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To reduce the stripping ratio, mining with undercutting method can be an
alternative even though it has high geotechnical risk. The method is carried out
by cutting the low-wall slope so that the dip of rock bedding at low-wall is smaller
than the slope angle. This study describes—geetechnical consideration for
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with minimum risk. The_a ed finite element methog by taking into

of mining sequence.~Fhe-varrapies ncluded.the conditions of
geological structure, rock structure, bedding, and geohydrology. Material
properties used for the analysis were based on laboratory tests. The result shows
that the slope resulted from undercutting method was stable even though with
critical safety factor. The values of safety factor for undercutting design with and
without buttress were 1.03 and 1.08, respectively. By considering the short
mining sequence, undercutting method can still be implemented by preventing
the potential for degradation of physical and mechanical properties of material
from occurring. This method was successfully carried out, so mining activity was
able to be done properly without any instability issues.
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1. Introduction

Coal deposits, especially in back-arc basin and fore-arc basin, usually form
successiv ers with specific bedding position. The dip of coal bedding varies
from ge sloping to perpendicular forming a vertical bedding. In several
locations Of the study area, folding structures were found in either micro or macro
scales. Based on the geological condition, mining activity will form high-wall and
low-wall sections. High-wall is a part of mine slope that is perpendicular to the dip
of rock bedding, while low-wall is the dip of mine slope that is in the same direction
as the dip of rock bedding (Fig. 1). Undercutting mining is defined as mining
activity that cuts low-wall slope so that the angle of mine slope is greater than the
angle of rock bedding or discontinuous plane (daylight).

Crest Crest

Fig. 1. Low-wall and high-wall of coal open-pit mine [1].

Contact between beds is a weak zone, and at the contact of rock bedding, it is
usually found a thin layer that can trigger instability of slope. Slope stability of low-
wall is affected by bedding contact between two rocks [2]. Bedding contact is
usually in the form of clay which has high plasticity, thus it will separate two
different beds. Because it separates two different parts, the cohesion value becomes
zero and the internal friction angle becomes 13°, which were obtained based on
back analysis result [2]. When a weak plane is formed at contact of two rocks, it is
assumed that the upper bed only relies on the bed below it, so, with the concept of
stress, the smaller the lower part, the greater the stress received, leading to potential
for overstress at the toe. Overstress occurs due to difference in bedding ratio
between the top and the bottom. The smaller the bedding ratio, the smaller the
safety factor produced (Fig. 2) [1]. Since the rock bedding has a weak zone, it may
cause failure at the toe. The toe failure is one of the contributing factors that leads
to landslide at low-wall (Fig. 3) [3].
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Fig. 2. Bedding ratio at low-wall [1].
Waste dump

Fig. 3. Landslide at low-wall due to toe failure [3].

Slope stability analysis is closely related to the existing structure pattern,
especially discontinuous plane. In this analysis, rock was assumed to be a rigid plane
separated by weak plane that is cut by joints making the bed look like being cut into
pieces; thus, the movement is purely due to frictional force at the bottom of the slope.
When driving force gets bigger, buckling will potentially occur (Fig. 4).

Fig. 4. Inaccurate application of rigid-and-jointed bed for low-wall stability

[4].
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Analysis of landslide due to buckling is carried out with assumption that at the toe
of slope there are joints receiving pressure along the slope, and additional assumption
of Young's modulus (Fig. 5). As a result of the pressure, buckling occurs. The shorter
buckling (L), the greater the force required for the buckling process to occur. Water
flowing in sandstone pore and impermeable mudstone cause a decrease in values of
cohesion and internal friction angle.
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Fig. 5. Buckling concept at low-wall [4].

Analysis of low-wall stability uses concept of toe failure that occurs very quickly
without showing any indication of instability. This type of landslide is triggered by
low angle joint at the base of excavation. The low angle joint often cannot be detected
from drilling, so field observation is very important in determining the possibility of
low angle joint.

Landslide at low-wall is affected by pile load at the top of slope, which is
considered to provide a significant burden to the low-wall slope. Loose pile material
will put the load fully at the base which is passed on to the slope. Placement of
overburden must be spaced from the slope to reduce load on the slope surface [3].
Landslide at low-wall can also be triggered by weathered rock on the slope surface.
This type of landslide usually occurs in tropics which have very high weathering rate,
and the surface is influenced by rill erosion.

Joint pattern plays a very important role for instability because there are some
joints that are key to all joint systems. This type of instability is triggered by joint or
fracture that cuts each other forming a shape of "X". Under normal condition,
instability of natural slope is generally in stable condition. However, if a part of the
"X" formation is taken due to slope forming, then instability may occur due to
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reduced horizontal force and increased groundwater level in joint area that results in
increased hydrostatic pressure either vertically or horizontally (Fig. 6). Instability will
occur when resisting force is smaller than driving force. If this mechanism can be
known from the beginning, then instability can be anticipated early.

Fig. 6. Unfavorable joint mechanism [4].

The increased factor of safety for 'closed' joint eneS cases over their ‘open’
counterparts for small scale slopes confirmsthe effectiveness of support measures
such as bolting and wire_meshes that eggentially force exposed joint ends to move
together. The modellidg also confirms the loss in efficiency of such
support with increasing slope height and suggests that other stabilization methods be
considered for large slope [5]. The consideration of this variability was essential to
reproduce buckling failure. Back analyses of failure mechanism were done, leading
to representative values of the in-situ stress state and the normal and shear stiffness

* modulus of the foliation discontinuities [6].

Clastic sedimentary rocks in the Warukin Formation have low hardness [7] and
the rocks will degrade when exposed to the surface [8]. With this condition, clastic
sedimentary rocks, especially claystone, have limited engineering properties, and
type of clay mineral must be considered before choosing construction material [9-
10]. Large scale low-wall failures cause considerable disruptions to mining associated
with a loss of production, damaged infrastructure, and the potential loss of life [11].
Depressurization is indispensable in pit optimization and pit design [12](Nume#
modeling in slope stability analysis for optimizing mine slope(is more convinet
the result of slope stability analysis [13]. Theoretical aspects of ic
dynamics to practical applications, and lays an essential logical foundation for future
developments [14].

2.Methods

The method used in this study is MMIWL%W—WML Back
analysis was carried out by exploring all geologicaland geohydrological conditions
as well as physical and mechanical properties of slope rock, then evaluating slope
stability analysis that had been carried out before the landslide occurred. Geological
condition was explored by detailing slope material, identifying contact zone,
calculating bedding ratio, and mapping structure seen after the landslide; while
geohydrological component was explored by identifying slope bedding to obtain
the type of aquifer.
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Structure was mapped to determine the orientation of joint pattern found on the
slope and identify the existence of lowangle—joinf—Figld observation includes
identification of failure zone found in the landslide area g an indication of release
point of force from rock bedding. Physical™a Nechanical properties were
evaluated by comparing sampling position to the results of laboratory tests that have
been carried out. Additional number of samples required for further analysis was
added for detailing back analysis later. Laboratory tests such as hardness test,

r\ triaxial test, and uniaxial test were carried out by following the ASTM standards.
Material properties used for analysis are in Table 1.

\Qf‘b \ Table 1. Material properties.

Properties
yl/\ Material Upit Cohesion Friction  Tensile  Young Poisson
weight (kPa) angle  strength  mod. ratio
(KN/m®) (®) (kPa) (kPa)
Disposal
and 17 75 20 75 125000 0.4
buttress
Mudstone 18 160 35 160 125000 0.4
Weak zone 14 10 30 5 50000 0.4
Coal seam 14 189 35 189 50000 0.4

3. Results and Discussion

The research area was located at one of the coal mines in the Warukin Formation
with low-wall dip of about 9°. The area consists of sandstone, claystone, and coal
with hardness below 1 MPa. The groundwater level was relatively high, about 10
m from the surface. Undercutting was planned to be carried out to the toe of
landslide that had occurred before. The landslide caused mining activity to stop,
leaving the pit neglected, so 1/3 toe of the landslide was submerged in water.
Mining was carried out again after 5 years the pit had been abandoned and the
mining process began with dewatering of the water in the pit.

The stratigraphic unit of research area in the form of landslide material was on
slope surface with a dip of about 14° and a material thickness of about 30 m. In-
situ materials were beddings of claystone, mudstone, and coal with dips of about
7-9°. Counterweight was put on the toe of landslide material by back filling up the
overburden material layer by layer, so that optimal buttress was obtained.
Undercutting was carried out about 15 m from the buttress toe with an undercut
depth of about 35 m, calculated from the elevation of buttress toe. The dip of
undercutting slope was about 38°, therefore there was daylight due to the bedding
dip of 9° (Fig. 7).
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Buttress

Fig. 7. Distribution of in-situ and failure materials.

Soft material at the toe of landslide material had been cleaned before the buttress
construction. Removal of the landslide toe caused creeping on 1/3 part of the slope
(after being submerged) but did not cause major failure (Fig. 8). Counterweight was
formed at the toe of slope with a height of 15 m and a width of 25 m, and buttress
dip of 17°. Undercutting formed a slope by cutting the bedding plane of in-situ rock
on the low-wall side, causing daylight. Slope formation in the undercutting position
was adjusted to the overall slope for undercutting.

Fig. 8. Excavation using box cut method at low-wall.

Analysis was performed to determine the stability of landslide material before
the undercutting began. Stabilization of landslide material is required to know the
impact on stability of undercutting that will be carried out. In general, the analysis
was performed on:

1. Stability of landslide material with and without buttress.

2. Slope stability of landslide material and undercutting with and without
buttress.
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The analysis shows-tha A al_ha
indicated repose condition, and t NCe— cendition
where the slope dip of landslide material was formed naturally when landslide
occurred (Fig. 9). Stress accumulation was found at the toe of slope with slip
surface in the contact area between the in-situ material and the landslide material
above it. This was in line with the characteristics of the location. Buttress

construction increased the stability ide _material to 1.08, but—when

undercutting was carried out, the slope stability changed to 1.03 (Figs. 10 and 11).
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Fig. 10. Single step of in-situ and failure materials with buttress showing
groundwater level to buttress.

Fig. 11. Undercutting final design and showing distribution displacement.
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Potential for landslide was found in the landslide material and in the
discontinuous plane along the rock bedding which was a weak zone that controlled
instability (Fig. 12). Material deformation occurred more in the landslide material
and in the upper in-situ_bed. Undercutting mining can be carried out with strict
al properties at the top an e in-situ material. The
ety factor of 103 is a critical number, therefor is should be utilized in
undercutti S0 be managed to avoid either surface
water flow into the Iandsllde zone or infiltration to the contact zone between the in-
situ and the landslide materials. If water gets into the contact zone, it will trigger
slip surface along the contact zone. Heavy equipment in the landslide zone must
also be restricted to keep the load stable. Heavy equipment activity in the landslide
area can increase the material load, so the driving force becomes greater.

v
Total

) % L) %

Fig. 12. Distribution of total displacement showing semi-circular pattern.

Slope monitoring system is also mandatory to obtain real condition of slope
stability. The monitoring can use simple tool, considering the material has a high
plasticity, so that the potential for sudden failure is quite small. Visual observation
on drainage condition and buttress stability should also be regularly carried out
during undercutting. With strict control, undercutting can be carried out safely and
coal can be mined out properly. Coal reserves increased significantly based on the
result of this analysis. When the mining was completed, the stability of
undercutting and buttress were maintained (Fig. 13).
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Fig. 13. Mining was completed using undercutting method without any
instability issue.

Based on the analysis result, undercutting can be carried out by considering
detailed geological aspects of the area, and the analysis should pay attention to the
aspects. Although the safety factor is quite critical, with efforts to maintain the
physical and mechanical properties, stability can be maintained.

4.Conclusions

Undercutting mining can be carried out by paying attention to the detailed aspects of
geological condition. The analysis result using finite element method shows a critical
safety factor, but with strict control of slope stability variables, undercutting activity
can still be carried out. The analysis identified details of geological condition such as
lithology, stratigraphy, aquifer, and weak zone between beds. Identification of
discontinuous plane pattern must be done to ensure the kinematics of a bedding. In
high stress zone, the condition of discontinuous plane has a significant role in stability
of low-wall slope. Calculation of bedding ratio after modelling weak plane is highly
recommended so that at the time of analysis, it will be close to the real field condition.
Finite element method is recommended for low-wall stability analysis even though
limit equilibrium method is still possible if circular pattern only occurs in one
bedding. Depressurization is required to reduce aquifer stress due to the presence of
distressed aquifer.
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Abstract

To reduce the stripping ratio, mining with undercutting method can be an
alternative even though it has high geotechnical risk. The method is carried out
by cutting the low-wall slope so that the dip of rock bedding at low-wall is smaller
than the slope angle (daylight). This study describes geotechnical consideration
for undercutting design of coal mine in order that mining activity can be carried
out with minimum risk. The analysis used finite element method by taking into
account the aspect of mining sequence. The variables included the conditions of
geological structure, rock structure, bedding, and geohydrology. Material
properties used for the analysis were based on laboratory tests. The result shows
that the slope resulted from undercutting method was stable even though with
critical safety factor. The values of safety factor for undercutting design with and
without buttress were 1.03 and 1.08, respectively. By considering the short
mining sequence, undercutting method can still be implemented by preventing
the potential for degradation of physical and mechanical properties of material
from occurring. This method was successfully carried out, so mining activity was
able to be done properly without any instability issues.

Keywords: Coal mine, Daylight, Low-wall, Slope stability, Undercutting.
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1. Introduction

In risk management of mining activity, geotechnical factor becomes an important
aspect that must be considered in terms of both severity and probability.
Undercutting design can increase probability of geotechnical risk [1]. The risk of
undercutting can be reduced by conducting detailed technical study that considers
detailed geological aspects. Characteristic of geological condition is one of the
things that must be explored in detail so that in geotechnical analysis, all of the
geological conditions can be included in the analysis model.

Coal deposits, especially in back-arc basin and fore-arc basin, usually form
successive layers with specific bedding position. The dip of coal bedding varies
from gently sloping to perpendicular forming a vertical bedding. In several
locations of the study area, folding structures were found in either micro or macro
scales. Based on the geological condition, mining activity will form high-wall and
low-wall sections. High-wall is a part of mine slope that is perpendicular to the dip
of rock bedding, while low-wall is the dip of mine slope that is in the same direction
as the dip of rock bedding (Fig. 1). Undercutting mining is defined as mining
activity that cuts low-wall slope so that the angle of mine slope is greater than the
angle of rock bedding or discontinuous plane (daylight).

- Highwall = -~ Undercut - :

— Daylight
= P
B \\ y e

S _—
/

Fig. 1. Investigated shapes of projectiles (Geometry and dimensions).

Contact between beds is a weak zone, and at the contact of rock bedding, it is
usually found a thin layer that can trigger instability of slope. Slope stability of low-
wall is affected by bedding contact between two rocks [2]. When a weak plane is
formed at contact of two rocks, it is assumed that the upper bed only relies on the
bed below it, so, with the concept of stress, the smaller the lower part, the greater
the stress received, leading to potential for overstress at the toe. Overstress occurs
due to difference in bedding ratio between the top and the bottom. The smaller the
bedding ratio, the smaller the safety factor produced (Fig. 2) [2]. Bedding contact
is usually in the form of clay which has high plasticity; thus it will separate two
different beds. Because it separates two different parts, the cohesion value becomes
zero and the internal friction angle becomes 13°, which were obtained based on
back analysis result [3].

Since the rock bedding has a weak zone, it may cause failure at the toe. The toe
failure is one of the contributing factors that leads to landslide at low-wall (Fig. 3)
[4]. Geotechnical analysis at the low-wall part shall be consider with some
geological characteristics [5] such as: 1) weak layer on bedding contact, 2) bedding
ratio, 3) aquifer type below bedding material, 4) geotechnical analysis method
using finite element, 5) type of slip surface, and 6) discontinuity orientation of rock
mass. Determination of critical buckling height (CBH) must consider the slope dip
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angle, friction angle, material cohesion on bedding contact, and elastic modulus of
slope rock [6]. Calculation of rock dilation is one of the important factors in
calculating block above slip surface where dilation is influenced by shear
displacement and base distance [7]. Fracture in rock mass begins by displacement
of bedding contact and distribution of stress [8]. Footwall slope stability analysis
also gives serious attention to condition of bedding profile, from the dip of bedding,
orientation of bedding, to joint set or discontinuous plane on bedding [9].

Definition;
Bedding — Layering rock

. Dip of Bedding

Bedding Height

. Thickness of bedding upper part
Thickness of bedding lower part
Bedding Contact — weak zone
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Fig. 2. Bedding ratio at low-wall [2].
Waste dump
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Fig. 3. Landslide at low-wall due to toe failure [4].

Slope stability analysis is closely related to the existing structure pattern,
especially discontinuous plane. In this analysis, rock was assumed to be a rigid
plane separated by weak plane that is cut by joints making the bed look like being
cut into pieces; thus, the movement is purely due to frictional force at the bottom
of the slope. When driving force gets bigger, buckling will potentially occur (Fig.
4). Surface of toe breakout is a key control in kinematics of landslide mechanism
on bi-planar failure at footwall slope [10, 11].

Analysis of landslide due to buckling is carried out with assumption that at the
toe of slope there are joints receiving pressure along the slope, and additional
assumption of Young's modulus (Fig. 5). As a result of the pressure, buckling
occurs. The shorter buckling (L), the greater the force required for the buckling
process to occur. Water flowing in sandstone pore and impermeable mudstone
cause a decrease in values of cohesion and internal friction angle.
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Fig. 4. Inaccurate application of rigid-and-jointed bed for low-wall stability [12].
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Fig. 5. Buckling concept at low-wall [12].

Analysis of low-wall stability uses concept of toe failure that occurs very
quickly without showing any indication of instability. This type of landslide is
triggered by low angle joint at the base of excavation. The low angle joint often
cannot be detected from drilling, so field observation is very important in
determining the possibility of low angle joint.

Landslide at low-wall is affected by pile load at the top of slope, which is
considered to provide a significant burden to the low-wall slope. Loose pile
material will put the load fully at the base which is passed on to the slope. Placement
of overburden must be spaced from the slope to reduce load on the slope surface
[4]. Landslide at low-wall can also be triggered by weathered rock on the slope
surface. This type of landslide usually occurs in tropics which have very high
weathering rate, and the surface is influenced by rill erosion.
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Joint pattern plays a very important role for instability because there are some
joints that are key to all joint systems. This type of instability is triggered by joint or
fracture that cuts each other forming a shape of "X". Under normal condition,
instability of natural slope is generally in stable condition. However, if a part of the
"X" formation is taken due to slope forming, then instability may occur due to
reduced horizontal force and increased groundwater level in joint area that results in
increased hydrostatic pressure either vertically or horizontally (Fig. 6). Instability will
occur when resisting force is smaller than driving force. If this mechanism can be
known from the beginning, then instability can be anticipated early.
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Fig. 6. Unfavourable joint mechanism [4].

The increased factor of safety for ‘closed' joint ends cases over their ‘open’
counterparts for small scale slopes confirms the effectiveness of support measures
such as bolting, and wire meshes that essentially force exposed joint ends to move
together. The modelling in the paper also confirms the loss in efficiency of such
support with increasing slope height and suggests that other stabilization methods
be considered for large slope [13, 14]. The consideration of this variability was
essential to reproduce buckling failure. Back analyses of failure mechanism were
done, leading to representative values of the in-situ stress state and the normal and
shear stiffness modulus of the foliation discontinuities [15].

Clastic sedimentary rocks in the Warukin Formation have low hardness [16]
and the rocks will degrade when exposed to the surface [17]. With this condition,
clastic sedimentary rocks, especially claystone, have limited engineering
properties, and type of clay mineral must be considered before choosing
construction material [18]. Large scale low-wall failures cause considerable
disruptions to mining associated with a loss of production, damaged infrastructure,
and the potential loss of life [19]. Depressurization is indispensable in pit
optimization and pit design [20]. Numerical modelling in slope stability analysis
for optimizing mine slope is more convincing in the result of slope stability analysis
[21]. Theoretical aspects of resonant and chaotic dynamics to practical applications
and lays an essential logical foundation for future developments [22].

Physical and mechanical properties of sedimentary rock and mud rock change when
they are in either dry or wet conditions or when the water content changes. When in dry
condition, cohesion and shear strength increases. Geohydrological condition under low-
wall is an important factor in low-wall stability. Aquifer stress can trigger buckling at
low-wall, therefore, identifying geohydrological condition is very important [23, 24].
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2. Methods

The method used in this study is back analysis on landslide at low-wall. Back analysis
was carried out by exploring all geological and geohydrological conditions as well as
physical and mechanical properties of slope rock, then evaluating slope stability
analysis that had been carried out before the landslide occurred. Stratigraphy of rock
is obtained based on detailed geological drilling and geotechnical drilling. Sampling
of rock from the drilling was carried out to obtain the rock properties. To obtain the
data of rock properties, laboratory testing was carried out on core samples from
drilling activity. The test method used unconsolidated undrained triaxial test based
on ASTM D2850-87 standard. The drilling activity to sampling referred to ASTM
D2113-99 regarding rock core drilling and sampling of rock site investigation, ASTM
D5434-97 regarding field logging of subsurface exploration of soil and rock, and
ASTM D4220-95 regarding preserving and transporting sample. Rock description
used ASTM D2488-00 standard for description and identification of soil (visual
manual procedure). This method was chosen because the sedimentary rocks in
research location have characteristics like soil.

Geological condition was explored by detailing slope material, identifying
contact zone, calculating bedding ratio, and mapping structure seen after the
landslide; while geohydrological component was explored by identifying slope
bedding to obtain the type of aquifer. Structure was mapped to determine the
orientation of joint pattern found on the slope and identify the existence of low
angle joint. Field observation includes identification of failure zone found in the
landslide area as an indication of release point of force from rock bedding. Physical
and mechanical properties were evaluated by comparing sampling position to the
results of laboratory tests that have been carried out. Additional number of samples
required for further analysis was added for detailing back analysis later. Laboratory
tests such as hardness test, triaxial test, and uniaxial test were carried out by
following the ASTM standards. Geotechnical analysis was carried out using finite
element method with help of Phase 2 program. Material properties used for analysis
are in Table 1. The research area was located at one of the coal mines in the
Warukin Formation with low-wall dip of about 9°. The area consists of sandstone,
claystone, and coal with hardness below 1 MPa. The groundwater level was
relatively high, about 10 m from the surface. Undercutting was planned to be
carried out to the toe of landslide that had occurred before. The landslide caused
mining activity to stop, leaving the pit neglected, so 1/3 toe of the landslide was
submerged in water. Mining was carried out again after 5 years the pit had been
abandoned and the mining process began with dewatering of the water in the pit.

Table 1. Material properties.

Properties
Material U_n|t Cohesion Friction  Tensile  Young Poisson
weight (kPa) angle strength  mod. ratio
(kN/md) ) (kPa) (kPa)
Disposaland 4, 25 34 75 85000  0.23
buttress
Mudstone 18 160 45 160 125,000 0.38
Weak zone 15 10 20 10 35,000 0.12
Coal seam 14 189 35 189 200,000 0.16
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3. Results and Discussion

The stratigraphic unit of research area in the form of landslide material was on slope
surface with a dip of about 14° and a material thickness of about 30 m. In-situ
materials were beddings of claystone, mudstone, and coal with dips of about 7-9°.
Counterweight was put on the toe of landslide material by back filling up the
overburden material layer by layer, so that optimal buttress was obtained.
Undercutting was carried out about 15 m from the buttress toe with an undercut
depth of about 35 m, calculated from the elevation of buttress toe. The dip of
undercutting slope was about 38°, therefore there was daylight due to the bedding
dip of 9° (Fig. 7).

73

Fig. 7. Distribution of in-situ and failure materials.

Soft material at the toe of landslide material had been cleaned before the buttress
construction. Removal of the landslide toe caused creeping on 1/3 part of the slope
(after being submerged) but did not cause major failure (Fig. 8). Counterweight was
formed at the toe of slope with a height of 15 m and a width of 25 m, and buttress
dip of 17°. Undercutting formed a slope by cutting the bedding plane of in-situ rock
on the low-wall side, causing daylight. Slope formation in the undercutting position
was adjusted to the overall slope for undercutting.

Fig. 8. Excavation using box cut method at low-wall.
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Analysis was performed to determine the stability of landslide material before
the undercutting began. Stabilization of landslide material is required to know the
impact on stability of undercutting that will be carried out. In general, the analysis
was performed on:

i. Stability of landslide material with and without buttress.
ii. Slope stability of landslide material and undercutting with and without buttress.

The analysis shows that the landslide material had safety factor of 1.01
which indicated repose condition, and this was in accordance with the
real condition where the slope dip of landslide material was formed naturally
when landslide occurred (Fig. 9). Stress accumulation was found at the toe of
slope with slip surface in the contact area between the in-situ material and the
landslide material above it. This was in line with the characteristics of the
location. Buttress construction increased the stability of landslide material to
1.08, but when undercutting was carried out, the slope stability changed to 1.03
(Figs. 10 and 11).

() % ) 2% 2 2% 2% 240 % 2y

Fig. 9. Single step of in-situ and failure materials without buttress.

e

280 2% 2% BN 2

Fig. 10. Single step of in-situ and failure materials
with buttress showing groundwater level to buttress.
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L 1y 17’s

Fig. 11. Undercutting final design and showing distribution displacement.

Potential for landslide was found in the landslide material and in the
discontinuous plane along the rock bedding which was a weak zone that controlled
instability (Fig. 12). Material deformation occurred more in the landslide material
and in the upper in-situ bed. Undercutting mining can be carried out with strict
control to maintain the material properties at the top and in the in-situ material. The
safety factor of 1.03 is a critical number, therefore, this should be utilized in
undercutting mining. Surface water must also be managed to avoid either surface
water flow into the landslide zone or infiltration to the contact zone between the in-
situ and the landslide materials. If water gets into the contact zone, it will trigger
slip surface along the contact zone. Heavy equipment in the landslide zone must
also be restricted to keep the load stable. Heavy equipment activity in the landslide
area can increase the material load, so the driving force becomes greater.

Slope monitoring system is also mandatory to obtain real condition of slope
stability. The monitoring can use simple tool, considering the material has a high
plasticity, so that the potential for sudden failure is quite small. Visual observation on
drainage condition and buttress stability should also be regularly carried out during
undercutting. With strict control, undercutting can be carried out safely and coal can
be mined out properly. Coal reserves increased significantly based on the result of
this analysis. When the mining was completed, the stability of undercutting and
buttress were maintained (Fig. 13). The optimum monitoring tool can be selected by
adjusting to the rock characteristics, in this case, the strain of rock mass. Accuracy
level of the monitoring tool used adjusts to the rock mass strain. The selected
monitoring tool is certainly different for high strain and low strain.

Fig. 12. Distribution of total displacement showing semi-circular pattern.
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Fig. 13. Mining was completed using under-
cutting method without any instability issue.

Based on the analysis result, undercutting can be applied out by considering
detailed geological aspects of the area, and the analysis should pay attention to the
aspects. Undercutting method will be decrease stripping ratio (SR) and increasing
economical aspect. Consequence of undercutting is increasing geotechnical risk,
but the risk can reduce by implementation some geotechnical consideration and
close monitoring during operation. This kind of analysis is few due to the data
limitation and the difficulty in verification. This research combines the collected
data which are quite detailed, complete, in accordance with the standards of each
process, and also has the opportunity to be implemented in field as the verification
of calculation. A series of processes in collecting, testing, and analysing the data in
detail is the novelty in this research, in particular in the case of a coal mine that has
low mechanical properties.

4. Conclusions

Undercutting mining can be carried out by paying attention to the detailed aspects
of geological condition. The analysis result using finite element method shows a
critical safety factor, but with strict control of slope stability variables, undercutting
activity can still be carried out. The analysis identified details of geological
condition such as lithology, stratigraphy, aquifer, and weak zone between beds.
Identification of discontinuous plane pattern must be done to ensure the kinematics
of a bedding. In high stress zone, the condition of discontinuous plane has a
significant role in stability of low-wall slope. Calculation of bedding ratio after
modelling weak plane is highly recommended so that at the time of analysis, it will
be close to the real field condition. Finite element method is recommended for low-
wall stability analysis even though limit equilibrium method is still possible if
circular pattern only occurs in one bedding. Depressurization is required to reduce
aquifer stress due to the presence of distressed aquifer.
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Nomenclatures
A Discontinue Upper part (Fig. 4), m
B Discontinue Middle part (Fig. 4), m
C Discontinue Middle part (Fig. 4), m
d Thickness of discontinue layer (Figs. 4 and 5), m
E Elasticity (Fig. 5), -
I Area of buckling (d?/12) (Fig. 5), m?
L Length of Buckling (Fig. 5), m
L1 Length of upper block (Fig. 4), m
L2 Length of bottom block (Fig. 4), m
Mg Coupling movement (Fig. 5), degree
N Force (Figs. 5and 6), N
N2 Secondary Force (Fig. 6), N
PA Pressure upper part (Fig. 4), kPa
P1 Pressure middle part (Fig. 4), kPa
P3 Pressure bottom part (Fig. 4), kPa
QA Movement upper part (Fig. 4), m
Q1 Movement middle part (Fig. 4), m
Q2 Movement Bottom part (Fig. 4), m
R Resistant Force (Fig. 5), N
S Shear stress (Fig. 6), kPa
Ul Pore pressure upper block (Fig. 4), Psi
U2 Pore Pressure second block (Fig. 4), Psi
W Weight of Block (Figs. 5 and 6), Ton
Wer A total weight of block ((z?El)/L?) (Fig. 5), ton
W1 Weight block upper block (Fig. 4), ton
W2 Weight block bottom block Figs. 4 and 6), ton
X1 Length shear block upper block (Fig. 4), m
X2 Length Shear block bottom block (Fig. 4), m
Greek Symbols
B Angle of shear block (Figs. 4 and 5), degree.
y Unit Weight (Fig. 6), gr/cm3
Abbreviations
ASTM American Society for Testing and Materials
CBH Critical Buckling Height
SR Stripping Ratio
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