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Abstract: Open-pit mining generates significant amounts of waste material, leading to the formation
of large waste dumps that pose environmental risks such as land degradation and potential slope
failures. The paper presents a stability analysis of waste dump slopes in open-pit mining, focusing
on the Motru coalfield in Romania. To assess the stability of these dumps, the study employs the
Shear Strength Reduction Method (SSRM) implemented in the COMSOL Multiphysics version 6
software, considering both associative and non-associative plasticity models. (1) Various slope angles
were analyzed, and the Factor of Safety (FoS) was calculated, showing that the FoS decreases as the
slope angle increases. (2) The study also demonstrates that the use of non-associative plasticity leads
to lower FoS values compared to associative plasticity. (3) The results are visualized through 2D
and 3D models, highlighting failure surfaces and displacement patterns, which offer insight into the
rock mass behavior prior to failure. (4) The research also emphasizes the effectiveness of numerical
modeling in geotechnical assessments of stability. (5) The results suggest that a non-associative flow
rule should be adopted for slope stability analysis. (7) Quantitative results are obtained, with small
variations compared to those obtained by LEM. (6) Dilatation angle, soil moduli, or domain changes
cause differences of just a few percent and are not critical for the use of the SSRM in engineering.

Keywords: mine waste dump; slope stability; shear strength reduction method; Comsol; factor of
safety (FoS)

1. Introduction

Open-pit mining is one of the surface mining methods usually employed to extract
near-surface deposits of ores, nonmetallic minerals, or fossil fuels from the earth’s surface.
It often results in a high productivity and requires large capital investments, low operating
costs, and good safety conditions [1–3]. Due to growing open-pit mining activities, their
effect on the environment has also increased [4–6]. The impacts of open-pit mining and
mineral processing plants on the environment are diverse, as presented by Dudka et al. [7]
and Firozjaei et al. [8] in their reviews, and include land degradation, as studied by Tran
et al. [9,10] in their works; noise, dust, and poisonous gasses released during mining and
processing, as evaluated by Saini et al. [11] in India and Popović et al. [12] in Serbia and
Romania, who concluded that the most severe impact in these countries is caused by
dust and greenhouse gasses above safety limits; and the pollution of water which was
thoroughly analyzed for the mining industry in China by Li et al. [13].

As a direct result of the processes that occur during open pit mining, significant
amounts of waste material are generated, which are transported to and accumulated in
deposits referred to as overburden or waste dumps, which are usually constructed near the
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mining site [14,15]. These waste dumps pose a multitude of challenges, including the degra-
dation of soil fertility, the loss of biodiversity, and the potential pollution of the surrounding
environment through the leaching or escape of sulfide and other toxic substances.

The sheer scale and volume of these waste dumps have increased in recent years,
leading to the construction of ever-higher dump structures to minimize the ground cover
area. This increase in height has heightened the risk of slope failures, which can have
catastrophic consequences [16–18] potentially leading to the collapse of the dump structures,
triggering landslides or debris flows that could jeopardize the personal and property safety
of mining personnel and nearby residents.

The inherent instability of mine waste dumps, due to their loose structure and high
water content, has prompted scholars in open-pit mining to recognize the importance of
analyzing waste dump stability. The term used to describe the safety margin of slopes in
waste dumps and other geotechnical structures is the “Factor of Safety”, abbreviated as
FoS. In general engineering, the FoS represents the margin by which a system exceeds the
strength required to support its intended load. In particular, in geotechnical engineering,
the FoS is a ratio which compares the shear strength (forces resisting movement) of a slope
against the shear stress (forces driving the slope towards failure). An FoS greater than
1 indicates stability of the slope as the resisting forces exceed the driving forces, while
an FoS less than 1 indicates instability of the slope and its failure. More recent research
indicated that the safe value of the FoS should be above the 1.45–1.50 limit. In practical
terms, the FoS provides an indication of how near a slope is to failure, acting as a crucial
benchmark in evaluating slope stability. Consequently, evaluating the stability of waste
dumps has become a critical component of mine operations [19–22]. Yang et al. [23] and
Xu et al. [24] summarize several ways that can be used to assess the stability of these
geo-structures. According to Masoudian et al. [25] and Popescu et al. [26], the assessment
techniques either use the classic theories in limit equilibrium analyses (LEAs) [27–31] and
variations of these [32–34], or probabilistic analyses (PA) [35–39] or numerical modeling
analyses (NMA) [40–46]. According to Xu et al. [47], in recent years, the development of
machine learning (ML) has allowed for it to be extensively used in stochastic slope stability
analysis, particularly to improve computational efficiency. Nevertheless, the majority of
these studies do not consider the combined impact of slope geometry and non-associative
plasticity models, which the present study explores.

LEA methods evolved from the analytical ones developed in 1930s towards their
implementation in computer software that is able to compute both the Factor of Safety
(FoS) and the location of the critical slip surface more quickly and accurately.

In contrast to LEA, PA allows for the uncertainty of input variables to be quantified and
incorporated into the analysis, so besides an approximate value of the FoS, an approximate
value of the failure probability is also obtained. PA should not be viewed as a substitute for
the classic deterministic methods, but as a complementary approach.

Several existing ML methods that have been used for slope stability analyses in the
last decade were reviewed in [48]. Out of these, artificial neural networks [49] are the most
common, with Support Vector Machine [50] and various Regression Algorithms [51] also
being extensively used.

Finally, NMA can simulate the behavior of complex, real-life geotechnical problems
using software code, and provides the most accurate values for the FoS. The computational
power available today allows multiple parameters to be taken into account, like internal fric-
tion angles, material cohesion, slope height, slope angle, pore water pressure, and the unit
weight of rock and soil, etc. NMA can employ continuum numerical modeling techniques,
such as the finite element method (FEM), finite difference (FD), and the boundary element
method (BEM); discontinuum modeling, such as the discrete elements method (DEM) and
the universal distinct element code (UDEC); and coupled continuum and discontinuum
modeling for very complex conditions, including the combined finite-discrete element
method (FDEM). The DEM was introduced [52] as a discontinuum-based method that is
capable of modeling and simulating the failure of discontinuous media such as jointed
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rock slopes [53,54], and can be coupled successfully with the Shear Strength Reduction
Method [55].

In their comprehensive review [56], Gupta et al. emphasize that the SSRM is adopted
in the majority of studies that use FEM, DEM, or FD to analyze waste dump slope stability.

For the current study, SSRM was chosen for its ability to handle non-linear material
behavior more effectively compared to LEA, which is especially important in the case of
mine waste dumps, considering their heterogenous and loose structure. Several scientists
like Griffiths et al. [57], Dyson et al. [58], and Sun et al. [59] presented several advantages
of this method over traditional ones, concluding that in the case of the SSRM when failure
occurs ‘naturally’, the location of the critical failure surface is obtained without the need
for a trial and error or the limitations of the interslice shears as in LEA, and it can consider
complex factors that affect slope stability.

The SSRM was proposed initially by Zienkiewicz et al. [60] and involves progressively
reducing the shear strength of the material in small increments, to bring the slope to the state
of limit equilibrium (failure). The series of iterations are carried out using trial values of the
strength reduction factor in order to reduce the values of cohesion and the internal angle of
friction, until either the slope failure occurs or a limiting condition is obtained following the
Mohr–Coulomb failure criterion. Since its initial use, various developments and variations
of the method have been proposed. Scholars like Griffiths [61], Naylor [62], Smith et al. [63],
and Matsui et al. [64] made the first improvements in the early 90s. More recently, Zhu
et al. [65] modified and used the SSRM to prove its feasibility for the evaluation of locally
loaded slopes, by combining the numerical method with physical studies. The safety
and stability of an open-pit mine waste dump from Tibet was assessed by Zou et al. [66],
using a novel combination of in-site measurements and numeric simulations performed
in MIDAS and FLAC codes, with each analytical step being calculated through the SSRM.
The SSRM was further enhanced by incorporating a hierarchical multiscale approach
developed by Meng et al. [67], who introduced micromechanical parameters such as normal
cohesion, tensile cohesion, and the angle of friction, to establish a new computational tool
for heterogeneous geomaterial slope stability analysis. An improved numerical manifold
method [68] with multiple layers of mathematical cover systems [69] was proposed by Yang
et al., to analyze the stability of the soil–rock mixed slopes, by modifying Young’s modulus
and Poisson’s ratio during the factor of safety (FoS) calculation using the SRM technique.
This year, a technique called root bracketing was used by Dyson et al. [70] to enhance the
SSRM’s efficiency when performing slope stability analysis, allowing the minimization of
the number iterations that need to be computed in order to determine the FoS.

Several software products such as FLAC3D and 3DEC [71,72], Plaxis3D [73,74], Phase2
and Slide [75,76], or Comsol Multiphysics [77] use SSRM to compute the FoS for slopes of
various geotechnical constructions such as dams, embankments, and waste dumps. Each
software has its own strengths and weaknesses, so the choice of a particular software is
based on the particularity of the problem that needs to be solved and the experience of
the user.

COMSOL is used by Wu et al. [78] to determine the stability of a slope considering a
coupled model subjected to thermal (temperature variation), hydraulic (water pressure),
and mechanical (stress/displacement) processes, with the results being validated by three
experimental and numerical case studies. In their study [79], Shao et al. again used
COMSOL to solve a coupled slope stability and hydrological model, for both single- and
dual-permeability flows. The results obtained by the simulation were compared against
two examples in order to validate the findings. An optimized version of the SSRM is
proposed by Sysala et al. [80] to compute an embankment stability problem considering
unconfined seepage. Matlab code was used to optimize the solution obtained using various
Davis’ approaches and the results were compared with the commercial Plaxis and COMSOL
Multiphysics software’s results. Another study conducted by Sysala et al. [81] validates the
FoS obtained by an optimized variant of the shear strength reduction method in the case
of three embankments with unconfined seepage, and they propose a comparison using
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Plaxis and COMSOL between SSRM, modified SSRM, and optimized MSSRM on numerical
examples representing a case study of a real heterogeneous slope. The stability analysis
of rocks surrounding a natural underground natural gas storage has been performed by
Zhang et al. [82] using the capabilities of COMSOL and Matlab, taking into consideration
the effect of mechanical stress and low temperature.

Based on its use for solving various stability problems as presented above, and consid-
ering the past experiences [83,84] of the authorial team in using it, COMSOL Multiphysics
software was chosen for the present study.

The aim of this study is to evaluate the stability of waste dumps using different slope
angles under both associative and non-associative plasticity models. To achieve this, a
series of steps were taken: (i) A model was constructed based on real waste dumps from
two lignite exploitations situated in the Motru coalfield, located in the Oltenia region
of Romania. (ii) For that model, a stability analysis was conducted for various slope
angles, considering geometric dimensions compatible to the real slopes, and geotechnical
characteristics of the material from those waste dumps. (iii) FoS values were determined
for the angles considered using the commercial software COMSOL Multiphysics, based on
the shear strength reduction method implemented using the software, and (iv) for each
angle, both non-associative and associative plasticity was considered for the material. The
obtained results were close to the expected ones, based on past calculations recorded by
the mining company and research conducted at their request.

2. General and Theoretical Aspects Regarding Slope Stability

A slope represents a flat surface inclined at a certain angle α relative to the horizontal,
ensuring the connection between two different elevations and bordering an earth mass.
The design of slopes involves determining their optimal inclination to ensure the stability
of the earth mass. Too steep slope angles may lead to instability, while overly gentle slopes
represent uneconomical solutions (requiring large volumes of excavation and occupying
significant land areas).

The classical methods used in geotechnical practice for analyzing the general stability
of sloped earth masses evaluate the static equilibrium of an earth mass, which is limited at
the bottom by a slip surface and at the top by the ground surface. This earth mass tends
to move under the influence of gravitational forces. Plane sections are analyzed, and the
conditions of a plane strain state are considered.

More recently, the method of strength reduction combined with the finite element
method has been increasingly applied to solve geotechnical slope stability problems. This
method proves to be a useful tool for determining the factor of safety (FoS), which can be
applied to evaluating the stability of slopes, natural hillsides, specific embankment slopes,
open-pit steps, and waste dumps.

Besides the slope’s geometry, stability is influenced by the physical and mechanical
characteristics of the material (soil or rock) making up the earth mass. In the strength
reduction method, the material’s characteristic properties are progressively reduced until
failure occurs.

The FoS is considered to be an indicator of stability, which, in the context of geotech-
nical problems, is defined as the ratio between the limit (failure) value of the material’s
strength parameter (typically shear stress) and its actual value under given geometric and
loading conditions.

The strength reduction method is applicable primarily to linear failure criteria such as
the Mohr–Coulomb criterion. When using the Mohr–Coulomb criterion with this method,
the values of cohesion, the internal friction angle, and the dilatation angle are reduced
simultaneously until mechanical equilibrium is lost.

As the material parameters decrease, the soil’s shear strength reduces, eventually
leading to slope instability. This phenomenon causes the slope to slide under a specific
combination of loads, material properties, and boundary conditions. The ratio between the
initial cohesion and the cohesion at failure determines the FoS.



Appl. Sci. 2024, 14, 9875 5 of 17

The COMSOL software package is suitable for solving slope stability problems as
it includes modules for implementing models in terms of geometry, material properties,
failure (yielding) assumptions, and the necessary computational algorithms for applying
the strength reduction method.

The material properties for applying the Mohr–Coulomb model are expressed in
relation to the FoS. Thus, in a parametric study the soil’s strength characteristics are reduced
by gradually increasing the FoS with each iteration step. The actual FoS is reached when
the model no longer converges, signifying the point at which slope failure (sliding) occurs.

The yield function F and plastic potential Q for the Mohr–Coulomb failure hypothesis
are given by the relations:

F = m
√

J2 +
sin Φ

3
I1 − C cos Φ (1)

Q = mq
√

J2 +
sin Ψ

3
I1 − C cos Ψ (2)

where I1 and J2 are the first and second invariants of stress.
The parametrized material properties (Φ—parametrized internal friction angle;

C—parametrized cohesion; and Ψ—parameterized angle of dilatation) are expressed as:

C =
c

FoS
, Φ = arctan

(
tan ϕ

FoS

)
, Ψ =

(
tan Ψ
FoS

)
(3)

where c is the cohesion, ϕ is the internal friction angle, and ψ is the angle of dilatation;
these are the unreduced initial parameters of the material.

In the case of the associative flow rule, the condition ψ = ϕ has to be met. For the
non-associative flow rule, the angle of dilatation ψ remains constant as long as it is smaller
than the internal friction angle Φ [85]. For our study, the angle of dilatation was considered
null when applying the non-associative flow rule, meaning no special adjustments are
necessary and (3) can be used for both the associative and non-associative flow rules.

It must be noted that, when the non-associative flow rule is used, the strength reduction
method may produce numerical instabilities, leading to non-unique values for FoS and
failure. In order to prevent these convergence problems, refs. [86] suggested the use of
reduced strength parameters as initially proposed in [87] as the Davis Procedure B. This
involves using the associative flow rule, but with values for the internal friction angle and
the cohesion reduced, in order to simulate the effects of the non-associative flow rule. The
reduced internal friction angle ϕ’ and reduced cohesion c’ are calculated using:

c′ = βc, ϕ′ = arctan(β · tan ϕ) (4)

where β is the strength reduction factor that can be expressed as:

β =
cos

(
arctan

(
tan ϕ
FoS

))
cos

(
arctan

(
tan Ψ
FoS

))
1 − sin

(
arctan

(
tan ϕ
FoS

))
sin

(
arctan

(
tan Ψ
FoS

)) (5)

As a result, (3) is rewritten considering the reduced cohesion c’ and the reduced
internal friction angle ϕ’ for both the associative and non-associative flow rules, because
the reduction factor β = 1 in the associative flow rule.

3. Description of Location and Geometry of the Model

Incidents caused by stability issues in waste dumps in the Oltenia coal mining region
(Figure 1), manifested as landslides involving large volumes of waste material, amounting
to millions of cubic meters and impacting both the natural and built environments, have
been recorded at several external dumps at various open-pit mines.
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Figure 1. Basins in the Oltenia coal mining region [Oltenia Energy Company internal documents].

The issue of dump stability is not limited to the construction period during which the
waste material is deposited and leveling and sloping works are carried out. As evidenced
by the aforementioned incidents, the stability problem extends over a considerable period
after the dumping activities have ceased.

This necessitates the monitoring of movements in unstable areas within the exploita-
tion perimeter, its surroundings, and the dumps themselves should be conducted both
during the exploitation period and for a sufficiently long period after the cessation of
dumping activities.

To illustrate the method, we adopted a model that is morphologically and dimen-
sionally compatible with most of the dumps in the Motru coal basin. Figure 2 shows
the cross-section of the sloped mass model. The lengths L1 and L2 are 85 m and 20 m,
respectively, while the heights H1 and H2 are 20 m and 10 m, respectively. The slope angle
α varies from 30◦ to 45◦, which corresponds to the range of both designed and real slope
angles for most dumps in the Motru coal basin.
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The material properties for both non-associative plasticity—noted as Material 1—and
associative plasticity—noted as Material 2—are summarized in Table 1. The values are
the mean (average) values for the soil properties of the material dumped in the waste
deposits from the analyzed Lupoaia and Ros, iut,a exploitations in the Motru coal basin and
are based on a real data series that the Oltenia Energy Complex has in its records [88,89],
as determined during the mandatory periodic laboratory testing of soil samples [90]. In
the modeling, the plane strain assumption is applied for the sloped mass in the cross-
section (2D), and the calculations are performed taking into consideration the effects of
gravitational acceleration.

Table 1. Material properties for the model.

Material Property Symbol Non-Associative
Plasticity (Material 1)

Associative Plasticity
(Material 2)

Young modulus E 25 MPa 25 MPa
Poisson’s ratio ν 0.35 0.35

Cohesion C 18 kPa 18 kPa
Angle of friction φ 30◦ 30◦

Angle of dilatation ψ 0◦ 30◦

Density ρ 1900 kg/m3 1900 kg/m3

A sensitivity analysis is usually carried out by changing parameter values one at a
time and checking how this affects a certain system. In order to verify our model, the
sensitivity analysis was conducted by running one simulation with the same angles and
flow rules, but with a change in the angle of dilatation ψ to a value of 15◦, which represents
50% of the maximum value of 30◦ used in the main simulation. The resulting FoS value
and its variation are presented in Table 2. The change noted ∆ in FoS is between 0.95% and
1.96%, which means that the change in the angle of dilatation does not influence the result
to a large degree, hence the model can be considered well calibrated and valid.

Table 2. FoS values and percentage change compared to angle of dilatation of 30◦.

Result Unit
Associative Flow Rule with ψ = 15◦

A = 30◦ A = 35◦ A = 40◦ A = 45◦

FOS 1 2.09 1.86 1.68 1.53

∆ (compared to ψ = 30◦) % 0.95 1.61 1.78 1.96

The simulations were performed in COMSOL Multiphysics using a 2D model and
the Structural Mechanics -> Solid Mechanics module, and using the values defined in
Table. 1 for the material parameters for both considered scenarios—associative plasticity
and non-associative plasticity. The difference between the two scenarios is given as the
value of the dilatation angle parameter, which is 0 and 30 degrees, respectively.

Next, in the Definiton menu of the software, the calculation formulas corresponding
to the variables (parametrized and reduced cohesion and friction angle, and the reduction
factor) used in the simulation were implemented.

The general geometry of the model was constructed using Polygon type graphic prim-
itives, which were later unified using the Form Union option. In the model construction,
the region for geometry redefinition with finite elements (Mesh Control Domains) was
also defined, as shown in Figure 3.
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In the Solid Mechanics section, the Quartic Lagrange option was to define the
displacement field. Also, in this section, for Soil Plasticity, the Mohr-Coulomb option
was chosen for the yield criterion, and the Associated option was selected for the plastic
potential. Regarding the initial values of stress and strain, two studies were used. The
initial study evaluates the in situ stresses due to gravity, and a second study uses the results
of the first study as the initial stress values. The value of the gravitational acceleration that
acts on the entire domain subjected to the simulation was assigned as a Comsol constant in
the simulation –-g_const.

The domain boundaries with vertical sliding displacement (Roller) were defined, as
shown in Figure 4a where these boundaries are highlighted in blue. The fixed boundaries
of the domain are also highlighted in blue, as shown in Figure 4b. The free boundaries
of the domain are illustrated in Figure 4c. The corresponding variables for the material
properties as defined in the simulation are presented in Table 3.
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Table 3. Variables corresponding to material properties defined in the simulation.

Property Variable Value Unit Group

Young modulus E E_soil Pa Base
Poisson’s ratio ν nu_soil 1 Base

Density ρ rho_soil kg/m3 Base
Cohesion C c_p Pa Mohr-Coulomb

Angle of friction φ phi_p rad Mohr-Coulomb
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The finite element geometry of the model is shown in Figure 5. For the entire domain
under simulation, the Finer option was chosen for the element size, while the Extremely
Fine option was selected for the redefinition region. The geometric shape of the finite
elements is triangular.
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4. Simulation Results and Discussion

The simulation was run and the Factor of Safety (FoS) was determined for four different
slope angles of 30◦, 35◦, 40◦, and 45◦. We found that the FoS decreases as the slope angle
increases, which was expected, and additionally, the FoS for a similar slope angle is lower
for Material 1—non-associative plasticity—compared to Material 2—associative plasticity).
These results are graphically shown in Figure 6, and are consistent with those reported
in [77,78].
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The equivalent plastic strain for all of the different slope angles, just before failure,
is shown in Figures 7 and 8 for the two considered materials. The localization of the
plastic strain nuclei in these figures provides an indication of the failure surfaces for the
different slope angles. For smaller slope angles, multiple failure surfaces develop within
the rock mass.
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Figure 8. Equivalent plastic strain as a function of slope angle, Material 2.

A 3D visualization of the displacement is shown for a slope angle of 45◦ for both
material types in Figures 9 and 10. This slope angle was chosen for the tridimensional
presentation as it has the lowest corresponding FoS of 1.45 for the non-associative flow rule
and 1.56 for the associative flow rule. The qualitative results are supported by previous
research conducted using LEM [91–93]. The obtained values also show how parts of the
sloped rock mass outside the slip surface begin to slide once the material becomes unstable.
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Figure 10. Displacement magnitude for a slope angle of 45◦, Material 2.

Next, Figure 11 shows the 2D section displacements of the slope corresponding to
Material 1, for the four slope angles considered, while Figure 12 shows the displacements
for the same angles, but for Material 2.

Regarding the quantitative results, Table 4 summarizes the results obtained for all
four slope angles considered and for both the non-associative flow rule and the associative
flow rule.

It is observed that the FoS values corresponding to the same angle are higher for the
case of the associative flow rule compared to the non-associative flow rule, which was also
demonstrated by Cheng et al. [94].
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Table 4. Results obtained after simulation in all scenarios.

Result Unit
Non-Associative Flow Rule

A = 30◦ A = 35◦ A = 40◦ A = 45◦

FOS 1 2.03 1.79 1.61 1.45
Equivalent plastic strain 1 0–0.26 0–0.26 0–0.26 0–0.26
Displacement magnitude m 0–0.072 0–0.072 0–0.072 0–0.072

Associative flow rule

FOS 1 2.11 1.89 1.71 1.56
Equivalent plastic strain 1 0–0.23 0–0.23 0–0.23 0–0.23
Displacement magnitude m 0–0.072 0–0.072 0–0.072 0–0.072
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The difference in FoS value increases with an increasing friction angle but the differ-
ences between the results are relatively small.

It can also be seen from Table 4 that the values corresponding to the equivalent plastic
strain and the displacement magnitude do not differ between the two flow rules considered.

Also, in regard to the flow rule, the FoS and the locations of the critical failure surfaces
are not greatly affected by the dilatation angle. Compared to past results employing the
LEM approach [91–93], when a non-associated flow rule is assumed, the critical slip surfaces
appear to be closer to those obtained using LEM than those when associated flow rule
is assumed.

For both types of flow rule considered, the in situ stress due to gravity is 2.62 × 105 N/m2.
For the slope geometry considered, the maximum stress is found at the fixed base of the
model. The maximum values for equivalent plastic strain and displacement magnitude
correspond to the junction between the slope and the lower free part of the model.

5. Conclusions

In this study, using simulation and numerical modeling, a stability analysis was
conducted for a hypothetical slope, representative in terms of its geometry, dimensions,
and material characteristics of the waste dumps in the Motru coalfield in the Oltenia region
of Romania. As a result of the simulations, (1) quantitative and qualitative results were
obtained for the factor of safety (FoS) values for four different slope angles, in two plasticity
cases. Naturally, the FoS decreases as the slope angle increases, and for the same slope
angle, the FoS value for the non-associative plasticity case is always lower than that for the
associative plasticity case. This indicates that the influence of considering non-associative
plasticity is insignificant for the material parameter values considered. (2) The simulation
results also provide an intuitive graphical representation of the equivalent plastic strain
values of the studied mass for different slope angles just before the occurrence of failure
(sliding), illustrating the localization of plastic strain nuclei and the failure surface for all
various slope angles. This highlights the development of multiple failure surfaces within
the sloped mass, a phenomenon that is more evident at smaller slope angles. (3) The 3D
extension of the plane section provides a spatial representation of key characteristics like
displacements, deformations, and stresses, which helps to highlight the behavior of the
mass outside the sliding zone. The ability to visualize the magnitude of displacements, not
just relative deformations, across the entire analyzed mass allows for a better estimation of
the rock mass behavior depending on the slope angle and it also enables the correlation of
qualitative aspects related to displacements and deformations with quantitative ones, such
as the FoS, offering more comprehensive information for stability assessment. Moreover, the
possibility of visualizing not only the magnitude of displacements but also the displacement
trend—direction and orientation—at different points within the analyzed area is useful
for predicting the future behavior of the slope. (4) Considering the values obtained for the
FoS, it is more appropriate to use the non-associative flow rule, a conclusion also backed
by [57], where Griffits et al. suggest that this flow rule should be adopted for slope stability
analysis. (5) In most cases, factors like dilatation angle, soil moduli, or domain change
cause differences of just a few percent and are not critical for engineering use of the SSRM.

Regarding the limitations of the SSRM generally, and when used in this research, there
is a possible sensitivity to non-linear solution algorithms and flow rules in certain very
special cases like soft or thin band problems, which is supported by the existing literature.
Also, the method cannot detect other failure surfaces, which, even if less critical than the
SSRM solution, still must be taken into consideration in engineering practice. Finally,
increasing the complexity of the geometry, mesh elements, or additional variables can lead
to very long computing times as compared to the LEM.

As a future research direction, we want to approach the simulation of a similar model
using the FDEM technique using the Geomechanica IRAZU software and compare the
results. Also, again using the COMSOL software, we want to enhance the presented model
by taking into consideration the influence of water infiltration. There is a possibility to
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extend the research outside of the Motru coal basin, namely to the Jilt, Rovinari, or other
coal basins within the Oltenia Region, where there are dumps with different material
characteristics. The model can also be adapted for the evaluation of the working face of
open pit mines.

It can be concluded that the SSRM and LEM both have their respective advantages
and limitations, and neither method is clearly superior for routine analysis and design.
Both approaches offer only an estimation of the FoS and the likely failure mechanism, but
engineers and practitioners should be mindful of the limitations of each method when
conducting analyses and interpreting the results.
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