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Abstract: To address the problem of surface subsidence caused by the compression of filling gangue
in deep mines, a layered compaction test was designed based on the zonation of the failure of the
overburden in the goaf and layered property of the filling gangue. The deformation characteristics of
filling gangue in natural and water-bearing states were obtained. The deformation of filling gangue
during the 0~100 kN loading stage was an approximately positive S-type, which reflects the relative
“advancement” in terms of deformation. The filling gangue deformation in the 100~500 kN loading
stage was an approximately inverted S-type, which reflects the relative “lag” in terms of deformation.
In a natural state, the load-time curves of the dead load stage were consistent. Under a water-
bearing condition, the load-time curve for the dead load stage had apparent “step” characteristics
and presented a special phenomenon of displacement rebound. Under gradient loading, the strain
showed an exponential growth model, and energy dissipation showed a logarithmic growth model.
Under a natural state, the energy dissipation showed consistently increasing distribution patterns,
while the energy dissipation showed a normal distribution model under the water-bearing state.

Keywords: mining subsidence control; backfill mining; gangue backfill zone; deformation characteristics

1. Introduction

After gangue filling mining underground, owing to gravity and upper load, a series of
bending, subsidence, rupture, and moving damage occur in the overlying strata. Consider-
ing the long wall mining method as an example, the overlying rocks affected by gangue
mining are divided into fracture and bending failure zones after mining [1–3]. Filling
gangues can have different degrees of deformation under the conditions of self-weight and
overlying rock load, with deformation characteristics being directly related to the height of
a developing water-conducting fracture zone of overlying rock and the surface stability of
the goaf [4–6].

With the in-depth development of green mining in coal mines and the rapid devel-
opment of infrastructure (e.g., national expressways and high-speed railways), research
on the compression characteristics of crushed rock masses (e.g., filling gangue, old goaf
collapse zone rock, rockfill body) is increasing. Zhou et al. [7] investigated the compaction
deformation and time dependence characteristics of filling gangues through a series of
compaction experiments. The gangue underwent three separate stages of compressive
deformation: rapid, slow, and stable. The energy density of gangues increased nonlinearly
as the strain increased, and the dissipated energy accounted for 10%, 20%, and 70% of the
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total energy of the three compressive deformation stages, respectively. Correlation studies
indicate that particle crushing is related to particle strength [8], loading mode [9] particle
size distribution [10–12], and fractal characteristics [13], etc.

The mechanical parameters of rock mass, such as its strength, internal friction angle,
and cohesion, clearly decrease under saturated water conditions [14–17]. To examine
the role of water in the compression process of crushed rock, scholars have conducted
compression tests for rock mass with different dipping heights and water contents [18,19].
The compression of the broken rock mass can result in a denser structure, which may affect
the permeability of the broken rock mass. The denser the compression of the broken rock
mass, the lower the permeability [20,21]. In order to obtain more accurate destruction
characteristics in terms of filling gangue, deep learning and other methods have been
introduced into the study of the compression deformation of filling gangue [22,23]. The
addition of grouting materials such as fly ash has significantly improved the compression
resistance of filling gangue [24].

After filling the goaf with gangue, the roof still collapses owing to the influence of
filling gangue compression and other factors. As shown in Figure 1, the failure zones with
regard to the overburden rock in the goaf filled with gangue are a block articulated belt,
quasi-continuous belt, and bending subsidence zone. The corresponding rock structure is
fractured, block fractured, and made up of complete structures. The filling gangue also has
a stratification phenomenon under the influence of self-weight [25,26]. The fractured, block
fractured, and complete structures on the filling gangue can be regarded as the source of
the compaction load of the filling gangue [26,27].

Figure 1. Zoned failure of gangue filling strata.

Research objects are often a single particle size or simply mixed filling gangue. The
stratification of mining-induced rock structures above filling gangue is given less consid-
eration. Most of loading methods involve linear loading. Such study methods cannot
accurately reflect the compaction evolution rule of gangue filling in the goaf. In this paper,
the integral stratification of overlying strata is simulated by gradient loading. The local
stratification of filling gangue is simulated by stratified laying. In order to simulate the
water environment in the goaf, two compression tests, involving natural drying and water
filling, were designed.

2. Test Method
2.1. Test Instrument

The experimental control system comprises a console and a servo loading system.
The servo loading system has two parts: the water pressure and quantity double control
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servo system and the displacement stress double control servo system. The entire process
is automatically controlled by computer. The overall experimental system is shown in
Figure 2. During the experiment, real-time monitoring and the acquisition of displacement,
load, water pressure, and water quantity can be realized. The sampling frequency can be
set according to the different experimental contents. The axial pressure is ≤600 kN, test
chamber diameter is 400 mm, and test chamber height is 680 mm.

Figure 2. Testing system. 1—Console. 2—Hydraulic pressure double control servo system.
3—Displacement stress double control servo system. 4—Loading system.

2.2. Test Design

The experimental filling gangue was taken from a coal mine and mainly composed of
sandstone, limestone, and mudstone. It was broken into small blocks with particle sizes of
less than 60 mm and screened using sieves with apertures of 15, 30, 45, and 60 mm. The
filling gangue, mixed with four grades of different types of lithology, was layered while it
was loaded into the chamber bin.

The settings of the loading parameters were mainly determined by two factors. One
aim was to represent the site conditions as much as possible, the other was the performance
of the equipment. To simplify the operation, the axial loads at all levels were set to 100, 200,
300, 400, and 500 kN, respectively. The loading rate was in the loading stage, and loading
time of per load gradient in the dead load stage in a natural state was 9000 s. A water
pressure of 0.2 MPa was added to the test system in a saturated state. Considering that the
pump cannot be pressured for a long time, the corresponding axial load in the test was
maintained at 1800 s.

During the compression process, the displacement sensor recorded displacement every
0.18 s. The change in displacement of the filling gangue with axial pressure was analyzed,
and the curve for the displacement–load function was obtained.

3. Compaction Test under Natural Conditions
3.1. Test Results

There are three types of filling gangue under natural conditions, namely, 0~15 mm,
23.72 kg; 15~30 mm, 28.20 kg; and 30~60 mm, 51.28 kg, with laying heights of 20, 20, and
22 cm, respectively. We increased the axial load step by step until the test was completed.
The time–load and time–displacement curves are shown in Figure 3. The variation in
natural filling gangue parameters during compaction is presented in Table 1.
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Figure 3. Time–load, time–displacement curves in a natural state.

Table 1. Displacement variation of the filling gangue in a natural state.

Experimental Stage
Displacement

Origin/mm End/mm D-Value/mm Strain

0~100 kN loading 0.000 63.700 63.700 0.103
100 kN dead load 63.700 67.890 4.190 0.007

100~200 kN loading 67.890 104.460 36.570 0.059
200 kN dead load 104.460 110.100 5.640 0.009

200~300 kN loading 110.100 134.880 24.780 0.040
300 kN dead load 134.880 144.140 9.260 0.015

300~400 kN loading 144.140 159.540 15.400 0.025
400 kN dead load 159.540 166.060 6.520 0.011

400~500 kN loading 166.060 179.100 13.040 0.021
500 kN dead load 179.100 185.600 6.500 0.010

The change in shape of filling gangue in the natural state after compaction is shown
in Figure 4. A large stress concentration with diameter of 40~60 mm is produced at the
edge and corner of the filling gangue, which results in the destruction of edges and corners
of the filling gangue and more debris fills in the crevice. In contrast to the block before
compaction, the block, similar to a cuboid, is broken and it becomes smoother, and there is
an apparent mutual dislocation between the blocks. A particle size of 20~40 mm is more
compact. Certain mudstones are comminuted, sandstone is less destroyed, and the crushed
small blocks are mostly spindles. Rock blocks in the range of 0~20 mm in size are denser,
and a caking phenomenon occurs in the process of taking out the test material.

In the test, during the loading process from the initial stage within 100 kN, there
wer obvious cracks and vibrations in the test chamber, which were mainly owing to the
existence of a larger gap between the filling gangue with larger particle sizes. Moreover, the
edges and angles were relatively sharp, and the rock blocks were compacted and produced
a large break or rotation. In the process of 100~200 kN gradient loading, there was no
breaking sound but a certain vibration. During 200~300, 300~400, and 400~500 kN gradient
loading, the vibration was weak.
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Figure 4. Loading stress–displacement curve at each loading stage. (a) 0~100 kN; (b) 100~200 kN;
(c) 200~300 kN; (d) 300~400 kN; (e) 400~500 kN.

3.2. Characteristics of Displacement Variation in the Loading Stage

During the loading process, the stress–axial displacement curve for 0~100 kN is of an
inverted S-type (Figure 4a), and during 100~200, 200~300, 300~400, and 400~500 kN, the
stress–axial displacement curve is a positive S-type (Figure 4b–e).

The main reason for the 0~100 kN loading curve being an inverted S-type is because,
in the initial loading stage, the gangue is filled in an approximate free state. Even if there is
a certain loading force, its void is larger, and there is a relatively larger space for rotation
and compaction, etc. The change in axial displacement is faster than the change in stress.
This process is the first half of the inverted S-type, which can be referred to as the relative
“forward” of deformation. When the axial pressure reaches a certain value, filling gangue
interactions form a certain support structure, resulting in a reaction force on the loading
test head. The change in axial displacement increases slowly relative to the change in stress,
and this process is known as second half of the inverted S-type.
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During the process of loading greater than 100 kN, the main reason for the first
half of loading being a positive S-type is, under a dead load, the filling gangue forms a
temporary stable structure, with the movement space for filling gangue being small and
the compaction degree being high. To break this stable structure, a larger force is required.
Before breaking the stable structure, the overall deformation of the filling gangue is smaller;
however, after breaking the temporary stable structure, the deformation shows a trend of
rapid growth which can be called the relative “lag” of deformation.

3.3. Characteristics of Displacement Variation in the Dead Load Stage

The change in axial displacement in the dead load stage is shown in Figure 5. The
curves of axial displacement and time show consistency and can be fitted by a logarithmic
curve. The axial displacement initially increases rapidly during the dead load stage, then
slows down gradually. At the end of dead load stage, it tends to be stable.

Figure 5. Displacement–time curve for gradient loads in a natural state. (a) 100 kN; (b) 200 kN;
(c) 300 kN; (d) 400 kN; (e) 500 kN.
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3.4. Comparison of Deformation in the Loading and Dead Load Stages

As shown in Table 1 and Figure 6, the total displacement in terms of the filling gangue
compaction test is 185.60 mm, while the displacement of the loading stage is 154.77 mm,
which accounts for 83.39% of the total displacement. The displacement of the dead load
stage is 30.83 mm, accounting for 16.61% of the total displacement. The loading stage is
the main component of the strain. The results show that the compaction effect of filling
gangue is more apparent with an increase in load. The fast subsidence of overlying strata
has a more marked effect on the compaction process of filling gangue in the goaf, and the
slow subsidence after the overlying strata is stable and has little effect on the compaction
of the filling gangue. This corresponds to the fact that the constructions built above the
goaf after the movement of the overlying rock are stable. When the stress value increases
under loading, the strain value increases with no time delay. However, when the stress is
stabilized at a constant value under dead load, the strain value continues to increment, but
at a significantly reduced rate.

Figure 6. Displacement increments and proportional distribution in natural state. (a) Displacement
increments; (b) proportional distribution.

As shown in Table 1 and Figure 6, the displacement increment of each loading stage is
63.7, 37.84, 24.79, 15.40, and 13.04 mm, respectively, with these gradually decreasing. The
percentage of each loading stage displacement increment to the displacement increment
of the load gradient is 93.98%, 89.44%, 72.80%, 70.26%, and 66.73%, respectively, and the
proportion of the loading displacement also decreases gradually. During the dead load
stage, the displacement increment of each dead load stage is 4.08, 4.47, 9.26, 6.52, and
6.50 mm, respectively. The change in displacement increment is small, with a maximum
difference of 5.18 mm. For a 300 kN dead load, the displacement increment has the
maximum value. The dead load displacement of the five dead load stages for 0~500 kN is
6.01%, 10.12%, 27.20%, 29.70%, and 33.20% of the total displacement of the loading stage
and the dead load stage, respectively. The percentage of dead load displacement increases
gradually. The compaction effect of the loading stage is more apparent in the process of the
re-compaction of filling gangue in the goaf, and the loading stage plays a controlling role
in the displacement of the filling gangue.

4. Compaction Test in a Saturated State
4.1. Test Results

Based on the natural state test method, when a saturated state compaction test was
performed, the filling gangue was soaked for 5 h and a water pressure of 0.2 MPa was
applied by the test system. The time–load and time–displacement curves are shown
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in Figure 7. The variation in filling gangue parameters in the saturated state during
compaction is presented in Table 2.

Figure 7. Time–load and time–displacement curves in the saturated state.

Table 2. Variation in rock parameters in the saturated water state.

Experimental Stage
Deformation

Origin/mm End/mm D-Value/mm Strain

0~100 kN loading 0 39.86 39.86 0.0699
100 kN dead load 39.86 46.33 6.47 0.0114

100~200 kN loading 46.33 75.46 29.13 0.0511
200 kN dead load 75.46 83.82 8.36 0.0147

200~300 kN loading 83.82 103.18 19.36 0.0340
300 kN dead load 103.18 115.61 12.43 0.0218

300~400 kN loading 115.61 123.02 7.41 0.0130
400 kN dead load 123.02 127.85 4.83 0.0085

400~500 kN loading 127.85 132.82 4.97 0.0087
500 kN dead load 132.82 136.21 3.39 0.0059

The compaction of the filling gangue in the saturated state (Figure 7) shows that rock
blocks with particle sizes of 40~60 mm are more broken than those in the natural state; the
larger mudstone blocks produce splitting failure, the crushed mudstone mass has a muddy
phenomenon, and the sand rock mass is relatively intact. With a particle size in the range
of 0~40 mm, the rock block is more compacted, and the phenomenon of fragmentation is
more evident.

During the loading process from the beginning of the test to 100 kN, the sound and
vibration of the rupture in the test chamber were relatively mild compared with those
in the natural state. This is because there is a large gap between larger particle sizes in
filling gangue. The lubrication effect of water helps to adjust the angle of the rock block
and reduces the strength of the filling gangue, thereby reducing the severe compression
between the filling gangue. Therefore, no break sound was produced during a gradient
loading of 100~500 kN; however, a shock was produced.

4.2. Characteristics of the Displacement Variation in the Loading Stage

As shown in Figure 8, the stress–displacement curve for the 0~100 kN loading process
stage is special. In the 0~45 kN interval, the stress continues to increase. However, the
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strain variation is small. This is because the loading cylinder pressure head and the test
cylinder are not completely coaxial, leading to a great amount of friction between the
loading cylinder seal ring and the side wall of the test cylinder, with the data of the interval
section excluded. The loading process between the 45~100 kN also shows an inverted
S-type curve, which is consistent with the natural state. The 100~500 kN loading stages are
also approximately a positive S-type.

Figure 8. Stress–displacement curve at each stage of saturated loading. (a) 0~100 kN; (b) 100~200 kN;
(c) 200~300 kN; (d) 300~400 kN; (e) 400~500 kN loading.

4.3. Characteristics of the Displacement Variation in the Dead Load Stage

As shown in Figure 9, each stage of dead loading in saturated water has obvious
“step” characteristics compared with natural state. As shown in Figure 9a,b, the axial



Sustainability 2022, 14, 15517 10 of 16

displacements of 100 and 200 kN during dead loading appear as distinct step-like rises.
As shown in Figure 9a, during the process of the dead loading of 100 kN, there are three
high step displacement elevations, with the maximum step displacement rise being close
to 2 mm, and a special phenomenon in terms of displacement rebound appears, indicating
that the entire structure of the filling gangue changes. As shown in Figure 9b, there are
also three step displacement elevations during the 200 kN dead load process. However,
the displacement lifting amplitude is smaller, and the maximum lifting displacement is
approximately 0.5 mm. Referring to the time–axial displacement curve for the 300, 400,
and 500 dead loading processes, as shown in Figure 9c–e, the obvious “step” displacement
lifting disappears. The axial displacement still increases, but the increment decreases,
especially during the 500 kN dead load stage. This indicates that the filling gangue is more
fully compressed and more stable under the water-bearing condition.

Figure 9. Displacement–time curve for gradient dead load in saturated water. (a) 100 kN; (b) 200 kN;
(c) 300 kN; (d) 400 kN; (e) 500 kN.
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The main reasons for the “step” increase in displacement are as follows: on the basis of
the change in displacement caused by the small particle sliding filling gap, the increase in
axial displacement is mainly due to the fact that a relatively stable supporting structure is
formed by the overlap of larger particles in the filling gangue or the angled filling gangue
and the fact that the friction coefficient between the filling gangue can be reduced under the
effect of water lubrication, producing a large displacement slip, with the position adjustment
between the filling gangue being larger, which results in “step” displacement lifting.

The “step” displacement disappears. As the load gradually increases, the filling
gangue becomes gradually compacted, with the position adjustment between the filling
gangues now completed. The compaction of the filling gangue in the goaf is more adequate
than that in the goaf containing water, and the sinking value of the roof strata increases
owing to the softening effect of the water.

4.4. Comparison of the Deformation in the Loading and Dead Load Stages

As shown in Table 2 and Figure 10, the total displacement in terms of the filling gangue
compaction test is 136.21 mm, while the loading stage and dead load stage displacements
are 100.73 mm and 35.48 mm, accounting for 73.95% and 26.05% of the total displacement,
respectively. Similar to the natural state, the strain component is a major component of the
strain during the loading stage.

Figure 10. Displacement increments and proportional distribution in the saturated state. (a) Displace-
ment increments; (b) proportional distribution.

As shown in Figure 10, the displacements during the loading stage are 39.86, 29.13, 19.36,
7.41, and 4.97 mm, respectively, and thus gradually reduce. The percentages of the loading
displacement to the total displacement of the load gradient are 86.03%, 77.70%, 60.90%, 60.54%,
and 59.45%, respectively. Evidently, the proportion of the loading displacement decreases
gradually. During the dead load stage, the displacements are 6.47, 8.36, 12.43, and 4.83 mm,
respectively, and the maximum displacement is 9.04 mm. Corresponding to the natural
state compaction, 300 kN is also the maximum displacement increment. The percentages
of the dead load displacement to the total displacement of the load gradient are 13.97%,
22.30%, 39.10%, 39.46%, and 40.55%, respectively. Evidently, the percentage of the dead load
displacement increases gradually.

5. Energy Dissipation of the Filling Gangue

During the compaction process, crushed rock void closure, friction slip, and extrusion
failure are all required to dissipate energy, and the friction between the crushed rock and
cylinder wall is also required to dissipate energy. The work performed by the testing
machine on the crushed rock is the energy dissipated by the crushed rock [26]. Meanwhile,



Sustainability 2022, 14, 15517 12 of 16

the work performed by the testing machine on the unit volume crushed rock can be
expressed as follows:

WZ =
∫ εa

0
σdε (1)

The axial compaction stress consists of a portion of the friction between the crushed
rock and the steel cylinder. When the axial compaction stress is σ, the lateral stress is
σb = λσ, caused by the obstruction of lateral deformation. According to the existing
experimental results, the lateral pressure coefficient is 0.43 [28]. The resulting friction is
µλσ(πDH), with µ being the coefficient of friction between the broken rock and side wall,
approximately 0.25 [29], based on which the energy dissipation of friction between the
crushed stone and steel cylinder is estimated:

Wm =
∫ εa

0
µλσπDH

Hdε

2
= 2µλ

H
D

WZ (2)

In the formula, H and D are the crushed rock height and diameter, respectively.
H = 620 mm, H/D = 1.55, the energy dissipation of friction between the crushed stone and
cylinder wall is 33% of the work of the compaction load, and the other 67% of energy
dissipation is used to close the void left by the crushed stone, the friction slip between the
crushed stone, and extrusion failure.

Table 3 and Figures 11 and 12 show that both in the natural and water-bearing states,
the strain and energy dissipation values show a consistent increase during the loading
stage. The difference is that the strain is logarithmic, whereas the energy dissipation is
exponential. In the natural state, for both the loading and dead load stages, the energy
dissipation shows that the larger the load gradient, the larger the increase in amplitude.
In the water-bearing state, the energy dissipation shows a trend of normal distribution
regardless of the dead load stage in the loading stage. This is because in the natural state,
the deformation shows lag, which is more beneficial to the increase in energy dissipation
by the later load. In the water-bearing state, owing to the lubrication and softening of
water, the deformation lag is not apparent and even shows advance. Therefore, it is more
beneficial to increase the energy dissipation in the early stage.

Table 3. Energy dissipation of the filling gangue.

Experimental Stage Strain Stage
Ratio (%)

E-d
(MJ·m−3)

Stage
Ratio (%) Strain Stage

Ratio (%)
E-d

(MJ·m−3)
Stage

Ratio (%)
0~100 kN loading 0.103 93.64 0.03807 87.72 0.0699 85.98 0.03739 80.90
100 kN dead load 0.007 6.36 0.00533 12.28 0.0114 14.02 0.00883 19.10

100~200 kN loading 0.059 86.76 0.07057 82.99 0.0511 77.66 0.06182 72.58
200 kN dead load 0.009 13.24 0.01446 17.01 0.0147 22.34 0.02336 27.42

200~300 kN loading 0.040 72.73 0.08168 69.46 0.0340 60.93 0.06875 57.02
300 kN dead load 0.015 27.27 0.03591 30.54 0.0218 39.07 0.05183 42.98

300~400 kN loading 0.025 69.44 0.07052 67.80 0.0130 60.47 0.03722 55.64
400 kN dead load 0.011 30.56 0.03349 32.20 0.0085 39.53 0.02967 44.36

400~500 kN loading 0.021 67.74 0.07733 64.94 0.0087 59.59 0.02984 56.85
500 kN dead load 0.010 32.26 0.04175 35.06 0.0059 40.41 0.02295 43.15

Note: Green stands for natural state, brown stands for water-bearing state, and E-d stands for energy dissipation.

As the test time is relatively long in the natural state and as high pressure cannot
be maintained for a long time in the water-bearing state, the stress is unloaded and the
deformation appears to spring back in Figure 12, leading to the spring back of the energy
dissipation. However, the order of magnitude is quite small, which does not affect the
test results.
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Figure 11. Strain and energy dissipation vs. load curve in natural state.

Figure 12. Strain and energy dissipation vs. load curve in saturated state.
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A physical diagram of the packed filling gangue is shown in Figure 13. In the natural
state, after the compaction of the filling gangue, the edges and corners of the filling gangue
are mostly damaged, more debris is filled in the gaps, and there is an agglomeration
phenomenon. In the saturated state, when compared with the natural state, the rock blocks
are split and damaged, and there is mudification. Different compaction disruption features
reflect different energy dissipation features.

Figure 13. Morphology of broken rocks: (a) natural state; (b) saturated state.

6. Discussion and Conclusions

The compression deformation of filling gangue determines surface subsidence. Through
the drying and water filling compression test of a layered filling gangue, the deformation
characteristics of the deep filling gangue were represented as extensively as possible. The
influence of the gravity of mining-induced broken rock, water, and filling gangue on the
deformation characteristics was analyzed.

(1) Gradient loading stage: the results of the natural state test are consistent with those
in the saturated state. During the loading process, the displacement–load curve for
0~100 kN is an inverted S-type, and 100~200, 200~300, 300~400, and 400~500 kN are
of a positive S-type. Similar to the natural state, the displacement in the loading stage
is the main component of the total displacement. However, the proportion of the
loading displacement decreases gradually with an increase in load gradient in the
water-saturated state.

(2) Dead load stage: the displacement–time curve for each dead load test stage in the
natural state is consistent, and the displacement increment of the dead load stage is
small. However, the percentage of the dead load displacement gradually increases.
Compared with the natural state, the axial displacement of the water-saturated state
has evident “step” characteristics. The deformation in the dead load stage of the
water-saturated state is higher than that of the natural state. When the natural and
water-saturated states are 300 kN, the dead load deformation is the largest.

(3) For both natural and water-bearing states, in the loading stage, with an increase
in load, the strain and energy dissipation consistently increase. The difference is
that the strain shows a logarithmic increase, while the energy dissipation shows an
exponential increase. In the natural state, whether in the loading stage or in the
dead load stage, the larger the load gradient, the greater the increase in range. In the
water-bearing state, whether in the loading stage or the dead load stage, the energy
dissipation shows a trend of normal distribution.
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