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Abstract

With an increasing number of multi-seam mining projects, the problem of strata movement caused by multi-seam mining
has attracted increasing attention. Previous studies have shown that the rock failure mechanism for multi-seam mining is
obviously different from single-seam mining. When a lower coal seam is being mined, two issues are apparent: the activation
that the upper goaf will suffer and the difference in the break mechanism of the stratum between single-seam and multi-seam
mining. The research regarding these two issues is still inadequate. In this paper, a physical model experiment was used to
simulate the full longwall mining process of multiple seams. Then, the failure mechanics of the stratum and the influence of
mining the lower coal seam on the activation of the upper goaf are discussed under the condition that the upper coal seam
has been fully mined. The results show that a part of the fracture zone that formed by mining the upper coal seam will be
converted into a caving zone when the lower coal seam is mined. In multi-seam mining, the cracks in the overlying fractured
rock mass will widen and propagate upward. During the process of mining the lower coal seam, the interburden rock mass
presents a typical plate bending failure, and the break location is greatly affected by the distribution of the periodic weighting
in the upper coal seam mining. Multi-seam mining will cause the surface subsidence trough produced by upper coal mining
to move towards the end of the mining panel. The mechanism of rock stratum movement revealed by the test has a certain
practical guidance for the control of roof pressure in multi-seam mining and the subsidence of surface.
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1 Introduction

In many countries, coal resources often exist as multiple
coal seams. As the mining depth of coal resources increases,
multi-seam mining will be faced by most mining areas. Pre-
vious studies have shown that multi-seam mining will cause
more severe stress concentrations and more complicated sur-
face subsidence than single-seam mining (Adhikary et al.
2015; Ma and Zhu 1984; Ren et al. 2014; Ma and Hu 2013;
Ying-ke et al. 2011; Ghabraie et al. 2017a, b; Salmi et al.
2017). However, the strata movement mechanism caused by
multi-seam mining have not been fully developed (Ghabraie
et al. 2015). Therefore, the influence of strata movement
caused by multi-seam mining on engineering stability has
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attracted increasing attention from scholars (Tulu et al. 2016;
Porathur et al. 2014; Suchowerska et al. 2012).

Similar to the research method of strata movement in
single-seam mining, many scholars mainly use numerical
simulations and physical model experiments to study strata
movement in multi-seam mining (Helm et al. 2013; Miao
et al. 2011; Salmi et al. 2017; Tang et al. 1998; Wang et al.
2017; Suchowerska et al. 2012).

On the one hand, some scholars have used numerical sim-
ulations to study the fracture propagation characteristics and
stress distribution of the rock mass in multi-seam mining.
Wei et al. (2011) used the finite element method (FEM) to
study multi-seam mining, and the results showed that close
distance multi-seam mining can lead to the propagation of
old fissures and an increased height-increment in the frac-
ture zone. Wang et al. (2012) found that the ratio of the
fissure height to the mining thickness decreased with multi-
seam mining. Liu et al. (2015) used the finite difference
method (FDM) to study the developmental height of water
conducting fissures in longwall mining of shallow buried
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coal seams, and they indicated that the height of the fissures
increases as the mining width and thickness increase, but it
does not increase after reaching a certain height. Zhang et al.
(2013) used the FDM to study the variation in stress in deep
multi-seam mining. It is believed that the stress concentra-
tion caused by multi-seam mining mainly comes from the
adjustment of the horizontal stress and the destruction of the
interburden. Suchowerska et al. (2013) used FEM to study
the effects of the abutment angle, overburden depth, pillar
width, and anisotropic behaviour of the rock mass on the
morphology and distribution of the vertical stress. Zhu and
Tu (2017) used FDM to determine that the stress concentra-
tion is more serious and significantly improved when the
pillars of the upper and lower coal seams are aligned than
when they are staggered. The above studies used numeri-
cal simulation methods to extensively introduce the strata
movement mechanism in multi-seam mining. However, the
numerical simulation results are greatly influenced by the
computational models and rock mechanic parameters. In the
mining process, if the disturbed computational model and
rock mechanic parameters are not adjusted, then the simula-
tion results will not be accepted by other researchers (Adhi-
kary et al. 2015; Ghabraie et al. 2016; Suchowerska et al.
2016; Lin et al. 2013; Khanal et al. 2015).

Some scholars have used physical model experiments to
study rock breaking rules in multi-seam mining. Zhang et al.
(2015) used a physical model experiment to study the fis-
sure distribution mechanism after three-seam mining. The
results showed that the mining width and thickness will
jointly affect the developmental height of the fracture zone.
The closed fracture zone mainly develops directly above the
goaf, while the residual fracture zone is mainly distributed
at the start and end of the mining panel. Sui et al. (2014)
discussed the influence of the seam interval and thickness of
the lower seam on multi-seam mining. The results showed
that when (M, h/M) was below an empirical criterion line,
multi-seam mining had a large influence on the develop-
ment of the collapse and fracture zone. Above that empiri-
cal line, the caving zone induced by the lower seam will
not propagate into the caving zone induced by the upper
seam (% is the thickness of the interburden; M is the cutting
height of the lower seam). Zhang et al. (2018) study the
strata deformation, fracture propagation characteristics and
vertical subsidence due to the different extent depending
on the multi-seam mining configuration. The results told
that multi-seam mining leaded to an enhanced magnitude of
subsidence than single-seam mining and the existence of old
panel would significantly affects the mechanical response of
the newly undermined strata. Tian et al. (2019) used physical
model to study the overburden movement with residual pil-
lars. The results showed that the closer to the mining seam,
the greater the subsidence of overlying strata. Ghabraie et al.
(2015, 20174, b) arranged goafs with different overlapping
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features in the experimental model and studied the surface
subsidence and strata movement characteristics above the
goaf. The results showed that the strata movement character-
istics are different for multi-seam mining as the overlapping
features change. Zhu et al. (2018) arranged a multi-seam
mining physical model experiment using the room and pillar
method. The results showed that a design with some small
coal pillars or without any coal pillars can reduce the stress
concentration of the upper seam on the lower seam. The
research results above illustrated the influence of multi-seam
mining on the developmental height and distribution of fis-
sures. However, full mining has never been reached in all
physical model experiments mentioned above. Research on
the failure process of the interburden and the activation of
the upper goaf caused by the failure of the interburden when
full mining is reached are limited.

The goal of this paper is to study the failure process of
the interburden and the influence of the interburden fracture
on the activation of the upper goaf in the process of full
longwall multi-seam mining. In this paper, a physical model
experiment with two overlapping coal seams is designed.
Then, longwall mining is simulated, and the upper coal seam
and the lower coal seam are mined in turn to a certain dis-
tance to ensure full mining is reached. The displacement
and failure process of the rock mass are recorded by Leica-
Total Station and photography. Then, the failure process of
the interburden and overburden in different locations, the
variation in the fracture angle and breaking interval, and the
movement mechanism of the subsidence are summarized.
The breakage mechanism of the overburden and interburden
is analysed. The activation effects of multi-seam mining on
the upper goaf left by single-seam mining and the movement
mechanism of the surface subsidence are discussed.

2 Physical Modelling of Multi-seam Mining

The physical model experiment must satisfy the principles
of similarity theory to ensure that the indoor model can
more realistically simulate the real engineering situation.
The experiment in this paper is carried out under a self-
weight stress field. Therefore, the main similarity constants
include the geometric similarity constant C; and the density
similarity constant C,,.

CLsz/Lm (])

C, = pp/Pm )

L, is the size of the prototype, L,, is the size of the model,
pp 1s the density of the prototype, and p,, is the density of
the model.
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The geometric similarity constant C;_ is chosen to be 150
based on the size of the study area and model frame. The
density similarity constant C, is selected to be 1.25. Sand-
plaster-water mixtures were used to simulate the rock strata.
The materials similar to the parameters listed in Table 1 were
obtained by adjusting the material ratio. Since the influence
of multi-seam mining on strata movement is the sole focus
of this study, the strata are simplified into two lithologies,
i.e., coal and sandstone, to avoid interference due to a com-
plex combination of strata. Both types of strata have the
same material ratio. Moreover, to highlight the appearance
of coal seams, ink is used to replace the water that builds in
coal seams.

The physical model has the dimensions of 300 cm X
25 cm X 100 cm (length X width X height), which corre-
sponds to an actual engineering scope of 450 m X 37.5 m
X 150 m, respectively. In the model, the thickness of the
bottom floor and the two coal seams is set to 5 cm, and
the thickness of the other stratum is set to 1 cm. The strata
were built in sequence from the bottom to the top: (1) the

Table 1 Parameters used in the prototype and model

Name of parameter Unit Prototype  Similarity Model
constant

Density 10%kg/m® 238 1.25 1.90

Compressive strength  MPa 52.7 187.5 0.281

Elastic modulus GPa 10.3 187.5 0.055

Cohesion MPa 8.63 187.5 0.046

Friction angle ° 38.2 1 38.2

Fig. 1 Experimental model
after air-drying. (Upper panel
indicates the mining range of
the upper coal seam. Lower
panel indicates the mining range
of the lower coal seam. Lines
‘A’—‘G’ represent the seven
displacement monitoring lines
in the overburden, and Lines
‘X’ and ‘Y’ represent the two
displacement monitoring lines
in the interburden)

bottom floor had a thickness of 5 cm, (2) the lower coal
seam had a thickness of 5 cm, (3) the interburden had a
total thickness of 15 cm and each stratum had a thickness
of 1 cm, (4) the coal seam had a thickness of 5 cm, and
(5) the overburden had a total thickness of 70 cm and each
stratum had a thickness of 1 cm.

As shown in Fig. 1, the finished model was allowed to
air dry for 7 days, and then the total station displacement
monitoring lines were set up. A total of nine horizontal
monitoring lines were set in this model experiment: seven
monitoring lines named ‘A’ to ‘G’ in the overburden and
two monitoring lines named ‘X’ and ‘Y’ in the interburden.
In the overburden, the uppermost monitoring line ‘A’ is
5 cm away from the surface, and the lowest monitoring
line ‘G’ is 5 cm away from the roof of the upper coal seam.
The vertical interval of each monitoring line is 10 cm. In
the interburden, the monitoring line ‘X’ is 2.5 cm away
from the upper coal seam floor, the monitoring line ‘Y’ is
2.5 cm from the lower coal seam roof, and the two moni-
toring lines are also 10 cm apart. The monitoring points
on each monitoring line are spaced 10 cm apart in the
horizontal direction.

To avoid the influence of the boundary effect of the
model frame, the mining range was set to 200 cm long,
leaving 50 cm on the left and right sides. Then, a ruler
was marked on the model frame, and the coordinate of the
start of the mining panel was set to 0 cm, and the end of
the mining panel was set to 200 cm. The coal seam was
excavated using saw blades, which simulated the actual
longwall fully mechanized caving mining method.
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3 Results and Discussion
3.1 Failure Process of Rock Strata

3.1.1 Full Longwall Mining of the Upper Coal Seam

~ 93Cm \

\\ N

The overburden caved gradually with the mining of the
upper coal seam. The first collapse occurred after excavat-
ing the upper seam to 67.5 cm (Fig. 2a). The caving rock
mass was trapezoidal with 11 strata and was relatively intact
in the middle and severely broken on both sides. When the
seam was excavated to 92.8 cm, the first periodic weighting
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Fig.2 Appearance of the experimental model while the upper coal
seam was being excavated. (The cracks in each collapse are marked
with a—h. a—g Show the current caving status of the rock mass in
the mining process. h Shows the rock mass collapse pattern after the
upper coal seam was mined out. The areas represented by a—f in a—g
are the same as those in h. Compared with the status of excavation
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to 190 cm, the rock mass cracks did not propagate further when the
excavation reached 200 cm. Therefore, the current fracture phenom-
enon of the rock mass when excavated to 190 cm was the same as
200 cm, as shown in h. In d—g, the green line area indicates the cav-
ing zone. A, and A, in the figure indicate the height of the caving zone
and fracture zone, respectively)
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occurred (Fig. 2b), and the morphology of the caving rock
mass was quadrilateral and relatively complete and the
breaking fissure was in the form of a ladder. When the
seam was excavated to 95 cm, a horizontal separation crack
approximately 41 cm long appeared at a distance of 37.5 cm
from the surface. When it was excavated to 98 cm (Fig. 2c),
small-scale collapse occurred at the seam roof, followed by
large-scale collapse of the overburden. This result meant
that the arch foot of the originally stable arched structure of
the overburden was located at the coordinate of 95~98 cm
from the start of the mining panel. When the arch foot was
destroyed, the original stable structure failed immediately.
At this point, the load of the fracture zone was completely
applied to the caving zone.

When excavated to 118.1 cm (Fig. 2d) and 134.3 cm
(Fig. 2e), the second and third periodic weighting occurred.
When excavated to 151 cm (Fig. 2f), the fissure propagated
to the surface, and there were two cracks along the verti-
cal mining direction on the surface; the coordinates of the
two cracks were 33.4 cm and 114.1 cm. When the height
of the fracture reached 12 strata (Fig. 2g), it meshed and
connected with the original crack and did not continue to
propagate upward. When mining to 190 cm (Fig. 2h), the
surface broke again, and a new fissure appeared along the
mining direction. After excavating to the end of the min-
ing panel, the rock mass was suspended to form a stable
cantilever beam structure in which a collapse did not occur.

After the upper coal seam was mined out, it was observed
that the contact parts of the caving zone adjacent to the two
collapses became more fractured than other parts due to the
disturbance of tilting and compaction.

As shown in Fig. 3, the load distribution of the surround-
ing rock in single-seam mining can be divided into four
stages. In the first stage, the overburden strata can always
form a stable arch-shaped support structure after each col-
lapse. The surrounding rock load is all applied on the stable
structure. In the second stage, fissures propagate to the sur-
face, and the surrounding rock load squeezes into the goaf.
The horizontal loads cancel each other in the fracture zone,
which leaves only the vertical stress applied on the caving
zone. During the third stage, as the mining moves forward,
the caving zone continues to move forward while the stable
structure of the previous stage remains unchanged. In the
fourth stage, after a certain distance is mined, the stable
structure is destroyed again, and the fracture zone moves
forward. The load distribution in the fourth stage is similar
to that in the second stage. Subsequently, as the mining con-
tinues, the third and fourth stages alternate.

After mining, according to the shape of the goaf and
load distribution, the surrounding rock can be divided into
‘Z1’—7Z4’, the fracture zone into ‘M1°-‘M3’, and the cav-
ing zone into ‘N1°—*N3’ (Fig. 4 left). ‘Z1’ and ‘Z2’ squeeze
into the goaf, resulting in the squeezing load F. ‘M2’ and
‘M3’ transfer the load F onto ‘M1°. ‘M1’ balances itself
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Fig.3 Schematic diagram of the four stages of dynamic load changes when the upper seam is mined
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Fig.4 Schematic diagram of the surrounding rock division after the upper coal is mined out

horizontally and then transfers the load and its own weight
downward to ‘N1°. ‘N2’ and ‘N3’ are the caved areas that
are not filled, which are close to the start and end of the
mining panel and do not bear any load. However, zones
‘23’ and ‘Z4’ are areas of increasing load because they are
subjected to a compressive load that is greater than before
mining began.

Since the force locations of the ‘M2’ area are also on
‘21’ and ‘M1’, respectively (the red points on the left side
of Fig. 4), no load influence is generated downward. There-
fore, we can separate the ‘N4’ region from the ‘N1’ region
(right side of Fig. 4), which does not bear the load from the
overburden, and the load on the rock mass below is only the
self-weight of the caving rock mass here, which is the region
of decreasing load. Similarly, the ‘N5’ area can be separated
out at the end of the mining panel (right side of Fig. 4). After
the upper coal seam is mined out, the load distribution of the
overburden on the interburden is shown in Fig. 5. Because

q2: ychc

q,=yhtyh +F,

the load in the “Z3’ and ‘Z4’ regions has little influence on
the interburden, the focus is the overburden load in the goaf.
In particular, the load in the ‘N1° area needs to consider the
influence of the distribution form of each periodic weight-
ing. We plotted the load g, block in Fig. 5.

3.1.2 Full Longwall Mining of the Lower Coal Seam

Figure 6 shows the rock mass collapsed status in the lower
coal seam mining. When the lower coal seam was excavated
to 53.5 cm (Fig. 6a), the whole interburden collapsed, and
the lower goaf was directly connected with the upper goaf.
The breaking fissure above the working face not only cut
through the interburden completely but also propagated
upward and cut the fractured rock mass in the goaf of the
upper coal seam, which resulted in a more broken rock mass.
When mined to 63.3 cm (Fig. 6b), the longitudinal cracks in
the previously collapsed rock mass widened, lengthened, and

Surface
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—

Fig.5 Schematic diagram of the distribution of the overlying load
on the interburden after the upper coal seam is mined out. (y, and y;
in the figure indicate the unit weight of the caving zone and fracture
zone, respectively. A, and h; in the figure indicate the height of the
caving zone and fracture zone, respectively. ‘F2’ represent the verti-
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cal component of the squeezing pressure of the surrounding rock
mass toward the goaf. The load g; block is drawn to indicate the
load on the interburden of the collapsed rock mass in each periodic
weighting.)
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Fig.6 Appearance of the experimental model while the lower coal
seam was being excavated. (‘P1°, ‘P2’ and ‘P3’ in Figs. 3, 4 and 5)
correspond to ‘P1°, ‘P2’ and ‘P3’ in Fig. 9, respectively. ‘F’ repre-

penetrated through the interburden. At the same time, the
cracks propagated upward, and the caving zone and fracture
zone above the goaf of the upper coal seam were sheared
repeatedly. When mining the lower seam to 73.2 cm, another
longitudinal crack appeared above the working face; at this
time, the rock mass showed obvious bending failure. When
it was excavated to 81.6 cm (Fig. 6¢), the rock body that

sents the squeezing pressure of the surrounding rock mass towards
the goaf. ‘F1° and ‘F2’s represent the horizontal and vertical compo-
nent of ‘F’, respectively)

was damaged by previous bending fell onto the floor. As the
mining progressed, the failure of the rock mass showed the
process of ‘breaking’—‘bending’—‘crack propagation’—
‘falling onto the floor’ (Fig. 6b—f). At the location close
to the end of the mining panel (Fig. 6g—i), the interburden
showed an obvious cantilever beam bending failure process,
and the breaking interval was long. After mining the lower
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coal seam, the load on the fracture zone generated by the
upper coal mining was unloaded, resulting that the strata
above the start of the mining panel were stacked and a large
fracture occurred above the end of the mining panel.

The first collapse that was caused by a sudden compres-
sion-shear failure under the self-weight of the overburden,
and the subsequent failure was a bending failure of the plate.
The cracks in the interburden basically developed near the
contact position of the caving zone during the periodic
weighting in the upper coal seam mining, and more than
one downward extending crack developed at each contact
position. As shown in Fig. 6, six cracks in total developed
downward at points ‘P1°, ‘P2’ and ‘P3’. Cracks #1 and #2
that developed at point ‘P1’ formed a trapezoid with a short
upper bottom and a long lower bottom, and cracks at points
‘P2’ and ‘P3’ did also. Interestingly, crack #2 that developed
at point ‘P1° and crack #1 that developed at point ‘P2’ cut
the interburden into a trapezoid with a long upper bottom
and a short lower bottom. Thus, crack #2 developed at point
‘P2’, and crack #1 developed at point ‘P3’ did also. This
phenomenon occurred only near the central part of the goaf.
Therefore, we inferred that the uneven load of the periodic
weighting fragments in the upper goaf resulted in a breaking
morphology of trapezoid interlocking.

After the upper coal seam was mined out, the height of
the caving zone was approximately 11 cm above the goaf,
while the other parts were all fracture zones bearing the
squeezing pressure caused by the surrounding rock mass
that rushed into the goaf. After the lower coal seam was
mined out, the rock mass as a whole subsided, and the load
on the fractured rock mass at the location of the start of the
mining panel and the end of the mining panel was unloaded.
Therefore, a part of the fracture zone that formed by min-
ing the upper coal seam would be converted into the caving
zone and no longer bear the squeezing pressure from the
surrounding rock. The original squeezing pressure was trans-
ferred into the remaining fracture zone (Fig. 6i).

As shown in Fig. 7, when the lower coal seam is mined
out, fissures gradually appear as the mining distance
increases. Because the load g, near the start of the upper
mining panel is small, the failure of the interburden will not
occur in a short mining distance. When mining to a certain
distance, the first failure of the interburden is the shear fail-
ure of the simply supported beam due to the increased load
q, (Fig. 7-1). As the mining continues, the fissures propagate
downward at the contact position between the first caving
and the second caving in the upper coal seam (Fig. 7-2).
Since the interburden is thin and the upper load is large, after
mining a certain distance, the interburden exhibits cantile-
ver beam bending failure. Moreover, due to the influence of
the periodic weighting interval during upper seam mining,
the fissures in the interburden always propagate downward
from the contact position of the adjacent caving zones in
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the upper coal seam, which results in a smaller breaking
interval of the interburden. However, at the location close
to the end of the mining panel, the interburden is subjected
to a smaller load g, from the overburden, which leads to a
larger breaking interval.

When the lower coal seam is mined out, the ‘M1’ region
will move downward (left side of Fig. 8), resulting in the
disappearance of the force application points in the ‘M2’
and ‘M3 regions and the unloading (red point in Fig. 4).
Due to the large number of separation cracks in the ‘M2’
region after upper coal seam mining, the rock mass in that
area is stacked after unloading due to mining the lower coal
seam. However, in the ‘M3’ region, there are fewer separa-
tion cracks when the upper coal seam is mined out, and they
are mainly tensile fractures. During this unloading process,
the tensile cracks will expand to form larger fractures. This
phenomenon indicates that most of the fracture zone is trans-
formed into a caving zone. The load division after mining
the lower coal seam is shown on the right side of Fig. 8. This
process is the activation effect on the upper goaf that was left
by mining the upper coal seam when the lower coal seam is
being mined out.

3.2 Breaking Interval

As shown in the rock mass failure process in Sect. 3.1, there
was an obvious periodic weighting phenomenon when the
upper coal seam was mined. Therefore, the first collapse and
the periodic weighting in upper seam mining were defined
as ‘breaking interval’.

However, when the lower coal seam was mined, the fail-
ure of the interburden showed obvious plate bending failure,
except for the first collapse. The process of roof collapse
to the floor was slow, and there was no obvious periodic
weighting phenomenon in the failure process. Therefore, we
defined the interval between two neighbouring and penetrat-
ing cracks in the interburden as ‘breaking interval’, when the
lower seam was mined.

As shown in Fig. 9, when the upper coal seam was
mined out, the first collapse interval was large (67.5 cm),
but then the first interval decreased rapidly (25.3 cm). The
second interval was similar to that of the first interval and
then decreased. In the following three intervals, the interval
remained at the same level (approximately 16 cm). The last
interval slightly increased (23.1 cm). Although the periodic
weighting intervals varied slightly, they generally remained
at a similar level (16-25 cm).

When the lower coal seam was mined out, the first break-
ing interval was smaller than that of the upper coal seam.
Subsequently, the breaking interval of the interburden was
smaller than that of the overburden when the upper coal
seam was mined out, which was approximately 10—15 cm.
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At a location close to the end of the mining panel, the break-
ing interval gradually increased.

3.3 Angle of Fracture
The angle of fracture includes the angle of left-fracture

named a and the angle of right-fracture named f in Fig. 10.
The angle of left-fracture is defined as the angle between the

fissure and the horizontal plane extending to the right at the
start of the mining panel, and the angle of right-fracture is
defined as the angle between the fissure and the horizontal
plane extending to the left at other locations.

When the upper seam was mined out, the angle of left-
fracture was 54° (al) during the first collapse. During
the mining process, cracks propagated to the surface, and
the angle of left-fracture increased from al to a4. After
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Fig.8 Schematic diagram of the load division after mining the upper (left) and lower (right) coal seams

the upper seam was mined, the angle of left-fracture was
approximately 76° (a4). When the lower seam was mined,
the angle of left-fracture was 66° (a5) during the first col-
lapse. As the mining advanced, the angle of left-fracture
remained unchanged because of the direct penetration of
the interburden between two goafs during the first collapse.

Figure 11 shows the variation in the angle of right-frac-
ture in the mining process. When the upper coal seam was
mined, the angle of right-fracture increased or decreased, but
the overall trend was an increasing angle. When the lower
coal seam was mined, the angle of right-fracture first showed
an upward trend and then a downward trend. Notably, in the
process of coal seam mining (from left to right), the overbur-
den collapsed and squeezed into the mined out area, which
also caused the compression-shear failure in start location
and tensile shear failure in end location. Therefore, whether
it was single-seam or multi-seam mining, the angle of right-
fracture close to the start of the mining panel was larger than
that close to the end of the mining panel (a4 <7, a5 <18
in Fig. 10). Besides, because the coal height of multi-seam
was larger than single-seam, the tensile shear failure was
more serious after lower seam was mined out. The angle of
right-fracture of the interburden was larger than that of the
overburden (37 < $#18 in Fig. 10).

—@— Upper coal seam

—aA— Lower coal seam

60 |

3

Breaking interval /cm

50 75 100 125 150 175 200
Location from the start of the mining panel /cm

Fig.9 Breaking interval when the two coal seams were mined
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3.4 Subsidence

Figure 12 is the subsidence curve of each monitoring line
when the upper coal seam was mined out. Line ‘A’ is the
monitoring line, 5 cm away from the surface, used to rep-
resent the subsidence characteristics of the surface. From
Fig. 12a, there were obvious troughs in the subsidence
of all monitoring lines, indicating that the upper seam
had been fully mined. The closer the monitoring line was
away from the coal seam, the wider the subsidence trough
and the steeper the trough margin were. For example, the
subsidence trough of Line G was wider and steeper than
Line A-F. This is because the rock mass close to the coal
seam is seriously damaged and swells, which has a buffer
effect on the subsidence of the rock mass far away from
the coal seam. Although each monitoring line obviously
showed trough characteristics, the trough bottom was not
horizontal, and the subsidence near the start of the mining
panel was larger. The subsidence curves all exhibited fea-
tures that inclined toward the start of the mining panel. In
addition, the subsidence trough of lines ‘F” and ‘G’ (close
to the roof) were not as flat as other monitoring lines. This
effect was due to the movement of the rock mass during
the process of the roof collapse, such as inclination and
stacking, which led to uncoordinated subsidence.

Figure 12b shows the subsidence of the monitoring line
in the lower coal seam mining. A clear trough appeared
on line ‘A’, which was near the surface, indicating that
the lower coal seam had been fully mined. The location of
the subsidence curve near the trough margin was steeper
than that of the upper coal seam mining, which indicated
that multi-seam mining would cause a larger subsidence
difference around the trough margin area. However, the
width of the trough did not change. At the same time, the
uncoordinated subsidence of the rock mass over the goaf
during the upper coal mining also appeared in lines ‘X’
and ‘Y’. However, we also observed that the uncoordinated
subsidence of lines ‘F” and ‘G’ weakened, which indicated
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Fig. 10 Angle of fracture when the two coal seams were mined

that multi-seam mining would cause the rock mass in the
upper goaf to re-adjust its position and settle uniformly.
In Fig. 12b, after the lower coal seam mining, the moni-
toring lines ‘E” ‘F” and ‘G’ exhibited similar characteristics
to the subsidence curve of single-seam mining (Fig. 12a).
That is, the subsidence above the start of the mining panel
was the largest and decreased rapidly as the distance from

a location increased. However, in addition to the three
lines mentioned above, lines ‘A’—‘D’ showed inclinations
toward the start of the mining panel in Fig. 12a, but they
changed to incline toward the end of the mining panel in
Fig. 12b. As shown in Fig. 13, the subsidence curve of line
‘A’ showed an obvious inclination to the start of the min-
ing panel in single-seam mining (the legends ‘Upper-151.0°
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120 ¢ S — (legends ‘Lower-40.0'—‘Lower-73.2’), and then the subsid-
w6 | ’ ence increased suddenly (legend ‘Lower-103.2°). With the
= —&— Lower coal seam .. .
= mining of the lower coal seam, the subsidence trough gradu-
g 80 ally transferred toward the end of the mining panel (legend
g o L ‘Lower-200.0"), and the subsidence curve inclined greatly
f—n at the end of the mining panel.
;E] w We defined the subsidence factor F as follows:
< 20} g
Fs= surface/M 3)
0 : i ; ; : .
% o e - =0 _ = S means the maximal subsidence of surface and M

surface
means the total mining height of coal.

After the upper coal seam was mined out, the maximum
subsidence of the surface was 2.9 cm, and the average sub-
sidence was 2.6 cm. Thus, the maximum subsidence factor
was 0.58 and the average was 0.52. After the lower coal
seam was mined out, the maximum subsidence was 7.4 cm
and the average subsidence was 7.1 cm. Therefore, the maxi-
mum subsidence factor was 0.74 and the average was 0.71.

Location from the start of the mining panel /cm

Fig. 11 Angle of right-fracture when the two coal seams were mined

and ‘Upper-200.0’). With the mining process of the upper
coal seam, the subsidence trough gradually moved toward
the centre of the goaf. However, during the mining pro-
cess of the lower coal seam, the trough widened slightly
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Fig. 12 a Subsidence of the monitoring lines after the upper coal seam was excavated. b Subsidence of the monitoring lines after the lower coal
seam was excavated. (The legends ‘A’—‘G”’ in this figure are same as in Fig. 1)
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Fig. 13 Subsidence of the monitoring line ‘A’ during different processes of excavation. (The legends in this figure stand for the upper or lower

coal seam and the distance of the excavation)

This phenomenon showed that multi-seam mining would
greatly increase the subsidence factor.

During the process of mining the upper coal seam, rock
failure near the goaf is mainly caused by caving. The closer
the stratum is to the start of the mining panel, the weaker
the bloating-breaking effect is. Therefore, after the upper
coal seam is mined, the subsidence of the upper rock strata
tends toward the start of the mining panel. While in lower
coal seam mining, since the rock mass has been inclined to
the start of the mining panel, the rock mass close to the end
of the mining panel will not be crushed and stacked but will
be layered. In particular, there may even be a phenomenon
of filling residual voids near the end of the mining panel.
Therefore, the rock near the end of the mining panel has a
better compaction effect, the subsidence is larger, and the
subsidence curve is steeper. Especially after the effect is
transferred to the surface, the phenomenon that the trough
moves toward the end of the mining panel is more obvious.

4 Conclusions

With the depletion of near-surface coal resources, multi-
seam mining engineering has attracted increasing attention.
However, the mechanism of rock breakage and activation
of the upper goaf have not yet been fully described for min-
ing under an upper goaf. To deepen our understanding of
this issue, we use a physical model experiment to study the
rock strata movement of multi-seam mining in overlapping
double seams that are all fully mined. The regularity of the
interburden breakage caused by multi-seam mining and the
mechanism of deformation and activation of the fractured
rock mass in an overlying upper goaf are analysed. The main
conclusions are as follows:

During the mining process of the lower coal seam, the
interburden at the start of the mining panel exhibits
shear failure, and other locations are characterized by
bending failure of the plate.

The contact position of the caving zone generated by
the periodic weighting of the upper seam mining affects
the load distribution of the interburden and controls the
break interval, which causes the break interval to be
larger near the start and end of the mining panel. Then,
the interval becomes small in the centre of the goaf. The
breakage of the interburden is influenced by this rule,
and the morphology of the caving rock mass presents a
stacking trapezoid. At the same time, the fracture of the
interburden will re-activate the mining-induced fracture
in the overburden and increase the developmental height
and width of the fracture.

Multi-seam mining will transform the fracture zone pro-
duced by single-seam mining into a caving zone within a
certain height range and cause the residual fracture zone
above to bear a greater compressive load. The unloaded
rock mass near the start of the mining panel will be
stacked in layers, while the rock mass close to the end
of the mining panel will directly break to form a wide
fracture.

In full single-seam mining, the surface subsidence
trough is offset to the start of the mining panel. How-
ever, the surface settlement in full multi-seam mining
will be shifted to the end of the mining panel. The sub-
sidence near the end of the mining panel is larger than
that close to the start of the mining panel. Multi-seam
mining will re-adjust the location of the uncoordinated
deformation rock mass generated by caving the old roof
during single-seam mining, which makes the subsidence
more uniform.
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