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Article history: This study aims to analyze the stability of an open-pit coal mine slope at the
. Southern Pit, Block F, PT Garda Tujuh Buana Thk, located in Bulungan

Received July 11, 2026 Regency, North Kalimantan Province. The multi-bench mining system forms

Revised July 23, 2026 a 95 m high slope with an overall slope angle of 35°, consisting of soil,

Accepted August 28, 2026 claystone, sandstone, siltstone, and coal layers. Slope stability analysis was

conducted under static conditions using the Limit Equilibrium Method (LEM)

through Slide2 software, applying the Morgenstern—Price and Spencer
Keywords: methods. The geotechnical input parameters were obtained from laboratory
Slope Stability, Factor of testing of 51 material samples. The analysis results showed deterministic
' . Factors of Safety (FoS) of 1.239 using the Morgenstern—Price method and
Safety, Mor_genstern—Prl_ce, 1.241 using the Spencer method, with a very small difference of 0.002.
Spencer, Slide2, Coal Mine Probabilistic analysis resulted in a Probability of Failure (PF) of 0.000% and
a Reliability Index (RI) greater than 4.8 for both methods, indicating that the
risk of slope failure under current static conditions is very low. The identified
critical slip surface extends from the crest to the toe of the slope, indicating an
overall slope failure mechanism. Based on the Decree of the Minister of
Energy and Mineral Resources Number 1827 K/30/MEM/2018, the minimum
FoS criterion for an overall slope is 1.30. Although the slope is currently
considered stable because the FoS is greater than 1.0, the FoS values below
the required safety criterion place the slope in the critical or marginally stable
category. Slope management strategies are therefore recommended, including
periodic FoS evaluation, regular geotechnical monitoring, groundwater level
monitoring, and adjustment of slope geometry according to the design to
prevent potential slope failures in the future.
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INTRODUCTION

PT Garda Tujuh Buana Tbk is a coal mining company in Indonesia located on Bunyu Island, Bulungan
Regency, North Kalimantan Province. The company employs an open-pit mining method in its mining
operations. Open-pit mining generally creates slopes within the mining area that require stability analysis to
prevent geotechnical failures. In open-pit mining, slope stability analysis is necessary for slopes formed
through excavation or material placement to ensure the safety of the design (Bria & Isjudarto, 2015). Slope
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stability analysis aims to determine the Factor of Safety (FoS), which provides information regarding whether
a slope is stable or unstable. In addition to potentially causing substantial material losses to the company, slope
failures can disrupt mining operations. Therefore, geotechnical investigations are essential to minimize such
risks (Ma’rief et al., 2022).

In general, the geotechnical conditions at PT Garda Tujuh Buana, particularly in the Southern Pit, Block
F, indicate that the slope is relatively safe but has a critical level of stability. However, the characteristics of
the slope-forming materials and the existing slope geometry may still pose a potential risk of geotechnical
failure, particularly slope instability. Such failures may result in landslides that could compromise occupational
safety and disrupt production operations. Based on the aforementioned conditions, slope stability analysis
needs to be conducted at PT Garda Tujuh Buana, specifically in the Southern Pit, Block F, to identify the slope
safety conditions and prevent potential slope failures. Slope stability can be assessed by evaluating the Factor
of Safety to provide appropriate recommendations for improving slope stability in Block F, Southern Pit. This
study employs the Morgenstern—Price and Spencer methods to analyze slope stability. The results obtained
from both methods are used to determine the Factor of Safety (FoS) and evaluate potential slope failure
mechanisms at the Southern Pit, Block F, PT Garda Tujuh Buana Thk.

METHOD

This study was conducted through three main stages: the preliminary stage, data collection, and data
processing. The preliminary stage involved administrative preparation and a literature review to establish a
theoretical framework relevant to slope stability analysis. The data collection stage integrated both primary and
secondary data. Primary data were obtained directly from the field, including slope geometry measurements
using a total station at the crest, mid-slope, and toe points, as well as direct lithological observations of rock
outcrops, which were verified against the company's borehole log data. In addition, groundwater levels were
monitored through the installation of piezometers to obtain accurate hydrogeological parameters. Secondary
data consisted of company technical documents and laboratory test results from 51 samples, including unit
weight, cohesion, and internal friction angle from five rock units: soil, claystone, sandstone, coal, and siltstone.
These data were used as supporting parameters in the analysis.

During the data processing stage, field measurements of slope geometry were converted into two-
dimensional cross-sections to represent the actual conditions of the Southern Pit, Block F. The geotechnical
parameters obtained from laboratory testing were then statistically analyzed using Microsoft Excel to determine
the mean, minimum, maximum, and standard deviation values as representations of the material characteristics.
All data were subsequently integrated into Slide2 software for slope stability modeling. Slope stability analysis
was performed using the Spencer and Morgenstern—Price methods to calculate the Factor of Safety (FoS) and
identify the critical slip surface as an indicator of slope stability in the study area.
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RESULTS AND DISCUSSION
Slope Stability Analysis of the Southern Pit, Block F

Slope stability analysis was conducted to evaluate the ability of the Southern Pit, Block F, slope to
maintain equilibrium against the forces acting under static conditions. The slope model was developed based
on the actual cross-sectional geometry and the geotechnical parameters of each rock layer obtained from
laboratory testing, assuming static conditions without considering dynamic loads or other external loads. All
parameters were processed using Slide2 software based on the Limit Equilibrium Method (LEM), employing
the Morgenstern—Price and Spencer methods. These methods were selected because both satisfy force and
moment equilibrium simultaneously, making them suitable for analyzing complex and layered slope
geometries such as those encountered in the study area.

The results of the analysis using the Morgenstern—Price method are presented in Figure 1. The
deterministic Factor of Safety (FoS) obtained was 1.239, with a Probability of Failure (PF) of 0.000%. The
Reliability Index (RI) was 4.902 for the normal distribution and 5.552 for the lognormal distribution.
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Figure 1. Slope stability analysis results using the Morgenstern—Price method

The results of the analysis using the Spencer method are presented in Figure 2. The deterministic Factor
of Safety (FoS) obtained was 1.241, with a Probability of Failure (PF) of 0.000%. The Reliability Index (RI)
was 4.802 for the normal distribution and 5.431 for the lognormal distribution.
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Figure 2. Slope stability analysis results using the Spencer method

The difference in the FoS values between the two methods was only 0.002 (approximately 0.16%),
while the Probability of Failure (PF) for both methods was 0.000%. Both methods also produced critical slip
surfaces at relatively similar locations, originating from the slope crest and intersecting the soil, sandstone,
claystone, siltstone, and coal layers before emerging at the slope toe, with a rotational failure mechanism. This
agreement indicates that the differences in assumptions regarding the distribution of interslice forces—parallel
interslice forces in the Spencer method and a more flexible force distribution function in the Morgenstern—
Price method—did not significantly affect the final results of this model. Slope geometry and the shear strength
parameters of the materials were more influential in determining the location of the slip surface and the
magnitude of the FoS than the choice of calculation method.

The consistency of the model with field conditions is supported by several observations obtained during
the study. The overall slope geometry used in the model, consisting of a 95 m slope height, 35 m upper bench
width, and 35° overall slope angle, was consistent with direct field measurements. The lithological sequence
interpreted from the borehole log also corresponded to the material layering represented in the model cross-
section, namely soil, sandstone, claystone, coal, and siltstone. In addition, visual observations conducted in the
field during the study did not indicate the presence of tension cracks or excessive stress manifestations on the
slope surface, which qualitatively corresponds with the FoS values obtained from the analysis, which remained
above one. However, this validation is qualitative and does not yet include slope movement monitoring using
geotechnical instrumentation or back-analysis based on historical slope failures. Therefore, the analysis results
should be considered a representation of the slope conditions at the time of data collection and should be
supported by continued monitoring.

Based on Decree of the Minister of Energy and Mineral Resources Number 1827 K/30/MEM/2018, the
recommended minimum FoS for an overall open-pit mining slope under static conditions is 1.30. The FoS
values obtained in this study, 1.239 and 1.241, remain below this threshold, indicating that the Southern Pit,
Block F slope falls into the critical (marginally stable) category. Although slope failure has not occurred
because the FoS values remain above one, the safety margin is relatively small, making the slope vulnerable to
changes in field conditions, such as mining progression, increased pore-water pressure during the rainy season,
or weathering of materials around the crest. This condition requires control of the slope geometry according to
the design, effective drainage management, and regular geotechnical monitoring to ensure that the FoS does
not decrease below the acceptable safety limit during mining operations.
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Strategy for Analyzing Potential Slope Failures

The identification of potential slope failures in this study was based on the Factor of Safety (FoS)
obtained from the Slide2 analysis, with reference to the threshold specified in Decree of the Minister of Energy
and Mineral Resources Number 1827 K/30/MEM/2018 as the primary criterion for determining slope stability
status. To strengthen the interpretation of the FoS values, probabilistic analysis results, including the
Probability of Failure (PF) and Reliability Index (RI), as well as the location and mechanism of the critical slip
surface and the field validation results presented in Subsection 4.2, were also considered as supporting
evidence. These parameters were used to explain how the critical condition indicated by the FoS values may
manifest in the actual slope conditions of the Southern Pit, Block F.

The deterministic FoS values obtained from the analysis, namely 1.239 using the Morgenstern—Price
method and 1.241 using the Spencer method, were below the recommended minimum value of 1.30 for an
overall slope under static conditions. Therefore, the slope was classified as critical (marginally stable). The PF
value of 0.000% obtained from both methods indicates that none of the parameter combinations generated
during the probabilistic simulations resulted in an FoS below one. Meanwhile, RI values greater than 4 for the
normal distribution and 5 for the lognormal distribution indicate a relatively large distance between the mean
model condition and the failure condition. These results indicate that the risk of slope failure under the current
static conditions is relatively low, despite the relatively narrow safety margin indicated by the FoS values.

The critical slip surfaces identified by both methods developed from the crest toward the toe of the slope
and intersected nearly all of the constituent layers, namely soil, sandstone, claystone, siltstone, and coal. This
indicates an overall slope failure mechanism rather than a failure confined to a single bench. Consequently, if
slope conditions deteriorate, the potentially affected area would not be limited to one bench but could involve
the entire slope body, with potential impacts extending to mine access roads and working areas around the
slope toe. This condition is further supported by the field validation results presented in Subsection 4.2, in
which the modeled geometry was consistent with actual field measurements, the lithological sequence in the
model corresponded to the borehole log data, and visual field observations did not indicate tension cracks or
excessive stress manifestations on the slope surface.

Based on the evaluation results, an analysis strategy for identifying potential slope failures in slopes
with similar characteristics can be developed by using the FoS as the primary reference and strengthening the
assessment through two complementary approaches. First, the FoS obtained from deterministic analysis should
be directly compared with the threshold specified in Decree of the Minister of Energy and Mineral Resources
Number 1827 K/30/MEM/2018 to rapidly determine the slope stability status. When the evaluation indicates
a critical category, as observed in this study, probabilistic analysis involving PF and RI should be conducted
as a subsequent step to assess the likelihood of the FoS decreasing below one. This is important because a
marginal FoS alone may not adequately describe the actual level of slope failure risk. Second, the mapped
location and mechanism of the critical slip surface should be used to determine priority monitoring areas. In
the case of the Southern Pit, Block F, the identified overall slope failure pattern indicates that monitoring should
cover the entire slope body rather than being limited to a particular bench. This strategy allows slope stability
evaluation to be conducted progressively, beginning with the FoS as an initial indicator, followed by
probabilistic analysis and critical slip-surface mapping when the FoS falls within the critical category. Thus,
potential slope failures can be identified more systematically before appropriate slope management measures
are established.

Based on the FoS values classified as critical and supported by PF and R1 values indicating a low failure
risk under current static conditions, the Southern Pit, Block F slope can be considered stable in the short term
but with a narrow safety margin. This condition may change if any of the controlling factors deteriorate, such
as mining progression that alters the slope geometry, increased pore-water pressure during the rainy season, or
reduced material shear strength due to weathering, particularly within the claystone layer that dominates the
cross-section. Therefore, the current slope condition requires continuous monitoring, particularly of changes
in slope geometry and hydrogeological conditions, so that any reduction in the FoS can be detected before
developing into a potential slope failure.
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CONCLUSION

Based on the results of the analysis and discussion of slope stability at the Southern Pit, Block F, PT
Garda Tujuh Buana Tbk, using the Morgenstern—Price and Spencer methods, several conclusions can be drawn.
The geotechnical conditions and slope geometry of the Southern Pit, Block F indicate that the slope consists
of several material units, namely soil, claystone, sandstone, siltstone, and coal, each exhibiting different
geotechnical characteristics based on the unit weight, cohesion, and internal friction angle obtained from
laboratory testing. The slope geometry forms a multi-bench slope, with relatively continuous rock layers
following the slope inclination. The combination of slope geometry and geotechnical characteristics results in
an overall slope failure mechanism, indicating that slope stability is governed by the behavior of the entire rock
mass rather than by a single bench.

The Factor of Safety (FoS) analysis using Slide2 software showed that the Morgenstern—Price method
produced an FoS of 1.239, while the Spencer method produced an FoS of 1.241 under static conditions without
considering dynamic loads or other external loads. The difference between the two values was only 0.002,
indicating a high degree of consistency between the two methods in evaluating slope stability. Based on these
results, the slope remains in an equilibrium condition because the FoS values are greater than one. However,
when compared with the criteria recommended in Decree of the Minister of Energy and Mineral Resources
Number 1827 K/30/MEM/2018, the FoS values indicate that the slope is in a critical (marginally stable)
condition and therefore has a relatively limited safety margin.

Potential slope failure was identified by using the FoS as the primary reference, supported by a
Probability of Failure (PF) of 0.000% and a Reliability Index (RI) greater than 4 for both methods. These
results indicate that the risk of slope failure under the current static conditions is relatively low, despite the
narrow FoS safety margin. The identified critical slip surface extends from the crest to the toe of the slope and
intersects nearly all constituent layers, indicating an overall slope failure mechanism that could affect the entire
slope body if stability deteriorates. This identification is further supported by field validation, including the
consistency between the modeled geometry and actual field measurements, the consistency between the
modeled lithology and borehole log data, and the absence of tension cracks or indications of excessive stress
on the slope during the study. Based on these findings, a tiered analysis strategy is proposed for identifying
potential slope failures in slopes with similar characteristics, beginning with an evaluation of the FoS against
the threshold specified in Decree of the Minister of Energy and Mineral Resources Number 1827
K/30/MEM/2018 as the initial indicator, followed by probabilistic analysis when the FoS falls within the
critical category, and mapping of the location and mechanism of the critical slip surface to determine priority
monitoring areas.
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