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Abstract

To investigate the temporal and spatial evolution process of overlying karst mountain instability caused by mining, the
case of “8.28” mega landslide in Pusa, Nayong County, Guizhou Province, China, is taken as the example. Based on the
results of the field investigation after the disaster, the complete process of rock strata fracture and slope instability under the
descending and ascending mining conditions of gently inclined coal seam is reproduced by similitude model experiments.
According to the key motion features of overburden deformation and fracture evolution law, the failure process of slope
collapse controlled by deep and large karst fissures under mining action is summarized. And the change law of overburden
pressure and displacement in the mining process is analyzed as well as the failure mode of slope collapse is proposed. The
results show that the slope experiences four failure stages in the process of coal seam descending mining: coal seam roof
caving, overburden cantilever tension fracture, overburden integral dumping subsidence and slope instability collapse, and
the slope undergoes deformation toward the free surface and downward. During the ascending mining process, the slope
experiences four failure stages: periodic caving of coal seam roof, upward transmission of separated fractures, overburden
integral bending subsidence and slope instability collapse, and the slope undergoes deformation toward the inside of the slope
and downward. The rock mass ahead of the advancing direction of working face has the phenomenon of tension—compres-
sion stress transformation. Along the mining direction, the overburden sequentially experiences the change process of pres-
sure increase, decrease, or increase again, and stabilization. Deep and large karst fissures at the slope top are the structural
basis for the occurrence of collapse. Coal mining activities have a certain promoting effect on mountain cracking and rock
fragmentation. The failure mode of slope can be summarized as tension—shear—slip—toppling collapse failure. Improved
understanding of the deformation movement characteristics and damage mode of slope can aid in early identification and
timely warning of geo-hazards in karst area.
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Highlights

e This paper focuses on the deformation movement features and failure modes of mountains controlled by deep and large

karst fissures under mining action.

e The full process of rock strata fracture and slope instability under descending and ascending mining conditions is repro-

duced in a simulated model.

e Extensive karst fissures at the slope top are the main structural basis for the occurrence of collapse.
¢ Coal mining activities have a certain promoting effect on mountain cracking and rock fragmentation.
e The failure mode of slopes can be summarized as tension-shear-slip-toppling collapse failure.

Keywords Underground mining - Karst slope - Fracture - Failure mode - Similitude model experiment

1 Introduction

The karst area in southwest China is characterized by com-
plex geological structure, intense karstification and con-
centrated rainfall. Due to the special formation history of
strata, the karst mountain area is generally characterized by
topography and landform with steep top and gentle bottom,
and strata structure with hard top and soft bottom (Xu et al.
2016; Chen et al. 2021). Under the long geological action,
deep and large non-systematic karst fissures are developed
in the slope body, which is one of the triggering factors of
mining landslide (Singhal and Gupta 1999). A large num-
ber of engineering examples show that the occurrence of
landslide disasters on rock mountains is often accompanied
by the exploitation of underground mineral resources (Li
et al. 2016; Ma et al. 2018; Fernandez et al. 2020). The
underground mining will cause the change of the original
stress state of overburden and reduce the strength of the
original weak structural surface, lead to the formation and
development of mining cracks, and thus aggravating the
deformation and failure process of mountain (Lana 2014;
Salmi et al. 2017). Since the twentieth century, several inci-
dents of slope movements caused by mining operations have
occurred around the world, such as the Frank landslide in
Albert, Canada in 1903 (Benko and Stead 1998), the Aber-
fan landslide in South Wales, UK in 1966 (Bentley and Sid-
dle 1996), a rockfall avalanche in Nattai North, Australia
in 1984 (Cunningham 1988), and the Diindar landslide in
Bursa, Turkey in 2004 (Erginal et al. 2008). Typical min-
ing landslides in China include the Jiguanling landslide in
Wulong, Chongqing (He et al. 2018), the Jiwei Mountain
landslide in Wulong, Chongqing (Feng et al. 2016), the
Guanling landslide in Guizhou (Liu et al. 2015), the Zhenx-
iong landslide in Yunnan (Yin et al. 2013), and the rock
avalanche in Pusa, Guizhou (Fan et al. 2019). The above-
mentioned mining landslide accidents are large in scale and
serious in impact, all of which have caused major casualties
or major secondary disasters.
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With the continuous exploitation of natural resources,
open-pit mines with slopes exceeding 200 m have become
the most common type of open-pit mines in the world (Nie
et al. 2015). In recent years, the implementation of field geo-
logical investigations, combined with physical model tests
based on the survey results and numerical calculations, has
become a more effective method for slope stability analysis
(Wu et al. 2004; Scaringi et al. 2018; Hu et al. 2019; Do and
Wu 2019, 2020a, b). When the similarity ratio is basically
satisfied, the physical model test can truly reflect the move-
ment characteristics of rock stratum and the evolution law
of fractures, reproduce the complete process of rock rupture
and rockfall shedding (Wang et al. 2019, 2020), and can
comprehensively consider multiple factors e.g., precipita-
tion (Capparelli et al. 2019), support reinforcement (Tangri
and Rawat 2021) and vibration (Ghadafi et al. 2017). Most
previous physical model tests focused on monitoring land-
slide mass displacement and evaluating slope displacement
change (Zhang et al. 2018b), but neglected the changes in
internal stresses during slope deformation and the influence
of geological structures on the landslide process and failure
modes. Only a few research results, such as Sun and Yao
(1983), Zheng et al. (2015), emphasized the key role of geo-
logical structure and underground mining activities on the
genesis of rock avalanches and rockfall. Tao et al. (2020)
innovatively used “improved paraffin-graphite heat sensitive
material” to simulate the structural plane, and designed a
model-scale NPR (negative Poisson’s ratio) anchor cable to
monitor the attenuation change in the shear strength index
of sliding floor when landslide occurs.

The most common triggering mechanisms of rock slope
failure include rainfall, weathering, seismic events, volcanic
activities and other environmental factors. The resulting fail-
ure processes have been well studied and proposed by many
researchers (Wu et al. 2017; Eberhardt et al. 2005; Valentin
et al. 2016; Sebastian et al. 2014). However, reports on the
influence mechanism and deformation response of under-
ground mining-induced landslides, as well as the failure



Experimental Study on the Movement and Failure Characteristics of Karst Mountain with Deep... 4841

process and failure mode of mining landslides are often lack
of systematic research or literature. In view of this, based on
the case of "8.28" mega landslide in Pusa, Nayong County,
Guizhou Province, China, this paper studies the overburden
movement characteristics and fracture evolution law under
different mining methods of gently inclined coal seam by
means of geological survey, field investigation, and similar
model test, analyzes the pressure and displacement change
law overburden during mining, and proposes the failure pro-
cess and failure mode of slope collapse controlled by deep
and large karst fissures under the action of mining.

2 Geological Setting and Mining Activity

On August 28, 2017, at 10:30 a.m. (02:30 UTC), a large
scale of mountain rock avalanche occurred in Pusa village,
Zhangjiawan town, Nayong county, Guizhou Province,
China (N26° 38’ 04.55", E105° 26’ 56.14"). The rock mass
with the volume of 49.1 x 10* m* moved down and scraped
the original loose deposits and finally formed deposits of

82.3 x 10* m?, which destroyed parts of Pusa village, resulted
in the death of 26 persons, missing of nine persons (later
confirmed dead) and injured of eight persons (Cui et al.
2022).

The Pusa landslide developed along a steep slope, with a
ridge reaching 2147 m a.s.l. and the foot located at 1842 m
a.s.l. The climate is subtropical and monsoon-influenced,
with an average annual temperature of 13.6 °C. The annual
precipitation is slightly over 1200 mm, with the rainfall pro-
cess mostly occurring from May to September. Formations
outcropping in the area include (i) the Quaternary (Q,), con-
sisting of very thin clay and sandy clay; (ii) the Yelang For-
mation of the Lower Triassic (T,y), consisting of limestone,
silty mudstone and argillaceous siltstone; (iii) the Changx-
ing—Dalong Formation of the upper Permian (P,c +d), con-
sisting of silty mudstone, limestone, argillaceous siltstone
and coal seams; and (iiii) the Longtan Formation of the
upper Permian (P,l), consisting of argillaceous siltstone,
carbonaceous mud-stone and coal seams (Figs.1, 2). The
Pusa landslide developed within the Yelang Formation on an
anaclinal steepened slope extending toward N 40°-50° E, at
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Fig. 1 Engineering geological map of the investigated area before the
occurrence of the Pusa landslide: 1. Second member of the Yelang
Formation of the Lower Triassic; 2. First member of the Yelang For-
mation of the Lower Triassic; 3. The Changxing—Dalong Formation
of the upper Permian; 4. Third member of the Longtan Formation of

the upper Permian; 5. Second member of the Longtan Formation of
the upper Permian; 6. Quaternary deposits; 7. Rock stratum occur-
rence; 8. Fault; 9. Coal seam; 10. The outline of 8.28 Pusa landslide;
11. Historical collapse boundary; 12. Section line; 13. Contour line;
14. Goaf area; 15. Large crack

@ Springer



4842 Z.Yang et al.
— 2250
o 1 7 /310°
== s
\]3 9
. 2050 g
s ¥ g
=}
6 12 -
1950 — 1950 _E)
m
= 170° £7°
g
=
2 \ 1850
« B =
) < - —
. =
1750” e ’_>'_’_""’]"_"_’_ »T _"_’_77‘ B ’_;h‘r_’M' I 'T'—f—‘—_”—r'_’—‘_’_}— 1750
0 100 200 300 400 500 600 700 800

Distance (m)

Fig.2 Profile of the Pusa landslide along principal sliding direction
(1-1" in Fig. 1): 1. Limestone; 2. Mudstone; 3. Coal seam; 4. Deep
and large karst fissures; 5. Goaf area; 6. Fault; 7. Muddy siltstone;
8. Silty mudstone; 9. Second member of the Yelang Formation of

Fig.3 Typical erosion signs and
rock structure at the rear edge of
collapse source area: a the dis-
solution cavities; b the dissolu-
tion pipelines; ¢ the dissolution
fissures; d the rock mass on the
steep cliff wall is cut into blocks
by well-developed joints

Dissolution cavitiehy,

5

the Lower Triassic; 10. First member of the Yelang Formation of the
Lower Triassic; 11. The Changxing—Dalong Formation of the upper
Permian; 12. The Longtan Formation of the upper Permian. Collated
from literature Yang et al. (2020)

a location in which the strata gently dip inward with attitude
N 80° E/SE«£5°-10°.

Usually below 1500 m is called low to medium alti-
tude, and the study area features low to middle elevation

@ Springer

mountainous landform with typical karst features, which
displays severe signs of erosion. The limestone at the rear
edge of the avalanche source area was strongly dissolved,
covering its surface with a layer of beige dissolved rock mud.
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The dissolution cavities, dissolution pipelines and dissolu-
tion fissures were clearly visible on the steep cliff wall, and
limestone was often cut into separate blocks by well-devel-
oped joints (Fig. 3). The joints gaps were filled by debris,
and the cementation degree between the broken block rock
masses was very low, so the slope was very prone to local
rockfall. At the shoulder of the slope (about 2110 m a.s.1),
four groups of deep and large karst fissures were developed
downward (Fig. 2), with depths ranging from 50 to 80 m
and widths of 2-3 m. A large number of karst collapse pits
were identified on the top of the slope at the back edge of
the collapse area, among which the diameter of the largest
collapse pit reached 5.2 m and the visible depth was about
2.1 m, and the exposed surface was Quaternary (Q4) residual
slope deposits.

Three major faults (F1, F2, and F3) were identified in
the area, as shown in Fig. 1. F1 and F2 developed below
the scarp in the landslide source area, with a fault spac-
ing of about 70 m, and F3 was found 400-500 m northeast
of the slope. Since the coal seams between F1 and F2 had
only been mined in small amounts, and the fault boundary
retained the security coal pillar, the area between the two
faults was equivalent to a long security pillar. The analysis
shows that the coal seam mining on the left side of F1 has
less influence on the slope, and the stability of the slope is
mainly affected by the deep coal seam mining on the right
side of F2. During the mining period of Pusa coal mine
(from 1995 to 2017), no strong earthquake activity has been
found in this area and the neighboring areas, and no earth-
quake indication that may affect the slope stability has been
found before the collapse.

Mining occurred in six coal seams that developed in the
Longtan Formation, which were M6, M10, M14, M16, M18
and M20 from top to bottom, with thickness of 2.01, 2.12,
1.23,1.49, 0.37 and 0.84 m, respectively. The total thickness
of coal seams was about 8.06 m, and the attitude of which
was consistent with that of the strata. According to relevant
mining information, Pusa coal mine mainly mined M20 and
M16 from 1995 to 2012, and a large crack (DL1 and DL2
in Fig. 1) was identified behind the source area by Ouyang
and Lan (2009) from September 2009 to December 2009.
From 2013 to 2017, M14 and M10 were mined, with M6
presumably being partially mined. During this period, the
cracks in the rear of the source area continued to expand
to form subsidence troughs (DL3 and DL4 in Fig. 1), and
occasionally small collapses occurred on the slope surface.
It is believed that there is a certain time correspondence and
causal relationship between the tension cracks behind the
source area and the mining of M14 and M10 (Zhong et al.
2020). The coal mine finally ceased production on August
24,2017, at which time the lower coal seam of the slope was
basically mined. The goaf formed by the coal seam mining
is shown in Fig. 2.

3 Study Methodology
3.1 Field Investigation and Analysis

From the results of the field investigation and analysis,
the Pusa landslide can be generally divided into two parts:
major sliding areas (zone A-E) and the landslide-affected
surrounding areas (zone I-III) (Fig. 4).

The top elevation of source area (zone A) was
2080-2100 m a.s.l., and the lower shear outlet was roughly
at about 2000 m a.s.l. This zone was about 85 m high, 145 m
wide and 40 m thick. The strike angle of the scarp is about
N 40° E, and the stratum is inclined inward (attitude N 80°
E-EW/SE2£5-7°).

Track-abrasion area (zone B), about 180 m wide and
80 m long, spans from about 2000 m a.s.l. to about 1930 m
a.s.l. The landslide mass scraped the loose deposits on the
slope surface, early rockfall sediments and a small amount
of bedrock, resulting in an average erosion of about 1.5 m
on the slope surface, with a shovel-scraped volume of about
2.1x10° m’.

Deposition area (zone C) was originally a relatively
open, gentle sloping area with an overall slope of about
10°-15°. The surface was a soft tillage layer with an
estimated thickness of about 2 m. The landslide scraped
and pushed most of the soil down to the front edge of
the deposition area, and the movement direction of the
debris flow was changed due to the blocking effect of some
houses. The area morphology was finger-like extension
(Fig. 1), its average longitudinal length was about 575 m,
width was about 360 m, and the shovel-scraped volume
was about 31 x 10* m3. A large quantity of fragmented
siltstone and marls were scattered in the deposition area
with many large size blocks reaching a maximum grain
size of 16.6 m.

The rock mass on the north side of the source area (zone
D) occurred a small collapse while the main body was
deformed. The length of the collapse area was about 140 m,
the transverse width was 50—70 m, the average thickness was
about 2 m, and the volume was 1.4—1.9x 10* m>. In zone E,
a small collapse occurred in 2016, involving a volume of
0.7-1x 10* m®.

After the landslide event, tensile fractures with strike
angle of 35° were found in the unstable rock mass in the
rear part (zone I), the largest of which was a 180 m long
trough, about 12 m deep and up to 30 m wide. The southern
side remained bound to the bedrock, where a series of tensile
radial cracks were developed. Overall stability in the region
seems poor.

Unstable rock mass on the north flank (zone II) was
located just behind zone D and E, up to an elevation of
2100 m a.s.l. Here, a large fracture developed, 31 m long,

@ Springer
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Fig.4 Overview of the August 28, 2017, Pusa landslide: a UAV
image (lateral view); b camera image (front view). Landslide-affected
surrounding areas: ¢ zone D; d history collapse (zone E); the unsta-

20 m wide, with a strike angle of 235°. Field investigation
noted that although several cracks developed in the rear of
the slope, this zone seemed still well fixed with the bedrock.
The possibility of overall failure of the rock mass in a short
time is small, but the possibility of local rockfall cannot be
ruled out.

After the landslide event, a series of tension cracks (strike
angle 40°) were detected in the unstable rock mass on the
south flank (zone III), the longest of which was about 50 m
long, several meters wide and at least 4-5 m deep. The good
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ble rock masses in the rear part (e) and on the south flank (f) of the
source area. In (a) and (b), A—E mark the zones of major sliding; I-
IIT are different areas affected by instabilities

connectivity of cracks can greatly undermine the overall sta-
bility and will cause secondary disasters in case of rock mass
instability.

3.2 Similitude Model Experiments
The model test took the Pusa landslide as the geological

prototype, adopted similar material model test research
method, and simplified the geological prototype according
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to the actual geological conditions. The failure process under
the mining effect was further studied using laboratory model
experiments that simulated the gravitational deformation of
slope models over a limited time span.

3.2.1 Determination of Similar Conditions

Referring to the research results of model test related to
coal seam mining and overburden deformation (Zheng et al.
2015; Tao et al. 2020), and based on the theory of similarity
triple theorem, it was ensured that the model and geological
prototype meet the requirements of geo-mechanics similar-
ity in geometry, kinematics and dynamics. The following
parameters were considered in the modeling:

Geometric parameter: object size (L);

Time parameters: deformation time (#), and deformation
velocity (v);

Physical and mechanical parameters: gravity acceleration
(g), rock bulk density (y), rock uniaxial compressive strength
(R,), elastic modulus (E), cohesion (c), and internal fric-
tion angle (¢). Among them, L, g and y were the primary
dimensions.

The similarity ratio formula of each parameter was listed,
and the interrelationship between each parameter and the
primary dimensions was derived according to the similarity
criterion. In the formula, p represented the prototype param-
eter, m represented the model parameter, and C represented
the similarity ratio, which was the ratio of the prototype
parameter to the model parameter:

(1) Geometric similarity ratio: C;, = L, /Ly,
(2) Similarity ratio of gravity acceleration: C, = g,/8p,
(3) Similarity ratio of bulk density: C, =y, / Ym

(4) Similarity ratio of deformation time:
Ct = p/tm = \/ CL/Cg

(5) Similar ratio of deformation velocity:
C, =, /v =/CLC,

(6) Similarity ratio of compressive strength:
CRC = Rc-p/Rc-m = CL ) Cy

(7) Similarity ratio of elastic modulus:

Cg=E,/E,=C.-C,

(8) Cohesion similarity ratio: C, = ¢, /c,, = C, - C,

(9) Similarity ratio of internal friction angle:
Co=0p/Pm =1

After fully considering the size of the study area and the
physical characteristics of the model materials, the geo-
metric similarity ratio of the model was determined to be
C.. = 200(simulating part of the slope with horizontal dis-
tance of 400—700 m and height of 1850-2150 m a.s.l in
Fig. 2); the gravity acceleration similarity ratio was C, = 1;
the bulk density similarity ratio was C, = 1.5; the similarity

ratio of deformation time was about C, ~ 14; the similar
ratio of deformation velocity was about C, =~ 14; the simi-
larity ratio of compressive strength, elastic modulus and
similarity ratio of cohesion were C, = Cy = C, = 300; the
similarity ratio of internal friction a}lgle was C, = 1.

3.2.2 Similar Materials and Test Proportion

Physical model similar materials were usually prepared from
several materials in a certain proportion. According to the
requirements of similarity and previous research experience
(Chen et al. 2015; Du et al. 2021), it was determined that
fine river sand (particle size of 0.25-0.35 mm) was used as
aggregates in each rock strata, gypsum powder was used
as cementitious material and water as solvent material. If
the calculation was carried out according to the geomet-
ric similarity ratio formula, the thickness of the actual rock
strata in the model was mostly less than 1 cm, and the thin
and medium-thick rock strata were even less than 0.5 cm
in the model. It was unrealistic to make all the mechanical
parameters of the model completely similar to those of the
actual slope. Therefore, when determining the proportion of
similar materials through material ratio orthogonal experi-
ments, the compressive strength was mainly similar, and the
similarity of bulk density, elastic modulus and other indica-
tors were fully taken into account. Since the initial setting
time of gypsum was usually less than 10 min, which was not
conducive to the pouring of slope model, so a little gypsum
retarder was needed to delay the initial setting time. Accord-
ing to the pouring experience of the test model, it took about
20-30 min for similar materials to be mixed from the begin-
ning to be filled on the model frame. After calculation, the
proportion of gypsum retarder was finally determined to be
about 0.15% of the gypsum weight in similar materials.

3.2.3 Model Design Scheme

The length, width and height of the laboratory model
frame were 300, 30 and 200 cm, respectively. The steel
plates on both sides and bottom of the model frame were
used as boundary conditions to restrict the horizontal
and vertical displacement of the model, and the upper
part was a free surface. To embody typical geographical
features (e.g., the broken block rock at the rear edge of
the avalanche source area, deep and large karst fissures
at the slope top and fault) in the test model, and ensure
the operability of the model construction, the upper part
of the slope was simulated by rock block stacking, and
the position of karst fissures was reserved in the stacking
process. The length, width and height of the rock block
were 30, 3 and 4 cm, respectively, and no substance was
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Table 1 Physical and mechanical parameters of rock strata and similar material

Parameters Lithology Similar materials
Limestone Marl Argillaceous ~ Silty mudstone Coal seams Targeted value Actual value
siltstone
Density (g/cm?®) 2720 2680 2650 2480 1400 1683 1580
Compressive strength (MPa) 75.6 92 102 68 20 0.23 0.24
Elastic modulus (KPa) 36,700 30,000 22,000 14,000 5400 46.7 39
Cohesion (KPa) 16,600 7500 11,500 5900 600 - 57
Internal friction angle (°) 41.5 32 34 30 26 - 31
Poisson's ratio 0.27 0.28 0.30 0.32 0.38 - -

used to glue the rock blocks together during the stacking
process. The coal seam roof was simplified as a homoge-
neous rock layer of silty mudstone, and similar materials
were used for simulation. The final determination of the
similar material bone glue ratio was 5.5:1. The detailed
mechanical parameters of each stratum and similar mate-
rial were demonstrated in Table 1. The thickness of sin-
gle-layer similar material was about 2—4 cm, and mica
powder was used to separate the layers between the strata
(Ma et al. 2020). The fault was set at the toe of the slope,
and its angle with the horizontal plane was 70°, which
was used to simulate the fault F2 existing in the actual
slope. Li et al. (2020) pointed out that the breakage of
thick and hard intermediate strata has a decisive influence
on the movement of overburden. However, the soft and
thin intermediate strata will be deformed simultaneously
with the overburden. The intermediate strata of M 14 and
M10 was silty mudstone with a thickness of 15 m, which

was in line with the characteristics of soft and thin inter-
mediate strata. Therefore, an equivalent coal seam was
set instead of M14 and M10 in the test, and the thickness
was appropriately increased to 4 cm to provide sufficient
movement space for the overburden deformation. Wet
river sand was used to simulate the coal seam because it
was easy to extract from the model. Since the coal seam
floor had little effect on the stress and strain of the min-
ing slope, the model floor was set as a rigid base and was
poured with brick cement. The test model and micro-soil
pressure sensor placement points were shown in Fig. 5.
Considering the influence of coal seam mining
sequence on slope stability, two mining methods, i.e.,
descending mining (toward the inside of the slope) and
ascending mining (toward the free surface), were adopted.
Two models needed to be made, each model had four
working faces, each working face length was 45 cm, from
outside to inside working face number was X1, X2, X3,

Fig.5 Test model and place- 20

ment point of micro earth pres- Q
sure sensor 200 —
150
100 —

Fault
50

Rigid
0 | B PR

base

2t

Karst fissures

* I Rock block stacking

 Stress monitoring points

2. @ Similar materials
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X4. Progressive excavation was carried out at the bot-
tom of the model. The descending mining sequence was
X1—X2— X3 — X4, and the ascending mining sequence
was X4 — X3 — X2 — X1. The mining time of each work-
ing face was 15-20 min, and the physical simulation
model balanced for 15-30 min after mining each interval.

3.2.4 Pressure and Displacement Monitoring

Six pressure monitoring points were arranged at 20 cm
above the coal seam, with 30 cm spacing between adja-
cent monitoring points. The leftmost monitoring point was
arranged in the footwall of the fault, with a distance of 12 cm
from the fault surface (Fig. 5). The micro-soil pressure sen-
sor was used for pressure monitoring, and its measurement
range was 0-50 kPa with a resolution of no more than 0.05
FS. The pressure mentioned later refers to the overburden
pressure on the surface of the soil pressure sensor, which is
completely different from the concept of stress in the actual
slope, especially in terms of numerical values. Therefore, it
is of little significance to deduce the actual stress in the slope
using monitoring point pressure through the similarity ratio
formula, but the variation law of monitoring point pressure
can still reflect the change of the actual stress in the slope
to some extent. Before coal seam mining, the value of the
sensor was zeroed out, so as to facilitate the observation of
the change in pressure values for subsequent analysis. We
consider that when the pressure is negative it indicates a
decrease in pressure, and when the pressure is positive it
indicates an increase in pressure.

This test displacement measurement applies XTDIC 3D
full-field strain measurement system (XTDIC-CONST),
which can quickly, efficiently and accurately obtain the
three-dimensional coordinates, displacement and strain
data of the model in the process of deformation (Zhou et al.
2021). The system integrates Digital Image Correlation
(DIC) and Binocular Stereo Vision. By tracking the speckle
images of the object surface in each deformation stage in
real time, and using image correlation algorithms for stereo
matching of the deformation points, the three-dimensional

spatial coordinates of the matching points are reconstructed.
The displacement field data are smoothed and the deforma-
tion information is visualized analysis to realize real-time
calculation and output of non-contact 3D deformation meas-
urement. The system consists of high-resolution digital sin-
gle-lens reflex (SLR) camera, stress—strain analysis system,
supplementary light, data transmission line and computer. It
has been widely used in material research, structural analy-
sis, part measurement, aerospace and other fields.

3.2.5 Model Making Steps
The steps of model making are as follows:

1. Number the templates in order from bottom to top and
install them on the model frame. After drawing the
model boundary line on the inside of the templates,
remove the templates from top to bottom one by one,
and retain the bottom few pieces of the template for
pouring the rigid base.

2. Prepare of similar materials according to test proportion.

3. Spread a layer of wet river sand about 4 cm thick evenly
on the rigid base first, and then fill a layer of similar
material about 2—4 cm thick, and a layer of mica powder
about 2-3 mm thick, respectively.

4. Repeat step 3 and properly bury the micro-soil pressure
sensor in predetermined position until the lower half of
the model is completed.

5. To simulate the existence of deep and large karst fis-
sures at the top of the slope, the iron plate with custom-
ized size should be embed in a "V-shaped" manner at
the predetermined position in the process of rock block
stacking. When the model is completed, the iron plate
is extracted and filled in the fissures with river sand
(Fig. 6a).

6. The finished model is first left to rest for 1 day, and
the model surface is coated with white paint for smooth
treatment (Fig. 6b). After the model is set for another

~© 2020/06/04 15:43

Fig.6 Model making steps 5 and 6: a model production completed; b apply white paint on the model surface for smooth treatment; ¢ Scattered

spots are painted on the model surface randomly
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Fracturing ¢

Fig.7 Overburden movement and fracture evolution during descend-
ing mining: a excavation of X1; b excavation to X1+ 36 cm; ¢ exca-
vation of X2; d excavation to X2+ 25 cm; e excavation of X3; f exca-
vation of X4. Since the photographs taken by the camera are oblique

day, a fine brush is used to dip in black paint to paint
scattered spots randomly along the direction parallel to
the coal seam on the model surface, with the spacing of
scattered spots about 1-2 cm (Fig. 6¢). The model con-
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views, which affects the scale and relative proportions of the object,
the measured lengths and angles are annotated. The direction of the
blue arrow in the figure indicates the deformation direction of the
overburden

tinues to be maintained at room temperature for 4 days
after removal of the template.
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4 Model Experiments Results

4.1 Slope Deformation Process in Descending
Mining

4.1.1 Overburden Movement and Fracture Evolution

In the test, the whole process was photographed with a high-
resolution digital SLR camera and the overburden movement
and fracture evolution of the pillar-less mining can be clearly
seen (Fig. 7).

4.1.1.1 Mining Working Face X1 After the mining of
working face X1, the rock stress gradually shifted to the
coal wall near the working face, and the hanging arch span
of the immediate roof increased. The deformation state of
the roof can be compared to the bending deformation at
both ends of the fixed end (Liao et al. 2020). When work-
ing face X1 was fully mined to the bottom of the fault, the
roof was rotated and sunk to the side of the goaf under the
shear stress. Trailing edge fracture developed to the top
rear 69° of the goaf. At this point, the deformation state
of the roof can be analogized to the cantilever beam ten-
sion fracture with the left unexcavated rock as the fixed
end and the right fault footwall as the free end, which
conforms to the cantilever beam hypothesis proposed by
Unrug and Szwilski (1982) (Fig. 7a).

4.1.1.2 Mining Working Face X2 After excavation of
36 cm, a diagonal downward developing tension crack
T1 with an angle of about 56° appeared on the slope sur-
face. Two vertical tension cracks T2 and T3, with a total
length of about 45 cm, also appeared in the middle of the
slope, developing downward to the roof. The overburden
underwent the first tension fracture toward the free sur-
face, and after rotating and sinking, it formed support
with the roof falling from the footwall of the fault in con-
tact with each other. The analysis suggests that after the
underground coal seam is mined out, the pressure balance
arch is formed in a certain range above the goaf (Kratcsch
1986). The rock strata in the pressure balance arch lose
support and are in the state of unloading. Under the action
of self-weight stress and the vertical pressure of the over-
burden, the bending subsidence of the rock strata occurs,
and fracture and collapse occur after reaching the bending
limit (Fig. 7b)).

When a 90 cm (X2) length was excavated, the immediate
roof partially collapsed with a caving height of 9 cm and
a complete shape, which is known as the initial collapse.
The rock mass in the upper part of the caving roof contin-
ued to rotate and sink due to the loss of the lower support,
resulting in the crack T1 being pulled apart. The rock mass

above the right side of the crack T1 was in a cantilever bend-
ing state, and the slope body undergone the second tension
fracture. The deep and large karst fissure J2 was connected
with cracks T4, T3 and T2 to form fracture boundary. It can
be seen that the existence of deep and large karst fissure
provides an advantageous channel for the development of
tension cracks (Fig. 7¢).

4.1.1.3 Mining Working Face X3 After the excavation of
25 cm, the slope occurred severe integral dumping sub-
sidence under the action of self-weight stress, resulting in
the closure of crack T1, and the caving zone was violently
squeezed. Numerous cracks appeared at the slope toe, form-
ing a fracturing zone. Several tension cracks with nearly
parallel distribution appeared near the crack T4, and the
crack T2 developed to the lower right extending into the
goaf. The deep and large karst fissures J3 and J4 also opened
and expanded downward due to the continuous deformation
of the slope. The accumulation and arrangement of rock
strata directly affect the morphology of tension cracks. In
the lower part of the model filled with similar materials, the
tension cracks on the slope surface are mostly distributed
in vertical strip. In the upper part of the model made by
the block stacking, several nearly parallel stepped tension
cracks are developed along the block gaps (Fig. 7d).

When excavated to the middle of the slope (X3), the over-
burden showed a trend of integral subsidence to the center of
the coal seam. Constrained by deep and large karst fissures,
fissures J2 and J4 extended downward to become fracture
boundaries, and the slope was obviously divided into three
deformation blocks with the reference of mining working
face X2, X3 and X4. However, the damage degree and defor-
mation rate of the three blocks were different. As working
face advanced, the slope blocks deformed successively and
gradually reached a new stable state. The tension cracks J2,
J3 and T4 at the rear of working face experienced a dynamic
process from open to close (Wang et al. 2015). It can be seen
that with the gradual mining of coal seam, the deformation
trend of the slope changes from rotary dumping to vertical
subsidence, and the surface subsidence changes from non-
sufficient mining subsidence state to full mining subsidence
state (Fig. 7e).

4.1.1.4 Mining Working Face X4 During the excavation of
working face X4, the immediate roof was abscised again,
showing a weak bending, and a separation fracture appeared
above. The middle block of the slope lost the lower support
and undergone significant settlement. The rightmost block
of the slope was in the state of cantilever bending stress and
tilted toward the free surface side, resulting in the appear-
ance of tension cracks T7, T8 and T9 above and in front of
the working face X4. Tension cracks and karst fissures (T1,
T4,J2,13,J4) originally developed on the slope at the rear of
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Fig. 8 Variation of overburden pressure in descending mining

the working face were completely closed. The three phases
of undeveloped, developing, full compaction of cracks are
the dynamic process of the gradual transfer of goaf space to
the ground surface. In the process of settlement, the slope
will also be subjected to shear failure due to the effect of
gravity component. Careful observation of the middle and
upper slope surface can reveal that numerous small cracks
are visible to the naked eye in the area. Analysis suggests
that these cracks should be compression—shear cracks, and
the area is a compression—shear stress concentration zone.
The compression—shear cracks and karst fissure J2 are
interconnected to form the potential collapse surface of the
slope. Once the rock mass at the shear outlet is deformed
and destroyed, the rock mass at the top of the slope will col-
lapse outward as a whole (Fig. 7f).

4.1.2 Variation Law of Overburden Pressure

The pressure change curves of each monitoring point of coal
seam roof during the test are shown in Fig. 8. In the figure,
the abscissa is working face advancing distance, the longi-
tudinal coordinate is the pressure. With the beginning of
coal seam mining in X1, the pressure at monitoring point
1 in the footwall of the fault increases slightly under the
influence of leading abutment pressure. When the mining of
working face X1 is completed, the roof of coal seam rotates
clockwise and sinks, and the pressure at monitoring point 1
decreases rapidly, but the pressure at other monitoring points
remains basically unchanged. As mining continues, the
pressure at monitoring point 2 does not increase, but slowly
decreases, due to the fault effectively blocking the transmis-
sion of leading abutment pressure in the slope. Affected by
leading abutment pressure, the pressure at monitoring point
3 gradually increases and the pressure peak appears. Mining
X1436 cm to X2 section of working face, the pressure at
monitoring points 2 and 3 decreases significantly. Monitor-
ing point 1 is squeezed by the rock mass in the hanging
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wall of the fault, and the pressure starts to increase. The
pressure at monitoring point 4, located ahead of the work-
ing face advance, is also slowly increasing. At this time, the
slope is undergoing the first and second cantilever fracture
failure and the first large-area collapse of the roof. Mining
X2 to X2+ 15 cm section of working face, the pressure at
monitoring points 2 and 3 changes very little, and the pres-
sure at monitoring points 4 and 1 gradually increases to the
local peak. Subsequently, the pressure at monitoring points
2 and 3 increases rapidly, the pressure t monitoring point 4
decreases gradually, and the pressure at monitoring point 5
increases first and then decreases. This is precisely caused
by the severe integral dumping subsidence of the slope that
the caving zone is strongly squeezed. Thereafter, monitor-
ing points 2 and 3 are always in a high stress concentration
state. The pressure at monitoring point 1 decreases because
the rock mass under the fault is compressed and cracks
appear, releasing part of the pressure. Mining X3+ 10 cm
to X3 +20 cm section of working face, the pressure at moni-
toring points 4 and 5 decreases rapidly, which indicates that
coal seam roof collapses once again in a large area. The
rock mass without lower support will continue to settle and
compact the caving zone, resulting in an increase in the pres-
sure at monitoring point 4. The pressure at monitoring point
6, which is located at the boundary of working face, first
increases and then decreases. The reason for the increase of
pressure is due to the influence of leading abutment pressure.

With the transfer and rebalance of stress, the overbur-
den deformation process has obvious periodicity, which is a
complete cycle from stress concentration, damage deforma-
tion, fracture and collapse, stress release. Precisely because
of this internal mechanism, the variation law of strain meas-
ured by soil pressure sensor is reliable to reflect the internal
stress evolution process of mining rock mass. The pressure
at all monitoring points and the deformation of overburden
sequentially experiences the change process of increasing
(leading abutment pressure action), substantial reducing
(roof separation or collapse), slightly increasing (crack gen-
eration and expansion), substantial increasing (integral slope
subsidence) and maintaining stability (new stable state of
rock mass structure). The average mining distance interval
corresponding to the peak pressure affected by the leading
abutment pressure at each monitoring point is 25 cm. It can
be seen that there is tension—compression stress transfor-
mation in the rock mass ahead of the advancing direction
of working face. However, the variation range of pressure
curves of each monitoring point is different, among which
the pressure at monitoring points 2 and 3 are the largest,
indicating that the pressure concentration at the toe of the
slope is obviously better than that at other parts of the slope
(Lin et al. 2018).
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Fig. 9 Horizontal displacement nephograms of overburden in descending mining: a excavation of X1; b excavation to X1+ 36 cm; ¢ excavation

of X2; d excavation to X2+ 25 cm; e excavation of X3; f excavation of X4

4.1.3 Variation Law of Overburden Displacement

Photographs of the deformation process of the model are
processed to obtain the horizontal and vertical displace-
ment nephograms of the overburden during the descend-
ing mining, as shown in Fig. 9 and Fig. 10, respectively. In
the horizontal displacement nephogram, the positive value
indicates movement toward the inside the slope and the
negative value indicates movement toward the free surface.
In the vertical displacement nephogram, the positive value
indicates downward movement and the negative value indi-
cates upward movement. It should be noted that since the
measurement system is suitable for measuring continuous
displacement changes, the areas with severe deformation in

the model, such as the caving zone or tension crack con-
centrated area, may be missing. In the displacement nepho-
grams of Figs. 9d—f, 10d-f, the areas of equipotential lines
mutation are the areas where deformation data are missing.
After using the difference-completion hole method to fill
in the missing areas in the displacement nephograms, it is
found that the failure characteristics of continuous deforma-
tion presented differ from those of the actual discontinuous
deformation, and the displacement values are often too large
and do not have statistical significance. Since the image can
still reflect the overall deformation law of the slope, this
subsection only analyzes the displacement variation charac-
teristics of the overburden above the caving zone.
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Fig. 10 Vertical displacement nephograms of overburden in descending mining: a excavation of X1; b excavation to X1+ 36 cm; ¢ excavation of

X2; d excavation to X2 +25 cm; e excavation of X3; f excavation of X4

The displacement monitoring results show that after the
excavation of working face X1, the horizontal and verti-
cal displacement of the overburden are almost zero, which
shows that the fault can block the influence of the rock mass
collapse on the overburden. When mining to the X1+ 36 cm,
the overburden is in the cantilever bending limit state, and
the first tension fracture toward the free surface occurs. The
maximum horizontal displacement in the middle of the slope
surface is —3.783 mm, which is twice the horizontal dis-
placement at the top of the slope. The maximum vertical
displacement at the outermost end of the overburden can-
tilever is 3.541 mm. During the process of mining working
face X2, the first large area caving of coal seam roof occurs,
with the caving length of about 38 cm, and the second ten-
sion fracture of the slope occurs. The maximum horizontal
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displacement of the top of the slope is —9.833 mm, and the
horizontal displacement of the middle and upper part of the
slope is significantly increased. The vertical displacement
at the outermost end of the overburden cantilever is still the
largest, reaching 8.823 mm. The deformation direction of the
overburden is exactly the same as that of the blue arrow in
Fig. 7. With the successive mining of working face X3 and
X4, coal seam roof collapses periodically, and the mining
influence range expands to the deep part of the slope. From
the horizontal displacement nephogram, it is not difficult to
see that the equipotential lines penetrate diagonally down-
ward from the top of the slope to the free surface, and its
shape is similar to the arc. Based on the distribution of equi-
potential lines, it can be inferred that with the intensification
of deformation, the overburden may occur tensile—shear—slip
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instability, especially the rock mass around the top of the
slope has the greatest possibility of instability. The morphol-
ogy of the equipotential lines in the vertical displacement
nephogram is similar to that of the fracture boundary formed
by the interconnection of karst fissure and tension fractures
in Fig. 7. The overburden above the unmined coal seam is
basically not deformed.

To further explore the temporal and spatial variation of
overburden movement during the mining process, typical
monitoring lines and data points are extracted from the
displacement nephograms for analysis. Three transverse
displacement monitoring lines, numbered A, B and C, are
selected from bottom to top along the direction parallel to
the coal seam. Line A is located in the lower part of the
slope filled with similar materials, line B and line C are
located in the upper part of the slope built with rock blocks.
A speckle is selected as the data point at a certain interval on
the monitoring line, and a total of twelve columns of the data
points are divided. Taking working face as the boundary, the
data points in 1st columns to 4th column are above working
face X2, 5th column to 7th column are above working face
X3, 8th column to 10th column are above working face X4,
and 11th column and 12th column are above the unmined
coal seam (Fig. 11). The horizontal displacement and ver-
tical displacement of all data points are counted, and the
displacement variation laws of transverse monitoring lines
during descending mining are obtained, as shown in Fig. 12.
The meanings of positive and negative values of displace-
ment in the figures are the same as those in the displacement
nephograms.

In the process of mining to X1+ 22 cm, the changes of
horizontal and vertical displacements of the three monitoring

Fig. 11 Location of displacement monitoring lines and data points on
overburden in descending mining

lines are very small and negligible. Mining X1 422 cm to
X2 section of working face, the rock mass near the slope
surface occur the first and second cantilever fracture fail-
ure, resulting in the deformation of data points A1-A4 on
line A, B2-B5 on line B, and C3-C6 on line C. Continuing
to mine working face X3, the slope undergoes the severe
integral dumping subsidence, data points A5—A7 on line A,
B6-B8 on line B, and C7—C9 on line C have deformation. At
this time, the horizontal and vertical displacements of data
points A1-A4, B2-B5 and C3-C6 increase significantly, and
individual data points even show the maximum horizontal
displacement. During the mining of working face X4, coal
seam roof once again collapses in a large area and the slope
body is significantly subsided. Data points A8—A12 on line
A, B9-B12 on line B and C10—C12 on line C occur defor-
mation. The horizontal and vertical displacements of data
points A5-A7, B5-B8, and C5-C9 continue to increase,
with the change rate of vertical displacement significantly
greater than that of horizontal displacement. In contrast, the
increase rate of vertical displacements of A1-A4, B2-B4
and C3-C4 slow down, and the horizontal displacement
decrease instead. It can be seen that underground mining is
bound to break the incipient stress equilibrium state of the
slope, the deformation of the slope body occurs gradually
with the gradual mining of the coal seam, and the influence
range of mining is distributed in an inverted trapezoid within
the overburden. On the whole, the horizontal and vertical
displacements of the three monitoring lines during mining
process gradually decrease along the descending mining
direction, and the horizontal displacements of each column
of data points from bottom to top gradually increase and the
vertical displacements gradually decrease. However, when
working faces X3 and X4 are mined, the vertical displace-
ments of data points Al and B2 are smaller than those of
A2 and B3 and gradually tend to stabilize. It indicates that
the rock mass that has been deformed and destroyed will
gradually reach a new stable state.

4.2 Slope Deformation Process in Ascending Mining
4.2.1 Overburden Movement and Fracture Evolution

4.2.1.1 Mining Working Face X3 and X4 Face began to mine
forward from the open-off cut. When working face in the
model retreated 45 cm (X4), coal seam roof was slightly
bent and deformed downward, but did not separate and col-
lapse. When working face advances to working face X3
(90 cm), the immediate roof breaks for the first time, which
is judged as the initial weighting of working face. The col-
lapse height was 8 cm, the empty roof range was 75 cm, and
the separation fracture was developed on the roof above the
goaf (Fig. 13a). The force mode of the roof was similar to
the beam bending structure fixed at both ends (Liao et al.
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to break rapidly, but it will be suspended above the goaf
and bears the weight of the overburden. When the elasto-
plastic boundary line intersects, the two ends become plas-
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Fig. 13 Overburden movement and fracture evolution during ascend-
ing mining: a excavation of X3 and X4; b excavation to X3+17 cm;
¢ excavation to X3+34 cm; d excavation of X4. Since the photo-
graphs taken by the camera are oblique views, which affects the

tic hinges, thus completely eliminating the bearing capacity
and causing breaking. However, after the end of the elastic
stage enters the plastic stage, the plastic states of the two
ends are different. The "cantilever" fracture zone of the rock
stratum on the open-cut side is shaped like a fan, which is a
stable fracture development zone. The open-off cut side in
a relatively stable state forms a plastic hinge first and frac-
tures first, which is the fracture initiation and development
zone (Yu et al. 2020). Due to the continuous stopping and
starting of the mining process, cracks are still in the process
of initiation and development (Xue et al. 2015). The angle
between the fracture boundary and the coal seam is called
the caving angle. Under the influence of rock strata tilt, the
self-weight stress direction of the slope inclines to the right,
and the subsidence center of the slope deviates to the left of
the goaf center, so the caving angle of the right side (52°)
is obviously larger than that of the left side (31°). In the
process of mining working face X4 and X3, the influence of
goaf on the slope does not reach the surface, and the overall
deformation of the slope is small (Fig. 13a).

X4
Evolution of
separation fracture

scale and relative proportions of the object, the measured lengths and
angles are annotated. The direction of the blue arrow in the figure
indicates the deformation direction of the overburden

In the process of coal seam mining, the deformation
degree of bending subsidence in each rock stratum varies
greatly due to the different tensile stress of that. Tensile
stress is generated horizontally between adjacent rock
strata, and compressive stress is generated vertically.
Inclined joints may change the principal stress from verti-
cal and horizontal stress to sub-vertical and sub-horizon-
tal stress. When the tensile stress on the face of the rock
formation is greater than its tensile strength, and there is
enough movement space in the lower part of the uncol-
lapsed rock stratum, the separation fractures begin to
expand in both horizontal and vertical directions (Fig. 13a,
b). After the separation fractures get fully developed, some
rock strata bend, fracture and collapse again, occupying
the space of separated strata. With the closure of the origi-
nal separation strata, the new separation strata begin to
develop, and the separation space appears periodic dis-
appearance and development (Fig. 13c). The alternate
appearance of the separation space can also be regarded
as the upward and forward transmission of goaf clearance
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space in the overburden, and finally it is transmitted to
the surface to cause surface cracking and subsidence. The
evolution of separation fractures shows obvious synergistic
effect, which is in accordance with the development law of
cracking, expanding and closing (Fig. 13a—c).

4.2.1.2 Mining Working Face X2 As the working face
advanced, coal seam roof occurred periodic collapse, and
the overburden was trapezoidal damaged. When mining to
working face X3 + 34 cm, the overburden undergone the first
integral bending subsidence (Fig. 13c). Liu (1995) put for-
ward the general understanding of “three horizontal zones”
and “three vertical zones” for the division of failure zones
of overburden. It is generally recognized that overburden in
longwall extraction are divided from bottom to top into three
different zones: caving zone, fractured zone and bending
subsidence zone. Overburden are divided from left to right
into three zones: stopping line fracture development zone
(D), fracture compaction zone (II) and open-off cut fracture
development zone (IIT) (Palchik 2005, 2015; Tao et al. 2015;
Zhang et al. 2018a). When working face advances to work-
ing face X2 (135 cm), the maximum height of the caving
zone was 13 cm, which was 3.25 times of the seam mining
height. The roof strata were broken into irregular blocks and
fell disorderly on the bottom plate. The maximum height of
the fractured zone and the bending subsidence zone were 27
and 45 cm, respectively, which were 6.75 times and 11.25
times of the mining seam height. Periodic roof caving inter-
val is called periodic weighting step (Lu et al. 2010). After
measurement, the two weighting steps were 37 and 17 cm,
and height of separation layer rose to 13 and 22 cm, respec-
tively (Fig. 13b, c).

The “key stratum” mentioned in traditional strata control
theory refers to a thick and hard group of stratum which play
a major role in controlling the movement of mining overbur-
den mass (Du et al. 2021). There is also the “key stratum”
in the rock stratum with the same lithology, which controls
the synchronous and coordinated deformation of the upper
strata, and also weakens the upward transfer of the space
of separated strata. Multi key stratum refers to that two or
more groups of hard rock layers in the bedrock. One group
of hard rock layer near the coal seam named “sub key strata”
controls the local strata movement, and another group of
hard strata named “main key strata” controls the deformation
and movement of the whole overlying strata and even ground
surface (Chen et al. 2019). Because the hardness of the rock
block is larger, the bottom rock block stacking layer can be
regarded as the main key stratum. The lowermost rock stra-
tum in fractured zone is the sub key stratum. It can be seen
that the bottom-up crushing degree of the slope is gradually
reduced, the bending deformation degree of the rock stratum
is gentle, and the integrity of the rock mass is enhanced.
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Fractured zone and bending subsidence zone contain two
forms of fissures, one is inclined fissures running through
part of the rock layer with short length, mostly distributed in
the fracture development area on both sides of the rock stra-
tum and the area with large bending deflection in the middle
of the rock stratum. Stepped tension fissures are obvious in
the fracture development area on both sides of the bend-
ing subsidence zone. Another kind is the separation fracture
between adjacent rock stratum, which is long in length and
wide in width, mainly distributed in the fracture compac-
tion zone in the middle of the rock stratum, and is the main
influencing factor leading to the separation, fracture and col-
lapse of rock stratum (Wu et al. 2018; Ning et al. 2019). The
separation fractures developed 5-22 cm above the mined
seam, which was 1.25-5.5 times of the seam mining height.
The analysis of the mechanical characteristics of the slope
deformation confirms that the fissure at the toe of the slope
is a compression—shear fracture, indicating that the toe of
the slope is a concentrated area of compression—shear stress,
and the slope body has obvious shear subsidence along the
fault (Fig. 13c¢).

4.2.1.3 Mining Working Face X1 In the mining process
of working face X1, the slope body above the goaf has
undergone the second integral bending subsidence, and the
stepped tension fissures gradually developed from within
the slope to the surface. The broken rock strata in the cav-
ing zone were compacted more tightly, and the separation
fractures were also compressed significantly. The roadway
in the physical model was completely destroyed with small
residual space and poor stability. The rock stratum above the
unmined coal seam behind the open-off cut showed a defor-
mation tendency to dip toward the center of the slope, and
tension cracks appeared at the back edge of the slope top
(Fig. 13d). Many fine compression—shear cracks appeared
in the area near the slope surface, the rock mass above the
fault was deformed and bulged by squeezing, and coal seam
roof below the fault was fractured and collapsed. The com-
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pression—shear cracks were interconnected with the tension
cracks and karst fissure J2 to become a potential collapse
surface, which seriously affected the stability of the slope
(Fig. 13d).

4.2.2 Variation Law of Overburden Pressure

The mining time—pressure curves of each measuring point
of coal seam roof during the test is shown in Fig. 14. Dur-
ing the mining process of working face X4, the pressure at
all monitoring points fluctuates violently, showing a slight
upward trend overall. With the mining of working face X3,
the pressure at monitoring point 6 above the goaf gradually
decreases, and the pressure at all monitoring points above
the unmined coal seam increases slightly. When mining to
working face X4 425 cm, the first large collapse of the roof
is occurred, the pressure at the monitoring point 5 directly
above the goaf decreases significantly, while the pressure
at the monitoring point 4 above the coal pillar reaches the
local pressure peak. When the mining of working face X3
is completed, the pressure at monitoring point 4, which is
in the unloading area above the goaf, drops suddenly and
obviously. While the pressure at monitoring point 3, which
is close to the top of the coal pillar, starts to increase. It
can be seen that the jump increase of pressure is caused
by the fracture and collapse of the basic roof stratum, the
fracture boundary and the supporting coal pillar are the
main compression areas. Continuing mining to working
face X3+ 17 cm, the roof collapses for the second time, but
overburden does not contact with the caving zone, the pres-
sure at monitoring points 4, 5 and 6 continues to decline.
When mining to X3 + 34 cm, the roof collapses for the third
time, resulting in the first integral bending subsidence of
the slope, and overburden came into close contact with the
caving zone locally. Since monitoring point 4 is near the
contact area, its pressure increases sharply with the con-
tinuous compaction of the caving zone. Although monitor-
ing points 3, 5 and 6 are also above the goaf, monitoring
point 3 is closer to the fracture boundary on the stopping
line side, while monitoring points 5 and 6 are closer to the
fracture boundary on the open-off cut side. When mining
to X3+41 cm and X2 +25 cm, the pressure at monitoring
points 2 and 1 appears local peaks respectively under the
influence of leading abutment pressure, and then decreases
substantially but does not drop to negative values. The pres-
sure at monitoring point 1 is obviously larger than that of
monitoring point 2, which indicates that the closer to the toe
of the slope, the more obvious the phenomenon of compres-
sive stress concentration is.

The large-scale change process of pressure in Fig. 14
basically corresponds to the position of initial weighting
and periodic weighting in working face. The source of mine

pressure lies in the process of the surrounding rock move-
ment and deformation, such as microscopic damage, crack
development, layer separation, fracture, rotary subsidence,
and so on. During this period, the change and development
of mining-induced stress of the roof have obvious time and
space effects. The six monitoring points can be divided
into two categories with the position of goaf as reference.
Monitoring points 1, 2, 3 and 4 are located near the coal
pillar ahead of working face advancing direction, and their
pressure as well as the overburden deformation generally
experiences the change process of increasing (leading abut-
ment pressure action), substantial decreasing (roof separa-
tion or collapse), slightly increasing (slope subsiding and
squeezing the caving zone) and maintaining stability (new
stable state of rock mass structure). Among them, the pres-
sure curve of monitoring point 4 shows a stepped growth,
which is because monitoring point 4 is just located near the
center line of slope settlement, coal seam roof collapses and
the overburden sinking show periodic change characteristics,
so the slope deformation is gradually intensified. Monitoring
points 5 and 6 are close to the fracture boundary of the goaf,
and their pressure and overburden deformation undergoes
the change process of slightly increasing (leading abutment
pressure action), decreasing (roof separation or collapse) and
maintaining stable (stable rock mass structure in the fan-
shaped fracture zone). By contrast, the closer to the bound-
ary of the goaf on the open-cut side, the lower the pressure
of the monitoring point is.

4.2.3 Variation Law of Overburden Displacement

Photographs of the deformation process of the model are
processed to obtain the horizontal and vertical displacement
nephograms of the overburden during the ascending min-
ing, as shown in Figs. 15, 16, respectively. The meanings
of positive and negative displacement values are referred to
Sect. 4.1.3. The displacement data are likely to be missing
in the areas where severe deformation occurs in the model,
and are equally manifested in the displacement nephograms
by equipotential lines mutation and grids deletion. The larger
the excavation area of the coal seam working face, the more
obvious the phenomenon of missing displacement data, such
as the conical deformation area appearing in the displace-
ment nephograms of Fig. 15¢g, h and Fig. 16g, h. Although
the missing areas in the displacement nephograms are filled
by the difference-completion hole method, the displace-
ment values of the area are often too large and do not have
statistical significance. Therefore, the overall deformation
laws of the overburden are analyzed by the displacement
nephograms only.

In the process of mining to X34 17 cm, coal seam roof
collapses twice in a large area, and the overburden above the
goaf and slope top have obvious deformation. The maximum
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Fig. 15 Horizontal displacement nephograms of overburden in ascending mining: a excavation of X4; b excavation to X4+ 25 cm; ¢ excavation
of X3; d excavation to X3+ 17 cm; e excavation to X3 + 34 cm; f excavation of X2; g excavation to X2 +25 cm; h excavation of X1

horizontal displacement of the slope top increases from
0.174 to 0.996 mm, with the displacement direction fac-
ing the inside of the slope. The maximum horizontal dis-
placement and the maximum vertical displacement of the
overburden above the goaf increases from —0.069, 0.615 to
—0.394, 3.367 mm, with the displacement direction facing
the free surface and downward respectively. It is generally
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believed that due to the influence of roof bending subsid-
ence and stratigraphic tilting, the shallow rock mass above
the coal pillar in front of the ascending mining direction
deforms toward the inside of the slope, while the deep rock
mass above the coal pillar in front of the descending mining
direction deforms toward the free surface (Wu et al. 2015;
Yuan et al. 2016). Mining X34 17 cm to X34 34 cm section
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Fig. 16 Vertical displacement nephograms of overburden in ascending mining: a excavation of X4; b excavation to X4 +25 cm; ¢ excavation of
X3; d excavation to X3+ 17 cm; e excavation to X3 + 34 cm; f excavation of X2; g excavation to X2+ 25 cm; h excavation of X1

of working face, the first integral bending subsidence of the
slope occurs. The maximum horizontal displacement of the
slope top rapidly increases to 11.281 mm, and the maximum
horizontal displacement and maximum vertical displacement
of the overburden above the goaf increases to —19.369 and
35.505 mm, respectively. At this time, the transverse defor-
mation direction of slope top and the overburden above the

goaf is still opposite. During the process of mining face X1,
the slope undergoes the second integral bending subsidence,
and severe deformation toward the free surface occurs at the
same time. Observing the equipotential lines in the vertical
displacement nephogram, it can also be found that with the
gradual mining of coal seam, the settlement center line of
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Mining direction

Fig. 17 Location of displacement monitoring lines and data points on
overburden in ascending mining

the slope gradually shifts to the ascending mining direction
and does not coincide with the midpoint line of the goaf.

Similarly, three transverse displacement monitoring
lines and twelve columns of data points are extracted
from the displacement nephograms to analyze the spatio-
temporal variation of overburden deformation during min-
ing. The specific location of the monitoring lines and data
points is shown in Fig. 17.

In the process of mining to X3+ 17 cm, coal seam roof
collapses twice, but a large-scale of fracture zone has not
yet appeared on the overburden, and the moving process
of the overburden is still in the stage of bending deforma-
tion and separation. It can be seen from Fig. 18 that before
mining to X3+ 17 cm, the horizontal and vertical displace-
ments of each data point on the three monitoring lines are
extremely close, and the overburden undergoes minor defor-
mation toward the inside of the slope and downward. Mining
X3+17 cm to X3+ 34 cm section of working face, coal
seam roof collapses once again, resulting in the first integral
bending subsidence of the overburden. The horizontal and
vertical displacements of all data points show a substantial
surge. The horizontal displacement increment of data points
A8-A12, B§8-B12 and C8—C12 is the largest, but the verti-
cal displacement increment is the smallest. When mining
working face X1, the overburden occurs the second integral
bending subsidence. Except for the increase of the horizon-
tal displacements of data points A6 and A7, the horizontal
displacements of other data points gradually decrease, and
the horizontal displacements of data points on the three
monitoring lines gradually decrease along the ascending
mining direction. The vertical displacements of data points
A1-A8, B2-B8 and C3-C8 increase significantly again, but
the vertical displacements of data points A9—A12, BO-B12
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and C9-C12 decrease slightly. The vertical displacements of
data points C3—C5 is larger than that of data points B3-BS5,
which shows that the rock mass at the slope top already has
the tendency of downward sliding, and the slope is prone to
sliding instability.

Taking data points in 5th column with the largest verti-
cal displacement as the dividing line, the vertical displace-
ment gradually increases of data points in 1st columns to
4th column and decreases of data points in 6th column
to 12th column. Referring to the position of the settle-
ment center line of slope in Fig. 16, it is inferred that the
position of data points in 5th column coincides with the
settlement center line. During the first integral bending
subsidence of the overburden, the vertical displacement
variation rate gradually increases for data points in 1st
columns to 4th column and decreases for data points in
6th column to 12th column. In the second integral bending
subsidence of the overburden, the vertical displacement
variation rate of data points in 1st columns to 12th column
decreases gradually. It can be seen that the direct influ-
ence range of mining is distributed in an inverted trapezoid
within the overburden, and the overburden that has been
damaged above the mined workings is gradually tending
to a new stable state.

5 Discussion of Collapse Processes
and Failure Modes

5.1 Slope Failure Process and Mode in Descending
Mining

Under the conditions of descending mining and ascending
mining of coal seam, the failure mode for slope collapse is
proposed and discussed, including the comprehensive defor-
mation process at the scale of mine slopes over a large time
span. It is based on geological analysis, field investigation
and laboratory model experiment results. The failure process
of slope is divided into four stages under coal seam descend-
ing mining conditions.

5.1.1 Coal Seam Roof Caving

After coal seam mining, the coal seam roof bends and frac-
tures due to the loss of support, and slides and falls along
the fault. Since the fault can block the influence of the cav-
ing of lower rock mass on the stability of the upper rock
mass, the integral deformation of the slope is relatively small
(Fig. 19a).
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Fig. 19 Slope failure process under descending mining

5.1.2 Overburden Cantilever Tension Fracture

With the gradual mining of the coal seam, the goaf area
gradually increases, and the hanging arch span of the roof
gradually expands. The deformation of the roof is gradually
transformed from elastic to plastic deformation, followed
by periodic separation, fracture and caving on the roof, and
the cantilever toppling fracture of the rock mass near the
slope surface successively occurs toward the free surface.
The existence of deep and large karst fissures at the slope
top largely determines the extension direction of the tension
cracks and the location of the slope body cracking, which
plays a controlling role in the fracture failure of the canti-
lever structure and significantly destroys the integrity and
stability of the slope (Fig. 19b).

5.1.3 Overburden Integral Dumping Subsidence

Under the influence of mining, the basic top rock layer
evolves from a fractured state to a collapsed state (Liu et al.
2020). For thin coal seams, the fallen rock can fill the mine
goaf, and the overburden can contact the fallen rock to form
the extrusion caving zone (Egorov et al. 2001). When exca-
vated to the middle of the slope, the slope undergoes a severe
integral dumping subsidence, the caving zone and goaf are
compacted. The originally opened cracks and the mined-out
area are closed, and many compression—shear fissures appear

@ Springer

b

AR

4?oof caving

d Collapse body.

Compressive shear stress
concentration area

Rockfall deposit .-
o

Roof abscission layer
Roof caving

in the rock mass above the fault, which becomes a typical
fracturing area (Fig. 19c).

5.1.4 Slope Instability Collapse

The tension fissures generally go through five stages: crack-
ing, expansion, development to the maximum, beginning to
close, and complete closure (Liu et al. 2019). The compres-
sion—shear failure area at the slope toe and the upper part
of the slope gradually expand, and the soft-hard interbed-
ded rock mass appears obvious bulging deformation, and
finally is extruded. With the gradual penetration of compres-
sion—shear cracks and karst fissures at the shear outlet, the
slope top rock mass will dump outward as a whole. Rock
mass collapse occurs under suitable triggering mechanisms,
such as precipitation, which causes the state of limiting equi-
librium to be exceeded. The failure mode of the slope can be
summarized as tension—shear—slip—toppling collapse failure
(Fig. 19d).

5.2 Slope Failure Process and Mode in Ascending
Mining

The slope failure process under the condition of coal seam
ascending mining is also divided into four stages.
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5.2.1 Periodic Caving of Coal Seam Roof

The overburden is subject to the adjustment of stress due
to the disturbance caused by the underground mining. In
addition to the pre-existing unfavorable geological struc-
ture formed cumulatively in the past, (e.g., soft and hard
interbedded rock structure) (Xu et al. 2016), the mining-
induced stress and geometrical changes collectively caused
the incipient deformation of the slope. The roof collapse in
the early stage of coal seam mining does not seriously affect
the overall stability of the slope (Fig. 20a).

5.2.2 Upward Transmission of Separation Fractures

The increase in the size of the mined-out area causes the
periodic collapse of roof, which in turn leads to the forma-
tion of separation fractures. The fractures develop continu-
ously along the horizontal and/or near-horizontal direction,
transferring the goaf clearance space upward and forward
within the overburden through the process of cracking,
expansion, and closure (Fig. 20b).

5.2.3 Overburden Integral Bending Subsidence

When the coal seam is excavated for a long enough length,
the overburden above the goaf will undergo the severe
integral bending subsidence, and the overburden above
the unmined coal seam will also occur a certain degree of

Fractured zone

Caving zone

dumping and subsidence. The separation fractures within
the slope gradually transfer to the surface, and the deep and
large karst fissures continuously extend and expand down-
ward. Cracking and subsidence are clearly visible on the
surface, but the amount of surface subsidence is less than
the height of the goaf, which is due to the separation frac-
tures cause a certain spatial loss in the process of upward
transmission (Singh and Singh 1999). Significant bulging of
the slope surface, sporadic small-scale rock detachment and
continuous rock falls can be observed during this phase. The
bulge area is a compression—shear stress concentration area
and the described phenomena indicate that the slope is likely
to be at a state of limiting equilibrium (Fig. 20c).

5.2.4 Slope Instability Collapse

The deformation rate of cracks in the vertical and/or
sub-vertical direction increases dramatically with more
frequent small-scale rock detachments on the slope. The
deep and large karst fissures at the slope top are important
components of the potential collapse surface. The distance
between the slope surface and the key karst fissure deter-
mines the final outcome of the failure mode. When the
distance is small, it is easy to cause the bending motion of
the rock mass toward the toe of slope, which consequently
leads to the collapse of the slope (Zheng et al. 2015; Yin
et al. 2020, 2021). The opening of karst fissures creates
voids that can be filled by rock fragments and rainwater.
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Consequently, the rainfall-induced static pore water pres-
sures and seepage forces cause the rock mass to bend for-
ward and in turn, the tension—shear—slip—toppling collapse
failure to occur (Fig. 20d).

According to the previous video data taken by witnesses
at the scene of the accident, Xiao et al. (2018) divided the
failure process of the Pusa landslide into five stages: (1)
deformation and collapse of the subsidence area; (2) local
collapse of the slope surface; (3) complete collapse; (4)
impacting the ground; and (5) formation of debris flow.
The failure process of the slope under the descending and
ascending mining conditions summarized by the test is
consistent with the first three stages of the failure process
of the Pusa landslide. Some critical phenomena are found
in common for different mining conditions. For example,
under descending and ascending mining conditions, the
failure mode initiates from the crest or upper part of steep
slopes with structurally decreasing strength from the upper
to the lower strata. The final outcome of the failure modes
is governed by the geological structures of the slope,
e.g., the pre-existing vertical and/or sub-vertical joints.
The existence of cracks and large mined-out area prereq-
uisite for the slope deformation with all failure modes.
The understanding of the geological structures provides
a means for identifying the most likely failure mode for a
potential collapse during the early stage.

5.3 Failure Conditions

Liu (2014) suggested that the formation and development of
mining landslides should have three internal conditions: high
and steep terrain, continuous mining history in the lower
part of the mountain, and well-connected vertical joints in
the mountain. The Pusha landslide fully meets the above
conditions. The huge height difference and the mined-out
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area in the lower part of the mountain make the upper
mountain form a structure similar to “cantilever beam” or
“cantilever plate”. The cutting action of joint fissures make
rock mass easy to crack. In addition, water infiltration likely
caused a build-up of hydrostatic pressures in the fractures
and softened and weakened the siltstone and mudstone in
the source mass, undermining slope stability (Zhang et al.
2016). After April 2017, Zhangjiawan Township, Nayong
County, entered the stage of “prolonged sunshine and pro-
longed rain”, of which late June and early mid-July were the
rainy season, and the accumulated rainfall increased steeply
from 147.9 mm on June 21 to 522.2 mm on July 21 (Fig. 21).
Heavy rainfall is a direct trigger factor leading to the overall
instability and failure of the mountain already in a critical
state. The joint action of all above conditions breeds the
occurrence of large-scale dangerous rock collapse.

5.4 Early Warning

In general, descending mining is the normal mining
sequence with the advantages of simple mining, good safety,
and convenient maintenance of roadway. While the shallow
orebody with abundant reserves is mined in the early stage,
deep exploration of the deposit can also be carried out. How-
ever, when the roof of the upper coal is hard and the coal
seam is not easy to excavate, the gently inclined orebody can
be mined by ascending mining. In addition, multi-seam min-
ing under buildings and railways can be carried out by min-
ing the lower coal seam first and the upper coal seam later to
reduce the adverse effects of surface subsidence. The sudden
increase of the coal seam roof pressure during descending
mining and the substantial decrease and then increase of the
roof pressure during ascending mining often indicate that the
slope will be drastically deformed. Regardless of the mining
method, any sudden acceleration in the horizontal and verti-
cal displacement rate of the overburden is a critical sliding
signal of the slope to forecast the occurrence of disaster risk.
Based on this study of the Pusa landslide, local residents are
advised to evacuate immediately to prevent potential life loss
when small-scale rock detachments from the slopes with
accelerated deformation.

Several cases demonstrated that, even though many geo-
logical disasters in mining areas occurred suddenly, several
precursory signs can be identified. Therefore, it is certainly
necessary to conduct in-depth investigation, continuous track-
ing and early warning of the geo-hazards in mining areas,
especially in those with records of deformation signs and
small failures. With the continuous development of monitor-
ing technology, the level of geo-hazards monitoring has been
significantly improved and perfected. Satellite remote sens-
ing, InSAR technology and UAV remote sensing technology
have the ability to identify regional deformation of geotech-
nical bodies well, and have a series of advantages, such as
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low monitoring cost, high map-forming efficiency and good
accuracy of interpreted data, which are especially suitable for
high-altitude areas, mountainous areas and environmentally
vulnerable areas (Xu et al. 2017; Bekaert et al. 2020).

6 Conclusion

In this case study, the overburden movement feature and
fracture evolution law under different mining methods were
studied in light of the results from field investigation and
physical model experiments. The pressure and displacement
of overburden in the mining process were obtained by vari-
ous means, such as soil pressure sensor, digital photogra-
phy and non-contact 3D deformation measurement, and the
variation laws of pressure and displacement were analyzed.
The failure processes and failure modes of slope collapse
controlled by deep and large karst fissures under the action
of mining were proposed. The following main conclusions
are drawn:

1. In the process of coal seam descending mining, the slope
experiences four failure stages: coal seam roof caving,
overburden cantilever tension fracture, overburden inte-
gral dumping subsidence and slope instability collapse,
and the slope undergoes deformation toward the free
surface and downward. During the ascending mining
process, the slope also experiences four failure stages:
periodic caving of coal seam roof, upward transmission
of separated fractures, overburden integral bending
subsidence and slope instability collapse, and the slope
undergoes deformation toward the inside of the slope
and downward.

2. The tension cracks generally go through five stages:
cracking, expansion, development to the maximum,
beginning to close, and complete closure. Separation
fractures transfer the goaf clearance space upward and
forward within the overburden through the process of
cracking, expansion, and closure.

3. The rock mass ahead of the advancing direction of work-
ing face has the phenomenon of tension—compression
stress transformation. Along the mining direction, the
overburden sequentially experiences the change process
of pressure increase, decrease, or increase again, and
stabilization.

4. The existence of deep and large karst fissures at the top
of the slope largely determines the extension direction
of the tension cracks and the location of the slope body
cracking, which play a controlling role in the fracture
failure of the cantilever structure and are important
components of the potential collapse surface. The fail-
ure mode of slope controlled by deep and large karst

fissures under the action of mining can be summarized
as tension—shear—slip—toppling collapse failure.
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