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Abstract: Large-scale goafs are left after coal seam mining. Due to the low-lying terrain, the goaf will
be filled and soaked by groundwater, which may lead to instability of the remaining coal pillars in
the goaf and cause uneven settlement of the overlying rock. Consequently, there may be overlying
rock movement and surface subsidence, which endangers the safety of the building (structure) above
the goaf. Considering the strip goaf of Dai Zhuang coal pillar as an example, this study investigated
the evolution of instability and deformation of surrounding rocks affected by water immersion using
the similar material simulation test method. The results of the study reveal that under the effect
of prolonged water immersion in the goaf, the damage to the coal pillar in the strip underwent a
stagewise evolution process of several instances of creep damage at the edge of coal pillar followed by
overall destabilization damage, and the overburden movement revealed stage characteristics of small
step subsidence several times followed by sudden large subsidence. Furthermore, based on Wilson’s
coal pillar instability theory, the instability mechanism of the strip coal pillar under the action of
water immersion was found to be triggered by the reduced strength of the coal pillar from the effect
of water immersion, the continuous creep damage to the strip coal pillar from outside to inside, and
the continuous shortening of the elastic zone of the coal pillar until its bearing capacity was lower
than the load it was carrying. The research results are expected to serve as theoretical guidance for the
study of coal pillar stability and the development and utilization of surface construction above goafs.

Keywords: goaf; water immersion; physical simulation; instability mechanism; movement; deformation

1. Introduction

After coal mining, large-scale goafs are left behind, forming poor foundations. These
goafs are in a relatively stable state for a short period of time after the underground mining
stops. However, the influence of external factors may subsequently result in destabilization
of the residual coal (rock) pillar in the goaf, causing uneven subsidence of overlying rock
and surface movement, which is a major safety hazard for surface land use and building
development above the goaf.

Coal pillar stability is crucial for maintaining safety and stability in the surrounding
rocks in goafs. Many scholars have investigated the failure characteristics and failure
mechanism of residual coal (rock) pillars in goafs. It is considered that the stability of
residual coal pillars in the mining area may be influenced by a number of external factors.
Among these, larger seismic or impact loading effects are highly likely to cause damage to
the coal rock, resulting in settlement of the overburden rock in the mined area.

Yan et al. [1] studied the damage mechanism of rock masses under the action of
earthquakes based on the Moore–Coulomb criterion and fluctuation theory. The dynamic
loads generated by earthquakes change the original stable stress field of the rock mass and
the intensity of the seismic waves exceeds the ultimate strength of the rock mass, so the
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rock mass will be damaged, leading to destabilization of the mining area. Cao et al. [2]
analyzed the mechanism of coal rock impact damage by mine earthquakes based on energy
and stiffness theory, in which the propagation of vibration wave energy into the mined area
causes the coal rock system to gather a large amount of elastic strain energy and become
unstable. Xue et al. [3] studied the mechanism of coal pillar bursting in terms of energy
evolution, in which vertical stress concentration and elastic strain energy accumulation
occur during mining, and rock bursts occur with the sudden release of elastic deformation
energy retained in the coal pillar during backfill mining, leading to destabilization of
the mined area. Maleki et al. [4], through long-term observations of coal mines, showed
that horizontal stresses build up in coal pillars and the unstable release of strain energy
is much greater than the capacity of the internal support system of the pillar, leading
to destabilization of the mining area. Deng et al. [5] investigated the dynamic yielding
mechanism of rock bursts in coal pillars during underground mining, and they identified
sinusoidal stress waves as a major influence on the occurrence of rock bursts by dynamic
stimulation loads, which are an important factor affecting the stability of the mining area.
In addition, the mining method affects coal pillar stability. Xia et al. [6] studied the dynamic
evolution characteristics of the vertical stress and plastic state of coal pillars under repetitive
mining, and they observed that the transition from the elastic to the plastic state of coal
pillars will lead to large deformation and damage, resulting in destabilization of the mined
area. Rashed et al. [7] analysed the factors affecting pillars in multi-stage coal seam mining,
where the distribution of coal pillar offsets produces an asymmetric stress distribution
and high stress concentrations can lead to local instability in the mined area. Lan et al. [8]
investigated the deformation mechanism of deep strip coal pillars, in which strip mining
caused stress concentration inside the coal pillars, and the shear force at the edge of the
coal pillars caused by the main stress difference was located on the Moore–Coulomb yield
surface, leading to destabilization of the coal pillars.

Among the many influencing factors, water immersion in a goaf is one of the impor-
tant external influencing factors [9–12]. Aiting et al. [13] investigated the changes in water
absorption characteristics and pore structure of coal samples based on water immersion
time via nuclear magnetic resonance and scanning electron microscopy. They examined the
deformation and damage characteristics of coal samples under different water immersion
cycles through uniaxial compression experiments. Yao et al. [14] analyzed the stability
of coal pillars and surrounding rocks under the action of water through physical experi-
ments to investigate the destabilization mechanism of coal samples. They found that the
strength and fracture development characteristics of coal rocks were closely related to the
water content.

Numerous scholars [15–17] have studied the characteristics of overburden settlement
changes by analyzing the mechanism of rock damage. Poulsen et al. [18] quantified the
effect of changes in intensity of different lithological components in coal pillars subjected
to water immersion on the stability state of the coal pillar. Dai et al. [19] studied an
intelligent method of identifying the stability of coal pillars in cross-section and analyzed
the load transfer law of each overlying rock layer of the pillars. Castellanza et al. [20–23]
proposed a method for evaluating the stability of coal pillars in mines based on different
influencing factors under external conditions. Chen et al. [24] determined the long-term
bearing capacity distribution pattern of strip coal pillars based on a field test. Liu et al. [25]
established a coal pillar stability evaluation model based on the characteristics of coal pillar
damage and limit equilibrium theory.

Numerous studies have investigated the influence of the stress distribution character-
istics of coal pillars and their stability and damage law during mining through theoretical
analysis and numerical simulation [26–31]. Most of these studies employed mechanical
tests of coal samples to deduce the mechanical mechanism of coal pillar instability in goafs.
However, mechanical tests of coal samples cannot simulate the environmental working
conditions of actual coal pillars. Moreover, the size and shape of coal samples have an
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effect on the mechanics, limiting the research results obtained, which cannot be applied to
actual engineering.

To reflect a more realistic destabilization evolution process of coal and rock body
affected by water immersion in strip goafs, we conducted experimental research on the
destabilization activation mechanism and deformation law of the surrounding rock. A
physical simulation test was conducted by replicating the environmental working condi-
tions of actual projects. The research results are expected to serve as theoretical guidance for
the study of coal pillar stability and the development and utilization of surface construction
above goafs.

2. Engineering Geology Background

Daizhuang coal mine is located in Jining City, Shandong Province, China (Figure 1),
with mining coal seams 3 up 1, 3 up, 3 down, 6, 15 up, 16, and 17. The coal mine has a well
field area of 65.6257 km2, mining depth of 200–1000 m, and production scale 1.5 million
tons/year, and is valid for 40 years.
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Figure 1. Mineral location map.

The stratigraphic development in the area includes Ordovician, Carboniferous, Per-
mian, Jurassic, and Quaternary, in order from oldest to newest (Figure 2). The overlying
bedrock of the mined coal seam is primarily composed of sandstone, mudstone, sandy
mudstone, and sand conglomerate. The loose layer of the fourth series is relatively thick,
with an average thickness of 245 m, primarily composed of clay, sandy clay, clayey sand,
sand, and sand conglomerate layers. The terrain in the well field is flat, and is a recently
formed alluvial plain. The faults in the well field are relatively developed, predominantly
in three directional groups: northeast, near-north–south, and northwest. The primary
aquifers in the area are a fourth series loose aquifer and an Ordovician tuff karst aquifer.
The main coal-bearing strata in this field are Shanxi and Taiyuan Groups. Since the mine
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began operation in 2000, predominantly 3 up and 3 down coal seams have been mined. The
coal seams have been explored through single-level vertical shafts. The method of coal
mining is to progress toward the long wall and backward, with comprehensive mechanized
technology and a collapse method employed to manage the roof.
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Figure 2. Stratigraphy infographic.

The aquifers affecting the mine production, from top to bottom, mainly include the
Quaternary sand and gravel pore aquifer, Shanxi Formation sandstone fissure aquifer
(group), the 3 limestone karst fissure aquifer, the 10 down limestone karst fissure aquifer,
the 13 limestone karst fissure aquifer, and the Ordovician limestone karst fractured aquifer.

(1) The Quaternary sand and gravel pore aquifer is divided into two groups, upper and
lower. The upper group has an average thickness of 104.20 m, with lithology mainly consisting of
medium- and coarse-grained quartz sand layers and clayey sand, and the water chemistry type
is HCO3-Ca·Mg or HCO3-Ca·K+Na, with strong water richness; the lower group has an average
thickness of 65.90 m, with lithology mainly consisting of clayey feldspar and quartz gravel
layers, and the water chemistry type is SO4·HCO3-Ca·K+Na, with medium water richness.

(2) The sandstone fissure aquifer of the Shanxi Group is a direct water-filled aquifer for
mining the 3 up and 3 down coal seams, with an average thickness of 75.57 m. The lithology
is mainly medium-, coarse-, and fine-grained sand layers, and the water chemistry type is
SO4·HCO3-K+Na, with medium water richness.

(3) The 3 limestone karst fissure aquifer has an average thickness of 5.69 m and a water
chemistry type of SO4·HCO3-K+Na with moderate and highly heterogeneous water enrichment.

(4) The 10 lower limestone karst fissure aquifer, which is at the roof of the 16 coal seam,
is a direct water-filled aquifer for mining the 16 coal seam, with an average thickness of
5.32 m and a water chemistry type of SO4·HCO3-Ca·K+Na.

(5) The 13 limestone karst fissure aquifer has an average thickness of 5.60 m and water
chemistry type SO4-Ca·Mg, with medium water richness.

(6) In the Ordovician limestone karst fissure aquifer, most of the boreholes exhibit a
thickness of about 50 m, and the water chemistry type is SO4·HCO3-Ca·Mg and SO4·HCO3-
Ca, with medium water richness.

The study area is a coal mining area under pressure in the village; there are 3 up
coal seams with a thickness of 2.6 m, an approximately horizontal dip angle, and average
mining depth of 550 m, with an overlying Quaternary rock layer approximately 300 m
thick and bedrock approximately 250 m thick. The area was mined by strip mining, mining
strip width of 50 m, leaving strip width of 100 m. Three strip faces were mined in sequence
from 12 October to 27 December 2013, from 5 February to 16 May 2014, and from 7 May to
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8 June 2014. The strip-mining schematic is shown in Figure 3. From 12 to 20 September
2018, exploration of the goaf was carried out using the transient electromagnetic method,
and the results showed a significant anomalous low-resistance strip-like response at all
three working face locations, suggesting an electrical reflection of water accumulation in
the goaf, where the goaf should have been full of water.
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3. Physical Simulation Experiment of Water Immersion in Mining Area
3.1. Model Design

Simulation experiments were conducted using a two-dimensional (2D) similar simulation
table with a size of 2000 mm × 300 mm × 1800 mm (L × W × H). Considering the similarity
theorem and related similarity criterion, the geometric similarity constant of the model was
selected as 1:150 and was combined with the geological mining conditions in the simulated
study area. However, restricted by the height of the model frame and geometric similarity
constants, the experiment could not simulate the full profile of the overlying rock layer; thus,
gravity load compensation was applied to the overlying rock (soil) layer that could not be
simulated by the model. The gravity compensation load was calculated to be approximately
24.2 kPa. The design of the experimental simulation model is shown in Figure 4.
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3.2. Material Proportioning

Similar simulated materials include river sand as aggregate, gypsum and calcium
carbonate as binder, and mica flakes as layering material. Considering that water accu-
mulation in the goaf changes the mechanical properties of similar materials, appropriate
water-blocking additives must be added to the binder, and the softening law of coal pillar
strength with water immersion time was determined through proportioning tests. Thus, 5%
of total weight of petroleum jelly was proposed as a water-blocking additive. The specific
mechanical parameters of the rock formation and its model stratification and proportioning
are listed in Table 1.

Table 1. Main mechanical and proportioning parameters of rock formations [32].

Serial
Number

Rock Layer
Layer

Thickness
(m)

Compressive
Strength

(MPa)

Test
Weight
(t/m3)

Matching
Number

Material Weight (kg)

River
Sand Plaster Calcium

Carbonate

Water-
Blocking
Additive

Water

10 Mudstone 14.1 31.6 2.65 1028 82.04 1.64 6.56 4.51 9.02

9 Fine
sandstone 34.5 67.8 2.57 1055 200.73 10.04 10.04 11.04 22.08

8 Mudstone 22.2 31.6 2.65 1028 129.16 2.58 10.33 7.10 14.21

7
Medium-

fine
sandstone

17.4 64.8 2.55 1055 101.24 5.06 5.06 5.57 11.14

6 Mudstone 33.6 31.6 2.65 1028 195.49 3.91 15.64 10.75 21.50
5 Siltstone 10.2 64.0 2.60 1055 59.35 2.97 2.97 3.26 6.53
4 Mudstone 7.8 31.6 2.65 1028 45.38 0.91 3.63 2.50 4.99

3
Medium-

fine
sandstone

42 64.8 2.55 1055 244.36 12.22 12.22 13.44 26.88

2 3up coal 2.6 18.5 1.40 1037 15.13 0.45 1.06 0.83 1.66

1 Fine
sandstone 22.5 67.8 2.57 1055 130.91 6.55 6.55 7.20 14.40

3.3. Displacement Observation Scheme

The experiment was primarily conducted to observe the displacement of the rock
seam. Strain monitoring was carried out by using the ISM-CONTR-VG5-2DB series non-
contact video strain displacement precision measurement system (Imetrum, Bristol, UK)
(Figure 5). The system uses a camera to collect surface images of a specimen during the
deformation process, and it uses speckle recognition technology to accurately track the
movement between points on the measured object. A patented sub-pixel image recognition
algorithm was used to perform ultra-high-resolution strain, rotation, and displacement
measurements. It supports a measurement range up to 100 m, a maximum distance of
1000 m, and 2D displacement resolution of 0.01 mm within 10 m. Seven measurement lines
(Figure 4) were designed and arranged in the rock seam, and the distance to the coal seam
from the top to the bottom of each measurement line was 1200, 800, 600, 400, 300, 200, and
100 mm, numbered as lines BA, BB, BC, BD, BE, BF, and BG, respectively. The distance
between measurement points of each line was 100 mm.

After the model was dried and finalized, waterproof observation points were arranged
on the surface according to the measurement point arrangement chart. The measurement
points facilitate mobile monitoring of the entire process of similar model strip mining
and water immersion experiments in extraction goaf s, using the photogrammetry mon-
itoring system to obtain rich displacement data. The 2D displacement resolution of the
photogrammetric monitoring system was 0.01 mm within 10 m.



Water 2022, 14, 3250 7 of 16

Water 2022, 14, x FOR PEER REVIEW 7 of 19 
 

 

3.3. Displacement Observation Scheme 
The experiment was primarily conducted to observe the displacement of the rock 

seam. Strain monitoring was carried out by using the ISM-CONTR-VG5-2DB series non-
contact video strain displacement precision measurement system (Imetrum, UK) (Figure 
5). The system uses a camera to collect surface images of a specimen during the defor-
mation process, and it uses speckle recognition technology to accurately track the move-
ment between points on the measured object. A patented sub-pixel image recognition al-
gorithm was used to perform ultra-high-resolution strain, rotation, and displacement 
measurements. It supports a measurement range up to 100 m, a maximum distance of 
1000 m, and 2D displacement resolution of 0.01 mm within 10 m. Seven measurement 
lines (Figure 4) were designed and arranged in the rock seam, and the distance to the coal 
seam from the top to the bottom of each measurement line was 1200, 800, 600, 400, 300, 
200, and 100 mm, numbered as lines BA, BB, BC, BD, BE, BF, and BG, respectively. The 
distance between measurement points of each line was 100 mm. 

After the model was dried and finalized, waterproof observation points were ar-
ranged on the surface according to the measurement point arrangement chart. The meas-
urement points facilitate mobile monitoring of the entire process of similar model strip 
mining and water immersion experiments in extraction goaf s, using the photogrammetry 
monitoring system to obtain rich displacement data. The 2D displacement resolution of 
the photogrammetric monitoring system was 0.01 mm within 10 m. 

 
Figure 5. Non-contact video strain displacement precision measurement system. 

4. Overlying Rock Movement and Deformation Law 
4.1. Strip Mining Overburden Movement and Deformation Law 

Once the model layout was completed and the model was dried and set, strip mining 
was performed according to the experimental requirements. 

After the strip working face was mined, the roof rock layers on the left and right sides 
of the strip working face fell and fractured one after the other. Subsequently, two fracture 
zones developed independent of each other; the overlying rock developed into medium-
grained sandstone, and the height of the fracture zone was approximately 15 m. The frac-
ture zone had an approximately trapezoidal outline, and a stress arch was formed above 
it. The stress arch supported most of the self-weight load of the overburden rock above, 
controlled its movement and deformation, and transferred its stress to the foot of the arch, 
i.e., above the coal pillars on both sides of the goaf. Consequently, stress was concentrated 
in the coal pillars on both sides of the goaf. The overburden damage in the strip working 
face is shown in Figure 6. 

After the strip working face was mined, the overlying rock in the strip quarry area 
moved and a large subsidence occurred. The rock sank in the left and right sides of the 
strip quarry zones to a depth of 2.1 and 2.4 m, respectively (measurement line BG). How-
ever, the rock seam above the riser fracture zone underwent less subsidence. This suggests 
that because the strip mining was extremely inadequate (the width-to-depth ratio was 

Figure 5. Non-contact video strain displacement precision measurement system.

4. Overlying Rock Movement and Deformation Law
4.1. Strip Mining Overburden Movement and Deformation Law

Once the model layout was completed and the model was dried and set, strip mining
was performed according to the experimental requirements.

After the strip working face was mined, the roof rock layers on the left and right
sides of the strip working face fell and fractured one after the other. Subsequently, two
fracture zones developed independent of each other; the overlying rock developed into
medium-grained sandstone, and the height of the fracture zone was approximately 15 m.
The fracture zone had an approximately trapezoidal outline, and a stress arch was formed
above it. The stress arch supported most of the self-weight load of the overburden rock
above, controlled its movement and deformation, and transferred its stress to the foot of
the arch, i.e., above the coal pillars on both sides of the goaf. Consequently, stress was
concentrated in the coal pillars on both sides of the goaf. The overburden damage in the
strip working face is shown in Figure 6.
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After the strip working face was mined, the overlying rock in the strip quarry area
moved and a large subsidence occurred. The rock sank in the left and right sides of the strip



Water 2022, 14, 3250 8 of 16

quarry zones to a depth of 2.1 and 2.4 m, respectively (measurement line BG). However,
the rock seam above the riser fracture zone underwent less subsidence. This suggests
that because the strip mining was extremely inadequate (the width-to-depth ratio was
approximately 1/11) and the coal pillar left in the strip was relatively wide (the strip
extraction rate was only 33.3%), the overburden rock movement in the strip working face
was better controlled, and the overburden rock and surface subsidence were extremely
slight. Figure 7 shows the overburden subsidence curves monitored by each measurement
point after the strip working face was mined.
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4.2. Activation and Evolution of Overburden Rock Affected by Water Immersion in the Strip Goaf

After the strip was mined, the model was sealed. The sealing procedure involved
the use of a transparent plexiglass plate to seal the front and back of the model frame.
Water-stop sealing rubber strips were pressed onto the left and right sides and bottom
of the plexiglass plate during installation. The model also applied expanding water-stop
glue to the areas on both sides and the bottom of the simulated rock and soil that were
not affected by mining to ensure sealing. The model sealing effect is shown in Figure 8.
Subsequently, water was injected into the goaf to fill the entire strip-shaped cracking area,
and the phenomenon of activation movement of the overlying rock affected by water
immersion in the strip goaf was continuously observed.

Following the accumulation of water in the strip goaf, the mechanical strength of
the collapsed rock and coal (rock) pillar was reduced. The stable surrounding rock in
the strip goaf moved again, and the equilibrium structure of the overlying rock body
was destroyed owing to the occurrence of activation. Consequently, with the continuous
accumulation of water in the goaf and the extended water immersion time of the coal (rock)
pillar, the activation failure characteristics of the overlying rock in the strip goaf exhibited
characteristics that can be divided into two stages:

(1) Coal pillar corrosion stage
After strip mining, the overlying rock collapsed and filled the goaf, and there were still

more holes, fissures, and other spaces in the strip goaf. Thus, water from the roof aquifer
slowly seeped (or rushed) into the strip goaf, resulting in water accumulation. Under the
immersion effect of water, the broken rock blocks in the goaf were continuously softened
and compacted. The cracked rock blocks then failed to support the overlying rock layer,
and the stress arch above the cracked zone further transferred the self-weight load of the
overlying rock above to the coal pillar on both sides of the goaf. This further concentrated
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the stress of the coal pillar on both sides of the goaf. At the same time, the mechanical
strength of both sides of the coal pillar gradually deteriorated and creep occurred under
the action of water immersion, until shear damage occurred at the edge of the coal pillar.
This resulted in further expansion and development of the fracture in the strip goaf and
small step subsidence of the overlying rock above the fracture zone. With further water
immersion in the strip goaf, the strip coal pillar underwent shear damage from outside to
inside several times, and the overburden rock underwent step subsidence numerous times.
The evolution of overburden damage in the coal pillar corrosion stage under the action of
water immersion in the goaf is shown in Figure 9.
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Figure 8. Model sealing effect.

Figure 10 shows the subsidence curve of overburden at one measurement point (BE12)
above the strip goaf on the right side of the model. Evidently, at this stage, four instances
of shear damage occurred in the strip coal pillar: 0.073, 0.132, 0.195, and 0.242 m.

(2) Coal pillar destabilization stage
Under the continuous immersion of water in the coal pillar, shear failure occurred

on both sides of the coal pillar from the outside to the inside. The width of the core area
of the coal pillar gradually decreased until it was inadequate to support the load weight
of the overlying rock. Overall instability failure occurred, and the strips on both sides
were connected to each other, forming a saddle-like overall cracking zone (Figure 11). The
overlying rocks underwent large overall subsidence, forming a subsidence basin with a
large middle and small sides (Figure 12). The subsidence at measurement point BE12 in the
overburden changed abruptly from 0.30 to 1.63 m (Figure 10); subsequently, the increment
of overburden subsidence leveled off with time.
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Figure 12. Overburden subsidence curve of strip coal pillar instability affected by water immersion
in the strip goaf.

From 10 September 2018 to 23 February 2019, a geological drilling rig was used at
Dai Zhuang Coal Mine to conduct core exploration of the mining area. For verification of
the mining area exploration, 14 holes were drilled, including 6 holes to expose the mining
area and 8 holes for the coal pillar. For coal pillar drill holes, the average bulk density of a
normal coal seam is 1.388 g/cm3, and the coal pillar is disturbed by the mining area after
the fissure increases. According to the actual measurement of the coal pillar drill holes, the
void rate was 8.00% at 10 m distance from the mining area, 7.64% at 15.5 m distance, and
2.09% at 26.6 m distance. Based on the degree of void ratio reduction, the analysis found
that the coal pillar was affected by the mining void area up to 20 m on both sides of that
area, indicating that the coal pillar was damaged by the joint action of water infiltration
pressure and top plate mine pressure in that area for many years after mining, confirming
the damage characteristics of the coal pillar reflected by the physical simulation test in the
erosion stage.

5. Mechanism of Strip Coal Pillar Destabilization under the Action of Water
Immersion
5.1. Coal Pillar Stability Evaluation Method

(1) Load on the strip coal pillar
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According to an assumption by Wilson [33], coal pillars are believed to bear the weight
of the overlying rock and share its weight in the goaf (see Figure 13). Thus, the load on the
strip coal pillar is as follows:

P = γH[a +
b1

4
(2H − b1

0.6
) +

b2

4
(2H − b2

0.6
)] · L (1)

In the formula, P is the coal pillar load (kg), γ is the average bulk density of the
overlying rock (kg/m3), H is the mining depth (m), a is the width of the strip coal pillar
(m), b1, b2 represent the width of the strip-mining area on both sides (m), and L is the coal
pillar length (m).

When the distance between b1 and b2 reaches 0.3H, the vertical stress of the goaf will
return to the original load γH. At this time, the weight of the overlying stratum will not
be completely borne by the coal pillar, and the rock falling into the goaf bears part of the
overlying stratum. The calculation formula of coal pillar load P is as follows:

P = γH[a + 0.3H] · L (2)
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(2) Bearing capacity of strip coal pillars
According to the hypothesis of Wilson (1970), a coal pillar is composed of elastic

and plastic zones. The damaged plastic zone surrounds the elastic zone and forms a
constraint on the elastic zone. Furthermore, the elastic zone is in a state of triaxial stress,
which generally conforms to the law of elasticity. The stability limit of the coal pillar is
the mean stress in the elastic zone σ = 4γH. Here, the coal pillar plastic zone width is
rp = 0.00492 HM. Thus, the calculation formula for the bearing capacity of the strip coal
pillar in the elastic zone is:

PC = 4γH
(

a − 4.92MH × 10−3
)
· L (3)

In the formula, PC is the coal pillar bearing capacity (kg) and M is the coal pillar
thickness (m).

(3) Coal pillar stability evaluation
Coal pillar safety factor n can be calculated as follows:

n =
PC
P

(4)

When n ≥ 1 (i.e., PC ≥ P), the strip coal pillar can bear the load of the overlying
stratum and remains stable.

When n < 1 (i.e., PC < P), the strip coal pillar cannot bear the load of the overlying
stratum and is unstable and causes damage.
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5.2. Evolution Process of Coal Pillar Instability under the Action of Water Immersion

Figure 14 shows a schematic diagram of the creep destabilization evolution of the coal
column under the action of water infiltration. After the groundwater infiltrates or surges
into the mining area, the strip coal pillar will be subjected to the combined action of the
infiltration pressure of the water and the top plate mineral pressure, and the water in the
mining area will infiltrate into the plastic zone of the coal pillar through the fissures or
pore spaces up to the elastic zone. Under the prolonged action of groundwater, the coal
pillar will undergo creep deterioration and its strength will be continuously reduced. At
the same time, as the plastic zone of the coal pillar is in the peak compressive stress state,
the strength of the coal pillar is likely to be less than the compressive stress in the process
of creep decay, and shear damage of the coal pillar in the plastic zone will occur. This will
result in the overlying rock seam compressive zone shifting to the inner side of the coal
pillar, and the plastic zone will also shift from outside to inside, shortening the elastic zone
and weakening the bearing capacity of the coal pillar. In this way, the cycle of softening of
the plastic zone of the coal pillar–destabilization of strength–inward movement is repeated,
resulting in the elastic zone gradually shortening until the bearing capacity of the coal
pillar cannot support the load, and the coal pillar will become unstable as a whole, causing
another large settlement of the overlying rock until the whole overlying rock reaches a new
state of mechanical equilibrium.
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The penetration depth in the elastic zone of the coal pillar is r f . Coal rock exhibits
strong creep characteristics [34], and fissures or pore water softens the coal rock mass
and reduces the creep threshold stress and creep strength of coal rock [35–39]. Studies
have shown that the creep strength of coal rock after immersion decreases with time, its
long-term strength tends to reach a certain value, and its creep strength can be fitted with
an exponential function [40]:

σcr = σ∞ + Aexp(−Bt) (5)

In the formula, σcr is the creep strength of coal rock after immersion in water (MPa), σ∞
is the ultimate strength of coal rock creep (MPa), A is the coal rock attenuation strength
(MPa), and B is the attenuation coefficient (d).

The creep strength of water-soaked coal and rock continues to weaken with time.
Simultaneously, the mine pressure in the open area of the coal pillar is in a state of peak
stress. If σ∞ < kγH (k is the peak stress concentration factor), the coal rock strength is
attenuated during the creep. There is a risk of creep damage in the hollow area on either
side of the coal pillar, which results in shortening of the elastic zone of the coal pillar and
weakening of the bearing capacity:

PC = 4γH
(

a − rf1 − rf2 − 4.92MH × 10−3
)
· L (6)
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Under the combined action of osmotic pressure and water immersion softening,
stagnant water further penetrates and expands into the elastic zone of the coal pillar, and
the damage area will extend toward the middle, thus forming a vicious circle. This leads to
further shortening of the elastic zone of the coal pillar until the load-carrying capacity PC
of the pillar is less than the load carried P, and the pillar will become unstable as a whole.

6. Conclusions

In this study, the evolution of residual coal and rock columns in a strip-mining area
under the action of water immersion was analyzed by means of similar material simulation
tests, and the variation in the overburden damage characteristics and sinkage amount
over time with water accumulation in the mining area was summarized, revealing the
destabilization mechanism of coal columns in the strip under the action of water immersion.
The following main conclusions were drawn:

(1) After water accumulated in the strip goaf, the instability evolution process of the
strip coal pillar could be divided into stages over time. In the early stage of erosion, the
mechanical strength on both sides of the coal pillar gradually deteriorated and crept under
the action of water immersion, and the edge of the coal pillar suffered multiple shear
failures. In the later stage of overall instability, owing to multiple creep failures from the
outside to the inside on both sides of the coal pillar, the width of the elastic region gradually
shortened until it was inadequate to support the load weight of the overlying strata and
there was overall instability failure.

(2) The overlying rock failure and subsidence in the strip goaf exhibited characteristics
that could be divided into stages with the evolution of instability of the strip coal pillar.
In the erosion stage, with gradual creep failure of the strip coal pillar, the cracking height
of the overlying rock in the strip goaf gradually expanded and developed upward, and
the overlying rock exhibited small step subsidence several times. During the overall
instability stage, owing to the overall instability and failure of the strip coal pillar, the
goaf was connected on both sides of the strip, and the overlying rock underwent a sudden
large subsidence.

(3) Under the action of water infiltration pressure in the mining area, water crept into
the coal rock hollow area, its strength decreased with time, and its long-term strength
tended to reach a certain value. When the value was less than the overlying mine pressure
value, the coal rock strength in the creep decay process, the hollow area creep damage,
and the coal pillar elastic zone were reduced, forming a vicious cycle. The damaged area
continued to expand to the middle and the coal pillar elastic zone was constantly shortened,
finally leading to lower coal pillar bearing capacity. This reveals the mechanism of coal
pillar instability in the strip under the action of water immersion in the mining area.

The conclusions of this study were mainly obtained from physical simulation tests.
As the destructive effect of water accumulation on coal pillars in mining areas is a very
long evolutionary process, the experimental research site is not yet able to effectively
support these conclusions due to the relatively short formation time of the mining area
and the limited observation data. However, similar material simulation tests carried out
in this study strictly followed the similar theory and are finely produced, and the final
phenomena reflected by the tests are reasonable; therefore, the research results are still of
certain theoretical guidance significance for guiding the study of coal pillar stability under
the action of groundwater.
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