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+e effect of rockbolt density on fractured specimens and the distribution law of fragments were studied using the fractal method.
+e results show that with the increase of rockbolt density, the strength of specimens is improved. Its degree of fragmentation is
increased, but the average size of fragments is decreased. +e fragmentation and surface fractal dimensions are increased, their
difference value is 1 in theory, but the value is slightly less than 1 in practical application due to the uncertain factors such as
anisotropy of specimen. +ere is a positive correlation between the deformation of surrounding rock and its fractal dimension.
+e surface fractal dimension of surrounding rock can give a quantitative description of its degree of fragmentation and can give a
comprehensive reflection to the roof stability. +e support mechanism of rockblots can be understood as improving the
probability of refragmentation of fragments, making its distribution gradation close to the optimal one with minimum porosity,
thus reducing the deformation of surrounding rock.

1. Introduction

+e plastic zone, in which the surrounding rock is loosened
and fractured, is formed due to unloading after underground
excavation. +e deformation of surrounding rock is caused
by the dilatancy of fragments, which is the root of the passive
bearing of the support system. And the deformation ac-
companied by dilatancy is also the main objective of support
in mining engineering [1–4]. It will play a very important
role in understanding the effect of rockbolts and evaluating
the stability of roadway to study the support mechanism of
rockbolts on the fractured surrounding rock.

Deformation and failure of surrounding rock is a process
of sustainable development. +e irregular fractures gener-
ated by unloading will continue to produce new ones, whose
development law, in turn, affects the deformation and failure
of surrounding rock. +e intersection of fractures leads to
the formation of fragments of different sizes. +erefore, it is

of great significance to study the development and distri-
bution law of fractures or fragments of surrounding rock
with the action of rockbolts for understanding the mecha-
nism of controlling the deformation of surrounding rock.
Many mostly use the methods of numerical simulation and
laboratory test to study the peak strength, residual strength,
stress–strain relation, and deformation law of fractured
specimens under different support modes of rockbolts, while
the influence of rockbolts on the distribution law of frag-
ments of fractured specimens is seldom studied [5–9].

+e fractal method, which deals with the scaling of
hierarchical and irregular systems, offers new opportunities
for modeling the fragmentation process and is commonly
used to study the distribution of fracture and fragments after
the failure of surrounding rock [10, 11]. For example, Badge,
Xu, He, and Huang [12–15] used the method to analyze the
degree of fragmentation of rock mass under blasting or
impact loading and considered that the distribution of
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fragments conformed to the fractal law. Liu et al. [16] studied
the relationship between the fragmentation of rock mass and
fragments distribution through “Brazilian test” and field test
and considered that the fragment fractal dimension and
fracture fractal dimension conform to parabolic law. Fu et al.
[17] quantitatively studied the roof with complex conditions
in the gob and thought that the fractal characteristics of the
roof essentially reflected the nonlinear characteristics of the
gob boundary. Gao et al. [18] studied the relationship be-
tween damage variable and fractal dimension during de-
formation and failure of salt rock. Zhang et al. [19] studied
the fragmentation and fractal characteristics of porous rocks
with fractures by uniaxial compression tests and confirmed
that the relationship between uniaxial compressive strength
of rocks and fractal dimension is approximately positive.

+is paper carried out the test of the support effect of
rockbolts on fractured specimens by using the designed
triaxial test system with physical similarity. +e fractal
method is more mature in the field of rock mechanics. It is
used to analyze the distribution law of fractures and frag-
ments and to research the support effect of rockbolts; the
conclusion obtained has certain reference significance for
understanding the mechanism of control deformation of
rockbolts and guiding the stability control of roadway.

2. Testing Device and Scheme

2.1. Testing Device. A set of triaxial loading testing device,
which can simulate the actual stress conditions in the field,
was developed in order to study the support effect of
rockbolts on rock mass. +e size of the specimens contained
in the device is 400mm× 400mm× 400mm.+e constraints
on the left and right sides of the specimen are realized by two
steel plates, whose thicknesses are all 80mm and connected
by round steel rods ofΦ50mm. And the rear plate is made of
steel plate of thickness 80mm, whose function is to restrain
the backward displacement of the specimen by welding
constraint plate separately on the left and right-side plate.
+e test device is shown in Figure 1.

2.2. Similarity Relation of Simulated Test and Test Material.
Considering that the diameter of rockbolts and anchorage
force are all small, using the model with a small similarity
ratio is difficult to quantitatively study the evolution of
fractures and the support effect of rockbolts on the fractured
specimen, so a model with a large similarity ratio is adopted.
According to the purpose of the test, the similarity ratios are
determined, the geometric similarity ratio is Cl � 2, and the
real size of the surrounding rock in the rib simulated by the
specimen is 800mm× 800mm× 800mm. +e unit weight
similarity ratio is Cc � 1.4. +e stress similarity ratio is
Cσ �Cl·Cc � 2.8, which is the same as the similarity ratios of
modulus of elasticity, cohesion, and strength. +e similarity
ratio of the pretightening force is Cf � C3

1·Cc � 11.2. +e
similarity ratios of Poisson’s ratio, internal friction angle,
and strain are all 1.0. +e test rockbolt, on which the strain
gauge is pasted to test its stress change, is made of Φ8mm
HRB400 screw steel based on the similarity ratios. +e

pretightening force is applied to each specimen by applying a
torque wrench. +e face plates of rockbolts are made of
round steel plate, whose diameter is 70mm and thickness is
10mm. +e physical and mechanical parameters of the
model and surrounding rock are shown in Table 1.

Cement mortar, which can simulate the surrounding
rock more realistically, is a kind of heterogeneous material
with similar mechanical properties and stable characteristics
to rock mass [20]. +e similar materials used in this paper
are composed of quartz sand, cement, and gypsum by
mixing with water according to a certain mass ratio. +e
mass ratio of quartz sand, cement, and gypsum is 75% :10% :
15%, while the weight of water accounts for 10% of solid
mass. +e size of the specimen is
400mm× 400mm× 400mm. When the material is fully
stirred, it is poured into a mould, as shown in Figure 2.

2.3. Test Scheme and Process. +e supporting resistance
provided by rockbolts is not in the same order of magnitude
as in situ stress and has little effect on the intact surrounding
rock, while the supporting resistance has a certain effect on
the fractured surrounding rock as it is in the same order of
magnitude as the residual stress of fractured surrounding
rock.

Surrounding rock is destroyed instantly by the release of
its elastic energy after excavation and before rockbolting.
+e action target of rockbolts is the fractured surrounding
rock located at the plastic zone. +erefore, the specimens
need to be prefractured to simulate the fractured sur-
rounding rock.

+e vertical load of the specimen was exerted by YE-5000
hydraulic pressure testing machine, its lateral confining
pressure was provided by the left and right baffles connected
by tie rods, and its rear confining pressure was exerted by the
rear baffle, while its front pressure was exerted by a Jack with
a reaction frame, as shown in Figure 3.

+ree-dimensional stress was applied to the specimen to
simulate the in situ stress. When reaching the preset stress,
the stress of the front baffle was unloaded while the vertical
load was continuously loaded, the purpose of which is to
simulate the unloading effect of excavation. When the
specimen entered the postpeak stage, the loading was
stopped, and the prefracturing of the specimens was
completed.

+e prefractured specimen was drilled. +en, the sim-
ulated rockbolts were installed and a pretension force of
5 kN was applied to them by the torque wrench, as shown in
Figure 4.

A static strain tester was used to record the change of
loads in the specimen, rockbolts, and tie rods during loading.
+e digital dial gauges were used to monitor and record the
displacement, as shown in Figure 5.

In order to reduce the friction between the specimen and
the test bench, the plastic film was used to wrap the spec-
imen. +e specimen was wrapped in plastic film in order to
reduce the friction between the test piece and the test bench.
+e sizes of plastic the film are 400mm× 400mm and
400mm× 3200mm, respectively. +e 400mm× 400mm
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Figure 1: Testing device of model. (a) Sketch map. (b) Device object.

Table 1: Physical and mechanical parameters of the model.

Material Bulk density (g·cm−3) Elasticity modulus (GPa) Poisson’s ratio (MPa) Cohesion (MPa) Friction angle (°)
Similar materials 1.7 99 0.26 0.31 37
Surrounding rock 2.4 268.9 0.26 0.89 37
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Figure 2: Specimen. (a) Specimen mould. (b) Specimen.
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film was placed at the bottom and top of the specimen to
reduce the friction between the bottom of the specimen and
base of the test bench and between the top of the specimen
and the top plate of the test bench, while the
400mm× 3200mm film was wrapped around the specimen
to reduce the friction between the side of the specimen and
the test bench, as shown in Figure 5.

In order to minimize the difference of the mechanical
properties between the specimens, four specimens were

pouring at one time by concrete mixer. Four different test
conditions, including no rockbolt, one rockbolt, two
rockbolts, and three rockbolts, were carried out to
study the effect of rockbolts on postpeak fractured
specimens.

Hydraulic pump

Pressure testing machine
Reaction frame 

Jack

Reaction frame

(a) (b)

Figure 3: Schematic diagram of the reaction frame. (a) Front view. (b) Partial top view.

Torque wrench 

Figure 4: Apply pretension force.

Figure 5: Model test bench.
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3. Analysis of Test Results

3.1. Deformation and Failure of Specimens

3.1.1. Stress-Strain Curve. +e vertical stress and strain of
the specimens during compression are shown in Figure 6.

It can be seen from Figure 7 that the peak strength of
the specimens tends to be increased gradually with the
increase of rockbolt density. For example, the peak
strength increases from 1.5MPa to 2.18MPa as the
number of rockbolts changes from one to two. +e re-
lationship between the number of rockbolts and the peak
strength of specimen is shown in Figure 7. Nonlinear
curve fit shows that the relationship between them satisfies
an exponential function, and the fitting equation can be
written as

σm � −2.33∗ exp(−0.49n) + 2.94. (1)

+e correlation coefficient is R2 � 0.9986, whose fitting
correlation is high.

+e stress–strain curve has a good yield platform, and
the plastic flow phenomena occur in the postpeak range,
even resulting in strain-hardening behavior, showing the
approximate ideal elastic-plastic characteristics. +e speci-
mens can maintain a high bearing capacity while deforming.

With the increase of vertical load, the fragments formed
by the fragmentation of the specimen will show a dilatation.
+e passive bearing force of rockbolts forms a higher
constraint force to the specimen, which is equivalent to
exerting a certain confining pressure on the specimen. +e
larger the number of rockbolts, the greater the equivalent
confining pressure, in which case the peak strength of the
specimen is increased and the deformation of the specimen
is limited.+e conclusions are consistent with the ones of the
existing research [21].

3.1.2. Deformation and Failure Characteristics. +e test
results show that the failure modes of the specimens are
different because of the difference of rockbolt density under
the condition that the vertical displacements of the speci-
mens are close to each other. +rough the analysis of the test
results shown in Figures 8 and 9, it is concluded that when
the number of rockbolts is two, the displacement of spec-
imen in the direction of bolt axis is smaller than that when
the number of bolts is one, but the fragmentation of
specimen is more serious and the average size of fragments is
smaller. It can also be seen from the side fracture diagram of
the specimen that when the number of bolts is one, the
fracture gap of the specimen is larger and the displacement
of fragments is larger.

+e specimen under the action of load will undergo
repeated failure from the complete state and finally frac-
turing into small fragments of different sizes. Firstly, the
main fracture causes the specimen to break into larger
fragments, which formed locally stable structures by inlaying
each other. +e structures will be unstable due to the
overturn or movement of one of the fragments, in which the
case leads to the secondary fragmentation of fragments. +is

process of local stability-instability-restabilization will
proceed periodically until the whole system reaches
equilibrium. However, the case with a larger number of
rockbolts is equivalent to applying greater confining
pressure and, as a result, the peak strength of the specimen
is larger and the probability of secondary fragmentation is
greatly increased. +erefore, the specimens with a large
number of rockbolts are severely fractured and the size of
the fragments is small.

3.2. Fractal Study on Fracture of Anchored Specimens. +e
term fractal was first introduced by the mathematician
Mandelbrot. It takes extremely irregular geometric figures as
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the research object and quantitatively describes its
complexity with fractal dimension. Under the loading of
the testing machine, the specimens form a series of
fractures, after which interconnection occures and frag-
ments will be produced. +e generation and evolution of
these fractures have good self-similarity and fractal
characteristics [22, 23].

+e purpose of studying fracture fractal of rockmass is to
explore the self-similarity law of the distribution of fracture
at different scales and to characterize the degree of fracture
development in order to obtain the relationship between
fractures and rockbolting. +erefore, using fractal theory to
describe the development law of fractures will play an im-
portant role in analyzing the rockbolting mechanism and
rock failure mechanism and grasping the stability control
mechanism of rockbolts to roadway.

Box counting is a method of sampling an image to find
the rate of change in complexity with scale, as well as being
often used in measuring the fractal dimension of rock
fractures [24]. +is method has the advantage of simple
operation, and the fractal dimension measured can not only
reflect the quantitative relationship of the distribution of

fractures but also reflect the propagation and inter-
connectivity of the fractures, so it is more suitable for
studying the evolution law of fractures.

+e basic procedure is to systematically lay a series of grids
(δi × δi) (δi+1 × δi+1) of decreasing calibre (the boxes) over a
fracture image and record data (the counting) for each suc-
cessive calibre. According to box counting theory, the following
relationships between number (N) and scale (δ) is given:

Ni+1

Ni

�
δi

δi+1
 

D

, (2)

where Ni and Ni+1 are the number of nonempty boxes.
Determining how number (N) changes with scale (δ) by

finding the slope of the logarithmic regression line forN and
δ. +e opposite number of the slope is the fractal dimension
D; that is,

D � − lim
δ⟶0

log N(δ)

log δ
. (3)

Figure 10 is the fracture image of the specimen. +e
original image is of RGB type. However, the image needed

(a) (b)

Figure 8: Diagram of fragmentation of one rockbolt. (a) Frontal destruction. (b) Side destruction.

(a) (b)

Figure 9: Diagram of fragmentation of two rockbolts. (a) Frontal destruction. (b) Side destruction.
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for fractal calculation is a binary image. Target fractures and
background are segmented by the gray threshold segmen-
tation method, and the gray image is binarized. +e
threshold function is as follows:

g(x, y) �
0, f(x, y)<T,

1, f(x, y)>T,
 (4)

where g(x, y) is the binary value of the image, the value 0
represents black, the value 1 represents white, and T is the
threshold of image segmentation.

+ere are still some artifacts in the processed images,
which are black spots. By removing the artifacts from the
processed images, the binary image of the side fracture
image of the specimen is obtained as shown in Figure 11,
where black pixels represent fractures.

Using the above method, the fractal dimension of
fracture images under different rockbolt density is calcu-
lated, as shown in Figure 12. +e results show that the linear
correlation is good and the correlation degree R2 is greater
than 0.9, so the distribution of fractures of all specimens
obeys the law of statistical fractal.

+e surface fractal dimensions of the specimens with
different rockbolt densities are shown in Table 2.

+e fitting equation is given by

D � 1.54 − 0.172∗ exp(−0.607n). (5)

+e fitting correlation coefficient is R2 � 0.998, which
means the surface fractal dimension of fractures has a good
correlation with rockbolt density. Figure 13 shows that the
surface fractal dimension increases with the increase of the
rockbolt density. Fractal dimension reflects the develop-
ment degree of the fracture network. +e larger the fractal
dimension, the worse the integrity of the specimen. In other
words, the fractures are more developed, and the specimen
is fractured more seriously. +erefore, the surface fractal
dimension is an important index to comprehensively re-
flect the effect of rockbolting. From the fitting equation (5),
with the increase of rockbolt density, the surface fractal
dimension has an upper limit value, which is not always
increasing.

3.3. Relationship between Fragmentation Fractal Dimension
and Surface Fractal Dimension

3.3.1. Fragmentation Fractal Dimension of the Specimen.
Microstructure of rock mass shows that the pores and
fractures in rock mass conform to the distribution law of
fractal. And the fracture propagation causes the specimen to
break into fragments. Fractal dimension, as a quantitative
index reflecting complexity, can also be used to quantita-
tively describe the fragments distribution of specimens.

+e fragments of the specimen are collected and mea-
sured its quality, length, width, and thickness, which are
converted into the equivalent edge length r of the cube. +e
fragmentation fractal dimension Df is calculated according
to the size and quality of fragments. +e formula is given by
[14]

M(r)

M0
�

r

r0
 

a

, (6)

Df � 3 − a, (7)

where M0 is the total quality of fragments and M(r) is the
cumulative quality of fragments whose sizes are less than the
equivalent edge length r.

According to formulas (6)∼(7), if the linear correlation
in log(M(r)/M0) ∼ log(r/r0) double logarithmic coordi-
nate system is good, there is a fractal law with statistical
significance for the distribution of fragments. In the case, the
slope of the regression line in the double logarithmic co-
ordinate system is the value of a, according to which the
fragmentation fractal dimension Df can be given. +e result
can be illustrated in Figure 14.

+e scattered points of data in Figure 14 have a good
linear correlation in the double logarithmic coordinate
system.+e fragmentation fractal dimension under different
conditions obtained by the above method is shown in
Table 3.

+e relationship between fragmentation fractal dimen-
sion and rockbolt density is fitted, and the fitting curve is
shown in Figure 15.

Figure 10: Original fracture image. Figure 11: Processed image.
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+e fitting equation is given by

Df � 2.56 − 0.3125∗ e
−0.533n

. (8)

+e correlation coefficient is R2 � 0.994, which shows
that it is in good agreement with the exponential function.
+erefore, the fragmentation fractal dimension increases
exponentially with the increase of rockbolt density, but its
rate of increment decreases. In theory, the fragmentation
fractal dimension of the specimen approaches a constant
value when the rockbolt density reaches a certain value.

+e relationship between rockbolt density and frag-
mentation fractal dimension generally obeys the exponential
law, which can be given by

Df � A + Be
C·n

, (9)

where A is the maximum fragmentation fractal dimension
and B and C are parameters related to the material of the
specimen. It can be seen from formula (9) that the effect of
the increase of rockbolt density on the increase of fractal
dimension is limited. When the rockbolt density is small, the
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Figure 12: Log-transformed fragment number (N)-size (δ) distributions.

Table 2: Fractal dimension of fracture specimen.

Type No rockbolt One rockbolt Two rockbolts +ree rockbolts
Fractal dimension 1.3731 1.4484 1.497 1.5149
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fractal dimension decreases rapidly. When the density in-
creases to a certain value, the fractal dimension tends to the
maximum value A. +erefore, in practical engineering, it is
unrealistic to increase rockbolt density blindly to increase
fragmentation fractal dimension and to reduce porosity in
the fractured surrounding rock, which will only result in the
waste of manpower and materials.

However, as the current observation methods of fracture
network of roadway are opaque, the fracture distribution law
has been in a “black box” state. A few observation methods,
such as nuclear magnetic resonance, X-ray scanning, and
synchrotron, can only observe the fractures of the small-
sized specimen. +erefore, it is difficult to obtain the frag-
mentation fractal dimension in the interior of the roadway,
but it can be researched indirectly by observing the fractures
on the surface of the roadway or by observing the changes of
fractures in the surrounding rock through drilling the
borehole.

3.4. Relationship between Surface Fractal Dimension and
Fragmentation Fractal Dimension. +e surface of fracture is
located in the interior of surrounding rock, and only the
fractures on the roadway wall or exposed to borehole wall
can be observed, through which the fractal dimension
measured is the surface fractal dimension. As long as de-
termining the relationship between surface fractal dimen-
sion and fragmentation fractal dimension, the fragmentation
fractal dimension can be roughly estimated by surface fractal
dimension and, as a result, the development of fractures and
the distribution law of fragments size can be mastered.

Fracture fractal dimension is a description of fracture
distribution. Fragmentation fractal dimension reflects
the fragmentation degree of surrounding rock. +ey all
reflect some physical mechanism to some extent. +ere
should be a one-to-one correspondence between the

fragmentation of surrounding rock and the distribution
of fractures.

In Euclidean geometry, the intersection of three-di-
mensional objects on the cross section is a two-dimensional
surface. +is characteristic of dimension-reduced brings
great convenience to the research of objects, whose internal
and external changes have certain connections. In order to
study the relationship between three-dimensional fractures
and two-dimensional fractures, it is assumed that the
specimen is a cube in which the distribution of fractures is
isotropic; that is, the fragments are also cubes and uniform in
three coordinate directions in space.

A cube is constructed and is illustrated in the simple
schematic of Figure 16.+e size of the cube is L. +e size of the
box is λ. +e number of boxes divided equally on each side is
d � L/λ. +e number of boxes occupied by fractures in any
measuring section isN.+en, the number of boxes in the whole
cube is N·d. +e fractal dimension D3 of fractures is given by

D3 � lim
λ⟶0

ln(N · d)

−ln λ
� lim

λ⟶0

ln N

−ln λ
+ lim

λ⟶0

ln d

−ln λ
, (10)

where λ⟶ 0, (1/λ)⟶∞; then, formula (9) be written

D3 � lim
λ⟶0

ln(N · d)

−ln λ
� lim

λ⟶0

ln N

−ln λ
+ 1 � D3

� lim
λ⟶0

ln(N · d)

−ln λ
� D2 + 1.

(11)

Formula (11) indicates that the difference value between
the surface fractal dimension of two dimensions and frag-
mentation fractal dimension of three dimensions is 1. +e
fracture fractal dimension of three-dimensional is equal to
fragmentation fractal dimension under certain measure-
ment conditions for fracture network of rock mass [10].
+erefore, the fracture fractal dimension of three-dimension
can be obtained by the surface fractal dimension of the
specimen, and then the fragmentation fractal dimension can
be obtained.

+e above conclusions are based on the idealized fractal
model. In reality, the specimens belong to anisotropic
material, its fractures are randomly distributed, and there are
end effects. +e surface fractal dimension for different
sections is different, so the selection of the section has a great
influence on the results. If the average values of multiple
sections are used to calculate the fracture fractal dimension,
a more accurate fractal dimension will be obtained.

+e test results show that the relationship between the
surface fractal dimension and fragmentation fractal di-
mension is shown in Table 4.

Table 4 shows that the difference value between the
fragmentation fractal dimension and surface fractal di-
mension is not strictly equal to 1, and the average difference
is 0.9066, as shown in Figure 17.+emain factor may be that
there is friction between the surface of the specimen and the
baffles, which affect the development of fractures. +e
fractures on the surface of the specimen are not fully de-
veloped and the fractal dimension is small. At the same time,
as the strength of the specimen is weakened by the boreholes

D = 1.54 – 0.172∗e–0.607n
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for installing rockbolts, the stress concentration near the
borehole occurs, tending to be easy to fracture. +erefore,
the difference value between surface fractal dimension and
fragmentation fractal dimension deviates from 1.

4. Relationship between Displacement and
Fractal Dimension

+e dilatancy of surrounding rock caused by friction, slip,
rotation, and refragmentation between fragments is

recognized as a major source of deformation of surrounding
rock [21]. During the increase of depth of the plastic zone,
the volume of surrounding rock in the plastic zone increases
due to the dilatancy of fragments. In the deformation control
of deep roadway, the support resistance provided by
rockbolts, which cannot completely restrain the deformation
of surrounding rock, is not the same order of magnitude as
the in situ stress. However, smaller support resistance can
improve the residual strength of surrounding rock in the
plastic zone and reduce the deformation rate of surrounding

log2 (M(r)M0) = 0.75log2 (ri/r0)

R2
 = 0.9898

a = 0.75, D = 1.5149

Data (no rockbolt)
Fitting curve

–2.0 –1.5 –1.0 –0.5 0.0–2.5
log2 (ri/r0)

–2.0

–1.8

–1.6

–1.4

–1.2

–1.0

–0.8

–0.6

–0.4

–0.2

0.0

0.2
lo

g2
 (M

(r
)M

0)

(a)

log2 (M(r)M0) = 0.62log2 (ri/r0)

R2
 = 0.9939

a = 0.62, D = 2.38

Data (no rockbolt)
Fitting curve

–1.6

–1.4

–1.2

–1.0

–0.8

–0.6

–0.4

–0.2

0.0

0.2

lo
g2

 (M
(r

)M
0)

–2.0 –1.5 –1.0 –0.5 0.0–2.5
log2 (ri/r0)

(b)

log2 (M(r)M0) = 0.55log2 (ri/r0)

R2
 = 0.9962

a = 0.55, D = 2.45

Data (no rockbolt)
Fitting curve

–1.4

–1.2

–1.0

–0.8

–0.6

–0.4

–0.2

0.0

0.2

lo
g2

 (M
(r

)M
0)

–2.0 –1.5 –1.0 –0.5 0.0–2.5
log2 (ri/r0)

(c)

log2 (M(r)M0) = 0.49log2 (ri/r0)

R2
 = 0.9978

a = 0.49, Df = 2.51

Data (no rockbolt)
Fitting curve

–1.2

–1.0

–0.8

–0.6

–0.4

–0.2

0.0

0.2
lo

g2
 (M

(r
)M

0)

–2.0 –1.5 –1.0 –0.5 0.0–2.5
log2 (ri/r0)

(d)

Figure 14: Geometric distribution of fragments.

Table 3: Fragmentation fractal dimension.

Type No rockbolt One rockbolt Two rockbolts +ree rockbolts
Fractal dimension 2.25 2.38 2.45 2.51
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rock.+erefore, the volume of surrounding rock increases as
a whole, and the deformation of surrounding rock will also
increase [25, 26].

Fractal dimension reflects the degree of fragmentation of
surrounding rock and to some extent also reflects some
physical mechanism. According to the analysis of the test
results, the fracturing process of surrounding rock is also an
increasing process of fractal dimension. +e more serious

the fragmentation of surrounding rock is, the more the
fractal dimension increases. +e fractal dimension can
well represent the distribution of fractures. +erefore, the
fragmentation fractal dimension has a certain correlation
with its deformation. +eir trends are the same, and there
is a corresponding relationship between them. +e fractal
dimension can also reflect the deformation of sur-
rounding rock and indirectly reflect the stability of
roadway roof.

5. Discussion on Anchorage
Mechanism of Rockbolt

Unit volume of the rock mass is fractured into fragments of
different sizes, whose volume accumulated is related to its
gradation. +e fragments refractured several times will form
an optimal gradation among themselves, while, at the same
time, the accumulated volume is the smallest. From Apol-
lonian Gasket [27], it can be also known that choosing an
appropriate gradation can minimize the internal porosity, as
shown in Figure 18.

Based on the research of deformation and failure law of
specimens with rockbolts, it can be concluded that the
mechanism of rockbolting is as follows.

+e surrounding rock in the plastic zone without
rockbolts is in a loose state. After the plastic zone is rock-
bolted, the anchorage zone is formed by adjusting the self-
bearing capacity of surrounding rock. Friction and sliding
between fragments along the surface of fractures is a
structural effect. Fragments are geometrically incompatible
with each other, in which case the fragments are extruded
and embedded with each other. With the increase of the
support resistance of rockbolts, the fragments are being
squeezed more and more densely, and different structures
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Figure 15: Fitting relationship between fragmentation fractal di-
mension and the number of rockbolts.

Figure 16: Schematic diagram of cube cut by fractures.

Table 4: Difference value of the fractal dimension.

Rockbolt
density

Surface fractal
dimension

Fragmentation
fractal dimension

Difference
value

0 1.3731 2.25 0.8769
1 1.4484 2.38 0.9316
2 1.497 2.4541 0.9571
3 1.5149 2.5 0.9851
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Figure 17: Relationship between surface fractal dimension and
fragmentation fractal dimension.
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will be formed between them, such as the structure of a
similar beam or arch.

At the same time, due to the meshing, rotation, and
dislocation of fragments under the support resistance, the
contact position between fragments may also form stress
concentration in different degrees, after which to reach its
strength limit, the structural instability and refragmentation
will occur between fragments. Local stress in the plastic zone
will be released and a new structure will be formed again
with the deformation of surrounding rock. Such cycles of
cyclical balance-instability-rebalance lead to more and more
fragments and a smaller average size of fragments, as shown
in Figure 19.

+e space between large fragments is filled by small
ones. +e gradation of fragments is getting closer and
closer to the optimal gradation. +e growth rate of the
volume of fractured surrounding rock is the smallest, and
the deformation rate of surrounding rock is the lowest
accordingly. In other words, the rockbolts restrict the
velocity of surrounding rock movements to the roadway.
At this time, the fractal dimension of fragments is larger
and the degree of fragmentation is higher, which is
consistent with the research conclusion of the previous
test results. +erefore, the fractal dimension can be used as
an index to evaluate the effect of rockbolting, to evaluate

the stability of the roadway roof and to provide a reliable
basis for rockbolting design.

+e mechanism of rockbolting can be understood as
follows: the anchorage is located in a stable elastic zone,
rockbolts exert tension on rock mass located in elastic zone,
and exert compression on rock mass located in the plastic
zone. At the same time, the dilatancy force created in the
expanding process of plastic zone also produces a com-
pression effect on the rock mass of the original plastic zone,
which increases the refragmentation probability of frag-
ments combined with the effect of rockbolts.

+e bigger the supporting resistance of the rockbolts is,
the greater the probability of the refragmentation is, as a
result, the fragments further breaks into subsize fragments,
and the shape of the fragments develop towards that con-
ducive to stability. And the distribution of fragments is close
to the optimum gradation, in which case the porosity of
surrounding rock in the plastic zone is the lowest. In other
words, the effect of rockbolts is to reduce the porosity of
surrounding rock in the process of fragmentation by in-
creasing the probability of refragmentation and fractal di-
mension of fragments.

It should be pointed out that, due to the length of the
paper, it mainly focuses on the comparison and analysis of
different rockbolt densities but does not specifically analyze

(a) (b)

Figure 18: Schematic diagram of the Apollonian Gasket.

Refragmentation

Figure 19: Schematic diagram of reragmentation of rock mass.
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the different pretightening force, bolt with different mate-
rials, which needs further study. +e research results have a
good guidance and reference significance for the rockbolting
design.

6. Conclusion

+rough the analysis of the distribution law of fragments of
specimens with rockbolts, some useful conclusions are
obtained.

(1) +e bearing capacity of the fractured specimens is
positively correlated with the rockbolt density. With
the increase of the rockbolt density, the bearing
capacity of the fractured specimens increases
gradually.

(2) +e fracture fractal dimension and fragmentation
fractal dimension both show growth of exponential
law with the increase of rockbolt density. In theory,
the difference value between them is 1, but the
difference value is approximately equal to 1 since
some factors in practice. +erefore, by observing the
fracture fractal dimension in a certain area of
roadway, the fragmentation fractal dimension can be
roughly obtained, and then the degree of fragmen-
tation and size distribution of fragments can be
obtained.

(3) +e deformation of surrounding rock has the same
trend with fragmentation fractal dimension. +e
larger the fragmentation fractal dimension, the
larger the deformation of surrounding rock.
Fracture fractal dimension of the roadway can be
used as an index to evaluate the stability of
roadway roof, which can provide some reference
for rockbolting design.

(4) +e rockbolting effect on surrounding rock increases
the possibility of refragmentation of fragments, and
the gradation of fragments is close to the optimal
gradation which can minimize the porosity, thus
reducing the deformation of surrounding rock.

(5) It is found that the more serious the degree of
fragmentation of specimens is, the smaller the av-
erage size of the fragments is, and the more the
number of fragments is. As a result, the fragmen-
tation fractal dimension is also large. +e higher the
rockbolt density is, the larger the fractal dimension
is. +ere is a positive correlation between the bolt
support density and the fragmentation fractal
dimension.
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