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Abstract: Sinking and horizontal movements are necessary parameters for assessing the potential
impacts of surface subsidence in mining activities. Based on similarity criteria, the surface subsidence
mechanism was studied using a physical model composed of similar materials such as sand, cement,
and gypsum. With constant field geological parameters maintained in two angles of a coal seam,
models of roof subsidence of composite rock were compared for different mining configurations.
In accordance with observations from the physical model, it was concluded that subsidence and
horizontal movement of strata near to and far from the coal seams were different and divided into five
zones. The zone above a mined-out area underwent greater total subsidence compared to unexploited
regions on both sides. Correlations between a subsidence curve and the height of a caving zone and
the mining dip angle were obtained and verified from numerical model results. According to the
roof’s position relative to the goaf, the area above the goaf of the composite rock layer was divided
into three regions: a curving zone, a water-conducting fracture zone, and a falling zone, to which
the subsidence and movement characteristics of each area could be proposed. Compared with the
subsidence and movement characteristics observed from the physical and numerical model, the
acquisition of subsidence characteristics and parameters in different areas can provide an idea for
improvement, innovation or proposal of a theoretical formula for subsidence prediction of composite
rock formations.

Keywords: composite strata; similarity material model; field element model; sinking; horizontal
movement

1. Introduction

After coal mining, the overlying strata sinks, and gradually extends to the surface of
the mining area, causing of ecological environmental damage and water resource depletion,
bringing great inconvenience production and local life [1,2]. Subsidence movement of
overlying strata increases and causes surface subsidence of the ground basin in mining
areas, causing structural and environmental damage [3]. Land subsidence is one of the
most severe geological disasters, which threatens the stability of the slopes, causing uneven
settlement of engineering structures, landslides, instability and deformation of systems,
and even destroying the balance between natural lakes and groundwater sources, resulting
in pollution of water resources [4–6]. Study of subsidence of composite strata during
longwall mining is of great significance to surface vegetation protection, building stability,
and water resource balance in the mining areas [7–10].

Numerous research results have shown that physical and numerical simulation meth-
ods are effective solutions for investigating mining-related issues, proving a clear and
intuitive understanding of subsidence during coal mining [11–13]. Theoretical modeling of
subsidence predicts stress in rock strata and can predict the final subsidence curve after
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mining [14]. Theoretical models of subsidence prediction have used a prediction function
formula to evaluate stress in the rock formation, and the final subsidence curve position
after mining was predicted, including empirical equations [15]. A subsidence influence
function correction method based on ground observation results, was used to estimate
maximum subsidence function under the discontinuous subsidence [16–18]. A. G. Corkum
used a traditional surface subsidence model to predict the subsidence of a geological model
established by the three-dimensional finite difference method [19] and found that the the-
ory was inconsistent with finite element modeling. The traditional model was improved,
and a new mining subsidence model was established when the transition between soft
and hard rock layers in the underlying strata was converted [20,21]. Yang developed a
prediction model of the surface subsidence curve based on an artificial neural network
and cylindrical map of geological conditions [22]. However, the traditional subsidence
prediction method does not take into account the comprehensive influence of geological
structures, mechanical properties of the rock mass, or ground stress on subsidence. The
empirical model of compensation depends on specific mining sites, which is suitable for
subsidence simulation of similar sites [23,24]. An understanding of the overlying strata
movement mechanism, which the physical model provided, played a significant role in de-
veloping prediction methods for mining-induced subsidence at a time when sophisticated
numerical models and computer programs were not developed [25]. With the development
of computer technology, a numerical model based on finite element and infinite element
theory comprehensively utilized the physical and mechanical properties of rock to obtain
the subsidence curve [26–28]. Due to the difficulty of obtaining mechanical parameters of
rock mass in mining sites, and the variability of laboratory measurements, an improved
prediction model of composite rock subsidence can be proposed by comprehensively ana-
lyzing subsidence parameters obtained by a numerical model and a physical model verified
by field monitoring [29–33].

In the present work, dynamic ground subsidence was predicted using a physical model
as well as a numerical model, and detailed analysis was carried out to predict subsidence
caused by underground longwall mining of a coal seam in Zhang Ji mine. In this study,
a similar material physical model was used to study the subsidence mechanism and
characteristics of composite strata, and the key parameters describing the strata movement
behavior in longwall mining progress were obtained. The model test results were verified
by finite element modeling [13,34]. In order to study the law of movement and failure of
overlying strata and the law of surface subsidence during mining, taking the geological
and mining conditions of Zhangji coal mine as the research object, similar material coal
models with horizontal and 10-degree dip angles were made in a gently inclined section
of rock formation in the mining area, and a similar material simulation experiment was
carried out. Based on the experimental results, a law for movement and failure of overlying
strata after coal seam excavation was attained. Furthermore, comparing the results from
numerical and physical similarity models, a reasonable subsidence prediction model was
proposed [35].

Understanding the subsidence behavior of composite strata caused by underground
mining operations is the most crucial aspect of environmental impact assessment and
mining design. Similar physical models and numerical simulation methods are essential
to observe subsidence behavior [10,36]. Based on the results of the two methods, current
prediction methods of stratum subsidence and horizontal movement can be improved and
innovated and provide theoretical and methodological references for similar composite
rock formations.

2. Similarity Modeling of Mining Subsidence in Zhangji Mine
2.1. Subsection Engineering Background

The Huainan mining field is located in the north-central part of Anhui Province, with
a good geographical location and convenient transportation. The mining area is about
100 km long, 30 km wide, and covers an area of 3000 km2. Zhangji coal mine is located in
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Zhangji town, Huainan mining area (see Figure 1). The overlying stratum is a cenozoic
loose layer with lower limestone and coal measure strata from the Cambrian, Ordovician,
carboniferous, and Permian coal measures (see Figure 2). The 11418(W) working face has
a strike length of 212 m and an inclined length of 1260 m, which is arranged along the
slope and mined upside down. The average buried depth of the 8# coal seam is 500 m,
with an average thickness of 3 m and a 4◦ average inclination. The geological data and
corresponding rock mechanics parameters of the rock mass obtained by drilling are shown
in Figure 3, and Table 1. The rainfall and water content of the rock formations are shown in
Figures 4 and 5.
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Mudstone 25~95/73 harder Micro-wea Less-fra
Fine sandstone 42~95/73 hard Micro-wea complete

Limestone 45~100/74 stiffness Tiny-wea complete
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2.2. Similar Theory and Modeling Principles
2.2.1. Determination of Similar Material Ratio

In accordance with similarity theory and the field test, the modeling material properties
were designed and satisfied, relying on model results, and the impact of mining activities
was analyzed [37]. Considering the scale difference between the coalfield and laboratory
experiment, choosing a reasonable similarity ratio can reduce the influence of size difference
on the subsidence of rock formation during and after mining. Whittaker and Reddish
stated that parameters that have a major influence on the mechanical behavior need to
be considered and analyzed, including geometry, stress, bulk density, and time similarity,
along with the similarity fundamental condition described below [38]:

Cσ

Cρ × CL
= 1, (1)

where CL, is the geometry constant, Cσ, is the regular strength, Cρ, is the constant of density
similarity between the model and the prototype case, L is length, σ is compressive strength,
and ρ is density.

• Size similarity ratio

According to the mining depth of the coal seam and the actual model height, the
similarity ratio of size is obtained as:

CL =
Lp

Lm
=

500
2

= 250, (2)
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where parameters p, m stands for prototype and model, respectively.

• Stress strength similarity ratio.

Strength parameters of the natural rock mass can be estimated by a rock mass rating
system based on laboratory uniaxial test results of rock samples obtained from field drilling.
Based on the theory that the average uniaxial compressive strength of natural rock mass
is 28% that of the indoor intact rock, the natural rock mass strength can be obtained. The
similarity model of rock mass is expressed as:

Cσ =
σp

σm
= 300, (3)

where parameters p and m indicate prototype and model, respectively.

• Density similarity ratio.

The aggregates of the physical model are ordinary river sand, with a diameter less than
1.5 mm, lime, gypsum, and mica powder, which can simulate the rock bedding structure, as
shown in Figure 6. The cylindrical specimens were prepared by mixing various materials
with water uniformly. The contribution of various materials to the compressive strength
of the specimens was obtained by a uniaxial compression test. According to the strength
value of each rock layer in the physical model obtained by Equation (4), and the laboratory
mechanical test parameters of rock samples in Table 2, the mixing proportion and content
of materials in each rock layer can be reasonably determined, as shown in Table 3.

Cρ =
Cσ

CL
=

ρp

ρm
=

300
250

= 1.2, (4)

where ρp is the actual rock density, and ρm is the model rock density.
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Figure 6. Physical model materials: (a) mica powder and sand; (b) gypsum and hydrated lime.

Table 2. Laboratory mechanical test parameters of rock samples.

Lithology
Indoor Specimen Parameters

Depth/m Rc/Mpa γ/KN·m−3 c/MPa Rt/MPa ϕ/o

Loose bed 176.9 7.20 19.0 0.49 0.13 26
Sandy mudstone 34.45 18.00 22.38 1.78 3.24 25

Silty fine sand 23.58 14.00 23.00 2.43 2.76 27
Sandstone 19.90 25.6 23.20 4.96 5.31 33

Mud-sandstone 83.05 15.40 26.32 3.45 3.82 31
Fine sandstone 28.77 31.01 24.50 2.50 2.78 32

Marl 39.00 26.00 26.20 4.60 5.89 28
Siltstone 18.70 28.63 23.20 5.48 4.28 29

Mudstone 9.01 12.91 24.00 3.60 6.60 30
Fine sandstone 8.34 19.10 26.80 3.30 4.03 33

Limestone 15.26 35.21 27.20 5.10 6.21 31
Siltstone 12.46 39.10 26.96 4.98 4.50 29
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Table 2. Cont.

Lithology
Indoor Specimen Parameters

Depth/m Rc/Mpa γ/KN·m−3 c/MPa Rt/MPa ϕ/o

Coal 10.50 13.00 14.20 1.96 0.88 25

Mudstone 12.00 18.80 26.65 3.80 5.54 31
Fine sandstone 8.00 30.10 26.5 3.20 6.52 28

Table 3. Simulation material parameters of the physical model.

Lithology
Prototype Parameters Model Parameters

Mix Ratio
Material Weight/kg

Depth/m Rc/Mpa γ/KN·m−3 d/cm Rc/kPa γ/KN·m−3 Sand Caco3 Gyp Mica Water

Loose bed 176.9 2.02 19.0 70.79 6.72 15.83 8:2:3 85.23 21.31 31.96 4.10 27.34
Sandy mudstone 34.45 5.04 22.38 13.78 16.80 18.65 7:3:3 26.20 11.23 11.23 3.4 17.53

Silty fine sand 23.58 3.92 23.0 9.43 13.05 19.17 8:1:2 10.41 1.3 2.6 3.2 10.52
Sandstone 19.90 7.17 23.20 7.96 23.88 19.33 7:5:3 8.35 5.96 3.58 2.5 9.67

Mud-sandstone 83.05 4.31 26.32 33.22 14.23 21.93 8:2:3 51.51 12.88 19.32 4.6 23.68
Fine sandstone 28.77 8.68 24.50 11.5 28.64 20.42 8:5:5 20.8 13 13 3.5 15.47

Marl 39.00 7.28 26.20 15.6 24.02 21.83 7:3:2 24.94 10.69 7.13 2.5 16.24
Siltstone 18.70 8.02 23.20 7.48 26.45 19.33 8:2:3 10.10 2.53 3.79 2.0 11.20

Mudstone 9.01 3.61 24.00 3.6 11.93 20 7:4:3 8.86 5.06 3.80 1.8 9.55
Fine sandstone 8.34 5.35 26.80 3.3 17.65 22.33 7:2:1 7.75 2.21 1.11 1.6 6.89

Limestone 15.26 9.86 27.20 6.1 32.54 22.67 8:2:1 12.24 3.06 1.53 1.5 12.54
Siltstone 12.46 10.95 26.96 4.98 36.12 22.47 7:5:5 10.85 7.75 7.75 1.7 10.64

Coal 10.50 3.64 14.20 4.2 12.01 11.83 8:3:1 11.54 4.33 1.44 1.4 11.37

Mudstone 12.00 5.26 26.65 4.8 17.37 22.21 7:2:1 12.35 3.53 1.76 2.0 12.58
Fine sandstone 8.00 8.43 26.5 3.2 27.81 22.08 8:4:5 9.76 4.88 6.1 2.2 9.15

2.2.2. Verification of the Strength of the Rock Formation in the Physical Model

• Compression strength

According to the proportion of each material in the model, a cylindrical specimen is
made, and the stress-strain curve of the sample is obtained on the triaxial compression
testing machine, as shown in Figure 7. The actual value of the rock formation strength of
the physical model is close to the theoretical calculation value, and the error is less than
1% (see Table 4). The strength requirements are combined, and the material strength of the
physical model is verified.
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Table 4. Comparison of uniaxial compression strength of similar materials.

Lithology Actual Value/kPa Calculated Value/kPa Deviation/%

Loose bed 23.76 24.0 1%
Sandy mudstone 59.4 60.0 1%

Silty fine sand 46.2 46.7 1%
Sandstone 84.48 85.33 0.99%

Mud-sandstone 50.82 51.33 0.99%
Fine sandstone 102.3 103.3 0.97%

Marl 85.8 86.67 1%
Siltstone 94.48 95.4 0.96%

Mudstone 42.6 43.0 0.93%
Fine sandstone 63.03 63.67 1%

Limestone 116.2 117.4 1%
Siltstone 129.0 130.3 0.99%

coal 42.9 43.3 0.92%

Mudstone 62.04 62.67 1%
Fine sandstone 99.33 100.3 0.96%

• Tensile strength

Based on the uniaxial compression strength of the indoor samples meeting the sim-
ilarity ratio, the tensile strength of similar materials is verified. The results are shown
in Figure 8 and Table 5. For tensile strength, the ratio of the strength results of the site
rock mass to the indoor rock sample is close to 0.278, and all the ratios are within the
95% confidence interval. In addition, the similarity ratio value of the physical model is
close to 295, and all the similarity ratios fall within the 95% confidence interval. It can be
considered that the tensile strength of similar materials meets the requirement of strength
similarity ratio.

Table 5. Comparison of tensile strength in laboratory test and the physical model.

No Lithology
Indoor Experiment Prototype Physical Model Similarity Ratio

R1
t /Mpa R2

t /Mpa R3
t /kPa R2

t /R1
t R2

t /R3
t

1 Loose bed 0.13 0.040 0.136 0.30 294.117
2 Sandy mudstone 3.24 0.844 2.71 0.26 311.439
3 Silty fine sand 2.76 0.806 2.758 0.29 292.240
4 Sandstone 5.31 1.326 4.932 0.269 301.295
5 Mud-sandstone 3.82 1.024 3.432 0.268 298.368
6 Fine sandstone 2.78 0.782 2.68 0.281 291.791
7 Marl 5.89 1.726 5.798 0.293 297.688
8 Siltstone 4.28 1.231 4.371 0.287 281.628
9 Mudstone 6.60 2.046 6.743 0.310 303.425

10 Fine sandstone 4.03 1.149 3.901 0.285 294.539
11 Limestone 6.21 1.625 5.357 0.261 303.341
12 Siltstone 4.50 1.245 4.121 0.277 302.111

13 Coal 0.88 0.253 0.869 0.287 291.139

14 Mudstone 5.54 1.427 4.684 0.257 304.654
15 Fine sandstone 6.52 1.991 6.435 0.305 309.401
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Figure 8. Comparison of tensile strength between on-site rock mass, indoor and model specimens.

2.3. Experimental Device Set-Up and Process
2.3.1. Model Devices and Test Procedure

A physical experiment was carried out on a similar material model frame with length
4.0 m, width 0.5 m, and height 2.0 m. The thickness of each rock layer was obtained by
synthesizing the field drilling data, and the similarity ratio of the model size, which was
premarked on the steel frame on both sides of the model. The rock materials prepared
according to the mixing ratio were installed in the model layer by layer according to the
order from bottom to top, and mica powder was used as the bedding and joint line between
strata, with strain and displacement gauges installed in the corresponding sizes according
to the layout drawing of the applied displacement measuring point see Figure 9a, and the
fiber optic measuring points which set at the top of the physical mode (see Figure 9b). In
Figure 10, the test set-up and sample model after paving are shown.
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CSTM-1508 dynamic earth pressure boxes, and the computer storage system were used
to record rock pressure. An optical fiber sensor system (DIGEST-STA analysis system, as
shown in Figure 11) at the top of the model monitored surface displacement. In addition,
displacement markers on the model surface matched with a high-definition digital camera
were set to observe settlement of the rock formation. Different measurement results
could be obtained and the extensive use of multiple scenarios achieved the most accurate
measurement of cross-checking output and rock subsidence. A week after the model was
installed, sequential extraction of the coal seam was mined by cutting the eye 40 cm from
the model boundary, with each mining length of 20 cm, and two hours were given for the
upper panels to fully development.
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2.3.2. Model Validation

• Stress and subsidence rate

After model paving was completed, four measurement points of the coal seam floor,
as shown in Figure 12, were selected, and the stress and subsidence values of the site after
mining were recorded, along with the six parallel displacement lines (1–6) on the surface of
the model to observe subsidence. Results are shown in Figure 13. The results show that the
stress and subsidence of the physical model are slightly larger than the on-site monitoring
results, which are close to each other. The results of four monitoring points at the coal seam
floor proved the correctness and usability of the physical model.
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Figure 13. Comparison of stress and subsidence rates of the coal roof in the physical model and the
field. (a) Sink rate curves of points 1 and 2; (b) floor stress curves of points 3 and 4.

• Results of Fiber optic measuring points and D-InSAR measurement

The D-InSAR method extracts and separates two successive radar complex images
acquired in the same area, which can eliminate the influence of interfering phase signals
such as terrain, atmosphere, and noise, then obtains surface deformation information. The
specific analysis process includes radar image registration and resampling, interferogram
generation, deformation signal separation, phase unwrapping and projection transforma-
tion, and other key data processing steps. In the end, the surface deformation information
is obtained. In this paper, the two-track differential interferometry technology was used
to analyze the surface deformation of the SAR image data provided by EnViSat ASAR in
the C-band of the coal mining subsidence area. Subsidence parameters of the coal mining
subsidence area in different periods of the mining area were obtained. The settlement
spatial distribution and qualitative strength analysis show that all settlements are within
or near the boundary of the well field. As shown in Figure 14, comparing and analyzing
the results of optical fiber measurement and ground monitoring of the physical model,
the intensity curves of the two are in good agreement, which shows the accuracy of the
numerical model meets the requirements [39].
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Figure 14. Analysis of optical fiber measuring points and D-InSAR measurement results. (a) Compar-
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3. Physical Model Test Results

In this experiment, two-angle (horizontal and 10-degree) coal seam models were
installed. The stabilized physical model is shown in Figure 15. After the coal seam
was thoroughly mined, complicated horizontal and vertical movement and deformation
occurred in the upper strata of the mined-out area. The final stable overlying rock layer s
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underwent different degrees of deformation and failure after mining, which can be divided
into three areas: a caving zone, a broken zone and a bending zone. Both the caving zone and
fracture zone can conduct water, which is called the water-driving fracture zone. According
to the model observation data, the height variation curve of water flowing in the fractured
zone during mining is shown in Figure 16. Rock crack development and the settlement
formation process in different coal seam mining distances are shown in Figure 17.
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Figure 15. Failure mode of overburden rock of the two-angle coal mining model. (a) Horizontal
model; (b) 10-degree model.
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Figure 16. Water conduction height of the two models.

3.1. Sinking and Horizontal Movement Law of Overlying Strata

Stratum observation points were arranged at different heights above the coal seam
on the model’s surface to explore the movement and transmission laws of the roof strata.
According to the change of observation lines, the movement vector of observation points
on the model’s surface was drawn. A total of 10 observation lines were installed on the
model’s surface, with six observation lines (see Figures 12 and 15) from top to bottom
selected for analysing the coal roof movement law. As Figure 18 shows, the sinking and
horizontal displacement of observation lines in the physical model were measured and
are presented.
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Figure 17. Development of goaf and fracture in the mining process: (a) 75 m; (b) 100 m; (c) 125 m;
(d) 150 m.
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Figure 18. Sinking curve and horizontal movement curves of 6 observation lines. (a) Sinking curve;
(b) Horizontal migration.

• Sinking

Sinking characteristics of the roof rock formation after coal mining have been re-
searched for various coalfields in the world [37]. The subsidence curve and the increment
trend of overlying rock strata are shown in Figure 18a, showing an axisymmetric sinking
displacement profile about the center of the coal goaf, with sinking curve value reaching
near zero at the end of mining. Compared with the sinking lines in Figure 18a, a signif-
icantly reduced rate of sinking close to the surface area, and a smooth sinking rate near
the coal seam after the coal mining were observed. In addition, the peak value of sinking
(brown line) close to the coal seam is three times larger than that of the near-surface rock
formation (black line), which results from the stress release difference and rock lithology of
overlying strata during coal mining. After coal mining, the stress of the rock layer near the
excavation surface is gradually released. When a crack develops and expands upward to
the upper rock layer, the rock layer is separated due to bedding and lithology differences,
and the lower rock layer collapses and settles completely. The re-stability of rock strata
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after crossing and stacking as a supporting layer prevents the subsidence of the upper rock
strata, resulting in significant differences in the subsidence amplitude between the upper
and lower strata and, finally, a stepped caving zone is formed above the goaf.

• Horizontal movement

Analyzing horizontal displacement of the coal roof indicates the exact mechanism for
different depths of rock formations in longwall mining (Figure 18b). Coal seam mining
leads to a symmetric horizontal displacement profile around the goaf center, in which the
displacement curve value reaches zero at the end of mining and shows two maximum hori-
zontal movement values in the opposite direction distributed near the central excavation
area. Otherwise, the horizontal peak value appears near the coal seam, and the incremental
value shows a trend of increasing first and then decreasing, and a stable self-weight tends in
the end. In addition, close to the mining area, the maximum horizontal displacement value
(brown line) is almost eight times bigger than the surface zone (black line). Furthermore,
the horizontal displacement increment value, which first increases, then decreases, finally
stabilizes, shows the difference in the law of upward transfer of mining stress between roof
rock layers after coal mining extraction.

• Subsidence and horizontal movement coefficient.

Analyzing the maximum subsidence value of six observation lines, the maximum
subsidence coefficient q and horizontal movement coefficient b of the six observation lines
were obtained as shown in Table 6. The regression relationship between height from the
coal seam and rock subsidence coefficient is shown in Figure 19. It could be argued that
the horizontal movement coefficient and the subsidence coefficient develop in a negative
correlation with the distance between the rock layer and the coal layer. The movement
law of overlying strata in the mining field is transferred from bottom to top, with the peak
subsidence and horizontal movement value decreasing gradually in the transfer process. In
other words, the subsidence movement deformation increment of the overlying rock layer
first increases, then falls, and the deformation of the roof surface reaches a stable level. This
observation shows that the original stratum tends to move and deform towards the lower
part of the mining area, causing decreased sinking and increased horizontal displacement.

Table 6. Subsidence and horizontal movement coefficient of rock strata at different heights.

Types Line 1 Line 2 Line 3 Line 4 Line 5 Line 6

Height from coal/m 167 158 143 135 121 105
q 0.86 0.87 0.90 0.97 1.08 0.98
b 0.36 0.35 0.33 0.22 0.20 0.16
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3.2. The Moving Distribution Law of Observation Points

Based on the results of the existing physical model, the subsidence and movement
deformation laws of the composite rock layer after mining depend on the mining mode,
mining area conditions, and other aspects. It is not feasible to propose universal rock
subsidence characteristics. From the results of this physical model test, the subsidence curve
and specific subsidence characteristics of the overlying rock layer of the coal seam were
obtained. Alternatively, according to the relative location of the roof slab, the overburdened
roof was divided into five regions, which exhibit different sinking and horizontal movement
characteristics and parameters (see Figure 20). Table 7 shows a summary of the moving
distribution parameters for five areas as described below.
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Table 7. Subsidence and horizontal movement coefficient in five areas.

Areas Position Moving Characteristics

Zone A Upper strata in front of excavation face Smooth profile and slightly increased
subsidence

Zone B Rock above the goaf data Enhanced subsidence
Zone C Upper strata behind mining area Smooth profile of subsidence

Zone D Upper strata near ground in front of excavation
face

Slightly Enhanced subsidence (less than
Zone B)

Zone E Upper strata near ground behind mining area Slightly Enhanced subsidence (less than
Zone B)

Zone (A), (C): Sub-collapse area. Two regions located above the coal pillar zone, due
to pressurization, with the rock strata that are compressed. The trajectory of points in
the region deviates from the goaf and points to the coal pillar. Due to the movement
of rock strata, the roof strata are suspended, and part of the weight of rock strata is
directly transferred to the surrounding rock stratum, with the original stress balance of the
surrounding rock being destroyed. The stress is redistributed and increased. It should be
noted that with the layer-by-layer caving of roof strata and superposition of a rock bridge
effect increasing, the mining response effect of the upper layer decreases, resulting in the
weakening of e interaction between strata. In addition, depending on the weakened or
even closed cracks, the cracks in the rock layer may not be fully developed. As a result, an
obvious sinking is not obtained.

Zone (B), sinking collapse area located directly above the mined-out area, with the
most significant movement displacement of each point, and the direction pointing towards
the mined-out area. Affected by coal mining, the collapse and subsidence of the lower
strata cause cracks at the edges of the upper and lower strata to open and expand, and the
degree of movement of the strata above the roof increases, resulting in a sharp drop in the
subsidence curve of the strata [21,40].

Zone (D), (E): Falling affected area. Zone D and E are areas above the coal pillar, far
from the coal seam, and belong to the decompression area. The movement trajectory of
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the point in the region points towards the direction of the goaf, which is mainly affected
by the tensile effect under the coal mining process. New tensile cracks and larger tensile
angles are generated at both ends of the collapsed and subsidence area above the goaf. The
sinking movement in this area forms a new disturbance force creating favorable conditions
for deformation to occur in the undamaged areas on both sides. As a result, the original
strata on both sides tend to be weakening zones, and a certain degree of subsidence occurs,
but these displacements are also relatively small.

3.3. The Moving Track of Rock Profile Points

The dynamic movement track of strata at 1–6 observation points when mining to 52,
104, 158, 212, 266, 320 and 368 m were measured and are presented in Figure 21. It can
be seen that the moving direction of Point 1 points towards the mining face advancing
direction, along with a sinking movement pointing to the collapse direction of rock stratum,
for point 2, where the final horizontal movement value is close to zero (red dotted line
in Figure 21a). The sinking moving trajectory points to the direction of the coal pillar.
Furthermore, the trajectory of maximum sinking movement vectors of points 3 and 4
are similar to a straight line, pointing to the goaf in the mining process. The horizontal
movement value increases then decreasing. In contrast, with an apparent horizontal
movement law, the final trajectory tends towards the mining direction. The moving
trajectory of points 5 and 6 are complex: the moving vector points to the direction of
the coal pillar at first, and finally points to the goaf. Comparing (a), (b), (e), and (f) of
Figure 21, clearly demonstrates the difference of the roof rock movement law between the
start and end of mining, along with an opposite integral horizontal movement direction.
Similar settlement values (a,e) are far less than those of the rock stratum above goaf (see
Figure 21c,d).
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4. Numerical Modeling Test

Numerical model methods for simulating mining subsidence are mainly finite ele-
ment (FEM) and infinite element methods. Due to the advantage of FEM in simulating
complex geometries and nonlinear material behavior, it is the top choice for mining sim-
ulation. Integrating a powerful computer data processing system, and finite element
simulation technology to establish a mining model under this geological condition, the
subsidence movement and horizontal movement of the coal roof rock layer were observed
and analyzed.

4.1. Simulation of Rock Material Properties

Compared with the coating material method, a predictive rock-stratum movement
model established by assuming the rock formations as elastic materials of an exact nature,
can be obtained, along with a more reasonable and close-to-actual subsidence value, and
subsidence curve. In this paper, FLAC3D simulation software was used for simulation, the
rock formation was established as hard contact, and stress and deformation were allowed to
be transferred between the rock formations. The strength and other mechanical parameters
shown in Table 8 were determined according to the rock strength determined by laboratory
tests. The two-angle meshing simulation model established based on the above analysis is
shown in Figure 22.

Table 8. Physical parameters of numerical models.

Lithology E/GPa ρ/kg·cm−3 µ C/Mpa ϕ/◦ σt/MPa

Loose layer 0.02 2.0 0.31 0.02 20 0.08
Mudstone 5.80 2.6 0.25 1.9 35 1.1
Sandstone 9.5 2.65 0.26 3.5 35 1.52
Old roof 14 2.7 0.23 4.0 40 1.94

Immediate roof 9.5 2.4 0.26 1.5 35 1.41
Coal 1.95 1.4 0.36 1.0 30 0.31

Baseplate 11.5 2.48 0.26 5.0 35 1.48
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4.2. Numerical Solution

The continuum material with reduced stiffness used in the numerical model limits
the deformation of sinking and horizontal movement, resulting in a smaller and broader
subsidence line than that of the field test, which was obtained from the comparison between
the numerical model and the field test results after mine extraction. After coal seam mining,
the fracture angle of both ends of the lower strata is smaller than that of the upper strata,
and the length of the fracture zone is longer than that of the upper rock plate. In other
words, the fracture degree of the near coal seam strata is greater than that of the near-ground
position, which agrees well with the physical modeling result, as observed in Figure 23,
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which shows the accuracy of the numerical model meets the requirements [41]. This is
inferred assuming continuity of the rock bridging effect of the thick rock layer weakened
after coal seam mining.
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Figure 23. Comparison of the numerical model and physical model results. (a) Sinking; (b) horizontal
displacement.

4.2.1. Vertical and Horizontal Subsidence

Cloud maps of subsidence and horizontal movement in the roof rock layer at the
end of mining obtained from the numerical model are shown in Figure 24. Investigating
the subsidence of the roof rock upward of the coaf, a symmetrical sinking curve and a
center-symmetric horizontal movement curve with the center of the goaf were adopted.
The numerical modeling result was smaller than that observed from the physical model.
However, the angle was equal on both sides of the upper extraction, which indicates good
agreement with the physical model results.
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Figure 24. Stress cloud of horizontal movement and the subsidence curve. (a) Sinking; (b) horizontal
displacement.

4.2.2. Analysis of Influencing Factors: Mining Depth, Width, and Coal Seam Dip Angle

• Influence of mining width and depth

By investigating the normalized settlement and horizontal movement values of the coal
seam roof slab, and comparing these with the physical model results, a similar subsidence
curve and horizontal displacement were observed (compare Figures 18, 25 and 26). At
the same mining depth, the subsidence value and horizontal movement value of the coal
roof rock layer increase as the mining width increases, and the corresponding range of the
maximum subsidence value increases; the position of the symmetry point of the subsidence
curve gradually moves towards the mining direction. Furthermore, the increment value
of sinking increases at first and then decreases with a smooth growth at the end, which is
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consistent with the result of the physical model (compare black line, red line, and blue line
in Figure 25a). In contrast, the maximum subsidence value of the coal seam roof decreases
with the increasing mining depth under the same mining width. When the mining width is
500 m, the subsidence value (2.92 m) at a mining depth of 200 m is 1.3 times larger than
that (2.25 m) at a mining depth of 500 m. The horizontal movement curve presents an
antisymmetric characteristic about the goaf’s center, and with the larger mining width
(500 m) the horizontal movement reaches a greater value (1.2 m), which is three times bigger
than that of 200 m width. In addition, the incremental value of the horizontal movement
first increases then decreases at the end, and the final horizontal movement value stabilizes
near zero.
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Figure 25. Subsidence curve under different mining depths and widths. (a) Depth 200 m; (b) depth
300 m; (c) depth 400 m; (d) depth 500 m.

• Influence of mining dip

To investigate the subsidence law of the composite rock layer observed from the
numerical model under different coal mine inclination angles, the sinking and horizontal
movement curves under two mining angles are shown in Figure 27. The subsidence value
of the roof decreases with the increasing coal angle, and comparing the sinking subsidence
curves, (see the red line, purple line, and blue line in Figure 27a,b, the subsidence increment
decreases as the coal mining angle increases. In addition to the subsidence analysis obtained
from the sinking curve, the growth of the horizontal movement trend resulting from the
numerical model is discussed as follows. Different from the horizontal coal seam model,
the horizontal motion trajectory of the inclined coal seam presents the opposite direction of
motion (compare Figure 28). In contrast, the maximum horizontal amount of the inclined
coal seam is smaller than that of the horizontal coal, whose value is approximately the
same. This is because the subsidence between the roof rock layers in the inclined coal seam
is weakened, and the expansion angle at both ends of the roof is reduced, which leads to an
increase in the tensile force between the rock layer and the roof and restricts the overall
horizontal movement of the roof rock.
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Figure 26. Subsidence curve under different mining depths and widths: (a) Depth200 m; (b) depth
300 m; (c) depth 400 m; (d) depth 500 m.
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Figure 27. Sinking curves of rock formations at two angles. (a) Dip angle 0◦; (b) dip angle 4◦.

• Coefficient of sinking.

With a greater coal inclination, the peak subsidence value under the same mining
width is smaller. The mining distance corresponding to the maximum subsidence value
gradually deviates from the center of the goaf to the uphill direction. The symmetry of the
subsidence curve is not obvious. When the peak of the horizontal movement of the ground
surface under the same width is small, the downward curve slope of the downhill direction
is greater than that of the uphill direction, resulting in a horizontal movement curve that
is no longer symmetrical. The subsidence coefficient decreases with an increasing mine
depth, but the horizontal movement factor does not change significantly. However, the
horizontal subsidence coefficient increases under a wider mining width (more than 100 m),
and a larger mining depth (more than 400 m) (see Figure 29a). In contrast, with a smaller
mining width, the horizontal factor decreases along with the increasing depth (see the red
dotted circle).
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Figure 28. Horizontal movement curve of the rock formation at four angles. (a) Dip angle 0◦; (b) dip
angle 4◦; (c) dip angle 10◦; (d) dip angle 20◦.
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Figure 29. Horizontal moving subsidence and sinking coefficient ratio. (a) Depth 200 m; (b) depth
300 m.

The relationship between the sinking and horizontal movement coefficient and the
mining depth is shown in Figure 30. A greater mining depth was carried out, resulting
in a smaller peak value of the subsidence coefficient (see Figure 30b). Compared with the
sinking coefficient, as the aspect ratio increases, the horizontal movement coefficient shows
an overall increasing trend, but decreases sharply near the initial mining location. On the
contrary, at large mining depths (500 m), the horizontal movement coefficient shows a
development trend of first increasing and then decreasing until the end of coal mining (see
green line in Figure 30a). Furthermore, the boundary angle and horizontal distance of the
movement influencing the range under different mining depths calculated in Table 9 agree
well with the change law of sinking and horizontal movement of the physical model.
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Table 9. Boundary angle and horizontal distance of different mining depth.

Mining Depth/m Horizontal Distance between Mining
Influence Boundary and Goaf Boundary/m Boundary Angle/◦

150 160 43.1
200 201 44.8
250 247 45.3
300 286 46.4
350 317 47.8
400 380 46.5
450 432 46.2
500 508 45.1

5. Discussion: Mechanism and Prediction of Seam Subsidence

By comparing and analyzing physical and numerical simulation observation results
of composite rock subsidence under coal seam mining, the mechanism and behavior of
stratum subsidence were studied.

5.1. The Movement Law of Coal Roof

After coal mining, new cracks are produced in the overlying strata during the collapse
of the lower strata (see Figure 17a,b). Under stress release and gravity after mining, the
original cracks in the overlying strata propagate, and new damage occurs. After the cracks
propagate and penetrate, the strata collapse, and the fracture angles at both ends of the
collapse zone expand upward. Due to the difference in the strength and lithology of the rock
formations, the degree of stress release between the rock formations is different, and the
collapse characteristics of the rock formations are transmitted upwards. The collapsed rock
formations sink to form a rock bridge. The sinking tensile stress and the stress release of the
rock formation lead to two collapsed areas, and the inclination angle at the end increases.

5.2. Sinking Motion of Rock Formations

Observing and analyzing rock roof slab movement from the physical and numerical
models, complex movement of the upper rock layers result in sinking and horizontal
movement (see Figure 20). After the lower coal seam is mined, the stress of the roof rock
layer is released, causing the original cracks in the formation to expand, and the rock layer
begins to move, sinking and horizontally in the direction of the force. The moving belt can
be divided into five parts (see Figure 20). The collapse area formed by the cracking of the
lower rock layer triggers the original movement of the rock layer directly above, resulting
in larger pull angles at both ends of the rock layer. The rock formations at both ends also
gradually move to the previous weakened areas (zones D and E in Figure 20). Compared
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with the rock formations directly above the goaf, the movement of the rock formations at
both ends produces smaller horizontal displacements and shallower surface cracks. On the
other hand, in other mining-affected areas (A, C, see Figure 20), the lower coal seam has not
yet been mined. The subsidence and movement of the disturbance zone in the upper part of
the mined-out area have less impact on the rock formations, resulting in a relatively smaller
tensile stress, and a larger final tensile crack angle of the affected area edge. This is because
the upper rock layer tends to move toward the lower weakening and subsidence area, and
the lower subsidence area cracks closed, forming a trapezoidal subsidence area in the upper
part of the goaf center. Therefore, smaller sinking and horizontal strata movement of this
area is observed compared with other areas.

The position of the displacement of the rock stratum surface after mine extraction of
the lower coal seam clearly shows the difference in the movement mechanism of the rock
layers in the five regions (zone A, B, C, D, and E). The specific movement mechanism is: at
the upper part face above the coal seam, and the cracking position of the rock formation is
located at the lower edge of the rock formation. The crack expands under the stress of its
weight, the crack opens and depth is more extensive, the horizontal movement value is
more significant, and the sinking curve is sharper. In contrast, under the support of the
rock-bridge of the rock layer below, the tensile crack angle and crack depth of the rock
layer far from the coal seam are smaller (the fracture angle at both ends of the rock layer is
larger), and the sinking and horizontal displacement peaks are also reduced.

5.3. Prediction of Seam Subsidence

The existing subsidence prediction methods cannot fully consider the particularity
of the subsidence effect of the coal seam under a composite type of rock layer. Therefore,
to correctly describe the subsidence characteristics of the rock layer mentioned above, it
is necessary to modify the existing subsidence prediction method or find an innovative
alternative. On the other hand, selecting the relevant rock mass parameters in the pre-
diction method depends on the analysis results of the specific geological conditions [42].
Therefore, the limitations of existing rock mass determination methods and the difficulty of
determining the parameters of the practical mine geological condition model significantly
limit the development and innovation of subsidence prediction methods. In summary,
it necessary to study the subsidence characteristics of the area by using the prediction
models of coal fields with similar geological conditions [43]. However, applying specific
coal seam subsidence models to different coal-field types has caused great uncertainty in
the research results.

Physical models established with similar materials can simulate the change process
of rock subsidence movement under actual mining conditions, and further reveal the
subsidence mechanism of the coal roof rock. At the same time, the numerical model can
reduce the boundary effect of the physical model, improve the rock subsidence movement
process in the physical model, and supplement the analysis of influencing factors such
as mining conditions and site characteristics [42]. Therefore, the subsidence prediction
method based on the subsidence mechanism revealed by the physical numerical model,
and the subsidence parameter determination, provides an innovative solution to improve
the original subsidence prediction method. In addition, based on the results of the similar
material physical model, the results of subsidence movement in five different areas near the
mining area were analyzed, and the subsidence prediction method of the corresponding
area was proposed, which is helpful for establishing a universal and practical composite
rock mining subsidence prediction model. The subsidence prediction system is innovative.
In summary, the physical model and numerical simulation method described in this article
are feasible in the study of mining subsidence characteristics, based on which a multiple-
seam subsidence prediction method can be proposed.



Minerals 2022, 12, 3 24 of 26

6. Conclusions

After the coal seam is mined, there are obvious differences in the movement charac-
teristics and subsidence mechanism of the composite rock roof type at different positions.
However, this is difficult to simulate and analyze with traditional prediction methods
accurately, and the reasons for this difference have not been well explained. The key to
solving this problem lies in a clear understanding of the subsidence process in the roof rock
formation, and accurate analysis of the subsidence mechanism, with the aid of physical
and numerical models.

The subsidence and movement effects of the coal roof after mining in the composite
strata are dependent on the position and strata characteristics, and a universal law suitable
for describing the mechanism of subsidence mechanics is difficult to obtain accurately. By
selecting similar geological and mechanical parameters, and using large-scale physical
simulation technology, the phenomenon of the subsidence parameters of the composite
rock under longwall mining was investigated under different mining configurations.

The physical model results showed that the subsidence and horizontal movement
characteristics of the upper roof rock layer change significantly after the coal seam is mined.
Finally, a trapezoidal subsidence zone symmetrical about the center of the goaf is formed.
However, when mining inclined coal seams, the asymmetrical rock structure leads to an
asymmetrical subsidence pattern in the roof. According to the different laws of subsidence
in the roof rock layer, and the horizontal movement trajectory, five areas can be identified:
the upper and lower main subsidence areas, the subsidence area on both sides, and the
front and back subsidence influence areas. The area above the mining area has the greatest
subsidence value and deep cracks; the rock layer in the outlying mining area has a reduced
subsidence value but an increase in the horizontal displacement value. In the subsidence
area on both sides, the subsidence of the main sinking area is disturbed, and the horizontal
displacement is relatively large. Significantly, the displacement direction points downwards
towards the goaf, and is symmetrically distributed on both sides. Compared with the above
two areas, the subsidence-affected areas located at both ends of the unmined area are less
affected by the mining disturbances, resulting in a smaller horizontal displacement and
crack propagation angle, these observations being consistent with the simulation result of
numerical simulation software.

Due to the size of the model, the limitation of the boundary conditions, the difference
between the strength of the simulated model material and the field geological conditions,
the results of the physical model were different from the actual settlement results, which is
the limitation of the physical model. In addition, the numerical model can intuitively repre-
sent the settlement, and movement results of rock strata. However, due to the assumption
of boundary conditions, the assumption of excavation mode, and the difference between
the contact relationship of rock strata and the actual situation of stope, the numerical results
are finally affected.

The combination of similar material physical modeling and finite element numerical
modeling is an effective method to study the subsidence and movement behavior of
composite rock formations. Based on this research method, an in-depth understanding
of the typical mechanism of composite rock subsidence and horizontal movement was
obtained, and further, the influence of the geological condition and mining characteristic
parameters on the rock movement law was analyzed. The subsidence characteristics
and parameters derived from the research results can be used to develop an improved
subsidence method and model of composite rock formation.
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