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Abstract: Borehole drilling is required if floor heave in underground mines is to be controlled using
bolts through the floor. How well the bolt is anchored depends, in part, on the borehole’s quality. A
major factor that can reduce borehole quality is the difficulty of discharging rock fragments from a
small-diameter borehole drilled at a downward angle. Therefore, a fuller understanding of the sizes
of the rock fragments will aid attempts to achieve smooth fragment discharge. In this study, drilling
experiments in the laboratory and SEM imaging were carried out to determine the size and shape
of the fragments generated when drilling boreholes in three sedimentary rocks typically found in
roadway floors. The results show that the size distribution of the rock fragments conformed to the
three-parameter generalized extreme value distribution. The mean fragment size increased with rock
density and the mean size of the fragments larger than 1.5 mm increased with the rock’s uniaxial
compressive strength. The fractal dimension of the cracks in the fragments was lower for high-density
rocks and the mean fragment size was larger for rocks whose cracks had a lower fractal dimension.
When a drill rod drills through very dense or high-strength rock, the mean size of the fragments
will increase and the discharge power should be increased to prevent fragment discharge blockages.
This paper may provide a theoretical basis and a data reference for discharge power settings and
discharge channel optimization.

Keywords: roadway floor strata; floor heave control; borehole drilling in the floor; rock fragment size

1. Introduction

Coal is the main energy source in China. Statistics show that the coal resource
within 2000 m of the surface is about 5.9 trillion tons, of which more than half is below
1000 m [1]. Thus, deep coal mining is imperative to ensure that energy is available for
China’s continued economic development. At present, many coal mines in China have
moved to deep mining. Under the high stresses in these deep mines, the rocks around
most of the mine roadways act like “soft rock” from an engineering standpoint, “soft rock”
meaning rock that will undergo significant plastic deformation under a load. The roofs and
ribs of these roadways can be seriously deformed and floor heaves are common [2–4].

Roof bolting technology has developed rapidly since the 1990s and is widely used
in China’s coal mines; it has caused a revolution in coal mine roadway support [5–8]. In
recent years, there have been a series of advancements in the roof bolting techniques used
in deep coal mine roadways [9–12]. However, bolting to control floor heave still has room
for improvement. Many researchers have studied floor heave mechanics, and most of them
have concluded that floor heave is caused by horizontal compressive stresses that bend
the floor strata (Figure 1a). The properties of the floor strata are very important to floor
stability [13–16]. Accordingly, some researchers [17–19] have attempted to control floor
heave using roof bolting equipment and have achieved good results (Figure 1b). However,
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there are only a few coal mines in China that use the roof bolting approach to control
floor heave. The main reason for not using bolts is that most boreholes for bolting in the
floor are drilled downward at a steep angle. Rock fragment discharge is an important
part of breaking rock, but there are currently no reference data on the size of the rock
fragments generated during borehole drilling. A size mismatch between the rock fragments
and the discharge channel coupled with insufficient power to force the fragments out of
a deep borehole commonly cause serious blockages and make it more difficult to drill
holes (Figure 2).
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Figure 2. Diagrams showing discharge channel blockage caused by borehole depth. (a) Fragment
discharge from a borehole drilled in a roadway floor; (b) Discharge channel blockage caused by
insufficient power to discharge rock fragments owing to great borehole depth.

Brittleness is an intrinsic property of rock. Many studies have been conducted on
the size of fragments generated from brittle materials under instantaneous dynamic loads.
Grady [20,21] proposed a dynamic fragmentation model by balancing the available kinetic
energy against the energy associated with the new surfaces created and derived an equation
for mean fragment size. Glenn et al. [22,23] added strain energy to the Grady model
and proposed a revised model for mean fragment size based on energy conservation.
This model predicted that the strain energy should dominate for brittle materials with
low fracture toughness and high fracture-initiation-stress thresholds. Zhou et al. [24]
derived expressions for fragment size and strain rate, and calculated the mean fragment
size for a wide range of strain rates and a broad range of material properties. Levy and
Molinari [25] expanded Zhou’s model further by taking into account defects in the materials.
They proposed an equation for calculating the mean fragment size that included material
parameters, defect statistics, and the loading rate.

Size distribution is a useful way to describe fragment size. The size distribution of frag-
ments from brittle materials is commonly characterized by the Weibull or Rosin–Rammler
distribution [26,27]. Blair [28] analyzed the size distribution of rock fragments produced
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during blasting and found that the size distribution curve for those rock fragments was
similar to a lognormal distribution. Hou et al. [29] and Hogan et al. [30] carried out impact
experiments to analyze the fragments from several kinds of brittle rocks and found that the
fragment size conformed to the three-parameter generalized extreme value distribution.

The studies mentioned above investigated the characteristics of fragments generated
by instantaneous dynamic loads. However, borehole drilling involves imparting a con-
tinuous dynamic load to the rock to induce continuous failure. The stresses and energy
conversion during fragment generation are obviously different from those generated by
instantaneous dynamic loads. Therefore, one cannot expect to obtain accurate size in-
formation for drilling fragments using the existing calculation models and distribution
functions. In this paper, laboratory experiments were used to analyze the sizes of fragments
from three common sedimentary rock types that might be encountered when drilling
boreholes in a roadway floor. The results of this work may provide a theoretical basis and
reference data for power settings and discharge channel optimization for roadway floor
borehole drilling.

2. Laboratory Experiments
2.1. Materials and Methods

Three typical sedimentary coal mine roadway floor rocks were selected as test samples:
limestone, gritstone, and mudstone (Figure 3a). The physical and mechanical properties of
these specimens are listed in Table 1. A heavy-duty hydraulic automatic drill (Dongguan
Zhenjiu Hardware MachineryLTD, Dongguan, China, model CX-15035) was used to drill
the boreholes. The drilling rate and rotation rate were set as 0.7 mm/s and 1200 r/min,
respectively. A 32 mm-diameter drill bit (Figure 3b) was used for the experiments, the same
type of bit used in coal mines. The drilling depth was 20 mm. The drilling fluid (water
and rock fragments) generated during drilling was collected in a water tank and piped to a
screen with a 0.07 mm mesh size to separate the rock fragments (Figure 3c). The fragments
were dried and then categorized as fragments >2.5 mm, 1.5–2.5 mm, 1–1.5 mm, and
0.5–1 mm in size (Figure 3d). Fragments smaller than 0.5 mm, almost all powder, were
ignored because they do not significantly affect discharge channel blockages.
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Table 1. Physical and mechanical properties of the limestone, gritstone, and mudstone rock specimens.

Rock
Specimens

Density
(kg/m3)

Uniaxial Compressive
Strength (UCS)

(MPa)

Tensile
Strength

(MPa)

Elastic
Modulus

(GPa)

Poisson’s
Ratio

Limestone 2678 137.63 3.51 60.63 0.28
Gritstone 2415 80.24 3.32 20.63 0.35
Mudstone 2640 27.18 0.99 16.92 0.24

To obtain more accurate data on fragment sizes, the fragments were poured onto a
50 mm × 50 mm sheet of paper (white paper for limestone and mudstone fragments, and
black paper for gritstone). The fragments were agitated to make them separate from each
other. A Canon 700D SLR camera (Canon Inc., Beijing, China) equipped with a Canon zoom
lens (EF-S 1:3.5–5.6 IS STM) was used to take high-resolution photographs of the fragments.
The rock fragments from the drilling experiments were divided into the four particle size
groups and one high-resolution photograph was taken of each group. If there were too
many fragments in a group to fit in one photograph, the fragments were divided into
several sub-groups. Taking gritstone as an example, seven high-resolution photographs
were obtained, and four of the photographs are shown in Figure 4.
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The photographs were processed with MATLAB software (MathWorks Inc. Natick,
MA, USA, ver. 2014b) using the minimum bounding rectangle [31,32]. The horizontal and
vertical sizes were determined and the equivalent diameter [33] of each fragment was then
calculated. Figure 5 shows the same photographs shown in Figure 4 after image processing.
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2.2. Results and Analysis
2.2.1. Rock Fragment Distribution Curves

Fragment size distributions are commonly analyzed using frequency distribution
curves. As the intervals for fragment size on the horizontal axes increase with the number
of fragments, the frequency distribution curves plotted with a linear abscissa become very
sharp. This has an effect on the analysis of the fragment size distribution. Therefore, in
this study, the frequency distribution curves were generated using a log10 transformation
of the fragment sizes so that the regularity of the curves could be analyzed more accu-
rately. Rayleigh distributions [25], lognormal distributions [34], Weibull distributions [27],
and generalized extreme value distributions [30] are commonly used to analyze the size
distribution of fragments generated by instantaneous dynamic loads on brittle materials
(glass, rock, etc.). The cumulative frequency distribution functions for the four distributions
mentioned above can be represented by Equations (1)–(4).

The Rayleigh distribution is as follows:

F(x; a) =
x
a2 exp

(
−x2

2a2

)
(1)

where a denotes the scale parameter and x ≥ 0.
The lognormal distribution is as follows:

FX(x; m, n) = Φ(
ln x−m

n
) (2)

where Φ denotes the cumulative frequency distribution function of a standard normal
distribution, and m and n denote the mean value and standard deviation of a normal
distribution, respectively.

The Weibull distribution is as follows:

F(x; k, λ) = 1− exp
[
−( x

λ
)

k
]

(3)

where k and λ denote the shape and the scale parameters, respectively, x ≥ 0.
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The generalized extreme value distribution is as follows:

F(x; ξ, σ, µ) = exp

{
−
[

1 + ξ

(
x− µ

σ

)]−1/ξ
}

(4)

where ξ is the shape parameter, σ is the scale parameter, µ is the location parameter, and all
parameters must satisfy the expression 1 + ξ(x− µ)σ > 0.

As mentioned previously, borehole drilling can be viewed as the continuous failure of
rock under a continuous dynamic load. For this reason, maximum likelihood estimation
was used to fit the cumulative frequency distribution curves for the equivalent diameter,
the horizontal size, and the vertical size of the rock fragments to each distribution function.
The results for gritstone are shown in Figure 6.
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Figure 6. Cumulative frequency distribution curve fitting results for the equivalent diameter, hori-
zontal size, and vertical size of gritstone drilling fragments. (a) Rayleigh distribution; (b) Lognormal
distribution; (c) Weibull distribution; (d) Generalized extreme value distribution.
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As can be seen in Figure 6, the Rayleigh distribution function fit (Figure 6a) with
a single parameter was significantly worse than the fits to the other three distribution
functions. Further, as a two-parameter distribution function, the fit of the lognormal
distribution function in Figure 6b was obviously better than that of the Weibull distribution
function in Figure 6c. Both the lognormal distribution function and the generalized extreme
value distribution (Figure 6d) achieved better fits in that they reflected the size distribution
of most fragments sizes better. To obtain the best fitting result, the log likelihoods obtained
from fitting tests were analyzed. The results of these tests are illustrated in Figure 7.
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Figure 7. Log likelihoods obtained from fitting tests on the cumulative frequency distribution curves
for the equivalent diameter, horizontal size, and vertical size of gritstone rock fragments.

Figure 7 shows that the log likelihoods of the Rayleigh distribution function with
a single parameter were the smallest. The values corresponding to equivalent diameter,
horizontal size, and vertical size were −905, −1068, and −1078, respectively, indicating a
very poor fit. The log likelihoods of the Weibull distribution were similar to those of the
Rayleigh distribution, and the Weibull fit was also poor. In contrast, the log likelihoods of
the lognormal distribution function and generalized extreme value distribution function
were considerably greater, showing that these two functions fit the data better than the
other two functions. The log likelihoods of the generalized extreme value distribution
function were −296.263, −217.557, and −557.323, respectively. Apparently, the generalized
extreme value distribution function achieved the best fit, so it was the function used to
analyze all of the experimental results. The equation for the probability density function is
presented as Equation (5) [30].

f (x; ξ, σ, µ) =
1
σ

[
1 + ξ

(
x− µ

σ

)−1/ξ−1
]

exp

{
−
[

1 + ξ

(
x− µ

σ

)]−1/ξ
}

(5)

The expected values can be expressed as the mean size of rock fragments, and these
values can be represented by Equation (6):

E(x) =
∫ −∞

+∞
x f (x; ξ, σ, µ)dx = µ + σ(g1 − 1)/ξ (6)

where g1 = Γ(1− ξ), ξ < 1 and 6= 0.
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In many studies, the location parameter µ has been used as the mean rock fragment
size, but as shown in Equation (6), the expected value expressed as the mean rock fragment
size is not equal to the location parameter. Therefore, the expected value is a more suitable
representation of a rock fragment’s mean size than the location parameter.

2.2.2. Rock Fragment Sizes

The number of rock fragments in each size group for each lithology and their mass,
mean equivalent diameter, mean horizontal size, and mean vertical size are listed in Table 2.

Table 2. Number, particle size, mass, mean equivalent diameter, and mean horizontal and vertical
sizes for each size group of limestone, gritstone, and mudstone rock fragments.

Rock
Specimens Particle Size Fragment Mass (g) Fragment

Quantity

Mean
Equivalent

Diameter/mm

Mean
Horizontal
Size/mm

Mean Vertical
Size/mm

Limestone

>2.5 2.5 5

1.49 1.65 1.57
1.5~2.5 0.1 11
1.0~1.5 0.1 37
0.5~1 0.1 181
Total 2.8 234

Gritstone

>2.5 1.6 20

0.93 1.02 1.02
1.5~2.5 0.2 21
1.0~1.5 0.1 56
0.5~1 0.5 1161
Total 2.4 1258

Mudstone

>2.5 0.3 25

1.24 1.39 1.36
1.5~2.5 0.9 72
1.0~1.5 0.4 168
0.5~1 0.8 564
Total 2.4 829

As shown in Table 2, there was little difference in the total mass of the rock fragments
generated by drilling a 20 mm-deep hole in each of the different rock types. However,
the number of fragments generated was quite different. The number of gritstone rock
fragments was the largest, followed by mudstone and limestone. The data indicated that
the number of fragments increased as the density of the rock decreased; the density of the
gritstone was 2415 kg/m3 and that of the limestone was 2678 kg/m3. The denser the rock,
the more difficult it was for the particles in the rock to disaggregate. This is consistent
with the findings of Hogan [28]. In descending order, the lithologies with the highest
number of fragments greater than 1.5 mm in size were mudstone (97 fragments), gritstone
(41 fragments), and limestone (16 fragments). By comparing the data in Tables 1 and 2, it can be
seen that the number of large rock fragments increased as the UCS of the rock decreased.
As shown in Table 2, the mean fragment size for the three rock types, in descending order,
were limestone, mudstone, and gritstone. The mean fragment size was not directly related
to rock strength, but it did increase with rock density. This corresponds to the result
mentioned above, in that the number of rock fragments increased as the density of the rock
decreased and the mean fragment size decreased as the number of fragments increased. To
analyze the size distribution of the rock fragments more precisely, the curves fitted by the
generalized extreme value distribution function (Equations (4) and (5)) for the cumulative
frequency distributions and the percentage composition are presented in Figure 8.
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As can be seen in Figure 8a, the gritstone cumulative frequency reached unity first,
followed by mudstone and then limestone as the rock densities increased. This demon-
strates that the mean equivalent diameter of the fragments generated from gritstone was
smallest and the mean equivalent diameter of the fragments generated from limestone
was the largest. The results indicated that the mean equivalent diameter of the rock
fragments increased with density. The percentage composition curves for equivalent di-
ameters are shown in Figure 8b. There were some differences between the rock fragment
peak values. The peak values for the equivalent diameters were, in descending order,
1.015 mm (limestone), 0.948 mm (mudstone), and 0.703 mm (gritstone). It can be seen
that the equivalent diameters of the fragments accounting for the largest percentage of
the three lithologies increased with rock densities. The frequency distribution curve for
gritstone was the narrowest, indicating that the range of equivalent diameters for gritstone
fragments was smaller than the ranges for the fragments from the other two lithologies. In
contrast, the percentage composition curve for limestone was the widest, indicating that
the equivalent diameters covered a wider range. These features will be discussed in more
detail later. The cumulative frequency distribution curves for horizontal size are shown
in Figure 8c. Like the equivalent diameter curves, the mean horizontal size curves for
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the rock fragments were, in descending order, limestone, mudstone, and gritstone. The
result shows that the mean horizontal size of rock fragments increased as the rock density
increased. The percentage composition curves for horizontal size in Figure 8d show that
the horizontal size peak values were similar to the equivalent diameter peak values in that
the limestone horizontal size of the fragments accounting for the largest percentage was
the highest (1.066 mm) and that of gritstone was the lowest (0.731 mm). The cumulative
frequency distribution curves for vertical size are presented in Figure 8e. The mean vertical
sizes of the rock fragments in descending order were limestone, mudstone, and gritstone;
the sizes increased with rock density. The percentage composition curves for vertical size
are shown in Figure 8f. The horizontal size of the limestone fragments was the largest
(1.030 mm) and they accounted for the highest percentage, whereas the horizontal size of
the gritstone fragments, the lowest percentage, was the smallest (0.750 mm). All the above
data indicate that the mean size of the rock fragments generated during drilling was larger
when the rock being drilled was denser.

The location and scale parameters, µ and σ, are important parameters in the equation
that defines the generalized extreme value distribution function, Equation (4). The different
µ and σ values for the fitted curves are shown in Figure 9.
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The scale parameter σ represents the magnitude of the range in the frequency distribu-
tion curves. That is, the value of σ is higher when the range of fragment sizes is larger. In
Figure 9a, the σ values for the three fragment lithologies, in descending order, are limestone,
mudstone, and gritstone. This means that the range of fragment sizes from limestone was
the largest and the size range for the gritstone fragments was the smallest. The µ values
determine the position of the percentage composition curves on the horizontal axes; a
higher µ value means that the fragments are larger. In Figure 9b, the µ values for each
lithology, in descending order, were limestone, mudstone, and gritstone. This means that
the drilling-generated limestone fragments were larger than the fragments from the other
two rock types. The values of σ and µ determined the size distribution of the fragments,
and these two values increased with rock density. As σ and µ increased, the range of
rock fragment sizes also increased and this resulted in an increase in the mean size of the
rock fragments.

Because the size of the discharge channel is fixed, the generation of large fragments has
a considerable influence on fragment discharge when drilling boreholes in the floor. There-
fore, analyzing the size of the rock fragments larger than 1.5 mm in diameter is especially
important. The fitted curves for the cumulative frequency distribution and percentage
composition curves for rock fragments larger than 1.5 mm are shown in Figure 10.
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The curves in Figure 10a,c,e show that the cumulative frequency distributions of
fragments larger than 1.5 mm are different from the distributions of fragments in the
full size range. The cumulative frequency of mudstone reached unity first, followed by
gritstone and limestone. This demonstrates that the mean equivalent diameter of the
fragments generated from mudstone was the smallest and the mean equivalent diameter of
the fragments generated from limestone was the largest. The mean size of the fragments
larger than 1.5 mm in descending order was limestone, gritstone, and mudstone. The UCSs
for the three rocks are 137.63, 80.24, and 27.18 MPa, which means that the mean size of rock
fragments increased with the UCS of the rocks. From Figure 10b,d,f, it can be observed that
there was no systematic variation in the peak values for the frequency distribution curves.
The sizes corresponding to the peak values were all roughly in the 2.5–3.0 mm range but
the curve shapes were quite different. To summarize, the mean size of fragments larger
than 1.5 mm increased as the rock UCS increased.

3. Scanning Electron Microscopy
3.1. Fracture Surface Morphologies

An FEI Quanta 250 FEG Field Emission Scanning Electron Microscope (FEI, Hillsboro,
OR, USA) (Figure 11a) was used to take secondary electron (SE) images of the fragments’
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surfaces to explore the relationship between crack development and fragment shape. The
composition of the mineral phases was determined by energy-dispersive X-ray spectroscopy.
Selected fragments, gold-coated for SE imaging, are shown in Figure 11b.
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Figure 11. Photographs of (a) An FEI Quanta 250 FEG Field Emission Scanning Electron Microscope;
(b) Selected gold-coated rock fragments prepared for secondary electron imaging.

Secondary electron images of limestone fragments are shown in Figure 12. It can be
seen that the surfaces of the limestone fragments were inlaid with clustered or granular
masses of calcite (Figure 12a,b). The surfaces of the fragments were relatively rough with
many scaly cracks. These cracks did not penetrate the fragments, but were oriented parallel
to the surface. The cracks were generally relatively long and are commonly more than
500 µm in length. If the fragment was broken again along these cracks by a cutting force,
the cracks would expand and additional small fragments would be generated. As shown
in Figure 12b, one calcite block was 860 µm long and 572 µm wide. From Figure 12c, at a
magnification of 1600×, it can be seen that there were several lamellar structures on the
limestone fragment’s surface and the cracks developed parallel to the surface. These cracks
could cause small lamellar fragments to form.

Minerals 2023, 13, x FOR PEER REVIEW  13  of  20 
 

 

500 μm in length. If the fragment was broken again along these cracks by a cutting force, 

the cracks would expand and additional small fragments would be generated. As shown 

in Figure 12b, one calcite block was 860 μm long and 572 μm wide. From Figure 12c, at a 

magnification of 1600×, it can be seen that there were several lamellar structures on the 

limestone  fragment’s  surface  and  the  cracks  developed  parallel  to  the  surface.  These 

cracks could cause small lamellar fragments to form. 

 

Figure 12. Secondary electron SEM images of limestone fragments. (a) Cracks developed parallel to 

the surface; (b) Block on the surface; (c) Lamellar structure. 

Microscopic SE images of gritstone fragments are shown in Figure 13. The gritstone 

fragment surfaces were not as flat and solid looking as the limestone fragment surfaces. 

There were many cracks and pores on the gritstone surfaces and there were many small 

mica grains protruding. The cracks, generally open, were commonly perpendicular to the 

surface and penetrated the fragments. Figure 13c shows a Y‐shaped crack formed by the 

Figure 12. Cont.



Minerals 2023, 13, 392 13 of 20

Minerals 2023, 13, x FOR PEER REVIEW  13  of  20 
 

 

500 μm in length. If the fragment was broken again along these cracks by a cutting force, 

the cracks would expand and additional small fragments would be generated. As shown 

in Figure 12b, one calcite block was 860 μm long and 572 μm wide. From Figure 12c, at a 

magnification of 1600×, it can be seen that there were several lamellar structures on the 

limestone  fragment’s  surface  and  the  cracks  developed  parallel  to  the  surface.  These 

cracks could cause small lamellar fragments to form. 

 

Figure 12. Secondary electron SEM images of limestone fragments. (a) Cracks developed parallel to 

the surface; (b) Block on the surface; (c) Lamellar structure. 

Microscopic SE images of gritstone fragments are shown in Figure 13. The gritstone 

fragment surfaces were not as flat and solid looking as the limestone fragment surfaces. 

There were many cracks and pores on the gritstone surfaces and there were many small 

mica grains protruding. The cracks, generally open, were commonly perpendicular to the 

surface and penetrated the fragments. Figure 13c shows a Y‐shaped crack formed by the 

Figure 12. Secondary electron SEM images of limestone fragments. (a) Cracks developed parallel to
the surface; (b) Block on the surface; (c) Lamellar structure.

Microscopic SE images of gritstone fragments are shown in Figure 13. The gritstone
fragment surfaces were not as flat and solid looking as the limestone fragment surfaces.
There were many cracks and pores on the gritstone surfaces and there were many small
mica grains protruding. The cracks, generally open, were commonly perpendicular to
the surface and penetrated the fragments. Figure 13c shows a Y-shaped crack formed by
the intersection of two cracks. The maximum and minimum distances across this open
Y-shaped crack were 94.5 µm and 36.8 µm. The numerous cracks and loose structure
suggest that the gritstone fragments would readily break apart to form smaller spherical
fragments if they were subjected to a cutting force.
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Figure 13. Secondary electron SEM images of gritstone fragments. (a) Cracks penetrating a fragment;
(b) Quartz and mica; (c) Y-shaped crack.

Figure 14 shows SE images of mudstone fragments. As shown in Figure 14a,b, the
surfaces of mudstone fragments were relatively smooth and compact (note that the long
dimension of the field of view in Figure 14b was ~35 µm). There were numerous kaolinite
grains adhering to the surface and there were few pores. The crack orientation was similar
to the cracks in the limestone. A few of the cracks were parallel to the surfaces, but most of
them penetrated the fragment. The openings across the cracks were generally small and
the gap was commonly 50 µm or less. Figure 14c shows a 166 µm by 141 µm block on the
surface of a mudstone fragment bounded by two cracks. This kind of cracking may have
been the reason that mudstone fragments were not lamellar, like the limestone fragments,
or spherical, like the gritstone fragments. The mudstone fragments were polyhedrons with
distinct edges and angles.
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Figure 14. Secondary electron SEM images of mudstone fragments. (a) Cracks developed parallel to
the surface; (b) Cracks penetrating a fragment; (c) Block on a mudstone fragment’s surface.

3.2. Fractal Dimension of Cracks in Fragments

To quantify the characteristics of the cracks observed on the fragments’ surfaces, the
fractal dimensions of the cracks in the SEM images were calculated. The fractal dimension
reflects a crack’s complexity. A higher fractal dimension means that the crack can be broken
more easily by a cutting force and thus further failure is more likely to occur [35,36]. A
box-counting algorithm is one of the most common methods used to calculate the fractal
dimension of two-dimensional spaces. An equation for determining the fractal dimension
of fractures is presented below as Equation (7) [37]:

lim
ε→0

N(ε) = Aε−D (7)

where ε denotes the size of a square box, ε = ε0, ε1, . . . εi, i = 0,1,2,3···; N(ε) denotes the
number of the square boxes; A is a constant; and D denotes the fractal dimension.

Taking the logarithm of both sides of Equation (7) yields:

D =
log N(εi+1)− log N(εi)

−(log εi+1 − log εi)
=

∆ log N(ε)

−∆ log ε
(8)

As shown in Equation (8), the transformed fractal dimension D can be represented by
the slope of the log N(ε) −(−log ε) curve.

A digital image is composed of an array of pixels. A binary image is only composed
of black and white pixels; therefore, it has high discreteness and any target area in a binary
image is easy to recognize [38]. Therefore, the cracks in the SEM images (Figures 12–14)
can be easily extracted and binarized using MATLAB software by adjusting the gray value
of the image. Thirteen binarized images of representative cracks in the rock fragments are
shown in Figure 15.
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The Fraclab subroutine in MATLAB was used to calculate the box-counted dimension
of the cracks to obtain the values for log N(ε) and log ε. Then, the least squares fitting
method was used to define the log N(ε) −(−log ε) curves shown in Figure 16.
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Figure 16. Log2(N)-(−Log2(ε)) curves for rock fragment cracks and a bar chart summarizing the
crack fractal dimensions. (a) Limestone; (b) Gritstone; (c) Mudstone; (d) bar chart summarizing the
fractal dimensions of the cracks.

The correlation coefficients for the fitted lines in Figure 16 were all greater than 0.99.
The fractal dimensions for the cracks in rock fragments of the same lithology were almost
the same; the curves in each panel in Figure 16 are almost coincident. In Figure 16a, the
fractal dimensions of cracks L1#–L5# are 1.896, 1.917, 1.918, 1.899, and 1.885, respectively.
Figure 16b shows that the fractal dimensions of the gritstone cracks are significantly higher
than the limestone cracks’ fractal dimensions; the values for the G1#–G4# cracks are 1.922,
1.897, 1.954, and 1.942, respectively. In Figure 16c the fractal dimensions of the mudstone
cracks, M1#–M5#, are 1.928, 1.954, 1.895, and 1.879, respectively. As shown in Figure 16d,
the mean fractal dimensions for the cracks in the three rock types are gritstone 1.929,
mudstone 1.919, and limestone 1.903. This suggests that the fractal dimensions of cracks
in the fragments increased as the rock density decreased. The fractal dimension of these
two-dimensional cracks was between one and two. The fractal dimension of the gritstone
cracks was the largest; thus, the crack development degree was the highest. Further failure
would occur if the crack developed more and the resulting fragments would be smaller
in size. Therefore, gritstone generated the most fragments and the mean fragment size
was the smallest. Similarly, the cracks in limestone fragments had the smallest fractal
dimension and the mean fragment size was the largest. The results of this fractal analysis
are consistent with the results of the drilling experiments described in Section 2.

4. Discussion

This paper reports on the results of laboratory drilling experiments carried out to
analyze the size of rock fragments generated when drilling boreholes in mine roadway
floors. Cumulative frequency curves of the experimental results showed that the equivalent
diameter, horizontal size, and vertical size of the rock fragments produced conformed to
the three-parameter generalized extreme value distribution model. Analysis of the curves’
fits to the model demonstrated that the mean fragment size increased with rock density.
The scale parameter σ and location parameter µ determined the distribution of fragment
sizes, and both of them increased with rock density. When σ and µ increased, the range of
rock fragment sizes also increased, and this resulted in an increase in the mean size of the
rock fragments. A statistical analysis of the rock fragments larger than 1.5 mm suggested
that the mean size increased as the rock’s UCS increased.

The SEM images show that some of the cracks in the limestone fragments developed
parallel to the fragment’s surface. If the fragments were subjected to a cutting force, the
cracks could expand to generate smaller, lamellar fragments. Most of the cracks in gritstone
developed perpendicular to the surface and many of these cracks were open and relatively
wide. This means that the gritstone fragments were easily broken, and when broken, they
could generate many small secondary spherical fragments. The cracks in the mudstone
fragments were both parallel and perpendicular to the surface and when the mudstone
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fragments were broken along these cracks, new polyhedral fragments with distinct edges
and angles were produced. The fractal dimensions determined by the box-counting method
were lower for rocks with higher densities and the mean fragment size was larger when
the fractal dimension is lower.

To summarize, the size of the rock fragments generated when drilling boreholes in
mine roadway floors is closely related to the density and UCS of the rock, as well as to
crack complexity, as illustrated in Figure 17.
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5. Conclusions

The sizes of rock fragments have an important influence on fragment discharge when
drilling boreholes in roadway floors. Laboratory drilling experiments and SEM investiga-
tions were conducted to explore the size and shape of drilling fragments generated from
three sedimentary rocks typically found in roadways. A box-counting algorithm was used
to analyze the fractal dimensions of the cracks in SEM images of the rock fragments. The
following conclusions were drawn.

The size distribution of the rock fragments generated during drilling conformed to the
three-parameter generalized extreme value distribution. Both the scale parameter σ and
location parameter µ increased with rock density. The mean fragment size also increased
with rock density and the mean size of fragments larger than 1.5 mm increased with the
rock’s uniaxial compressive strength.

There was a relationship between crack orientations and the fragment’s lithology and
shape. For example, cracks in limestone fragments were, in most cases, parallel to the
fragment’s surface and the fragments were most commonly lamellar in shape. The fractal
dimension of cracks was lower for cracks that occurred in rocks of higher density. The
mean fragment size was larger for lithologies whose cracks had a lower fractal dimension.

During borehole drilling in the roadway floor, the discharge power should be adjusted
according to the physical and mechanical properties of the floor strata. When the drill rod
drills through very dense or high-strength rock, the mean size of the fragments will increase
and the discharge power should be increased to prevent fragment discharge blockages.
The results presented in this paper may provide a theoretical basis and a data reference
for discharge power settings and discharge channel optimization that should improve
roadway floor bolt hole drilling results.
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