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This study investigated the influence of water injection timing on the compression deformation of loose rock blocks in the goaf.
The study used a confined gradient loading compression test to examine the deformation of loose rock blocks under initial
saturation and later immersion conditions. The results showed that under initial saturation, the deformation of each loading
gradient and the whole loading stage was greater than that of the later immersion stage. Additionally, the deformation of different
stages in the initial saturated state was relatively regular, while in the later immersion state, the deformation changed abruptly after
immersion. To explain the deformation mechanism of loose rock blocks, the mesostructure of loose rock blocks was granulated and
the contact mechanism of particles was studied. The study found that water weakens the effective contact stress and strength
between the skeleton particles, leading to sliding deformation as the dominant deformation mode. The study provides a theoretical
basis for understanding the deformation characteristics of loose rock blocks in the goaf under different water environments.

1. Introduction

After coal seams are mined, the overlying strata undergo a
series of bending, subsidence, rupture, and movement dam-
age due to gravity and upper load. One popular green mining
method to control roof subsidence, avoid uncontrollable
damage, and eliminate the underground lifting and ground
storage of gangue is gangue filling mining [1–5]. Figure 1
shows the gangue filling effect. The deformation behavior
of loose rock blocks is closely linked to the effects of self-
weight and the overlying rock load. These factors have a
direct impact on the development characteristics of fractures
in the overlying rock, as well as on the overall surface stability
over the goaf [6, 7]. The evaluation of deformation charac-
teristics of loose rock blocks in a goaf is a challenging task,
owing to inherent limitations in the test equipment and con-
ditions. In order to overcome these challenges, it is often
necessary to downscale the gravel rock mass, which may

result in variations in the particle size distribution of the
gangue sample tested vis-à-vis the natural gangue. These
disparities, compounded by potential inaccuracies in human
and equipment factors, can lead to errors in the site evalua-
tion, thereby impairing the overall reliability of the test results
[8, 9]. Despite the inherent limitations associated with simu-
lation testing, it is worth noting that the results obtained from
such tests can provide a fundamental understanding of the
engineering properties of loose rock blocks in a goaf. Such
insights are critical for comprehending the physical and
mechanical properties of these blocks under different condi-
tions. Therefore, while acknowledging the potential for dis-
parities due to scaling, simulation testing remains a valuable
tool for obtaining a basic understanding of the behavior of
loose rock blocks in goafs.

The bearing pressure of loose rock blocks in goaf is
related to the fracture of main roof rock beam [10]. Between
two successive roof weightings, the pressure acting on the
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caving rock is relatively constant and comparable to the self-
weight stress of the overlying fractured rock layer. However,
during the roof weighting process, the pressure exerted on
the caving rock sharply increases and is proportional to the
self-weight stress of the newly fractured rock stratum in the
overlying strata. This phenomenon highlights the significant
impact of roof weightings on the stress distribution and
deformation behavior of the caving rock in underground
mining operations. The stress state of the loose rock blocks
does not increase linearly, but gradually increases in a step-
wise manner with the continuous advancement of the work-
ing face [11, 12]. Therefore, the grading loading mode is
more effective in simulating the stress and deformation char-
acteristics of filling gangue in a real goaf.

Under certain geological conditions or climatic condi-
tions, the loose rock blocks may be immersed in water, which
greatly changes their mechanical properties. Figure 1 shows
the influence of groundwater level rise, aquifer leakage, sea-
sonal rainfall, and goaf water filling on loose rock blocks. Li
et al. [13] analyzed the deformation and crushing character-
istics of loose rock blocks under different immersion heights
by using confined compression experiments. The results
showed that the crushing rate and maximum axial strain of
loose rock blocks gradually increased with the immersion
height. Lu et al. [14] studied the different distribution pat-
terns of energy dissipation in natural state and water-bearing
state. Ma et al. [15, 16] studied the deformation character-
istics of saturated broken coal, shale, and sandstone, and
further studied the variation law of pores in mudstone creep
process by using self-made broken rock mass test device.
Chen et al. [17] studied the influence of saturated water on
the compaction characteristics of coal seam roof gravel by
using a self-made device. The results show that the effect of
water on different strength gravel is different, the effect on
low-strength mudstone is stronger, and the effect on high-
strength sandstone is weaker. The effect of water on the
compaction of small-diameter gravel is greater than that of
large-diameter gravel.

At present, the research on the compaction characteris-
tics of loose rock blocks is basically a single water content
state, and the influence of different water content states on
the deformation of loose rock blocks is less studied. Due to
the limitation of test equipment, the diameter height ratio of
general test bin is small, the corresponding loose rock blocks
particle size is small, the size effect is more obvious. The
author’s team developed a large-scale loose rock blocks
deformation-seepage experimental system in order to obtain
data closer to the coal mine site.

The author’s team has published a paper used this exper-
imental equipment [18]. Because the experimental equip-
ment used is the same, there are some similarities. However,
the process of experimental analysis of these two papers is
different. The published paper carried out a set of experiments
to analyze the effect of gradient loading and water on the
deformation of loose rock blocks. In this paper, two sets of
comparative experiments were carried out to analyze the
influence of water injection time on deformation. Considering
the complex environment of loose rock blocks in goaf, two test
processes of initial saturation and later immersion were
designed to reveal the role of water content in the bearing
and deformation process of loose rock blocks, so as to provide
targeted basic data for surface subsidence prediction for filling
mining coal mines under different water environments, and
to do a good job in the protection of corresponding surface
buildings and groundwater.

2. Test Method

2.1. Test Equipment

2.1.1. Control System. The experimental control system com-
prises of two main components: the console and the servo
loading system. The servo loading system, in turn, is com-
prised of two distinct subsystems: the water pressure and
water double control servo system, as well as the displace-
ment stress double control servo system. Together, these
components enable computerized automatic control over
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FIGURE 1: The gangue filling effect and the different water sources on the loose rock blocks: (a) traditional fully mechanized mining and
(b) filling fully mechanized mining.
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the entire experimental process. The graphical representa-
tion of the experimental control system is illustrated in
Figure 2.

2.1.2. Loading and Unloading System. The experimental
system is shown in Figure 2, and the main parameters are
shown in Table 1.

2.2. Test Principle. During the mining process, the environ-
ment of water is redistributed, water can play the role of
lubricant, and the friction coefficient between broken rocks
is reduced, so that the strength of broken rocks is reduced.
Water can significantly impact rock mass through two pri-
mary mechanisms. The first mechanism is the mechanical
effect of water on rock mass, which is primarily characterized
by the hydrostatic pressure-induced effective stress and the
erosion effect of hydrodynamic pressure. The second mech-
anism involves the physical and chemical action of water on
rock mass, which can result in the softening, mudification,
and dissolution of the rock mass. These processes gradually
deteriorate the properties of the rock mass, leading to its
deformation, instability, and ultimate failure.

First of all, the mechanism of water softening effect on
rock mass, different rocks contain different mineral compo-
sition, so it also determines the nature of its softening and
expansion in contact with water, most of the rock mass con-
tains clay minerals, these minerals soften mud in contact
with water, reduces the bonding force of the rock mass

skeleton, thus showing the softening properties of all aspects.
The quantitative expression of the softening effect of water
on rock mass is generally expressed by Young’s modulus,
compressive resistance, shear strength, and other parame-
ters. The moisture content, uniaxial compressive strength,
and Young’s modulus have the following empirical formulas:

Effect of moisture content Wc on uniaxial strength of
rock σc is given as follows:

σc ¼ a − bWc: ð1Þ

Effect of moisture content Wc on Young’s modulus E is
given as follows:

E ¼ a
Wc

− b: ð2Þ

Effect of pore water pressure p on Young’s modulus E is
given as follows:

E ¼ a − bp: ð3Þ

In this paper, two sets of experiments are designed to
analyze the influence of water filling time on the deformation
of gangue filling in goaf area, that is, initial invasion and late
invasion.

Operating platform 
Water hydraulic and
control system  

Displacement stress
control system  

FIGURE 2: Testing control system.

TABLE 1: Parameters of experimental system.

Axial compression ≤600 kN Axial compression accuracy 0.01 kN
Water hydraulic ≤2MPa Water hydraulic accuracy 0.01MPa
Hydraulic cylinder displacement ≤500mm Displacement accuracy 0.01mm
Experimental box diameter 400mm Experimental box height 680mm
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3. Initial Saturated Gradient
Loading Experiment

3.1. Experimental Scheme. A self-made large-size loose rock
blocks deformation–seepage experimental system were used
to conduct compaction test on loose rock blocks. The defor-
mation characteristics of broken roof rock during compac-
tion are analyzed below.

(1) The rock samples selected for testing primarily con-
sist of sandstone, limestone, and mudstone. The sam-
ples are weighed and measured for volume before
being broken into smaller rock blocks with a maxi-
mum particle size of 60mm. These smaller blocks are
then sorted into four size grades, 0–15, 15–30, 30–45,
and 45–60mm, using sieves with apertures of 15, 30,
45, and 60mm, respectively.

(2) The loose rock blocks, categorized by size and lithol-
ogy, are mixed together and loaded into a test barrel
with a diameter of 400mm and a height of 600mm.

(3) During the loading stage, the axial load is incremen-
ted in steps of 100 kN, starting from 100 kN and
ending at 500 kN. The loading rate is 0.5 kN/s, and
the axial load of each stage is maintained for 0.5 hr to
avoid prolonged pump pressurization. The axial load
is gradually increased at each stage until the test is
completed.

(4) According to the data results obtained from the
above steps, the change of loose rock blocks with
load gradient is analyzed, and the compaction defor-
mation stage and displacement–load function curve
are obtained.

3.2. Experimental Results. In preparation for the compaction
test, the loose rock blocks were subjected to a saturation
process by immersion in water for five hours. A water pres-
sure of 0.2MPa was applied to the system during the test.
The loading process was monitored and recorded, and the
resulting time–load and time–displacement curves are pre-
sented in Figures 3 and 4, respectively. The deformation
parameters obtained from the test are summarized in
Table 2.

Table 2 and Figure 3 illustrate that the displacement
increments during the initial saturated loading stage, specifi-
cally 39.86, 29.13, 19.36, 7.41, and 4.97mm, exhibit a gradual
reduction. In the subsequent dead load stage, the displace-
ment increments for each level are 6.47, 8.36, 12.43, 4.83, and
3.39mm, respectively. The cumulative displacement for the
loose rock blocks compaction test is 136.21mm, of which
100.73mm corresponds to the loading displacement incre-
ment, accounting for 73.95% of the total displacement, and
35.48mm corresponds to the dead load displacement incre-
ment, accounting for 26.05% of the total displacement.

Based on Table 2 and Figure 3, it is observed that the
displacement curve during the initial water-saturated loading
stage exhibits significant large-step growth, primarily result-
ing from the stepwise increase in loading load. The axial

displacement of each graded dead load stage under saturated
water conditions shows a gradual increase. During the
100 kN dead load stage, there are three notable small-step
displacement increases, with the maximum step displace-
ment increase approaching 2mm. Additionally, a special
phenomenon of displacement rebound is observed, indicat-
ing significant changes in the loose rock block structure
under the influence of water. In the goaf containing water,
the loose rock blocks tend to be more closely compacted,
which may result in an increase in the subsidence value of
the overlying strata due to the softening effect of water.

4. Postimmersion Gradient
Loading Experiment

4.1. Experimental Scheme. Underground broken rock has
stratification, partition, that is, within a certain space broken
rock particle size difference is not large, rather than a
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FIGURE 3: Load and deformation over time of initial saturated load-
ing experiment.
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FIGURE 4: Load and deformation over time of later immersion gra-
dient loading experiment.
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continuous gradation distribution characteristics, but con-
centrated in a particle size range. Considering this, the parti-
cle size of the broken rock is designed to be in the range of
40–50mm. The complete roof of the large pieces of red
sandstone mashed, with a nominal diameter of 50 and
60mm round hole sieve screening step by step.

In the experiment of compressive deformation of broken
rock, trapezoidal step loading is designed. The axial load of
each stage is 100, 200, 300, 400, 500 kN, and the loading
gradient is 100 kN. The loading rate is 0.5 kN/s, 100, 200,
300, and 400 kN load gradient constant load time is 2.5 hr.
Among them, the axial load is increased to 500 kN with a
loading rate of 0.5 kN/s, and the axial load of 500 kN is
maintained for 1.25 hr. After the five-stage active loading
to 1.25 hr, water was injected into the cabin, and the broken
rock was just soaked to carry out the creep experiment under
the soaking state.

4.2. Experimental Results. Figure 4 and Table 3 illustrate the
relationship between axial load and time, as well as the rela-
tionship between axial deformation and time during the later
immersion gradient loading experiment. Notably, water sig-
nificantly accelerates axial deformation, with the effect of

graded loading gradient on axial deformation being less pro-
nounced in this stage. In the initial stage of water injection,
the axial deformation of loose rock blocks demonstrates a
linearly increasing trend. As the water volume increases, the
axial deformation of loose rock blocks continues to increase,
albeit at a slower rate. Following the water injection stage, the
axial deformation transitions to immersion creep deforma-
tion, with a gradual increase in deformation. The creep per-
sisted for ∼8 hr, resulting in a compression amount of
189.06mm after the immersion creep experiment.

As shown in Table 3 and Figure 4, the displacement
increments of each loading stage in later immersion are
41.77, 23.48, 18.37, 13.22, and 8.97mm, respectively. The
displacement increments of each load level in the later soak-
ing stage were 6.93, 9.03, 12.22, 12.93, and 10.24mm, respec-
tively. The displacement increments in the later immersion
and water-adding stage and the immersion constant load
stage are 16.23 and 15.46mm, respectively. Before adding
water, the total displacement of loose rock blocks compac-
tion test is 157.10mm, loading displacement increment is
105.80mm, dead load displacement increment is 51.30mm,
after adding water, the total displacement of loose rock blocks
compaction test is 189.00mm.

TABLE 2: Deformation parameters in initial saturated state.

Test stage
Deformation

Initial (mm) End (mm) Difference (mm) Deformation

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

TABLE 3: Deformation parameters in postimmersion state.

Test stage
Deformation

Initial (mm) End (mm) Difference (mm) Deformation (10–3)

0–100 kN loading 0 41.77 41.77 65.940
100 kN dead load 41.77 48.7 6.93 10.940
100–200 kN loading 48.7 72.18 23.48 37.066
200 kN dead load 72.18 81.21 9.03 14.255
200–300 kN loading 81.21 99.58 18.37 28.999
300 kN dead load 99.58 111.8 12.22 19.291
300–400 kN loading 111.8 125.1 13.22 20.869
400 kN dead load 125.1 137.9 12.93 20.411
400–500 kN loading 137.9 146.9 8.97 14.160
500 kN dead load 146.9 157.1 10.24 16.165
Watering stage 157.3 173.6 16.23 25.621
Soaking creep stage 173.6 189.0 15.46 24.405
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As depicted in Figure 4, the compressive deformation of
broken rock exhibits a stepwise pattern, with decreasing step
height as the axial load increases. At a pressure of 500 kN, the
axial deformation difference of broken rock attains its mini-
mum value. However, during the water injection stage,
which lasts for only about 10min, the axial deformation
difference of broken rock exceeds that of the loading stages
of 400 and 500 kN under the same load, suggesting that water
significantly accelerates the compression deformation of bro-
ken rock. Given the evident changes in the water environ-
ment in the goaf, the stable deformation of loose rock blocks
in the goaf may undergo deformation mutation, thereby
leading to surface movement and destruction.

5. Deformation Law of Loose Rock Blocks in
Different Water State

Figure 5 illustrates that in the initial state of full saturation,
there is a decrease in both total deformation and deformation
during the loading stage as the load gradient increases. In
contrast, the deformation during the dead load stage initially
increases and then decreases with increasing load gradient.
The maximum deformation during the dead load stage
occurs at a load gradient of 300 kN. Although the difference
between them gradually diminishes, the deformation during
the loading stage consistently exceeds that of the dead load
stage for each load gradient.

Figure 6 illustrates that in the later immersion state, the
total deformation and deformation in the loading stage
decrease as the load gradient increases. The deformation in
the water-adding stage shows an abrupt change. The defor-
mation of the dead load stage initially increases and then
decreases with increasing load gradient, with the maximum
deformation observed at a load gradient of 400 kN. Notably,
the deformation of the dead load stage increases significantly

after water addition. Furthermore, after the load gradient
reaches 500 kN, the deformation of the dead load stage
exceeds that of the loading stage.

As shown in Figure 7, in the initial saturated state, the
ratio of deformation in the loading stage to the total defor-
mation decreases from 86% to 59% for each load gradient. In
the later immersion state, the ratio of deformation in the
loading stage to the total deformation decreased from 86%
to 47% for each load gradient. The initial saturated state is
more conducive to the deformation of the loading stage than
the later soaking state.

As shown in Figure 8, in the initial saturated state, for all
load gradients, the ratio of deformation in the loading stage
to the total deformation is 74%, and the ratio of deformation
in the dead load stage to the total deformation is 26%. In the
later immersion state, for all load gradients, the ratio of
deformation in the loading stage to the total deformation is
67.3%, and the ratio of deformation in the dead load stage to
the total deformation is 32.7%. It can also be proved that the
initial saturated state is more conducive to the deformation
of the loading stage than the later soaking state, which is
conducive to reducing the residual deformation and is con-
ducive to the stability of the filling stope.

6. Deformation Mechanism of Loose Rock
Blocks in Different Water State

In order to discuss the deformation mechanism of loose rock
blocks, granulated the loose rock blocks to study the contact
mechanism of particles, loose rock blocks support the whole
structure system and form direct contact between adjacent
loose rock blocks.

In natural state, it is assumed that there are n contacts
between the particles j and other particles in the loose rock
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blocks sample. During compaction, the acting force and con-
tact area of the ith contact is Pi, δi (i = 1, 2, …, n). Taking a
contact surface A of particle j as the research object, assum-
ing that there are m contacts, there must be m≤ n. As shown
in Figure 9, the normal stress σA and shear stress τA on
contact surface A are, respectively [19]:

σA ¼ ∑
m

i¼1
σi ¼ ∑

m

i¼1

Pi
δi
cos αi; ð4Þ

τA ¼ ∑
m

i¼1
τi ¼ ∑

m

i¼1

Pi
δi
sin αi; ð5Þ

where αi is the angle between the normal of the contact
surface and the force.

In general, the compressive stress formed in the direction
of total normal stress is less than the damage strength σs of
the loose rock blocks particles, so there is no extruding and
crushing between the particles. However, on the local soft
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interface or edges of the gangue particles, the damage
strength σsm is often less than the corresponding contact
extrusion stress σim, in which K granular weak interface
will be crushed and refined by extrusion, that is to say:

σkim ≥ σksm k ¼ 1; 2;…;Kð Þ: ð6Þ

Macroscopically, the edges and corners of the loose rock
blocks and the weak interface will cause deformation caused by
crushing, and the total ε1 of the deformation will be as follows:

ε1 ¼ ∑
K

k¼1

Z
σkim − σksm
À Á

dζk; ð7Þ

where ζk is the compression compliance, which is equal to
the ratio of the strain to the compressive stress.

In addition, in Equation (4), the shear stress forms a tan-
gential stress τk on the particle breakage surface, and since the
contact area is small, the shear stress is approximated to be
uniformly distributed, and themomentTk on the gravity center
of the particle j on the kth contact surface is given as follows:

Tk ¼ τkγkσk; ð8Þ

where rk is the moment radius from the contact surface to the
gravity center of the particle.

The sum of all shear stress torque vectors through a local
coordinate (ξ–η plane) of the gravity center of the particle is
given as follows:

Tmξ ¼ ∑
K

k¼1
Tkξk ¼ ∑

K

k¼1
Pk sin αkγkξ; ð9Þ

Tmη ¼ ∑
K

k¼1
Tkηk ¼ ∑

K

k¼1
Pk sin αkγkη; ð10Þ

where ξk, ηk are local coordinate projection coefficients,
which are equal to the ratio of projection value and original
value of shear stress on plane ξ and η, respectively.

Generally, the two moments are not zero, so the crushed
particles under the action of torque produce a slight rotation
or slip, which always moves toward the weak space that can
move, and then acts as a filling gap. The strain ε2 is given as
follows:

ε2 ¼ ∑
K

k¼1

Z
Tk ξkdθ

kð Þ
ξ þ ηkdθ

kð Þ
η

� �
; ð11Þ

where θξ, θη is shear compliance, equal to the ratio of strain
to shear stress.

It can be seen from the order of magnitude of strain value
that ε2> ε1, so the deformation of loose rock blocks caused
by sliding filling gap is greater than that caused by soft inter-
face crushing of loose rock blocks, that is, in natural state, the
deformation of loose rock blocks caused by sliding filling gap
is the main cause of deformation. At the end of the compres-
sion test of loose rock blocks under natural condition, the
results showed that the number of loose rock blocks smaller
than that of 10mm increased the most, and the loose rock
blocks of 10–60mm decreased to some extent, which could
prove the conclusion.

Particle sliding needs to overcome the friction caused by
contact. From a mesoscopic point of view, the skeleton par-
ticle is not smooth in smaller scale, and its maximum static
friction coefficient is related to the actual contact area.
According to the theory of Archard et al. [20], it is known
that μs (maximum static friction coefficient) is positively
correlated with s (actual contact area), F (normal load of
actual contact area) in mesoscopic friction contact of skele-
ton particles. When F increases, the s and μs of the skeleton
particles will increase, resulting in a decreasing trend of load-
ing deformation with the increase of load gradient.

In addition, with the increase of residence time, the max-
imum static friction force of the object will also increase [21].
Generally speaking, when the normal force is constant, the
maximum static friction force increases with the increase of
residence time. This can explain the logarithmic increase of
dead load deformation, it can also explain that the sum
deformation of loading stage and dead load stage decreases
with the increase of load gradient.

Additionally, the influence of water on the mesostructure
of unconsolidated rock blocks can affect their deformation
mechanism. The filling effect of water between particles can
increase their compaction and decrease the porosity, result-
ing in an increase in sliding and crushing deformation, and a
decrease in particle rotation and deformation. Moreover, the
water content can also affect the distribution and size of the
pore spaces in the rock blocks, leading to an enlargement of
the pores and a reduction of capillary forces, ultimately
weakening the structural strength of the rock blocks.

In summary, the deformation behavior of unconsolidated
rock blocks under varying water content conditions is a com-
plex process influenced by the weakening effect of water on the
effective contact stress and strength between particles, modi-
fications in the mesostructure of the rock blocks, and changes
in the distribution and size of pore spaces.

j

A

Pi

¦ iA

Pi sin¦ iA

Pi cos¦ iA

FIGURE 9: Contact between particle j and one of the other particles
on an interface A.
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7. Conclusions

(1) In the loading stage of the initial saturated gradient
loading test, a stepwise displacement increment trend
was observed, characterized by a gradual reduction in
the magnitude of each step. During the constant load
stage, the displacement exhibited logarithmic growth,
with the displacement increment showing an initial
increase followed by a decrease. These stage charac-
teristics were also observed in the later immersion
gradient loading test, albeit with a notable difference
in the initial saturated dead load stage, where a small
step growth phenomenon and displacement rebound
were observed. Furthermore, a sudden increase in
displacement was noted during the later immersion
water stage.

(2) The initial saturation of loose rock blocks weakens
the strength and interparticle friction, leading to high
deformation in the loading stage. However, the con-
stant load stage shows a decreasing compressive
deformation under the same load gradient. The later
immersion stage is characterized by water acting as a
lubricant, facilitating particle position adjustment,
and as a carrier of broken particles, promoting small
particle sliding, filling of gaps, and accelerating defor-
mation of stable loose rock blocks. The later immer-
sion stage exhibits a sudden increase in displacement,
likely due to accelerated deformation caused by the
water-induced particle sliding and gap filling. Further-
more, the initial saturation stage displays a distinct
phenomenon of small step growth and displacement
rebound in the dead load stage.

(3) The macroscopic strain of loose rock blocks is mainly
controlled by particle porosity and particle friction
coefficient. In order to optimize the macroscopic
compaction mechanical properties of gangue filling,
it is necessary to consider both the macro- and
micro-mechanisms of loose rock blocks. To reduce
porosity, precompaction and presoaking of loose
rock blocks are effective measures. To increase the
friction performance of gangue filling, cheap and
readily available materials such as sand or fly ash
can be added. Moreover, a small amount of slurry
can be added to fill the gap between the loose rock
blocks and increase their friction performance. These
measures can effectively improve the macroscopic
compaction mechanical properties of gangue filling.
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