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As main composition of longwall gob, caved rocks’ behaviors and their impacts under compression crucially influence strata control,
subsidence, associated resources extraction, and many other aspects. However, current researches are based on a whole sample, due
to looseness of caved rocks and limitation of observation technology. In this paper, an experiment system was built to investigate
internal behaviors of caved rocks’ sample, under the uniaxial confined compression, including movement and breakage behavior
by the digital image processing technologies. The results show that the compression process of caved rocks could be divided into
two stages by relative density. Boundary effect and changes of voids and contact pressure among caved rocks lead to different
movement law in different position in sample’s interior. A stratification phenomenon of breakage was discovered, which presents
breakage concentration in the middle of the sample. The nonlinear movement and shear dislocation induced by shifts among caved
rocks are the reason of the breakage stratification phenomenon. This phenomenon would have an effect on the permeability and

seepage research of similar medium.

1. Introduction

Longwall gob is composed of fractured and caved (or crushed)
rocks and compressed by overburden load [1-3]. Considering
the importance of caved rocks in longwall gob, they have
been researched and applied in many respects, including
inferring the position of main roof and overburden structure
[4-6], estimating the pressure and permeability distribution
of gob [7, 8], and evaluating feasibilities of mining in methane
relieving seam [9]. In addition, compaction and seepage
characteristics of caved rocks also are the basis of study on
gas migration, enrichment, and extraction in gob [10-12].
However, comparing with researches of the whole sample
composed of caved rocks under compression, little attention
was paid to behaviors of sample’s interior and their influences,
due to looseness and irregularity of the caved rocks and
limitation of observation technology. Thence, it is important
for above researches to investigate internal behaviors of the
whole sample under compression.

Laboratory tests of caved rocks under compression have
been done, because the inaccessibility of the gob leads to diffi-
culties of measurement in situ. Test samples are given though
a scaled-down gradation curve which is from the actual
gradation curve of gob materials [I, 10-13]. And uniaxial
confined, biaxial, and triaxial compression tests were used to
research compression behaviors, void characteristics, defor-
mation and breakage properties, and secant and tangent
modulus of caved rocks and similar materials [1, 13-15].
Moreover, the fractal theory has been used to study longwall
goaf porosity and permeability distribution [10], the seepage
theory has been used to study permeability characteristics
under uniaxial compression using water flow [11, 12], and the
diffusion theory has been used to study Co, and N, for the
influence of gas migration rule [3]. However, these studies of
caved rocks paid more attention to characteristics and rules
of the whole specimen and ignored the internal behavior for
these laws’ impact, because the behaviors and their effects of
among rock pieces are difficult to observe, due to looseness
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FIGURE 1: Test system.

of caved rocks and the limitation of observation technology
and equipment material.

Numerical simulation method can overcome this defi-
ciency of experiment to some extent [16-21]. However,
there are still difficult in the description of irregular rock
pieces and failure criteria, when using numerical simulation
method. With the help of the microcomputed tomography
(Micro-CT) or nuclear magnetic resonance (NMR), three-
dimensional reconstruction researches of porous media on
the mesoscopic scale using numerical method have made
great progress [22-25]. However, experiment of caved rocks
required larger size and pressure cannot use the above
methods, because of the limitation of observation equipment,
loading device materials, and sample size. In recent years,
with the development of computer technology and measure-
ment technology, the digital image processing technologies
have been widely used in the research of rock mechanics and
mining [26-30]. Among them, the digital image correlation
(DIC) technology and the machine vision could realize the
real-time tracking of the rock pieces and provide a technique
for experimental study on the internal behaviors of caved
rocks and similar medium.

According to the above problem, self-made visual com-
pression device was designed as a part of test system to
observe behaviors of sample’s interior by the digital image
processing technologies. The test system, test sample, and
testing procedure are introduced in Section 2. Moreover, in
Section 3, we discuss the compression process and its stage
division of caved rocks under the uniaxial confined compres-
sion, the behaviors of sample’s interior including movement
and breakage behaviors along the loading direction, and
possible effects for seepage researches of gob and similar
medium.

2. Experiment

2.1. Test System. A test system was established to record the
behaviors of sample’s interior under compression. As shown
in Figure 1, the test system includes three main parts: servo-
controlled testing machine, self-made device, and record-
ing system composed of CCD sensor, LED light, and the
computer. Among them, the self-made device is used to fill
with caved rocks and the cylinder of the self-made device is
divided into two parts (part  and part IT) along the two gener-
atrices (Figure 1(b)). A cross section of 170 mm * 50 mm in
the side wall of part IT is the observation window (Figure 1(c)).
Part I could be replaced by an organic glass plate of 15 mm
thick, when the behaviors of sample’s interior need to be
observed. The CCD sensor takes photos of the caved rocks
though the observation window. The CCD sensor has 2560 x
1920 pixels (5 megapixels), and its focal length is in the range
of 6~12 mm. The photos taken by the CCD sensor were stored
in the computer.

2.2. Test Sample. In this study, caved rocks were collected
from the gob of Number 8 coal seam in Baijiazhuang coal
mine in Shanxi province, which has the average uniaxial
compressive strength of 67.3 MPa, the average tensile strength
of 2.47 MPa, and the average density of 2.96 g/cm’. The caved
rocks were crushed and separated into five groups with the
particle size of 2.5-5mm, 5-10 mm, 10-15 mm, 15-20 mm,
and 20-25mm, and these sizes have been used widely in
research of gob material [3, 11, 13]. According to the gradation
curve [1,10] shown in Figure 2, the sample was constituted by
mixture of different particle size. These gradation curves are
scaled-down gradation curves according to the actual grada-
tion curve of caved rocks and have negligible influence on the
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FIGURE 2: Grain size distribution curve of caved rocks.

result of the experiment [1, 10, 31]. Four groups experiments
were conducted including one control group, using part I to
replace organic glass.

2.3. Test Procedure. According to the gradation curve, caved
rocks of different sizes were weighed accurately and mixed
sufficiently. The mixed caved rocks were poured into the
lubricated self-made device. After a slight shake, the indenter
was put into the cylinder. The self-made device filled with
mixed caved rocks and indenter were put on the centre of
the platen. Then, arrange the CCD sensor and the LED light,
and adjust the sensor’s focal length and aperture. After that,
the sample was loaded from the bottom up with 0.001kN/s.
Meanwhile, the sample was simultaneously observed by
taking photos using the CCD sensor, and the time interval for
taking a photo was 4 seconds. The equivalent grain sizes and
the number of rock pieces were extracted from photos by the
machine vision [29]. The displacement was extracted by DIC
technology, the basic principle and applications of which have
been introduced in detail [32-34]. The ratio of real length and
picture size is 0.099 mm/pixel, and the displacement mea-
surement accuracy in this test is 1 ym by using the subpixel
algorithm (0.01 pixel) and calibration. In Figure 1(c), the
picture shows a displacement contour which was processed
by the DIC technology. The upper indenter is the fixed end
and the bottom moves up as the loading end. The loading
direction is from the bottom up. In order to describe the
results more clearly, a reference frame was built in Figure 1(c),
axes in which show the internal location of sample.

3. Results and Discussions

3.1. Stage Division of Compression. A stress-strain curve and
displacement contours of it under some certain pressures
were shown in Figure 3. The displacement contours were
given by DIC technology and show the displacement of sam-
ple’s interior along the loading direction. The corresponding
pressures (shown in Figure 3 with two green points) of con-
tours are 2.0 MPa and 8.4 MPa respectively.

As shown in Figure 3, the stress-strain curve of sample of
caved rocks presents a nonlinear characteristic, and it still fits
with Salamon’s model under current pressure [1, 8]. Under the
same pressures, there are greater strain values than the com-
mon uniaxial confined compression, when the compression
stress exceeds 6 MPa. A small stiffness of the organic glass
plate compared to part I of the self-made device results in the
situation. However, under the current pressure, the curve still
fits with Salamon’s model.

The compression process could be divided into two stages
according to the trend of the stress-strain curve and breakage
[35]. The main characteristics of the two stages are different,
although void decrease and breakage both existed. In the first
stage, the curve presents linear trend with the sliding and
rotation of caved rock and the void decrease. After entering
the second stage, caved rocks began to break under an
enlarged pressure and the curve presents a nonlinear feature.

In the first stage, caved rocks overcome friction and move
to a more stable position under the pressure. The main behav-
iors are decreases of void volume and porosity in the sample.
Before entering the second stage, the caved rocks are in the
most compact state [36]. Thence, the relative density could be
used to be divided into two stages through the following
formula [35]:

D = max , (1)

where D, was the relative density; e was the void ratio, e =
®/(1 — D), ® was porosity which was given by [1]; e, ,, Was
the maximum void ratio; and e,;, was minimum void ratio
which was 35.04% calculated according to the dense packing
theory [35].

According to [35], the range of D, is 0.67~1.0 in the most
compact state. The corresponding porosity and compression
pressure are the range of 0.259-0.296 and 3.1-6.7 MPa,
respectively.

In Figure 3, displacement contours present a different
trend in sample’s interior between two stages. In order to
reveal the phenomenon, the movement law along the loading
direction was researched in the following study.

3.2. Movement of Sample’s Interior. Figure 4 shows the cumu-
lative displacements of different position in sample’s interior.
And the displacements of different positions, which are 0.14,
0.3, 0.46, 0.65, 0.89, and 1 (it means loading end) according
to the reference frame in Figure 1, were described in Figure 4.
The x-axis and y-axis present the compression pressure and
cumulative displacement along the loading direction. Only
the displacements before 8.4 MPa were given due to blurred
images after that in Figure 4.

As shown in Figure 4, the movement trend of sample’
interior related to its positon along the loading direction.
With the increase of compression pressure, the cumulative
displacement curves of different positions show the trend
from centralizing to scattering. And the curvature degree of
these curves increases with the distance decrease to fixed end.
The curve (0.14) adjacent to the fixed end is different from



Advances in Materials Science and Engineering

4
16 -
12 -
=
n-‘ —
ES—E
2 &
3 N
—
3
4_
04

—— Laboratory curve
——— Salamon’ curve:
1.276€7 - €

o= ———
1-¢/0.742

T T T T
0.3 0.4 0.5

Strain

FIGURE 3: Stress-strain curve and displacement contours of it under some certain pressures.
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FIGURE 4: Relationship between cumulative displacement of differ-
ent position and pressure.

others, which has a smaller displacement. In addition, in the
first stage, the other curves are intensive. That means the small
displacement differences among different positions in this
stage. After that, the curves near the loading end and middle
curves have a separation, which presents the enlargements of
displacement differences between different positions.

According to Figure 4, the cumulative displacements of
different position under the same pressure were given in Fig-
ure 5. And Figures 5(a) and 5(b) describe the displacements
in the first stage and the second stage, respectively.

As shown in Figure 5, the displacement of sample’ interior
could be divided into section I and section II along the load-
ing direction according to the shapes and trends of the curves.
The change trends are different between the two stages.

In Figure 5(a), the displacements sharply decrease with
the distance decreased to the fixed end in section I in the first
stage, the trend of which is similar with the second stage. In
section II, the displacement curves from about 0.3 to 1.0 are
approximate straight lines in the first stage. This means the
same displacement under the compression. In Figure 5(b), the
displacement curves present new trends in section II which
are different from ones in the first stage. And section II was
divided into sections Ila and IIb through the displacement
difference. The displacement differences between section Ila
and section IIb began to enlarge in the second stage. That
means a velocity difference along the loading direction in the
sample’s interior.

Relative displacement is defined as the relative position
changes of some point along the loading direction between
the initial and a given time in this paper. It presents compres-
sion degree in different positon along the loading direction.
The positons of peak have maximal compression degree.

Figure 6 shows the changes of relative displacement under
the compression. In Figure 6, the maximal relative displace-
ment appears in the middle of the sample first, and it moves
from the middle to the fixed end with the increase of pressure.
That suggests the movement of maximal compression region.

Boundaries of the fixed end and the changes of voids
and contact pressure result in the different displacement
among the different position. In section I, the movable space
is limited by the fixed end, even though there were the large
void and small contact pressure in the first stage. Thence, the
boundary effect of the fixed end as the dominant factor leads
to the movement behaviors in section I. In section II, as far
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away from the fixed end, the boundary effect weakens and
the changes of voids and contact pressure are the dominant
factor in section II.

3.3. Stratification of Breakage. After entering the second
stage, some large particle caved rocks began to fracture.
However, an interesting phenomenon was discovered during
the test, which is the concentrated distribution rather than
uneven distribution of breakage in sample’s interior (binary
images in Figure 7). In order to quantitative analyze of this
phenomenon, the pictures were chosen in equal intervals of
time and in which the equivalent particle size and the number
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FIGURE 7: Average grain sizes of the whole and the section ITa and
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of rock pieces were extracted [37]. Then, the average particle
size of each picture was calculated by the equivalent particle
size and number of rock pieces and the following formula
[37]:

n
n;d;
Dy=) , )
S+, N
i=1

i’ n

where d; and »; are the average particle size and the corre-
sponding number, respectively, of some group and i is the
group.

As shown in Figure 7, caved rocks in the middle (the
range of 0.25-0.65) of sample begin to break first with the
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increase of compression pressure, and the breakage degree
in the middle is greater than that at both ends. The average
grain sizes of caved rocks of both the whole and section ITa of
the sample decrease with the increasing pressure. However,
the average grain sizes are smaller and their reduced rate is
faster in section Ila than the whole. All of these suggest that
the breakage degree is greater in section Ila than the whole.

Two reasons could explain this phenomenon. First, there
are the largest relative displacement and compaction degree
in this section. Second, on above basis, shifts of caved rocks
induce tensile-shear failure first in this section [36].

The change of rock breakage region (binary images in Fig-
ure 7) is largely consistent with the movement of curve peak
in Figure 6. The breakage region shown in Figure 7 and the
peak range of relative displacement in Figure 6 are approxi-
mately equal. These suggest that the largest relative displace-
ment and compression degree are associated with breakage
concentration in section Ila.

On the other hand, in order to observe shifts in sample’s
interior in the second stage, displacement curves with a
shorter time interval were given by DIC technology in Fig-
ure 8. And Figure 8 shows the displacement changes around
the compression pressure of 8.4 MPa.

In Figure 8, the curves could be divided into three
sections obviously and be consistent with the trend in Fig-
ure 5(b). However, these curves show new characteristic with
obvious fluctuation in section Ila of the curves. These fluc-
tuations represent the difference of displacement of adjacent
caved rocks and the position between peaks and troughs sig-
nify existence of local compression [21]. Locations of these
fluctuations are situated in section Ila and consistent with the
positions of breakage shown in Figure 7. This is because the
movements of rock pieces near both ends are restricted. And
largest shifts and compression degree in section Ila induce
tensile-shear failure. Thence, the breakage occurs mainly in
section Ila of the sample first.

Advances in Materials Science and Engineering

3.4. Implications. According to the stratification characteris-
tics of breakage, there are smaller grain sizes in section Ila
comparing with other sections. Breakage could improve the
distribution of caved rocks and reduce the permeability [35].
Stratification of breakage in sample’s interior results in the
stratification of permeability. Thence, permeability of entire
sample is determined by the location which has the smaller
grain size.

Permeability of different section in the sample’s interior
could be calculated though the fractal theory and the Kozeny-
Carman equation. The fractal dimension of caved rocks is
around 2.5. Under the compression, the fractal dimension
increases with the increase of pressure [17]. Thence, this strat-
ification effect could be calculated by the following formulas.

The permeability can be calculated according to the
Kozeny-Carman equation [38]:

o
K_C(I—GD)ZSZ) ®)

where ¢ and s are Kozeny-Carman constant and specific sur-
face area, respectively, and @ is total porosity in some section.

Porosity of caved rocks can be calculated according to the
following formula [10]:

Q. \3D
®=(1—Q—M) , (4)

max

where Q,;, and Q. are the minimum particle diameter and
the maximum particle diameter respectively and Dy is the
fragmentation fractal dimension in some section.

This stratification effect should be considered in the
research of gas migration and seepage researches of caved
rocks and similar medium. Particularly, the stratification of
breakage in the second stage of compression would change
the permeability a lot. Thence, gas migration and seepage
researches considering the difference in different section
could be more interesting than considering the sample as
a whole. Due to the strength and hardness limitation of
the observation window, the experiment only discussed the
shallow longwall gob, the burial depth of which is less than
approximate 400 m. However, similar breakage phenomena
have been observed in control trails, the maximum compres-
sion pressure of which has reached 30 MPa.

4. Conclusions

A stratification phenomenon of breakage and movement law
of sample was discovered by the uniaxial confined compres-
sion experiment and digital image processing technologies.
The compression process could be divided into two stages
according to the trend of the stress-strain curve and breakage
in a certain pressure range. And along the loading direction,
the sample could be divided into three sections according to
the behaviors of caved rocks.

Movement laws of sample’ interior are different in differ-
ent stages and sections. As a result, the compression degree
is uneven distribution in sample” interior and the maximum
compression degree appears in section Ila. Boundary effect
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and changes of voids and contact pressure among caved
rocks lead to different movement law in different position in
sample’s interior. In section I, the boundary effect of the fixed
end is the dominant factor, while changes of voids and contact
pressure are the dominant factors in section II.

A stratification phenomenon of breakage was discovered,
which presents breakage concentration in the middle of
the sample (section Ila). In section Ila, the average grain
size is smaller than that of the global and has a faster
decrease of the average grain sizes. The nonlinear movement
and shear dislocation induced by shifts among caved rocks
are the reason of the breakage stratification phenomenon.
These behaviors of breakage would have an effect on the
permeability and seepage research of similar medium.
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