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Abstract. The engineering disasters caused by fault structural zones represent a persistent
challenge in geotechnical engineering. This study employs an integrated approach, combining
multi-temporal remote sensing, field investigation, and numerical simulation, to investigate the
deformation mechanisms and stability of an open-pit slope controlled by the F15 fault. The results
demonstrate that the collapse of the northern slope results from the combined effect of the internal
F15 fault structure and external unloading due to underground mining. Remote sensing imagery
reveals a four-stage failure process: initial rock deformation, local landslides, local surface
subsidence, and final surface subsidence. Significantly, the F15 structural zone alters the
deformation trend of the upper slope, channeling displacement towards the eastern valley, with a
maximum simulated displacement of 5.4 cm. The safety factor of the slope, calculated using the
strength reduction method, is 1.45, and the potential sliding surface is identified as the F15
structural zone. While the slope is currently stable, the limited safety redundancy and observed
local landslides highlight the need for targeted monitoring and reinforcement of the fault zone.
This study provides data-supported insights for the prevention and control of geological disasters
in similar fault-controlled mining slopes.

Keywords: mining engineering, fault structure, characteristics of slope deformation and failure,
slope safety factor, numerical simulation.

1. Introduction

Fault zones represent one of the most critical geological factors controlling the stability of rock
slopes in open-pit mining. During the transition from surface to underground extraction, slopes
are subjected to complex coupling effects, including mining-induced unloading, blasting
vibrations, and weathering. When such perturbations interact with pre-existing fault structures,
the potential for large-scale landslides and collapses increases significantly [1-3]. As emphasized
in the state-of-the-art review by Jiang et al. [4], the spatial variability introduced by fault systems
must be adequately accounted for in any meaningful slope reliability analysis [5-7].

Significant research efforts have been devoted to understanding mining-induced slope
deformation. For instance, Jiang et al. [8] used 3D numerical simulations to reproduce the
evolution of plastic zones during ore extraction, revealing the failure mechanism of a slope
undergoing open-pit to underground transition. Wei et al. [9] applied the discrete element method
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(PFC2D) to model fracture development in overlying strata, illustrating the progressive caving
process above underground workings. Liu et al. [10] and Qi et al. [11] also employed field
investigations and numerical models to analyze landslide mechanisms in mining-disturbed rock
masses. While these studies provide valuable insights into the role of mining unloading in slope
instability, they often treat the rock mass as a relatively continuous medium, without explicitly
addressing the dominant control exerted by large-scale fault structures on deformation patterns
and failure mechanisms.

In recent years, extensive research has been conducted on slope stability under rainfall
conditions, further enriching the understanding of the failure mechanisms of rock slopes. For
instance, systematic experimental studies have been carried out on the instability mechanism and
critical intensity of rainfall of high-steep rock slopes under unsaturated conditions, revealing the
controlling effect of matric suction changes on slope stability [12]. Building on this, the effect of
slope angle on fractured rock masses under the combined influence of variable rainfall infiltration
and excavation unloading has been further explored, elucidating that steeply inclined slopes are
more prone to progressive failure under combined external forces [13]. Other studies have focused
on the evolutionary characteristics of the fracture network in rock slopes under the combined
influence of rainfall and excavation, revealing the stage-wise patterns of crack propagation and
coalescence through hydro-mechanical coupling simulations [14]. Additionally, image
recognition methods for the deformation area of open-pit rock slopes under variable rainfall have
been developed, providing new technical means for monitoring surface deformation of slopes
[15]. However, these studies primarily focus on “rainfall-slope” interaction systems and have not
systematically revealed the deformation mechanisms of slopes controlled by the combined effect
of major fault zones and underground mining activities — which constitutes the core scientific issue
addressed in this study.

Research objective: To reveal the deformation mechanism
and stability of slopes containing faults

}

Method 1: Remote sensing monitoring
Time series analysis of Google Earth images
Extract elevation changes and displacement curves

l

Method 2: On site investigation and verification
Observation of characteristics of fault structural planes
Landslide, crack, and settlement pit measurement

l

Method 3: Numerical simulation reproduction and prediction
3D geological modeling (Rhino/3DMINE)

FLAC3D mechanical analysis

Calculation of safety factor (strength reduction method)

l

Comprehensive analysis: division of deformation stages+
identification of sliding surfaces+stability evaluation

|

Conclusion and engineering suggestions

Fig. 1. Research methodology framework

The presence of a through-going fault zone such as F15 can severely disrupt slope integrity,
alter failure trajectories, and serve as a preferential sliding surface. To address this research need,

JOURNAL OF MEASUREMENTS IN ENGINEERING. JUNE 2026, VOLUME 14, ISSUE 2 297



DEFORMATION MECHANISMS OF OPEN-PIT HIGH-STEEP SLOPES CONTROLLED BY A FAULT: AN INTEGRATED REMOTE SENSING, FIELD
INVESTIGATION AND NUMERICAL SIMULATION STUDY. ANMIN JIANG, DAOBING ZHANG, FEIFEI WANG, YANCHEN DONG, ET AL.

the present study integrates multi-temporal remote sensing, field investigation, and 3D numerical
simulation to systematically analyze the deformation mechanisms and stability of an open-pit
slope controlled by the F15 fault. The specific objectives are: (1) to interpret the spatiotemporal
evolution of slope deformation using satellite imagery; (2) to verify key deformation
characteristics and structural controls through field surveys; (3) to reproduce the failure
mechanism and identify the potential sliding surface via FLAC3D simulation; and (4) to evaluate
the global stability of the slope using the strength reduction method. The integrated methodology
adopted in this study is illustrated in Fig. 1, forming a closed loop from recognition and
verification to mechanistic modeling and stability assessment.

The findings are expected to provide theoretical and practical guidance for the prevention and
control of geological disasters in similar fault-controlled open-pit mining settings.

2. Geological and mining overview of the mining area
2.1. Stratigraphy and fault structure

The mining area is located in the southern section of the eastern wing of the syncline, with
simple exposed strata, developed faults, joints, and fissures. No magmatic or metamorphic rocks
have been found in the area, and the surrounding rock has undergone weak weathering. The Upper
Cambrian Dengying Formation (Zbd) in the eastern, southern, northern, and central exposed strata
of the mining area is divided into 8§ layers, among which Zbd5, Zbd6, Zbd7, and Zbd8 layers are
ore bearing layers.

The ore body is located in a graben type fault block structure in the southeast section of the
transverse bridge inclined east wing, with F1 and F15 as boundaries. The fault block has a strike
of about 315°, a length of about 15-20 km, and a width of about 150-600 m, and extends to the
deep metamorphic rock series at a certain inclination angle. The development of fault fissures in
the graben is the main ore conducting and hosting structure in the mining area.

The F15 is located in the northern part of the mining area, crossing the entire mining area from
northwest to southeast, forming the northern boundary of the mining area's graben like structure.
A “Dblack fractured zone” is developed on the south side of the fault, and the mining area is rich in
industrial ore bodies. It is 15-20 km long, 0.7-6.3 m wide, with a controlled extension depth of
240 m and a total fault displacement of 408m. It tends to be southwest or northeast with an
inclination angle of 56-89°, and has a northwest trending fault. Before mineralization, it was a
translational reverse fault, and after mineralization, it was a translational normal fault. The
exposed location on the surface is shown in Fig. 2.

S W& 5
Fig. 2. F15 Exposed on the northern slope of the open pit.
Photo by Wang Feifei, Sichuan, China, July 5, 2023
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2.2. Rock mechanics parameters

To obtain the physical and mechanical parameters of the ore body and rock, indoor rock
mechanics experiments were conducted to obtain the rock mechanics parameters. The RQD
classification method, CSIR classification method for jointed rock masses, Q system classification
method, GSI classification method, and geotechnical specification method were used to process
the physical and mechanical test parameters of mining rocks [16-18]. The comprehensive rock
mechanics parameters are shown in Table 1.

Table 1. Mechanical parameters of mineral rock mass

Rock material Natural gravity | Elastic modulus | Poisson’s | Cohesion C Internal friction
y (KN/m?) E (GPa) ratio u (MPa) angle ¢ / (°)
Dolomite 28.0 8.09 0.22 1.50 45
Broken rock 29.0 1.04 0.29 0.20 15
Sandstone 26.9 3.35 0.27 0.55 30
Ore body 32.1 4.63 0.25 0.95 35
Backfill 21.0 2.63 0.23 0.5 23

3. Characteristics of deformation of slopes with fault structures
3.1. Development process of slope deformation and failure

To obtain the deformation and development process of the slope with fault structures,
professional Google Earth software was used to obtain the process of the northern slope of the
open-pit mining site gradually forming a landslide disaster from stability for a total of 10 years
from 2012 to 2022. The typical remote sensing image is shown in Fig. 3-Fig. 6. Typical areas with
significant changes were selected from the fault. On the Earth map, elevations were extracted for
each year. And compared and analyzed the values over the years, and plotted the displacement
change curve, as shown in Fig. 7.

According to satellite remote sensing images of deformation and failure of the northern slope
of the open-pit mining site, local slope collapse has been occurring at the bottom of the northern
pit since 2012. The main reason is that under the unloading effect of open-pit mining, the fault
structure zone undergoes deformation and displacement, resulting in a weakened support effect at
the bottom of the upper slope of the fault, leading to the deformation and failure of the slope. The
remote sensing images from 2015 and 2012 are basically consistent, indicating that during this
period, the mining disturbance caused by mining was relatively small, and there were no
conditions for further development of slope collapse disasters.

In the remote sensing image of 2017, it can be clearly seen that there is a phenomenon of local
step slope rock fragmentation and collapse in the upper part of the northern slope (white spot in
the figure). The area where the original collapse occurred at the bottom has not further expanded.
During this period, the impact of underground mining on the open-pit mining slope gradually
developed towards the surface, and from 2012 to 2015, it had not yet developed to affect the
surface slope. Around 2017, signs of underground mining affecting the slope began to appear.

From the satellite images in 2020, it can be seen that multiple collapses have occurred on the
northern slope of the open-pit mining area. The local step slope fragmentation zone in the upper
part of the slope has been connected to the bottom collapse zone, forming a collapse zone centered
on F15. The continuous expansion of the goaf formed by underground ore body mining has
affected the stability of the northern slope. The lower part of the slope has experienced unloading,
resulting in a sliding and collapsing phenomenon of the broken body, that is, the occurrence of
landslides and holes. Due to the development of the F15 in the northern slope area, under the
unloading effect of the lower ore body mining, the slope will experience displacement deformation
along the fault, further exacerbating the damage to the northern slope and causing landslides. Over
time, the northern slope may develop into a large-scale landslide disaster.
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Google Earth 8 =

Fig. 3. Satellite image from December 012L

Google Earth R "

Fig. 5. Satellite image from December 2017
According to Fig. 7, the rock mass at the fault gradually developed and failed during the period

of 2012-2017. After 2017, rapid displacement changes occurred, indicating significant

displacement of the rock mass at the fault. The fault is rapidly breaking down. Significant damage
has occurred on the northern slope.

3.2. Characteristics of damage to open-pit slopes

To obtain the deformation and failure characteristics of the northern slope of the open-pit
mining area, a field investigation and analysis method was used to obtain the typical failure
characteristics of the northern slope of the open-pit mining area. As shown in Fig. 8, a landslide
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collapse phenomenon occurred in the northern slope of the fault structure zone. The rocks in the
fault structure zone are highly fragmented and weathered, which accelerates the deformation and
damage of the exposed fault structure zone after rainwater erosion. Recent studies on the micro-
scale deterioration of sandstone have shown that water-rock interactions, including mineral
dissolution and micro-crack propagation driven by cyclic wetting-drying, can lead to significant
strength reduction [19-20]. This micro-mechanism provides a plausible explanation for the
macroscopic weakening of the F15 fault zone materials observed in the field. Due to the collapse
and collapse of the goaf formed by underground mining, surface subsidence pits were formed at
the bottom of the open-pit mining area, as shown in Fig. 3. The fault structure zone exposed on
the slope has formed multiple cracks with a width of about 1m under the erosion of rainwater. The
platform of the northern slope at the location of the fault tension joint experienced a 2.1 m
subsidence and displacement, mainly due to the collapse of the underground goaf, which caused
the large rock mass between the fault and the goaf to tilt and sink, resulting in platform subsidence
and displacement, and the appearance of tensile cracks.

\t&" E ‘ . & :5"
Fig. 6. Satellite image from December 2020

0.50

Displacement(m)
5

0.00 1 1 )
2012 2015 2017 2020

Time(year)
Fig. 7. Typical displacement variation curve at the fault

The mine adopts the bottomless pillar segmented collapse method to mine the underground
ore body. After the ore body is mined, the overlying rock strata of the ore body are disturbed by
mining, resulting in longitudinal and transverse cracks. Due to the presence of structural planes in
the original rock and on-site measurements, it is known that there are structural planes with dip
angles close to vertical and horizontal in both the overlying sandstone and dolomite bodies. Under
the disturbance of mining and blasting, some roof rock masses collapsed and collapsed into the
goaf, and the volume of the goaf gradually expanded towards the surface. After multiple overlying
rock layers collapsed and fell to the surface, the pressure arch formed by continuous development
in the early stage was destroyed, making it difficult for the overlying rock layers to self-stabilize.
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Under the continuous disturbance of underground mining and heavy rainfall seepage, the
overlying large rock mass gradually collapsed and collapsed, eventually leading to surface
subsidence. There is an F15 trending towards the northeast on the western and northern slopes,
with a distance of about 100 meters from the ore body. As the ore body is gradually mined, the
formed goaf gradually expands, and the overlying rock strata collapse, affecting the stability of
the fault and causing the large rock mass between the goaf and the fault to gradually tilt towards
the goaf, resulting in tipping type damage. At present, according to on-site investigation, there
have been significant tension joints at the fault location.

" F1g8 Dangerous rock ass group on the hillside.
Photo by Wang Feifei, Sichuan, China, July 5, 2023

Through remote sensing images and on-site investigation and analysis, it is found that the
collapse disaster of the northern slope is the result of the combined action of internal fault
structures and external underground ore body mining unloading. Under the disturbance of
underground ore body mining, the northern slope is prone to landslide collapse along the fault
structure zone and continuously expand the landslide area due to the cutting effect of the F15.

4. Analysis of numerical simulation models
4.1. Computation model

A numerical model that can accurately reflect the geological conditions of mining engineering
is a prerequisite for simulating the landslide evolution of open-pit mining caused by underground
ore body mining. Based on the current technical data of mining operations, multiple software
(Rhino, 3DMINE, AUTOCAD) are used to jointly establish a three-dimensional model that
includes the original terrain of the mine, underground ore bodies, and various surrounding rock
bodies. By using Kubrix and Griddle plugins to mesh a three-dimensional model containing
multiple rock types and geological structures, a FLAC3D mechanical analysis model that can run
calculations in finite difference software was obtained.

The numerical simulation adopts the Mohr-Coulomb elastoplastic constitutive model, which
effectively simulates the plastic yielding behavior of rock masses under shear and tensile stresses.
While more advanced constitutive models, such as the non-orthogonal plastic damage model
developed by Zhou et al. [21] for concrete, can capture complex material behaviors, the
Mohr-Coulomb criterion remains a robust and widely validated model for simulating the shear
failure of rock masses, especially when the failure is structurally controlled by pre-existing planes
of weakness like the F15 fault. The model employs tetrahedral elements for meshing, with local
mesh refinement applied in the F15 fault zone and goaf areas. The minimum element size is 5 m,
and the maximum is 20 m, ensuring accurate stress-strain solutions in critical regions.

The boundary conditions are established based on Saint-Venant’s principle and engineering
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scale analysis: Lateral boundaries: Sliding hinge supports (restricting displacement in X and Y
directions) simulate the lateral constraint of infinite rock mass on the study area; Bottom boundary:
Fixed hinge supports (restricting displacement in X, Y, and Z directions) represent the rigid
support of deep intact bedrock; Ground surface: Free surface without constraints.

Mesh sensitivity analysis was conducted to verify the convergence of computational results.
When the number of elements increased from 800,000 to 1,200,000, the maximum displacement
variation was less than 2 %, indicating that the current mesh density ensures computational
accuracy.

The numerical calculations utilize the rock mass mechanical parameters shown in Table 1,
with the tensile strength of the rock mass considered as 10 % of the cohesion. The computational
process includes three main steps: initial geostatic stress balance, sequential simulation of
underground ore body mining, and slope safety factor calculation using the strength reduction
method.

The establishment of an engineering scale model that conforms to specific engineering
geological conditions is a prerequisite for conducting simulation calculations. Therefore, it is
necessary to process the model boundaries before calculation. Scholars [22-23] have conducted
studies on the influence of boundary conditions in numerical simulations, and the results show
that when the length and width of the studied structure (ore body) are greater than 3-5 times, the
influence of boundaries on the numerical simulation results can be ignored. The established 3D
model measures 1152.43 m in length, 886.88 m in width, and 395.65-1065.10 m in height. The
length of the ore body is 300-450 m, which meets the requirements of the boundary conditions.
Restricting nodes in the X and Y directions on the boundary plane around the model, i.c.
implementing sliding hinge supports. Restricting nodes in the X, Y, and Z directions on the bottom
plane of the model, i.e. achieving fixed hinge supports. The surface is a free surface without any
restrictions [24-25]. The three-dimensional numerical simulation adopts the Mohr Coulomb
constitutive model. The process of numerical simulation mainly includes stress balance analysis,
calculation of underground ore body mining process, and calculation of slope safety factor by
strength reduction method.

4.2. Analysis of slope deformation and displacement

Based on the previous remote sensing identification and on-site investigation results, this
section further analyzes the deformation response and stability of slopes under fault control
through numerical simulation methods. The deformation displacement of the slope during
underground mining was calculated using three-dimensional numerical simulation. The typical
displacement cloud map is shown in Fig. 9. The numerical simulation result is the cloud map of
the results after the mining is completed in the future.

FLAC3D 6.00
©2018 Itasca Consutting Group, Inc.
e ——— Deformation area

\;:m-“.mmn direction
%

Fig. 9. Cloud map of slope deformation and displacement
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According to the deformation displacement cloud map of the open-pit mining slope in Fig. 9,
the focus of this study is on the relatively large deformation displacement at the top of the northern
slope, which gradually decreases in the bottom direction, with a maximum displacement of
5.4 cm. The deformation displacement occurring below the F15 zone is relatively small. The main
reason is the void formed after underground ore body mining, which provides spatial conditions
for the rock mass below the fault structure zone to deform deeper, so the possibility of deformation
and failure towards the east is relatively small. The deformation displacement of the rock mass
above the potential sliding surface develops along the F15 structural zone towards the eastern
valley, indicating that the F15 structural zone has changed the deformation and failure trend of the
upper slope of the northern slope. With the mining of underground ore bodies, the impact on the
upper open-pit mining area gradually increases. Finally, the underground mining of the ore body
caused deformation of the northern slope. Landslides may occur on the northern slope, and the
potential sliding arc surface is a fault fracture zone.

In this study, to investigate the impact of mining orebodies near faults on northern slopes,
multiple horizontal mining levels were simulated. We extracted vertical surface displacement after
the simulation and obtained maximum vertical displacement contour maps and data. The results
are shown in Fig. 10.
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Fig. 10. Relationship between mining level and surface displacement

Fig. 10 indicates that after mining the 2004 level, the slope displacement reached 8.78 m,
showing the mountain is in the landslide stage, consistent with the actual site. This confirms the
numerical simulation results are reliable.

From Fig. 10, as mining levels deepen, displacement increases. During surface displacement
development, three inflection points appear at the 2046, 1968, and 1896 levels, dividing the
process into four stages. Currently, the mountain is in the second stage with local landslides.
Severe landslides or collapses are expected when mining the 1968 level. Maximum displacement
is 22.96 m in the final stage, and minimum displacement is 0.07 m in the initial stage.

Surface landslides and final collapses develop through four stages: initial deformation stage of
rock, local landslide on the surface, local surface subsidence, surface subsidence. Deformation
and cracking first appear, then landslides, and finally collapses.

Each stage has a different formation mechanism. Initially, after mining the 2064 level, the
overlying rock partially collapses and fractures due to disturbance, causing gradual deformation
of the overlying rock. During mining, fractures in the overlying repeatedly rock are disturbed and
expand under water influence. The rock collapses, causing local surface settlement and landslides.
After landslides form, continued collapse and water action create multiple subsidence holes. The
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landslide worsens as the rock collapses in many areas. After extensive collapse of the overlying
rock to the surface, it becomes unstable. Underground mining disturbance leads to surface
subsidence.

4.3. Slope shear strain and safety factor

According to the Technical Code for Slope Engineering of Non-Coal Open Pit Mines
GB51016-2014 [26], the allowable safety factor of the slope under normal conditions is 1.25-1.20.
The safety factor is used to evaluate the stability of the northern slope of the open-pit mine after
underground mining. The shear strain and safety factor are shown in Fig. 11.

According to the shear strain increment cloud map in Fig. 11, it can be seen that the
deformation and failure of the upper rock mass of the northern slope mainly develop towards the
east. The area with the largest increase in shear strain is the F15 zone, where the slope mainly
exhibits a flat shear failure mode. This finding underscores that the presence of a dominant
geological structure dictates the failure mechanism. Similar to the observations by Ma et al. [27]
in underground structures, where structural components and interfaces controlled seismic failure
patterns, the F15 fault in this study acts as the primary structural control governing the slope’s
failure mode. According to the on-site investigation results, it is known that a landslide disaster
occurred along the F15 structure zone on the northern slope, which is consistent with the numerical
simulation results, indicating the reliability of the numerical simulation results.

The safety factor of the open-pit mining slope calculated by the finite element strength
reduction method is 1.45, and the potential sliding surface is the F15 structure zone, indicating
that there has not been significant deformation and damage along the fault structure zone in the
northern slope. The on-site investigation results show that there is a local collapse disaster in the
fault structure zone inside the mining site, which is consistent with the numerical simulation
results. The safety factor of the slope meets the requirements of the specifications, but the
redundancy of the safety factor is small. With the continuous weathering, collapse, and
disturbance and damage of the fault structure zone by underground mining, serious large-scale
landslide disasters may occur in the later stage of the fault structure zone. Targeted measures can
be taken by monitoring the deformation displacement and slope stress of open-pit mining slopes
to prevent landslide disasters from posing safety hazards to mining production.

FLAC3D 6.00

©2018 Itasca Consulting Group, Inc.

Zone Maximum Principal Strain Increment
Calculated by: Volumetric Averaging
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Fig. 11. Slope shear strain and safety factor
5. Discussion

The findings of this study regarding the controlling role of the F15 fault in slope deformation
and failure gain deeper significance when compared with established theories and previous case
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studies. The numerical simulation results clearly identify the F15 structural zone as the potential
sliding surface, a phenomenon consistent with the Hoek-Brown failure criterion, which
emphasizes the dominance of pre-existing, persistent geological structures in rock mass strength
[16]. The shear strain increment concentrated along the F15 zone (Fig. 10) underscores its role as
a plane of weakness, drastically reducing the overall integrity of the slope mass. This mechanism
aligns with observations in other mining-related landslides, where fault zones act as preferential
pathways for failure [3, 7].

Furthermore, the four-stage failure process (initial deformation — local landslide — local
subsidence — surface subsidence) revealed through remote sensing and simulation is not merely
a description of events but reflects a progressive failure mechanism. The initial deformation stage
corresponds to the yield and fracture initiation within the rock mass above the goaf. The
subsequent local landslides and subsidence signify the formation and coalescence of internal
damage, a process exacerbated by the presence of the F15 fault, which provides a continuous
boundary for the failure volume. This progressive failure pattern shares similarities with the
“step-path” failure mechanism often observed in jointed rock masses, but here, the F15 fault serves
as the dominant, large-scale “step” that governs the entire failure trajectory [17]. Compared to the
study by Jiang et al. [8], which focused on the plastic zone evolution in a similar open-pit to
underground transition, our research quantitatively highlights the paramount influence of a single,
major fault structure in dictating the location and mode of the ultimate slope failure.

This study systematically reveals the controlling effect of the F15 fault on slope deformation
and stability through a three in one research method of “remote sensing recognition on-site
verification numerical simulation”. The three methods complement each other at the spatial scale,
time series, and mechanism levels, jointly constructing a complete cognitive chain from
phenomena to mechanisms. The study provides a comprehensive analysis of the impact of fault
structures on the deformation, failure characteristics, and stability of open-pit high-steep slopes.
Below is a detailed discussion of the key findings:

Fault structures are identified as crucial factors affecting the stability of open-pit slopes. The
research emphasizes that the existence of fault structures within slopes can significantly influence
slope stability by cutting the slope and reducing its integrity. This is supported by the case study
of the open-pit mining site where the F15 fault structure zone plays a pivotal role in the
deformation and failure of the northern slope. The study reveals that the fault structure zone not
only weakens the mechanical properties of the slope but also alters the deformation and failure
trend of the upper slope of the northern slope. This finding aligns with previous research that
highlights the detrimental effects of fault structures on slope stability.

The research highlights the combined action of internal fault structures and external factors
such as underground ore body mining unloading. It is found that the collapse disaster of the
northern slope results from this coupling effect. Underground mining activities disturb the stress
field around the slope, leading to deformation and displacement of the fault structure zone. This
further weakens the support effect at the bottom of the upper slope of the fault, ultimately causing
slope deformation and failure. This combined action mechanism provides a more comprehensive
understanding of the factors contributing to slope instability in open-pit mining areas.

The study offers valuable insights into the development process of slope deformation and
failure. Based on remote sensing images and field investigations, it is revealed that the northern
slope of the open-pit mining site undergoes a four-stage development process of slope deformation
and failure. This process begins with the initial deformation stage of rock and progresses through
local landslide on the surface, local surface subsidence, and finally surface subsidence. The
identification of these stages helps in understanding the temporal and spatial evolution of slope
deformation and failure, which is crucial for early warning and prevention of slope disasters.

Numerical simulation plays a vital role in this study, providing detailed information on slope
deformation, displacement, shear strain, and safety factor. The results indicate that the
deformation displacement of the slope above the F15 zone is relatively large and develops towards
the eastern valley along the F15 zone. This is consistent with the field investigation results,
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confirming the reliability of the numerical simulation. The safety factor calculation shows that the
open-pit slope has a safety factor of 1.45, with the potential sliding surface being the F15 structure
zone. Although the safety factor meets the regulatory requirements, the small redundancy suggests
that targeted measures should be taken to monitor and prevent slope disasters.

The findings of this study have practical implications for the prevention and control of
geological disasters in similar mines. By understanding the impact of fault structures on slope
stability and the deformation and failure process, mining companies can develop effective
monitoring and early warning systems to ensure safe production. However, there are still some
limitations in this study that need to be addressed in future research.

One limitation is the relatively small number of case studies, which may affect the generality
of the conclusions. Future research could expand the study area to include more open-pit mining
sites with different geological conditions and fault structures. Additionally, more advanced
technologies and methods, such as remote sensing monitoring and real-time slope deformation
monitoring systems, could be integrated to enhance the accuracy and reliability of the research
results. Furthermore, the long-term stability analysis of slopes under the combined action of
multiple factors, such as climate change and mining activities, could be explored in depth to
provide more comprehensive guidance for slope stability control.

In conclusion, this study contributes to a deeper understanding of the impact of fault structures
on the deformation and failure characteristics and stability of open-pit slopes. The findings provide
valuable references for the prevention and control of geological disasters in open-pit mining areas.
Future research should continue to explore this field to further improve the safety and stability of
open-pit slopes.

6. Conclusions

This study integrated remote sensing, field investigation, and numerical simulation to
investigate the deformation mechanisms and stability of an open-pit high-steep slope controlled
by the F15 fault. The main conclusions, along with their specific engineering implications, are as
follows:

1) The collapse disaster of the northern slope is the result of the combined action of the internal
F15 fault structure and external unloading from underground ore body mining. Under mining
disturbance, the slope is prone to landslides along the F15 zone, with the landslide area
continuously expanding.

2) The F15 structural zone fundamentally alters the deformation trend of the northern slope,
channeling displacement towards the eastern valley. The failure develops through four distinct
stages: initial rock deformation, local landslides, local surface subsidence, and final surface
subsidence.

3) The safety factor of the open-pit mining slope is 1.45, and the potential sliding surface is
the F15 structure zone. Currently, the northern slope has not experienced significant deformation
or damage along the fault structure zone. The on-site investigation results show that there is a local
collapse disaster in the fault structure zone of the mining site, which is consistent with the
numerical simulation results.
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