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Abstract

Traditional physical similarity simulation methods struggle to replicate the cumulative
unloading–expansion effect in overburden, particularly due to inherent limitations in
representing the bulking–compaction behavior of fractured rock masses in the caving zone.
This significantly hinders a deeper understanding of overburden movement mechanisms.
To address this technical challenge, this study innovatively proposes an experimental
method designed to simulate the bulking–compaction process of rock masses in the caving
zone. The method employs a composite of EPE and PP sheets. Through systematic
uniaxial compression tests and orthogonal experimental design optimization, an optimal
material mix ratio with superior performance was identified. Its stress–strain behavior
was systematically analyzed, and its feasibility was comprehensively verified from the
perspective of the synergistic evolution of displacement and stress fields. The results
demonstrate that the stress–strain response of the new similar simulation material (SSM)
aligns highly with the Salamon model. Furthermore, its load-bearing capacity exhibits a
non-linear strengthening characteristic with increasing EPE thickness. Physical simulation
validation tests, based on the engineering context of the Shilawusu Coal Mine, showed that
all the relative error parameters were strictly controlled within 12%. The overall accuracy
was significantly superior to existing simulation methods, achieving a substantial reduction
in prediction errors for key parameters.

Keywords: cumulative unloading–expansion effect; bulking–compaction characteristics;
caving zone; orthogonal experiment; physical simulation

1. Introduction
The movement of overburden is the root cause of a series of safety and environmental

issues, including surface subsidence, the development height of water-conducting fracture
zones, mining pressure manifestation in the stope, and gas migration. Therefore, systemati-
cally studying and mastering the movement patterns of overburden is crucial for effectively
identifying and mitigating these problems. During coal mining, as the failure height of
the overlying strata increases, the total thickness of rock layers undergoing unloading-
induced expansion deformation continuously accumulates. Simultaneously, the bulking
rock mass is subjected to compaction by the load from the overlying fractured key strata
(KS). As a result, the total amount of overburden unloading–expansion exhibits dynamic
evolution characteristics under the combined influence of these two mechanisms. This
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phenomenon is defined in the literature [1,2] as the “accumulative effect of overburden
strata expansion induced by stress relief” (AEOSEISR). The caving zone, as the rock failure
area immediately adjacent to the goaf, is formed by the fracturing, fragmentation, and
collapse of the immediate roof rock. The bulking and re-compaction mechanical behavior
of the rock mass within this zone is key to influencing the degree of overburden movement
response and surface subsidence [3–5]. Therefore, within the research framework of the
AEOSEISR, deeply understanding the bulking–compaction evolution mechanism of the
rock mass in the caving zone holds significant theoretical and engineering importance for
refining overburden movement theory and guiding subsidence control practices.

However, the broken rock mass within the caving zone is deeply buried underground,
characterized by a highly heterogeneous, discontinuous, and dynamically evolving struc-
ture, which poses significant challenges for in situ monitoring. Currently, researchers
worldwide primarily rely on laboratory experiments, numerical simulations, and physical
similarity modeling to study its bulking–compaction characteristics. In terms of laboratory
experiments, studies have focused on variables such as particle gradation, loading rate,
rock strength, moisture content, and load levels. Findings reveal that the compaction
process of broken rock exhibits distinct stage-wise characteristics [6], primarily occurring
during the initial compaction stage [7]. This stage can be further subdivided into rapid
compaction, preliminary stabilization, and slow compaction phases [8]. Concurrently,
the bulking coefficient of rock mass demonstrates a notable size effect [9] and is closely
correlated with lithology and particle size [10,11]. Based on these insights, scholars have
proposed methods for calculating the bulking coefficient [12,13]. Among these, Salamon,
applying fundamental geotechnical mechanics theories, treated the fragmented rock mass
as granular material. Based on analyses of rock block porosity, bulking coefficient, and
compressive stress, he established a constitutive model to describe the compaction behavior
of broken coal and rock mass [14]. Experimental validation indicates that these models
can effectively reflect the compaction patterns of collapsed rock within goaf areas [15].
In terms of numerical simulation, software platforms such as the finite element software
RFPA2D, FLAC3D and Examine2D and the discrete element software UDEC and 3DEC were
employed to achieve visualized simulation of the entire process of overburden caving, bulk-
ing, and re-compaction [16–19]. Along the working face strike, typical mechanical zones,
including the natural accumulation zone, load-affected zone, and re-compaction zone, were
identified [20]. Moreover, it reveals the distribution characteristics of horizontal and vertical
stresses within the main roof strata [21], clarifies that the height of the caving arch increases
exponentially with the exposed span of the goaf, and establishes the dependence of the
conditions for complete surface instability on the depth of the mining area [22]. In terms of
physical simulation, physical modeling studies have revealed that the compaction degree
of bulking rock within the goaf exhibits a spatial distribution characterized by “higher
values in the central area and lower values at the edges” [23–26]. Moreover, the compaction
degree decreases as a power function with increasing unloading height [27], a trend con-
sistent with findings from the aforementioned research. For specific conditions such as
rockburst and grouting backfill mining, studies have introduced dynamic similarity criteria
centered on acceleration [28]. Novel similarity materials possessing properties such as low
strength with strong rockburst tendency [29] and non-slaking upon water exposure [30]
have been developed. These advancements enable refined physical simulations under
complex dynamic and fluid-solid coupling conditions.

However, existing research methods still exhibit significant limitations in characteriz-
ing the bulking–compaction behavior of rock in the caving zone. Laboratory experiments
are constrained by sample size, making it difficult to accurately represent the mechanical
behavior of in situ rock masses influenced by scale effects [31–33]. Physical simulation
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studies have primarily focused on observing macroscopic phenomena, such as the fail-
ure height of overlying strata and fracture development, lacking the capability to fully
and precisely reproduce the entire lifecycle of caving zone rock masses—from initial frag-
mentation and bulking evolution to gradual compaction. Furthermore, while traditional
similarity simulation can reproduce the characteristic progressive caving of rock masses
in the caving zone, the caved strata typically exhibit an “unbreakable” nature. Moreover,
the fully collapsed rock masses often fail in a slab-like manner and arrange themselves
in a regular pattern. This presents a significant deviation from the disordered accumula-
tion morphology and complex mechanical responses of fragmented rock masses in actual
goafs. Consequently, it struggles to accurately simulate the true bulking characteristics
and dynamic compaction behavior of fragmented rock, constituting an inherent bottleneck
that limits the realism of physical simulation, as illustrated in Figure 1. Given the decisive
influence of the bulking–compaction behavior of caving zone rock masses on overburden
movement, systematically overcoming these limitations has become an urgent research pri-
ority. The novel similarity simulation material addresses this by replacing the caving zone
rock mass in the physical model with a composite of EPE and PP, simulating its bulking
behavior. Due to the favorable elasticity of the EPE component within the novel material
and its conformity to the Salamon model curve, the material can accurately represent the
re-compaction process of bulked rock when subjected to loading from the overlying strata.

 

Figure 1. Caving zone behavior simulated by traditional physical modeling.

Therefore, to address the critical challenge of realistically simulating the
bulking–compaction process of rock masses in the caving zone within physical models,
this study treats five levels of EPE thickness and three levels of EPE position as variables.
Fifteen experimental schemes were designed through orthogonal experimental design, and
systematic uniaxial compression tests were conducted. Based on the experimental results
and combined with specific operational parameters, an optimal mix formulation for a new
similar simulation material (SSM) was selected. Grounded in the engineering context of the
Shilawusu Coal Mine in the Meng-Shan mining area of China, the feasibility of this new
similarity material for simulating the mechanical behavior of caving zone rock masses was
validated from two dimensions: displacement response and stress response. This research
provides both a material foundation and methodological support for advancing the refined
physical simulation of overburden movement patterns.

2. Materials and Methods
2.1. New Similar Simulation Material of the Caving Zone

The new SSM for the unloading-induced bulking rock mass in the caving zone is com-
posed of a combination of EPE (expanded polyethylene) foam boards and PP (polypropy-
lene) boards, as shown in Figure 2. The EPE (Shanghai Hongying Industrial Co., Ltd.
Shanghai, China) is a non-crosslinked, closed-cell structure material produced by physically
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foaming low-density polyethylene resin. It contains uniformly distributed independent air
bubbles, with a density ranging from 20 to 200 kg/m3 and bubble diameters approximately
between 0.5 and 5 mm. Its elastic modulus falls within approximately 0.5–10 MPa. The
stress–strain curve of EPE typically includes a linear elastic region, a plateau region, and a
densification region, classifying it as a typical strain-hardening material. Furthermore, EPE
possesses excellent elasticity and high compressibility, enabling it to accurately characterize
the bulking and re-compaction behavior of coal–rock masses in the caving zone during
the mining process. The PP(Shandong Kunlun Rubber & Plastic Co., Ltd. Shandong,
China) component, relying on its outstanding stiffness and deformation resistance, ensures
structural stability even under high-stress conditions.

  
(a) Expanded polyethylene (b) Polypropylene 

Figure 2. New similar simulation material for caving zone.

2.2. Orthogonal Experimental Design

To investigate the compaction characteristics of the new SSM, this study systematically
analyzed the influence of both the location and thickness variations in the EPE component
on its mechanical behavior. The experiment simplified the EPE positioning into three
typical configurations: upper, middle, and lower, as illustrated in Figure 3.

Figure 3. Schematic diagram of replacing bodies’ EPE position.

Considering that the compaction behavior of fragmented rock masses in the caving
zone is predominantly governed by lithology and occurrence conditions, while the variabil-
ity in compaction behavior of the new SSM is primarily determined by the thickness and
positioning of the EPE component, this study established five EPE thickness levels (1 cm,
2 cm, 3 cm, 4 cm, and 5 cm). Combined with three positional configurations (a, b, and c),
orthogonal experiments were conducted to elucidate the dominant controlling factors gov-
erning the compaction characteristics of the new SSM. The detailed experimental design is
presented in Table 1.
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Table 1. Orthogonal experimental scheme for the compaction characteristics.

Group Number EPE Position EPE Thickness/cm Group Number EPE Position EPE Thickness/cm

s1-1 a 1 s3-3 c 3
s1-2 b 1 s4-1 a 4
s1-3 c 1 s4-2 b 4
s2-1 a 2 s4-3 c 4
s2-2 b 2 s5-1 a 5
s2-3 c 2 s5-2 b 5
s3-1 a 3 s5-3 c 5
s3-2 b 3

Note: In the table, a, b, and c indicate that the EPE is positioned in the upper, middle, and lower layers of the new
SSM, respectively.

2.3. Experimental Methods

PP boards and EPE materials were assembled in a PP-EPE-PP layered structure, and
uniaxial compression tests on the new SSM for the caving zone were conducted using
an MTS electro-hydraulic servo-controlled rock mechanics testing system, as illustrated
in Figure 4. Due to the excellent elasticity of the EPE component, which enables signif-
icant elastic energy storage under load, the loading process was terminated when the
stress–strain curve of the new SSM entered the densification region during the experiment.
All mechanical response data from the new SSM were recorded in real time by the MTS
data acquisition system.

Figure 4. Experimental process of uniaxial compression of new SSM.

3. Orthogonal Experimental Results
Figure 5 reveals that the stress–strain curves of all new SSM exhibit morphological

characteristics consistent with the theoretical Salamon curve shown in Figure 5f. When the
EPE position is fixed, variations in EPE thickness do not induce significant changes in the
shape of the stress–strain curves. Similarly, under constant EPE thickness, adjusting the
EPE position only slightly affects the material’s stress response magnitude without altering
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its fundamental curve morphology. This observation indicates that the constitutive rela-
tionship of the new SSM possesses stable mathematical characteristics, and its mechanical
behavior is predominantly governed by the material composition.

(b) Thickness of 2cm(a) Thickness of 1cm (c) Thickness of 3cm

0

0.05

0.1

0.15

0.2

0.25

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

St
re

ss
/M

Pa

Strain

s1-1

s1-2

s1-3

Fitted curve
0

0.05

0.1

0.15

0.2

0.25

0 0.02 0.04 0.06 0.08 0.1 0.12

St
re

ss
/M

Pa

Strain

s2-1

s2-2

s2-3

Fitted curve
0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

St
re

ss
/M

Pa

Strain

s3-1

s3-2

s3-3

Fitted curve

σ=0.75222ε/(1- ε/0.11003)
R2=0.99980

σ=0.48456ε/(1- ε/0.16165)
R2=0.99975

σ=0.32334ε/(1- ε/0.23995)
R2=0.99979

(d) Thickness of 4cm (f) Salamon model(e) Thickness of 5cm

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.02 0.04 0.06 0.08 0.1

St
re

ss
/M

Pa

Strain

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.05 0.1 0.15 0.2 0.25

St
re

ss
/M

Pa

Strain

s4-1

s4-2

s4-3

Fitted curve

0

0.05

0.1

0.15

0.2

0.25

0.3

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

St
re

ss
/M

Pa

Strain

s5-1

s5-2

s5-3

Fitted curve

σ=0.24535ε/(1- ε/0.33278)
R2=0.99984

σ=0.17648ε/(1- ε/0.43417)
R2=0.99977

σ=Eε/(1- ε/ εm)

Figure 5. Stress–strain curve of compaction characteristics of new SSM.

Salamon’s model employs an elasto-plastic constitutive relationship of rock mass
materials to establish a hyperbolic parabolic model. The primary assumptions of this
model are that the rock mass is a linear elasto-plastic material without internal cracking, the
strain rate is relatively low, and stress changes occur gradually. Based on the formulation
of Salamon’s model in Figure 5f, the new SSM curves in Figure 5a–e were fitted. It was
found that the initial tangent modulus (E) in the fitting function gradually decreases with
increasing thickness, and the coefficient of determination (R2) for all fitted equations exceeds
0.999. This verifies the theoretical consistency between the novel similarity simulation
material and Salamon’s model.

As observed in Figure 5a, as the EPE position varies from top to bottom, the stress–
strain curve of the new SSM exhibits a slight increasing trend, though the overall change is
not significant. The same pattern is observed in Figure 5b–e. Notably, as the EPE thickness
increases, the influence of the position parameter on the stress–strain curves gradually
intensifies. Nevertheless, the overall morphology of the stress–strain curves for the new
SSM remains stable, consistently displaying typical strain-hardening characteristics—where
the curve progressively approaches a horizontal asymptote with increasing stress. More
importantly, the critical transition point at which the curve reaches a stable state is unaf-
fected by the EPE position. This indicates that the intrinsic mechanism governing the strain
hardening of the new SSM is position-independent.

As observed in Figure 5a–e, the compaction stress–strain curves of the new SSM
exhibit a systematic increase with rising EPE thickness. Specifically, at a stress level of
0.1 MPa, the strain values for the 5 cm and 1 cm thick EPE configurations are 0.25 and 0.06,
respectively, representing an increase of 307.86%. Similarly, at 0.2 MPa, the corresponding
strain values are 0.31 and 0.08, respectively, indicating an increase of 302.75%. Moreover,
the magnitude of strain enhancement shows a clear upward trend with increasing thickness.
This pattern accurately reveals the controlling mechanism of lithology on the compaction
behavior of unloading-induced bulked rock masses in actual coal mine strata: an increase
in EPE thickness effectively simulates a reduction in rock mass stiffness. Thinner EPE
layers, representing stiffer rock strata, exhibit greater resistance to compression, whereas
thicker EPE layers, corresponding to softer rock strata, although more susceptible to
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initial compression, require higher stress levels to achieve a fully compacted state. By
systematically quantifying the influence of EPE parameters on the material’s mechanical
behavior, a mapping relationship has been established between the material parameters
and the mechanical properties of the rock mass.

4. Verification by Physical Similarity Modeling
4.1. Physical Simulation Experimental Program
4.1.1. Physical Simulation Model

Physical similarity modeling is a crucial experimental method conducted in the lab-
oratory to investigate the movement of overlying strata and the distribution of in situ
stress following coal seam extraction using small-scale models. To ensure the engineering
relevance of the experimental results, it is necessary to downscale the actual geological
prototype to a laboratory model according to specific similarity ratios, based on similarity
theory. Subsequently, by observing the movement and fracture behavior of the overburden
during the simulated mining process in the model, the laws governing strata movement
in real-world engineering can be inferred and deduced. Therefore, physical similarity
modeling must strictly adhere to the fundamental principles of similarity theory.

CL = Lm
Lp

= 1
200

Cρ = ρm
ρp

= 18
25

CS = Sm
Sp

= 9
2500

Cσ = σm
σp

= 9
2500

(1)

where CL represents the geometric similarity ratio; Cρ denotes the density similarity ratio;
CS signifies the strength similarity ratio; and Cσ indicates the stress similarity ratio.

The constructed similarity model has dimensions of 2.5 m (length) × 0.2 m (width).
The model heights for simulating Panel 1203 and Panel 1208 of the Shilawusu Coal Mine
are 1.6 m and 1.65 m, respectively. A 20 cm wide protective coal pillar was left in place,
resulting in an actual mining advance length of 210 cm. For Panel 1203, with a mining
height of 2.5 cm, the strata simulated from bottom to top in the model are sequentially the
coal seam, soft rock, KS1, soft rock, KS2, soft rock, KS3, soft rock, and KS4, as shown in
Figure 6a. For Panel 1208, with a mining height of 5 cm, the strata sequence is the coal seam,
KS1, soft rock, KS2, soft rock, KS3, soft rock, and KS4, as shown in Figure 6b. The specific
configurations and mix ratios for each coal/rock layer are provided in Tables 2 and 3.

Figure 6. Schematic diagram of physical simulation of rock stratum settings.
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Table 2. Strata configuration and the related material composition of 1203 working face.

Number Lithology Thickness/cm Density
(kg/m3) Sand/kg CaCO3/kg Gypsum/kg Layer

Thickness/cm

1 KS4 10.50 1800 88.60 8.85 20.70 10.50
2 Soft rock 75.00 1800 723.20 84.40 36.20 2.50
3 KS3 12.50 1800 105.50 10.50 24.60 12.50
4 Soft rock 30.50 1800 294.10 34.30 14.70 2.03
5 KS2 15.00 1800 126.60 12.70 29.50 15.00
6 Soft rock 4.50 1800 43.40 5.10 2.20 2.25
7 KS1 7.00 1800 63.00 4.70 11.00 7.00
8 Soft rock 2.50 1800 24.10 2.80 1.20 2.50
9 Coal 2.50 1800 16.40 1.60 0.70 2.50

Table 3. Strata configuration and the related material composition of 1208 working face.

Number Lithology Thickness/cm Density
(kg/m3) Sand/kg CaCO3/kg Gypsum/kg Layer

Thickness/cm

1 KS4 11.50 1800 97.00 9.70 22.60 11.50
2 Soft rock 82.50 1800 795.50 92.80 39.80 2.38
3 KS3 9.50 1800 85.50 6.40 15.00 9.50
4 Soft rock 22.50 1800 217.00 25.30 10.80 2.25
5 KS2 13.00 1800 109.70 11.00 25.60 13.00
6 Soft rock 12.00 1800 115.70 13.50 5.80 2.00
7 KS1 9.00 1800 81.00 6.10 14.20 9.00
8 Coal 5.00 1800 32.80 3.30 1.40 5.00

The model data were converted into corresponding prototype parameters according
to the similarity ratios for the descriptive analysis of the experimental results. The dynamic
responses of KS2, KS3, and KS4 in the two working faces were monitored through the
deployed survey lines #1, #5, #9, and #10.

4.1.2. Determination of the New SSM Dimensions

Based on the experimental data, in the simulation of Panel 1203, the mining height
was 2.50 cm, and the height of the caved rock mass was 14 cm, resulting in a total actual
excavation height of 16.50 cm. After excavation, the new SSM of the same thickness was
immediately filled in. Calculations determined that the initial bulking coefficient for the
caving zone in this panel was 1.18, with a maximum strain (εm1) of 0.15. The comprehensive
elastic modulus (E) of the caving zone is 0.88 MPa. For Panel 1208, the simulated mining
height was 5 cm, the caved rock mass height was 21 cm, and the filling thickness of the new
SSM was correspondingly 21 cm. Its initial bulking coefficient was 1.24, with a maximum
strain (εm1) of 0.19. The comprehensive elastic modulus (E) of the caving zone is 0.59 MPa.

By substituting the aforementioned parameters into the Salamon model, the theoretical
stress–strain relationships for the bulking rock masses in the caving zones of both panels
were calculated, respectively. As shown in Figure 7, a comparative analysis was conducted
between the theoretical curves and the compaction curves of the new SSM from Figure 5.
This led to the final determination of the optimal configurations: for Panel 1203, the new
SSM combines a 1 cm thick EPE foam board with PP boards; for Panel 1208, it combines a
2 cm thick EPE foam board with PP boards. In both configurations, the EPE is positioned
in the middle layer of the new SSM. This specific setup results in a highly consistent
mechanical response between the experimental material and the theoretical model, thereby
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validating the applicability of the new SSM for simulating the mechanical behavior of
caving zone rock masses under different mining height conditions.
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Figure 7. Consistency between the stress–strain response of a new SSM and the Salamon model.

4.2. Materials and Methods for Physical Modeling

In the physical simulation experiment, apart from the caving zone, which utilized the
aforementioned new SSM, all other strata were simulated using the conventional similarity
material system. This system employs sand as the primary aggregate for the rock skeleton,
with gypsum and calcium carbonate serving as cementing agents to regulate the mechanical
strength of the strata. Mica sheets were placed at the interfaces between strata to simulate
the weak bedding planes present in actual geological formations, as illustrated in Figure 8.

Figure 8. Physical simulation materials and the monitoring system.

The physical similarity simulation experiment employed a multi-source data mon-
itoring system, encompassing the real-time acquisition of two critical parameter types:
displacement and stress. Displacement monitoring was conducted using the “Tianyuan”
photogrammetric system. This system utilizes coded points and measurement points ar-
ranged on the model surface, along with high-resolution cameras, to continuously capture
dynamic behaviors such as the movement and deformation of strata during the mining
process of the working face. The entire system consists of core components, including
coded points, measurement points, cameras, and computers, as illustrated in Figure 7.
Stress monitoring was achieved using resistive pressure film sensors. The resistance change
in the film under different axial loads was measured via a digital bridge, and a fitted
relationship was established between the reciprocal of resistance and the axial force. The
specific calibration curve is shown in Figure 9.
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Figure 9. Fitting curve between the reciprocal of resistive pressure film resistor and axial force.

In the physical simulation experiment, the research focus was on the bulking–compaction
behavior of fragmented rock masses within the caving zone. Consequently, a full-scale sim-
ulation of the entire overburden was not conducted; instead, only the bedrock section was
physically modeled, while the unconsolidated surface layer was represented by an equivalent
uniformly distributed load. The overburden load compensation system consisted of a pressure
application device, an operating console, and hydraulic support columns, as shown in Figure 8.
Based on the actual geological conditions, the thicknesses of the remaining overlying strata
requiring simulation for the Panel 08 and Panel 03 models were 322 m and 366 m, respectively.
This corresponded to a model laying thickness of 161 cm and 183 cm, respectively. Calculations
indicated that the actual in situ overburden loads were 8.05 MPa and 9.15 MPa, respectively.
Accordingly, the equivalent loads that needed to be applied via the load compensation system
for the two models were determined to be 28.98 kPa and 32.94 kPa, respectively.

4.3. Physical Simulation Results

The physical model was mined sequentially from left to right, with each mining
advancement set at 10 cm over a total mining length of 210 cm. Following each mining
step, the newly developed similarity simulation material was immediately backfilled into
the excavated area. After achieving stability post-mining, displacement and stress data
were collected via the monitoring system. These measured vertical displacements and
stresses from the physical simulation were then converted into their full-scale prototype
equivalents using Equation (1). The converted data were subsequently analyzed.

As observed in Figure 10a, when the working face advanced to the 100 m position,
the rock mass in the caving zone was in a fully fragmented state and randomly filled the
goaf. This occurred because the caved rock mass had been extracted during mining and
backfilled with the new SSM, which conforms to the mechanical properties of the Salamon
model. The KS2 at the top of the caving zone in Panels 1203 and 1208 was a medium
sandstone layer with thicknesses of 30 m and 27 m, respectively. Possessing relatively
high load-bearing capacity, it was able to support the main load from the overburden. At
this stage, the compression of the new SSM was 0.07 m and 0.09 m for the two panels,
respectively. Concurrently, the observation values from survey line #9 remained essentially
stable, indicating that KS4 at the bottom interface of the Cretaceous system had not yet
undergone significant bending or subsidence.
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(a) Working face mining distance 100 m. 

 
(b) Working face mining distance 180 m. 

 
(c) Working face mining distance 240 m. 

 
(d) Working face mining distance 280 m. 
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Figure 10. Displacement nephograms of physical simulation with different mining distances.

As shown in Figure 10b, as the working face advanced to 180 m, the span of KS2 further
increased. Consequently, a portion of the load it originally carried was gradually transferred
to the unloaded and bulked rock mass within the caving zone in the goaf. During this
process, the compression of the new SSM increased to 0.36 m for Panel 1203 and reached
0.46 m for Panel 1208. Despite this, KS4 was only minimally affected, exhibiting a relatively
small magnitude of subsidence change.

As shown in Figure 10c, when the advance reached 240 m, the compression of the rock
mass in the caving zone exhibited a sharp increase. The compression of the new SSM rose
to 0.648 m for Panel 1203 and increased to 0.87 m for Panel 1208. Analysis suggests that the
primary reason for this dramatic rise in compression during this stage is the continuous
expansion of the span of KS2. This led to an increase in its own bending subsidence,
thereby transferring a greater portion of the load to the goaf, which in turn promoted
further compaction of the unloaded and bulked rock mass.

As observed in Figure 10d, when the advance reached 280 m, the load originally borne
by KS2 had been almost entirely transferred to the bulked and caved rock mass within the
goaf. Consequently, the compression curve of the caving zone displayed a nearly horizontal
step-like feature, with the compression of the new SSM reaching 0.92 m and 1.07 m for
Panels 1203 and 1208, respectively. This phenomenon originated from the significantly
weakened load-bearing capacity of KS2 due to its excessive span. In contrast, the KS3 in
both panels was a thick, hard sandstone layer, which at this point undertook the major
portion of the load. This prevented further transfer of the overburden load to the goaf,
resulting in a near-flat-bottom characteristic in the bending subsidence of KS2.

As shown in Figure 10e, when the working face advanced to 320 m, the load originally
borne by KS2 had been completely transferred to the goaf, while KS3 still supported the
vast majority of the overburden load. At this stage, the compression of the caving zone
continued to exhibit a plateau feature. The compression of the new SSM increased to 1.10 m
for Panel 1203 and reached 1.28 m for Panel 1208. Given that only an extremely small
portion of the load was transferred from KS3 to the goaf, it can be concluded that this
stratum remained the dominant load-bearing structure.
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As shown in Figure 10f, when the working face advanced to 360 m, a portion of the
load borne by KS3 began to transfer downward to the unloaded and bulked rock mass.
This induced further compaction of the rock mass in the caving zone under the applied
load. Consequently, the plateau phenomenon in caving zone compression disappeared.
The compression of the new SSM increased to 1.27 m for Panel 1203 and to 1.50 m for
Panel 1208.

As the working face continued to advance to 420 m, KS3 transferred the majority of its
load to the underlying unloaded and bulked rock mass, promoting sustained compaction
of the caving zone rock mass. During this stage, the compression of the new SSM rose to
1.57 m for Panel 1203 and reached 1.83 m for Panel 1208, as illustrated in Figure 10g.

4.4. Validation of the New Similar Simulation Material
4.4.1. Verification of Caving Zone Compression

By comparing the physically measured data from the simulation with the theoretical
calculation results from the Salamon mechanical model, the feasibility of the new SSM was
validated, as illustrated in Figure 11.
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Figure 11. Measured and theoretically calculated results of unloading−expansion in the caving zone.

After the completion of panel mining, in the physical simulation of Panel 1203, the
maximum subsidence of KS2 was 1.57 m, which corresponds to the measured maximum
compression of the new SSM in the caving zone, also 1.57 m (Figure 11a). The Salamon
mechanical model calculated a plastic unloading-induced bulking volume of 3.27 m for
the caving zone (Figure 11c). Based on a mining height of 5 m, the theoretical plastic
bulking compression was derived as 1.73 m. The relative error between the measured and
theoretical values was 10.19%; detailed data are presented in Table 4.

Table 4. Theoretical vs. measured error in vertical displacement.

Working Face Measurement Value Theoretical Value Error Error Rate

1203 1.57 1.73 0.16 10.19%
1208 1.83 1.64 −0.19 −10.38%

For Panel 1208, in the physical simulation, the maximum subsidence of KS2 was 1.83 m,
equating to a measured maximum compression of the new SSM of 1.83 m (Figure 11b).
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The mechanical model calculated a plastic bulking volume of 8.36 m for the caving zone
(Figure 11d). Given a mining height of 10 m, the theoretical plastic bulking compression
was calculated to be 1.64 m, resulting in a relative error of −10.38%; detailed data are
presented in Table 4.

The errors between the measured data and the theoretical predictions for both panels
were confined to a relatively small range (with absolute values both less than 11%). This
outcome not only validates the applicability and accuracy of the Salamon mechanical
model under actual engineering conditions but also demonstrates the high reliability and
effectiveness of the new SSM in simulating the bulking–compaction characteristics of rock
masses in the caving zone.

4.4.2. Feasibility Validation Based on Goaf Stress

According to the Salamon theoretical model, the strain of the unloaded and bulked
rock mass in the caving zone can be expressed as the ratio of the unloading-induced
bulking volume to the sum of the mining height and the caving zone height. Substituting
the relevant experimental data into Equation (2) yields the theoretically predicted value of
the goaf stress. A comparison between this predicted value and the physically simulated
measured results is presented in Figure 12.

σ1 =
E0ε1

(1 − ε1/εm1)
(2)

where σ1 is the axial stress, Pa; E0 is the initial tangent modulus, Pa; ε1 is the axial strain;
εm1 is the maximum possible axial strain.
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Figure 12. Measured and theoretical results of stress in the gob.

As observed in Figure 12, the measured stress values in the model boundary regions
for both Panels 1203 and 1208 are higher than the back-calculated results from the Salamon
model. To mitigate the influence of boundary effects, the focus of the analysis was placed
on the data agreement at the open-off cut and the central section of the working faces. At
the open-off cut, the relative errors between the measured and theoretical values of goaf
stress for the two panels were −11.84% and −10.06%, respectively. In contrast, within the
central section of the working faces, these errors decreased significantly to −3.74% and
−3.24%, respectively; detailed data are presented in Tables 5 and 6.

Despite the larger errors observed in the boundary regions, all discrepancies remain
within an acceptable range. Furthermore, the central sections exhibit a high degree of
consistency between measurement and theory. This outcome not only validates the appli-
cability of the Salamon theoretical model in describing the distribution patterns of goaf
stress [14,15] but also confirms the effectiveness of the new SSM proposed in this study for
simulating the stress evolution at the top boundary of the caving zone. This demonstrates
that the material does not introduce systematic bias to the stress distribution characteristics
in critical regions.
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Table 5. Theoretical vs. measured error in vertical displacement of 1203.

Distance of
Boundary

Measurement
Value

Theoretical
Value Error Error Rate

110 8.53 7.52 −1.01 −11.84%
130 10.12 9.30 −0.82 −8.13%
150 11.01 10.22 −0.79 −7.14%
170 11.68 11.03 −0.65 −5.58%
190 11.87 11.47 −0.40 −3.35%
210 11.59 11.16 −0.43 −3.73%
230 10.95 10.60 −0.36 −3.24%
250 10.21 9.89 −0.31 −3.08%
270 9.43 9.05 −0.38 −4.02%
290 8.32 8.12 −0.20 −2.42%
310 7.30 7.09 −0.21 −2.90%
330 6.30 6.01 −0.29 −4.60%
350 5.12 4.89 −0.23 −4.55%
370 4.16 3.81 −0.35 −8.39%

Table 6. Theoretical vs. measured error in vertical displacement of 1208.

Distance of
Boundary

Measurement
Value

Theoretical
Value Error Error Rate

90 6.90 6.21 −0.69 −10.06%
110 7.80 7.16 −0.64 −8.23%
130 8.43 7.94 −0.49 −5.81%
150 8.85 8.59 −0.27 −3.02%
170 9.20 8.86 −0.34 −3.75%
190 9.35 9.03 −0.32 −3.39%
210 9.46 9.12 −0.34 −3.60%
230 9.30 8.96 −0.34 −3.69%
250 9.02 8.70 −0.32 −3.56%
270 8.52 8.30 −0.22 −2.54%
290 7.86 7.59 −0.27 −3.43%
310 7.01 6.67 −0.34 −4.91%
330 6.02 5.70 −0.32 −5.35%
350 5.03 4.74 −0.28 −5.63%
370 4.16 3.90 −0.26 −6.26%
390 3.26 3.08 −0.17 −5.36%
410 2.49 2.42 −0.06 −2.58%
430 1.65 1.81 0.16 9.59%

5. Discussions
This study addresses the inherent limitation of traditional physical simulations in

accurately reproducing the bulking–compaction behavior of rock masses within the caving
zone. It proposes a new SSM and validates its feasibility through physical simulation
experiments, thereby providing a new material foundation and methodological support for
refined research on overburden movement patterns.

The research demonstrates that the stress–strain curve of the new SSM exhibits a high
degree of conformity with the Salamon model, displaying typical characteristics of rapid
initial-stage compaction. This finding aligns with previous studies that employed this
model to describe the compaction behavior of caved rock in goafs [14,15]. Notably, this
study reveals that the stress–strain behavior of the new SSM is primarily governed by the
thickness of the EPE component, while being largely independent of its position. Under
conditions of identical EPE thickness, variations in position cause the stress–strain curve
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to fluctuate only within a narrow range, with insignificant increases. Conversely, with a
fixed position, increasing the EPE thickness leads to a pronounced, stepwise enhancement
of the stress–strain curve, accompanied by a progressively widening increase in magnitude.
Furthermore, the material’s response time to stress lengthens with greater EPE thickness.
This phenomenon elucidates the fundamental characteristics of rock mass mechanical be-
havior in actual coal mine strata: soft rock layers are prone to compressive deformation yet
difficult to fully compact, whereas hard rock layers exhibit strong resistance to compression.

Meanwhile, existing traditional physical simulation results show the following: for
a working face with a coal seam thickness of 8.80 m, the subsidence of KS1 after mining
completion is 7.80 m [34], corresponding to a bulking volume of 1.00 m in the caving zone.
For a working face with a coal seam thickness of 5 m, the subsidence of KS1 is approximately
4 m [35], while the bulking volume of the caving zone remains 1.00 m. Compared with
the physical simulation data of Panels 1203 and 1208 in this study, the subsidence of KS1
in traditional simulations is greater than that obtained using the new SSM, whereas the
bulking volume of the caving zone is smaller than the new SSM simulated values. This
comparison indicates that the physical simulation method employing new SSM can more
realistically reproduce the bulking mechanical behavior of rock masses in the caving zone,
and its simulation results show better consistency with field-measured engineering data.

Although the new SSM can effectively represent the bulking–compaction features of
fragmented rock in the caving zone, it achieves only partial similarity ratio matching when
compared to traditional physical simulation methods. Specifically, the new SSM satisfies
similarity requirements with the caving zone rock mass in terms of parameters such as
dimension and stress. However, due to the inherent properties of the EPE material—namely,
its high elasticity and low density (approximately 200 kg/m3)—it cannot meet the density
similarity ratio. Consequently, it is not suitable for studying the stress evolution patterns
of the floor, though this limitation has minimal impact on simulating stress evolution at
the top boundary of the caving zone. Additionally, the novel material is composed of
combined PP and EPE layers, exhibiting anisotropic characteristics in the vertical direction.
This allows it to reflect the distribution features of different lithologies within the caving
zone, representing a fundamental distinction from the homogeneous rock strata commonly
used in traditional simulations. While this characteristic restricts the study of compression
heterogeneity in the vertical direction within the caving zone, it does not impede the
material’s accurate characterization of the overall compression and deformation patterns of
the caving zone.

6. Conclusions
This paper presents an experimental method for simulating the bulking–compaction

process of rock masses within the caving zone. The compaction characteristic curve of
the new SSM shows a high degree of agreement with the Salamon model, effectively
overcoming the shortcomings of traditional similarity materials in simulating unloading-
induced bulking behavior. This provides a new technical approach for physically simulating
the movement patterns of overlying strata.

(1) A novel method for simulating the bulking–compaction characteristics of the caving
zone is proposed, breaking through the technical bottleneck where traditional materi-
als struggle to accurately reproduce the bulking–compaction process of fragmented
rock masses in goafs. Experimental results indicate that the stress–strain curve of the
new SSM exhibits high consistency with the Salamon model. This addresses, at the
constitutive relationship level, the critical issue of distortion in simulating rock mass
bulking–compaction behavior in traditional physical simulations.
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(2) The dominant controlling factors of the stress–strain behavior of the new SSM are
revealed. The study finds that the material’s mechanical response is significantly
correlated only with the thickness of the EPE component and is independent of its
position. Under fixed position conditions, the stress–strain response exhibits a non-
linearly enhancing characteristic with increasing EPE thickness, and this strengthening
effect becomes progressively more pronounced. Conversely, under different position
conditions, the stress–strain curves remain essentially consistent.

(3) A selection method for the dimensions of the new SSM under different working
conditions has been established. In the curve-fitting formula for the new SSM, the
initial tangent modulus (E) gradually decreases with increasing material thickness,
while the maximum strain (εm1) increases with thickness. Therefore, based on the
required numerical ranges of the E and εm1 for the target working condition, the
corresponding thickness of the new SSM can be selected, thereby achieving precise
simulation and matching of its mechanical behavior.

(4) The feasibility of the new SSM for the caving zone is validated through physical
simulation experiments. Taking the Shilawusu Coal Mine as an example, the simula-
tion errors for key parameters—including caving zone compression subsidence, goaf
stress, and stress in the central section of the working face—using the new SSM are
all controlled within 12%. This fully demonstrates the feasibility of this material in
physical simulations.
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