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Abstract. Challenge. The objective of this research is to determine the minimum permissible safety berm for load-
ing and mining equipment operation, ensuring safe and efficient dumping under the shear in recent dumping, subsidence
of dump rock mass and fractures.

Research methods. Analytical and statistical analyses of the previously obtained results, simulation modeling, and
in situ surveys of the research object were performed.

Scientific originality. Depending on the working progress, the dumping mode is specified for inundated slopes. The
dependence of the stability factor on the safety berm size is specified. According to theoretical research results, the
components of the forces acting on the slickensided surface are obtained.

Practical implications. Residual volumes of rock storage under the current technology using the available equipment
were determined by calculations. Geomechanical analyses were conducted to determine the minimum permissible safe-
ty berm for loading and mining equipment. They revealed the dependence of stability factor on the size of the safety
berm and identified that the minimum permissible safety berm for loading and mining equipment under the dumping con-
ditions in the inundated open pit No. 1 of ArcelorMittal Kryvyi Rih PJSC with a standard stability factor (SF) (1.15) is 34
meters. The obtained results prove the possibility of using the existing equipment and applying the dumping technology
in the rock deformation mode, subject to developing technological schemes ensuring safe and efficient dumping. For
further dumping using the available equipment in the mined space of inundated open pit No. 1, it is required to perform
research to determine safety zones or develop alternative ways and technologies of waste rock storage in open pit No. 1
applying the available equipment reducing the dumping cost and increasing the efficiency of using residual mine work-
ings.

Keywords: inundated open pit, dumping, internal dump, shears, deformations, slope stability, excavator, sliding
wedge, stability factor, K-MINE.

1. Introduction

Mining operations on the internal single—tier dumping in the inundated space of
the open pit are characterized by difficult mining conditions caused by shear in recent
fill dump stopes, dump rock subsidence and fracturing at the working unloading plat-
forms when using walking excavators [8, 10, 11]. Similar conditions will affect min-
ing operations during the deep open pit liquidation after disconnecting the pit drain-
age and restoring the levels of the depressed surface of groundwater. Therefore, the
area of residual mine workings (RMW) will significantly expand. Reducing the areas
of residual mine workings (mining reclamation) is a requirement of the Law of
Ukraine "On Land Protection", as well as current regulations [2, 9] and requires the
development of technological schemes for ensuring mining safety.

Today, the internal single—tier dumping is performed in the inundated space of the
open pit No. 1 of ArcelorMittal Kryvyi Rih PJSC, which is characterized by the dan-
ger of mining operations due to the shears and dump rock subsidence, as well as frac-
turing spreading on the working unloading platforms, which significantly limits the
use of technical equipment, including walking excavators. This restriction is due to
the spread of fractures for 30 meters and more from the inundated open pit crest.

The problem of safe mining during dumping in the open—pit inundated space in
terms of shears and subsidence of dump rock mass is associated with scientific and
practical objectives of pit wall stability and internal dumps, observations on the re-
newal dynamics of the depressed surface levels of groundwater in the deep open pits,
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and the development of technological schemes for mining reclamation of residual
mine workings.

2. Methods

The use of land disturbed by mining is the most pressing challenge, but, unfortu-
nately, the experience of using residual mine workings in deep open pits is insignifi-
cant (open pit No. 2 of PJSC Central GOK, West—Balaklava open pit of JSC «Ba-
laklavskoe RU») [1]. Moreover, there is no experience in backfilling deep open pits
inundated more than 0.3 of the pit wall height. The current norms, rules and require-
ments related to internal dumping do not contain recommendations for the conditions
of the inundated open pit [2]. The accumulated experience of dumping at the consid-
ered research object is as follows: in the inundated open pit No. 1 of ArcelorMittal
Kryvyi Rih PJSC since 1997, starting with the unloading of dump trucks through the
protection embankment under the slope into the water, by the EKG—4U excavator at
the border with the sliding wedge and to the use of ESH-6/45 walking excavator [3—
5].

The subsidence deformations of the dump rock mass during backfilling are related
to the creation of a retaining wedge at the underwater part of the dump under the in-
fluence of hydrostatic weighing on the rock pieces and the formation of voids be-
tween the pieces. Therefore, the rock pieces falling into the water face their resistance
and, depositing on the surface of the underwater slope, form voids in between. Their
volume increases with the accumulated filling layers of the dump. In addition, the
physical and mechanical property values of the watered filling layers (the angle of
natural slope and cohesion between the pieces) become smaller than in the dry state
[5].

The research on the impact of groundwater on slope stability revealed the follow-
ing: the changes in the stressed rock mass influenced by water and flow forces;
changes in the mechanical properties of rocks; the occurrence of slope deformations
in the sliding wedge.

The engineering methods based on the theory of limiting equilibrium applied to
specific mining and geological conditions, considering the data in situ and the results
of the modeling performed, are used to assess the degree of influence of inundation
on slope stability [5—6]. A particular term for the stability of inundated slopes is the
combined inundation of the residual open—pit excavations with the internal dump [5].
Water and flow forces while calculating the slope stability are considered when ana-
lyzing the seepage direction, and its influence is as follows: from the side of the rock
mass is from the formation of the depressed surface of groundwater in the possible
sliding wedge slope, and from the side of the inundated mined space is from the in-
undation of the possible sliding wedge slope.

The safety factor of the inundated slope is estimated by the following formula (1)

[8]:
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where Ni and Ti are the mass components of the calculation blocks applied on the
slickensided surface, considering the rock density; D is total weight water and flow
force, MPa, acting perpendicularly to the slickensided surface sections, Li; G is the
hydrostatic pressure, MPa, applied to the inundated slope surface, and is considered
in the calculation blocks along the slickensided surface; ¢ is the internal friction an-
gle in the dry and water—saturated state, deg; Ci is the adhesion (cohesion) of rocks,
MPa.

Waste formation backfilling into the water was followed by the dump base crea-
tion in the underwater position with the slope angles of the slope in situ within 15—
340 [3]. The reason for the formation of a subsidence wedge within the excavation
stope is the deformation of the weak underwater base of " weighted " rocks caused by
the embankment rock mass stress of the waste.

Considering the numerous deformations observed by the company's thrust fault
control service and based on the results of hydromechanical modeling of the inundat-
ed dump on a unique stand, the researchers concluded that it is essential to use a
walking excavator with a dumping radius of at least 100 m, ensuring safe mining.

Currently, dumping into the waste space of open pit No. 1 is performed only in
the southern pit wall area by the ESh—11/70 walking excavator. Backfilling of open
pit No. 1 is provided by PJSC PE "Techmash" according to the project "Reconstruc-
tion and Development of Open Pits No. 2 bis and No. 3 of the ArcelorMittal Kryvyi
Rih PJSC Mining Department to Maintain the Productivity of Mining Raw Ore at the
Rate of 30 Million Tons p.a. for the Period from 2020 Until the End of Mining in In-
huletskyi District and Tsentral'no—Gorodskoy Rayon". Adjustment of the geological
and mining part of the project was drafted by KAI LLC in 2021. This equipment en-
sures safe dump operation only for a certain period of time, having a limited scope of
work and taking into account the operating parameters of ESH—11/70 excavator, the
maximum possible storage capacity when using the dumping method in the rock de-
formation [7] 1s about 7 million m3, and, without applying this technology, is 2.8-3
million m3 ensuring safe dump operation for 2—3 years.

3. Results and discussion

The underground water inundation of the deep open pit to a depth of more than
0.6 of the height of its walls and the constant increase in the water level caused dan-
gerous conditions for the use of walking excavators with a dumping radius of less
than 45 m for internal single—tier dumping. Due to the high cost of using sturdy exca-
vators and their imperfection, there was a need to develop technological schemes for
internal dumping into the mined space of deep open pits under groundwater level re-
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covery, ensuring safe and efficient mining in the controlled disposal using the availa-
ble equipment.

Considering the level of dump inundation over the past 16 years (Fig 1, Table 1),
we can assume that the average annual rise in water level is 2.6 m, with a more inten-
sive rise observed over the past six years of 2.8 m p.a.
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Figure 1 — Dynamics of water level rise in the inundated open pit No. 1 for the last 16 years

Table 1 — Water level increase in the inundated open pit No. 1 for the last 16 years

Year of observation Water level mark, m Increase in water level, m
2007 -36.0 36.0
2008 -33.7 2.3
2009 -31.7 2,0
2010 -28.2 3.5
2011 -25.4 2.8
2012 -23.1 2.3
2013 -20.0 3.1
2014 -18.2 1.8
2015 —-14.7 3.5
2016 -13.2 1.5
2017 -10.2 3.0
2018 -7.2 3.0
2019 -3.5 3.7
2020 1.4 4.9
2021 2.3 0.9
2022 3.5 1.2
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The inundated base is the biggest challenge in calculating the minimum permissi-
ble safety berm. According to the guidelines [2, 9], the calculation of the stability of
inundated slopes is based on the fact that the total pit wall stability during the open
pit inundation changes as a result of weighing and loading of water in the open pit
basin and depends on the position of the water surface for filter slopes. It is noted that
the worst condition of the total stability of the open pit walls occurs when the open
pit is inundated by 1/3 of its depth and less if this part of the wall is created of filter
rocks. In this case, the safety factor is reduced by 10-25% compared to the non—
inundated slope. When the water level rises by more than 1/3 of the wall height, the
wall stability increases; when the open pit is highly inundated, the safety factor of the
slope is 25—-40% higher than the safety factor of the non—inundated open pit.

The component of the confining and shearing forces affecting the inundated dump
slope was identified (Fig. 2).
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Figure 2 — The main forces affecting the inundated slope of the single—tier dump

In Fig. 2, the main forces affecting the inundated slope of the dump are shown.
According to the available physical data, the total part of the slope can be divided in-
to three sections based on the current forces:

— 1in the first section (above—water), the force component forms the confining
and shearing forces acting on the expected slickensided surface, which is caused by
the rock weight;

— in the second section (inundated), the force component forms confining and
shearing forces acting on the expected slickensided surface due to the rock weight
and the weighing force;

— 1n the third section (underwater), the force component forms the confining and
shearing forces acting along the expected slickensided surface, which is caused by the
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rock weight, the water weighing force and the on—bottom weight of the water volume
above the slope.

Based on the considered mechanism of the acting forces on the inundated slope,
the equations of the confining (2) and shear (3) forces acting on the slickensided sur-
face, applicable for calculations by the method of algebraic addition of forces, were
determined [3, 5, 6].

The wide use of the method of algebraic addition to calculate the bench, pit walls
and dumps stability is due to its ease, sufficient reliability of the results obtained, and
wide practical wuse. This method was successfully implemented in the
K—MINE: Stability Analysis (license: OGR series No. 54057760 dated March 2018)
and helps performing automated calculations of the safety factor for current mining
and geological conditions.

n n
F, :Z(j/j ‘Vn.j -cos¢j —p-Vwb.jcos¢j +p-Vwa.J- -cos¢j)-tgaj +ZCJ- 'lj, (2)
j=1 J=1

n
Fy= Z(7j 'Vn.j 'Sin¢j _p'Vwb.j Sin¢j +p'Vwa.j 'Sin¢j)a (3)
j=1

where y ;1s the specific gravity of rock within the calculation block, N/m?; vV, ;1s the
rock volume of the calculation block, m?; /;is the slickensided surface length within
a particular calculation block, m; ¢;is the angle between the horizontal and the tan-

gent to the curve at the point that is the middle of the base of the calculation block,

deg.; C j is the molecular cohesion within a given calculation block, Pa; « jis the an-

gle of internal friction within a particular calculation block, deg; pis the bulk density
of water, N/'m*; V,;, ;is the volume of water in the calculation block below the slope

line, m*; V,,,, jis volume of water in the calculation block above the slope line, m*; n

is the number of calculation blocks on which the sliding wedge is divided, units.

Considering the data in situ (Fig.1, Table 1), geomechanical calculations (Fig.3,
Table 2) were performed in the K-MINE: Stability Analysis (license: series OGR No.
54057760 dated March 2018) to determine the minimum permissible safety berm for
the operation of loading and mining equipment, which resulted in the dependence of
the safety factor on the safety berm size in the dumping conditions to the inundated
open pit No. 1 of ArcelorMittal Kryvyi Rih PJSC.

The minimum permissible safety berm for mining equipment was determined us-
ing step—by—step calculations of the safety factor with a step of berm size within 10
meters.

During the calculations, the cohesion forces of embankment rocks were accounted
equal to 20 kPa, as well as the internal friction angle of embankment rocks equal to
32 degrees.
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1,2,3...9 is the number of the calculation block; B is the minimum permissible safety berm, m; H90
is the height of the vertical rupture created within the safety berm, m

Figure 3 — Scheme for calculation of the minimum permissible safety berm for mining equip-
ment operation

Table 2 — Calculation of confining and shearing forces for a given design berm
Site arc | Site  slope | Bulk densi- | Confinin Shearin
Block No. Volume, m’ length, m angle, degl.) ty, N/m? force, N ¢ force, Ng
Set design safety berm, 30 m

1 82 18 48 24500 1200001 1492978
2 488 29 45 24500 5862751 8454169
3 638 24 38 24500 8176763 9623405
4 707 24 34 24500 9453233 9686060
5 747 25 30 24500 10403907 9150750
6 642 24 23 24500 9527246 6145810
7 485 22 20 24500 7417227 4064054
8 324 19 19 24500 5069973 2584360
9 152 26 17 24500 697118 86659

Total over surface | 57808221 51288244

Safety factor | 1.13
Set design safety berm, 40 m

1 250 32 46 24500 3298683 4405956
2 644 27 40 24500 8092577 10141903
3 724 23 36 24500 9427090 10426135
4 788 24 32 24500 10710621 10230621
5 797 25 26 24500 11466646 8559854
6 776 23 23 24500 11395612 7428580
7 500 22 21 24500 7586231 4390007
8 315 19 18 24500 4966403 2384839
9 170 26 16 24500 3021761 1148030

Total over surface | 69965624 59115925

Safety factor | 1.18
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Considering the data in Table 2 and the value of the normative safety factor for
operating slopes with a lifetime of up to 3 years, equal to 1.15, the calculation by in-
terpolation was performed. It revealed that the minimum permissible safety berm for
the mining equipment operation is 34 m for the normative safety factor.

Therefore, for the safe operation of loading and mining equipment during dump-
ing in the inundated open pit No. 1 at the ArcelorMittal Kryvyi Rih PJSC, the mini-
mum permissible safety berm is 34 meters.

The selection method calculated the maximum permissible stress on the soil by
loading and mining equipment at a distance of 34 meters and more from the slope
crest.

The permissible stress of loading and mining equipment on the wall surface of in-
undated open pit No.1 was determined by reverse calculations with increasing
weight of the upper block within 34 meters from the slope crest with the set stability
factor equal to 1.15 (Table 3).

Table 3 — Calculation of confining and shearing forces at a distance of 34 meters and more from the
slope crest, considering the stress* from loading and mining equipment

Block No. V031ume, Site arc | Site slope an- Bulk den- | Confining Shearing

m length, m gle, deg. sity, N/m® | force, N force, N

1 460 32 46 24500 5531977 8106960
2 644 27 40 24500 8092577 10141903
3 724 23 36 24500 9427090 10426135
4 788 24 32 24500 10710621 10230621

5 797 25 26 24500 11466646 8559854

6 776 23 23 24500 11395612 7428580

7 500 22 21 24500 7586231 4390007

8 315 19 18 24500 4966403 2384839

9 170 26 16 24500 3021761 1148030
Total over surface | 72198918 62816929

Safety factor | 1.15

* — the maximum additional specified stress on the soil is 857.5 MPa.

4. Conclusions

The current technology of dumping rock waste into the mined inundated space of
open pit No. 1 ensures the dump operation for 2—3 years. Backfilling of the internal
dump is performed only in the southern wall section by ESH-11/70 walking excava-
tor. Backfilling of open pit No. 1 is provided by PJSC PE "Techmash" according to
the project "Reconstruction and Development of Open Pits No. 2 bis and No. 3 of the
of ArcelorMittal Kryvyi Rih PJSC Mining Department to Maintain the Productivity
of mining Raw Ore at the Rate of 30 Million Tons p.a. for the Period from 2020 Until
the End of Mining in Inhuletskyi District and Tsentral'no—Gorodskoy Rayon". Ad-
justment of the geological and mining part of the project was drafted by KAI LLC in
2021.
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Geomechanical calculations were performed to determine the minimum permissi-
ble safety berm for the loading and mining equipment which resulted in the depend-
ence of the safety factor on the safety berm size. As a result, it was founded that the
minimum permissible safety berm for the loading and mining equipment operation,
under the dumping conditions in the inundated open pit No. 1 of ArcelorMittal Kryv-
yi Rih PJSC with the normative stability factor equal to 1.15 is 34 meters.

The obtained results prove the possibility of using the existing equipment and ap-
plying the dumping technology in the rock deformation mode, subject to the devel-
opment of technological schemes ensuring safe and efficient dumping.

For further dumping using the available equipment in the mined space of inundat-
ed open pit No. 1, it is required to perform researches to identify safe zones or devel-
op alternative methods, technologies of waste storage in open pit No. 1 using the
available equipment to comply with the safety rules of mining and reduce dumping
costs.
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MPOBJIEMW TEXHOJOrII BIABANNOYTBOPEHHA B 3ATOMNEHUA NPOCTIP KAP'EPY B YMOBAX
AE®OPMALIII MOBEPXHI
Imawees A. XK., Keban 5.B., Keban A.O.

AHorauis. MeTa. MeTor gaHoi poboT € BU3HaYeHHs MiHiManbHO gonycTumoi Gepmu 6esnekun ans poboTn HasaH-
TaXyBanbHOMO i ripHUYO-TPaHCNOPTHOrO 0bnapHaHHa 3abesnevytoun BesneyHe i edeKTMBHE BigBanOyTBOPEHHS 3a
YMOBM BMHUKHEHHSI 3CYBHWX SIBILLY Y CBIKEBIACUMAHWX BigBaNbHMX 3aX0A4KaX, OCiAaHHS NOBEPXHI BigBanbHOTO MacwBy i
TPILLMHM.

MeToam pgocnimkeHHs. MNpoBefeHHi aHaniTUYHI | CTaTUCTUYHI JOCRIMKEHHS paHille OTPUMaHWX pesynbTaTiB, BUKO-
HaHe imMiTaLiiHe MOAENIOBaHHS, NPOBEAEHHI HATYPHI 00CTEXEHHS 00'EKTY AOCIIMKEHHS.

HaykoBa HOBW3HA. YTOYHEHO pexuM BigBanoOyTBOPEHHS MpW NiATONMEHi BiAKOCIB B 3aneXHOCTi Bif NPOCYBaHHs
(bpOoHTY pobiT. BCTaHOBNEHO 3aNeXHICTb KoedillieHTa 3anacy CTIMKOCTI Big BenuuMHM Gepmu 6e3nekn. 3a pesynbTatamu
TEOPETUYHUX AOCHIAXKEHb BU3HAYEHO CKMaOBI Aito4MX Ha MOBEPXHI KOB3AHHS CUN.

MpakTuyHa 3HauMMiCTb. LLINsSixoM po3paxyHKiB BU3HAYeHi 3anuwwkoBi 06’'eMu CknagyBaHHS CKenbHUX Nopig 3a gito-
YOI TEXHOMOrIE i3 3aCTOCYBaHHAM HasiBHOrO obnagHaHHA. [MpoBedeHi reoMexaHivHi po3paxyHku LOAO BU3HAYEHHS
MiHiMarnbHO gonyctumoi 6epmu 6esneku 4ns poboT HaBaHTaXyBanbHOTO i MPHUYO—TPAHCNOPTHOrO obrnagHaHHs, 3a
pesynbTaTamm SKMX BCTAHOBEHO 3aNeXHICTb KoedilieHTa 3anacy CTIMKOCTI Big BennumHu 6epmi 6e3neku i BU3HaueHo,
o MiHiManbHO gonyctuma Gepma Besneku Ans poboTi HaBaHTaXyBamnbHOrO i FiPHUYO-TPAHCNOPTHOrO 06nafHaHHs B
yMOBax BifiBasnioyTBOpeHHS Y 3atonneHuit kap'ep N1 MAT «ApcenopMittan Kpueuii Pir» 3 HOpMaTUBHUM KoeiLieHTOM
3anacy crinkocTi (K3C) (1,15) ctaHoBuTb — 34 MeTpu. OTpUMaHHI pe3ynbTaTi AOBOAATE MOXIMBICTb BUKOPUCTAHHS Ha-
SIBHOro 0b6nagHaHHs i3 3aCTOCYBaHHSIM TEXHOIOTii BiABaNOYTBOPEHHS B pexuMi aedopmaii nopig, npu yMoBi po3pobku
TEXHOMOMYHMX CXeM, KOTpi 3abe3nevatb BesneyHe Ta eDeKTMBHE BiABaNOyTBOPEHHS. [Ang noganbLuoro BigBanoyTeo-
PEHHS 3 BUKOPUCTAHHAM HasiBHOTO 0BragHaHHS y BianpaLbOoBaHuiA NpOCTip 3aTonneHoro kap’epy Ne 1, HeobXxigHO BiKo-
HaTW JOCNIMKEHHS ANs BU3HAYEHHS 6e3neyHux 30H abo po3pobku anbTepHaTUBHUX CNOCOGIB Ta TEXHOMOriN cknaay-
BaHHS PO3KPMBHOI Macu B kap'ep Ne 1 3 BUKOPUCTAHHAM HasiBHOrO 06naaHaHHs, Wo 3MeHWUTb cobiBapTiCTb BigBanoy-
TBOPEHHS i MiABAWWTL ECDEKTUBHICTL BUKOPUCTAHHS 3aMMLLIKOBMX TiPHUYMX BUPODOK.

Knto4oBi cnoBa: 3aTonneHnin kap'ep, BigBanoyTBOPEHHS, BHYTPILUHIN BigBsan, 3CyBOYTBOPEHHS!, Aedopmali, CTii-
KiCTb YKOCIB, ekckaBaTop, npuama 3cysy, koediuieHT 3anacy ctinkocti, K-MINE.
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