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JOCJIIKEHHS CTIMKOCTI BIJIBAJTY CKEJIBHUX IMOPIJT HA
CJABKOMY I'PYHTI HA IPUKJIA I CKJIAJTY OKUCJIEHUX KBAPLIUTIB

Purpose. To identify the factors influencing the stability of a rock dump on weak soil, specifically
in the case of the oxidized quartzite dump located on the slope of Open Pit Mine No. 3 at PJSC
"ArcelorMittal Kryvyi Rih," as well as to determine the stability parameters of this dump based on
the obtained data and results of surveying observations.

The methods. Experimental and analytical methods were employed to investigate the engineer-
ing-geological and hydrogeological characteristics of the base of the oxidized quartzite dump and the
results of surveying observations for surface slope movements.

Findings. Stability parameters of the oxidized quartzite dump were calculated for different values
of the safety factor SFS (Safety Factor of Stability), allowing for the determination of optimal design
characteristics to ensure its stability and safety. It was found that the values of cohesion and internal
friction angle decrease due to rock slides, which is important to consider during the construction and
operation of dump structures to ensure safety and minimize risks.

The originality. The scientific novelty lies in the comprehensive approach to studying the sta-
bility of a rock dump on weak soil, specifically using the example of oxidized quartzites. The research
considers the unique properties of oxidized quartzites and their interaction with weak soils, a topic
that has been insufficiently explored in previous studies.

Practical implementation. The comprehensive information obtained about the geological and
hydrogeological situation of the area enables effective planning and development of any construction
projects on this territory. Considering the impact of rock slides on soil properties allows for the de-
velopment of effective risk management strategies and minimization of potential negative conse-
quences during construction and operation of the facilities.

Keywords: mining activity, geomechanics, dump stability, rock formations, weak soil, oxidized
quartzites.

Introduction. Introduction. Rock dumps are an integral part of mining operations,
especially in large industrial regions like the Kryvyi Rih area. However, their stability on
weak soils raises significant concerns due to the potential for collapses, which can lead to
serious ecological and economic consequences. Studying the stability of rock dumps,
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particularly on weak foundations, is crucial for ensuring the safety and stability of mining
activities [1-10].

One of the most critical aspects in this context is the analysis of the geomechanical
properties of dump foundations. Oxidized quartzites, commonly used in dumps, can sig-
nificantly influence the overall stability of the structure due to their specific properties.
Understanding the interaction between the foundation and the dumped materials is key to
developing effective measures to prevent collapses and stabilize the dumps.

Located on the southern outskirts of Kryvyi Rih, between Open Pit Mine No. 3 and
the Inhulets River, is the study area, which forms a peripheral part of the forest plateau.
Here, a typical sequence of sedimentary deposits is observed, characteristic of the region.
Within the southern outskirts of the study area lie ferruginous quartzites, approaching the
surface, where a former quarry was once located and subsequently filled with tailings.

The research conducted in this area included a detailed analysis of hydrogeological
conditions and monitoring of deformation processes occurring in the dumps of oxidized
quartzites. The results of these studies are crucial for assessing dump stability and devel-
oping recommendations for the safe operation of mining facilities.

Main part. The study area is located on the southern outskirts of Kryvyi Rih in
Dnipropetrovsk Region, between the open pit mine No. 3 and the Inhulets River. It lies
within the peripheral region of the forest plateau, at its junction with the left slope of
the Inhulets River valley, characterized by a typical sequence of sedimentary deposits
for the Kryvyi Rih region. Ferruginous quartzites approach the surface on the southern
edge of the study area, where a quarry was previously located and subsequently filled
with tailings.

The research area is situated within a gently sloping southward plain towards the
Black Sea Basin, with surface elevations ranging from +88.42 to +102.46 meters.
Based on lithological-stratigraphic structure and previous hydrogeological studies, the
following aquifers and complexes can be distinguished:

— Quaternary aquifer horizon;

— Neogene aquifer horizon;

Aquifer complex of fractured zones of crystalline rocks of the Lower Proterozoic.

The hydrogeological conditions in the study area have been significantly altered
due to the development of iron ore deposits. Mining dewatering operations and the
construction of rock dumps have had a substantial impact on the hydrodynamic struc-
ture of groundwater flows within the aquifer horizons and complexes in the open pit
mine vicinity.

Currently, the operating open pit mines of PJSC "ArcelorMittal Kryvyi Rih" and
PJSC "Southern Mining and Processing Plant” play a crucial role in shaping the
groundwater regime in the surveyed area. As a result of their operation, aquifers within
Quaternary and Neogene deposits are nearly drained near the edges of the quarries and
extended around the waste rock dumps. Serving as collectors of atmospheric precipi-
tation, their impact is predominantly evident during the spring snowmelt and intense
rainfall periods.

Additionally, the aquifers of Cenozoic deposits in the quarry areas are currently
being influenced primarily by anthropogenic factors, including infiltration of
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atmospheric precipitation into the formed waste rock dumps and filtration losses from
water-bearing communications. There exists a negative balance between the inflow of
water from the waste massif and their drainage along the quarry periphery, leading to
a slight but continuous decline in groundwater levels.

Analyzing the nature of water inflows into the quarries, long-term observations
have established that their maximum manifestation is directly dependent on the amount
of atmospheric precipitation. Thus, under the influence of water pumping from the
quarry dewatering systems of active quarries, a technogenic regime of groundwater has
formed in the study area. The drainage of the aquifer in the fractured zone of the Lower
Proterozoic crystalline rocks has led to a decrease in pressures, resulting in the for-
mation of depression cones.

According to the modeling of changes in the hydrogeological situation within the
studied area due to the impact of the oxidized quartzite storage dump, the following
results were obtained:

— In the area of the formed oxidized ore dump, a groundwater dispersion dome is
forecasted to form, with maximum elevations in its central part. The rise in the ground-
water level within the dump area will not exceed 0.5-1.0 meters.

— Changes in the groundwater levels of the aquifer in the fractured zone of crys-
talline rocks in the study area will be predominantly noticeable near the filled quarry
on the slope of the Inhulets River. By the end of the forecast period, the groundwater
level rise in the center of the filled quarry will reach +18 meters.

— The physico-mechanical characteristics of the base rocks of the oxidized quartz-
ite dump at the edge of quarry No. 3 of PJSC "ArcelorMittal Kryvyi Rih" were deter-
mined based on the results of research conducted by the "EnergoProekt™ Institute. The
assessment of the main indicators of the physico-mechanical properties of the soils in
the study area was carried out according to the results of laboratory studies (geotech-
nical tests), as provided by the Program, and geophysical works (radioisotope logging).

During the laboratory studies, the main focus was on determining the strength
characteristics of the soils, which determine the stability of the dumps within the area.

Sixteen engineering-geological elements were identified within the study
boundaries. The studies conducted in the area comply with current standards and
regulations regarding the determination of soil properties.

During drilling, the strength of the sedimentary (or technogenic) cover was deter-
mined, and the upper layer of bedrock (iron quartzites) was uncovered. The thickness
of the sedimentary cover ranges from 12.3 to 29.3 meters. At depths of 1.5-5.0 meters,
technogenic soils were encountered. Below, at depths of 8.7-14.6 meters, loess-like
light silty clays, which are collapsible, are prevalent, and further below are Pliocene
deposits of the Pontian stage, consisting of sands and clays. These deposits lie unevenly
on the weathering crust.

Under natural conditions, the hydrogeological situation in the study area is deter-
mined by the presence of three aquifers associated with Quaternary and Neogene de-
posits, as well as the weathering crust and the fractured zone of crystalline rocks. The
natural hydrogeological regime in the study boundaries is disrupted by the water
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drainage system, which ensures the operation of quarry No. 3. As a result, the aquifer
associated with the technogenic and loess-like soils is redirected to the lower horizons.

The absolute levels of the groundwater horizon are recorded within the range of
75.98-79.79 meters (at a depth of 12.3 to 22.7 meters). The impermeable layer of the
horizon consists of Pontian clays, weathering crust deposits, and iron quartzites. The
general direction of the groundwater flow is towards the Ingulets River.

The determined physico-mechanical properties of the soils for both consolidated-
drained and unconsolidated-undrained states show that the main characteristics of the
internal friction angle and relative cohesion for soils in the identified engineering-geo-
logical element (EGE) — 16 (heavy, silty, calcareous, hard, and semi-hard loam) prac-
tically do not change (under loads from 0.5 to 0.9 MPa), with even an increase in the
relative cohesion index within the range of 15-20%. This phenomenon can be ex-
plained by the natural moisture content of the considered soils (W = 0.155), which is
slightly below the plasticity limit (W, = 0.190).

It can be assumed that the degree of moisture in the EGE — 16 soils, which are
located directly above the EGE — 19 sands, will increase to the plasticity limit and
above, leading to a significant decrease in their strength properties. It should be noted
that at the beginning of the design phase, the values of the physico-mechanical proper-
ties of the weak layer soils for different EGEs at a confidence probability of 0.95 were
within the following ranges:

— for consolidated, drained (CD) soils:

— cohesion — C = 0.009-0.076 MPa;
— internal friction angle — p = 13-31°.
— for unconsolidated, undrained (UU) soils:
— cohesion — C = 0.003-0.063 MPa;
— internal friction angle — p = 12-22°.

After the activation of the landslide process, the frequency of monitoring for de-
formation processes on the site was increased to once every 2—4 days.

Systematic observations were conducted on 12 working benchmarks in the stud-
led area: No. 105-108 (level +100 m), No. 145-148 (level +140 m), No. 171, 172 (level
+170 m), No. 181, 182 (level +180 m).

The results recorded the displacement velocities of the working benchmarks rang-
ing from 10-44 mm/day. During the observation period, the total displacement of the
working benchmarks was recorded within the range of 0.5-0.65 meters.

The observed displacement velocities were between 10-50 mm per day. The di-
rection of the displacement vectors of the working benchmarks indicates the formation
of several sliding surfaces, starting at levels (+180 m) and (+170 m).

The sliding surfaces have a steep form in the active pressure prism area (average
angle observed in the vectors is 55°) and a gentle form after the break at the base, contact-
ing the weak layer (angle of inclination in the resistance prism area is within 3-4°).

The greatest displacement was recorded for benchmark No. 172, located at level
(+170 m), with a displacement of 0.709 meters over 30 days, corresponding to an av-
erage speed of 23.6 mm/day.

The most critical sliding surface is the one starting at level (+170 m).
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When selecting the calculation method, current regulatory documents on the sta-
bility of pit slopes and dumps were followed, specifically the methodological guide-
lines [1].

Based on the conducted analysis of the engineering-geological and hydrogeolog-
ical characteristics of the oxidized quartzite dump foundation, as well as the observed
surface landslides, the following was determined:

A weak inclined layer extends at the base of the oxidized rock dump, with an
inclination angle of around 40° towards the diversion channel of the Inhulets River.

Within the oxidized quartzite dump, a series of sliding surfaces are formed, cre-
ating cracks at levels (+180) and (+170), with a steep fall into the mass (angle observed
in vectors is about 55°).

At the contact with the weak layer, the sliding surface breaks and its angle coin-
cides with the inclination angle of the weak layer at the base.

Given the above, the most suitable scheme for calculating the stability of the con-
sidered site, according to the methodological guidelines [1], is the scheme presented in
section 9.2.1 [1], where stability is calculated using the polygon of forces method.

In this case, to solve the task, it will be divided into two stages:

1. Reverse calculations of the physico-mechanical properties of the weak layer
foundation;

2. Calculations of the parameters of the oxidized quartzite dump that ensure its
stability based on the obtained data.

Calculations of the maximum permissible height of the oxidized quartzite dump
should be carried out using formula (1), as recommended by the methodological guide-
lines [1].

2k, sin 2asin(w, — B)

"= (Lsinp,)sin(a - §)_ mo
ysin(a - p) cos(90-w, - B)
—2c0s fsin(w, — a)(tgp, cos B —sin )
@, :45+%, degree (2)

where ,, k, — the cohesion coefficients in the dump rock and the foundation, respec-
tively, reduced by the normative SFS (Safety Factor of Stability), t/m?; p, p}; —the

internal friction angles of the rocks in the dump and the foundation, respectively, re-
duced by the normative SFS, degree; « — the slope angle of the dump, degree; S — the
slope angle of the weak foundation layer, degree.

According to the methodological guidelines [2] on monitoring the stability of pit
walls and dumps, as well as the relevant instructions [3], reverse (refinement) calculations
of the physical and mechanical properties of the rocks at the base of the oxidized quartzite
dump of PJSC "ArcelorMittal Kryvyi Rih™ were performed. In accordance with the afore-
mentioned methodological guidelines [2], for pit walls exhibiting landslide processes such
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as cracks, fissures, and constant displacement rates of working benchmarks, the Safety
Factor of Stability (SFS) for reverse calculations is assumed to be SFS = 1.1.

Considering that the reverse calculations require determining two unknowns — the
cohesion coefficient and the internal friction angle — a series of calculations was per-
formed for each sliding surface, establishing the relationship between the cohesion co-
efficient and the internal friction angle of the rocks at the base of the oxidized quartzite
dump.

During the calculations, the following values were used based on the basic char-
acteristics of the rocks:

— Bulk density of quartzites in the dump body: y = 2.7 t/m?

— Cohesion coefficient of the accumulated rocks: C = 0 MPa

— Internal friction angle: p = 35°.

The dependencies obtained for the considered sliding surfaces after the calcula-
tions are shown in Figures 1 and 2.
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Fig. 1. Dependence of the angle of internal friction (p, degrees) on cohesion (C, kPa),

obtained from inverse calculations for a slope at a height of 80 m (elevation +180 m):
p =-0.0534C + 9.585 — equation of the relationship
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Fig. 2. Dependence of the angle of internal friction (p, degrees) on cohesion (C, kPa),
obtained from inverse calculations for a slope at a height of 70 m (elevation +170 m):
p =-0,0756C + 8,875 — equation of the relationship
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During the analysis of these data, average values of the physico-mechanical prop-
erties of the weak layer rock foundation can be calculated as follows:

— cohesion — C = 22 kPa;

- angle of internal friction — p = 8.73°.

Calculation of the parameters of the oxidized quartzite composition, ensuring its
stability using the specified factor of safety, was performed using expressions (1) and
(2) recommended by the guidelines [1].

The calculations utilized initial data presented in Table.

Table
Initial data for calculating parameters of the oxidized quartzite composition
! ) P Kn, P fin,
e SFS /M3 degree t/m? degree t/m?2
1 1,0 2,7 35 0 8,73 2,2
2 1,2 2,7 29,2 0 7,27 1,83
3 1,3 2,7 26,9 0 6,72 1,69

The calculated data determined dependencies of maximum slope angles based on the
slope height. Figure 3 shows the relationship for SFS = 1.2, and Figure 4 for SFS = 1.3.

The calculated data determined dependencies of maximum slope angles (omax)
on the slope height (H,). Figure 3 illustrates the relationship for SFS = 1.2, and Figure 4
for SFS = 1.3.
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Fig. 3. Parameters of the embankment composed of oxidized quartzites
with a specified SFS = 1.2
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Fig. 4. Parameters of the embankment composed of oxidized quartzites
with a specified SFS = 1.3

Conclusions. The research has confirmed that the stability of rock waste dumps on
weak soil largely depends on the physico-mechanical properties of materials and operational
conditions. Identified patterns can be utilized for the design and operation of waste dumps.

Based on the analysis of engineering-geological and hydrogeological characteristics
of the foundation of oxidized quartzite at the edge of quarry No. 3 of PJSC "ArcelorMittal
Kryvyi Rih™ and the results of surveying observations on the displacement of the surface
of the oxidized quartzite dump, the following has been established:

1. Observed displacement rates range from 10 to 50 mm per day.

2. The direction of displacement vectors indicates the formation of several slip
surfaces originating from the elevations at +180 m and +170 m.

3. Based on inverse geomechanical calculations to determine the physico-
mechanical properties of the weak layer at the base of the oxidized quartzite dump, the
following values were obtained:

cohesion — C = 22 kPa;

angle of internal friction — p = 8.73°.

4. Calculations of the deposition parameters of the oxidized quartzite dump in its
proximity to the Ingulets River perimeter channel have identified dependencies of the
maximum permissible slope height on the slope angle (see Fig. 3, 4) with a specified
factor of safety.

5. Based on the rock slide, a decrease in the initial values of cohesion C and angle
of internal friction p, which were adopted as initial data in the design of the formation
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of the oxidized quartzite dump, has been determined. Therefore, systematic monitoring
of rock slide is necessary during the construction and operation of dumping facilities.
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AHOTANISA
Merta. BuzHaueHHS] YMHHHKIB, 1[0 BIUIMBAIOTh HA CTIHKICTh BiJBATY CKEIIbHUX MOPIJ HA cIabkoMmy
IPYHTI, 30KpeMa Ha MPUKJIAIl CKIaJy OKACICHUX KBApIMTIB , IO PO3TAIIOBaHUK Ha OOpTYy Kap'epa
No 3 TIAT "ApcenopMitran Kpuswuii Pir", a Takox BU3HAYEHHS MTapaMeTPiB CTIMKOCTI [HOTO CKIIATY
Ha OCHOBI OTPUMAaHUX JAHHUX Ta PE3YJIbTATIB MAPKIICHIEPCHKUX CITOCTEPEIKCHbD.

MeTtoauxa. Jlyis qocnipkeHHs Oy BUKOPUCTaHI eKCIIEpUMEHTAIBHI Ta aHATITHYHI METOH, TIPOBE-
JICHHSI aHaJi3y 1HKEHEPHO-TEOJOTIYHHUX Ta T1IPOTeOJOTIYHUX XapaKTePUCTUK OCHOBU CKJIa/ly OKHC-
JIEHUX KBAPIIUTIB Ta PE3yJIbTaTiB MAPKIIECHIEPCHKUX CIIOCTEPEKEHD 3a 3CyBaMU MTOBEPXHI 00OPTY.

PesyabTaT. Po3paxoBani mapaMeTpu CTIHKOCTI CKJIa/Ty OKUCIIEHUX KBAPIUTIB IS PI3HUX 3HAUEHB KO-
ediuienTa 3anacy criiikocti (K3C), 110 103B0J15I€ BU3HAUUTH ONTUMAIbHI XapaKTEPUCTUKNA KOHCTPYKIIIi
JUIs 3a0e3MneyeHHs ii CTIMKOCTI Ta Oe3neKku. BusiBieHo, 1110 BETMUYMHY 34YETJIEHHS Ta KyTa BHYTPILIHBOTO
TEpTs 3MEHIIYIOThCS BHACHIZAOK 3CYBY IPCHKUX MOPi, 10 BXIIMBO BPAXOBYBATH Mijl Yac OyAiBHULITBA
Ta eKCIUTyaTallli HACUITHUX CHOPY/ AJs 3a0e31edueHHs Oe3MeKn Ta MiHIMI3aLii pU3HKIB.

HayxoBa HoBu3Ha. [lossirae B KOMIUIEKCHOMY MIZXO/I1 10 BUBUEHHS CTIMKOCTI BBy CKEIbHUX MOP1J
Ha ca0KoMy IPYHTI, 30KpeMa Ha MPUKIal OKUCIEHUX KBAapIUTiB. JloCiiPKeHHSI BpaXxoBye crenudiuHi
BJIACTUBOCTI OKHCJICHUX KBAPIIUTIB 1 IXHIO B3a€MO/IIIO 31 CTAOKMMH TPYHTaMH, 10 € HEIOCTATHRO JOCITi-
JDKEHOIO TEMOIO Y TIOTIEpEeTHIX poboTax.

IIpakTrnyHa 3Ha4YHMicTb. OTpUMaHa KOMIUIEKCHA iH(pOpMaLlis PO TEONIOTIUHY Ta T1APOreosoriuHy CH-
Tyallit0 Ha MICIIEBOCTI JO3BOJISIE 3MIHCHUTH €()EeKTUBHE TUIAHYBAHHS Ta PO3POOKY Oy/b-sSKUX Oy1iBeIh-
HUX TPOEKTIB Ha JaHii Teputopii. BpaxyBaHHs BIUIMBY 3CyBY IpChKUX IOpiJ HAa BIACTUBOCTI IPYHTIB
JI03BOJISIE pO3pOOUTH e(eKTHBHI CTpaTEerii YIpaBIiHHS PU3MKaMH Ta MIHIMI3yBaTH MOXKJIMB1 HETaTHBHI
HACTIJIKHY miJ] yac OyAiBHUIITBA Ta €KCILTyaTallii CIIopy/I.

Knwuogi cnoea: cipnuua OisnbHicms, 2eomMexaHika, cmilKicmv 6i08ani6, CKelbHi Nopoou, cladKuil
IDYHM, OKUCIEHT K8ApYumu.
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