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Abstract

The transformation of abandoned open-pit mines into pumped-storage power station reser-
voirs offers an effective way to optimize China’s energy structure and supports China’s
dual-carbon objectives by providing large-scale flexible storage. However, the steep slopes
and complex geological conditions formed by mine excavation pose severe challenges to
the stability of reservoir slopes. This paper focuses on a pumped-storage power station
project converted from an abandoned mine pit in Luanping, Hebei Province. Specifically
addressing high and steep slopes containing weak faults, it proposes a stability analysis
method for the excavation stage that considers the influence of faults. The analysis as-
sumes dry conditions, excluding reservoir-induced pore water pressure and seepage forces.
Adopting the Janbu method and the M-P method within the limit equilibrium framework,
safety analyses were conducted on multiple typical analysis sections of the abandoned mine
pit before and after excavation. Analytical results indicate that the minimum safety factors
derived from the Janbu method pre- and post-excavation are 1.33 and 2.13, respectively,
whereas those obtained via the M-P method are 1.40 and 2.47. Given its consistently lower
and thus more rigorous estimations, the Janbu method is recommended for conservative
engineering design and risk assessment in similar geological settings. It is found that when
the fault outcrop daylighting on the slope face constitutes a substantial spatial proportion,
the potential sliding surface of the slope will extend from the top of the weak fault along
an arc to the bottom of the stepped excavation. This indicates that the position of the fault
influences both the sliding mode and the safety performance of the slope. The research
findings of this paper could provide technical support for the slope engineering design,
excavation and construction of pumped-storage power station reservoirs converted from
abandoned mine pits.

Keywords: abandoned mine pit; pumped-storage power station; fault; limit equilibrium
method; slope stability
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1. Introduction
With the introduction of China’s Dual Carbon Goals (Carbon Peaking and Carbon

Neutrality), the share of renewable energy in the nation’s energy mix is continually growing.
However, the inherent intermittency and volatility of renewable sources, particularly solar
and wind power, present a severe challenge to stable power grid operation. Consequently,
the importance of large-scale energy storage technologies is becoming increasingly promi-
nent. Among these, Pumped Storage Hydropower (PSH) stations have emerged as the
most widely implemented and most economically viable method for large-scale power
system energy storage, leveraging their core advantages: technical maturity, operational
reliability, large capacity, and long lifespan. In recent years, the repurposing of aban-
doned open-pit mines as pumped storage power station reservoirs has emerged as a key
research focus both domestically and internationally. Abandoned mine pits offer natural
benefits for constructing both upper and lower reservoirs, primarily due to their unique
deeply recessed topography and substantial spatial volume. This conversion strategy
provides a multifaceted advantage: it enables significant conservation of land resources,
preventing the acquisition of valuable farmland and forestland typically required for new
reservoir sites, and it substantially minimizes the required volume of earthwork excavation
and backfilling, consequently reducing overall project construction costs [1–4].

Despite the multifaceted advantages of this repurposing strategy, the complex geologi-
cal environment inherent to abandoned open-pit mines introduces substantial geotechnical
and engineering challenges. During long-term mining operations, open-pit mines typically
form high, steep slopes. The geological structure of these slopes is often damaged to varying
degrees, characterized by the development of joints, fissures, and even weak faults. Proba-
bilistic modeling methods are frequently employed to study the distribution patterns of such
geological bodies [5–7]. However, these unfavorable geological factors make the stability of
reservoir slopes a critical issue affecting the safe operation of power stations. Qiao et al. [8]
conducted a multi-field coupling analysis of seepage-stress-deformation after the excavation
of an underground reservoir, finding that the rock mass deformation around the chamber
of a typical pumped storage power station cross-section was low, and the safety met the
requirements. Kafle et al. [9] used a numerical simulation method to deeply investigate the
influence of rapid water level drawdown on the pore water pressure distribution and ef-
fective stress of high and steep rock slopes, revealing the progressive failure mechanism of
slopes under hydro-mechanical coupling. Hu et al. [10] combined the CFD-DEM fluid-solid
coupling method to analyze the influence of rock content and rock shape on slope stability
under seepage action, finding that low rock content easily induces slope sliding issues. Of
particular concern is the significant impact of faults on structures [11]. Weak faults, acting as
potential sliding surfaces within slopes, play a crucial role in influencing slope stability and
safety. Wang et al. [12] utilized a novel particle finite element method (PFEM) to study the
instability and failure mechanism of rock slopes considering the effect of faults, realistically
reproducing the temporal sequence of the slope failure process. Zeng et al. [13] employed
machine learning methods to study the correlation between deep and surface deformation of
excavated slopes under rainfall conditions and verified the accuracy using a typical excavated
slope engineering case located along the edge of a strike-slip fault basin. Of particular note, the
strength of soft interlayers, such as fault gouge and cataclasite, significantly decreases under
saturated water conditions [14,15]. Consequently, evaluating the stability of high and steep
slopes containing weak faults under dry construction-stage conditions is an essential step
in controlling excavation-induced instability before reservoir impoundment. Commonly
employed methods for slope stability analysis include the Strength Reduction Method [16–19],
the Limit Equilibrium Method [20–24], and the Reliability Analysis Method [25–27]. The Limit
Equilibrium Method is the most widely adopted technique in engineering practice, primarily
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owing to its computational simplicity and clear theoretical framework. This method provides
an effective analytical tool for the safety assessment of high and steep slopes by calculating
the safety factor. This calculation is achieved by assuming the soil or rock mass on the sliding
surface is in a state of limit equilibrium and applying the fundamental conditions of force or
moment equilibrium. Repurposing abandoned open-pit mines as pumped storage reservoirs
requires further excavation of existing slopes, which inherently introduces the risk of sliding
during construction. The presence of weak faults further exacerbates this risk. Consequently,
it is imperative to adopt efficient methodologies to evaluate slope stability throughout the
construction phase.

In summary, utilizing abandoned open-pit mines to convert them into pumped storage
power station reservoirs is a highly promising sustainable development model. However,
the presence of soft faults imposes higher requirements for the stability analysis of high
and steep slopes. This paper is based on the project of a pumped storage power station
reservoir converted from an abandoned mine in Luanping, Hebei Province. It proposes
a stability analysis method for high and steep slopes, both before and after excavation,
that considers the effect of faults. By identifying potential slope slip surfaces, the study
investigates the influence of soft faults on slope safety. The findings are intended to
support excavation design, construction sequencing, and slope-reinforcement decisions for
abandoned open-pit mines converted into pumped-storage reservoirs before impoundment.

2. Theory and Methods for Slope Stability Analysis
According to the Technical Code for Non-Coal Open-Pit Mine Slope Engineering (GB

51016-2014) [28], slope stability calculations shall primarily adopt the Limit Equilibrium
Method (LEM), with the safety factor (Fs) serving as the main evaluation index. For slopes in
fractured rock masses and granular media, the Simplified Morgenstern-Price (M-P) method
is recommended for stability calculations when the failure mode is circular or composite.
For blocky rock slopes and layered rock slopes, the Janbu Method is recommended for
stability calculations when the failure mode is composite or polyline (non-circular). Based
on the specific geological and engineering characteristics of the project site, the Janbu
Method and the Morgenstern-Price (M-P) Method were selected to conduct separate Limit
Equilibrium Safety factor (Fs) analyses for the slope.

2.1. Janbu Limit Equilibrium Method

The Janbu method extends the original circular arc method to the case of an arbitrary
slip surface. It assumes that the safety factor remains constant along the entire non-circular
slip surface. The Janbu simplified method satisfies force equilibrium for each slice but
does not strictly satisfy overall moment equilibrium. The calculation diagram is shown in
Figure 1. Under this method, the slip surface during slope failure can be of any shape.

Fs =
∑[cili + (∆Wi + ∆Hi)tanφi]

1
mθi

∑ (∆Wi + ∆Hi)sin θi
(1)

where mθi = cosθi +
sinθitanφi

Fs
. ∆Wi is the weight of the i-th slice (kN). ci is the effective

cohesion of the base of the i-th slice (kPa). φi is the internal friction angle of the base of the
i-th slice (◦). li represents the length of the i-th slice base (m). ∆Hi is the additional stress
on the i-th slice (kN/m), and θi is the inclination angle of the slip surface of the i-th slice (◦).
R represents the radius of the circular slip surface (m) and Fs represents the safety factor
against the slice sliding.
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Figure 1. Calculation Diagram for the Janbu Method.

2.2. M-P Limit Equilibrium Method

The Morgenstern-Price (M-P) method is applicable to slip surfaces of arbitrary config-
uration. It satisfies the full conditions of static equilibrium by requiring that the vector sum
of forces and the sum of moments for every individual soil slice are both equal to zero; the
computational scheme is depicted in Figure 2. During the computation of the safety factor,
the ratio of the shear inter-slice force X to the normal inter-slice force E for each slice is
postulated as a function of the horizontal coordinate x. The minimum safety factor and the
corresponding critical slip surface are subsequently determined by enforcing the boundary
conditions applicable to the entire sliding soil mass.

Figure 2. Computational Scheme for the M-P Method.

As illustrated in Figure 2, an arbitrarily shaped slope is represented, where the slope
face, the thrust lines of the lateral pore water stress and effective stress, and the slip surface
are denoted by the functions y = z(x), y = h(x), y = y′t(x) and y = y(x) respectively. An
arbitrary differential soil slice, ∆xi, within the slope is subjected to the force of gravity ∆Wi;
the effective normal reaction force ∆N′ and the tangential resistance ∆T acting on the base
of the soil slice; the effective normal inter-slice forces E′, E′ + ∆E′ and the inter-slice shear
forces X, X + ∆X acting on the two sides of the soil slice. U and U + ∆U represent the pore
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water stresses acting on the sides of the slice, while ∆U′ is the pore water stress acting on
the base of the slice.

Based on the force system acting on the soil slice, the differential equation for force
equilibrium of each slice is given by:

∆E′
∆x

[
1 − tanφ

Fs

∆y
∆x

]
+ ∆X

∆x

[
tanφ

Fs
+ ∆y

∆x

]
= c′

Fs

[
1 + (∆y

∆x )
2
]
+ ∆U

∆x

[
tanφ

Fs

∆y
∆x − 1

]
+∆W

∆x

{
tanφ

Fs
+ ∆y

∆x − ru

[
1 + (∆y

∆x )
2
]

tanφ
Fs

} (2)

For each soil slice, since the horizontal width ∆x is infinitesimally small, the boundaries
defined by y = z(x), y = h(x) and y = y(x) can be approximated as linear within the extent of
the slice. Similarly, the function f (x) can also be assumed to be linear within the extent of
each slice. Therefore, within each soil slice, the following relationship holds:

y = Ax + B
∆W
∆x = px + q
f = kx + m

(3)

where A, B, p, q, k and m are arbitrary constants determined by the geometric conditions
and the selected type of function.

Following the aforementioned derivations and approximations, the fundamental
differential Equation (2) simplifies to:

(Kx + L)
∆E
∆x

+ KE = Nx + P (4)

The boundary conditions for the two sides of the soil slice are now taken as:{
E = Ei, (x = xi)

E = Ei+1, (x = xi+1)
(5)

Integrating Equation (4) from xi to xi+1 yields:

Ei+1 =
1

L + K∆x

(
EiL +

N∆x2

2
+ P∆x

)
(6)

This sequential process allows for the determination of the normal inter-slice force E
from the top to the bottom of the slope, followed by the calculation of the inter-slice shear
force X. When no other external forces act on the sliding soil mass, the following boundary
condition must be satisfied for the last slice:

En = 0 (7)

Simultaneously, the moment on the sides of the soil slice can be determined by inte-
grating the differential Equation (8), which is expressed as:

Mi+1 = Ei+1(y + yt)i+1 =
∫ xi+1

xi

(X − E
∆y
∆x

)∆x (8)

Finally, the condition that must also be satisfied is:

Mn =
∫ xn

x0

X − E
∆y
∆x

∆x = 0 (9)
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At this point, the location of the resultant inter-slice force application point, yt, can
be determined using Equation (8). To find the values of λ and Fs that satisfy all equilib-
rium equations, the calculation begins by assuming initial values for λ and Fs. This is
followed by slice-by-slice integration to determine the resulting residual normal inter-slice
force En and moment Mn. If these residuals are non-zero, λ and Fs are progressively ad-
justed through a systematic iterative process until both Equations (7) and (9) are satisfied.
Consequently, the M-P method is fundamentally a cyclic iterative procedure.

2.3. Numerical Implementation Details

The slope stability analyses were performed using Slide2 6.0 (Rocscience Corporation,
Toronto, ON, Canada), a widely recognized software for limit equilibrium slope stability
analysis. To ensure the reproducibility and accuracy of the results, the following numerical
parameters and methodologies were employed:

(a) Search algorithm for critical surfaces: Given the complex geological conditions
involving weak faults, the critical slip surfaces are non-circular. A random search algorithm
was then applied within the identified region to explore a large number of potential
non-circular slip surfaces. This method is particularly effective for locating complex, fault-
controlled slip surfaces that do not follow a simple geometric pattern.

(b) Discretization strategy: The sliding mass was discretized into vertical slices for the
Janbu and M-P methods. To ensure computational precision while maintaining efficiency,
the number of slices was set to 100 slices per meter of horizontal width. This discretization
density ensures that the geometry of the slip surface, especially along the fault planes, is
accurately represented.

(c) Convergence criteria: The iterative calculation for the safety factor was terminated
when the difference between the safety factors of two consecutive iterations was less than
0.001. This strict convergence criterion ensures the reliability of the calculated minimum
safety factors.

3. Introduction to the Engineering Case Study
3.1. Luanping Pumped Storage Power Station

The project area is located in the central section of the Yanshan Mountains in China.
The terrain is characterized by a significant undulation, with elevations generally decreasing
from the northwest to the southeast, forming a geomorphology that transitions from
middle-to-low mountainous terrain to hilly topography. The project site is centered on
Pingdingshan (Flat-Top Mountain), which represents the highest topographical point
with a maximum elevation of 997 m. Three ridges extend outwards in a three-pronged
configuration (trident-like), gradually descending toward the northeast, west, and south.
To the east lies the relatively broad and gentle trough-valley topography of Shanghaqin
Village, with elevations ranging from 540 m to 570 m, characterized by a northern high
and southern low profile; to the west is the Yixun River Valley, which generally flows
from the northeast to the southwest. The river course meanders through the project area,
exhibiting a continuous “S”-shaped pattern, and forms a distinct “U”-shaped bend where it
encounters the extending ridge on the western side. The riverbed elevation ranges from 460
m to 490 m; both banks of the river valley feature fluctuating peaks and are characterized
by well-developed tributary gullies; to the south, at the foot of Pingdingshan, a relatively
open and gentle gully is present. This feature generally exhibits a west-to-east decline
in elevation, with altitudes ranging from 570 m to 600 m. The current topography and
geomorphology of the project area are defined by an open-pit mine (or quarry). The mine pit
generally exhibits an irregular configuration. Due to the historical bench mining operations,
the interior of the pit comprises multi-level slopes (benches) and platforms, while the
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pit bottom remains flat. To promote the optimization and adjustment of China’s energy
structure and enhance the peak-shaving capacity of the Hebei provincial power grid, the
abandoned mine pit has been planned for conversion into the lower reservoir of a pumped
storage power plant. This leverages the elevation difference between the upper and lower
reservoirs to establish a green energy storage system. The current state of the abandoned
pit, obtained through Unmanned Aerial Vehicle (UAV) oblique photography, is shown in
Figure 3. At present, the abandoned mine pit needs to be excavated along its perimeter to
reach the designed excavation depth in the reservoir area. In the project, bench excavation
is adopted. However, the construction company needs to analyze the slope safety during
excavation and support and reinforce the potential slip risks in time to ensure the safety
during construction. Therefore, it is necessary to carry out the slope safety analysis under
pre-excavation conditions and post-excavation conditions. The reservoir is assumed to
be dry, reservoir-induced pore-water pressure and seepage forces are not considered, and
the mechanical parameters corresponding to non-impounded conditions are adopted.
Therefore, the calculated safety factors characterize excavation-stage stability only.

 

Figure 3. Aerial Photograph of the Abandoned Mine Pit.

The surrounding rock mass for the reservoir roof and floor predominantly consists of
pyroxene-amphibolite and hornblende-plagioclase gneiss. These are crystalline massive
rocks, and the entire engineering geological rock group is classified as a homogeneous
massive rock type. The lithologies of the pyroxene-amphibolite and hornblende-plagioclase
gneiss are relatively uniform. The rock mass is dominated by discontinuity planes of Class
IV and V with a spacing typically exceeding 100 cm. The rock mass presents as a massive
block structure, featuring high-angle shear fissures. Most of these fissure surfaces are
closed, and some are infilled with vein rock. The Unconfined Compressive Strength (UCS)
of slightly weathered rock and fresh rock ranges from 30 MPa to 60 MPa, whereas the UCS
of moderately weathered rock is typically below 30 MPa. Overall, the rock mass quality
is classified as moderate. The upper slope is covered by colluvial deposits composed
primarily of gravelly soil. These deposits have a variable thickness ranging from 2 m
to 5 m. The physical and mechanical parameters of the strata in the investigation area,
determined through geological exploration, are presented in Table 1. It is noted that the
mechanical parameters for the Weak Fault and the Strongly Weathered Layer are identical
in Table 1. This is because the strongly weathered rock mass in this area is highly fractured
and decomposed, exhibiting soil-like mechanical properties similar to the fault gouge
and cataclasite within the fault zone. To ensure a conservative estimate of slope stability
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during the excavation phase, the parameters of the weaker fault zone were adopted for the
strongly weathered layer. This conservative approach ensures that the calculated safety
factors are not overestimated, thereby providing a robust basis for engineering design. The
rock layers were modeled with the Mohr-Coulomb constitutive model for the calculation
of the slope safety factors.

Table 1. Rock mechanics parameters.

Rock Stratum Density r (kg/m3) Internal Friction
Angle, φ (◦)

Cohesion,
C (kPa)

Elastic Modulus,
E (Gpa) Poisson’s Ratio

Breccia Tuff Slightly weathered 2440 55.34 5.17 38.10 0.22
Weakly weathered 2410 55.46 5.25 29.48 0.24

Plagioclase Amphibolite Slightly weathered 3030 53.5 4.33 27.90 0.25
Weakly weathered 2600 54.8 4.85 32.50 0.24

Hornblendite 3240 50.55 3.25 42.70 0.22
Weak Fault 2590 51.9 2.70 15.3 0.19

Strongly Weathered Layer 2590 51.9 2.70 15.3 0.19
Colluvial deposits 2200 21.80 7.50 5.0 0.34

3.2. Fault Strike

The F1 fault is a Class II structural plane, located on the northwest bank slope of the lower
reservoir, as shown in Figure 4. The fault’s hanging wall is defined by the Baiqi Formation
(J3b) Tuff Series, while the footwall consists of Late Paleozoic (ψO4) Amphibolite. With a strike
length exceeding 3 km, this feature is classified as a Class II structural plane. Within the pit area,
the fault exhibits a dominant overall attitude of N65–85◦ E, NW∠50–80◦. A distinct geometric
complexity arises along the northwest slope of the West Pit, characterized by severe contortion
of the fault plane. The apparent dip direction of the fault reverses locally, transitioning from
an anti-dip configuration (dipping into the rock mass) to a dip configuration (daylighting out
of the slope face). Farther west on this same slope, it warps once more, returning to a dip
towards the slope interior. The specific attitude for the section that dips towards the exterior is
recorded as N50–60◦ E, SE∠60–80◦. The fault zone’s width is also notably variable, typically
measuring 15 m to 30 m, but locally increasing to over 40 m. The fault core demonstrates
significant internal heterogeneity in its lithological and structural properties. Characteristically,
the upper and lower boundaries are delineated by material composed of cataclasite, foliated
rock, and ultracataclasite. These boundary materials generally exhibit poor geotechnical
properties due to their loose and incoherent structure. Conversely, the central part of the
core is primarily defined by the presence of lenticular bodies. Specifically, the cataclasite
zones along the upper and lower interfaces typically measure 3 m to 5 m wide. In localized
areas, this material is further observed to consist of mud-matrix supported detritus. Along
the northeast side of the lower reservoir, the fault exhibits an attitude of N85◦ E, NW∠85◦.
In this area, the fault core scale diminishes, maintaining a width of 3 m to 5 m. The internal
structure here is defined by 0.2 m to 0.3 m thick zones of foliated rock that flank a central
zone of angular rock fragments (or crushed rock blocks). Further along the strike, specifically
on the eastern side of the Habaqin Gully, the fault’s attitude changes dramatically to N60◦

W, SW∠65◦. Correspondingly, the width narrows significantly to between 1.5 m and 2.0 m.
At this location, the core’s lithology is simplified, being composed primarily of foliated rock
and cataclasite.

3.3. Typical Geological Analysis Sections

To accurately conduct the safety analysis of the high and steep slopes of the pumped
storage power station’s lower reservoir area, both before and after excavation, multiple
typical geological analysis sections were selected based on the characteristics of the site.
The Janbu method and the M-P method were then used to calculate the slope safety factors.
Figure 5 illustrates the typical geological analysis sections before excavation, with one
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calculation analysis section arranged along the reservoir axis and eight analysis sections
arranged perpendicular to the reservoir axis. Figure 6 illustrates the typical geological
analysis sections after excavation, with five analysis sections arranged along the reservoir
axis and five analysis sections arranged perpendicular to the reservoir axis.

 

Figure 4. Schematic diagram of the reservoir area with fault.

 

Figure 5. Typical geological analysis sections of the reservoir area under pre-excavation condition.

 

Figure 6. Typical geological analysis sections of the reservoir area under post-excavation condition.
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4. Slope Stability Analysis
4.1. Pre-Excavation Condition

Safety analysis of the typical geological analysis sections before excavation was con-
ducted using both the Janbu method and the M-P method, respectively. Appendix A
displayed calculation results of some geological sections. In the current figures, the white
slip surface represents the critical slip surface identified by the software. The other colored
lines represent the trial surfaces generated during the search process. As shown in Figures 7
and A1, the limit equilibrium calculation for the open-pit slope of the lower reservoir area
using the Janbu method resulted in an overall safety factor ranging from 1.33 to 9.70. Given
the relatively gentle inclination of geological Section 2-2 under pre-excavation conditions,
the slope exhibits minimal susceptibility to failure, corresponding to a remarkably high
safety factor of 9.70. As shown in Figure 7b, since the outcrop surface of the soft fault is
located on a ramp, the slip surface differs from other analysis sections, traversing from the
top of the soft fault along an arc to the bottom of the staged excavation. In contrast, the slip
surfaces of the remaining typical analysis sections traverse from the slope crest along an arc
to the slope toe. Furthermore, the slope slip surface in Figure 7c shows failure occurring on
the slope far from the fault, while the slip surfaces in the other analysis sections appear on
the slopes where the fault is present. This is primarily because the geological conditions
on the slope far from the fault in this particular analysis section are relatively weaker,
and the slope ratio (steepness) is greater, resulting in a smaller safety factor compared to
the opposite side.

(a) 

(b) 

Figure 7. Cont.
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( ) 

 
(c) 

Figure 7. Janbu Method. (a) Section 3-3; (b) Section 4-4; (c) Section 6-6.

As shown in Figures 8 and A1, the limit equilibrium calculation for the open-pit slope
of the lower reservoir area using the M-P method resulted in an overall safety factor ranging
from 1.40 to 10.20. While the slope at geological Section 2-2 in the pre-excavation condition
is relatively gentle, it is not easy to slip with the safety factor of reaching 10.20. Except for
analysis Section 3-3, the trend of the slope slip surface calculated by the M-P method is
consistent with the Janbu method. Due to the influence of interslice forces being considered,
the safety factor calculated by the M-P method is 5–10% higher than that calculated by
the Janbu method. Since the outcrop surface of the soft fault is located on a ramp, the slip
surface for analysis Section 3-3 calculated under the M-P method is different from the Janbu
method, traversing from the top of the soft fault along an arc to the bottom of the staged
excavation; thus, its safety factor is lower than the Janbu method.

4.2. Post-Excavation Condition

The reservoir area slope, with a post-excavation maximum height of 400 m, is clas-
sified as a high and steep slope. A stability analysis for the typical geological profile
was subsequently performed using two distinct limit equilibrium approaches: the Janbu
method and the M-P method. Specifically, as shown in Figures 9 and A3 in Appendix A,
the limit equilibrium calculation for the open-pit slope of the lower reservoir area using
the Janbu method indicates an overall safety factor ranging from 2.13 to 6.89. As shown
in Figure 9a, since the outcrop surface of the soft fault is located on a ramp and occupies
a large proportion, the slip surface differs from other analysis sections, traversing from
the top of the soft fault along an arc to the bottom of the staged excavation. In contrast,
the slip surfaces of the remaining typical analysis sections traverse from the slope crest
along an arc to the slope toe. Furthermore, the slope slip surfaces in Figure 9b,c show
failure occurring on the slope far from the fault, while the slip surfaces in the other analysis
sections appear on the slopes where the fault is present. This is primarily because the slope
ratio in these analysis sections is greater, resulting in a smaller safety factor compared to
the opposite side.

As shown in Figures 10 and A4, the limit equilibrium calculation for the open-pit slope
of the lower reservoir area after excavation using the M-P method resulted in an overall
safety factor ranging from 2.47 to 7.04. The trend of the slope slip surface calculated by the
M-P method is consistent with that of the Janbu method. Since the influence of interslice
forces is considered, the safety factor calculated by the M-P method is generally higher
than that calculated by the Janbu method.
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Figure 8. M-P Method. (a) Section 3-3; (b) Section 4-4; (c) Section 6-6.
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Figure 9. Janbu Method. (a) Section 1-1; (b) Section 2-2; (c) Section 3-3.
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Figure 10. M-P Method. (a) Section 1-1; (b) Section 2-2; (c) Section 3-3.
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4.3. Analysis of Stability Results

Figures 11 and 12 statistically summarize the slope safety factors for the typical
geological analysis sections of the reservoir area before and after excavation, respectively,
and the summary of slope stability analysis results for every analyzed section are listed
at Tables A1 and A2 in Appendix A. It is worth noting that the calculation result of
Janbu method is lower than that of M-P method. Based on the calculation results of the
multiple typical slope geological analysis sections, it can be concluded that the safety
factor for the reservoir slope before excavation is greater than the limit value of 1.15 in
code (Clause 3.09 in GB 51016-2014) [28], indicating a safe state. Since the areas with a
low safety factor in the existing slope are located in colluvial deposits or fault zones, it is
recommended during construction that the colluvial deposits be cleared first and that the
fault zones be prioritized for excavation. Although the creation of high and steep slopes
post-excavation generally induces a reduction in the global safety margin across various
geological sections, the systematic clearance of superficial colluvial deposits and weak rock
masses during construction effectively mitigates critical failure risks. Consequently, the
minimum safety factor experiences a notable increase from 1.33 to 2.13, demonstrating
the rationality and efficacy of the slope excavation design in enhancing local stability
at the weakest zones. Although the current safety factors fully satisfy the normative
requirements, it is conservatively recommended that the fault-affected areas be locally
reinforced using reinforced concrete grid beams during the excavation process to further
enhance construction safety. It is worth noting that the recommendation to adopt the Janbu
method for conservative engineering design is not only based on its lower safety factor
estimates but also on its theoretical suitability for the specific geological conditions of this
project. The Simplified Janbu method satisfies force equilibrium and makes simplified
assumptions about inter-slice forces, often yielding a lower-bound estimate of the safety
factor. In contrast, the M-P method, while satisfying both force and moment equilibrium,
tends to provide higher safety factor values. For high and steep slopes with weak faults,
where the consequences of failure are severe, a conservative approach is paramount. The
Janbu method’s lower estimates provide a safer margin for risk assessment.
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Figure 11. Safety factors for the reservoir slope under pre-excavation condition. (a) Janbu method; (b)
M-P method; (c) Result comparison.

4.4. Discussion on Stability Improvement

It is important to clarify the rationale behind comparing the safety factors before
(1.33) and after (2.13) excavation. While the overall geometric configurations differ, the
comparison is fundamentally based on the stability of the critical geological interface under
different stress states. The excavation process serves as a stress unloading measure. By
removing the overburden mass and reducing the slope angle, the excavation significantly
decreases the driving shear stress acting on the geological model. In pre-excavation condi-
tion, the high overburden pressure generates significant shear stress along the fault plane,
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leading to a lower safety factor. In post-excavation condition, the reduction in overbur-
den weight decreases the shear stress on the fault, while the shear strength governed by
material properties remains relatively constant. This leads to a substantial increase in the
safety factor.
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Figure 12. Safety factors for the reservoir slopes under post-excavation condition. (a) Janbu method;
(b) M-P method; (c) Result comparison.

5. Conclusions
This paper addresses the high and steep slope stability issues arising from the conver-

sion of abandoned open-pit mines into pumped storage power station reservoirs. Using
the Janbu method and the M-P method, limit equilibrium safety analysis was conducted on
typical analysis sections of the reservoir slope both before and after excavation, calculating
the slope’s failure modes and safety factors. The following conclusions can be drawn:

(1) The calculated safety factor range for the reservoir slope before and after excavation
using the M-P method is 1.40–10.20 and 2.47–7.04, respectively. When the position of the
slip surface is consistent, the slope safety factor calculated by the M-P method is higher
than that calculated by the Janbu method. Therefore, it is conservatively suggested to adopt
the Janbu method for slope analysis.

(2) When the outcrop surface of a fault is located on a ramp and occupies a large
proportion, the calculated slip surface will traverse from the top of the soft fault along an
arc to the bottom of the staged excavation, indicating that the position of the fault has a
certain influence on the slope failure mode and the safety factor.

(3) Although the factors of safety for the reservoir slope both before and after ex-
cavation are higher than the normative limit value for this project involving a 400 m
high slope to ensure construction safety, it is recommended that the colluvial deposits
and fault zones—which exhibit lower factors of safety—be cleared first during the ex-
cavation stage. Furthermore, to balance structural efficacy with construction feasibility
and cost-effectiveness, it is recommended that the fault zones be reinforced using reinforced
concrete grid beams after excavation but prior to reservoir impoundment.

It is important to note that the current stability analysis is based on peak strength
parameters, which are valid for short-term construction-stage assessments. In contrast,
long-term stability is influenced by the degradation of fault gouge strength to residual
values. Future research should therefore focus on characterizing these residual parameters
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to support long-term slope performance evaluation and risk management. Regarding
modeling methodology, while the current 2D analysis provides a conservative estimate,
future work will adopt 3D numerical modeling (e.g., 3D FEM or DEM) to accurately
simulate the 3D kinematic constraints and stress redistribution associated with the irregular
pit geometry. Finally, because the current analysis focuses on the construction stage, it
does not reflect the destabilizing effects of hydrostatic pressure from future reservoir
impoundment. Long-term stability assessments must therefore integrate these critical
hydrological factors.
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Figure A1. Cont.
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Figure A1. Janbu Method. (a) Section 1-1; (b) Section 2-2; (c) Section 5-5; (d) Section 7-7; (e) Section
8-8; (f) Section 9-9.
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Figure A2. Cont.
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Figure A2. M-P Method. (a) Section 1-1; (b) Section 2-2; (c) Section 5-5; (d) Section 7-7; (e) Section 8-8;
(f) Section 9-9.

Table A1. Summary of slope stability analysis results under pre-excavation condition.

Section Fs (Janbu) Fs (M-P) Slope Height (m) Failure Mode Classification

1-1 1.33 1.4 112.2 Crest-to-toe
2-2 9.7 10.2 133.3 Crest-to-toe
3-3 6.89 5.85 176.0 Fault-controlled
4-4 2.83 2.97 139.0 Fault-controlled
5-5 4.86 5.35 149.0 Crest-to-toe
6-6 8.43 9.06 182.1 Crest-to-toe
7-7 7.57 8.05 224.0 Crest-to-toe
8-8 6.97 7.47 280.0 Crest-to-toe
9-9 8.97 9.68 235.3 Crest-to-toe

https://doi.org/10.3390/app16188953

https://doi.org/10.3390/app16188953


Appl. Sci. 2026, 16, 8953 22 of 25

 
(a) (b) 

 
(c) 

  
(d) (e) 

 
(f) (g) 

Figure A3. Janbu Method. (a) Section 4-4; (b) Section 5-5; (c) Section 6-6; (d) Section 7-7; (e) Section
8-8; (f) Section 9-9; (g) Section 10-10.
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Figure A4. M-P Method. (a) Section 4-4; (b) Section 5-5; (c) Section 6-6; (d) Section 7-7; (e) Section 8-8;
(f) Section 9-9; (g) Section 10-10.

Table A2. Summary of slope stability analysis results under post-excavation condition.

Section Fs (Janbu) Fs (M-P) Slope Height (m) Failure Mode Classification

1-1 2.13 2.47 334.0 Fault-controlled
2-2 4.71 4.68 320.2 Crest-to-toe
3-3 6.89 7.04 391.0 Crest-to-toe
4-4 4.13 4.33 417.0 Crest-to-toe
5-5 5.24 5.33 306.1 Crest-to-toe
6-6 5.97 6.29 267.0 Crest-to-toe
7-7 6.66 6.69 186.0 Crest-to-toe
8-8 3.76 4.02 204.9 Crest-to-toe
9-9 3.06 3.3 277.7 Crest-to-toe

10-10 2.84 2.92 206.3 Crest-to-toe
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