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The instability of the open-pit slope and associated disasters of complex
orebodies such as hanging-wall mining are the key problems to be solved
urgently in the development of western resources. In this work, taking the
hanging-wall mining in the open-pit mine of Hejing iron mine, for example,
the disaster mechanism influenced by the coupling freeze-thaw and hanging-
wall mining is systematically studied by 3D laser scanning and numerical
simulation. Firstly, the rock mass structure information such as dip, dip angle,
spacing, and equivalent trace length characteristics was obtained using 3D
intelligent recognition technology. Then, numerical simulation is employed to
reveal the influence of freeze-thaw and excavation sequences on the overall
stability of the open-pit slope. The stress, displacement, plasticity zone, and
maximum shear strain patterns are revealed in detail. The results show that the
excavation engineering will lead to frequent increase and unloading of the internal
stress of the rock mass, and the gradual increase of the goaf area will cause great
damage to the rock mass. The slope failure mode is strongly impacted by freeze-
thaw weathering and orebody excavation.

KEYWORDS

freeze-thaw weathering, 3D laser scanning, hang-wall mining, intelligent recognition,
stability predication

1 Introduction

The exploration of mineral resources is advancing into cold regions currently. In the high
cold and high-altitude regions, the rock mass is encountered with repeated freeze-thaw
weathering, especially for the rock joints where frost-heaving forces increase aperture and
length (Forte et al., 2021; Song et al., 2021; Wang et al., 2022; Fakhri et al., 2023; Xu et al.,
2023). The communication of the rock joints would lead to the instability of the rock mass
(Ghobadi and Babazadeh, 2015; Bai et al., 2019; Bai et al., 2021). In addition, strong
excavation disturbance during orebody recovery also leads to damage accumulation (Shang,
2022; Wang et al., 2023a); damage and failure of the rock mass is accelerated for the rock
subjected to the coupling freeze-thaw and disturbance conditions. As a result, it is important
to investigate the structural deterioration mechanism for the rock mass in cold regions in
order to ensure long-term stability during the rock mass construction.
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In mining, underground engineering and related geotechnical
engineering and the collection and identification of the rock mass
structural plane information in cold regions are very important for
the rock mass stability analysis. At present, many scholars have put
forward a variety of methods for collecting the rock mass structural
plane information, which is summarized as follows: fine line
method, window method, drilling method, digital
photogrammetry, GPS-RTK technology, 3D laser scanning, etc.
(Battulwar et al., 2019; Huang et al., 2023). Among them, 3D
laser scanning has a wide measurement range and can obtain
large-scale structural plane information, and point cloud data
information which has strong optimizability can be processed by
multiple methods, and has high practicability to a certain extent. For
example, Kocak et al. (1999) first surveyed the seafloor with 3D laser
scanning technology. Slob et al. (2005) proposed a method of
triangular mesh reconstruction of point cloud data and combined
it with the fuzzy K-means method to group the rock mass structural
planes. Tuckey and Stead (2016) proposed a newmethod to improve
the efficiency and accuracy of three-dimensional laser scanning to
map discontinuity persistence and intact rock bridges in rock slopes;
the method was validated from several slope cases. Ge et al. (2012)
thoroughly studied and optimized the method of 3D laser scanning
technology measurement to obtain the appearance of a structural
plane. Fekete and Diederichs (2010, 2013). employed 3D laser
scanning technology to map rock joints for stability analysis of
tunnels in blocky rock masses. In addition, the geotechnical and
operational applications for 3-dimensional laser scanning were also
extended to the drill holes. Maerz et al. (2013) proposed a simple
method for the extraction of the rock joints from the Terrestrial
LIDAR Data; the accuracy of the method was proved afterward.
Gigli and Casagli (2011) proposed a semi-automatic extraction
method to obtain the rock mass structure plane from high-
resolution LIDAR point clouds. Lato and Vöge (2012) used
cluster analysis techniques on the vector data from the rock mass
to investigate joint information. Menegoni et al. (2019) used a
remotely piloted aircraft system (RPAS) and digital
photogrammetry to obtain the point cloud of an outcrop rock
mass; they found that the 3D texturized digital outcrop model
was effective to represent the discontinuity data. Battulwar et al.
(2021) summarized the state-of-the-art of automated extraction of
the rock mass discontinuity characteristics using 3D surface models;
the strengths and drawbacks of eachmethod of extracting rock joints
were discussed. Zhang et al. (2018) presented a methodology for the
automated extraction of rock discontinuities from a point cloud and
the resulting 3D digital model of the rock mass. A sensitivity analysis
was conducted to reveal the influencing factors of the extraction
results. The rock mass structural plane information recognition and
acquisition at the present stage have limitations; they are mainly
restricted by technology and sampling equipment, cost, and
complex terrain factors, such as difficulty in achieving more
accurate information acquisition and characteristic point
recognition. There is a deviation from the actual situation; it is
necessary to further perfect and improve access to information
technology and method to improve the accuracy of the rock
mass structural plane information collection.

Slope stability is a key problem that cannot be ignored in
mining engineering. Currently, quantification and qualitative
analysis of slope stability have been realized (Wang et al.,

2023a; Wang et al., 2023b; Chen et al., 2023). The qualitative
analysis method can only have a preliminary estimate of the
stability of the rock slope but cannot accurately analyze the
stability of the slope. The numerical analysis method is widely
used in slope stability analysis by applying advanced computer
simulation technology to predict slope displacement trends.
Some scholars have realized the influence analysis of rainfall,
earthquake, blasting, and other factors on slope stability (Bai
et al., 2021; Wang et al., 2022). For hanging-wall mining in an
open-pit mine, the stability of an open-pit slope geometry but
also the excavation disturbance and other engineering
disturbance factors have been investigated. Liu and Zeng
(2020) made a detailed summary of the mining methods of
hanging-wall ore. Du (2013) used FLAC 3D numerical
simulation software to analyze the distribution law of slope
stress when mining the lower side of the joint filling mining
method. However, at present, there are many kinds of methods to
study the stability of rock mass in cold regions, but each has some
shortcomings. The stability analysis of rock slopes in the Alpine
region needs to consider a variety of factors. In addition to the
engineering condition, the rock mass structural plane, freeze-
thaw weathering, and other factors should also be considered. At
the same time, there are few studies on special projects such as
hanging wall mining in the Alpine region.

In this work, the influencing factors of freeze-thaw and
excavation disturbance were considered to reveal the instability
mechanism of an open-pit slope in Hejing County, Xinjiang
province. Firstly, 3D laser scanning technology was used to
extract the rock mass structural plane and get the geometric
information, including orientation, spacing, and consistency.
Secondly, numerical simulators were employed to establish the
geometrical model, and the generalized Hoek-Brown criterion
and Bardon-Bandis criterion were introduced to represent the
stress condition during freeze-thaw treatment and excavation.
The patterns of stress, displacement, shear strain, and plasticity
zone that were influenced by the freeze-thaw weathering and
excavation disturbance were discussed.

2 Research methods

2.1 Engineering background

At present, the open-pit and hanging-wall mining schemes
are adopted in the Hejing Iron Mine. The height of the open pit
step is 12 m, the height of the section step is 24 or 36 m, and the
peel elevation is 3464 ~ 3596 m. At present, the level of the open-
pit mining has reached 3390 m level, and the open-pit step above
the level of 3,476 m has been completed. The final limit of the
open-pit mining is an oval stope, with a length of 593 m from east
to west and a width of 385 m from north to south. The highest
mining elevation of the limit is 3,680 m, the elevation of the
sealing ring is 3,428 m, and the mining height is approximately
290 m. Currently, the remaining open-pit limit mining volume is
3.78 million t. According to the mine production plan, the open-
pit mine can continue to produce for 4 years, and the production
scale is between 580,000 and 1.4 million t/a. The mining scope of
this design is the hang-wall ore body between 3,380 and 3,536 m
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at the east of the open pit. Figure 1 shows the current mining
status of the open-pit mine and the actual scope of hanging-wall
mining.

2.2 Structural plane extraction algorithm

In this paper, the Optech Polaris LR 3D laser scanner was used to
scan the open-pit slope of an ironmine. The main technical parameters
are shown in Table 1. The collected information is the point cloud data
of the eastern rock slope, which contains 581,623 points in total. The
scanning range is 3636.6565 m2, and the maximum size of the scanning
area is 30.3549 m × 149.1210 m × 26.0951 m. Massive point cloud data
of rock outcrops are obtained, which mainly contain three-dimensional
coordinates and gray-level information of each point in the point cloud.
The spatial geometric coordinates are mainly used to extract the rock
mass structural plane information, and the gray level information can
be used to verify the scanning results.

Before extracting structural plane information, point cloud data
should be preprocessed. Firstly, the 3D image difference method is
used to grid the point cloud data to improve the calculation speed.
Then, the same structural plane of the point cloud data can be
recognized by discriminating whether the plane normal vector fitted
by the adjacent lattice is the same or not based on the eigenvector.
Then, the traversal method is used to detect the flatness of the point
cloud data. Finally, the optimal threshold is selected to improve the
recognition effect of the structural plane and obtain accurate
structural plane information.

The least square method is used for linear fitting to obtain the
occurrence information of the structural plane, assuming that the
coordinates of each point on the plane are (x1,y1,z1), (x2,y2,z2),. . .,
(xn,yn,zn). Then the matrix form is shown in Eq. 1:

x1 y1 1
x2 y2 1

..

. ..
. ..

.

xn yn 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

a
b
c

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ �
z1
z2
..
.

zn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (1)

order

A �
a
b
c

⎡⎢⎢⎢⎢⎢⎣ ⎤⎥⎥⎥⎥⎥⎦ (2)

FIGURE 1
The hang-wall mining of the Beizhan iron mine. (A) The full view of the open pit slope; (B) The hang-wall mining method.

TABLE 1 Main parameters of Polaris LR 3D laser scanner.

Parameter Index

Maximum distance (m) 2000

Minimum distance (m) 1.5

Scan the field Angle (°) 360 × 120

Ranging principle Pulse

Laser head rotation mechanism Swing-in-mirror

Operating temperature (°C) −20~50

Maximum point speed (n/s) 500,000

Wavelength (nm) 1,550

Beam diameter 36 mm @ 100 m; 20 mm @ 50 m

FIGURE 2
Schematic diagram of transformation and spacing calculation of
the same group of structural planes.
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x �
x1 y1 1
x2 y2 1

..

. ..
. ..

.

xn yn 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (3)

z �
z1
z2
..
.

zn

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (4)

Vector A is obtained by fitting, and φ(A) � ‖Ax − z‖ is
minimized, that is, the plane equation of the structural plane is
obtained by fitting.

Assume that the normal vector of the rock mass structural plane
is (a, b, c), where c > 0 (only a well-exposed surface can be scanned).
According to the formula, the inclination α and inclination β of the
rock mass structural plane in the geodetic coordinate system can be
obtained, as shown in Eq. 5:

β � arccos c( )
if a≥ 0, b≥ 0, α � arcsin a/ sin β( )
if a< 0, b> 0, α � 360 − arcsin −a/ sin β( )
if a< 0, b< 0, α � 180 − arcsin a/ sin β( )
if a> 0, b< 0, α � 180 + arcsin −a/ sin β( )

⎫⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎭
(5)

In view of the grouping of structural planes, the K-means
clustering analysis method is used to identify three groups of
steep dip joints. For the plane, it can be regarded as a
deterministic structural plane, and the corresponding geometric
parameters of the plane can be determined mainly through
manual identification or field investigation. Secondly, the sample
is preset as the initial cluster center, and the value of the cluster
center is calculated after the sample is classified into the cluster
center. After repeated calculations, all the sample points are
classified into the cluster center. Finally, the value of the cyclic
sample points classified to the cluster center does not change.
Combined with the site geological survey information, the
average occurrence of the three groups of structural planes is

TABLE 2 Parameter values of each part of the rock mass.

Terrane Unit weight (kg/m3) Elasticity modulus (GPa) Poisson’s ratio Generalized Hawker Brown
parameter

σc (MPa) GSI mi D

Overburden strata 2,590 22.5 0.22 67.53 76 20 1

Ore body 2,480 34.2 0.16 96.80 76 25 1

Wall rock 2,560 29.2 0.23 86.73 76 22 1

Underlying strata 2,680 25.6 0.17 82.78 76 22 1

Surface level 2,390 12.3 0.22 58.65 76 15 1

FIGURE 3
The calculation model of hanging-wall mining in an open-pit
mine.

FIGURE 4
Schematic diagram of hanging wall mine excavation model at different stages.
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calculated by the coordinate information of each point and the
classification situation.

According to the spacing between structural planes, the same set
of structural planes is first transformed into ideal structural planes,
as shown in Figure 2. The normal vectors of the two planes before

and after the transformation are consistent with the average normal
vector.

The distance between adjacent structural planes can be
calculated by combining the formula in Eq. 6 with the vertical
distance between two parallel planes.

FIGURE 5
The identified rock mass structural plane. (A) Structural plane distribution characteristics; (B) The result of the equatorial projection.

FIGURE 6
Distribution of classified rock mass structural planes. (A) Occurrence and distribution characteristics; (B) The result of the equatorial projection.

TABLE 3 Mathematical statistics of structural planes of different types of rock masses.

Parameter Distribution type Statistical parameter Group

Dip (°) Probabilistic experience Average 237.000

Rock structure: Group 1
Dip angle (°) Probabilistic experience Average 69.000

Distance (m) Negative exponential distribution Average 0.223

Equivalent trace length (m) Negative exponential distribution Average 0.688

Dip (°) Probabilistic experience Average 290.000

Rock structure: Group 2
Dip angle (°) Probabilistic experience Average 69.000

Distance (m) Negative exponential distribution Average 0.699

Equivalent trace length (m) Negative exponential distribution Average 1.140

Dip (°) Probabilistic experience Average 251.000

Rock structure: Group 3
Dip angle (°) Probabilistic experience Average 33.000

Distance (m) Negative exponential distribution Average 0.481

Equivalent trace length (m) Negative exponential distribution Average 0.784
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P1: Ax + By + Cz +D1 � 0

P2: Ax + By + Cz +D2 � 0

dp1p2 �
D1 −D2| |�����������

A2 + B2 + C2
√

(6)

Where: P1 and P2 are equations of planes 1 and 2, respectively; dp1p2
is the vertical distance of P1 and P2.

According to the equivalent trace length of the structural plane,
each point of the structural plane is projected to the xoy plane
according to the coordinate system; the area of the projection area
Sxoy is obtained, and the area S of the structural plane is obtained
according to the projection relation:

S � Sxoy / cos γ (7)

In order to simplify the calculation, the equivalent circle with an
equal area was used to represent the structural plane, and the radius
of the equivalent circle r is shown in Eq. 8:

S � πr2 (8)
The equivalent trace length information of the structural plane is

represented by the equivalent circle radius.

For roughness, the fractal dimension D is obtained by using the
overlying box method based on the fractal theory. For the rock mass
structural plane, taking the 3D geometric model as an example, it is
assumed that the side length of the square box is δ, the total number
of boxes is N(δ), and the box covers the profile line. The existence
relationship is shown in Eq. 9:

N δ( ) ~ δ−D (9)
Where, the fractal dimension D is obtained by fitting Eq. 10:

D � lim
δ ����→ 0

lgN δ( )
−lg δ( ) (10)

2.3 The establishment of the numerical
calculation model

At present, the generalized Hoek-Brown criterion is widely
used in the study of slope stability. This criterion introduces
disturbance factors D based on the original formula, and

FIGURE 7
The maximum principal stress nephogram of models at different excavation stages. (A) The excavation stage in 2016. (B) The excavation stage in
2018. (C) The excavation stage in 2020. (D) The excavation stage in 2023.
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comprehensively considers the characteristics of the structural
plane so as to calculate the rock mass quality more accurately
based on the geological strength index (GSI). The formula is
shown in Eq. 11:

σ1 � σ3 + σc mb
σ3
σc

+ s( )a

mb � exp
GSI − 100
28 − 14D

( )mi

s � exp
GSI − 100
9 − 3D

( )
a � 1

2
+ 1
6

exp −GSI
15

( ) − exp −20
3

( )[ ]

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(11)

Where mi is the empirical parameter of the intact rock; D is the
rock mass disturbance coefficient; GSI is the geological strength
parameter of the rock mass; The valuemb, s, a is calculated after the
assignment, which symbolizes the quality characteristics of the
rock mass.

According to the laboratory rock mechanics test data and the
Hoek-Brown parameter value method above, and comprehensively
considering the mining environment and geological conditions, the
final parameter values of each part of the rock mass are shown in
Table 2.

Barton proposed the nonlinear JRC-JCS empirical formula,
which can be widely used to calculate the shear strength of
structural surfaces with rough surfaces and no filling[10]. The
formula is shown in Eq. 12:

τ � σn tan φb + JRC lg
JCS

σn
( )[ ] (12)

Where τ is the shear strength of the joint; σn is the joint normal
stress acting on the rockmass structural plane; φb is the basic friction
angle of the rock joint plane; JRC is the joint roughness coefficient;
JCS is the joint compression strength.

The value JRC can be used to quantitatively analyze the
roughness of rock joint surface and the value can be taken
according to the typical joint roughness map[11].

FIGURE 8
Maximum principal stress contour of the model under different freeze-thaw cycles. (A) Freeze-thawing 0 cycle. (B) Freeze-thawing 30 cycles. (C)
Freeze-thawing 50 cycles. (D) Freeze-thawing 100 cycles.
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The value JCS reflects the compressive strength of joints, which is
judged according to whether the rock mass is weathered. When the
weathering degree of the rock mass is serious, the compressive strength
value range is approximately 25% of the uniaxial compressive strength.

The basic friction angle of the rock joint surface φb can usually be
measured by the shear strength measuring instrument, and the value
range of the basic internal friction angle of weathered rock surface is
usually between 25° and 35°, which the internal friction angle can be
obtained according to the existing literature[12].

Based on the original outer boundary and excavation area boundary
of the Hejing iron mine in Xinjiang, the model boundary, excavation
area, and other elements of the model were automatically generated by
importing the DXF file from AutoCAD by modifying lines and
changing layer names. According to the above data of the laboratory
rock test, three-dimensional laser scanning intelligent identification,
and site survey report, combined with the actual situation of the site, the
rock mass in different areas and the material in different areas are
respectively assigned values. The finite element mesh with a three-node
triangle as the basic element is automatically generated to limit the hinge
supports in the X direction on both sides of the model, and the hinge
supports the X and Y directions at the bottom of the model, thereby
removing the slope restrictions. The final model is shown in Figure 3.

It can be seen from the engineering background that the scheme of
open-pit mining and hanging-wall mining is adopted at the same time,

and hanging-wall mining is a backoff mining along the strike from the
west to the east. In view of the representative stages in the overall hanging-
wallmining project, the correlation analysis is carried out, and the variation
range of the stages is considered. The horizontal mining progress is taken
as the division node, and the comparative analysis is made on the 16-year
excavation stage, 18-year excavation stage, 20-year excavation stage, and
23-year excavation stage. Figure 4 shows the schematic diagram of the
hanging-wall mine excavation model in different stages.

3 Intelligent recognition and extraction
of rock joints

Based on the point cloud data of the rock slope, themethod of point
cloud information extraction and intelligent identification of the rock
mass structural plane is used to obtain the distribution law of the
occurrence, spacing, and trace length of the rock mass structural plane
by using mathematical statistics theory. The intelligent identification of
the rock mass structural plane and its distribution are shown in Figures
5, 6, and the parameters are shown in Table 3.

Combined with the occurrence information of the structural plane,
according to the probability distributionmodel of the geometric parameters
of the rock mass structural plane, the statistical characteristic parameters
can be calculated accordingly. The volume density of the rock mass

FIGURE 9
Total displacement contour for the slope at different excavation stages. (A) The excavation stage in 2016. (B) The excavation stage in 2018. (C) The
excavation stage in 2020. (D) The excavation stage in 2023.
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structural plane can be obtained by the distance information of the rock
mass structural plane measured on-site. Finally, it was determined that the
average occurrence of the three groups of the rockmass structural planes at
different stations of the open-pit slope were 237° < 69°, 290° < 70°, and
252° < 34°; the average spacing was 0.223, 0.699, and 0.481; and the
equivalent trace length was 0.688, 1.140, and 0.784, respectively. The
roughness (fractal dimension) was 2.857, 2.862, and 2.847; and the joint
number per unit area was 0.111, 0.034, and 0.020, respectively.

4 Numerical analysis of slope instability

4.1 Stress pattern impacted by freeze-thaw
and excavation

It is very important to analyze the change in the slope model
at different excavation periods for the overall mining layout and
disaster prediction. According to the current excavation state of
the hanging-wall mine, the rock stability analysis considering
freeze-thaw factors is carried out by virtue of the deterioration

characteristics and failure evolution process of freeze-
thaw rock.

In view of the characteristics ofmaximumprincipal stress, as shown
in Figures 7, 8, overall, the excavation results in the redistribution of in-
situ stress of rock mass engineering. The unloading effect results in the
expose of ore room at the bottom of top area. Large stress change occurs
at the pillar and mine roof after the mining activities. Under the
condition of freeze-thaw, these areas have little correlation with the
number of freeze-thaw. Under the same excavation condition, the
variation of slope stress with different numbers of freeze-thaw is
very small, and the maximum principal stress is still concentrated
around the ore house and pillar area. Freeze-thaw has no obvious
influence on the distribution of rock mass stress.

4.2 Displacement pattern impacted by
freeze-thaw and excavation

On displacement characteristics, as shown in Figures 9, 10, overall,
with excavation area increases, the total displacement change area

FIGURE 10
Total displacement contour of themodel under different freeze-thaw cycles. (A) Freeze-thawing 0 cycles. (B) Freeze-thawing 30 cycles. (C) Freeze-
thawing 50 cycles. (D) Freeze-thawing 100 cycles.
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gradually expanded, increasing the largest displacement; displacement of
the overall trend is consistent with the stress changes, showing that stress
changes are the root cause of the engineering rockmass deformation and
failure. Stress change trends decided to cause rockmass deformation and
failure patterns Treatment measures should be taken at the excavation
stage when displacement changes greatly. In the case of freeze-thaw, the
trend in the total displacement increases with the increase in the number
of freeze-thaw, and the maximum displacement area expands with the
increase in the number of freeze-thaw and gradually shifts to the interior
of the slope. The displacements after 30 times of freezing and thawing
and 50 times of freezing and thawing are almost the same, which are
204 and 216 mm, respectively. This also indicates that a small increase in
the freezing and thawing has a small impact on rock mass failure and
slope stability. After 100 times of freezing and thawing, the total
displacements of rock mass increase sharply to 360 mm. It indicates
that the slope has great displacement changes and the accumulation of
freeze-thaw damage has caused the rock mass instability and failure.

4.3 Maximum shear strain pattern impacted
by freeze-thaw and excavation

In view of the characteristics of shear strain, as shown in
Figures 11, 12, overall, with the deepening of the excavation

process and change in regional shear extension, shear strain
continues to increase. In addition to this, the chamber
surrounding the rock and joint junction appears to have a
larger shear strain; the shear strain area in different levels and
the relative position of two ore rooms also caused shear failure to
happen The shear strain is larger than that of the same horizontal
chamber. It is worth noting that a large shear strain occurred
along the diagonal direction in the rightmost chamber at the
3,380 m mining stage, which was due to the increase in the
horizontal mining stage and the continuous expansion of
joints in coalescing, forming a large shear strain area.
Prevention and control should be focused on the above areas.
In the case of freeze-thaw, the increase in freeze-thaw times does
not change the shear strain of rock mass. Maximum shear strain
concentration on reservation pillar areas, and with the increasing
number of freezing and thawing, while the maximum shear strain
did not change, but increased shear strain zone area, slope site in
a small amount of shear deformation; the reason of this
phenomenon is the slope degradation caused by the freeze-
thaw action. As the freeze-thaw action increases gradually, the
freeze-thaw damage extends to the rock mass. As a result, the
joints and fractures are damaged, the overall shear strain
increases greatly, and the rock mass will fail along the new
shear plane, which is consistent with the change in displacement.

FIGURE 11
Maximum shear strain nephogram of models at different excavation stages. (A) The excavation stage in 2016. (B) The excavation stage in 2018. (C)
The excavation stage in 2020. (D) The excavation stage in 2023.
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For the yield rock unit and joint unit characteristics, as shown in
Figures 13, 14, rock mass begins to yield and is mainly concentrated at
the top of the slope rock mass, with the increase in the excavation stage.
The yield unit and joint increases; along the ore mining area, the yield
unit with plenty of expansion joints occur and gradually increases,
resulting in damage to the slope stability. In the last stage, the yield unit
observation shows that the tensile failure is mainly concentrated in the
bottom of the roof, while the shear failure is mainly concentrated in the
retaining pillar area. Under freeze-thaw conditions, both the yield joints
and yield rock units continue to expand with an increase in the number
of freeze-thaw cycles. They gradually extend from the original area up to
the lower part, and the main concentration area is still in the shallow
part of the rock slope, indicating that the damage and deterioration of
rock mass caused by freeze-thaw is mainly concentrated in the surface
of the slope. The yield joint and element of the slope reach the
maximum after 100 freezing and thawing cycles, and the yield
element and joint of the slope are connected with the excavation
area. The freeze-thawing damage is from the surface to the inside,
which aggravates the deformation and failure of the excavation area,
and the rock mass is unstable.

According to the characteristics of slope instability, as shown in
Figures 15, 16, with the gradual increase in the excavation area and the
continuous expansion of the mining level stage, the slope failure
performance is different. The rock mass deformation in the
excavation stage of 2016 and the excavation stage of 18 years is
mainly realized as a small amount of damage on the surface of the
rock mass, and the overall displacement of rock mass is not obvious.
With the continuous development of the project, different horizontal
stages are put into mining one after another, and the tendency of rock
mass deformation becomes obvious. During the 20-year excavation
stage, a small amount of slippage occurs in the rock mass slope, and the
slope is affected by gravity and stress redistribution after excavation,
resulting in great failure and deformation. In the excavation stage of
23 years, the rock mass has been damaged more obviously, and a large
area of goaf has appeared in the rock mass. At the same time, the stress
redistribution phenomenon occurs frequently after excavation, which
makes it difficult for the rock mass to withstand the deformation and
failure caused by stress changes. In the case of freeze-thaw, the
deformation of rock mass is greatly affected by the freeze-thaw
cycle. With the increase in freeze-thaw times, the failure modes of

FIGURE 12
Shear strain nephogram of the model under different freeze-thaw times. (A) Freeze-thawing 0 cycle. (B) Freeze-thawing 30 cycles. (C) Freeze-
thawing 50 cycles. (D) Freeze-thawing 100 cycles.
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FIGURE 13
Yield element and joint cloud map of models at different excavation stages. (A) Concurrence of yield unit during excavation in 2016. (B) Yield joint
cloud map during excavation in 2016. (C) Cloud image of yield unit during excavation in 2018. (D) Yield joint cloud map during excavation in 2018. (E)
Cloud image of yield unit during excavation in 2020. (F) Yield joint cloudmap during excavation in 2020. (G)Cloud image of yield unit during excavation in
2023. (H) Yield joint cloud map during excavation in 2023.
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FIGURE 14
The yield rock unit and joint unit of the slope model were subjected to different freeze-thaw cycles. (A) Yield rock unit of 0 freeze-thaw cycle. (B)
Yield joint of 0 freeze-thaw cycle. (C) Yield rock unit of 30 freeze-thaw cycles. (D) Yield joint of 30 freeze-thaw cycles. (E) Yield rock unit of 50 freeze-
thaw cycles. (F) Yield joint of 50 freeze-thaw cycles. (G) Yield rock unit of 100 freeze-thaw cycles. (H) Yield joint of 100 freeze-thaw cycles.
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FIGURE 15
Deformation cloud map of the model at different excavation stages. (A) Deformation contour during excavation in 2016. (B) Deformation contour
during excavation in 2016. (C) Deformation cloud map during excavation in 2018. (D) Deformation contour during excavation in 2018. (E) Deformation
contour during excavation in 2020. (F) Deformation contour during excavation in 2020. (G) Deformation contour during excavation in 2023. (H)
Deformation contour during excavation in 2023.
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FIGURE 16
Cloudmap of rockmass deformation under different freeze-thaw times. (A)Model deformation contour of 0 FT cycle. (B)Model deformation profile
of 0 FT cycle. (C) Model deformation contour of 30 FT cycles. (D) Model deformation profile of 30 FT cycles. (E) Model deformation contour of 50 FT
cycles. (F) Model deformation profile of 50 FT cycles. (G) Model deformation contour of 100 FT cycles. (H) Model deformation profile of 100 FT cycles.
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rock mass are different. The deformation of unfrozen and thawed rock
mass is small, mainly manifesting as a small deformation at the slope.
With the increasing number of freeze-thawing times, the slope
deformation becomes larger and larger, and the deformation
framework becomes more complex. The slope has been unstable
after 100 freeze-thawing times.

According to different excavation stages of hang-wall for mine
stress, displacement, shear strain, and the yield unit and joint changes,
the trend of the overall destruction of rock mass at a glance, excavation
will cause internal thickening of unloading rock mass effect occurred
frequently, the mined-out area gradually expanded, will result in rock
mass deformation and destruction shall be to stress, displacement, shear
strain in the process of the excavation area, great changes have taken
place in various parameters, such as Monitoring and prevention in
advance. In the case of freeze-thaw, the deformation and failure of rock
mass are significantly affected by freeze-thaw, and the internal pores
and cracks will gradually be connected, the stable performance of rock
mass is influenced obviously. The model with the maximum number of
freeze-thaw under the same excavation condition has the largest

deformation, which is consistent with the changing trend of volume
strain in the previous rock test.

Finally, through the numericalmodel, the strength reductionmethod
is used to calculate the safety factor of the slope model under different
freeze-thaw times, and the slope stability is quantitatively analyzed. The
relationship between the model strength reduction coefficient and
maximum displacement under different freeze-thaw cycles is shown
in Figure 17. Finally, the safety and stability coefficients of rock mass
under 0, 30, 50, and 100 freeze-thaw times are 1.36, 1.29, 1.26, and 1.08,
respectively. The safety factor can reflect the stability of the slope, and the
above changes indicate that the stability of the slope rock mass decreases
with the increase in freeze-thaw times.

5 Conclusion

In this work, based on the eastern hanging-wall orebody of the
Hejing iron mine in Xinjiang, a systematic study was conducted on
the distribution of rock mass structural plane information and the

FIGURE 17
The relationship between stability coefficient and maximum displacement under different freeze-thaw cycles. (A) Freeze and thaw 0 times. (B)
Freeze and thaw 30 times. (C) Freeze and thaw 50 times. (D) Freeze and thaw 100 times.
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slope stability analysis under the disturbance of freeze-thaw rock
mass excavation by adopting the comprehensive methods of field
investigation and numerical simulation. Themain conclusions are as
follows:

(1) 3D laser scanning is adopted to obtain the point cloud data of the
open-pit slope. By getting the point cloud data grid, intelligent
identification of the rock mass structure plane information was
investigated to propose the image segmentation algorithm The
K-means clustering analysis method was used to divide the
structural plane information, and the spacing and equivalent
trace lengths of the structural plane were obtained. The average
attitude of the three groups of structural planes was determined to
be 237° < 69°, 290° < 70°, and 252° < 34°; the average spacing was
0.223, 0.699, and 0.481; and the equivalent trace length was 0.688,
1.140, and 0.784, respectively. The number of joints per unit area of
the rock mass structural plane is 0.111, 0.034, and 0.020,
respectively.

(2) A numerical model considering the joint distribution is
established for the eastern hang-wall orebody of the open-pit
slope. The generalized Hoek-Brown criterion equation and
Barton-Bandis criterion equation are used to calculate the
shear strength of the rock block and joint plane, respectively,
and the impact of hanging-wall mining engineering on the
disaster of the rock mass structural plane is analyzed. The
simulation results show that the gradual increase in the goaf
area will destroy the stability of the rock mass; the roof area of
the mine and the preserved pillar area have frequent load
increasing and unloading behaviors, and the stress change
area has large displacement and deformation.

(3) The strength reductionmethod is used to calculate the safety factor
of rock mass at the current excavation stage, and the deformation
development caused by 0, 30, 50, and 100 freeze-thawing cycles on
the rock mass excavation project is analyzed. The results show that
the rock mass displacement, strain, and plasticity zone all increase
after freeze-thaw weathering. The slope stability coefficient
decreases sharply under high freeze-thaw cycles; in addition,
excavation of orebody causes stress and strain concentration
which accelerates rock deformation.
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