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Abstract The simulated material model was used to simulate
the formation and distribution of overburden fractures induced
by ascending mining. The fracture evolution law was re-
vealed. The fractal geometry theory and MATLAB software
were applied to analyze fractal characteristics of fracture net-
work of overburden stratum. The results showed that the
overburden failure evolution is trapezoidal, accompanied with
collapse in layer group and the developing height of fractures
discontinuously jumps; as the mining width increased, the
fractal dimension of fracture network showed an overall as-
cending trend, presenting three stages, namely, fast dimension
rising stage, slow dimension rising stage, and stable stage. In
the caving zone, fracture zone, and bending zone, the devel-
opment, propagation, and closure of fractures were asynchro-
nous and inner similar. These achievements are important to
roof roadway stability control and layout of gas drainage
system and contribute to the simultaneous extraction theory
of coal and gas by pressure relief.
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Introduction

With the increasing demand of coal, the shallow resources
were gradually reduced and depleted, with the depth of coal
mines becoming increasingly deeper, such as Xuzhou,
Kailuan, Huainan, and Xinwen mining areas, and have en-
tered the deep mining, with the mining depths more than
800 m, even up to 1,200 m (Li et al. 2005; Liu et al. 2004).
Most deep coal mines in China are multilayer coal seam
longwall mining, generally with complex structures, soft
coal, high gas, and low permeability characteristics (Ye
et al. 1999). Therefore, the mining difficulty of deep mining
especially in high-gas coal mine increases, intensifying the
mining risk and cost.

Because of the low permeability and high-gas content of
deep multilayer coal seam longwall mining, the long-term
theoretical research and highly dangerous coal seam mining
practice prove that the pressure relief antireflection effect
caused by ascending mining can be employed for coal and
gas simultaneous extraction which is the best way of coal
mine gas disaster prevention and environmental protection
in China. Upward mining has been widely used and gradually
become a routine mining technology (Hu et al. 2009; Cheng
and Yu 2007; Liu et al. 2009; Ma et al. 2008; Yuan 2009;
Wang et al. 2011). In ascending mining, after the target
coal seam has been extracted, the gravity of the roof rock
causes the periodic caving and fracturing of the immedi-
ate and main roof and the deformation, failure, and
movement of the overlying rock beds, forming a crack
network (Qian and Shi 2003). The law of crack distribu-
tion and evolution which determines the layout of gas
pressure relief and gas drainage boreholes becomes the
main controlling factor of the roof stability influence
(Wang 2011). Therefore, it is necessary to carry out studies
on the overburden fracture distribution and evolution in
ascending mining.
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In modern mining engineering programs, physical simula-
tion, numerical simulation, and field observation are the most
common researchmethods. Field observation is necessary, but
it has a lot of disadvantages, such as costing a lot of money
and time, dirty underground site, dangerous, etc. (Liu et al.
2003), especially because you cannot watch through the sur-
rounding rocks to see what is happening in the roof beds.
Numerical simulation is a burgeoning and simple way to
calculate the rock stress surrounding the workface/roadway,
but it needs accurate rock properties and in situ stress condi-
tions (Xie et al. 2005). To simulate this big size model of
ascending mining with complex geological conditions, nu-
merical simulation is not the first choice. Mining physical
simulation based on similarity theory and dimensional analy-
sis is practiced easily and has a short model-making cycle,
which has been widely used in the mining research in
America, Australia, China, Poland, etc. (Gu 1995).
Moreover, the physical model can almost simulate all kinds
of geological conditions. Different ratios of similitude decide
different engineering sizes. The key strata theory, a famous
Chinese mining theory, has been tested and proved by this
simulate method (Qian and Shi 2003; Chen and Qing 1994).

Therefore, this paper using physical simulation experi-
ments, based on fractal geometry theory, in combination with
the MATLAB software, studies the overburden rock crack
distribution and evolution and fractal characteristics after
mining-induced stress balance in order to control roadway
surrounding rock as well as coal and gas simultaneous extrac-
tion safety and efficiency in ascending longwall mining.

Physical model

The physical simulation experiment used the plane stress
model frame (Fig. 1), whose geometric dimension (length ×
width × height) is 2,500mm×200mm×1,000mm. The whole
experimental system mainly includes three parts: framework
system, loading system, and test systems.

This model is a simulation of 1001 Workface at Taoyuan
Coalmine in Huaibei Coal Mining Group of Anhui Province,
China. The workface depth is 500 m underground. In accor-
dance with the general physical phenomena requests, the
physical simulation experiment should meet similar condi-
tions: geometric similarity, movement similarity, stress simi-
larity, dynamic similarity, and external condition similarity (Li
1988). According to model size and purpose of this study, the
geometric similarity ratio of the model is determined to be
Cl=100 which could simulate actual size (length × height,
250 m×100 m). As the rock density is 2.5 g/cm3 and the
material density is 1.5 g/cm3, the density similarity constant is
Cρ=25/15, and the stress similarity constant is Cσ=100×25/
15=166.7. Since this model could only simulate the deepest
depth of 100 m, the other 400-m overburden stress was loaded
by a lever loading system, which could be calculated as
follows:

σel ¼ ρgH
Cσ

ð1Þ

where σel is the extra stress loaded by the loading system, ρ is
the rock density (2.5 g/cm3), g is the acceleration due to
gravity (9.8 N/kg),H is the extra actual depth which the model
cannot simulate (400 m), and Cσ is the similar stress constant
(166.7). According to Eq. (1), the extra load value is σel=
60 kPa.

When selecting various rock parameters of the model, the
rock uniaxial compressive strength is the main similarity
physical quantity which should be very close to real, and it
is required that all other physical parameters should be ap-
proximately similar. The similar materials are made from
sand, calcium carbonate, and gypsum in accordance with the
ratio of the actual situation (Li 1988). The rock layers’ mate-
rial ratios are shown in Table 1.

The model-making process is shown in Fig. 2. First, mea-
sure all the materials with electronic scales accurately
(Fig. 2a); then, mix them uniformly on a clean floor
(Fig. 2b). After that, add the accurate value of water and mix
them uniformly again (Fig. 2c). Finally, put the materials into
the model frame according to the rock bed order in Table 1
from the bottom to the top and compact them with a hammer
(Fig. 2d).

Remove the warp template a week after finishing the
model; whitewash the model surface and draw grid lines
airing it to dry. The grid size is 50 mm×50 mm. Excavate
16 roadways with a cross-sectional size (width × height) of
50mm×30mm corresponding to the actual roadway size of 5,
000 mm×3,500 mm. The roadways of the model on the left
labeled by nos. 1, 2, 5, 6, 7, 11, 12, and 13 used 30-mm-long
bolts; the interrow spacing is 20 mm×30mm; and the remain-
ing eight roadways are without support.Fig. 1 The plane stress physical model frame
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Field observation shows that the horizontal distance of
mining-induced stress influence area is around 60 m in 1001
Workface of Taoyuan Coalmine. Since the geometric similar-
ity ratio of the model is Cl=100, considering the edge effect of
the model, the cutoff site was chosen to be 650 mm from the
left model edge and the same distance was chosen to the
takeoff site from the right edge. The whole model length is

2,500 mm; therefore, the mining length is 1,200 mm, corre-
sponding to the actual size of 120 m (Fig. 3).

Each excavation advances to 50 mm, a grid side length,
which is 5 m in actual size corresponding to the mining speed
of 5 m per day. The extraction time interval is 60min. Usually,
the physical simulation model would balance for 15~30 min
after mining each interval (Tu et al. 2010).

Table 1 The mixture ratio of the similar materials and the dosage of each layer

Lithology Ratio Thickness/mm Density/(g cm−3) Compressive strength Weight/kg

σcp/MPa σcm/kPa Sand Calcium carbonate Gypsum Water

Siltstone 537 75 1.5 35 210 46.88 2.81 6.56 8.04

Mudstone 755 40 1.5 20 120 26.25 1.88 1.88 3.33

Seam 8# 773 30 1.5 10 60 19.69 1.97 0.84 2.50

Sandy mudstone 555 100 1.5 25 1,150 62.50 6.25 6.25 8.33

Siltstone 537 40 1.5 35 210 25.00 1.50 3.50 3.33

Mudstone 755 60 1.5 18 108 39.38 2.81 2.81 5.00

Siltstone 537 60 1.5 35 210 37.50 2.25 5.25 5.00

Fine-grained sandstone 437 40 1.5 45 270 24.00 1.80 4.20 3.33

Sandy mudstone 555 150 1.5 25 150 93.75 9.38 9.38 12.50

Fine-grained Sandstone 437 80 1.5 45 270 48.00 3.60 8.40 6.67

Mudstone 755 80 1.5 18 108 52.50 3.75 3.75 6.67

Siltstone 537 100 1.5 35 210 62.50 3.75 8.75 8.33

Mudstone 755 50 1.5 18 108 32.81 2.34 2.34 4.17

Seam 10# 773 35 1.5 10 60 22.97 2.30 0.98 2.92

Fine-grained Sandstone 437 60 1.5 45 270 36.00 2.70 6.30 5.00

Fig. 2 The physical mode
making process. a Measure the
physical model materials, b mix
the materials on a clean floor, c
add weighed water in the
materials and keep mixing
uniformly, and d put the materials
in the model frame and compact
them with a hammer
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Analyses of overburden fracture evolution and roof
destruction

Process of overburden breaking and collapse

Face began tomine forward from the open-off cut. Rock stress
gradually shifted to both sides of the coal wall near the
working face. The hanging arch span of the immediate roof
increased. After excavation of 35 m (Fig. 4a), the roof lateral
fissure starts to develop fast, in which the number of cracks
and the opening width increased significantly. With the devel-
opment of lateral fissure, the immediate roof started to abscise
from the roof, showing a weak bending, accompanied by
micro-vertical cracks. When a 37.5-m depth was excavated,
the immediate roof was partly caving, resulting in a large-scale
breaking down of the first layer of immediate roof (fine-
grained sandstone in Table 1) which is known as initial col-
lapse when a 40-m depth was excavated (Fig. 4b). The caving

height is 6 m, in small blocks, and loosely shaped. The
longitudinal crack and horizontal crack were present through-
out the whole rock bed.

As the main roof strength is high, the roof arch is still
hanging after the initial caving of immediate roof.
Comparing with its overburden, the main roof deformation
is large enough to separate from the overlying rock,
forming a large suspended space supporting the over-
burden like plate (Zhang et al. 2013). Advancing to
55 m, the roof overhang reached its critical span and
firstly broke and caved. Advancing to 75 m, the first
periodic pressure happened. And since then, with each
20-m advancement, periodic weighting happened at a
time, which caused a large scale of deformation and damage,
as shown in Fig. 5.

As the roof rotates and sinks, the better lithology of the rock
is the one with a lower degree of fragmentation after fracture,
with integrity somehow. Roadways in better lithology rock

Fig. 3 The plane stress model
frame and physical simulation
model

Excavation of 35 m Excavation of 40 m

Transverse 
fracture

First caving

Transverse 

a b

fracture

Fig. 4 The initial collapse
schematic of the immediate roof:
a excavation of 35 m and b
excavation of 40 m
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would have less deformation and failure, thus contributing to
the maintenance of the roadway.

1. When the workface retreated to 38.8 m, there is an obvi-
ous pressure drop which indicated that the immediate roof
began to cave (Fig. 6). The first stress peak appeared at
54.2 m, and this was the main roof caving and the first
roof weighting. At the workface, you can hear rumbling
noise in the upper roof.

2. The second peak came at 74m from the cutoff site. This is
the first periodic weighting of the roof; the second and the
third periodic weightings were at 93.2 and 113.2 m from
the open-off cut, respectively. Therefore, the periodic
weighting pace is around 20 m which fits the physical
experiment results very well.

Separated strata rupture evolution

Figure 7 shows the overburden crack height while the
workface advanced according to the records in Table 2.

Based on Figs. 5 and 7 and Table 2, the crack evolution of
separated strata caving process is summarized as follows:

1. As the working face advanced, the overburden was trap-
ezoidal damaged (Fig. 5) and forward and upward gradual
evolution occurred. Cracks at the rear of working face
experienced undeveloped, developing, full-compaction
three phases. The cracks at 60 m behind the face were
compressed, and the fissure-rich region was 30–50 m in
the rear of the workface. The rock in the upper goaf was

Retreating 55 m (initial weighting) Retreating 75 m (1st periodic weighting)

Retreating 95 m (2nd periodic weighting) Retreating 115 m (3rd periodic weighting)

Developing
fracture zone 

Compacting
fracture zone 

Subsidence
in groupSubsidence

in group
Compacting
fracture zone Developed 

fracture zone 

a b

c d

Fig. 5 Overburden separation evolution: a retreating 55 m (initial weighting), b retreating 75 m (fist periodic weighting), c retreating 95 m (second
periodic weighting), and d retreating 115 m (third periodic weighting)
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under shear stress, rotating and sinking to the goaf side.
And roof fracture was constantly developing to the top
rear 45° to 50° of the goaf. The abscission layer cracks
and bias fissures closed at 50 m in the goaf to the
workface. The tension cracks experience a dynamic pro-
cess from open to close.

2. The separated strata rupture is dynamic. With the face
advancing, the separated layers developed upwards,
the crack range was widen, and the rock rupture
range expanded out following the same waveform
line (Fig. 5).

3. Within the overlying strata, multiple layers start to sepa-
rate in group at the same time, so the rockmoved and sunk
with a sudden. The destruction of the lower parts of the
rock makes the upper rocks fall apart.

4. The crack height increased leapingly as the working face
advanced, which is shown in Fig. 7. And the process is
characterized by four stages: the stage before initial pres-
sure, the stage affected by the initial pressure, the stage
affected by the first periodic pressure, and the stage af-
fected by the second periodic pressure. The abscission
layer development height in each stage showed S-shaped
growth trends (first was fast growth and then slow
growth), and this growth trend was synchronized with
the face weighting, but the increase speed of crack height
was firstly increased and then decreased.

5. The crack development increased intermittently with the
face weighting, which intensified roadway damage, thus
enabling the roadway to be destructive of a sudden. The

maintenance of the roadway is extremely difficult because
of the poor safety situation.

The status of roadway roof destruction

With the advance of the workface, the overburden rock beds
deform and destroy above the goaf. According to the damage
degree of the roof rock, three zones could be divided, which
are caving zone, fracture zone, and bending subsidence zone
from the bottom to the top (Liu 1995; Qian and Shi 2003)
(Fig. 8). The roof damage in different zones showed signifi-
cant differences. From the analysis of simulation results, the
following conclusions could be indicated:

1. Caving zone. Bolting cannot maintain the roadway in the
caving zone which behaves as a fallen strong roof and
ground heave, due to serious damage of the roadway
surrounding rock (Fig. 9a); the roof and floor of the
roadway near the starting point of caving zone were
overall shearing-dislocated and tilted to the goaf side;
the roadway both with and without bolt support showed
serious damage with small residual space and poor stabil-
ity (Fig. 9b). The 50-mm×35-mm roadway has been
totally destroyed in the physical model which means that
the 5,000-mm×3,500-mm actual roadway would collapse
completely.

2. Fracture zone. The rock within the fracture zone sunk in
group of multilayers with uneven subsidence; the lower

Table 2 Relationship between
overburden separation height and
retreating distance

Advance
distance/m

Separation
height/m

Advance
distance/
m

Separation
height/m

Advance
distance/
m

Separation
height/m

Advance
distance/
m

Separation
height/m

20 4.5 50 21 75 35 100 59

30 6.5 55 23 80 49 105 61.5

35 14 60 23 85 45 110 67

40 20 65 33.5 90 52 115 75

45 20 70 33.5 95 57 120 76

Fig. 8 Overlying strata
destruction and different roof
failure zones
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layers entirely sunk which allowed displacement of the
upper rock. If the roadway allocated in sink area, the joints
of the surrounding rock were significantly reduced.
However, the damage of the surrounding rock in this
region due to mining is still serious. The roadway is
maintainable, but the overall stability is still poor and roof
collapse is easy to take (Fig. 9c). This group failure sunk
the whole roadway if it was contained in these sinking
rock beds and the cracks are small; the roadway can be
maintained through a variety of combinations of
techniques.

3. Bending subsidence zone. This zone performed with rock
sink as a whole, with less stratified shear dislocation. The
roadway in this zone was less affected by mining-induced

stress, as surrounding rock deformation and failure was
not obvious. The bolt support showed a satisfied result, as
shown in Fig. 9d.

Fractal characteristics of overburden rock fractures

The fractal dimension can reflect the placeholder of the cracks
in the two-dimensional space, which characterizes the devel-
opment degree of overburden rock fracture network bymining
(Xie 1996; Sarkheil et al. 2011) In this paper, we used the
overcast method, namely, the fractal theory, to study the rock
fracture distribution map using a square mesh of R scale to
cover the target area. The number of grids under which frac-
ture length is equal and greater than the corresponding grid is
counted and denoted by N (R). An array of corresponding
N(R) values can be obtained with a series of R values, to

The roadway in the caving zone

The roadway near the starting point of caving zone

The roadway in the fracture zone

The roadway in the bending subsidence zone

a

b

c

d

Fig. 9 Failure and characteristics of roof roadway after mining: a the
roadway in the caving zone, b the roadway near the starting point of
caving zone, c the roadway in the fracture zone, and d the roadway in the
bending subsidence zone

Fig. 10 The relationship between fractal dimension and mining width
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study the relationship of the log(R ) and log(1/R ) (Yu et al.
1998) The fractal dimension D is defined as follows:

D ¼ − lim
R→0

logN Rð Þ
logR

¼ lim
R→0

logN Rð Þ
log 1=Rð Þ ð2Þ

A double-logarithmic plot, the best fit, can be plotted using
the least square method; their relationship in the double log-
arithmic coordinates is basically linear and the negative value
of the slope is the fractal dimension D . To get an accurate D
value, the R values 2, 2.5, 5, 7.5, 10, 12.5, 15, and 20 (units
are in centimeters) (Mandelbrot 1982; Wang et al. 2009) were
chosen to study the relationship between the fractal dimension
mining of rockmass fractures and the width of the mining face
as well as the mentioned “three zones” (bending subsidence
zone, fracture zone, and caving zone).

The relationship between fractal dimension and mining width

As the working face advanced, the rock mass of the roof and
floor sequentially caved, displaced, and fractures and cracks
emerged and closed. The upper roof rock also developed
horizontal cracks and vertical cracks, so as to continuously
produce new rock structures. The face advanced by 120 m at a
rate of 5 m each time, which required 24 times of excavation.
This gave a total of 24 different diagrams of cracks with
mining widths, and the fractal dimensions were respectively
calculated using the method mentioned above by MATLAB
7.0 software. Figure 10 was obtained, and the regression
formula is as follows:

D ¼ 1:8211−
4:2685

−3:201þ L=3:3220ð Þ1:0039 ð3Þ

Figure 10 shows that the fractal dimension changes with
the face retreating. It can be categorized into three stages:

1. In the first stage, when the mining width is less than 40 m,
the fractal dimension D increases rapidly with the face
advancement, reflecting the rapid development of the
horizontal and vertical fracture network. This stage is
called the fast dimension increase stage.

2. In the second stage, with 40–80-m range mining width,
the fractal dimension D slowly increases with the face
advancement, reflecting the rock mass fracture develop-
ing quickly at the front and the top of the working face and
the top of the goaf. While at the same time, the fracture
under the goaf roof closes, therefore the growth rate of the
fractal dimension is smaller than the first stage. This stage
is called the slow dimension increase stage, in which the
crack development speed is slightly faster than the frac-
ture closure speed.

3. In the third stage, when the mining width is more than
80 m, the changing rate of fractal dimension D is not
noticeable; the value of D is basically stabilized,
reflecting the developing speed of rock mass fracture at
the front and the top of the working face and the top of the
goaf is the same with the closure speed of the rock crack
under the goaf roof. This stage is named the fractal di-
mension stable stage in which the fracture developing
speed is about the same to closure speed.

The relationship between fractal dimension and the three
zones

To push forward the distribution law of the fracture network in
the three zones, the section that is 25–45 m away from the
open cut was researched. The relationship variation between
fractal dimension and the three zones with the face advance-
ment (mining width) was calculated, as shown in Fig. 11.

The following conclusions can be concluded from Fig. 7:

1. With the face advancement, the fractal dimensionD of the
caving zone, the fracture zone, and the bending subsi-
dence zone first increases rapidly; then, the increasing rate
slows down, eventually stabilized. However, the three
zones are not synchronal; bending subsidence zone
lagged behind the fracture zone, while the fracture zone
lagged behind the caving zone.

2. The fracture distribution and space occupying are differ-
ent in the three zones. When mining width is the same,
fractal dimension of the caving zone is greater than that of
the fracture zone, while the fractal dimension of the frac-
ture zone is greater than that of the bending-sinking zone,
which indicates that the degree of space occupying in-
creases in the order of the bending subsidence zone, the
fracture zone, and the caving zone.

Conclusions

Based on the physical simulation experiments, the fracture
distribution and evolution of overburden rock beds in ascend-
ing mining were studied. The field observation results dem-
onstrated that the physical models can simulate the actual
engineering practice very well. Also, the fractal dimension
was used to analyze the fracture distribution and evolution and
the following conclusions were indicated:

1. The overburden rock was trapezoidal damaged, gradually
breaking forward and upward, along with the rock defor-
mation and caving in layer group. The fracture height
developed by leaps and bounds discontinuously, making
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roadway maintenance extremely difficult as there may be
a sudden destruction.

2. The roadway roof is damaged by the dynamic effect of
ascending mining, but the effect varies significantly with
positions. The roadways near the starting point of the
caving zone and those in the caving zone are not main-
tainable, those in the fracture zone can be maintained by a
combination of technical means, while roadways in the
curved sinking zone can be ideally supported with bolt
support.

3. As the mining width increases, the fractal dimension of
the crack network shows an overall staggered increasing
trend, which is divided into rapid fracture dimension
rising stage, slow fracture dimension rising stage, and
fracture dimension stable stage.

4. The development, expansion, and closure of the fracture
network in the caving zone, the fracture zone, and the
bending subsidence zone are not synchronal; the bending
zone lags behind the fracturing zone, while the fracture
zone lags behind the caving zone, but there is a good inner
similarity of the same trend in these three zones.
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