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ABSTRACT. The research area was located in the west pit of the open pit coal mine of PT.
Tawabu Mineral Resource (TMR) in Bengalon District, East Kutai Regency, East Kaliman-
tan Province, Indonesia. Several landslides drove the research in the area; however, the re-
maining slopes’ engineering geological conditions and stability have not been evaluated.
This study’s objectives were to understand better the engineering geological conditions
and stability of the research area. The geological engineering conditions (i.e., geomorphol-
ogy, rock and soil, geological structure, and groundwater conditions) were evaluated by
photogrammetric analyses, field observations, and analyses of borehole logs and labora-
tory test results. The slope stability analyses were first carried out by conducting back sta-
bility analyses of failed slopes on the northern lowwall slope segment. The shear strength
parameters obtained from the back analyses were then used for forward stability analyses
of the remaining 10 lowwall and highwall slopes. The slope stability analyses involved
deterministic and probabilistic analyses, under static and dynamic, using the limit equi-
librium method (LEM). The results showed that the research area and the surroundings
consisted of two geomorphological units: the alluvial plain and structural hills. Rocks
in the study area consisted of claystone, sandstone, and coal with a general layer strike
direction of N59°E – N63°E with a dip of 19°–26°. These rocks were grouped into two
lithological units: alternating sandstone and claystone unit, and alternating claystone and
coal unit. The geological structures were identified on the highwall, from west to east,
namely a major sinistral shear fault with a relative direction of NNE–SSW, two minor
sinistral shear faults with a relative direction of NE–SW, and a major dextral shear fault
with a relative direction of NW–SE. These geological structures were interpreted as being
formed by the folding process. The groundwater level was estimated at -45 m to 20 m.
The slope stability analyses showed that only the East HW-4 slope, located on the east
highwall, was unstable. It is recommended to optimize the slope by either lowering the
groundwater elevation by 4 m from the actual level or by reducing the overall slope angle
to 31°.

Keywords: Back stability analysis · Coal mine · Engineering geology · Forward stability
analysis · Slope optimization.

1 INTRODUCTION

Characterization of geological engineering con-
ditions needed to be carried out in evaluating
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slope stability at a research location. Ulusay
(2013, 2019) emphasizes the importance of har-
monizing engineering geology with rock engi-
neering on the stability of natural and engi-
neered rock slopes. Gonzalez de Vallejo and
Ferrer (2011) explained that engineering geo-
logical investigations need to be carried out to
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provide a geological and geotechnical descrip-
tion of the excavation area, to obtain the param-
eters needed for stability analysis, slope design,
and stabilization and drainage measures. Some
aspects of engineering geology that need to be
investigated in slope stability analysis are geo-
morphological conditions, rock and soil condi-
tions (stratigraphy, lithology, and geomechani-
cal properties), geological structures, hydroge-
ological conditions, and other factors such as
static and dynamic loads (Bell, 2007; Gonzalez
de Vallejo and Ferrer, 2011).

Stacey (2010) stated that designing the slope
of an open pit mine is aimed at providing op-
timal excavation configuration in the context of
safety, ore/coal recovery, and financial return.
Bell (2007) further emphasized that the stabil-
ity of slopes is a critical factor in open excava-
tion. The character of the rocks and soils and
their geological setting must be investigated to
accomplish optimum excavation economically
and safely. Thus, evaluating the slope stabil-
ity of the research location is crucial in ensur-
ing that the safety and economic aspects of the
mine are optimum.

The research location is in the West Pit of
an open pit coal mine within the area of the
Mining Business Permit (IUP) owned by PT.
Tawabu Mineral Resources (TMR). Administra-
tively, the research area is located in East Sep-
aso Village, Bengalon District, East Kutai Re-
gency, East Kalimantan Province. Along with
the progress of the mining process over the last
few years at the research site, there have been
several slope failures accompanied by the for-
mation of tension cracks in the research area.
This phenomenon signifies the importance of
slope stability evaluation in the study area.

Several studies have been carried out around
the research area, including geological mapping
and coal resource calculations (Sandria, 2014),
slope stability evaluation, and landslide vol-
ume prediction in the east pit (Santoso, 2022).
However, no study has evaluated slope stabil-
ity in the west pit of the PT. TMR. This research
needed to be carried out as an evaluation of the
condition of mine slope stability in accordance
with the criteria specified in the Minister of En-
ergy and Mineral Resources Decree of the Re-
public Indonesia No. 1827 K/30/MEM/2018
(ESDM Ministry, 2018), as well as providing

recommendations for optimization that can be
done based on the results of the evaluation.

2 THEORY

Gonzalez de Vallejo and Ferrer (2011) describe
that slope stability is influenced by geometric
factors (height and angle), geological factors
(which control the presence of surface and weak
zones and anisotropy on slopes), hydrogeolog-
ical factors (related to the presence of water)
and geomechanical factors (strength, deforma-
bility, and permeability). Aspects of engineer-
ing geology can represent these factors. Geo-
metric factors can be explained through geo-
morphological analysis, geological factors can
be described through stratigraphic and struc-
ture analysis, hydrogeological factors are repre-
sented by groundwater table elevation analysis,
and geomechanical factors are represented by
index and mechanical properties. Gonzalez de
Vallejo and Ferrer (2011) also explain that fac-
tors influencing slope stability can be character-
ized into 2 categories: conditioning factors and
triggering factors. Conditioning factors are ge-
ological, hydrogeological, and geotechnical fac-
tors intrinsic to natural materials, while trigger-
ing factors are external factors that act on soils
and rock masses, modifying their characteris-
tics and properties and conditions of the slope
equilibrium.

The limit equilibrium method (LEM) is com-
monly used for slope stability analyses. This
method is relatively simple and reliable in mod-
eling and predicting slope stability conditions.
This allows the evaluation of several param-
eters that affect slope stability, such as natu-
ral stresses, dynamic forces, and water pres-
sure (Gonzalez de Vallejo and Ferrer, 2011).
Gonzalez de Vallejo and Ferrer (2011) also ex-
plained that the LEM analyzes potentially un-
stable masses by comparing the resisting forces
with the tending to slide along a slip plane.
The equilibrium equation between the resisting
force and the driving force can be expressed as
a factor of safety (FS), where FS = 1, indicating
that the forces acting on the slope are in equilib-
rium. One widely used calculation technique
in the LEM is the Morgenstern-Price equation
(Morgenstern and Price, 1965). This formula
considers the force equilibrium in the x and y
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directions and the moment equilibrium (Lorig
et al., 2010; Abramson et al., 2002).

This study also carried out probabilistic
method calculation to accommodate the slope
stability criteria specified in the ESDM Ministry
(2018). The probabilistic method calculates
the probability of a slope sliding under cer-
tain conditions, where the distribution function
of the parameters taken into account must be
known, which is considered a random variable
in the analysis. The safety factor is calculated
based on this function using an iterative pro-
cess (Gonzalez de Vallejo and Ferrer, 2011).
Probabilistic methods are generally used and
aimed at statistically characterizing the safety
factor for a statistical input of rock mass param-
eters (Abdulai and Sharifzadeh, 2019). There
is a linear relationship between the probability
of landslides and the occurrence of landslides,
while on the other hand, there is no definite
relationship between the safety factor and the
occurrence of landslides (Tapia et al., 2007;
Abdulai and Sharifzadeh, 2019). In the prob-
abilistic method, the level of slope stability is
defined in terms of Probability of Failure (PoF
or PF), which shows the ratio between the num-
ber of model simulations experiencing failure
(FS < 1) and the total number of simulations.
The deterministic concept has been described
by Tapia et al. (2007) and Steffen et al. (2008).
The slope stability criteria used in this study
refer to the Guidelines for implementing Good
Mine Engineering Rules specified in the ESDM
Ministry (2018).

The slope stability criteria are determined
based on the type of slope and the consequence
of failure (CoF), with criteria in the form of
minimum static FS, minimum dynamic FS, and
maximum PF. In this study, slope stability anal-
ysis was carried out on the overall slope with a
low CoF. Thus, the criteria used are as follows:

• Minimal FSstatic = 1.2–1.3

• Minimal FSdynamic = 1.0

• Maximum PoF = 15–20%

3 LOCATION AND REGIONAL GEOLOGY OF

STUDY AREA

The research location is the West Pit of an open
pit coal mine covering an area of 0.31 km2

which is in the area of the Mining Business Per-
mit (Izin Usaha Pertambangan/IUP) owned by
PT. Tawabu Mineral Resources (TMR). This lo-
cation is administratively located in East Sepaso
Village, Bengalon District, East Kutai Regency,
East Kalimantan Province. The research site is
located about 1.8 km to the east of the conflu-
ence of the Keraitan River with the Bengalon
River or about 20 km to the north of the city of
Sangatta, the capital of East Kutai Regency. The
map of the research location is shown in Fig-
ure 1.

Based on the physiography, the research area
is located in the Lower Kutai Basin (Nuay et
al., 1985 in Bachtiar, 2004; Moss and Chambers,
1999). According to Moss and Chambers (1999),
the Lower Kutai Basin is bounded by 2 fault
zones with an NW–SE trend, the Sangkulirang
Fault in the north and the Adang Fault/Adang
Flexure in the south. These fault zones and their
offsets extend toward land and sea (Cloke et al.,
1999). There is a Bungalun/Bengalon lineament
with a relatively NW-SE direction which con-
trols the direction of the Bengalon River flow.

Based on the Geological Map of Sangatta No.
1916 with a scale of 1:250000 (Sukardi et al.,
1995), the rocks in the study area consist of
the Menumbar Formation (Tmme). This for-
mation is composed of alternating chalky mud-
stones with limestone at the bottom and, at the
top massive sandstones containing glauconite,
which exhibits cross-bedding. Chalky mud-
stone indicates the age of the upper Middle
Miocene to the lower Late Miocene. The upper
part of this formation is found to be interfin-
gered with the Balikpapan Formation (Tmbp).
Menumbar formation was deposited in an in-
ner to the outer neritic marine environment,
with a rock thickness of about 1000 meters.

There is no major geological structure in the
study area. However, according to Sukardi et
al. (1995) and Bachtiar et al. (2013a, 2013b),
there are several geological structures scattered
around the study site, most of them are fold sys-
tems (anticline and syncline), and there is a Ben-
galon sinistral strike-slip fault to the southwest
of the study area.

4 METHODS

The research went through two stages: data col-
lection and analysis. The following is the se-
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FIGURE 1. Location map of the research area.

quence of stages of research and the work car-
ried out at each stage. In the data collection
stage, secondary data and primary data used
in the analysis phase were collected. Secondary
data includes pre-mining and post-mining to-
pographic maps, CPT data, drilling data, lab-
oratory test results of physical and mechan-
ical properties, earthquake loads as dynamic
loads, heavy equipment loads as static loads,
and previous geological investigations. Pri-
mary data includes aerial photographs using
UAV/drone and observing geological field con-
ditions. Aerial photographs were taken ver-
tically in bright lighting conditions for result-
ing good photos. A total of 381 aerial photos
were taken on 9 February 2022 and 146 aerial
photographs on 11 February 2022, and these
two data complement each other in their use in
further analysis. Aerial photographs are pro-
cessed in Agisoft Metashape Professional soft-
ware version 1.8.0 to produce orthomosaic, 3-
dimensional models and DEM. The data col-
lected through aerial photography is carried
out because this method is safer, considering
the condition of the research location, which
is an active operational mine with slope stabil-
ity condition that has not been verified. In ad-
dition, this method allows observations to be
more efficient in terms of time and can observe
areas that are difficult to access in the field.

In the analysis stage, an analysis of geological

engineering conditions is carried out, including
geomorphological analysis (i.e., drainage pat-
terns, lineament patterns, slopes), rock and soil
analysis (stratigraphy, index, and mechanical
properties), geological structure analysis (i.e.,
type, location, and orientation of faults), and
analysis of groundwater table elevation. The
geomorphological analysis was done by ana-
lyzing the pre-mining topography and DEM.
The rock and soil analysis was done by ana-
lyzing geological observation from field obser-
vation and aerial photographs, CPT, drilling,
and laboratory results. The determination of
rock units followed the guidelines given by
the Indonesian Stratigraphy Code (IAGI, 1996)
regarding unofficial rock units. Rocks in the
study area were divided based on lithostrati-
graphic units, which are intended to classify
rocks systematically into named units based on
lithological characteristics. The structural geol-
ogy analysis was done by analyzing geological
observations from field observations and aerial
photographs. The groundwater level analy-
sis was done by plotting and interpolating the
elevation of 40 sample points of surface wa-
ter ponds which were assumed to be a man-
ifestation of groundwater evidenced by seep-
ages around the ponds, as there were no avail-
able groundwater level measurements. These
analyses explain engineering geological con-
ditions and considerations in modeling slope
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stability. Slope stability analysis was carried
out using the deterministic LEM method and
the probabilistic method using the Rocscience
Slide software. The deterministic analysis was
carried out using the Morgenstern-Price equa-
tion. Probabilistic analysis was carried out us-
ing the sampling method with a Monte-Carlo
simulation of 1000 samples. Slope stability
analysis was carried out on 10 profiles repre-
senting the Lowwall (LW), East Highwall (East
HW), and West Highwall (West HW) segments
to obtain the Factor of Safety (FS) and Prob-
ability of Failure (PoF) values. These values
were then compared with the criteria for slope
stability of the ESDM Ministerial Decree No.
1827 K/30/MEM/2018 (ESDM Ministry, 2018)
to identify unstable slope segments for further
recommendations for slope design optimiza-
tion.

5 RESULTS AND DISCUSSION

5.1 Engineering geological conditions

The results of the photogrammetric analysis of
the research area are shown in Figure 2, which
shows the mine situation, pit boundary, slope
stability analysis profile lines, drilling points,
CPT points, landslide delineation, fault offsets,
and surface water pond boundaries. Based
on the photogrammetric analysis, several circu-
lar landslide bodies were identified in the re-
search area, located on the slopes of the south-
ern Highwall, northern Lowwall, and western
Lowwall. Some landslides are associated with
tension cracks and surface water ponds. The
relatively large landslides occur on the Lowwall
slope (northern slope), which tends to be gen-
tler than the Highwall slope (southern slope).
Landslides in this zone are interpreted to occur
due to weak areas along the saturated rock lay-
ers with associating tension cracks. The pres-
ence of a water-saturated zone is characterized
by the presence of standing water at the top and
foot of the slope. A detailed aerial photograph
showing the landslide delineation is shown in
Figure 3.

Geomorphological analysis was carried out
to estimate the subsurface geological conditions
manifested in the geomorphological conditions
on the surface through the study of DEM data
and pre-mining topography. The geomorpho-

logical analyses carried out in this study were
the analysis of drainage patterns, morphologi-
cal lineament patterns, slope class, and the de-
termination of geomorphological units. The
drainage pattern map of the research location is
shown in Figure 4. Based on this map, the up-
stream of smaller intermittent tributary rivers
originates from hill inlets which generally face
each other and meet on longer subsequent in-
termittent rivers, which are relatively parallel
to the longitudinal direction of the hills. Sur-
face meteoric water (runoff) that falls on the top
of the hills then descends through the recesses
of the hills. These recesses are interpreted to
be formed due to the presence of joints and
faults that are permeable zones and more eas-
ily eroded than the surrounding zone. Based
on intermittent river delineation, the drainage
pattern that developed at the research site was
trellis. According to Howard (1967), the trel-
lis pattern is caused by several geological con-
trols, including dipping or folded sedimentary
rocks and areas with parallel fractures. The
modified drainage pattern relevant to the study
area’s geomorphological conditions is a direc-
tional trellis formed due to the influence of ho-
mocline morphology with a gentle slope. The
morphological lineament pattern map that has
been analyzed is shown in Figure 5. Generally,
the morphological lineament pattern in the sur-
rounding research area has the main trend of
NW–SE and NE–SW. The drainage pattern map
of the research location is shown in Figure 6.
Based on this map, the upstream of smaller in-
termittent tributary rivers originates from hill
inlets which generally face each other and meet
on longer subsequent intermittent rivers, which
are relatively parallel to the longitudinal direc-
tion of the hills. Surface meteoric water (runoff)
that falls on the top of the hills then descends
through the recesses of the hills. These re-
cesses are interpreted to be formed due to the
presence of joints and faults that are perme-
able zones and more easily eroded than the
surrounding zone. The drainage pattern de-
veloped at the research site was trellis based
on intermittent river delineation. According to
Howard (1967), the trellis drainage pattern is
caused by several geological controls, includ-
ing dipping or folded sedimentary rocks and
areas with parallel fractures. The modified
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drainage pattern relevant to the study area’s ge-
omorphological conditions is a directional trel-
lis formed due to the influence of homocline
morphology with a gentle slope. Based on
the standardized geomorphological classifica-
tion for geological mapping (Bermana, 2006),
the main aspects analyzed in geomorphologi-
cal mapping are morphology/morphography,
morphometry, and morphogenesis. Two ge-
omorphological units have been identified at
the study site: an alluvial plain and structural
hills. Based on Van Zuidam slope classification
(1983), the alluvial plain unit has a flat to gentle
slope (0–7%), while the structural hills unit has
a slightly steep to the steep slope (more than
14%). The distribution of pre-mining geomor-
phological units in the study area is shown on
the geomorphological map (Figure 6).

Rock conditions include determining rock
units and the index and mechanical properties
of rocks at the research site. The stratigraphic
layer of rocks in the research area generally has
a strike ranging from N59°E – N63°E with a dip
of 19°–26°. There were few variations in the di-
rection of bedding observed at the research site,
so the bedding tends to be uniform. The lithol-
ogy found at the research site generally consists
of claystone, sandstone, and coal. The follow-
ing is a general description of each lithology en-
countered at the study site:

• Claystone: light gray – brownish gray;
lamination and bedding structures; clay
grain size (<1/256 mm), good sorting,
closed fabric; composed of clay minerals
and organic material.

• Sandstone: yellowish white – brownish
white; cross-bedding structure; fine –
medium grain size, good sorting, closed
fabric; composed of the siliciclastic min-
eral.

• Coal: dark gray – black; bedding structure;
clay grain size (<1/256 mm), good sorting,
closed packaging; organic material compo-
sition.

Based on the collection of lithological types,
there were 2 rock units identified, from old to
young, namely the alternating claystone and
coal unit, then the alternating sandstone and
claystone unit. The unit boundary was marked

by the occurrence of a sandstone layer which
becomes the keybed along the strike plane of
the bedding. The distribution of these two rock
units is shown on the geological map of the re-
search area (Figure 7). The geological profiles
A–A’ and B–B’ are shown in Figure 8. The in-
dex and mechanical properties used in the slope
stability analysis were obtained based on the
results of laboratory tests of drilling samples,
summarized in Table 1. There are no statisti-
cal parameters for coal because there was only
1 available sample.

Field observations and aerial photo analy-
sis identified several strike-slip faults along the
Highwall slope south of the research area (Fig-
ure 7). The faults identified from west to east
were: a major oblique sinistral shear fault with
an NNE–SSW direction (called Fault 1), 2 minor
sinistral shear faults with a NE–SW direction,
and a major dextral shear fault with an NW–SE
relative direction (called Fault 2). Faults 1 and 2
were assumed to be conjugate faults in contact
with each other. Stereographic analysis of con-
jugate faults showed that the major, intermedi-
ate, and minor principal stresses (σ1, σ2, and σ3)
have N43°E, N168°E, and N264°E orientations,
respectively (Saksono, 2022). The formation
of geological structures at the research location
can be interpreted and explained using Stearns’
Model, as explained by Saksono (2022). This
model was developed by Stearns (1968), sum-
marized by Bergbauer and Pollard (2004), and
redefined by Davis et al. (2012). The model ex-
plained the fracture patterns (joints and faults)
that can develop in rock layers during forming
of large anticline structures. The rock layers at
the research location are assumed to be anticline
limbs based on regional geological conditions
around the study site, indicating the presence
of folding systems (Sukardi et al., 1995). Based
on the Stearns Model, the research location is
characterized as System 2, where there are 2 sets
of conjugate faults (Fault 1 and Fault 2) and 1
set of mode I tensile joints (represented by the
NE–SW lineament pattern and minor sinistral
strike-slip NE–SW faults). This system is lo-
cated above a ‘neutral surface’ in the stretching
zone.

The groundwater level (GWL) analysis re-
sults are displayed on the map of groundwa-
ter elevation and flow interpretation of the re-
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TABLE 1. Statistics of material design parameters based on laboratory test results.

Material Parameter Min Max Mean
Standard
Devia-
tion

Coefficient
of

Variation
(COV)

Characteristic
value, xk

(Schneider,
1997)

Clay-
stone

Unit weight, γ (kN/m3) 17.30 20.90 19.09 1.00 0.05 18.59
Peak shear
strength

cp (kPa) 45.40 297.14 131.71 74.42 0.57 94.50
φp (°) 18.00 40.78 30.47 7.15 0.23 26.89

Residual
shear strength

cr (kPa) 33.54 172.30 88.92 41.68 0.47 68.08
φr (°) 12.50 29.25 21.36 5.29 0.25 18.71

Sand-
stone

Unit weight, γ (kN/m3) 16.17 19.36 18.35 1.15 0.06 17.78
Peak shear
strength

cp (kPa) 88.26 326.56 166.79 113.42 0.68 110.09
φp (°) 27.92 40.44 35.28 5.87 0.17 32.35

Residual
shear strength

cr (kPa) 43.25 183.87 114.36 58.00 0.51 85.37
φr (°) 21.64 31.34 26.18 3.63 0.14 24.37

Coal

Unit weight, γ (kN/m3) - - 16.43 - - -
Peak shear
strength

cp (kPa) - - 61.49 - - -
φp (°) - - 27.92 - - -

Residual
shear strength

cr (kPa) - - 42.27 - - -
φr (°) - - 18.02 - - -

search area (Figure 9). The GWL elevation in
the study area was interpreted to range from
-45 m to 20 m above sea level. Areas outside
the pit boundaries generally had a groundwa-
ter level of more than 0 m. The lowest GWL
elevation was at -45 m levels which were inter-
preted as being located in the middle of the re-
search area, which was manifested as a water
pond experiencing groundwater seepage from
the surrounding rocks.

5.2 Slope Stability

Back analysis was carried out on the lowwall
slope represented by the LW-4 profile (the loca-
tion of the profile can be seen in Figure 2). Sev-
eral landslides are identified around this slope
segment, one of which is a landslide cut off
by the LW-4 profile. Field observations and
aerial photographs show that these landslides
occurred in claystone, sandstone, and coal lay-
ers.

Back analysis was carried out by reducing the
rock shear strength parameter until it was close
to reaching the critical condition (FS = 1.0) to
simulate the slope condition when the landslide
occurred. Slope stability analysis of LW-4 us-
ing the peak shear strength parameter, which
was characterized according to the method of
Schneider (1997), as shown in Table 2, resulted

in the value of FS = 1.25. Back analysis was then
carried out by reducing the rock shear strength
parameters. The sensitivity curve of the clay-
stone and sandstone shear strength parameters
is shown in Figure 10. Coal shear strength pa-
rameters were not included in this curve be-
cause there was only 1 test data, and unable
to be characterized statistically. Based on this
curve, the cohesion parameter (c) of claystone
is the most sensitive parameter, followed by the
angle of friction (φ) of claystone. Parameters c
and φ of sandstone appeared to show low sen-
sitivity to changes in slope safety factor. Based
on this information, parameter reduction was
carried out on the claystone shear strength pa-
rameters. Several trials on reducing the shear
strength parameter have been carried out un-
til finally, it was found that a 20% reduction in
the claystone peak shear strength parameter re-
sulted in a safety value close to critical, where
FS = 1.052. The design parameters of the back
analysis results are shown in Table 2. The back
analysis model for slope stability LW-4 is shown
in Figure 11.

Slope stability analysis was carried out on
10 profiles representing highwall and lowwall
slope segments. Slope material design param-
eters used the value of the back analysis re-
sults in Table 2. The highwall slope is located
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TABLE 2. Parameters of rock shear strength resulting from back analysis of LW-4 profile.

Material
Name

Color Unit Weight
(kN/m3)

Strength Type Cohesion
(kPa)

Phi (deg) Water Surface Hu Type

Claystone 18.59 Mohr-Coulomb 75.6 21.512 Water Surface Constant

Sandstone 17.78 Mohr-Coulomb 110.09 32.34 Water Surface Constant

Coal 16.426 Mohr-Coulomb 61.487 27.92 Water Surface Constant

FIGURE 10. The sensitivity curve of the peak shear strength parameter to the slope safety factor LW-4.
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FIGURE 11. Back analysis slope stability model result of LW-4 profile.
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in the southern part of the mine pit with a lon-
gitudinal orientation trending relatively WSW–
ENE. There are 2 highwall segments analyzed,
namely the west and east highwall segments.
The western highwall slope was analyzed in 2
profiles (West HW-1 and West HW-2), while the
eastern highwall slope was analyzed in 4 pro-
files (East HW-1 to East HW-4). The locations
of the six highwall profiles are shown in Fig-
ure 2. A typical model from the analysis of
the western highwall slope represented by the
West HW-1 profile under dynamic conditions
is shown in Figure 12, while the eastern high-
wall slope represented by the East HW-4 pro-
file is shown in Figure 13. The summary of
the highwall slope stability analysis is shown
in Table 3. In general, the western highwall
slope shows a more stable slope than the east-
ern highwall slope under static and dynamic
loading conditions. Two factors influence this:
differences in slope geometry and static load
conditions. The western highwall has a lower
overall slope (about 20–30 meters) with a rela-
tively gentle slope angle (20–23°). There is no
static loading because there is no access road
for heavy equipment around the slope. On the
other hand, the eastern highwall has a relatively
high overall slope (about 40–60 meters) with a
steeper slope angle (21–38°), and there is static
loading because there is mining road access for
heavy equipment at the toe, bench, and crest.

The lowwall slope is located in the northern
part of the mine pit with a longitudinal ori-
entation trending relatively WSW–ENE, paral-
lel to the highwall slope. Due to the similar-
ity of slope geometry conditions, the slope sta-
bility analysis modeling was carried out only
on 4 lowwall profiles, namely the LW-1 pro-
file in the west to LW-4 in the east. The loca-
tion of the lowwall profile is shown in Figure 2.
In lowwall, the overall slope geometry has a
height ranging from 33-55 meters with a slope
angle of 12–22°. A typical model for slope sta-
bility analysis LW-4 is shown in Figure 14. The
summary of the lowwall slope stability analysis
is shown in Table 4. In general, lowwall slopes
show stable slope conditions. Under static con-
ditions, all segments of the lowwall slope are
in a stable condition. The part of the lowwall
slope with the highest probability of failure un-
der dynamic conditions is the slope profile LW-

4, with dynamic FS (deterministic) = 1.170, dy-
namic FS (mean) = 1.369, and dynamic PoF =
3.2%. This instability was evidenced in the field
by several landslides around the slope segment
LW-4. The factors that caused instability at this
location were shallow groundwater conditions
and the overall slope geometry, which is higher
and steeper than other profiles.

The results of the slope stability analysis were
compared with the slope stability criteria spec-
ified in the ESDM Ministry (2018). The sum-
mary of the stability conditions of the high-
wall and lowwall slopes of the research area
based on these criteria is shown in Table 5.
In static conditions, all slope profiles meet the
stability criteria except East HW-4, which has
a FSstatic(deterministic) = 1.143 and a PoFstatic =
12.27%. In dynamic conditions, all slope pro-
files meet the stability criteria except East HW-
4, which has a FSdynamic(deterministic) = 1.001 and
a PoFdynamic = 33.40%.

5.3 Recommendation for Slope Optimiza-

tion

Slope design optimization was carried out on
the East HW-4 profile in the eastern highwall
slope segment that did not meet the slope sta-
bility criteria, as described in the previous sec-
tion. Slope optimization was carried out in
2 ways, namely by lowering the groundwater
level or reducing the overall slope angle, while
other parameters were constant. Slope opti-
mization was only carried out under dynamic
conditions, assuming that if the slope meets the
stability criteria under dynamic conditions, the
slope would be stable in static conditions. The
results of the optimization of the slope of East
HW-4 are shown in Table 6 and Table 7.

6 CONCLUSION

In this study, evaluations of geological engi-
neering conditions and slope stability analysis
were carried out in the west pit of the coal mine
of PT. TMR. The geological engineering con-
ditions analyzed were geomorphological con-
ditions, rock conditions, geological structures,
and groundwater level. Back analysis per-
formed on the northern lowwall slope segment
showed that the slope was critical by reducing
the claystone peak shear strength parameter by
20%. The parameters of the back analysis were
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FIGURE 12. Slope stability model of West HW-1 profile under dynamic loading.

TABLE 3. Summary of highwall slope stability analysis results.

Profile
Slope geometry Static FS

(Deter-
ministic)

Static FS
(Mean)

Static
PoF (%)

Dynamic
FS (Deter-
ministic)

Dynamic
FS
(Mean)

Dynamic
PoF (%)Height

(m)
Slope

angle (°)

West HW-1 31 23 1.867 2.224 0.00 1.416 1.691 0.00
West HW-2 20 20 1.714 2.007 0.00 1.323 1.544 0.00
East HW-1 60 21 1.604 1.874 0.00 1.197 1.403 1.70
East HW-2 51 25 1.355 1.593 0.00 1.086 1.282 13.20
East HW-3 49 24 1.478 1.660 0.00 1.251 1.416 0.50
East HW-4 41 38 1.143 1.344 12.27 1.001 1.179 33.40

TABLE 4. Summary of lowwall slope stability analysis results.

Profile
Slope geometry Static FS

(Deter-
ministic)

Static FS
(Mean)

Static
PoF (%)

Dynamic
FS (Deter-
ministic)

Dynamic
FS
(Mean)

Dynamic
PoF (%)Height

(m)
Slope

angle (°)

LW-1 36 22 1.654 2.021 0.00 1.292 1.583 0.90
LW-2 33 13 2.217 2.631 0.00 1.553 1.851 0.00
LW-3 36 12 2.284 2.727 0.00 1.581 1.867 0.00
LW-4 55 20 1.503 1.773 0.00 1.17 1.369 3.20
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FIGURE 13. Slope stability model of East HW-4 profile under dynamic loading.

FIGURE 14. Slope stability model of LW-4 profile under dynamic loading.
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TABLE 5. The summary of the stability conditions of the highwall and lowwall slopes of the research area
based on ESDM Ministerial Decree No. 1827 K/30/MEM/2018 (ESDM Ministry, 2018).

Profile
Static FS
(Deter-

ministic)

Static FS
(Mean)

Static
PoF (%)

Meets
slope

stability
criteria*

Dynamic
FS

(Deter-
ministic)

Dynamic
FS

(Mean)

Dynamic
PoF (%)

Meets
slope

stability
criteria*

LW-1 1.654 2.021 0.00 Yes 1.292 1.583 0.90 Yes
LW-2 2.217 2.631 0.00 Yes 1.553 1.851 0.00 Yes
LW-3 2.284 2.727 0.00 Yes 1.581 1.867 0.00 Yes
LW-4 1.503 1.773 0.00 Yes 1.17 1.369 3.20 Yes
West HW-1 1.867 2.224 0.00 Yes 1.416 1.691 0.00 Yes
West HW-2 1.714 2.007 0.00 Yes 1.323 1.544 0.00 Yes
East HW-1 1.604 1.874 0.00 Yes 1.197 1.403 1.70 Yes
East HW-2 1.355 1.593 0.00 Yes 1.086 1.282 13.20 Yes
East HW-3 1.478 1.66 0.00 Yes 1.251 1.416 0.50 Yes
East HW-4 1.143 1.344 12.27 No 1.001 1.179 33.40 No

*slope stability criteria referring to the Minister of Energy and Mineral Resources Decree No. 1827
K/30/MEM/2018

TABLE 6. Optimization of East HW-4 slope by lowering the groundwater level.

Slope condition
Overall
slope

height (m)

Overall
slope

angle (°)

Dynamic
FS (de-ter-
mi-nis-tic)

Dynamic
FS

(mean)

Dynamic
PoF (%)

Meet slope
stability
criteria

Actual GWL 41 38 1.001 1.179 33.4 No
GWL lowered by 2 m 41 38 1.052 1.228 19.9 No
GWL lowered by 3 m 41 38 1.078 1.256 16.0 No
GWL lowered by 4 m 41 38 1.102 1.283 13.3 Yes

TABLE 7. Optimization of East HW-4 slope by reducing the angle of the overall slope.

Slope condition
Overall
slope

height (m)

Overall
slope

angle (°)

Dynamic
FS (deter-
ministic)

Dynamic
FS

(mean)

Dynamic
PoF (%)

Meet slope
stability
criteria

Actual geometry 41 38 1.001 1.179 33.4 No
Crest pushed back by 5 m 41 36 1.026 1.213 26.4 No
Crest pushed back by 10 m 41 33 1.102 1.302 16.3 No
Crest pushed back by 13 m 41 32 1.090 1.290 15.1 No
Crest pushed back by 15 m 41 31 1.111 1.309 11.9 Yes
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used in the stability analysis of 10 lowwall and
highwall slope profiles which showed that all
slope profiles met the stability criteria except
the East HW-4 profile, which was on the east-
ern highwall. In static conditions, all slope pro-
files met the stability criteria except East HW-4,
which has a static FS (deterministic) = 1.143 and
a static PoF = 12.27%. In dynamic conditions,
all slope profiles met the stability criteria except
East HW-4, which has a dynamic FS (determin-
istic) = 1.001 and a dynamic PoF = 33.40%. In
this profile, it is recommended to optimize the
slope with 2 alternatives: lowering the GWL el-
evation by 4 meters from the actual condition or
reducing the overall slope angle to 31°.
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