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Abstract

Underground mining is an economically viable option for exploiting ore re-
serves deemed uneconomic after open pit mining. However, underground
development can have adverse effects on the above existing open pit slope
walls. As a goal of this paper, identification and assessment of potential slope
instabilities prior to underground development is crucial for safe and sus-
tainable mining. Towards goal achieving, this paper gives a comprehensive
parametric study to investigate the influence of sublevel open stope (SLOS)
underground mining on the surface and open pit slope walls. By means of
numerical simulation, the SLOS design is tried against the existing open pit
followed by adjustments of important slope parameters which are overall
slope height (OSH) and overall slope angle (OSA). We found that under-
ground mining may induce slope failure, particularly on the hangingwall side
of the pit. Subsidence is prominent on the hanging wall and the surface, whe-
reas, the uplift dominates the footwall and pit bottom. Pit wall closure is ob-
served during underground mining. Although the assigned dimensions in the
parametric study show a negligible effect of OSH and OSA, the high OSH ex-
perience low subsidence in comparison with low OSH. Overall, the results
demonstrate that the slope walls on the hanging wall side are mostly affected
by the underground mining and high-stress concentration prevails near slope
toes and pit bottom. Additionally, slope deformation decrease from pit bot-
tom towards the slope crest and surface. The results of this study add know-
ledge to open pit and underground mining interaction.
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1. Introduction

The lifetime of a mine may be extended by transitioning from open pit (OP)
mining to underground (UG) mining. Reason for the transformation being that
surface mining is non-profitable when the pit reaches certain depth. Taking into
consideration the quantity of the waste associated with open deep pits and the
resulting steepened high walls, underground mining is then more attractive to
exploit ore reserves. Moreover, the steepened high slope walls generally threaten
the structural integrity of the pit and lead to instabilities. While considering the
viable underground mining, presence of the open pit structure over the under-
ground mine presents not just new but rather complex challenges ranging from
surface subsidence, slope deformation, mud rushes, and crown pillar collapse to
underground instabilities. Slope management of an open pit is a challenging
deed on its own, particularly for large open pits, which usually requires dedicat-
ed team for continuous monitoring, necessary for hazard prediction and identi-
fication. With the integration of underground mine below, it is most likely that
the geotechnical challenges associated with the slope be worsened.

Hamman et al. (2020) classify transition scenarios into three namely 1. Open
pit transitioning to underground, where there will be simultaneous operation of
OP and UG for some period before OP closes 2. Underground mining below ex-
isting open pit, where UG only commences after OP closure, lastly 3. Open pit
mining on abandoned underground mines. Though, surface mining ceases upon
introduction of underground mining in scenario 2, in which this study focuses
on, the OP section will still require utmost monitoring and management. Slope
failures are time-dependent, meaning it is possible for slope movement to take
place gradually over a long period of time and only to fail after surface mining
has stopped. Underground mining is among the most likely causes for slope
failures post surface mining. Moreover, in many cases, near the pit bottom or
somewhere along the slope will serve as entry to the UG section by adits or de-
clines, therefore safe slopes ought to be guaranteed.

The underground mining may cause surface settlement triggering slope fail-
ures that may even extend beyond local zones to the neighbouring areas and
damage surface infrastructures. Open pit slope failure has a significant impact
on success and life of the mine too. Depending on the scale of failure, it might
force mine closure and render mining unsustainable as was the case in Thaba-
zimbi mine, South Africa. In the case of ore loss due to slope failure caused by
underground mining below the pit, Palabora mine anticipated loss tantamount
to 30% of the ore reserve (Ngidi & Boshoff, 2007). Ernest Henry mine, Australia,
suffered from high slope deformations as the wall collapsed due to sublevel cav-
ing below open pit mine (Campbell & Lilley, 2018). It was highlighted that the
cave propagation to the slope walls in both Ernest Henry and Pilabora mines was
controlled by the persistent geological structures (faults). The failures were si-
mulated and structural control on the failure was captured by these simulations,

proving the importance of numerical methods in OP-UG interaction.
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For tabular steep ore bodies, the OP and UG sections are contiguous to each
other and only separated by a crown pillar. The pillar provides a buffer zone, of-
ten not enough to provide global stability. Such ore bodies are suitable for un-
derground mining methods such as cut and fill or open stopping methods, and
in addition to the crown pillar, sill pillars and backfill may be adopted to ensure
stability. During the underground mining, the walls of the slope are basically
drawn towards the center (pit bottom) signifying wall closure (Ding-Bang et al.,
2014; Zhou et al., 2016). The closure may be accompanied by vertical movement
either by subsidence or uplift along the open pit structure (Zhao et al., 2013).
The slope instabilities are, therefore expected, but how and to what extent will
they occur is of interest in geomechanics. The control is not just limited to the
geological structures, but also the geometry of the pit could as well influence the
slope failure in response to underground mining. Additionally, the type of un-
derground mining method adopted has a significant influence on the surface
and slope deformations. The surface response, for instance, due to block caving
is relatively different from cut and fill mining coupled with site specifications.

This paper investigates the potential influence of SLOS underground mining
on the above surface and open pit slope deformations. Focus is on the open pit
geometry and its effects on the OP-UG interaction. For logical and clear under-
standing of OP-UG interaction, an integrated numerical model consisting of an
existing open pit section and active underground mine was constructed to
represent the Zuuntsagaan Del mine, Mongolia. The numerical model simula-
tion intends to decipher various possible scenarios relating to open pit geometry,
thus, overall slope angle (OSA), and overall slope height (OSH) effects in re-

sponse to underground mining.

2. Geology and Geotechnical Description

The geology of the study area consists of andesite and basaltic rocks, with an
orebody characterized by massive quartz fluorite veins and carbonates. Based on
the strength of rock and rock mass, the rock mass is regarded to be competent.
The orebody is tabular and steeply dipping at average of 70° in the north east
direction, along the strike line of 25°. Average thickness of the ore body is 10 m
varying from 0.5 to 20 m along the 200 m strike length. The ore extends from the
pit bottom into the subsurface at measured depth of 195.

The mine rock mass exhibit highly jointed surfaces with at least three discon-
tinuity sets, and the discontinuity surfaces have low alteration and mostly rough.
The mine rock mass has been subjected to the extreme temperatures of winter
that leads to freezing and thawing of rocks. The cyclic process of freezing and
thawing reduces the rock mass strength. Nevertheless, rock mass rating carried
by out at the mine utilizing various rock mass classification systems described
the rock mass in Zuuntsagaan mine as Good (67) on Rock mass rating (RMR)
scale (Bieniawski, 1973) and rated on (Hoek & Brown, 1997) Geological strength
index (GSI) at 62.5.
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In the period of 29 years, 1978 to 2007, the Zuuntsagaan mine was operating
through open pit mining and ceased operation due to economic reasons. Cur-
rently, the mine is undergoing plans of underground mining by SLOS. The rock
mass is competent hence the selection of the SLOS method. The vein is relatively
narrow, therefore, it will be explicitly targeted through the longitudinal configu-
ration. An overhand approach is adopted due to the stress management in the
bottom up approach (Potvin & Hudyma, 2000). The stope dimensions are 10m
height by 20 m long. The sequence is such that after 2 excavations of each level,
sill pillars are left to provide support and working floor. This is then followed by
backfilling and recovery of secondary stopes. However, for this study the whole
region was excavated sequentially without backfill and monitored to realise full

possible deformation of the surface.

3. Numerical Analysis

Model Construction

The model was built using FLAC 3D, in which the open pit section that was pre-
viously mined out and the active underground mine are set up. Each section is
presented in Figure 1 showing the ore body located in the underground section
adjoining the hangingwall and footwall. The model stretches to 1200 m along the
long axis and 600 m on the short axis. The slope parameters (berm and bench
height which translates to OSH and OSA) are designed with fish script to permit
adjustments specified by the user. The model bottom is restricted in all directions
by pinned boundary and on the horizontal limits, roller boundaries are assigned to
allow only vertical movement. The top boundary is free, letting the dead weight to

act under gravity. Figure 2 presents all the monitoring points, positioned at

Figure 1. Model set up showing dimensions.
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Figure 2. Monitoring points along the mid-section of the model.

the center of the model along the short axis. The points cover the open pit slopes
and 500 m surface beyond the slope crest.

Due to lack of in situ stress measurements, to estimate the in situ stresses pre-
vailing at the mine site, focal mechanism was applied to estimate the principal
stresses. With available geological features such as faults striations and folds to-
gether with focal mechanism solution (Aydan, 2000, 2016) suggests that the
crustal stresses may be estimated. The model is governed by Mohr Coulomb cri-
terion following the elasto-plastic path of material strength. With Aydan’s me-
thod it is established that the largest principal stress act almost perpendicular to
the short axis of the open pit. Physio-mechanical parameters used for the model
are obtained from laboratory tests, followed by rock mass characterization using

rock mass classification see Table 1.

4, Results and Discussions

Various stability indicators are used in rock mechanics and rock engineering. In
this study, based on the capabilities of the numerical simulation, displacement,
stress and yielding zones were monitored to evaluate stability. This section,
therefore focus on the model response results obtained on the surface and slope

walls.

4.1. Surface and Slope Deformations

Stability of the slope under the actual conditions was monitored during the un-
derground mining, the displacement, stress and yielding zones of the slope sec-
tion are presented in Figures 3-5 respectively. The maximum horizontal and
vertical displacement monitored on the slope is 38 mm and 22 mm respectively.
For lateral deformation, the hangingwall endures larger deformation than the
footwall. Meanwhile, from lateral displacement history, the pit bottom (moni-
toring point F) appears to be stable with least displacement values. Vertical de-
formation analysis indicates two significant deformation patterns, 1) Uplift on
the footwall side together with the pit bottom 2) Subsidence on hangingwall and
part of the surface, and similar deformation pattern has been reported in the
Longshou mine, China (Ma et al., 2012; Zhao et al., 2013). In both vertical and

horizontal displacements there is a general increase with the mining steps, thus
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Table 1. Physio-mechanical rock properties.

X Elastic modulus . . Cohesion L. . Tensile
Material Poisson ratio Friction Angle (°)
(GPa) (MPa) strength (MPa)
Host rock 13.3 0.25 1.63 45 0.28
Vein 12.3 0.27 1.32 42 0.24
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Figure 4. Stress distribution (a) Lateral displacement; (b) Vertical displacement.

approaching the pit bottom. However, history shows the pit bottom is most af-
fected by vertical deformation the maximum is recorded here, see Figure 3(b),
and horizontal movement will be constrained as indicated in Figure 3(a).

Figure 4 presents the stress variation plots of the open pit section and the
stress redistribution is in good agreement with the displacement pattern. Figure
4(b) shows higher stresses on the hangingwall than on the footwall, hence the
displacement patterns observed. However, at the pit bottom, the two lateral stresses

from the slope walls act as confining stresses restricting the lateral movement in
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Figure 5. Yielding zones showing the affected area due to underground mining.

the process, see Figure 4(a) of the adjacent footwall and hangingwall. The resul-
tant stresses due to two rock mass bodies moving towards each other, forces
rock mass uplift on the pit bottom and footwall, and subsidence of the hanging-
wall. As with the displacement, the stresses tend to rise with each mining step,
this is clearly highlighted on the vertical stress distribution. Experimental work
by Zhou et al. (2016) indicated that the stress concentration in open pit transi-
tion mine is likely to occur around the slope toes and in this study the stress
variation around the pit indicates that it increases towards the slope toes as
mining progresses.

Yielding zones offers qualitative damage assessment of the rock mass damage.
This is made possible by zone identification of parts affected or damaged by the
stress redistribution resulting from underground mining. Rock mass may fail
under different forms of failure including tension, shear or combined failure.
Indeed, near the slope toe area and pit bottom are more impacted by the under-

ground mining as shown in Figure 5. Failure around the slope gradually grows
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as underground mining progresses upwards. Also, it is observed the slope toe on
the hanging wall is mostly affected, failure starts on the surface of the slope and
propagates behind the bench of the slope. Combined failure is observed on the
surface of pit bottom (crown pillar) and tensional failure on the surface slope toe
of the footwall. However, almost half of the bench on the slope toe in hanging

wall indicates to be compromised.

4.2. Effects of Overall Slope Angle (0OSA)

A few degrees change in slope angle is enough to cause massive slope failure or
stabilize it. The latter is achievable by push back. Every open pit mine has an
OSA set at the design stage looking at the site conditions such as rock mass cha-
racteristics (lithology, topography, ore morphology etc.). The mine may be sta-
ble during the open pit mining until end of its mine life. The set OSA could be
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Figure 6. Displacement distribution of varied OSA (a) Lateral displacement; (b) Vertical
displacement.
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only good for the surface mining and not necessarily favourable for under-
ground mining. At the transition stage, the designers have permanent OSA to
contend with while planning for the underground. This is because the OSA in-
fluence the stability of the slope wall, and underground activities may trigger
slope deformation that lead to slope and surface failures.

This study seeks to understand the influence of OSA on the slope walls in re-
sponse to underground mining. Four cases of OSA were investigated (41°, 45°,
48°, and 52°) as shown in Figure 6 and it is observed that there is no significant
difference in the lateral displacement, but it the steep OSA tend to have large
displacement towards the pit bottom, see Figure 6(a). The estimated maximum
uplift displacements at the pit bottom for (41°, 45°, 48°, and 52°) are 21, 19, 17
and 15 mm respectively as shown. The trend is such that when the slope angle
increases the uplift decrease, hence 52° OSA records the lowest uplift displacement.
Regarding the subsidence on the hangingwall it is noted that there is no signifi-
cant difference in the displacement. Nonetheless, upon close scrutiny of the plot,

subsidence is maximum for the gentle slope (41°) at 23 mm displacement.

4.3. Effects of Overall Slope Height (OSH)

As the open pit mining progresses down wards, the pit diameter or lateral axis
increases during the subsequent cuts together with OSH. High slopes are known
to be prone to complex slope failures due to the volume of the exposed rock
mass. Large geological structures often have control over large domains and the
continuity may extend such that the overall slope failure could occur. The com-
mon bench heights in most mines vary for 10 - 18 m (Loig et al., 2010). For this pa-
rametric study 12, 14, 16, 18 and 20 m bench heights are investigated translating to
the OSH of 60, 70, 80, 90 and 100 m respectively. Figure 7 illustrates the simulated
displacements at varied heights. Lateral movement is lower in the footwall than in
the hangingwall, however, the displacement of the highest OSH (100 m) appears to
rise towards the slope toe whereas other cases show a decrease. It can be seen from
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Figure 7. Displacement distribution of varied OSH (a) Lateral displacement; (b) Vertical
displacement.

Figure 7(b) that the uplift and subsidence displacements values are almost the
same. However, 60 m OSH shows slightly higher values of subsidence and the

subsidence reduces as the OSH increases.

5. Conclusion

A study was conducted to investigate the effects of mining below an existing
open pit by SLOS. Thus, it aimed to understand slope deformation patterns and
the influence of critical mine aspects; OSH and OSA. In carrying out the investiga-
tion a 3D numerical model was established to represent the two sections (under-
ground and open pit) of the mine. This study has shown that the underground
mining may have adverse effects on open pit slopes triggering slope deformations.
It was observed that slopes above the hangingwall are mostly affected by the un-
derground mining than the walls of the slope above the footwall. Stresses along the
slope wall are concentrated on the slope toes and pit bottom. Uplift and subsi-
dence of the pit wall are observed as a result of the underground mining. The pa-
rametric study of OSA and OSH has been shown to be affected by the under-
ground mining and more especially at lower values. A full study where both un-
derground and open pit sections are analysed is required to further understand the

influence of underground mining on the overall stability of the mine.
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