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Abstract: At 10:05 a.m. on 4 February 2022, the perilous rock mass Yizhuxiang in Leizu Town,
Yuan’an County, Hubei Province, China collapsed on a large scale. The Yizhuxiang collapse was
about 35 m in length, 52 m in height, and 29 m in maximum thickness. The volume of the collapse
was 5.32 × 104 m3. It threatened the transport of the national trunk road, destroyed the branch road
and some cement mixing station workshops, and caused serious economic losses. The rock mass
exposed in the collapse was dolomite with developed joint fractures. Under the effects of mining
and unloading, fractures occurred in the rock mass; the top of the rock mass was bent and deformed
towards the free face; and tension cracks were formed on the rear edge. The safety ore pillar directly
below the collapsed body was compressed and deformed under the action of gravity, thus accelerating
the internal deformation of the rock mass and leading to the formation of multiple dominant joints
inside the rock mass. In the winter of 2021, the weather was extreme, with heavy snowfall and low
temperatures. Under the effects of freeze–thaw, the strength of the rock mass declined and the tension
cracks further expanded so that the rock mass experienced an accelerated deformation and finally
collapsed. Causes of the collapse include mining activity beneath the collapsed mass and heightened
extreme weather. The cause of the landslide disaster in this area is, however, freeze–thaw, which
deserves the attention of scholars and the vigilance of the local government.

Keywords: collapse; engineering mining; freeze–thaw

1. Introduction

Since the beginning of the 21st century, global extreme weather events have occurred
frequently, causing a large number of geological disasters [1–7]. In the past decade, more
than 5000 geological disasters occurred in China on average every year, resulting in hun-
dreds of casualties and a direct economic loss of a CNY-denominated billion Yuan. Collapse
is one of the most common, widespread, and harmful geological hazards [8]. From 2015 to
2021, there were 46,885 geological disasters in China, with collapse disasters accounting
for 20% of the total. The deformation and failure in a collapse involve a very complex
mechanism controlled by geological structure and lithology. The main inducing causes
include landforms, meteorological conditions, earthquakes, and human activities [9–13].

As one of the main causes of inducing collapse, human activities (such as road, railway,
and airport construction and mining) can change the stress states, landforms, seepage
conditions, and other aspects of geological bodies [14–18]. The impact of mining on
geological bodies is particularly serious. Mine mining has a particularly serious impact on
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geological bodies, which can easily lead to the increase of tension cracks and even collapse,
such as the Lianziya collapse in the Three Gorges reservoir area [19,20], the Jiweishan
rock landslide in Chongqing in 2008 [21–24], the Guanling landslide in Guizhou [25,26],
the Kaiyang phosphate mine collapse in Guizhou [27], and the Nayongpu Sa collapse in
Guizhou [28,29] were all affected by mining at the foot of the slope. The Wulong Jiguanling
landslide [30–32] occurred under the influence of mining along the slope. The Yanchihe
landslide in Yuan’an, Hubei [33–35], the Zhengxiong landslide in Yunnan [36,37], the
Furong mountain collapse in Yibin, Hubei [38], and the collapse of the Honglianchi Iron
Mine in Hefeng, Hubei [39] were all caused by mining at the bottom of the collapsed body.
Based on the deformation body of Yunlong Mountain in Dafang County, Guizhou Province,
Huang Gang analyzed the failure mechanism of rock slopes under goaf conditions by
means of bottom friction physical simulation tests, UDEC, and FLAC3D, and obtained the
mechanism of gentle mining landslides by using physical simulation tests [40].

In foreign studies, there are also cases of collapse or landslides caused by mining.
TuanNQ et al. conducted a study on several rockfalls that occurred at the ChauThoi quarry
(an old open-pit mine in Binh Duong Province, Vietnam). In the study, geological surveys
were performed to obtain site conditions, focusing on rock fractures. Based on the data,
kinematic analysis was performed using DIPS software to identify rock slope failures. The
results are then used for rockfall analysis [41]. P. Be’rest et al. performed a retrospective
analysis of a case study using empirical and numerical methods using the collapse of
Clamart (south of Paris, France) as an example. The cause of the collapse is the lack of
bearing capacity of the columns and the sudden rupture of the hard limestone bed where
loads accumulate on them until overloading occurs. The weak bed between the two seams
also contributes to the general lack of stability in the mine [42]. Chiara Del Ventisette focused
on the results of simulation models to better understand the Vaiont collapse, gaining insight
into the internal and surface deformation patterns of the sliding rock mass. Plan-view
reconstructions of surface model displacements revealed that the rock mass was subdivided
into compartments with different relative motions and differential rotations, which played
an important role in causing the rapid collapse [43]. Tokgöz N et al. investigated the impact
of land use change on the stability of the Agakri landslide in the northern coastal region
of Istanbul (Turkey), spanning mining, reclamation, and afforestation. Geological and
geophysical surveys were conducted to determine the effect of erosion on the landslide [44].
A landslide event has occurred at the phosphate Kef Essenoun open-pit mine associated
with the Jebel Onk mine in northeastern Algeria. MezamMC et al. performed a retrospective
analysis of this phenomenon and derived the morphological, geological, hydrogeological,
and geotechnical characteristics of the deposit, as well as the main causes that may have
been the triggers for this landslide [45].

Under the effect of the freeze–thaw cycle, the rock mass structure deteriorates, and the
strength decreases rapidly, especially in the rock mass-containing joints [46] The joints in
the rock provide dominant planes of deformation. However, there are few studies of the
mechanism of deformation and failure in a collapse under the joint effect of freeze–thaw
and mining.

Located in Hubei Province, China, Yizhuxiang was a perilous rock mass formed after
the mining of the Liushangou phosphate mine. With a volume of 5.32 × 104 m3, the
perilous rock mass collapsed at 10:05 a.m. on 4 February 2022, destroying the plant and
the road at the slope toe. Based on field investigation and field monitoring, this paper
analyzes the deformation evolution process in the Yizhuxiang collapse and reveals the
deformation and failure mechanism of the Yizhuxiang collapse. The prevention and control
of collapses in low-altitude, low-latitude, and warm regions should also attract the attention
of scholars and governments, and also provide a certain basis for the prevention and control
of collapses caused by freezing and thawing.
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2. Geological Conditions of the Yizhuxiang Collapse
2.1. Geological Structure

The rock mass Yizhuxiang was located in Leizu Town, Yuan’an County, Hubei
Province, China, and it is about 53 km away from the seat of Yuan’an County (Figure 1).
The landform of the studied area was a low and medium-height mountain. The area was
developed with a gentle monoclinal structure, and the rock layer dips 6–15◦ toward 70–120◦.
The terrain was high in the west and low in the east, with a relative height difference of
801.0 m. The stratum was dominated by Sinian dolomite, and the goaf was located between
dolomite and gneiss. In the studied area, there were many cliffs [47], with a gradient of
about 30–45◦.
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Figure 1. Stable geographical location of the rock mass Yizhuxiang.

The perilous rock mass Yizhuxiang was “columnar”, had an elevation of 680–732 m
and a vertical height difference of about 200 m from the road surface. The Yizhuxiang
collapse had three free faces and steep fractures developed on the rear edge. National road
G347 and a temporary mixing station were at the toe of the collapse (Figure 2). The rock
mass collapsed as a whole along the master fracture on the rear edge. It was about 35 m in
length, 52 m in height, 29 m in maximum thickness, and 5.32 × 104 m3 in volume. It was a
medium rock collapse with a dominant collapse orientation of 170◦ and controlled by the
master joints. The perilous rock mass was Sinian Dengying Formation (Z2dn) dolomite
and dips 15◦ toward 95◦. The top of the perilous rock mass was demolished by blasting on
3 August 2015.
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2.2. Hydrology and Weather

The Yizhuxiang colluvium area has a subtropical monsoon climate with humid air
and abundant precipitation. The average temperature was 15.9 ◦C. The annual maximum
and minimum temperatures were 40 ◦C and −13.5 ◦C, respectively. The annual average
precipitation was 1114.5 mm. It is cold in winter and has a long period of ice and snowfall.
The period from December to March of the next year is a period of intermittent freezing.
The maximum snow depth was about 300 mm. The land surface temperature in February
2022 was about 5 ◦C lower than in previous years (Figure 3b). The average temperature
from the end of January to the beginning of February fluctuated around 0 ◦C (Figure 3d).
The snow depth was 4.07 times that in 2021 (Figure 3a).

2.3. Characteristics of the Goaf

The mining of underground phosphate ores in the studied area was started in 2013
and stopped in July 2014. The goaf was nonfirmly backfilled with slag muck. The total
area of the goaf was about 0.5 km2. The safety pillars in the goaf had section dimensions
of 1.5 m × 3 m and 2 m × 2 m and had a spacing of about 12.5–15 m. The safety pillars
remained under the rock mass Yizhuxiang, with a length and width of 61 m and 52 m,
respectively (Figure 4). An investigation in 2015 showed that the rock was relatively frag-
mented after the pillars were squeezed and collapsed. Structural fractures were relatively
developed in the roof, and roof fall occurred. Three floor heaves were found on the floor.
They had a height of 0.20–0.5 m and a maximum floor heave of 1.10 m. This showed that
the tunnel and the safety pillars were subjected to great stress.
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Figure 3. Comparison of the weather conditions in the studied area in 2021 and January and February
of 2015, 2021, and 2022: (a) Comparison of snow depth in January and February in the study
area; (b) Comparison of surface temperature in January and February in the study area; (c) Climate
conditions in the study area from January 2021 to March 2022; (d) Daily air temperature changes
before and after the collapse of Yizhuxiang in the study area.
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3. Deformation and Failure Characteristics of the Collapse
3.1. Deformation Process of the Yizhuxiang Collapse

After the tunnel was closed in July 2014, cracks appeared on the rear edge of the rock
mass Yizhuxiang. On 8 July 2014, the perilous rock mass Ganzishucao about 260 m away
from the rock mass Yizhuxiang collapsed due to precipitation and other weather causes
(Figure 4a). The “collapse 1” of the overall collapse had a size (length × height × thickness)
of 5 m × 4 m × 2.5 m and had a volume of 68 m3. The “collapse 2” of the overall collapse
had a size (length × height × thickness) of 8 m × 5 m × 3 m and had a volume of
120 m3. In February 2015, the road under the rock mass Yizhuxiang cracked. In March
2015, the width of the master fracture of Yizhuxiang increased significantly. According to
the fracture width monitoring data, the crack width began to increase gradually with the
increase of precipitation after 26 February 2015. The nearby Ganzishucao had fallen rocks.
Therefore, the top of the perilous rock mass Yizhuxiang and the top of the perilous rock
mass Ganzishucao were removed by blasting at 11:58 a.m. on 3 August 2015 (Figure 2c).
However, according to the residents, the fractures on the rear edge of the rock mass
widened significantly. New cracks were found on National Road G347 after March 2016.
At 10:05 a.m. on 4 February 2022, the rock mass Yizhuxiang collapsed. At the end of the
collapse, the colluvium area still frequently experienced falls of small rocks and “white
smoke” caused by rock mass compression.

3.2. Deformation and Failure Characteristics of the Yizhuxiang Collapse

A field investigation was carried out after the deformation of the perilous rock mass
significantly increased in 2015. The investigation found that the base surface was obviously
split (Figure 5a), and had several traces of spalling of small-sized blocks with a diameter
of 5–37 cm. In addition, traces of fracturing opening (Figure 5b) were developed on the
structural plane of the master fracture on the west side of the base and showed twist
compression towards the southeast. The rock mass was flaky. This showed that the
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structural plane of the master fracture on the rear wall of the rock mass was in the stage of
development and extension from top to toe, and from west to east, gradually cutting the
rock mass from the base into an independent block.
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Figure 5. Deformation of the rock base on the east side of the rock mass Yizhuxiang: (a) Rock spalling
on the base surface on the east side of the collapse body; (b) Opening traces of fracturing at the base
on the east side of the collapse.

The rock mass was developed with joint fractures, including five dominant fractures
in total: master fracture, L1, L2, L3, and L4 (Figure 2, Figure 6). The master fracture on
the rear edge dips 83◦ toward 190◦. The fracture surface was rough and locally filled
with broken stones. The master fracture controlled the stability of the whole perilous
rock mass. Figure 7b shows the changes of master fracture at the posterior edge of the
dangerous rock mass and road cracks under the condition of rainfall. From 2 January to
8 February 2015, the width of the master fracture was basically unchanged. However, after
the precipitation on February 26, the fracture width increased significantly and gradually
increased at a rate of 0.13 mm/day. After 11 March, the displacement rate further increased
to 0.37 mm/day. The cumulative displacement reached 25 mm on 10 April, and then
gradually became stable. The crack on the road at the slope toe showed the same change
trend. From 10 February to 27 March, the cumulative width of the crack reached 40 mm.
On 15 April, the cumulative width reached 49 mm and then became stable. On 27 April, the
cumulative displacement experienced a stepwise increase. The precipitation in the studied
area had obvious characteristics from the end of February to the beginning of April. The
daily precipitation increased, and the duration of precipitation increased. The precipitation
on 17 March reached 33.528 mm, more than three times that on 10 February, and 15 times
that on 29 January. Every day in the 14 days from 26 March to 8 April was a day of
precipitation. After that, the precipitation frequency decreased significantly, however, the
single-day precipitation was heavy. In 2015 (Figure 3a,b), the average snow thickness
depth was 0.31 mm in January and there was basically no snowfall, and the land surface
temperature was relatively high after February. The snow depths in January and February
2022 were much higher than those in 2015 and 2021, and the surface temperature in January
and February 2022 was lower than those in previous years. Compared with January 2021,
January 2022 had a similar temperature and higher precipitation (Figure 3c). Compared
with February 2021, February 2022 had similar precipitation and a lower temperature.
Therefore, the changes in the cracks were particularly obvious from the end of February to
the beginning of April 2015, and the changing trend was similar to that of precipitation.
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Figure 7. (a) Major events during the deformation process of the collapsed body; (b) Changes in
master fracture [48] and road cracks under rainfall.

The other four dominant fractures—L1: dips 33◦ toward 180◦, about 18 m in length,
the fracture surface is slightly open and straight, extending toward the rear wall of the
dangerous rock mass; L2: dips 76◦ toward 175◦, about 30 m in length, 1–5 cm in average
crack width and 20 cm in maximum width; L1 and L2 intersected (Figures 2 and 6b);
L3: dips 82◦ toward 285◦, about 30 m in length, about 5–30 cm in fracture width; L3 was
located on the back (north side) of the rock mass and developed from top to toe, with a
rough crack surface. It was filled with broken stones and relatively fragmented stones at
the bottom of the fracture; L4: dips 35◦ toward 210◦, about 4 m in length and about 5–10 cm
in width; L3 and L4 intersected. The rock mass at two fracture openings was obviously
weathered. The surface of the rock mass on the rear (north side) was obviously split.
There were signs of collapse and block falling near both the west and the east “base”, and
“cavities” had been formed locally. The above content is the description of the morphology
of the four nonmain control fractures by the surveyors in August 2015. According to
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observation and research, it is found that with the passage of time, the length and width of
cracks have a strong positive correlation with precipitation.

Figure 8 shows that the rocks in the collapse mainly rolled down along the slope, with
some fallen rocks scattered on the slope, including two large solitary stones standing still
on the slope and with dimensions of (length × width × height) 3 m × 4 m × 5 m and
1.5 m × 1.5 m × 3 m. The fallen rocks had a total volume of about 1 × 104 m3. Some of
them were on the right side of the main colluvium area of the fallen rocks (major colluvium
area), with a maximum block size of 25 m × 4 m × 4 m, damaging farmland, the road, and
the factory plant. The other fallen rocks were located in front of the rock mass, causing
partial damage to the temporary cement mixing station and the road. According to the field
investigation, a large “wedge-shaped” fallen rock remaining in the colluvium area had a
volume of about 6000 m3. The rear fractures running from top to bottom can be observed
on both the east and west sides of the residual perilous rock, with a width of 5–20 cm. The
residual rock mass in other areas had a volume of about 500 m3, and some residual perilous
rocks were unstable. The solitary stones on the slope seriously affected the safe operation
of National Road G347 and the temporary mixing station below them.
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4. Deformation and Failure Mechanism
4.1. Analysis of Inducing Causes

Geological impact: the stratigraphic dip of the studied area Yizhuxiang was 95◦. The
slope in the perilous rock area was a tangential slope, and the rock attitude was relatively
gentle (15◦). The upper part of the studied area was Dengying Formation dolomite, which
has a strong weathering resistance and tends to form large and steep cliffs with free faces.
The rock mass was relatively fragmented due to the impact of fracture cutting. The lower
part is Doushantuo Formation siliceous dolomite, shale, and phosphate rock bed, which
has weak weathering resistance and relatively low strength and tends to form a gentle
slope (Figure 2). Under this rock stratum combination, soft layers such as shale at the
bottom are prone to plastic deformation under the gravity of the overlying rock mass and
lead to the cracking of the hard rock stratum prone to brittle fracture in the upper part.
The structure of hard strata in the upper part and soft strata in the lower part created the
geological environment and material conditions for the formation of collapse [49,50].

In 2015, the widths of the cracks on the rear edge of the perilous rock mass and the road
cracks were positively related to the daily precipitation (Figure 7b). That is, the infiltration of
precipitation increased the water content of the rock mass, thereby softening the structural
plane of the rock mass, changing the mechanical state of the structural plane, and decreasing
the antioverturning moment, so that the fractures on the rear edge of the rock mass became
gradually connected [51–54]. Similarly, the fracture water pressure will cause additional
deformation of the rock block, resulting in an increase in the opening of the fracture and an
increase in the permeability coefficient. The shearing strength of dolomite decreased rapidly
with the increase in water content so that the plastic deformation increased and the ductility
after failure was significantly enhanced [55]. In 2022, extreme weather events occurred, with
the snowfall much higher than those in previous years and the temperature significantly
lower than those in previous years. As a result, the collapse occurred before the rainy season,
indicating that the rock mass was continuously subjected to repeated freezing and thawing.
In the process of freeze–thaw cycles, the damage of the water-ice phase change on the rock
mass was gradually accumulated, specifically with the temperature change, the water-filled
structural plane repeatedly froze and thawed, resulting in progressive rock mass damage
caused by gradual splitting, and the elastic modulus, hardness, and fragmentation of
dolomite were negatively related to the number of freeze–thaw cycles [56–60]. Especially
for rock masses with fissures, the frost-heaving force caused by the freezing process of the
fissure water is an important reason for the deterioration of the rock mass structure [61,62].
The lower the freezing temperature, the earlier the frost heave force will appear. The closer
it gets to the freezing point [63]. Under the action of multiple freeze-thaw cycles, during
the process of continuous accumulation, explosion and release of frost-heave force, a single
fracture surface develops into multiple fracture surfaces, and the accumulated damage
of cracks leads to further expansion and penetration of cracks [61]. The aforesaid causes
ultimately led to a collapse.

Mining was one of the main causes causing the collapse. During the mining process,
the rock mass is under the action of unloading, which is mainly subjected to tension damage
and shear damage [64], which induces cracks in the rock mass, and the security pillars left
after mining provide sufficient support for the top rock mass. After mining operations
ended, the pillars began to spall and collapse [65]. Under the action effect of pressure,
the safety pillars were subjected to stress concentration at the corners and then broke
(Figure 9a) [66]. When the pressure increased, the cracks inside the rock expanded, and new
cracks were generated. The direction of the cracks was mainly vertical (Figure 9b). When
the goaf continued to expand, the force shared by each pillar increased correspondingly, so
that the internal cracks continued to expand, new shear cracks were generated, and the
rocks on the pillar surface continued to spall (Figure 9c). Finally, when the cracks expanded
to a certain extent, the strength of the pillar-supported rock mass was greatly reduced.
When the force on the rock mass was greater than the strength of the rock mass, the pillars
failed (Figure 9d). The main forms of pillar failure were peeling and necking of the pillar
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surfaces. With the deformation of the pillars, the fractures in the upper rock mass gradually
expanded [67].
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Below the dangerous rock is a temporary mixing plant and National Road G347. Large
vehicles are busy on the road, and the rocky slope is subjected to traffic cycle vibration
caused by long-term cyclic loads of vehicles. In addition, the blasting vibration of long-term
excavation and mining and the deep-hole blasting and demolition of the rock at the top of
“Yizhuxiang” caused fatigue damage to the rock mass, and the cumulative effect slowly
caused the structural surface of the rock mass to loosen and reduce the strength of the
rock mass. Therefore, the interference of the outside world with the rock is also one of
the reasons for the connection of cracks inside the dangerous rock and the collapse of the
dangerous rock mass [68,69].

4.2. Collapse Evolution Process

The collapse deformation process can be divided into four stages by the deformation
and failure characteristics.

Fracture formation stage: during underground mining, cracks were formed in the rock
mass under the joint effect of vibration loading and unloading. In addition, the continuous
deformation of the pillars caused cracks in the rock mass. (Figure 10a).

Rear edge fracture formation stage: As dolomite was eroded and softened by precipita-
tion, the existing internal fractures gradually developed and became connected. In addition,
mining promoted the gradual expansion of the fractures to form dominant fractures. The
top of the rock mass was bent and toppled under the action of gravity, and the fractures on
the rear edge of the rock mass gradually expanded to the deeper part (Figure 10b).

Collapse formation stage: due to the deformation of safety pillars and the blasting of
the perilous rock, the internal cracks became connected, and the rock mass was bent and
toppled, and the master fractures on the rear edge gradually expanded. The precipitation
infiltrated along the fractures, generating hydrostatic pressure, reducing the mechani-
cal strength between the rock mass and the structural plane, increasing the downward
and outward movement force of the unstable rock mass, and finally leading to collapse
(Figure 10c).

Fracture penetration stage: Compared with previous years, the weather in the winter
of 2021 changed greatly, with an increased snowfall and a low temperature, leading to more
significant freezing and thawing, which caused the destruction of the rock mass structure,
the gradual penetration and expansion of the fractures, and the accelerated deformation of
the rock mass, and finally resulted in the complete penetration of the fractures on the rear
edge of Yizhuxiang and the failure of the rock mass (Figure 10d).



Appl. Sci. 2023, 13, 3801 12 of 15Appl. Sci. 2023, 13, x FOR PEER REVIEW 13 of 17 
 

 
Figure 10. Evolution process of Yizhuxiang collapse; (a) Fracture formation stage; (b) Rear edge 
fracture formation stage; (c) Collapse formation stage; (d) Fracture penetration stage. 

5. Conclusions 
Under the effects of mining and precipitation, the rock mass Yizhuxiang underwent 

continuous deformation in 2015, and the top rock mass was bent and toppled, and master 
fractures and four dominant joints were formed in the rock mass. In 2022, the extremely 
cold weather led to the overall failure of the rock mass Yizhuxiang, which damaged the 
farmland, the temporary cement mixing station, and the road at the slope toe. The 
Yizhuxiang collapse had multiple causes, including mining, precipitation, and geological 
conditions. 
(1) Geological structure: the rock mass Yizhuxiang had three free faces. The stratum was 

dominated by brittle dolomite, hard at the top and soft at the bottom. The studied 
area experienced frequent and considerable precipitation and strong weathering. 
Water flowing into the rock fractures increased the static and dynamic water pressure 
on the rock mass, and increased the lateral pressure on the free faces of the rock mass, 
which was not conducive to the stability of the rock mass; 

(2) External disturbance: The mining of phosphate ores at the bottom of the studied area 
was stopped in July 2014, and the safety pillars remaining at the lower part of the 
rock mass continued to be deformed, accelerating the deformation of the upper rock 
mass and the expansion of fractures. Continuous precipitation increased the water 
content of the stratum, and the joint action of seepage softening and pore pressure 
caused the cracks and joints to go deeper and become wider, and gradually penetrate 
downward. In 2015, the deep-hole blasting of the perilous top of the rock mass 
Yizhuxiang also caused fatigue damage to the rock mass. The cumulative effect 

Figure 10. Evolution process of Yizhuxiang collapse; (a) Fracture formation stage; (b) Rear edge
fracture formation stage; (c) Collapse formation stage; (d) Fracture penetration stage.

5. Conclusions

Under the effects of mining and precipitation, the rock mass Yizhuxiang underwent
continuous deformation in 2015, and the top rock mass was bent and toppled, and master
fractures and four dominant joints were formed in the rock mass. In 2022, the extremely cold
weather led to the overall failure of the rock mass Yizhuxiang, which damaged the farmland,
the temporary cement mixing station, and the road at the slope toe. The Yizhuxiang collapse
had multiple causes, including mining, precipitation, and geological conditions.

(1) Geological structure: the rock mass Yizhuxiang had three free faces. The stratum was
dominated by brittle dolomite, hard at the top and soft at the bottom. The studied area
experienced frequent and considerable precipitation and strong weathering. Water
flowing into the rock fractures increased the static and dynamic water pressure on the
rock mass, and increased the lateral pressure on the free faces of the rock mass, which
was not conducive to the stability of the rock mass;

(2) External disturbance: The mining of phosphate ores at the bottom of the studied area
was stopped in July 2014, and the safety pillars remaining at the lower part of the rock
mass continued to be deformed, accelerating the deformation of the upper rock mass
and the expansion of fractures. Continuous precipitation increased the water content
of the stratum, and the joint action of seepage softening and pore pressure caused the
cracks and joints to go deeper and become wider, and gradually penetrate downward.
In 2015, the deep-hole blasting of the perilous top of the rock mass Yizhuxiang also
caused fatigue damage to the rock mass. The cumulative effect gradually caused the
looseness of the structural plane of the rock mass and reduced the strength of the
rock mass;
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(3) Freeze-thaw effect: from January to February 2022, Yuan’an County had a low average
temperature and a snowfall much deeper than those in previous years. The effect
of freeze–thaw became the main factor finally inducing the collapse. The collapse
caused by freezing and thawing is caused by the frost-heaving force generated by
water. When dealing with a collapse disaster caused by freezing and thawing, the
salinity of surface water can be changed to reduce the freezing point of water.

Collapses caused by freezing and thawing can also occur in areas with low latitudes,
low altitudes, and warm and humid climates, which has played a role in improving the
prevention and control of collapses in low latitudes and low altitudes.
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