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ABSTRACT

Landslides occurred on the Block 16 sidewall at PT XYZ, where the upper benches comprise low-stability
fill and the lower benches comprise bedded rock. This study characterized the rock mass, assessed
discontinuity-controlled failure potential, calibrated the failed-slope condition by back analysis, and
compared counterweight reinforcement with slope-geometry redesign. Scanline mapping, Rock Mass
Rating (RMR), stereographic kinematic analysis, Slope Mass Rating (SMR), and Bishop-simplified limit-
equilibrium simulations in Slide 6.0 were applied. The lower rock benches had an average RMR of 69.5
and an SMR of 68.6. Oblique-toppling criteria were satisfied by 7.62% of the analyzed discontinuities.
The initial model yielded an SF of 1.239, while back analysis reproduced the failure condition at SF =
0.995. Counterweighting increased SF to 1.324 using 42.6 m®/m of fill; geometry redesign produced SF
= 1.352 with 264.98 m3/m of excavation. Both alternatives met the SF > 1.3 criterion, but
counterweighting required substantially less material handling.
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INTRODUCTION

Indonesia's coal reserves were reported at 38.84 billion t in 2021, with Kalimantan
accounting for 62.1% of the national total [1]. Open-pit extraction of these resources requires
the progressive removal of overburden and the formation of pit walls, sidewalls, benches, and
disposal slopes. Because mine plans and operating sequences continuously change the
geometry and loading conditions of these slopes, geotechnical stability must be incorporated
into short-term and long-term mine design [2].

Slope-stability assessment in open-pit mines commonly combines rock-mass classification,
structural analysis, and numerical or limit-equilibrium modeling. RMR-based characterization
provides a systematic description of rock-mass quality, whereas stereographic and kinematic
analyses identify whether discontinuity orientations satisfy the geometric conditions for
planar, wedge, or toppling failures [3]-[5]. Limit-equilibrium analysis then quantifies the
balance between driving and resisting forces for a defined slope geometry and material model
[6]. These methods are complementary: classification and kinematic analysis describe the
lower rock benches, while numerical analysis can represent the fill-dominated upper benches
and the overall potential failure surface.
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Field observations at the Block 16 sidewall of PT XYZ in Sangasanga Subdistrict, Kutai
Kartanegara Regency, East Kalimantan, identified repeated slope failures. Benches 1 and 2
consist mainly of placed fill, whereas Benches 3 and 4 expose in situ sandstone, claystone,
siltstone, and coal seams. The four-bench slope has bench widths of approximately 3-4 m,
typical bench heights of about 9 m, and bench angles of 32°-36°. Rainfall increased during early
2025, and the combined influence of fill degradation, precipitation, and mining activity was
considered relevant to the observed instability.

Two practical stabilization alternatives were considered. A toe counterweight increases
resisting force by adding mass near the slope toe, an approach that has improved stability in
embankments and weak-strata mine slopes [7], [8]. By contrast, slope-geometry redesign
reduces driving force by flattening or removing part of the slope mass. Such redesign must be
evaluated together with earthwork volume and mine-layout constraints because geometric
compliance can require substantial cut-and-fill operations [9], [10]. Indonesian good-mining-
practice guidance uses an SF criterion greater than 1.3 for the evaluated static slope condition
[11].

Previous studies have examined rock-mass classification, kinematic failure potential,
counterweight stabilization, and mine-geometry redesign, but the relative material
requirement of counterweighting and geometry modification is rarely compared for the same
failed sidewall and calibrated material condition. Accordingly, this study aims to (1)
characterize the lower rock benches using RMR, kinematic analysis, and SMR; (2) calibrate the
fill-dominated failure condition through back analysis; and (3) compare the safety factors and
material volumes of counterweight reinforcement and slope-geometry redesign. The
comparison is limited to geotechnical performance and material-handling volume; it is not a
full life-cycle cost analysis.

METHOD

Study Design and Workflow

The study combined field mapping, company geotechnical data, rock-mass classification,
kinematic analysis, back analysis, and limit-equilibrium modeling. Figure 1 organizes the
procedure from field diagnosis through the comparison of reinforcement alternatives. Primary
data comprised the actual slope geometry, scanline measurements, lithological observations,
discontinuity orientations, and field indications of groundwater. Secondary data comprised
physical and mechanical material properties, rainfall records, and existing slope-design
information supplied by PT XYZ. The analyses were conducted for the Block 16 sidewall, with
rock-mass classification focused on Benches 3 and 4 and overall stability modeling focused on
the fill-dominated Benches 1 and 2 together with the underlying rock units.

Figure 1. Research workflow for slope characterization, back analysis, reinforcement modeling, and
alternative comparison.
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Scanline Mapping and Rock-Mass Characterization

A 50 m scanline was established along the exposed rock face to record discontinuity
orientation, spacing, condition, and lithological context. Scanline mapping is widely used to
characterize fractured rock masses, although representativeness depends on exposure quality
and geological variability [12]. The measured discontinuities were used to determine RQD-
related ratings, discontinuity spacing, discontinuity condition, and structural orientations.
Because the exposed section showed broadly similar roughness and lithological conditions
along the observation line, the scanline was treated as representative of the observed lower
sidewall section.

RMR was calculated using intact-rock strength, RQD, discontinuity spacing, discontinuity
condition, and groundwater condition. The adopted rating ranges are summarized in Table 1,
and the resulting classes are interpreted using Table 2. The system follows the Bieniawski RMR
framework [13], while recent correlation studies illustrate its continued use across sandstone,
siltstone, granite, and quartzite rock masses [14].

Table 1. RMR parameters and ratings adopted in the study [13].

Parameter Criterion or range Rating
Point-load index, MPa >10; 10-4; 4-2; 2-1 15;12;7; 4
Uniaxial compressive >250; 100-250; 50-100; 25-50; 5-25; 1-5; 15;12;7; 4; 2;

strength, MPa <1 1; 0
RQD, % 90-100; 75-90; 50-75; 25-50; <25 20; 17:; 13;8;
Discontinuity spacing, m >2; 0.6-2; 0.2-0.6; 0.06-0.2; <0.06 20; 15;_) 10 8;

Very rough, discontinuous, no separation,
unweathered; slightly rough, separation
<1 mm, slightly weathered; slightly rough,

Discontinuity condition separation <1 mm, highly weathered; 30; 25'020' 10;
slickensided or gouge <5 mm / separation
1-5 mm, continuous; soft gouge >5 mm /
separation >5 mm, continuous
Groundwater inflow, None; <10; 10-25; 25-125; >125 15;10; 7; 4; 0
L/min per 10 m
Joint-water-pressure ratio 0; <0.1; 0.1-0.2; 0.2-0.5; >0.5 15;10;7: 4; 0
General groundwater Completely dry; damp; wet; dripping;
e : 15;10;7;4; 0
condition flowing
Table 2. RMR class interpretation [13].
RMR Class Rock-mass quality Cohesion (kPa) Friction angle
81-100 | Very good >400 >45°
61-80 11 Good 300-400 35°-45°
41-60 11 Fair 200-300 25°-35°
21-40 I\Y% Poor 100-200 15°-25°
<21 \Y Very poor <100 <15°

Stereographic Kinematic Analysis and SMR

The measured slope and discontinuity orientations were plotted stereographically to
evaluate the geometric feasibility of structurally controlled failure. Stereographic projection
transfers three-dimensional orientation data to a two-dimensional net, allowing discontinuity

Counterweight Reinforcement versus Slope .... ©2026, Bambang Heriyadi, et al. 183



MOTIVECTION: Journal of Mechanical, Electrical and Industrial Engineering ISSN 2655 — 7215 [printed]

sets to be compared with the slope face and friction constraints [15]. The kinematic criteria
were interpreted with reference to documented applications to rock slopes and quarry faces
[15], [16].

SMR was calculated by adjusting the basic RMR value for the relationship between
discontinuity orientation, slope orientation, and excavation method. The correction-factor
criteria are given in Table 3, the excavation-method rating is given in Table 4, and the final SMR
class is interpreted using Table 5. This approach follows the Romana formulation as applied in
recent slope assessments [17].

Table 3. SMR orientation correction factors.

Failure mode Factor Criterion Criterion categories Ratings
] >30° / 30°-20° / 20°-10°/ 0.15/0.40 /0.70
Planar (P) F1 lal - a2| 10°-5° / <5° /0.85 / 1.00
: |al-a2- >30°/30°-20°/20°-10°/ 0.15/0.40/0.70
Toppling (T) Kl 180°| 10°-5° / <5° /0.85 /1.00
<20° /20°-30° /30°-35°/ 0.15/0.40 /0.70
Planar (P) k2 IB1| 35°-45° / >45° /0.85 /1.00
Toppling (T) F2 - All criteria 1.00
) >10° /10°-0°/0°/0°to- O0/-6/-25/-50/
Planar (P) F3 B1-B2 10° / <-10° 60
Toppling (T)  F3 81 + B2 <100 /iégo-uo / 0/-6/-25

al = slope dip direction; a2 = discontinuity strike or dip direction as defined in the adopted SMR
convention; 1 = discontinuity dip; 2 = slope dip.

Table 4. Excavation-method rating (F4).

Excavation method F4
Natural slope 15
Presplitting blasting 10
Smooth blasting 8
Normal blasting 0
Deficient blasting -8
Mechanical excavation 0

Table 5. SMR class interpretation.

Rock-mass - . . Failure
Class SMR quality Stability Typical failure probability
Completely .
I 81-100 Very good stable No failure 0
11 61-80 Good Stable Some block failure 0.2
[11 41-60 Normal Partially stable Planar, joint, or 0.4
wedge
\Y 21-40 Bad Unstable Planar or large wedge 0.6
Vv 0-20 Very bad Completely Largfe plar.lar or soil- 0.9
unstable like/circular

The SMR value was calculated using Equation (1), where RMR is the basic rock-mass rating
and F1-F4 are the orientation and excavation corrections.

SMR = RMR + (F,XF,XF;)+F, (1)
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Back Analysis and Limit-Equilibrium Modeling

Back analysis was used to infer the fill-material shear-strength parameters associated with
the observed failure condition. The procedure compared the modeled safety factor with the
field evidence of instability and iteratively adjusted cohesion and friction angle while holding
the documented geometry and other material units constant. Figure 2 summarizes this inverse
process. Back analysis is inherently model-dependent because the inferred parameters are
conditional on the selected failure mechanism, geometry, pore-pressure assumption, and
analytical method [18], [19]. A comparable trial-and-error approach has been applied to mine-
slope failures to derive engineering parameters for stabilization design [20].

Back analysis

Output results Input data

Mechanical | A___ Displacement
parameters <J Back analysis <—| Modelling <_] Stress

Ev,c o Strain
Assumption

One-to-one relationship depending on modelling

Figure 2. Depiction of Backward Analysis

Slope stability was evaluated in Slide 6.0 using the Bishop-simplified limit-equilibrium
method. The analysis used the documented cross-section and material units. The field
inspection identified no seepage or exposed groundwater in the study area; therefore, the
model did not include an observed groundwater surface. The safety factor represents the ratio
of available resisting capacity to mobilized driving demand for the assumed slip surface and
material model [21].

Reinforcement Alternatives and Comparison Criterion

The calibrated failure-condition parameters were used to evaluate two alternatives. In the
counterweight model, claystone fill was placed at the slope toe to increase resisting force
without changing the principal upper-slope geometry. Figure 3 illustrates the stabilizing
mechanism. In the geometry-redesign model, slope material was removed to reduce the driving
mass and flatten the overall profile. Both alternatives were iteratively configured until the
modeled SF exceeded 1.3, consistent with the adopted regulatory criterion [11]. Their material
requirements were then calculated per metre of slope length and compared directly.
Counterweight performance can be sensitive to toe geometry, foundation response, and
material properties, as shown in numerical studies of loaded or undercut slopes [22].

Figure 3. Counterweight Structure on Slopes

Counterweight Reinforcement versus Slope .... ©2026, Bambang Heriyadi, et al. 185
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RESULTS AND DISCUSSION
Results

Geological and Geometric Conditions

The Block 16 sidewall comprises four benches and two principal material domains.
Benches 1 and 2 are formed mainly by dump fill, whereas Benches 3 and 4 comprise layered
sandstone, claystone, siltstone, and coal. Figure 4 shows the cross-section used to distinguish
the fill from the original rock sequence and to establish the geometry for subsequent analyses.

" Dump Soil Layer
. .Boundary between Dump
. _.Soil and Original Rocks

. Orlgm Rbck Layer

Figure 4. Actual Block 16 sidewall cross-section showing the dump-fill layer, original rock units, and
their boundary (source: PT XYZ model data).

Sandstone is the dominant exposed lithology, particularly in the eastern part of the pit. It is
light brown, 15-20 m thick, and oriented N 356°E/24°E. Claystone is blackish brown, 10-16 m
thick, and oriented N 6°E/28°E. Coal seam A4 is approximately 3 m thick and oriented N
354°E /28°E. The physical and mechanical properties supplied by PT XYZ for the lower benches
are listed in Tables 6 and 7.

Table 6. Physical properties of materials in Benches 3 and 4 (source: PT XYZ geotechnical drilling).

No. Material Density (g/cm®)  Unit weight (KN/m?)
1 Claystone 2.18 21.38
2 Sandstone 2.36 23.14
3 Coal 1.30 12.75

Table 7. Uniaxial compressive strength of materials in Benches 3 and 4 (source: PT XYZ
geotechnical drilling).

No. Material UCS (MPa)
1 Claystone 7.23
2 Sandstone 7.40
3 Coal 9.10

Scanline Mapping and RMR

The scanline geometry and location are summarized in Table 8. The 50 m line crossed the
exposed lower sidewall at a slope strike of N 70°E and a slope dip of 40°. Figure 5 shows the
mapped discontinuity traces in relation to the lithological units. Thirteen fractures were
recorded in sandstone and two in claystone. This count indicates a greater observed
discontinuity frequency in sandstone along the scanline; it does not by itself establish lower
intact-rock strength.
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Table 8. Scanline measurement geometry and location.

Parameter Value
Slope height 10 m
Slope strike N 70°E
Slope dip 40°
Scanline length 50 m
Scanline strike N 214°E
Scanline dip 5°
Coordinates 50S /0527739 / 9926540

Figure 5. Mapped discontinuity traces in the sandstone, claystone, and coal sequence of Benches 3 and
4 (source: field scanline interpretation).

The RMR ratings are presented in Table 9. Claystone obtained a total rating of 72 and
sandstone a rating of 67, producing an average RMR of 69.5. This average lies in Class II (good
rock). The result describes the observed lower rock benches and should not be generalized to
the dump fill in Benches 1 and 2.

Table 9. RMR scoring for the mapped lower-bench lithologies.

Point-

No. Lithology load RQD ]ou_1t ]on_n t Ground Total
. spacing condition  water
index
1 Claystone 2 20 20 20 10 72
2 Sandstone 2 20 15 20 10 67
Average RMR 69.5

Kinematic and SMR Results

Stereographic projection identified a slope orientation of N 70°E/40° and two joint sets:
JS1 at N 346°E/70° and JS2 at N 187°E /70°. Figure 6 plots the slope and joint orientations. The
relationship between ]JS2 and the slope face satisfies part of the geometric condition for
toppling. The kinematic envelope in Figure 7 shows that 7.62% of the analyzed discontinuity
orientations fall within the oblique-toppling critical zone, with an indicated direction of N 97°E.
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Figure 6. Stereographic projection of the Block 16 sidewall and measured joint-set orientations
(source: Dips analysis).
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Figure 7. Kinematic oblique-toppling analysis for the Block 16 sidewall (source: Dips analysis).

The SMR input geometry is listed in Table 10, and the selected correction ratings are listed
in Table 11. Substituting the average RMR and correction ratings into Equation (1) gives the

SMR calculation in Equation (2).
Table 10. SMR orientation components used in the calculation.

Component Value
Slope dip direction (al) N 160°E
Joint strike/direction (a2) N 277°E
Joint dip (B1) 70° (JS2)
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Component Value
Slope dip (B2) 40°

Table 11. SMR correction ratings selected for the analyzed toppling condition.

Factor Calculated or selected value Rating
F1 200° 0.15
F2 70° 1.00
F3 110° -6
F4 Mechanical excavation 0
SMR = 69.5+ (0.15+1x(—6))+ 0 = 68.6 (2)

The resulting SMR of 68.6 is Class II, corresponding to a good rock mass and a generally
stable rock-slope condition under the adopted classification. This classification again applies to
the lower rock benches and does not replace the overall limit-equilibrium analysis of the fill-
controlled sidewall.

Back Analysis of the Fill-Dominated Failure

The material parameters initially used by PT XYZ are listed in Table 12. No visible seepage
or groundwater opening was observed during field data collection. Using these parameters and
the documented geometry, the initial Bishop-simplified model produced SF = 1.239, as shown
in Figure 8. Although the modeled slope had not reached limiting equilibrium, the result
remained below the adopted SF > 1.3 criterion.

Table 12. Material properties used in the initial PT XYZ slope model.

Material B‘l/lvlel‘:;}:ilt Sa.turated unist Cohesion Friction
(kN/m?) weight (kN/m"~) (kPa) angle
Dump fill 18.0 - 26.0 18.00°
Siltstone 22.6 24.0 122.0 22.17°
Sandstone 22.5 23.9 62.75 35.36°
Coal 13.4 13.5 45.0 5.00°

safety ractor

1780

=

340 B0 aa 30 sb | 3s0 dse %0 30 s 30 et 320 60 360

Figure 8. Initial limit-equilibrium model using company material parameters; Bishop-simplified SF =
1.239 (source: Slide 6.0 analysis).
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Back analysis progressively reduced the dump-fill cohesion and friction angle while the
documented geometry and other material units were retained. Table 13 shows that the
modeled SF decreased from 1.157 to 1.076 and finally to 0.995. The third trial was therefore
adopted as the calibrated failure condition, with dump-fill cohesion of 20 kPa and friction angle
of 15°.

Table 13. Trial-and-error back-analysis results for the dump fill.

Trial Material Cohesion (kPa) Friction angle SF
1 Dump fill 24 17° 1.157
2 Dump fill 22 16° 1.076
3 Dump fill 20 15° 0.995

Counterweight Reinforcement

Claystone available near seams A8 and A9 in the lowwall of Blocks 12-13 was selected as
the counterweight material. Its properties and the properties of the retained rock units are
listed in Table 14. The counterweight geometry was modeled at the slope toe using the back-
calibrated dump-fill parameters.

Table 14. Material properties used in the counterweight-reinforced model.

Material Unit weight (kN/m3) Cohesion (kPa) Friction angle
Claystone counterweight 22.2 176.0 22.81°
Sandstone 22.5 62.7 35.45°
Siltstone 22.6 112.0 22.16°

The Bishop-simplified analysis in Figure 9 produced a minimum SF of 1.324, which exceeds
the adopted criterion. Figure 10 shows a counterweight cross-sectional area of 42.6 m?; for a
one-metre longitudinal slice, this corresponds to 42.6 m®/m of fill.

Taso T a7 a0 T3 Tasee a0 s e e 30 a2

Figure 9. Counterweight-reinforced slope model; Bishop-simplified minimum SF = 1.324 (source: Slide
6.0 analysis).
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a5 3550 35525 3555 3675 3560 35625 3565 38675 3570 35725 3575 3775 3580

Figure 10. Counterweight geometry with a cross-sectional area of 42.6 m? (source: Slide 6.0 geometry
model).

Slope-Geometry Redesign

The alternative redesign reduced the driving mass by trimming and flattening the sidewall
geometry. The redesigned cross-section is shown in Figure 11. Limit-equilibrium analysis of
this geometry produced SF = 1.352 (Figure 12), which also exceeds the adopted criterion. The
cut area shown in Figure 13 is 264.98 m?, corresponding to 264.98 m*/m of excavated material
for a one-metre longitudinal slice.

»

Figure 11. Block 16 sidewall geometry after slope redesign (source: Slide 6.0 geometry model).
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Figure 12. Redesigned slope model; Bishop-simplified SF = 1.352 (source: Slide 6.0 analysis).

Figure 13. Geometry of the material removed in the slope-redesign alternative; cut area = 264.98 m?
(source: geometry calculation).

Comparison of the Reinforcement Alternatives

Table 15 compares the two alternatives on the same performance and volume basis.
Counterweight reinforcement yielded SF = 1.324 with 42.6 m®/m of added material, whereas
geometry redesign yielded SF = 1.352 with 264.98 m3/m of excavated material. Both met the
adopted stability criterion, but the counterweight alternative required much less material
handling for the analyzed cross-section.

Table 15. Safety-factor and material-volume comparison of the two stabilization alternatives.

Volume per

Alternative SF Material action
metre
Counterweight reinforcement 1.324 Fill placement 42.6 m*/m
Slope-geometry redesign 1.352 Excavation 264.98 m*/m

Discussion

Rock-Mass and Structural Interpretation
The average RMR of 69.5 and SMR of 68.6 indicate that the mapped lower benches contain
generally good rock mass. This resultis consistent with mine-slope studies in which RMR values

192 Volume: 8 Number: 2, 2026



MOTIVECTION: Journal of Mechanical, Electrical and Industrial Engineering ISSN 2685-2098 [online]

in the upper-50s to mid-70s represent fair-to-good rock conditions [3], [4]. The classification
does not conflict with the observed sidewall failure because the failed upper benches are
dominated by placed fill, whereas RMR and SMR were derived from the original rock exposed
in Benches 3 and 4. The distinction between these material domains is therefore essential:
classification of the lower rock cannot be used as evidence that the entire composite slope is
stable.

The 7.62% kinematic result should be interpreted as the proportion of analyzed
orientations that satisfy the oblique-toppling criteria, not as a time-based probability that
failure will occur. Figure 7 indicates a structurally plausible but limited toppling component in
the lower rock benches. Similar stereographic applications emphasize that kinematic feasibility
identifies potential failure modes, while actual instability also depends on persistence, shear
strength, water pressure, geometry, and loading [5], [15], [16]. In the present case, the overall
sidewall instability is more directly represented by the fill-controlled limit-equilibrium model
than by the lower-bench toppling envelope alone.

Back-Analysis Implications

The initial SF of 1.239 in Figure 8 already fell below the adopted 1.3 criterion, indicating
inadequate margin under the company parameter set. The back-analysis sequence in Table 13
reduced the dump-fill shear strength until SF approached unity, producing a calibrated
condition of c = 20 kPa, ¢ = 15° and SF = 0.995. This result is coherent with the observed failure
state and illustrates the principal value of back analysis: parameters are inferred from field
behavior rather than accepted solely from pre-failure design assumptions [18]-[20].

The calibrated values should nevertheless be regarded as equivalent parameters for the
selected two-dimensional model, not unique intrinsic properties. Back-analysis solutions
depend on the assumed slip surface, pore-pressure condition, constitutive simplification, and
analytical method [18], [19], [21]. The absence of visible seepage justified the adopted
groundwater assumption for the analyzed observation period, but it does not exclude transient
pore-pressure development during heavy rainfall. Parameter uncertainty and rainfall-
dependent hydraulic response therefore remain important sources of model risk.

Performance of Counterweighting and Geometry Redesign

Both stabilization alternatives raised the calculated SF above 1.3. The counterweight model
in Figure 9 achieved SF = 1.324 by increasing resisting force at the toe, whereas the redesigned
profile in Figure 12 achieved SF = 1.352 by reducing the driving mass and flattening the
geometry. These mechanisms agree with the established behavior of counterweight fills and
geometry-based stabilization [7], [8], [22]. The modest difference between the two final SF
values indicates that both configurations were designed close to the same minimum acceptance
criterion rather than to maximize SF.

The main practical difference is the material requirement summarized in Table 15. The
counterweight alternative used 42.6 m®/m of fill, while the geometry-redesign alternative
required 264.98 m3/m of excavation. This finding supports counterweighting as the more
material-volume-efficient option for the analyzed section. It also aligns with broader mine-
design studies showing that geometric redesign must be evaluated together with earthwork
requirements and operational constraints [9], [10]. However, the present comparison does not
quantify haul distance, equipment hours, drainage works, construction sequencing, land
availability, or long-term maintenance. Consequently, the result supports a volume-based
preference rather than a complete economic ranking.

The counterweight recommendation is also conditional on material quality and foundation
performance. Counterweight behavior is sensitive to the unit weight, shear strength, placement
geometry, and interaction with the underlying toe material [8], [22]. The claystone properties

Counterweight Reinforcement versus Slope .... ©2026, Bambang Heriyadi, et al. 193



MOTIVECTION: Journal of Mechanical, Electrical and Industrial Engineering ISSN 2655 — 7215 [printed]

used in Table 14 produced an acceptable modeled SF, but field implementation should verify
the actual borrow material, compaction condition, drainage, and construction geometry.
Monitoring after placement would be required to confirm that the modeled stability margin is
maintained under rainfall and mining-induced disturbance.

CONCLUSION

The Block 16 sidewall contains two geotechnically distinct domains: generally good lower
rock benches and unstable fill-dominated upper benches. The lower rock mass had an average
RMR of 69.5 and an SMR of 68.6, while 7.62% of the measured discontinuity orientations
satisfied the adopted oblique-toppling criteria. The initial limit-equilibrium model produced SF
=1.239, and back analysis reproduced the observed failure condition at SF = 0.995 using dump-
fill cohesion of 20 kPa and a friction angle of 15°. Counterweight reinforcement increased SF to
1.324 with 42.6 m®/m of fill, whereas slope-geometry redesign increased SF to 1.352 with
264.98 m®/m of excavation. Both alternatives met the adopted SF > 1.3 criterion, but
counterweighting required considerably less material handling and is therefore the preferred
alternative for the analyzed cross-section on a volume basis.

This preference remains conditional on verification of the counterweight material, toe-
foundation condition, drainage performance, and construction quality. Future work should
include laboratory or field testing of the proposed counterweight fill, rainfall-sensitive
groundwater assessment, parameter-uncertainty analysis, and post-construction monitoring
before the design is generalized to other sections of the sidewall.
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