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Slurry ﬂow in mining-induced overburden fractures is an important theoretical concept for the grouting design of longwall
overburden grout injection engineering. In this study, a visual experimental simulation system of longwall overburden grouting
was designed to study the ﬂow, pressure distribution, consolidation, and ﬁll thickness of ﬂy ash slurry in overburden bedding
separation. Experiments showed that the slurry generates a radial and bidirectional ﬂow during nonpressure grouting and
presents itself as an approximately elliptical dominant ﬂow channel under pressure injection. This channel expanded
horizontally along the strike direction and gradually became tabular. The slurry pressure increased as the grouting time
increased. Although the pressure curves at diﬀerent locations exhibited similar trends, their values did not decrease as the
distance from the borehole center decreased during observations. Bleeding and consolidation occurred in the slurry as soon as it
ﬂowed out of the borehole to the fracture, and the degree of consolidation increased as a function of the distance from the
injection borehole. The bleeding water gathered continually to the boundary of the bedding separation fracture and was then
seeped to and stored by the underlying strata based on the injection pressure. The ﬁnal injection ﬁll is manifested as a half pace
with a large thickness at the center. This research provides a theoretical basis for the design and optimization of overburden
grout injection in underground longwall mining.

1. Introduction
Underground longwall coal mining causes movements and
breakage of strata, thus inducing vertical and horizontal fractures in the overburden [1–6]. The mining-induced fractures
propagate gradually from the gob area to the ground surface
and induce surface subsidence and corresponding environmental damage [7, 8]. Meanwhile, these fractures are the ﬂow
paths of geoﬂuids, such as methane [9], water [10, 11], and
slurry [12–14]; corresponding surface subsidence can be
reduced by ﬁlling these fractures during mining. Grout injection into the overburden bedding fractures is one such
method and is used to control mining subsidence [15–18].
Overburden grout injection involves injecting grout into
mining-induced bedding fractures through surface boreholes
as the longwall advances. These separations are horizontal
fractures formed at the interface of strong and weak rock

layers during mining. The injected ﬁll supports the ground
and reduces surface subsidence. In particular, this technology
has been successfully utilized in the protection of surface
infrastructures [18–22].
The dynamic ﬂow of slurry in the overburden is the basis
of injection design, such as grout take estimation, grouting
pressure determination, and borehole layout. In this regard,
previous research has covered the vertical injection horizon
and ﬂow radius. For example, borehole drilling [8], ground
penetration radar [23], and ﬂuorescent approach [24] have
been used to locate the ﬁnal injection horizon (or injection
layer) in the overburden. Speciﬁcally, Xuan et al. [8] found
that the injection ﬁll is manifested as a primary injection
horizon below a strong and thick rock layer (key stratum)
above the injection borehole. Additionally, the ﬂow radius
of ﬂy ash slurry was tested experimentally through two parallel disks without the simulation of mining [25, 26]. The
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practical ﬂow radius of a single borehole was determined for
longwall overburden injection by using methods of borehole
connectivity [21] and borehole imaging [23]. Studies also
covered the theoretical model of the ﬁnal injection ﬁll distribution that was used to estimate the injection ratio [27].
These studies have prompted the understanding of the
ﬁnal ﬁll in overburden following longwall mining with grouting. However, there is still insuﬃcient research on the dynamic
slurry ﬂow in mining-induced overburden fractures. For the
fractured rock grouting, extensive research has been conducted on grout ﬂow with respect to experimenting and
modeling [28–30]; however, the aperture of the fractures in
this area diﬀers considerably from that in longwall overburden
injection engineering. The longwall-injected target is a fracture
associated with underground mining; it is highly dependent
on the mining height and can reach the meter level that is
much larger than that in fractured rock grouting. Thus, the
ﬂow model in fractured rock is considered inapplicable to
longwall overburden grout injection.
Presently, slurry ﬂow is still unclear for the longwall
injection, at least in terms of the ﬂow channel and slurry
pressure distribution in the bedding separation. Additionally,
the bleeding and consolidation of the commonly used ﬂy ash
slurry that is a typical solid–liquid, two-phase ﬂow, also need
investigation in longwall overburden injection. Geophysical
prospecting methods are considered insuﬃcient to locate
the slurry ﬂow because of a large depth (usually 400–500 m
below ground surface), while borehole drilling can only
reveal the ﬁnal ﬁll distribution at some points instead of the
entire underground bedding separation fracture.
With these issues in mind, this study utilizes an experimental methodology to (a) emulate the process of longwall
overburden grout injection, (b) determine the dynamic ﬂow,
pressure distribution, and consolidation, and (c) ﬁll the
thickness of the slurry with diﬀerent monitoring methods.

2. Materials and Methods
2.1. Theoretical Background. Isolated overburden grout injection is an improved technology for traditional longwall overburden injection [17, 18, 31]. It involves drilling surface
boreholes to the selected key strata followed by the injection
of slurry into the separation fracture below the strata with

Injection pressure

Figure 1: Principle of isolated overburden grout injection [21].

Injection ratio

Figure 2: Four stages of borehole injection pressure during longwall
overburden grout injection [19].

high pump pressure. The high pressure generates a loadtransfer eﬀect that supports the overlying ground and compacts underlying caved and fractured rocks, thus inducing a
support system that bears the ground, and controls surface
subsidence (Figure 1). This technology can increase the subsidence reduction ratio because of an improved injection
ratio of up to 50–60%.
Fly ash slurry, a typical solid–liquid two-phase ﬂuid is
used as the grouting material in injection engineering, and
the borehole grouting pressure can reach 5–6 MPa. Following
the ﬁlling in the separation zone, the slurry undergoes bleeding and consolidation under the action of grouting pressure
and ﬁnally forms a compacted ﬁll body [32]. Because a
mining-induced bedding separation deﬁnes the dynamic
process of the initial formation and enlargement, the injection pressure changes correspondingly, and the ﬂow, bleeding, and consolidation of the slurry also evolve. In this
regard, Teng [33] summarized the overburden grouting pressure in four stages based on actual engineering data: nonpressure, increased pressure, stabilized pressure, and overpressure
(Figure 2). The grouting pressure is zero at ﬁrst. This corresponds to the initial formation stage of the bedding separation. Subsequently, the grouting pressure begins to increase,
thus indicating the diﬀerence between the ﬁlling speed and
the formation speed of the separation fracture gradually
decreases. Furthermore, the pressure reaches the weight of
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Figure 4: Schematic of experimental system used for the emulation.
Table 1: Model laying parameters.
Lithology
Isolation layer
Soft rock layer
Key strata
Immediate roof

Thickness (cm)
1
3
2
3

Material

Ratio

Paraﬃn : hydraulic oil : talcum powder : river sand : straw powder 1 : 2 : 5.7 : 34.2 : 1
Sand : calcium carbonate : gypsum : water
3.5 : 3.5 : 1.5 : 1
Sand : calcium carbonate : gypsum : water
3 : 3.5 : 1.5 : 1
Sand : calcium carbonate : gypsum : water
3.5 : 3.5 : 1.5 : 1

the overlying strata, thus indicating that a stable balance is
formed between the grouting and separation. The overpressure stage that usually occurs at the end stage of grouting
indicates that the grouting speed is greater than the separation rate. The pressure stage provides a basis for experimental
research on ﬂuid ﬂow.
2.2. Experimental System. To study the reproduce of grout
ﬂow in the overburden, we established a similar simulation
system to emulate the overburden grouting process during
underground mining with grouting. The system includes
the main frame, grouting system, monitoring sensor, and
acquisition software (Figure 3).
The main frame is made of a transparent Perspex sheet
which can visualize the slurry ﬂow. The inner dimensions
of the frame are 1000 × 300 × 100 mm in length, width, and
height. It is used to emulate coal seams, overlying strata,
and the bedding separation fracture intended to be injected.
At the bottom of the main frame is a movable thin slab with
length, width, and thickness of 100, 20, and 1 cm, respectively, which is used to emulate coal seam. The move of the

Layers

Strength
(kPa)

2
3
2
3

95
70
78
70

thin slab emulates the coal-mining process and the formation
of the gob area. A width of 5 cm is left between the two sides
of the thin plate and the inner boundary of the frame to emulate the coal pillars on both sides of the longwall panel. Similar materials are laid above the thin slab in layers. These
include the immediate roof, the main roof, the soft rock layer,
and the isolation layer from bottom to top, with the thicknesses of 3, 2, 3, and 1 cm, respectively (Figure 4).
The immediate roof, main roof, and soft rock layers
are made of sand, calcium carbonate, gypsum, and water.
These layers are used to emulate the caved and fractured
zones above the gob area. The isolation layer is made of
paraﬃn wax, hydraulic oil, talcum powder, river sand,
straw powder, and water, with a solid–phase material ratio
of 1 : 2 : 5.7 : 34.2 : 1. The isolation layer directly below the separation fracture allows for nondisintegration, thus preventing
the bleeding water from entering the lower rock layers and
causing disintegration. The material ratio and characteristics of each rock layer are listed in Table 1. When laying
each rock layer, mica was placed between layers to emulate
the bedding. A space with a height of 0.5 cm was placed
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Figure 6: Injection material. (a) Fly ash and (b) injection slurry.

between the isolation layer and the upper cover plate of the
main frame to emulate the initial separation zone that was
intended to be injected.
The grouting system included a slurry mixer, a grouting
pump, pipelines, and a borehole. The borehole is located at
the top of the main frame. To monitor the slurry pressure
at diﬀerent positions in the separation fracture, four pressure
sensors (#1–4 in Figure 5) are evenly arranged on the center
line of the upper cover plate of the main frame. Their distances to the holes are 20, 40, 60, and 80 cm and are used to
reﬂect the pressure diﬀerence at diﬀerent positions. The
thickness of the injection ﬁll body was determined by monitoring the displacement of the lower isolation layer subject to
the separation fracture. For this reason, three displacement
sensors (S1–S3 in Figure 5) are arranged at equal intervals
in the inclination direction of the main frame and are used
to reﬂect the thickness diﬀerences in the boundary and the
middle of the fracture. The relative positions of the pressure
displacement sensor, borehole, and longwall working face
are shown in Figure 5.
2.3. Experimental Methods. According to an engineering of
isolated overburden grout injection, the ﬂy ash slurry was
selected as the injection material with a water-to-ﬂy ash ratio
of 1.6 : 1 (Figure 6). The grouting ﬂow rate was determined to
be 300 ml/min. Before the extraction of the longwall face,
grout was injected into the preset separation fracture until
the injection pressure is formed, so as to simulate the ﬂow

of slurry in the nonpressure stage. Once the pressure
develops, grouting during mining begins. The thin plate
was extracted at a distance of 15 cm from the frame every
10 min to emulate the mining distance, and the coal seam
was mined for six times. During this process, grouting in
the bedding separation zone was performed simultaneously,
and the slurry pressure and displacement of the isolation
layer were monitored. To monitor the ﬂow channel and consolidation of the slurry, a camera was used to capture pictures
on the upper surface of the model for observation continually. In the grouting process, a colored tracer was added to
the slurry to enhance the display of the results.

3. Results and Discussion
3.1. Slurry Flow. The slurry ﬂow under the nonpressure and
pressure stages are described based on the photographic
monitoring results. During the nonpressure stage, the slurry
ﬂow manifested in two successive stages, namely, radial and
bidirectional. During the radial ﬂow stage, the slurry presented an approximate circular ﬂow centered on the grouting
hole, and the radius of the slurry diﬀusion increased as a
function of the grouting time. When the front part of the
slurry reached the boundary of the bedding separation zone,
the slurry was transferred to the bidirectional ﬂow because of
the boundary constraint, that is, a planar ﬂow along the left
and right sides of the borehole (Figure 7). When the front
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Figure 7: Slurry ﬂow during nonpressure injection. (a) Radial ﬂow (0–90 s). (b) Bidirectional ﬂow (90–630 s).

(a)

(b)

(c)

Figure 8: Slurry ﬂow channel during pressurized injection. (a) 810 s, (b) 1170 s, and (c) 1770 s.

of the slurry reached the right boundary, the slurry changed
to one-sided ﬂow owing to the boundary constraint.
Subject to the applied pressure, the slurry ﬂow was no
longer the plan ﬂow, as in the case of nonpressure stage,
but a dominant ﬂow channel appeared. The channel was

approximately elliptic with respect to the center of the grouting. As the grouting volume increased, the size of the channel
expanded (Figure 8). The dominant ﬂow channel expanded
along the strike direction (i.e., face advance direction), and
the channel width was smaller than its length before it
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Figure 10: Evolution of slurry ﬂow channel. (a) 2730 s, (b) 3030 s, and (c) 3390 s.

reached the strike boundary of the separation zone. To
characterize the dominant ﬂow channel, we deﬁned a ﬂow
channel coeﬃcient k as the ratio of the channel length to
its width.
As the grouting volume and pressure continued to
increase, the newly injected grout exerted the induced stress
on the existing grout so that a shear channel was formed in
the early-ﬁlled grout and allowed the new grout to ﬂow along
this channel. Meanwhile, the dominant ﬂow channel was
evolving: the value of k continued to increase as the grouting
time elapsed and is approximately linearly correlated with
time (Figure 9). That is, the dominant ﬂow channel gradually
developed into a tabular shape (Figure 10). This is because
the consolidation and deposition of the grout at the trend
boundary occurred continually (refer to section 3.3).
3.2. Grouting Pressure Distribution. The grouting pressure
distribution in the bedding separation fracture is an important factor that aﬀects the slurry ﬂow. It was found that the

pressure at any point in the bedding separation increased as
a function of the grouting time, and the pressure curves at
diﬀerent positions exhibited similar trends (Figure 11(a)).
However, the pressure at diﬀerent points in the separation
was not equal. The grouting pressure decreased as a function
of distance from the grouting hole, but the reduction was not
large. In particular, the pressure diﬀerences for diﬀerent positions gradually decreased as the injection time elapsed
(Figure 11(b)). Setting of the grouting time at 1200 s (initial
injection stage) generated the following pressures at sensors
#1–4 of 82%, 43%, 36%, and 7% of the hole pressure, respectively, while the pressure at #4 (farthest from the borehole)
was just 9% of that at #1 (nearest to the borehole). If the
grouting time was set at 3000 s (the end of grouting), the
pressures at sensors #1–4 reached 98%, 93%, 92%, and 28%,
of the hole pressure, and the pressures at sensors #1–3 were
almost the same. The results showed that the grouting pressure decreased along the direction of slurry ﬂow, but the differences were limited. It also indicated that the pressure at
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Figure 11: Slurry pressure as a function of (a) injection time and (b) distance.

any position can reﬂect the pressure trend in the entire bedding separation fracture.
3.3. Slurry Consolidation and Fill Distribution. To determine
the consolidation characteristics of the slurry, it is necessary
to determine the deposition rate of solid particles in the
slurry. Water in the ﬂy ash slurry serves as a carrier of solid
particles. The ﬂow velocity of the solid particles gradually
decreases because of the bleeding of the slurry and ﬁnal
deposition. To prevent solid particles from depositing, the
ﬂow velocity should be greater than the critical nonsilting
velocity [34]:
1/4 
vc = 0:2 1 + 3:4C1/3
β,
w D

ð1Þ

where vc is the critical nonsilting velocity, C w is the speciﬁc
concentration of the solid mass, D is the width of the ﬂow
channel, and β is a coeﬃcient that satisﬁes
β = ðrs − 1Þ/1:7,

ð2Þ

where r s is the density of the ash particles. By substituting
Equation (2) in Equation (1), we obtain

1/4
vc = 0:12 1 + 3:4C 1/3
ðr s − 1Þ:
w D

ð3Þ

According to Equation (3), the critical nonsilting velocity
of solid particles in ﬂy ash slurry was determined to be
0.4 m/s.
The ﬂow velocity of the slurry injected into the bedding
separation fracture was constrained by the ﬂow rate and the
size of the separation fracture, and satisﬁed
v = Q/wh,

ð4Þ

where Q is the grouting ﬂow, w is the separation fracture
width, and h is the separation fracture height. According to

Equation (4), the velocity of the injected slurry at the bedding
separation fracture was 0.0033 m/s, or just 0.8% of the critical
nonsilting velocity. This indicates that the solid particle
deposits (or the bleeding of slurry) occurred quickly following its entry from the borehole to the fracture. This was also
veriﬁed in the experiment of the slurry ﬂow.
The consolidation rate of the slurry at diﬀerent positions
of the bedding separation zone was not the same and was
closely related to the slurry velocity. If the ﬂow rate was
low, the solid particles were expected to deposit fast; otherwise, the consolidation rate would be slower. Owing to the
restriction of the boundary in the width direction, the ﬂow
velocity was smaller than that along the strike direction,
and both were less than the critical nonsilting velocity. Therefore, the bleeding velocity in the width direction was greater
than that in the strike direction. At distances closer to the
boundary, the velocity was smaller. Therefore, the consolidation degree increased as the distance from the center increased
along the width direction. The bleeding water gathered in the
most anterior part of the slurry and formed a “water belt.” The
“water belt” moved to the boundary of the bedding separation
zone subject to continuous pushing of the newly injected
slurry. Finally, because of the action of the grouting pressure,
the water in the “water belt” ﬂowed to the underlying rock
mass and was stored. Figure 12 shows the consolidation of
the slurry in the separation fracture zone.
The ﬁll thickness distribution in the width direction was
determined with displacement sensors. In the initial stage
of grouting (0–1200 s), there was no signiﬁcant diﬀerence in
the ﬁll thickness, and the boundary ﬁll thickness accounted
for 84% of that in the center (Figure 13). As the gob volume
increased, the amount of grouting also increased. Subject to
the combined action of the mining eﬀect and grouting pressure, the isolation layer began to exhibit deﬂection deformation that further allowed a large injectable space. At the end
of mining (3000 s), the ﬁll thickness direction was diﬀerent
along the width direction. The thickness was approximately
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0.53 mm on both sides (and accounted for 5.3% of the mining
height), whereas that in the center reached 13.61 mm, and
accounted for 86.1% of the mining height. Thus, the thickness of the boundary ﬁll was only 3.8% of that in the center,
and the injection ﬁll thickness distribution manifested as half
pace, which is consistent with the model as described in [27].
This also indicates that the caved and fractured rocks are further compacted when subjected to the action of grouting
pressure, thus allowing a larger injectable space above the isolation layer.

4. Conclusions
Mining-induced fractures formed in overburden by longwall
mining are the key reasons for surface subsidence. Overburden grout injection technology uses these fractures to control
mining subsidence. In this study, the ﬂow of slurry in overburden fractures was studied experimentally.
The characteristics of slurry ﬂow subject to nonpressure
and pressure were obtained by photographic monitoring. In
the nonpressure stage, slurry ﬂows were manifested in the

radial and bidirectional stages successively. In the pressure
stage, the ﬂow was presented as an almost elliptic dominant
ﬂow channel with its center on the grouting hole. This channel expanded gradually along the strike direction, and its size
increased continually. The ﬂow channel coeﬃcient was proposed to represent the dominant channel at diﬀerent pressure conditions. This increased in an eﬃcient manner as
the grouting time elapsed. This was attributed to the consolidation of the slurry at the boundary.
The distribution of the slurry pressure in the mining separation fracture was also revealed. The pressure at any point
in the bedding separation increased as a function of grouting
time. However, the pressure at diﬀerent points in the separation was not equal. The grouting pressure decreased away
from the grouting hole, but the reduction was not large. Nevertheless, it is interesting that the pressure curves at diﬀerent
positions exhibited similar trends. This provided the basis for
the determination of borehole connectivity and pressure
monitoring during longwall overburden grout injection.
The consolidation characteristics of the slurry were
obtained. After entering the separation fracture, the ﬂow
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velocity decreased signiﬁcantly. This resulted in the deposition of solid particles and in the bleeding of the slurry. The
slurry consolidation rate was not the same at each position,
and it was greater in the width direction than that in the
strike direction. In particular, the closer the slurry was to
the boundary, the smaller the velocity. That is, the farther
from the borehole, the greater the degree of slurry consolidation. The bleeding water gathered at the anterior part of the
slurry and formed a “water belt,” which moved to the boundary of the bedding fracture. Finally, the water in the “water
belt” ﬂowed toward the underlying rock mass and was stored
because of the action of the grouting pressure. The ﬁll thickness increased as a function of the grouting and mining
times. This indicated that the caved and fractured rock mass
was further compacted that allowed a large injectable space
above the isolation layer. This ﬁnding may improve the estimation of the injection ratio.
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