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Abstract

PT.X, a coal mining company in South Kalimantan, Indonesia, plans to use the highwall mining method to excavate
marginal reserves on the final slope to maintain production. However, the stability of the slope and determination of the
highwall mining dimensions are major concerns due to unfavourable rock mass conditions caused by intensive weather-
ing and tectonics. This paper aims to evaluate the feasibility of highwall mining in the study area using empirical, ana-
lytical and numerical methods. The innovation of this research is the integration of these methods, which include rock
mass classification, analytical calculation of load and rock support strength, 2D and 3D numerical modelling, and esti-
mation of recovered coal from the highwall design. The initial condition assessment using rock mass classification and
analytics calculation of the mining geometry model determined mine openings and pillar dimensions. Numerical mod-
elling re-evaluated the geometry models to obtain an optimal design. The suggested optimal thickness, mine opening,
web pillars, and barrier pillars are 3.20, 3.00, 3.50, and 4.00 m, respectively, with four web pillars in one panel at Seam-C
and 2.50, 3.00, 3.50, and 4.00 m with four web pillars in one panel at Seam-D. The recovery of coal for Seam-C and Seam-
D is estimated to be 40.54%. Deformation was found to have the closest relationship with the dimensions of the mine
opening, and the safety factor is most sensitive to changes in the depth of the mine opening. This study provides a refer-
ence for future highwall mining in Indonesia and other regions with similar conditions.
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1. Introduction

Indonesia is one of the largest coal producers world-
wide and ranks as the fifth largest producer and second
most significant exporter (Baskoro et al., 2021). Most
of its coal reserves are mined from the surface by the
open cut method (Sasaoka et al., 2016). One of them is
PT.X, which is located in South Kalimantan. This com-
pany has five mining sites, with the fifth location almost
reaching the pit limit with a high stripping ratio. They
plan to continue mining at this fifth location using the
underground method; however, further exploration still
needs to ensure the continuity of the deep coal reserves.
It takes a long time to get to the production stage. More-
over, there needs to be a method that can immediately
continue to exploit the coal on the fifth site that has al-
most finally reached its economic limit due to the high
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stripping ratio to maintain coal production for domestic
and export supply. As the surface to underground mine
transitions, PT.X plans to extract coal seam at the final
wall of the mine or highwall that still leaves valuable
reserves.

The highwall mining method can recover the coal
reserves on this final wall and can be developed with a
fast time and return on investment. This method is suit-
able for small marginal coal reserves with a limited re-
sidual mining space or considered only for small areas
where longwall mining is troublesome to apply (Spear-
ing, Zhang, and Ma, 2021) or before the commence-
ment of underground mining (Shimada et al., 2013).
Some researchers even mention that highwall mining is
a combined mining technology between surface and un-
derground (Kuznetsova and Anfyorov, 2019) and as a
prelude before underground mining is applied (Seib,
1993; Sasaoka et al., 2015; Sasaoka et al., 2016). Op-
timisation of marginal coal reserves using highwall min-
ing is in line with the Ministry of Energy and Mineral
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Resources of Indonesia Decree No. 1827 K/30/
MEM/2018 on good mining practices stipulating utilis-
ing marginal reserves. One of the content articles is that
every mining company must plan to utilise the residual
resources after the primary mining activities have been
carried out. Optimisation of residual reserve utilisation
can be considered a concern for conserving mineral and
coal reserves.

Highwall mining has become a new standard practice
in open-cut mining in countries like China, Australia, In-
dia, and Russia to maximise coal recovery from mar-
ginal reserves (Tian et al., 2023). Highwall mining in-
volves extracting coal from the base of the highwall us-
ing a series of parallel entries driven into the coal seam,
typically using continuous highwall mining and auger
mining (Shen, 2014). Compared to underground and
open cut methods, highwall mining has advantages (Mo
et al., 2016): (1) it is flexible and mobile due to the ease
of extracting coal blocks from small and constrained ar-
eas, (2) it is economically competitive due to low opera-
tion costs and (3) it is a safe mining method because the
operators are out of the mine entries. However, this
method has some considerations, particularly on slope
stability and subsidence issues.

The stability of highwall mining faces problems from
the slopes, interlayer between openings, and pillars; the
problems become more complex when dealing with
multi-seams and steeply dipping coal seams (Ross et al.,
2019; Tian et al., 2023). Comparable to room and pillar
mining, the loss of support from the pillar can cause in-
stability (i.e. subsidence) (Sarfarazi et al., 2022). To
ensure a safe operation of highwall mining, the web pil-
lar and rib pillar layout must be arranged to support the
overall stability. Sarfarazi et al. (2022) and Sarfarazi
et al. (2023) investigated the failure behaviour of room
and pillar mining with different shapes and room con-
figurations under uniaxial loading using experimental
and numerical methods. Sarfarazi et al. (2022) results
show that the pillar configuration and compressive
strength determine the failure mechanism. Sarfarazi et
al. (2023) and Sarfarazi et al. (2021) show that the
non-persistent joint angle and number and the pillar
compressive strength governed the failure process. Fu et
al. (2023) further investigated the effect of joint angle on
roof failure by an experimental model where the discon-
tinuity plane was simulated as an edge notch at different
angles. It is found that the edge notch angled at 45 de-
grees has the most critical condition. Wu et al. 2022
analysed the stability of rib pillars in highwall mining
under a static load from overlying strata and a dynamic
load from the driving of mining haul trucks for an open
pit coal mine in China. Using theoretical calculation and
numerical analysis, Wu et al. (2022) found that when
the opening is 3 m, the width of the rib pillar is a mini-
mum of 1.3 m to ensure its stability. Jiang, Zhang, et al.
2022 proposed to compute the yield zone width of each
side of the web pillar to provide a reasonable pillar

width. Tian et al. (2023) proposed using a beam struc-
ture model to calculate the thickness range of the inter-
layer and used theoretical calculations to design the web
pillar and rib pillar. The results from the proposed equa-
tion, theoretical calculation, and numerical modelling
showed an agreement. For the case study in the Zhudong
coalmine, stability was achieved for a web pillar width
of 4.9 m and an interlayer thickness of 1.75 m. Case
studies from Ross et al. 2019; Tian et al. 2023 showed
that multi-layer highwall mining is feasible to accom-
plish sustainable mining.

Coal extraction at the base of the highwall openly
causes a weak zone prone to slope failure (Ross et al.,
2019). The stability of highwall mining depends on the
interrelation of the slope and the coal pillars. Jiang, Lu,
et al. 2022 incorporated coal creep behaviour into high-
wall slope stability analysis. Ross et al. (2019) used the
limit equilibrium method by Slope W/ to assess the high-
wall slope stability. Porathur et al. (2014) suggested
using a simplified 3-D numerical model to assess high-
wall slope stability for multiple seams mining. Tabaroei
et al. (2022) elaborated on the advantage of 3D model-
ling for deep excavation that can produce realistic re-
sults of horizontal and vertical displacements.

The practicability of highwall mining in Indonesia is
influenced by its weak geological condition (Sasaoka et
al. 2016). The majority of coal reserves in Indonesia are
found in the Tertiary sedimentary basins of Sumatra and
Kalimantan (Friederich and van Leeuwen 2017). The
coal basin has a relatively young geologic age, implying
that the rocks are not fully compacted. The intense
weathering from a tropical climate and geological struc-
tures further weakens the rocks. As a result, the highwall
mining system may suffer from stability problems and
less coal recovery. Highwall mining is not common in
Indonesia, although highwall mining in poor geological
conditions is possible, as demonstrated by several cases
(Jiang et al. 2022; Small and Morgenstern 1992;
Sasaoka et al. 2016). Due to maximising marginal re-
serve, a highwall mining method is proposed for a coal
mine in South Kalimantan. Previous studies show that
the stability of highwall mining depends on its rock mass
condition, coal strength, mine opening and pillar design.
It is also shown that the analysis of safe highwall mining
utilised a combination of analytical methods and 2D and
3D numerical models. This paper aims to thoroughly as-
sess the stability and dimensions of highwall mining
with empirical, analytical and numerical methods at the
study location. The outline of this paper begins with an
introduction, followed by a brief explanation of the
study location and regional geology. The methods em-
ployed include an assessment of rock mass condition us-
ing Rock Mass Rating (RMR) and Slope Mass Rating
(SMR), the collection of geomechanical data from lab
testing, and the design of a highwall mining configura-
tion using analytical calculations. 2D and 3D numerical
models were used to evaluate the highwall stability. Fur-
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Figure 1: Geological map of the study location

thermore, the coal recovery was also projected for the
highwall design. Finally, the results are discussed and
the feasibility of highwall mining in a tropical region is
shown. This study is limited to the design and stability
assessment of the highwall mining. Further implication
of the stability condition is discussed but not studied in
detail.

2. Study Area and Geological Conditions

This study is conducted in the mining area of PT.X, a
coal mine company located 82 km east of Banjarmasin
city, South Kalimantan, Indonesia. The coal reserves be-
long to the Barito Basin, one of Indonesia’s main Ceno-
zoic coal-bearing basins (Friederich and van Leeuwen,
2017). The Barito Basin was formed by the rifting of the
eastern Sunda continental margin, developing a depres-
sion filled with transgressive—regressive Tertiary sedi-
ment sequences (Panggabean, 1991). The basement of
the Barito Basin is formed by pre-Tertiary metamorphic
rock. The stratigraphy filling the Barito Basin consists of
(from old to young) (Sikumbang and Heryanto, 1994)
the Tanjung Formation (Tet) of Eocene age overlain con-
formably by the Oligo—Miocene Berai Formation (Tomb).
The Middle to Late Miocene Warukin Formation (Tmw)

is conformably deposited on top of the Berai Formation.
The latter unit is overlain unconformably by the Dahor
Formation (TQd). The youngest formation is the alluvial
deposit (Qa) of gravel, sand, silt, clay and mud.

The geological structures developed in the area are
faults, folds and lineaments, which typically trend NE—
SW and NW-SE (Panggabean, 1991). Other forma-
tions around the research area include the Batununggal
Formation (Klb) in the north, Manunggal Formation
(Km), Paau (Kvp) and Pitanak Formation (Kvpl) and the
Keramaian Formation (Kak). Figure 1 shows the re-
gional geological conditions of the research area. The
Tanjung Formation is the coal-bearing formation in the
study area. It has a thickness of up to 750 m and was
deposited in a fluvial environment up to shallow seas
(Sikumbang and Heryanto, 1994). It is composed of
alternating sandstone, siltstone and claystone with coal
insertions (Van Bemmelen, 1949; Sikumbang and
Heryanto, 1994).

3. Methods

This study is a new concept that combines empirical,
analytical and numerical methods through 2D and 3D
modelling to assess the rock mass stability at the mine
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site, which will continue from open cut to highwall min-
ing. Rock mass stability is the primary technical issue
that needs to be considered to assess whether a site can
be developed into a mine location. In this case, slope
stability and subsidence are two essential aspects that
must be regarded in order to exploit the coal using the
highwall method. Lithology, rock structure, slope angle,
weathering and groundwater conditions, climate and
rock mass characteristics affect rock stability and should
be considered when evaluating the possible failure risk.
In addition, the pattern and orientation of rock disconti-
nuities at the research site were measured as data for em-
pirical analysis.

Rock mass rating (RMR) and slope mass rating
(SMR) are used to classify rock strata at the location as
a preliminary evaluation of rock stability. Geotechnical
drilling has collected primary data from the area to ob-
tain updated rock samples, which were tested in the ge-
omechanics laboratory. The results of these laboratory
tests serve as a reference to determine the physical and
mechanical characteristics of each rock type at the re-
search location. This geomechanical data is used as in-
put for modelling software. Furthermore, a simulation of
the mine opening design is performed by optimising the
acquisition of coal reserves by considering the safety
and stability aspects of the rock mass around the mine
until post-mining. 2D and 3D models were used to as-
sess surface stability and mine openings.

3.1. Discontinuity observation

Observations and measuring of rock discontinuity
patterns have been carried out in five divisions. Some
locations are still active with open pit mining, while oth-
ers are inactive. Figure 1 includes sites of the divisions.
Figure 2 shows a discontinuity observation and measure
at one of the pits. In general, the rocks in the research
area consist of sandstone, claystone, mudstone, siltstone
and coal. In division 1, the rock layers are generally rela-
tively compact on several slopes. The discontinuity
length is < 1 m, spacing is < 60 mm and 200—600 mm,
and it is roughly formed. Separation is 0.1 mm with
slight weathering, and groundwater is from dry to wet.
In division 2, the average layer slope is between 10 and
55 degrees, with a thickness that varies between 0.5 and
50 m. RQD average is 95.2%, the discontinuity length is
<1 m, spacing between joints is 0.25 and 0.25-2 m, and
it is roughly formed. Separation is 0.1-1.0 mm, with
moderate weathering, and groundwater is dry.

The cracks tend to be closed so that no filling material
is found. The level of rock strength is classified from
weak rock to hard rock. The outcrops of rocks are as
high as 20-30 m, with slopes of about 45-65°. General-
ly, in division 3, discontinuity length is < 1 m, spacing is
about 0.6-2 m, and it is roughly formed. Separation of
crack is 1-3 mm, there is no filling material, weathering
is slight to moderate, and groundwater is dry and damps
locally. Most locations in division 4 have rocks with

RQD of 98.5% with a joint spacing of 0.6-2 m and
length of about 1-3 m, with roughness being smooth to
rough. No filling material was found on the cracks,
weathering is slight to moderate, and groundwater is wet
to damp. Finally, division 5 has RQD of 98.5%, with
most of the discontinuity spacing 0.6-2 m, the length of
crack is < 1 m with separation 0.1-1.0 mm, and it is
roughly formed. No filling material was found, weather-
ing is slight, and groundwater is wet.

3.2. Rock mass rating

As a starting point for assessing the strength of the
rock mass at the research site, Bieniawski introduced the
geomechanical classification, namely, the RMR (Bie-
niawski, 1973). Several improvements have been made
either by Bieniawski (Bieniawski, 1978; Bieniawski,
1979; Bieniawski, 1989) or by other researchers, who
proposed revisions to subjective parameters such as
roughness and weathering (Kundu et al., 2020). RMR
has been widely developed for applying technical de-
signs to projects related to earthworks, such as mining,
tunnelling, slopes and civil foundations. Rock mass clas-
sification is based on several parameters, which include
intact rock strength, RQD, discontinuity spacing, dis-
continuity conditions and groundwater conditions. The
evaluation results show the five RMR classifications,
namely, very poor (RMR < 20), poor (RMR 40-21), fair
(RMR 60-41), good (RMR 80-61) and very good (RMR
100-81). The investigation was carried out at 15 obser-
vation stations and spread throughout the pits in the
PT.X concession. Every observation conducted in such a
way has represented all the rock mass structures that ex-
ist in the area. The uniaxial compressive strength test
obtains the strength value of intact rock. The RQD value
is calculated based on the estimated number of joints or
cracks per unit volume (Palmstorm, 2005). Table 1 pre-
sents the calculation results obtained from observations
with RMR in this study.

Figure 2: Observations and measuring of rock layers
and discontinuities
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Table 1: RMR value for all station observations at the study area

prv, | Qbservation E(::ll: e Joint Joint Ground Water RMR | Class Description

Point RQD 5 . " Value |Number
Strength Spacing | Condition | Condition

ST-1 2 17 5 27 15 66 I Good

1 ST-2 2 20 5 27 10 64 I Good
ST-3 2 20 10 27 7 66 I Good
ST-1 2 20 15 25 15 77 I Good

2 ST-2 2 20 10 24 15 71 I Good
ST-3 2 20 10 26 15 73 I Good

3 ST-1 2 20 15 17 7 61 II Good
ST-2 2 20 15 21 10 68 I Good
ST-1 2 20 15 20 15 72 I Good

4 ST-2 2 20 10 23 15 70 I Good
ST-3 2 20 15 21 10 68 I Good
ST-1 2 20 15 26 10 73 I Good
ST-2 2 20 15 26 10 73 I Good

. ST-3 2 20 15 26 10 73 I Good
ST-4 2 20 15 26 10 73 I Good

Table 2: SMR results obtained from the study location

No. |DIV. (Pf’(:’ifft”aﬁ"“ F1 F2 F3 F4 RMR |SMR IF,:f)l;)‘:l‘;ﬂi [ | Stability

1 ST 1 0.40 0.40 -6.0 0.0 66 65.04 0.2 Stable

2 " s 0.15 1.00 0.0 0.0 64 64.00 0.2 Stable

4 0.15 1.00 0.0 0.0 64 64.00 0.2 Stable

5 ST 3 0.15 0.40 -50.0 0.0 66 63.00 0.2 Stable

6 ST 1 1.00 0.70 -25.0 0.0 77 59.50 |04 Partially unstable

7 ST 2 0.85 0.40 -50.0 0.0 71 54.00 (0.4 Partially unstable

8 2 0.15 1.00 -6.0 0.0 73 72.10 0.2 Stable

9 ST 3 0.15 1.00 0.0 0.0 73 73.00 |0.2 Stable

10 0.15 1.00 0.0 0.0 73 73.00 |0.2 Stable

1 0.15 1.00 0.0 0.0 61 61.00 |0.2 Stable

12 E ST 1 1.00 1.00 0.0 0.0 61 61.00 |0.2 Stable

13 0.40 1.00 0.0 0.0 61 61.00 |0.2 Stable

14 ST 2 0.15 0.40 -50.0 0.0 68 65.00 |0.2 Stable

15 ST 1 0.15 0.40 -6.0 0.0 72 71.64 0.2 Stable

16 0.15 1.00 0.0 0.0 70 70.00 0.2 Stable

17 q ST 2 0.40 1.00 0.0 0.0 70 70.00 0.2 Stable

18 0.15 1.00 0.0 0.0 70 70.00 0.2 Stable

19 ST 3 0.15 1.00 0.0 0.0 68 68.00 0.2 Stable

20 0.15 1.00 0.0 0.0 68 68.00 0.2 Stable

21 ST 1 0.70 0.40 -60.0 0.0 73 5620 0.4 Partially unstable

22 <10 0.15 1.00 0.0 0.0 73 73.00 0.2 Stable

23 0.40 1.00 0.0 0.0 73 73.00 0.2 Stable

24 : ST 3 0.15 0.15 -60.0 0.0 73 71.65 0.2 Stable

25 0.15 1.00 0.0 0.0 73 73.00 0.2 Stable

26 ST4 0.15 1.00 0.0 0.0 73 73.00 |0.2 Stable
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3.3. Slope mass rating

Highwall mining is transitional mining from open pit
to underground mining. Therefore, in addition to the sta-
bility of underground openings, it also involves slope
stability. Hence, safety considerations on slopes around
highwall mines need to be considered. RMR assessment
still poses some difficulties when applied to the valua-
tion of slope stability because the parameters that con-
sider the influence of discontinuity orientation are gener-
ally more to specific conditions such as underground
mines, tunnels and dam foundations projects while
viewing slope stability still requires several other param-
eters (Aksoy, 2008). Romana (1985) introduced the
slope mass rating (SMR), which is still based on the pa-
rameters of Bieniawski. This concept is popular and
widely used to assess the stability of slopes. The Roma-
na concept has added four factorial adjustments, namely,
F1, F2, F3 and F4. F1, F2 and F3 are adjustment factors
that depend on the orientation of discontinuity and slope,
and F4 is the factor for the adjustment that depends on
the exploitation method.

SMR = RMR +(F1xF2XF3)+ F4 (1)

The SMR value ranges from 0 to 100 with five differ-
ent stability categories that thoroughly consider poten-
tial failure and probability of failure. Table 2 presents
the result of calculating the SMR value in the study area.

Based on the RMR analysis as shown in Table 1, the
RMR value of the study location is included in class II
(Good). Meanwhile, from the results of the SMR analy-
sis shown in Table 2, the rock strata for each division are
stable, except for station 1 (ST 1) in division 5. From
these two analyses, prior to excavation with the highwall
mining, the rock strata is relatively stable.

3.4. Analytical calculation and numerical
modelling

Numerical modelling was performed using two soft-
ware, i.e., RS2-Rocscience for 2D and Ansys for 3D
modelling. The Mohr—Coulomb failure criteria were
used in the analysis since the rock mass consists of many
layers. This criterion is known for its ease of mathemati-
cal formulation. Mohr’s envelope is considered to be a
straight line, and its equation is expressed as the Mohr—
Coulomb criterion by the following equation:

T=c+uoc 2

where 1 is shear strength, ¢ is normal stress, ¢ is cohe-
sion and p is the internal friction coefficient of the rock
or tan ¢. The Mohr—Coulomb (MC) failure criterion can
be expressed using major and minor principal stress ter-
minology, such as explained in the following equation:

1+sing N 2c¢ cos@

0, =0

3
3l—sin(p (3)

1—sing

o, and 6, show the major and minor principal stress val-
ues, respectively, c is cohesion and ¢ is the internal fric-

tion angle. The linear regression analysis has been used
traditionally to determine the power parameters ¢ and ¢
and generally has been found to produce perfect results.
The value of the unconfined compressive strength (UCS)
(c,) is predicted through:

_ 2c cosp

4
1-sing @
In terms of the principal stress, the Mohr—Coulomb
failure criterion can be expressed as a safety factor value
by the following equation:

SF :%(al —03)+%(0'1 +0'3)Sim9—c cos¥=0 (5)

The equation can be expressed as stress invariants the
Mohr- Coulomb yield surface is:

SF = %sin(ﬂ)+ @[cos(@)—%sin@)sin(z})}—

—ccos(¥)=0 (6)

I, and I, are the expressed stress invariants. On the plas-
tic zone, the function has the same form as the yield sur-
face that is expressed in the following equation:

0= %Sin (l//)+ \/Z[cos(e)—%sin (g)sin(ﬂ)i|_

—c cos (l//) = constant (7

where v is the dilation angle which should be less or
similar to the residual friction angle; RS2 accepts peak
and residual values for the cohesion and friction angle.
In RS2, the Mohr—Coulomb model can be assigned as an
elastic—brittle—plastic material model. In the case where
the residual values are the same as peak values, the be-
haviour is elastic—perfect—plastic. In 3D modelling using
Ansys software, the hexagonal failure surface of Mohr—
Coulomb (MC) combines with the cone Drucker—Prager
(DP) failure. The pressure-dependent model specifies
whether a rock mass has failed or is in the plastic zone
(Drucker and Prager, 1952). The Drucker—Prager yield
function is expressed as:

f(o)=k=al,+I, (8)

where k and o express cohesion ¢ and internal friction
angle ¢ properties of the intact rock, respectively, and
are defined as

_ 2\3sin@
\/2\/§7r(9 —sin? @)

the yield surface on the deviatoric plane is the equivalent
area circle of the hexagon. It is called Mohr-Coulomb
equivalent area circle criterion and it call a smooth sur-
face yield MC criterion. In the DP yield model, to assess

i = 63/3¢ cosD and &

= 9
2\/§7r(9—sin2 @)’ ®)
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Table 3: Physical properties

Layer | |Natural \Saturated D1y i (waer - |DOBTO0O0 | porogiy Vol Siake
No |Lithology y ensity Content |Content Saturation Ratio |Durability

(m) (MN/m®) | (MN/m%) | (MN/m’) | (%) (%) (%) (%) (%) | (%)
1 Claystone 0.20 0.0238 0.0241 0.0227 5.07 6.56 77.41 15.17 0.18 |13.58
2 Siltstone 8.39 0.0242 0.0246 0.0232 3.95 5.49 71.85 13.04 0.15 [65.74
3 Sandstone 11.24 0.0236 0.0239 0.0226 4.70 5.79 81.64 13.31 0.15 ]96.59
4 Claystone 12.84 0.0233 0.0235 0.0220 6.13 7.08 86.58 15.86 0.19 |98.27
5 Sandstone 12.98 0.0218 0.0219 0.0198 9.99 10.80 92.59 21.76 0.28 195.63
6 Siltstone 12.05 0.0244 0.0247 0.0237 291 3.98 73.26 9.69 0.11 |90.02
7 Sandstone 11.46 0.0231 0.0234 0.0219 5.97 6.97 85.89 15.55 0.18 |78.23
8 Siltstone 7.05 0.0250 0.0252 0.0242 3.13 4.22 74.11 10.42 0.12 |89.32
9 Sandstone 7.03 0.0218 0.0221 0.0196 10.89 11.98 90.93 24.02 0.32  |94.39
10 |Cl. Sandstone |13.90 0.0242  |0.0245 0.0234  [3.37 4.28 79.26 7.01 0.08 [98.89
11 |Coal-C 3.43 0.0145 0.0147 0.0140 3.37 4.92 74.62 7.01 0.08 [98.89
12 |Coaly-clay 1.14 0.0230  |0.0234 0.0223 3.76 5.16 72.97 11.69 |0.13 |83.87
13 |Claystone 31.30 0.0232  |0.0245 0.0227  [3.37 4.28 79.26 7.01 0.08 [98.89
14 |Coal-D 2.80 0.0125 0.0126 0.0121 3.43 421 81.17 5.17 0.05 196.92
15 |Claystone 94.11 0.0237  ]0.0240 0.0228  |4.44 5.46 81.45 12.65 ]0.14 |27.36

Table 4: Mechanical properties
Layer ucs Triaxial Comp. Direct Shear
. thickness Strength (Residual)
No. Lithology Tensile | o
(m) MPa |(MPa) | F (MPa) n $,() | Cp(MPa) |, C, (MPa)

1 Claystone 0.20 1.19 3.47 461.29 0.23 23.10 |1.06 4.29 0.12
2 Siltstone 8.39 1.46 3.61 988.74 0.43 23.60 |1.40 8.73 0.06
3 Sandstone 11.24 1.69 2.54 900.64 0.36 49.61 |1.26 14.83 | 0.07
4 Claystone 12.84 3.45 53.16 |8959.24 0.46 52.82 |8.25 10.04 0.11
5 Sandstone 12.98 2.66 11.54 |1678.37 0.38 4225 |3.91 9.49 0.10
6 Siltstone 12.05 2.28 5.50 2576.52 0.27 46.90 [0.90 27.61 |0.02
7 Sandstone 11.46 1.73 12.68 |1736.97 0.45 50.89 |4.36 15.59 |0.12
8 Siltstone 7.05 2.47 5.00 1686.81 0.36 46.22 228 13.99 |0.08
9 Sandstone 7.03 1.44 22.68 |2252.49 0.33 35.27 |4.00 11.25 [0.12
10 Cl. Sandstone 13.90 3.27 19.40 |2905.11 0.36 39.79 |8.36 2439 10.03
11 Coal - C 3.43 1.75 11.41 |1316.96 0.33 31.03 |1.73 21.77 |0.06
12 Coaly-clay 1.14 1.90 3.36 794.04 0.38 46.45 |0.34 10.47 |0.05
13 Claystone 31.30 1.15 2.05 322.00 0.33 38.69 |1.27 8.90 0.08
14 Coal - D 2.80 1.59 6.32 958.87 0.38 31.03 |2.50 19.41 |0.07
15 Claystone 94.11 1.41 3.12 905.48 0.34 2891 |1.35 8.40 0.08

the safety factor it can be expressed by a strength reduc-  face of DP is the refinement of the MC yield surface that

tion coefficient such as: is expressed as:
:i:i]l+ I, (10) 1, =0,+0,+0,and
SF SF |
The SF variable is a safety factor when the rock mass I, = g[(o] - 0'2)2 + (0'1 -0, )2 + (0'2 — 0'3)1 (11)

attains the limit state to undergo failure. The yield sur-
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where k and a express the intact rock’s cohesion and in-
ternal friction properties, respectively. If the variable o is
set to 0, the DP criterion reduces to Von Mises criterion.
Of these several variations, the efficiency will bring a lot
of convenience to numerical calculations.

3.4.1. Data input

The physical and mechanical properties for every
layer in sections 1-5 were used as the input data for this
two software. All rock layer materials that make up the
model are based on the characterisation of the rock mass
as a result of laboratory tests. The geotechnical data is
taken from the average parameter values from the site
around sections. Generally, the rocks in the research area
are claystone, sandstone, mudstone and coal. The ge-
omechanics tests consisted of physical and mechanical
properties using the Indonesian National Standard (SNI).
These properties include density, porosity and void ratio
(SNI 03-2437-1991), slake durability (SNI 3406:2011),
uniaxial compressive strength (UCS) (SNI 2825:2008),
direct shear (SNI 2824:2011) and triaxial (SNI
2815:2011) tests. Tables 3 and 4 summarise the physical
and mechanical properties of the rock layers. The thick-
ness of the rock layers in the modelling is adjusted to the
actual thickness based on the correlation between drill
holes in the study area, as seen in Figure 3.

3.4.2. Model design

After all surface coal has been mined, highwall min-
ing will begin on the final slope with slope conditions
like cross-section 5 (see Figure 3). Mined coal seams
are 3.43 m and 2.8 m thick. The results of the RMR and
SMR studies indicate that the rock mass quality is in-
cluded in category II or the “Good” class. A 2D and 3D
slope model was developed by combining the AutoCAD
drawings of the topography on cross-section 5 in Figure
3 using RS2 and ANSYS to represent 15 material layers
forming the strata, including coal seams C and D. The
physical and mechanical properties are reflective of the
rock layers. In the model, the gravitational stress is re-
garded as the original rock stress fields. Boundary condi-
tions are essential for defining a boundary value problem
to avoid boundary effects in numerical analysis (Zwill-
inger, 2014). The upper boundary of the model is free,
and the lower boundary is fully constrained. In 2D mod-
els, the left and right boundaries, the X-axis is con-
strained, and the Y-axis is free. The 2D model has di-
mensions Y: 230 m (height) and X: 343 m (width). The
distance between model boundaries is 122 m from the
object excavation or 35 times the width of the object ex-
cavation. In 3D models, on the sides of the model, the
X-axis is constrained, the Y-axis is free (in Ansys called
frictionless support), the bottom is fully constrained (in
Ansys called fixed support), and the surface that follows
topographical conditions is free. The 3D model has di-
mensions Y: 230 m (maximum height), X: 343 m (length)

and Z: 173 m (width). The distance between the model’s
boundary to the object excavation is about 50m or 14
times the width of the excavation object.

Analytically, a simple calculation has been carried out
using the following equation (Zipf, 2005; Zipf and

Mark, 2005):
o, [0.64 +0.54 W% }
FoS, = z (12)
0.025H (W, +17,,)
WW

where FoS, is the safety factor of the web pillar, 6 is
the strength of coal (MPa), W, is the width of the web
pillar (m), W, is the width of the mine opening, hop is the
coal seam thickness and 0.025H is the average vertical
stress of overburden height (MPa).

Wy = n (3, +W,, )+ W, (13)
o, [0.64+0.54W% }
FoS,, = z 14
o {0.025H(WPN+WBP)} (19
WBP

where W, is the width of the panel, n is the number of
web pillars in the panel, FoS, is the safety factor of the
barrier pillar, and W, is the width of the barrier pillar.
Equations 12, 13 and 14 can calculate the widths of the
web pillar, barrier pillar and mine opening (Wop). This
dimension certainly should be adjusted to the provisions
for the safety factor > 1. The height (H) of the model is
adjusted to the thickness of the strata above the mined
coal seam. For the mining geometry and safety factor cal-
culation on coal Seam-C, the layers are 97.55 m (calcu-
lated from the highest elevation) and 88.72 m thick, while
on coal Seam-D, the layers are 133.63 m and 124.58 m
thick. Ten models are presented in this study by simulat-
ing the thickness of rock strata (H), the thickness of coal
taken (hop), the width of openings (Wop), the width of
web pillars (Ww), the width of barrier pillar (W ;) and
the number of web pillars in the panel (n). This simula-
tion aims to obtain the most optimal value, calculated us-
ing analytical and numerical models. Table 5 presents
the parameters of the highwall mining simulation.

The results of these analytic calculations are simulat-
ed together by numerical modelling. The shape of the
final slope, rock mass strata and highwall mine opening
was illustrated based on the cross-section of the site con-
ditions. Figures 4 and 5 show the front and side views of
the model to be simulated using numerical modelling.

3.4.3. Data analysis

The geometry of the mine opening, material proper-
ties and field stress properties are the data needed for
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Figure 3: Coal and surface condition of slope on cross-section 5
Table 5: Analytical simulation of highwall mining parameters
hop H Wop WW WBP n WPN hop H Wop WW WBP n WPN
Sim. |(m) |(@m) [(m) |(m) | (m) (m) |(m) | (m) (m) (m) | (m) (m)
Coal Seam-C Coal Seam-D
1 3.43 97.55 |3.50 |2.00 [3.00 |5 |31.00 |2.80 133.63 3.00 |3.50 |4.00 |4 29.00
2 320 ]97.55 |3.50 |2.00 [3.00 |5 |31.00 |2.50 133.63 3.00 |3.50 |4.00 |4 29.00
3 320 ]97.55 |3.50 250 3.00 |5 [33.50 |2.50 133.63 2.50 3,50 |4.00 |4 [26.50
4 320 |97.55 |3.00 |3.00 |4.00 |5 [33.00 |2.50 133.63 3.00 |4.00 |450 |4 |31.00
5 320 |97.55 |3.50 |2.00 |3.00 |4 [25.50 |2.50 133.63 3.00 |3.50 |4.00 |3 2250
6 320 |97.55 |3.00 |2.50 |3.00 |4 [25.00 |2.50 133.63 2.50 |3.50 |4.00 (3 ]20.50
7 320 |97.55 |3.00 |3.50 4.00 |4 [29.00 |2.50 133.63 3.00 |3.50 |4.00 |4 29.00
8 320 |88.72 |3.00 |2.00 |3.00 |4 [23.00 |2.50 124.58 3.00 |4.00 (450 (3 [24.00
9 3.20 88.72 |3.50 |2.00 |3.00 |5 |31.00 |2.50 124.58 3.00 |3.50 |4.00 |4 [29.00
10 3.20 88.72 |3.00 |3.00 |4.00 |5 |33.00 |2.50 124.58 3.00 |4.00 (450 |4 [31.00

numerical modelling. In 2D modelling, the highwall
mine opening segment is simulated at the highest load
indicated by the thickest rock strata above coal Seam-C
and coal Seam-D. Meanwhile, in the 3D model, the
highwall mine opening is 150-m long, and the load is
adjusted according to topographic conditions. There is at
least one panel flanked by two barrier pillars and several
web pillars outside the panel, as shown in Figure 6.

The boundary conditions on the sides of the model are
determined at least once by the width of the mining area,
which is calculated from the outer boundary of both
sides of the mining area. The upper limit is the thickness
of the overburden of highwall mining, which is 97.55 m
when calculated from coal Seam-C, 133.63 m from coal
Seam-D and 230 m from the lower limit of the model.
An upper part of the boundary conditions was applied as
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Figure 5: 3D Model (Ansys)

the free restraint, which meant that displacement was
permitted in all directions on the surface. On both mod-
elling sides, the control is in the horizontal direction, and
the approved deformable plane is only on the vertical
axis. The bottom part of the boundary conditions does
not allow displacement in all orders. Appropriate re-
straint application of boundary conditions in numerical
modelling can affect the displacement occurrence.

The standard loads applied are field stress and seismic
load in 2D models RS2 or standard earth gravity and ac-
celeration in 3D models Ansys. Field stress properties
are needed to determine the occurrence of in situ stress

conditions before mining. The stress is defined in verti-
cal and horizontal directions. The field stress type in
RS2 consists of constant and gravity types, and the study
models have chosen the gravity type. The value of the
ratio between the horizontal stress to the vertical stress
(k) is set as the input parameter.

Furthermore, the geometric model must be divided
into more minor elements so that calculations can be car-
ried out using the finite element method. The composi-
tion of these elements is referred to as mesh elements.
The RS2 software (Rocscience, Inc.) has four types of
mesh elements: three-noded triangles, six-noded trian-
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Figure 6: Geometry model of highwall mine opening

gles, four-noded quadrilaterals and eight-noded quadri-
laterals with graded, uniform and radial mesh types. The
finer the mesh used, the more accurate the results ob-
tained, but the calculation time and the required file size
will also increase. In this study, the appropriate type of
element and mesh is to use six-noded triangles and grad-
ed. In contrast, 3D Ansys modelling automatically con-
trols modelling and producing about 107,600 nodes and
31,100 elements.

After all the required parameters are entered into the
programme, the next step is calculating the numerical
analysis. The calculation results obtained are interpreta-

tions of graphical data in the form of values such as total
displacement, strength factor, effective stress, total
stress, strain and plastic strain on 2D RS2 models. Mean-
while, the 3D Ansys models obtained values such as to-
tal deformation, safety factor, direct deformation, equiv-
alent strain and stress (Von Mises), and maximum and
minimum strain or stress and strain energy, among oth-
ers. Furthermore, only the total displacement and
strength factor on the 2D RS2 models and the total de-
formation and safety factor on the 3D Ansys models are
used to evaluate the stability of the mining area. Figure
7a and 7b show an example of interpreting the total dis-
placement and strength factor values in a 2D model us-
ing RS2 software. Figure 8a and 8b show the total de-
formation and safety factor values using the Ansys soft-
ware in the area around the highwall mine opening. Both
2D dan 3D models, as shown in Figure 7 and Figure 8,
use plane strain analysis. This analysis can solve a wide
range of elasticity equations in 2D and 3D and is a pre-
cise solution. In comparison, plane stress assumes that
normal stresses and shears perpendicular to the model
are equal to zero. Therefore, it is only appropriate for a
thin model but not suitable for 3D models. Stress analy-
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Figure 7: (a) One of the displacement models and (b) strength factor in 2D using RS2
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Figure 8: (a) One of the deformation models and (b) safety factor in 3D using Ansys

sis used a maximum number of iterations of 1000 with a
tolerance of 0.001. Figure 7a shows the maximum dis-
placement value in the model is 0.039 m, with an aver-
age displacement value on web pillar and barrier pillar is
0.0135 m and 0.0141 respectively on seam C and 0.0167
m and 0.0156 respectively on seam D. Meanwhile, Fig-
ure 7b shows the value of the strength factor with an
average strength factor on the web pillar and barrier pil-
lar is 1.53 and 2.76 respectively on seam C and 2.00 and
3.16 respectively on seam C at the conditions of strength
reduction factor (SRF) 1.06. Figure 8a shows the maxi-
mum deformation value of 0.151 m and the average de-
formation of the web pillar and barrier pillar is 0.1106 m
and 0.1102 m, respectively, on-seam C, and 0.0759 m
and 0.0757, respectively, on-seam D. Figure 8b shows
an average safety factor on the web pillar and barrier pil-
lar is 1.19 and 1.15 on coal seam C and 1.42 and 1.32
respectively on seam D.

4. Result and Discussion

The stage of evaluating the feasibility of the location
for highwall mining has been carried out, which started
with assessing the strength of the rock mass using the
RMR and SMR approaches. The evaluation results show
that most rock strata are stable prior to mining, and only
a few places show partially unstable conditions (see Ta-
ble 2). Furthermore, an analytic approach was used to
evaluate the stability of the top surface, highwall faces
and entry roofs, such as the height and width of mine
opening, the width of web pillars and the width of bar-
rier pillars. After that, the models were simulated by 2D
and 3D numerical methods RS2 and Ansys software.

This modeling and simulation of the stability of mine
openings and the surface of the mining area are carried
out to determine the optimum value of carrying capacity
and safety factors for mining. Several models have been
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Table 6: Safety factor and total displacement/deformation in the web pillar and barrier pillar at coal seam-C

Analytic 2D — RS2 (Average) 3D — Ansys (Average)
Sim. Safety Factor Displacement (m) Strength factor Deformation (m) Safety factor
FoS,, |FoS,, |web BP St St web BP St . St
1 1.62 2.28 0.2534 0.2330 1.03 0.95 0.1099 0.1100 0.68 0.74
2 1.66 2.42 0.1232 0.1603 1.58 1.34 0.1102 0.1096 0.75 0.91
3 2.07 2.42 0.1260 0.1103 1.42 1.19 0.1102 0.1099 0.90 1.14
4 2.68 3.14 0.1590 0.1450 1.71 1.46 0.1104 0.1100 1.17 1.19
5 1.66 2.43 0.0813 0.0975 1.79 1.42 0.1106 0.1115 0.92 1.04
6 2.26 2.44 0.0975 0.1560 1.37 1.89 0.1106 0.1101 1.01 1.12
7 3.10 3.14 0.0135 0.0141 1.53 2.76 0.1106 0.1102 1.19 1.15
8 2.01 2.68 0.0141 0.0136 1.58 2.92 0.1095 0.1096 0.92 1.12
9 1.83 2.66 0.2013 0.2538 0.95 1.03 0.1098 0.1095 0.80 1.07
10 2.95 3.45 0.1595 0.1378 1.05 0.95 0.1097 0.1097 1.07 1.18
Table 7: Safety factor and total displacement/deformation in the web pillar and barrier pillar at coal seam-D
Analytic 2D — RS2 (Average) 3D — Ansys (Average)
Sim. Safety Factor Displacement (m) Strength factor Deformation (m) Safety factor
FoS, |FoS,, |web BP St . St web BP St . St
1 1.34 1.43 0.1530 0.0855 2.39 2.69 0.0755 0.0759 1.52 1.36
2 1.42 1.58 0.0959 0.0823 1.97 2.21 0.0757 0.0755 1.58 1.37
3 1.54 1.58 0.0910 0.0368 2.08 2.21 0.0759 0.0755 1.81 1.51
4 1.63 1.76 0.0894 0.0759 2.22 2.37 0.0758 0.0755 1.58 1.47
5 1.42 1.57 0.0802 0.0731 2.10 2.53 0.0758 0.0758 1.64 1.44
6 1.54 1.57 0.0845 0.0975 1.96 2.69 0.0756 0.0758 1.82 1.51
7 3.10 3.14 0.0167 0.0156 2.00 3.16 0.0759 0.0757 1.42 1.32
8 1.74 1.87 0.0166 0.0171 2.64 3.24 0.0753 0.0752 1.41 1.41
9 1.53 1.70 0.0933 0.0788 2.16 2.21 0.0755 0.0751 1.49 1.52
10 1.74 1.89 0.0773 0.0725 2.42 2.45 0.0757 0.0754 1.63 1.69

simulated to find the optimum highwall mining geome-
try. In the end, the potential amount of coal extracted is
also evaluated compared to the remaining coal after
mining. Tables 6 and 7 show results from ten model
variations by analytical, 2D, and 3D numerical modeling
simulations for seam-C and seam-D. The results repre-
sent changes in the total displacement/deformation and
safety factor values after excavation. The interpretation
results evaluate a set of high wall mine openings consist-
ing of a hole mine, web pillars, and barrier pillars.

Three parameters are simulated, such as the maximum
width of the mine opening (W, ) and the minimum of the
web pillars and barrier pillars (W _and W), with a safety
factor value of > 1, which are the primary assessment cri-
teria. Ten variations of parameters have been simulated on
coal seam-C and coal seam-D to determine the value of
the safety factor on the web pillars and barrier pillars
(FoS_ and FoS,,) using analytical methods and 2D and
3D numerical models. Numerical modelling also evalu-
ates the displacement or deformation of the entire model.

Based on the simulation results for ten variations of
highwall mining dimensions in coal Seam-C, presented
in Tables 5 and 6, the most optimum highwall geometry
is obtained in the seventh simulation. The geometry di-
mension of the coal thickness is 3.20 m, the width of the
mine opening is 3.00 m, and the widths of the web pillar

and the barrier pillar are 3.50 m and 4.00 m, respective-
ly, with four web pillars in one panel. In coal Seam-D,
the optimum geometry is still chosen from the seventh
simulation presented in Table 7, with a coal thickness of
2.50 m, mine opening width of 3.00 m, and web pillar
and barrier pillar widths of 3.5 m and 4.00 m, respec-
tively, with four web pillars in one panel.

Figures 7 and 8 represent deformation and safety fac-
tors for 2D and 3D analysis on the seventh simulation in
Table 6 and 7. Even though the calculation results show
the safety factor > 1 and small displacement and defor-
mation in 2D and 3D models, some pillars on seam C are
not very strong (see Figure 7b and Figure 8b). There-
fore, when mining, it is necessary to prepare suitable ex-
cavation stages. Sequential excavation must be imple-
mented by digging in a coal seam with a higher pillar
strength first. Prioritizing mining on coal seam D is sug-
gested because the stability of the pillars on this seam is
better than seam C. Furthermore, for coal excavation on
seam C, besides implementing sequential excavation, it
is also necessary to take action by inserting filling mate-
rial into the holes that have been mined.

The percentage of coal that can be mined (recovery of
coal excavation) will be known by comparing the di-
mensions of the mine opening (Wop) with the web pil-
lars and barrier pillars. Based on the highwall dimension
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parameters for the selected coal Seam-C, theoretically,
the percentage of the recovery obtained is:

5(hole)x3m (Wop )

5(hole)x3m (Wop ) + [4 (panel)x3.5m (W, )+ 2 (barrier panel)x4m(W,, )]

x100% = 40.54% (15)

As for coal seam-D, theoretically, the percentage of coal excavation recovery is:

5(hole)x3m (Wop)

5(hole)x3m (WOP ) + [4 (panel)x3.5m (W, )+ 2 (barrier panel)x4m(W,, )]

x100% = 40.5% (16)
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Highwall mining cannot be separated from the influ-
ence of the condition of the geological structure, rock
strata, rock mass properties and roof and floor rock of coal
seam targets, which are some of the parameters that affect
the stability of the highwall. In addition, the key parame-
ters that directly affect the stability are the dimensions of
the highwall openings, web pillars and barrier pillars. A
correlation test of the parameters such as the width of
mine opening (Wop), the width of web pillars and barrier
pillars (W _and W) and the depth of hole mine opening
versus the safety factor and deformation values have been
carried out with a 3D model on Ansys.

The scatter test correlations show the closest relation-
ship between W_and deformation. Based on the sensitiv-
ity analysis, the most significant variable that positively
affects changes in deformation is the width of the mining
hole (W ). At the same time, the safety factor is the vari-
able width of the pillar (W) and the hole length (Lh).
Figure 9 shows a sensitivity analysis of W_, W , W and
Lh versus the total deformation and safety factor. In con-
trast, the depth response to deformation does not show a
significant difference. The reaction of depth change to de-
formation shows the shape of an S curve with minimum
deformation at a depth of 136 m (0.151 m) and a maxi-
mum at a depth of 162.5 m (0.15103). It means that even
if the excavation is carried out to a depth of more than 150

m as previously planned, it will not affect the deformation
changes. Modelling results using the 3D Ansys model on
coal Seam-C shows the safety factor < 1.3, although ana-
lytical calculations and 2D modelling using RS2 software
have shown the SF value > 1.3. Therefore, for mining op-
erations, it is necessary to strictly monitor the movement
of the mine opening conditions to maintain the safety of
equipment and workers.

5. Conclusions

The discussion chapter shows the stages of a compre-
hensive study, starting from evaluating rock stability prior
to disturbance by RMR and SMR approaches followed by
an analytical simulation for highwall design parameters
with various dimensions of mine opening width (Wop),
pillar width (W ) and barrier (W) and height (h,). Next,
2D and 3D numerical modelling were carried out, and the
most favourable highwall design was selected from simu-
lation results. At the end, the depth of the highwall mining
was determined from sensitivity analysis. For the case
study in PT. X open-cut mine, highwall mining is feasible
for seam-C and seam D, where the rock mass conditions
(RMR and SMR) prior to disturbance is good. Highwall
mining at the base of the slope changes the stress regime,
causing deformation and possible instability. For the case
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of seam-C, the deformation due to highwall openings is
relatively small, and the safety factor is above 1. Mean-
while, the deformation is also low for seam D, and the
safety factor is higher than for seam C. Although the over-
all safety factor on seam-C can be considered stable, some
pillars are susceptible to instability. This implies that
highwall mining on seam-C needs more engineering at-
tention, such as sequential mining and immediate back-
filling. Highwall mining from seam-C and seam-D would
result in a similar coal recovery of 40.54%. The stages of
this research can guide highwall mining, particularly in a
fairly young geologically, not-so-compacted rock in a hu-
mid tropical area with intensive weathering.

In the long term, the mining area of PT. X will con-
tinue from open pit mining to underground mining. Sev-
eral preparations were started, including further explora-
tion and topographic mapping. The preparation process
requires a long time. Therefore, the highwall mining
system can function as a transition activity from the sur-
face to underground mining with low operational costs.
Despite highwall mining being a transitional activity, the
rock strata around the highwall mining location must be
stable to ensure that the mining process runs smoothly
and to guarantee the safety of workers and equipment.
The stabilization of the excavation project can be ob-
tained by comprehensively understanding the geological
and geotechnical behavior around the target location and
making the right geometric combination between the
width of the opening hole, web pillars and barrier pillars.
The safety factor must be adequate to ensure long-term
stability. Regular monitoring of highwall conditions
should be conducted during mining operations to assess
the strength of the entry roof, pillars and highwall top
surface. The right design of highwall mining can mini-
mize the danger of highwall failure by considering dis-
turbance factors, such as blasting vibrations, weather
influences and other factors that affect the weakening of
rock strength. Even with periodic geological mapping,
careful geotechnical redesign and an adequate monitor-
ing programme, the possibility of instability remains.
Utilization of suitable filling materials in excavated
holes can also be developed to increase the recovery of
coal extraction and minimize surface subsidence.
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SAZETAK

Procjena stabilnosti kosina u vlaznoj tropskoj regiji:
Studija slucaja rudnika ugljena u Juznom Kalimantanu, Indonezija

Kako bi unaprijedila proizvodnju, tvrtka za eksploataciju ugljena PT. X u Juznom Kalimantanu u Indoneziji, planira
koristiti visoko¢elnu metodu iskopavanja preostalih rezervi ugljena iza zavr$ne kosine. Pri tome su glavni izazovi stabil-
nost i odredivanje dimenzija otkopavanja zbog nepovoljnih uvjeta stijenske mase uzrokovanih intenzivnim vremenskim
uvjetima i tektonikom. Cilj ovog rada je empirijskim, analiti¢kim i numeri¢kim metodama procijeniti izvedivost visoko-
¢elne metode eksploatacije u istrazivanom podrudju. Inovacija u ovom istrazivanju je integracija raznih metoda, koje
ukljucuju klasifikaciju stijenske mase, analiticki proracun opterecenja i ¢vrstoce stijena, 2D i 3D numericko modeliranje
te procjenu dobivenog ugljena pri projektiranju visokog ¢ela. Pocetno stanje je procijenjeno pomocu klasifikacije stijen-
ske mase, a analitickim prora¢unom u geometrijskom modelu utvrdene su $irine iskopa i dimenzije zastitnih stupova.
Zatim je numeri¢ckim modeliranjem ponovno procijenjena geometrija modela kako bi se dobio optimalan dizajn. Pred-
loZena je optimalna debljina i $irina iskopa te raspored zastitnih stupova od 3,20, 3,00, 3,50 odnosno 4,00 m, s Cetiri
rasporedena stupa u jednom panelnom otkopu za sloj C te 2,50, 3,00, 3,50 i 4,00 m s Cetiri rasporedena stupa u jednom
panelnom otkopu za sloj D. Procjena iskoristenje ugljena za sloj C i D je 40,54%. Utvrdena je meduovisnost deformacija

preporuke za buducde eksploatacije sa visokocelnom metodom u Indoneziji i drugim regijama sa sli¢nim uvjetima.

Kljuéne rijedi:
visokoc¢elna metoda; stabilnost; empirijsko; analiti¢ko; numeri¢ko modeliranje
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