
term stability. Additionally, the fatigue property of rock
caused by cyclic loading is an important factor threatening
the safety of geotechnical engineering [2-4]. Therefore,
investigating the mechanical properties and failure mech-
anism of rock under cyclic loading conditions is of para-
mount importance.

At present, the mechanical behavior of rock under cyclic
loading tests has been widely studied, and many valuable
results have been acquired. Liu and He [5] conducted triaxial
cyclic loading tests at constant amplitude on sandstone
specimens. They found that repeated loading and unloading
can weaken the rock strength and that the deformation of the
specimen can accumulate cycle by cycle. Dilatancy of rock
has also been observed during cyclic loading tests [6], and
the dilatancy effects are reduced with increasing confining
pressure as the compaction mechanism gradually becomes
dominant [7]. Additionally, Yang et al. [8] conducted a series
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of multilevel cyclic loading tests on cylindrical coal speci-
mens, and the investigation showed that the peak stress of
cyclic loading has a significant effect on the coal specimen
fatigue behavior. Meng et al. [9] analyzed the energy evo-
lution and dissipation of sandstone under cyclic loading tests
from the initial condition to total failure and revealed the
failure mechanism of rock from the viewpoint of energy.
From these investigations, the relationship between the
strength and deformation of rocks under cyclic loading can
be found to be quite different from that under conventional
loading. To describe the stress-strain curves of rock under
cyclic loading, Liu et al. [10] established a new damage
constitutive model based on energy dissipation. The model
was well validated by experimental data.

Based on the brief review above, few previous studies
have addressed the rock failure response mechanism under
repeated loading. Additionally, in the past decade, the use of
fractal geometry has been an efficient method for studying
rock failure mechanisms [11, 12]. Fractal geometry is used to
describe irregular and disorderly phenomena in nature [13].
It has also been applied in rock mechanics since its estab-
lishment [14]. Regarding investigations of the fractal char-
acteristics of rock fragments, certain researchers have
performed much research, and numerous significant results
have been achieved. To analyze the mechanism of rock burst,
Tian et al. [15] conducted a rock burst simulation experi-
ment using granite samples under different loading rates and
studied the fractal characteristics of rock fragments. They
found that when the rock is under high-loading-rate con-
ditions, the fractal dimension of rock fragments is relatively
small, and the rock burst becomes more sudden. To a certain
extent, this investigation can explain the failure mechanism
during rock burst. Xiao et al. [16] also obtained the failure
pattern of coal seams caused by high-pressure water jets
based on the fractal characteristics of coal fragments and an
image processing method. Furthermore, for rock samples,
different loading paths can induce different failure mecha-
nisms and fractal characteristics of fragments [17]. Zhou
et al. [18] found that when the strain rate of granite is
10°-10%s™", the fractal dimension of fragments is approxi-
mately 1.2-2.4, and the value shows a linear relationship
with the logarithm of the energy density. Li et al. [19] carried
out triaxial loading tests on coal and examined the fractal
characteristics of acoustic emissions during the entire
process. The conclusion illustrated that different loading
steps can induce various damage behaviors. For cyclic
loading, based on the research of Li et al. [20], the fractal
characteristics of coal fragments increase with the loading
rate. This means that when the loading rate is relatively high,
the coal is more seriously crushed.

Studies on the mechanical behavior of limestone under
cyclic loading tests are rare, and no work revealing the fractal
characteristics of limestone fragments generated under cy-
clic loading conditions has been presented. Therefore, in this
study, to fill in this research gap, we conducted a series of
conventional compression tests and cyclic loading tests on
limestone using the MTS815.02 rock mechanics test system
(MTS Systems Corporation, Eden Prairie, MN, USA).
Limestone fragments with 9 different pore sizes were sieved
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and analyzed. Finally, the distributions and fractal charac-
teristics of limestone fragments generated under conven-
tional compression tests and cyclic loading tests with
different frequencies were investigated.

2. Materials and Methods

2.1. Sample Preparation and Selection. In this study, the
blocks of limestone were collected from the immediate roof
of the Yangcun Mine No. 10602 coal face in Shandong,
China. After these samples were brought back to the lab-
oratory, each sample was processed into several standard
cylindrical specimens with a diameter of 50 mm and a height
of 100 mm by slow drilling, cutting, and polishing. Subse-
quently, the specimens were measured by an acoustic ve-
locity testing instrument (see Figure 1). The specimens with
similar wave velocities were selected for testing. Some
specimens are shown in Figure 2.

2.2. Experimental Procedure. Under the uniaxial state and
the confining pressure of 10 MPa, two types of tests were
performed: conventional compression tests and cyclic
loading tests. These tests were carried out on the MTS815.02
rock mechanics test system (MTS Systems Corporation,
Eden Prairie, MN, USA), as shown in Figure 3.

Prior to each test, an initial force of 1.0 kN was applied to
each limestone specimen to ensure that the specimen had
close contact with the test machine pressure head. The
conventional compression tests were conducted under
displacement control mode with a displacement rate of
0.003 mm/s, aiming at obtaining the strengths of the
limestone specimens and providing essential data for the
cyclic loading tests. The typical stress-strain diagrams of
limestone specimens in conventional compression test are
shown in Figure 4. In Figure 4, the symbols oy, 03, and ¢
represent the axial stress, confining pressure, and strain,
respectively. In addition, the stress control mode was
employed in the cyclic loading tests. Each specimen was
tested for as many as 3,000 cycles with a cosine waveform.
The test schemes and results of representative specimens in
uniaxial and triaxial conditions are, respectively, shown in
Tables 1 and 2. And the corresponding stress-strain dia-
grams are shown in Figures 5 and 6.

3. Sieving Test Results and Analysis

3.1. Sieving Standard. Sieving tests were carried out using
four sieves with different pore sizes of 0.6 mm, 1.18 mm,
2.0mm, and 4.75 mm. Subsequently, an electronic balance
was adopted for calculating the mass of limestone fragments
with different sizes. For fragments larger than 4.75 mm, their
three-dimensional sizes were measured by a Vernier caliper.
For fragments with sizes less than 4.75 mm, we only obtained
the total mass because measuring their three-dimensional
size was difficult. In this paper, the limestone fragments were
divided into nine grades according to their long axis size.
Table 3 lists the classification and measurement procedures
for limestone fragments.
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F1GURE 2: Limestone specimens.

FIGURE 3: MTS815.02 rock mechanics test system.

3.2. Uniaxial Experimental Results

3.2.1. Limestone Fragment Classification Characteristics.
According to the classification criteria in Table 3, under the
uniaxial stress state, the limestone specimen fragments
generated in conventional compression and cyclic loading
tests were collected. The images of some specimen fragments
are shown in Figure 7. The results show that the limestone
fragments exhibit an obvious classification feature. The
number of fragments generated by conventional compres-
sion loading is obviously smaller than that generated by
cyclic loading. The phenomenon is more apparent for the
small-sized fragments. This means that the damage to
limestone under cyclic loading is more severe.
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FIGURE 4: Stress-strain curves of limestone specimens in the
conventional compression test. (a) The uniaxial stress state. (b) The
confining pressure of 10 MPa.

3.2.2. Limestone Fragment Quantity Characteristics. After
sieving the limestone specimen fragments, the number of
fragments with length larger than 4.75mm was counted
according to the test scheme because measuring the size of
fragments with length less than 4.75 mm is very difficult. The
statistical results are shown in Table 4. In addition, the
number of limestone specimen fragments in different size
intervals is shown in Figure 8.

From Figure 8, the following conclusions can be drawn.
Under the uniaxial stress state, the number of limestone
specimen fragments in all size intervals is greater for the
cyclic loading test than for the conventional compression
test. In other words, cyclic loading of a limestone specimen is
more likely to generate small-sized fragments than con-
ventional compression. Additionally, for fragments with size
over 20 mm, the fragment-producing abilities of the cyclic
loading test and conventional compression test are almost
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TaBLE 1: Test schemes and results of representative specimens subjected to cyclic loading under uniaxial stress state.

Frequency (Hz) Stress rank Valley stress level (%)

Peak stress level (%) Cycle number Failure state

1 30 80 3000 Not failed
0.25 2 30 85 3000 Not failed

3 30 90 436 Failed

1 30 80 3000 Not failed
0.5 2 30 85 3000 Not failed

3 30 90 2435 Failed

TaBLE 2: Test schemes and results of representative specimens subjected to cyclic loading under the confining pressure of 10 MPa.

Frequency (Hz) Stress rank Valley stress level (%)

Peak stress level (%) Cycle number Failure state

1 30 80 3000 Not failed
0.25 2 30 85 3000 Not failed
’ 3 30 90 3000 Not failed
4 30 92.5 425 Failed
1 30 80 3000 Not failed
2 30 85 3000 Not failed
0.5 3 30 90 3000 Not failed
4 30 92.5 3000 Not failed
5 30 95 247 Failed
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FIGURE 5: Stress-strain curves of limestone specimens in the uniaxial cyclic loading test. (a) Cyclic loading with a frequency of 0.25 Hz. (b)

Cyclic loading with a frequency of 0.5 Hz.

the same because the maximum difference in the number of
fragments between the two tests is 3.

3.2.3. Limestone Fragment Mass Characteristics. The mass
fraction of fragments with different sizes obtained under
different test conditions is illustrated in Figure 9. This figure
shows that, under the uniaxial stress state, the mass fraction
of specimen fragments generated in the cyclic loading test is
obviously greater than that generated in the conventional
compression test when the fragment size is less than 10 mm,
and only a small difference is observed between the cyclic

loading tests with frequencies of 0.25 and 0.5 Hz. Therefore,
the difference in the fragment mass fractions obtained under
conventional compression and cyclic loading tests is mainly
reflected in the small-sized fragments.

3.2.4. Limestone Fragment Size Distribution Characteristics.
After sieving the limestone specimen fragments obtained
under different test conditions, we measured the three-
dimensional sizes of the fragments and calculated the av-
erage length, width, and thickness. The results are shown in
Figure 10.
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FIGURE 6: Stress-strain curves of limestone specimens in the triaxial cyclic loading test. (a) Cyclic loading with a frequency of 0.25 Hz.
(b) Cyclic loading with a frequency of 0.5 Hz.

TaBLE 3: Fragment classification and measurement procedures.

Size
Number Category (mm) Measurement procedures Goal
1 Largest-sized fragment >50
2 Large-sized fragment 30 ~50 (1) Count the number of fragments (1) Number of
3 Medium-sized fragment 20~30 (2) Measure the three-dimensional size of fragments with a fragments
4 Medium and small-sized 10 ~ 20 Vernier caliper (2) Size feature
fragment (3) Weigh the fragments with an electronic balance (3) Mass distribution

5 Small-sized fragment 4.75~10
6 Large-sized particle 2~4.75
7 Medium-sized particle 1.18~2

- . 0.6~ Weigh with an electronic balance Total mass
8 Fine-sized particle 118
9 Microsized particle <0.6

()

FIGURE 7: Sieving results of limestone fragments obtained under the uniaxial stress state. (a) Conventional compression test. (b) Cyclic
loading test with a frequency of 0.25Hz. (c) Cyclic loading test with a frequency of 0.5 Hz.
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TABLE 4: Quantity distribution of limestone specimen fragments.

Size interval (mm) Conventional compression

Cyclic loading (0.25 Hz) Cyclic loading (0.5 Hz)

>50 2 3 3
30 ~50 3 5 6
20~ 30 4 5 5
10~20 8 10 10
4.75~10 9 15 13
20
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FIGURE 8: Number of limestone specimen fragments within different size intervals obtained under different test conditions.
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FIGURE 9: Mass fraction of limestone specimen fragments in different size intervals obtained under different test conditions.

Clearly, for both the conventional compression test and
the cyclic loading test, the “length/width” and “width/
thickness” of limestone fragments are stable with changing
size interval. However, the “length/thickness” first increases
and then decreases with the fragment size. Thus, most of the
large-sized fragments produced in the tests are rectangular,
but with decreasing size interval, most fragments are long
laminar; additionally, when the size is reduced to the range

of 475mm to 10 mm, the fragment shape gradually tran-
sitions to square.

3.3. Triaxial Experimental Results

3.3.1. Limestone Fragment Classification Characteristics.
According to the classification criteria in Table 3, under the
confining pressure of 10 MPa, the limestone specimen
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FIGURE 10: Size characteristics of limestone specimen fragments obtained under the uniaxial stress state. (a) Conventional compression test.
(b) Cyclic loading test with a frequency of 0.25Hz. (¢) Cyclic loading test with a frequency of 0.5 Hz.

fragments generated in conventional compression and cyclic
loading tests were collected. The images of some specimen
fragments are shown in Figure 11. The results show that the
limestone fragments also exhibit obvious classification
features. The number of fragments generated by conven-
tional compression loading is smaller than that generated by
cyclic loading. The phenomenon is more apparent for the
small-sized fragments. This means that the damage to
limestone under cyclic loading is more severe.

3.3.2. Limestone Fragment Quantity Characteristics. After
sieving the limestone specimen fragments, the number of
fragments with length larger than 4.75mm was counted

according to the test scheme because measuring the size of
fragments with length less than 4.75 mm is very difficult. The
statistical results are shown in Table 5. In addition, the
number of limestone specimen fragments in different size
intervals obtained under different test conditions is shown in
Figure 12.

From Figure 12, the following conclusions can be drawn.
Under the triaxial stress state, in the range of 4.75mm to
20mm, the number of limestone specimen fragments is
greater for the cyclic loading test than for the conventional
compression test. In other words, cyclic loading of a limestone
specimen is more likely to generate small-sized fragments
than conventional compression. Additionally, for fragments
with size over 20 mm, the fragment-producing abilities of the
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FIGURE 11: Sieving results of limestone fragments obtained under a confining pressure of 10 MPa. (a) Conventional compression test. (b)
Cyclic loading test with a frequency of 0.25Hz. (c) Cyclic loading test with a frequency of 0.5 Hz.

TABLE 5: Quantity distribution of limestone specimen fragments.

Size interval (mm) Conventional compression

Cyclic loading (0.25 Hz) Cyclic loading (0.5 Hz)

>50 2 3 2
30~50 3 2 1
20~ 30 3 2 2
10~20 3 8 5
4.75~10 8 10 9
121 3.3.3. Limestone Fragment Mass Characteristics. The mass
fraction (the proportion of mass of fragments with given size
" to the total fragments mass) of fragments with different sizes
s obtained under different test conditions is illustrated in
go 81 Figure 13. This figure shows that, under the confining
= pressure of 10 MPa, the mass fraction of specimen fragments
= generated in the cyclic loading test is obviously greater than
a that generated in the conventional compression test when
—é 4 4 the fragment size is less than 4.75mm, and only a small
2 difference is observed between the cyclic loading tests with
frequencies of 0.25 and 0.5 Hz. Therefore, the difference in
the fragment mass fractions obtained under conventional
0 ; ; ; ; . compression and cyclic loading tests is mainly reflected in

>50 30~50 20~30

Size interval (mm)

10~20 4.75~10

—a— Conventional compression test
—eo— Cyclic loading test (0.25Hz)
—a— Cyclic loading test (0.5Hz)

FIGURe 12: Number of limestone specimen fragments within
different size intervals obtained under different test conditions.

cyclic loading test and conventional compression test are
almost the same because the maximum difference in the
number of fragments between the two tests is 2.

the small-sized fragments.

3.3.4. Limestone Fragment Size Distribution Characteristics.
After sieving the limestone specimen fragments obtained
under different test conditions, we measured the three-di-
mensional sizes of the fragments and calculated the average
length, width, and thickness. The results are shown in
Figure 14.

Clearly, for both the conventional compression test and
the cyclic loading test, the “length/width” and “width/
thickness” of limestone fragments are stable with changing
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FIGURE 13: Mass fraction of limestone specimen fragments in different size intervals obtained under different test conditions.

size interval. However, the “length/thickness” first increases
and then decreases with the fragment size. Thus, most of the
large-sized fragments produced in the tests are rectangular,
but with decreasing size interval, most fragments are long
laminar; additionally, when the size is reduced to the range
of 475mm to 10 mm, the fragment shape gradually tran-
sitions to square.

3.4. Comparison and Analysis of Uniaxial and Triaxial Results.
Compared with the uniaxial stress state, there are obvious
differences in quantity characteristics of limestone specimen
fragments under the confining pressure of 10 MPa (Figures 8
and 12). Figure 15 shows the differences of limestone
fragments in the same type of tests under different confining
pressures. Figure 16(a) shows that more fragments are
produced in the uniaxial conventional compression test than
in the triaxial conventional compression test. However, for
the fragment size range of greater than 30 mm, the fragment-
producing abilities are almost the same. Figures 15(b) and
15(c) show that the number of fragments with different sizes
produced under the uniaxial condition is greater than that
under the triaxial condition in the cyclic loading tests with
two different frequencies. Therefore, in the same type of test,
a confining pressure can be concluded to be helpful in re-
ducing the fragmentation of limestone specimens. The
reason is that the confining pressure can restrict the lateral
deformation of limestone specimen, effectively limiting the
development of cracks on the surface and inside of limestone
specimen, while under uniaxial stress state, the lateral de-
formation of limestone specimen is free from any restric-
tions, and it is more broken when it is destroyed.
Compared with the uniaxial stress state, there are obvious
differences in mass characteristics of limestone specimen
fragments under the confining pressure of 10 MPa (Figures 9
and 13). Figure 16 shows the differences of limestone fragments
in the same type of tests under different confining pressures.
From Figure 16(a), in the conventional compression test, when
the fragment size is greater than 30 mm, the mass fraction of

limestone fragments obtained under the confining pressure of
10 MPa is larger than that obtained under the uniaxial stress
state. However, when the fragment size is less than 30 mm, the
conclusion is the opposite, and the phenomenon is more
obvious when the size is less than 4.75 mm. From Figures 16(b)
and 16(c) in the cyclic loading tests with frequencies of 0.25 and
0.5 Hz, when the fragment size is greater than 50 mm, the mass
fraction of limestone fragments obtained under the confining
pressure of 10MPa is larger than that obtained under the
uniaxial stress state. However, when the fragment size is less
than 50mm, the conclusion is the opposite, and the phe-
nomenon is also more obvious when the size is less than
4.75 mm. For both the conventional compression test and the
cyclic loading test, the mass fraction of the largest-sized
fragments is obviously larger than that of the other size
fragments, and this value under a confining pressure is greater
than that under uniaxial stress state.

4. Fractal Characteristics of
Limestone Fragments

4.1. Size-Quantity Fractal Characteristics. To analyze the
size-quantity fractal characteristics, we measured the length
(), width (h), and thickness (w) of the fragments with long
axis size larger than 4.75 mm, and then, the equivalent length
was calculated by the following equation [21]:

Ly = (I x h x w).

According to previous studies, the fractal dimension can
be expressed as follows [22]:

-D
N=N Leg
’ Leqmax ’

where N is the number of fragments with the maximum
characteristic size of Leq yqy; D is the fractal dimension; and
Nrepresents the number of fragments with equivalent length
at least L,,. Tables 6 and 7 show, respectively, the number of

(1)

(2)
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FIGURE 14: Size characteristics of limestone specimen fragments obtained under the confining pressure of 10 MPa. (a) Conventional
compression test. (b) Cyclic loading test with a frequency of 0.25Hz. (¢) Cyclic loading test with a frequency of 0.5 Hz.

limestone fragments with different equivalent lengths ob-
tained from different types of test under uniaxial state and
the confining pressure of 10 MPa. And Figure 17 illustrates
the logarithmic plot of the limestone fragment equivalent
length-quality under the two confining pressure.

From Figure 17, the following conclusions can be drawn.
The linear fitting relationship of log(N) — log(Leq) is not
apparent, and the fractal characteristics are not obvious.
However, compared with the uniaxial state, the equivalent
length-quantity has a higher fractal dimension under the
confining pressure of 10 MPa, indicating that the confining
pressure has a significant influence on the fractal dimension.
This phenomenon occurs because the number of limestone
fragments at different scales is very discrete under the

uniaxial state. However, under the confining pressure, the
number of fragments is restricted, and the number of
limestone fragments at different scales is relatively stable.

4.2. Size-Mass Fractal Characteristics. Based on the inves-
tigation of Ning et al. [23], the relationship between the
number and size can be written as follows:

%:ﬁa (3)
M a )’

where M is the total mass of fragments, M., is the cu-
mulative mass of fragments with equivalent length less than
Leg> and a represents the average size of fragments.
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FIGURE 15: Number of limestone specimen fragments in different size intervals obtained under different confining pressures. (a) Con-
ventional compression test. (b) Cyclic loading test with a frequency of 0.25Hz. (c) Cyclic loading test with a frequency of 0.5 Hz.

By taking logarithms on both sides of (3), we can obtain
MLeq
Ig Sval algL.q — alga, (4)

where « is the slope of the Ig (M .o/M) —Ig (L) fitting curve.
The relationship between the fractal dimension D and « is as
follows (the derivation process is shown in Appendix):

D=3-q (5)

Tables 8 and 9 show, respectively, the mass of limestone
fragments in different equivalent length intervals obtained
from different types of test under uniaxial state and the
confining pressure of 10 MPa. And Figure 18 illustrates the
lg (Myeq/M) —1g (Lcg) fitting curve for limestone fragments
under the two confining pressure. The fractal dimensions are
1.58, 1.79, 1.76, and 1.46, 1.71, 1.74, respectively.

As displayed in Figure 18, the linear fitting coefficients
of the g (Myeq/M) -1g (Leg) scatter diagrams for both the

conventional compression test and the cyclic loading test
are over 0.93 under the uniaxial state. This means that the
fractal characteristics are obvious. However, under the
confining pressure of 10 MPa, the values are between 0.82
and 0.90, and the fractal characteristics are slightly unclear.
These results indicate that the confining pressure has a
significant influence on the fractal characteristics of
limestone fragments, and the fractal characteristics under
the uniaxial state are more obvious than those under a
confining pressure.

5. Discussion

According to the reviewer’s comment, we have made some
adjustment to the structure of Section 3 and added Section
3.4 for comparison and analysis of uniaxial and triaxial
results. Moreover, we added Section 5 for discussion. Section
5 “Discussion” is written as follows.
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FIGURE 16: Mass fraction of limestone specimen fragments in different size intervals obtained under different test conditions. (a)
Conventional compression test. (b) Cyclic loading test with a frequency of 0.25Hz. (c) Cyclic loading test with a frequency of 0.5 Hz.

Currently, the mechanical behavior of rock under cyclic
loading tests has been widely studied [5-10]. However, there
are few achievements on the fractal characteristics of rock

fragments [16, 20, 23]. Based on the current insufficient
research situation, the main objective of this paper is to
reveal the classification and fractal characteristics of broken
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TaBLE 6: Equivalent length interval and quantity under the uniaxial stress state.

Number
Equivalent length interval (mm) . . ) u . .
Conventional compression test Cyclic loading test (0.25Hz) Cyclic loading test (0.25Hz)

35~65 3 3 3
20~35 1 6 1
10~20 10 19 7
4.75~10 11 36 21

TaBLE 7: Equivalent length interval and quantity under the confining pressure of 10 MPa.

Number
Equivalent length interval (mm
au & val (mm) Conventional compression test Cyclic loading test (0.25Hz) Cyclic loading test (0.25Hz)

35~65 3 4 2
20~ 35 1 1 1
10~20 2 7 3
4.75~10 2 8 5
2.0 - Log (N) = 0.4010Log(L,,) - 0.
0 Log (N) = 0.2934Log (L) - 1.6051 L3 og (N) ORf_OO g;o’l(;q) 0.7396
R%=0.6967 o
[ ]
[ ]
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= o R?=0.7821
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= 144 ¥o7d a
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FIGURE 17: Logarithmic plot of limestone fragment equivalent length-quantity. (a) Uniaxial stress state. (b) Confining pressure of 10 MPa.

TaBLE 8: Equivalent length interval and mass of limestone fragments under the uniaxial stress state.

Number
Equivalent length interval (mm
v gt (mm) Conventional compression test Cyclic loading test (0.25Hz) Cyclic loading test (0.25 Hz)

35~65 412.58 285.51 397.95

20~ 35 19.35 103.08 9.98

10~20 30.62 63.73 23.89

4.75~10 6.17 11.598 6.479

2~475 291 5.292 3.191

118~2 0.45 0.96 0.45

0.6~1.18 0.27 0.91 0.37

<0.6 0.47 1.95 0.87

fragments of limestone specimens subjected to the con-  fragments generated in the cyclic loading test is greater than

ventional compression and cyclic loading by experimental ~ that generated in the conventional compression test; and the
tests. Under both the uniaxial stress state and the confining ~ mass fraction of the fragments in the former test is obviously
pressure of 10 MPa, the number of limestone specimen  greater than that in the latter test when the fragment size is
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TaBLE 9: Equivalent length interval and mass of limestone fragments under the confining pressure of 10 MPa.

Equivalent length interval (mm) . . i NL'lmber . )
Conventional compression test Cyclic loading test (0.25Hz) Cyclic loading test (0.25Hz)
35~65 469.79 385.93 44251
20~ 35 10.89 12.97 14.75
10~20 2.47 20.27 4.87
4.75~10 0.87 2.96 1.65
2~4.75 0.27 1.14 1.08
1.18~2 0.09 0.23 0.11
0.6~1.18 0.08 0.23 0.23
<0.6 0.11 0.65 0.49
03 1 Log (My./M) = 1.2080Log (L,,) - 2.3443 03 1 Log(Myeq/M) @ ',2%7356?@“’) -0
R?=0.9622 . = .
-0.6 -
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FIGURE 18: Logarithmic plot of the limestone fragment equivalent length-weight. (a) Uniaxial stress state. (b) Confining pressure of 10 MPa.

less than 4.75mm. However, only a small difference is
observed between the cyclic loading tests with frequencies of
0.25 and 0.5Hz. Additionally, in the same type of test, a
confining pressure is helpful in reducing the fragmentation
of limestone specimen. Of course, in this paper, only the
conventional compression tests with two confining pres-
sures and only the cyclic loading tests with two frequencies
under two confining pressures are carried out; thus, the
classification and fractal characteristics of limestone frag-
ments with changing of the confining pressure or frequency
cannot be determined completely. We speculate that, in the
same type of test, the different loading time may lead to the
different classification and fractal characteristics of lime-
stone specimen fragments. These problems will be further
studied in the next work. In particular, it is more practical to
study these characteristics of the rock assemblages.

The classification and fractal characteristics of limestone
specimen fragments are related to the confining pressure
and loading type, etc. Therefore, through the in-situ geo-
logical detection and experimental test results of the clas-
sification and fractal characteristics of the actual rock mass
fragments, the type of loading that triggered the collapse of
rock mass can be observed, and the targeted supporting

measures can be adopted to protect the engineering rock
mass. For the engineering rock mass that collapsed by static
loading, the basic supporting strength should be improved,
while for the engineering rock mass damaged by dynamic
loading or impact loading, in addition to the measures
mentioned above, some other measures preventing shock
and vibration also should be used at the same time.

6. Conclusions

In this paper, the classification and fractal characteristics of
limestone fragments generated under the conventional
compression and cyclic loading are studied. The main
conclusions are as follows:

(1) Under both the uniaxial stress state and the con-
fining pressure of 10 MPa, the number of limestone
specimen fragments generated in the cyclic loading
test is greater than that generated in the conventional
compression test; and the mass fraction of the
fragments in the former test is obviously greater than
that in the latter test when the fragment size is less
than 4.75mm; however, only a small difference is
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observed between the cyclic loading tests with fre-
quencies of 0.25 and 0.5 Hz.

(2) In the same type of test, a confining pressure is
helpful in reducing the fragmentation of limestone
specimen. The reason is that the confining pressure
can restrict the lateral deformation of limestone
specimen, effectively limiting the development of
cracks on the surface and inside of limestone
specimen, while under uniaxial stress state, the lat-
eral deformation of limestone specimen is free from
any restrictions, and it is more broken when it is
destroyed.

(3) Most of the large-sized fragments produced in the
tests are rectangular; with decreasing size interval,
most fragments are long laminar, and when the size
is reduced to the range of 4.75mm to 10 mm, the
fragment shape gradually transitions to square.

(4) The confining pressure has a significant influence on
the size-quantity and size-mass fractal dimensions of
the limestone fragments, but the effects are the
opposite. Under a confining pressure, the size-
quantity fractal dimension tends to increase, whereas
the size-mass fractal dimension of the size-mass
tends to decrease.

(5) In order to evaluate the stability of rock mass with
the fractal theory, the relationship between the
evolution of surface cracks in rock mass and fractal
dimension should be studied. If the fractal charac-
teristic values at several key points of rock mass from
stability to failure can be determined, then we can
use the fractal theory to evaluate the stability of
engineering rock mass. It also should be noted that
the accuracy of rock mass stability evaluation is
based on the statistics and analysis of considerable
engineering rock fractal data.

Appendix

The derivation process of (5):
By differentiating (2) and (3), we obtained

dN L;f’ldL (A.1)

eq’

dM g o< L dL. (A.2)

Considering that the densities of all fragments are the
same, the following can be derived:

dM g oc L dN. (A.3)

Combining (A.1)-(A.3), the relationship between D and
o is yielded:
D=3-a (A.4)
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