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Abstract: The paper presents the study of the deformation processes development in unstable
rocks of the hanging wall during mining a thick steeply dipping ore deposit in the example of the
Yuzhno-Belozerskyi deposit. In the studied field, there are problems of stability of hanging wall
rocks, represented by low-resistant shale rocks that do not withstand significant outcrops in time.
A decrease in stability is manifested in the form of failure of the hanging wall rocks into the stope.
Based on a detailed study of the ore deposit geological structure and the performance of the stopes
mining, according to the survey data, an area of the deposit has been identified where the ore failure
and dilution reach 4%–8% with a maximum value of 12%. This also makes it possible to determine
the most important averaged source data for performing physical modeling on equivalent materials.
It has been determined that the deformation value of the hanging wall rocks with subsequent failure
into the stope and ore mass deformation in the sloping bottom change exponentially with an increase
in the depth of the stope location, and the dynamics of increasing rock deformations in the hanging
wall is noticeably higher than in the sloping bottom of the stope. This reduces the quality of the mined
ore and increases the probability of rock failure area propagation to the hanging wall drifts with their
subsequent destruction. The results of physical modeling are characterised by acceptable reliability
and are confirmed by a high similarity with the actual data on ore dilution with broken rocks during
the stopes development. It has been found that during the formation of a steeply dipping outcrop of
stopes with an area of 1200 m2, unstable rocks of the hanging wall are prone to failure of significant
volumes. For successful mining and achieving stope element stability, it is recommended to optimise
its parameters, the height, width and the value of a steeply dipping outcrop, as well as to preserve
the ore pillar in the hanging wall until the ore is broken and drawn from the rest of the stope.

Keywords: ore deposit; hanging wall; rocks; failure; low stability; deformations; dilution; physical
modeling; equivalent materials; Ukraine

1. Introduction

In underground mining, including iron ore mining, the issues of rock mass stability are
always important, since the safety of workers, the quality of minerals and the preservation
of the Earth’s surface depend on it. This is especially important for mining the valuable ores
with chambers (stopes) of large sizes, when the stage-by-stage breaking of their reserves
gradually increases the area of outcropping the hanging wall rocks and redistributes the
stress-strain state, which requires direct attention in practice, and an assessment and
prediction of stability should be undertaken.

The volumes of mineral resources produced are always regulated by the needs of the
domestic and foreign markets [1–3]. The growing demand for mineral resources in the
world markets necessitates constantly improving the methods of mining and processing
of minerals to obtain vital raw materials and energy resources for mankind [4,5]. On
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the other hand, it is expected the social philosophy of a ‘unnecessary consumption’ and
significantly reduce unnecessary costs will be abandoned, which could extend the life of
the Earth’s mineral resources by several generations [6–8]. Enhanced ecological, as well as
environmental factors, are taken into account when developing progressive technologies
of minerals mining [9–11] and providing stability of geo-technological and geological
structures [12–15].

Iron ore mining is of great economic and strategic importance for a number of countries
such as Brazil, Australia, Russia, Ukraine, Canada, USA, India, China, South Africa,
Iran [16–20]. More than 85% of the world’s iron ore reserves are concentrated in the
lithotypes of these countries [21,22].

For developing countries such as Ukraine, the export of iron ore raw materials pro-
vides substantial foreign exchange earnings to the state budget and in 2020 amounted to
4.2 billion. The main consumers of Ukrainian iron ore raw materials (ore, pelletised ore,
concentrate) are China (60%), Poland (8.9%), Czech Republic (7%), etc. About 160 million
tons of iron ore are mined in Ukraine annually, of which 90% is mined by open-cut mining,
and 10% by underground mining [23–26].

The main iron ore production is conducted by the companies PJSC ArcelorMittal
Kryvyi Rih (2 mines and 1 quarry), Metinvest Holding (4 mines and 4 quarries), Devel-
opment Construction Holding, DCH (2 mines) at the Kryvyi Rih Iron-ore Basin, where
more than 70% of all reserves of Ukraine are concentrated. The iron content reaches an
average of 57%. Iron ores with an average grade are mined at 2 large quarries of Ferrexpo
iron ore company in the Kremenchuk iron ore region [27,28]. The Belozerskyii iron-ore
region, where the PJSC Zaporizhzhia Iron Ore Plant develops rich iron ores of the Yuzhno-
Belozerskyi and Pereverzivske deposits, is of significant industrial importance. This field
is unique due to its high iron content in the range of 58%–67%, and more than 60% of the
reserves are high-grade ores that do not require a beneficiation cycle [26,29].

When mining the raw iron ores, the problem of their quality is extremely important
and has significant commercial relevance [30–32]. Ore quality fluctuations complicate
its processing, thereby deteriorating the technological parameters of the beneficiation
process [33,34]. This, in turn, leads to ineffective use of mineral raw materials, an increase
in the cost of metallurgical treatment and, as a result, a decrease in the economic efficiency
of the entire mining and metallurgical complex [35–38]. The downward trend in the
mined iron ore quality is more characteristic of the underground mining method, which is
conditioned by a greater depth of mining and an increase in intensity of the rock pressure
manifestation with deepening. As a result of the impact of technological, as well as mining-
and-geological factors during underground mining method, there are frequent cases of
significant dilution of the ore mined from the stopes.

In the Kryvyi Rih Iron-ore Basin, iron ore is mined by a system of sublevel blast-hole
stoping and sublevel caving mining method at an average uniaxial compression strength of
120–140 MPa of the hanging wall and foot wall rocks. In this case, the main reason for the
ore dilution is the deviation in the blast-holes direction and their exit into the space beyond
the contour, which leads to the waste rocks destruction beyond the extraction contour of
the ore body, followed by dilution of the ore mass with them and a decrease in the Fe
content to 12% [39,40].

In the conditions of the Yuzhno-Belozerskyi deposit, high-grade ores are mined by
a highly efficient system of sublevel blast-hole stoping with uncemented rockfill under
conditions of variable strength 60–150 MPa of hanging wall rocks. The main reason
for an increase in indicators of the broken ore dilution in a number of primary stopes
from 5% to 10%–12% is the failure of the hanging wall rocks caused by geomechanical
processes [41,42]. When mining the secondary stopes, dilution occurs mainly from the
filling mass failure [43]. In the conditions of the studied field, with a steady decline in
the quality of mined hematite-martite ores, it is necessary to apply an expensive cycle of
additional beneficiation of ores.
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Analysis of the causes of ore dilution at various fields leads to conclusion that the most
difficult task is to predict, control and prevent the cases of hanging wall rocks failure as a
result of natural and technogeneous influence, as opposed to controlling the blast-holes
direction by introducing the special automated systems. Unstable rocks in the hanging
wall adversely affect the efficiency and safety of ore mining in the mine as a whole [44]. As
a result of the hanging wall rocks failure into the stope, the volume of underground cavities
that must be filled with the filling mixture increases, thereby leading to additional costs.
The development of large-scale failures of hanging wall rocks is rather dangerous from the
point of view of safety, since sublevel drifts are driven at a distance of 20–25 m from the ore
deposit contour, along which people, equipment and materials move. Rock failures can
severely damage sublevel drifts and pose a hazard to workers. Also, broken-down rocks
with an iron content of 25%–30% significantly dilute the broken ore, reducing the total iron
content in the ore for extraction stope. This leads to the necessity of mixing the mined ore
from different stopes to provide the overall mine quality of the ore [45].

A large number of studies have been devoted to the problematic issues of the hanging
wall rocks’ stability and the dilution of ores as a result of their failure with the use of
numerical simulation. The stability of hanging wall rocks with a change in the angle of the
ore deposit slope, as well as the height and width of extraction stope have been studied. In
addition, the optimal parameters have been determined, at which the dilution of the ore
with hanging wall rocks is less [46–48]. The state of hanging wall rocks in a low-thickness
deposit has been studied, where the authors conclude that their unstable state is caused
by the fracturing and strength of rocks, their constriction and an increase in the relaxation
zone. Authors recommend leaving a layer of ore to support the rocks in the hanging
wall [49]. Attention is focused on the geomechanical and economic substantiation of the
ore layer thickness to prevent the failure of the hanging wall rocks [50]. To predict the
depth of the hanging wall rocks destruction, the authors use the Evolutionary random
forest (ERF) method, where the algorithm has revealed high convergence with the actual
data of the mine [51]. A new criterion for assessing the stability of the hanging wall rocks
has been developed, which testifies to a significant influence and interdependence between
the rocks quality and the principle of the load formation on the overlap of the hanging
wall rocks [52]. A number of other studies are also known to be related to the stability of
hanging wall and foot wall rocks that come into contact with extraction stope in the process
of ore mining [53–56].

Noteworthy research has been conducted in which problematic issues of defining
deformation zones of the rock mass, ensuring the stability of mine workings using numer-
ical modeling methods are solved [57,58]. The choice of failure criteria in the numerical
analysis of stability plays an important role in determining the stability of underground
workings. The failure criterion will only be useful if it is selected based on the correct
failure mechanism [59,60]. The accuracy of the study of numerical modeling will depend
on the correct choice of the deformation criterion, the adequate formulation of the problem
and the quality of the initial data [61,62].

However, the deformations of the hanging wall rocks during the mining of steeply
dipping thick ore deposits, where, depending on the thickness of the deposit, 2–3 extraction
stopes are located across the strike, taking into account the order of mining the reserves,
have not been sufficiently studied in the literature. To develop technical solutions for
reducing the ore dilution, it is necessary, first of all, to have an idea of the mechanism and
volumes of the rocks failure in the hanging wall.

This paper studies the deformation processes development in the hanging wall rocks
during the mining of thick ore deposit at the Yuzhno-Belozerskyi field, the most valuable
in terms of iron ore content in Ukraine.

2. Geology and Characteristics of the Existing Technology for Iron Ore Mining

The Yuzhno-Belozerskyi field occupies the northern part of the Central Syncline
western flank and is a strip of submeridional strike (from northwestern to northeastern)
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of ferruginous quartzites containing high-grade iron ores. The ore-bearing horizon of
ferruginous quartzites is concave to the west. Its strike changes on the southern flank—
northwestern (310◦), further—submeridional, and then (to the north from the survey
profile 39)—northeastern (40◦). The slope angle of the ore deposit increases from south to
north—from 60–65◦ to 80–85◦. The iron content in the ores of the Belozerskyi region ranges
from the side (48%) to 69% for the Yuzhno-Belozerskyi field. The Yuzhno-Belozerskyi
field is represented by the Glavnaya deposit. The deposit has a complex sheet-like shape,
extending to the dip to an elevation of 1500 m. Along the strike, the ore deposit area
decreases with depth. At 325–400 m level, the deposit extends 2200 m, but at 740–840 m
level this value is already 1500 m. The iron ore reserves of the field are 300 million tons,
while 50% of the balance reserves have already been mined.

The geological conditions of the Glavnaya deposit are characterised by significant
variability along the strike [63]. Based on a detailed study of geological plans and reports
of geological survey along the strike of the ore deposit, it can be argued that there are
characteristic zones of the ore deposit that have differences. The northern, central and
southern parts of the deposit differ in the morphological composition of ores and host
rocks, their strength, fracturing, the thickness of the deposit and its slope angle. A general
view of the ore deposit longitudinal section at 740–840 m level with plotted various zones
with similar mining-and-geological conditions is shown in Figure 1.
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Figure 1. Characteristic zoning of an ore deposits with similar mining-and-geological conditions (740 m horizon section).

The northern part of the deposit differs noticeably in the shape of the ore bodies
and the composition of the rocks. This zone extends for a length of 650 m. The deposit
thickness here varies from 20 to 60 m. The average ore hardness according to Professor
M.M. Protodyakonov scale [64,65] is f = 9.5. Ore deposit here is broken into several veins,
they are separated by quartzite, mainly of hematite-martite composition, 7–20 m thick with
a low iron content. The host rocks of the hanging wall and foot wall are predominantly
hematite-martite quartzites of f = 14–15 hardness, medium stability and fracturing.

The central part of the deposit extends for 400 m. The ore body thickness here is
sufficiently persistent and increases to 100–120 m, the average ore strength decreases and
reaches f = 7.0. The hanging wall and foot wall contain quartzites f = 14–15, which, when
approaching the southern part, are replaced by quartz-chlorite-sericite shales and quartz-
hematite-chlorite composition with a hardness from f = 7–9 to f = 8–10, of medium stability
and fracturing. There are interlayers of low-resistant talcose shales of sericite-chlorite
composition with a hardness of f = 4–6.
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The southern part of the deposit extends for 450 m. The deposit thickness here ranges
from 60 to 150 m with the ore hardness of f = 6.5. The host rocks in the hanging wall and
foot wall are quartz-chlorite-sericite and quartz-sericite-chlorite shales with a hardness
from f = 7–9 to f = 8–10, of medium stability and high and medium fracturing. By analogy
with the central part, there are interlayers of low-resistant talcose shales of sericite-chlorite
composition with a hardness of f = 4–6.

The noted significant changes in the ore deposit geological structure also cause changes
in the mining technology. Thus, for example, in the northern part of the field, due to the
insignificant deposit thickness (30–50 m), one stope is located across the strike of the deposit
thickness, and in the central and southern parts, where the thickness reaches more than
100 m, 2–3 stopes are located across the strike. When mining the last stopes, this leads to
an increase in the number of contacts with the artificial mass, which causes dilution and
deteriorates the quality of the mined ore.

For effective planning of mining operations development, the ore deposit of the
Yuzhno-Belozerskyi field from the centre to the flanks is conventionally divided every
other 30 m into surveying axes with the designations: n is north; 0 is centre; s is south,
respectively. The stopes are also numbered in consecutive numbers, according to the
surveying axis and the sequence of mining (for example, 1/7 s, 2/7 s). At present, the
main mining operations are carried out within the interval of 640–940 m depths, the
reserves of 640–740 m level have been mined-out, the reserves of 740–840 m level have
been 75% mined-out, the reserves of the 840–940 m are at the initial stage of mining [66].

The ore is mined by a system of sublevel blast-hole stoping with the subsequent
filling the mined-out area with an uncemented rockfill [67]. The ore breaking in the stope
is sublevel, by vertical layers in one plane or in advance by upper sublevels, which is
carried out on a pre-cut slot located across the stope by fan systems of upward wells and
downward wells in the direction of the hanging wall. The wells are drilled by NKR-100M
drilling rigs (d = 102 mm) and Simba H1352, Solo DL321 (d = 105 mm) self-propelled rigs
from sublevel drill cross-cuts. Slots are cut into cutoff raising stopes by parallel upward
and downward wells drilled from sublevel drill cross-cuts and cut ways using NKR-100M
drilling rigs. Grammonite 79/21, AC-8, packaged ammonite No.6ZhV, UkrainitPP type are
used as explosive materials to break the ore reserves in the stope. The drawing of ore from
the stopes is performed using vibratory loading units of the VVDR-5 type.

The filling mixture is prepared from ground granulated blast-furnace slag, rock refuse,
waste of flux limestone using the surface complex [68,69]. By using the rocks as a filling
mixture component, it is possible to gradually reduce the dump volume [70]. The filling
mass strength after 90 days of hardening is 6–9 MPa [71–73].

The stopes are mined through a pillar equal to the stope width and are located across
the orebody strike. The technological elements of the system for mining the ore deposit
with an illustration of all its elements, as well as the order of mining the extraction stopes
along the ore area, are shown in Figure 2a,b.

The mined-out stopes at adjacent levels should always be located behind the general
zones location influenced by the space of the mined-out stopes. The average parameters of
the stopes are accepted: width is 30 m; length is 40–50 m; height is 100–120 m.

The main technical and economic indexes of the mine operation are: with an annual
ore output of 4.5 million tons/year, 15–17 stopes are mined and laid. The average output
of ore by stopes is 30,000 tons/month. The process of laying the stope is performed during
1–2 months, depending on its volume and location in the mine field. The average level of
ore loss is 5%, dilution ranges from 5% to 10%.

When mining within the depth interval of 640–940 m in the central and southern
zones of the deposit, problems arise of stability of the hanging wall rocks, represented by
quartz-chlorite-sericite, sometimes talcose shales with a hardness of f = 4–9, which do not
withstand significant outcrops in time. The decrease in stability is expressed in the form
of the hanging wall rocks failure at the contact with the steeply dipping outcrop into the
extraction stope. Sometimes the volume of failure has critical values, reaching the sublevel
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drifts in the hanging wall. The ore dilution with waste rocks at the contact with the hanging
wall rocks in some stopes increases from the standard 5.0% to 12.0% [74,75].
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Figure 2. Technological elements of mining the ore deposit: (a) division of the deposit into stopes
across the strike and its elements; (b) order of mining the stopes along the ore deposit area.

To solve the problem of stability, it is necessary to study the deformation processes
of the hanging wall rocks during the gradual mining of both the stope reserves and the
stopes themselves in the direction from the foot wall to the hanging wall. An adequate and
reliable assessment of the mass deformations can be obtained by modeling on equivalent
materials. However, it is necessary to know which physical and mechanical properties of a
changing ore deposit should be modelled, and which equivalent materials are used during
modeling. This can be achieved by determining the tendency of changing intensity of the
hanging wall rocks failure along the deposit strike. As a result, it will be possible to identify
an area of a deposit with a low-resistant hanging wall and analyse the mining-geological
and mining-technical conditions of mining here.

3. Materials and Methods
3.1. Determining the Unstable Zones in the Hanging Wall Rock Mass

It is possible to reveal an area of the ore deposit with an increased intensity of the
hanging wall rocks failure by reproducing the history of mining the extraction stopes at the
contact with the hanging wall rocks. In the process of analysing and studying geological



Minerals 2021, 11, 858 7 of 19

and mine surveying data, as well as mining plans, 17 extraction stopes have been allocated
for research. The location of the studied extraction stopes along the ore deposit strike is
shown in Figure 3.
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Figure 3. Schematic layout of extraction stopes at the contact with the hanging wall rocks with the fixation of their
destruction zones.

The selected stopes, surrounded by the ore mass, are mined to eliminate dilution
caused by the failure of filling mass and to focus only on the failure of hanging wall rocks.
In the mined-out stopes, the index of the mined ore dilution and the size of the steeply
dipping outcrop area of the stope at the contact with the rocks are studied. In addition, the
facts of rocks failure into the stope space and the disturbances of the design contours of
extraction stopes are also fixed.

By comparing the indices of ore dilution with waste rocks in stopes and their location
along the ore deposit strike, it will be possible to determine a tendency of changing the
volumes of hanging wall rocks failure and to identify their unstable zones in the deposit
for subsequent physical modeling.

3.2. Physical Modeling on Models from Equivalent Materials

In order to adhere the similarity of the model to natural conditions [76,77], the studies
allow for obtaining data on the stability of structural elements of mining systems with
various shapes and sizes of mined-out spaces reproduced on the models. Modeling by the
method of equivalent materials is as follows:

• the model of rocks and minerals is made from artificially selected materials in compli-
ance with Newton’s similarity law;

• to achieve mechanical similarity, the model is made of materials with properties,
equivalent to physical and mechanical properties of prototype materials. Such ratios
are determined on the basis of general law of force similarity, taking into account the
simultaneous action of gravity force and internal stress.

The geometric similarity of the model in situ will be fulfilled if all the dimensions of
the space occupied by the studied system on the model, as well as its individual elements,
are changed a certain number of times compared to the dimensions of the space occupied
by a similar system in situ. Signs of geometric similarity are written in the form of a ratio
of linear dimensions:

αe =
L
l

, (1)
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where αe is geometric scale of modeling; L is linear size of the modelled element in situ; l is
linear dimension of the corresponding modelled element on the model.

To ensure the similarity of mechanical processes on the model, the mechanical charac-
teristics in situ of the equivalent material must meet the requirements:

Nm =
l
L

γm

γp
Np, (2)

where Nm and Np are the mechanical characteristics of the model equivalent material and
the prototype material, respectively; γm and γp are the volumetric weight of the model and
prototype material, respectively.

Taking into account the signs of geometric similarity and mechanical processes similarity,
as well as having data on the mechanical characteristics of the modelled rocks, expressed in
numerical values, for a given scale of modeling, the numerical values of the corresponding
characteristics of model material mechanical properties are calculated, which are necessary to
ensure similarity. The modeling is conducted on a flat testing bench with a front transparent
wall. Model dimensions: length 1.40 m, height 1.25 m, width 0.24 m.

To model the deposit mining, the averaged parameters of the ore deposit and the
host rocks are taken, where the problems of the hanging wall rocks stability have been
previously identified:

• deposit thickness—100 m;
• angle of the deposit slope is 70◦;
• angle of the bottom slope in the hanging wall stope is 55◦;
• stope height—115 m;
• hanging wall is represented by low-resistant talcose shales and quartz-chlorite-

sericite shales;
• foot wall is represented by quartz-chlorite-sericite shales.
• To study the structural elements stability of mining system, a geometric modeling scale

of 1:250 is accepted on the model, which makes it possible to measure deformations
with a greater degree of accuracy.

Sand, solid oil, paraffin, talc and cement are selected as components of the equivalent
material. This makes it possible to ensure the equality of the internal friction angles
of materials, strength and other physical and mechanical properties of the model and
prototype. The physical and mechanical properties of rocks and equivalent materials are
shown in Table 1.

Table 1. Physical and mechanical properties of rocks and equivalent materials.

Name of Rocks

Physical and Mechanical Properties of Equivalent Materials Equivalent Materials, Component Proportion, % by Weight

Volumetric
Weight,
tons/m3

Internal
Friction Angle,

Degree

Adhesion,
MPa

Compression
Strength,

MPa
Sand Cement Solid Oil Paraffin Talc

Quartz-chlorite-sericite shales 2.0 26 0.5 0.55 95 5 - - -

Hematite-martite ore 2.0 22 0.03 0.05 96 - 3 1 -

Sericite-chlorite-talcose shales 2.0 15 0.01 0.03 - - - - 100

Backfill 2.0 21 0.03 0.03 97 - 3 - -

The model is formed from the hanging wall to the foot wall. For modeling the foot
wall rocks, the equivalent material is a sand-cement mixture. The prepared mixture is
tempered with water and, after thorough mixing, is put into the model. After a seven-day
ageing, a laminated rock bench is formed, which is adjacent to the ore body. After seven
days, an ore body is formed. For this purpose, an equivalent material from a mixture of
sand, paraffin and solid oil, after thorough mixing and warming up in a water bath to
96–100 ◦C, is laid into the testing bench in a hot state and compacted. The material is laid
in layers 4–5 cm thick. After cooling, a hanging wall is formed. First of all, a laminated
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rock bench adjacent to the ore body (talcose shales) is formed, and after seven days, the
equivalent material of the hanging wall (shales) is laid. Material equivalent to ore is laid at
a height of 46 cm (115 m in situ). The equivalent backfill material (a mixture of sand and
solid oil) is laid into the model in layers from 2 to 6 cm thick, followed by compaction. The
model, when formed completely, is allowed to settle for 28 days until the final hardening
of the cement–sand mixture. The backfill material is formed above the tested stopes 80 cm
high (200 m in situ).

After applying the load, the model is aged until the displacements are stabilised. A
scheme of the equivalent materials model and the order of mining the stopes from the
hanging wall to the foot wall is shown in Figure 4a. To control the deformations of the
stope geometric parameters, indicator rulers (i/r) are used (Figure 4b).
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The mass deformations around the extraction stopes of 740–840 m, 840–940 m,
940–1040 m levels are studied to reveal the influence of the mining depth. The testing
bench is 126 cm high. Thus, when modeling the entire rock mass on the accepted scale,
the height of the testing bench should be: for the stope at 740–840 m level is 332 cm; for
840–940 m is 371 cm; for 940–1040 m is 411 cm. The part of rock mass missed on the model
should be compensated for by surcharging. On the model, the overlying rock stratum is
compensated for in the modeling as follows:

• 740–840 m level (strata height is 515 m in situ or 206 cm on the model) applied load is
82 kg;

• 840–940 m level (strata height is 640 m in situ or 206 cm on the model) applied load is
102 kg;

• 940–1040 m level (strata height is 515 m in situ or 206 cm on the model) applied load
is 118 kg.
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4. Results and Discussion
4.1. Identifying Unstable Zones of Hanging Wall Rocks along the Ore Deposit Strike

By processing the ore dilution data in the stopes and the location of the stopes in the
deposit, it became possible to identify an area of the deposit with increased failure of the
hanging wall rocks. Figure 5 shows the polynomial nature of the change in the dilution
value of the ore mined from the stopes at the contact with the hanging wall rocks.
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Analysis of Figure 5 shows that when mining the stopes in the direction from north
to south of the deposit area within the interval of 0–600 m, the value of ore dilution is in
the range of 2%–3%. Here, the achieved value of dilution is mainly caused by the presence
of ferruginous quartzite interlayers in the ore, and the spalling of hanging wall rocks is
minimal here. The value of ore dilution in the stopes of the deposit area within the interval
of 600–1200 m rapidly increases and reaches 4%–8% with a maximum value of 12%. Here,
the achieved value of dilution is caused by the hanging wall rocks failure into the stopes,
which is clearly seen in Figure 5.

After 1200 m in the southern part of the deposit, the intensity of dilution gradually
decreases. The results obtained indicate that the largest volumes of the hanging wall
rocks failure into the stopes are observed in the ore deposit area within the interval of
600–1200 m, which represents the entire central part of the deposit and the beginning of
the southern part. As a result of comparing the data on the ore deposit geological structure
at 740–840 m level (detailed in Section 2) and the unstable area along the ore deposit strike
within the interval of 600–1200 m, the most important averaged source data have been
determined, which are subsequently used to perform physical modeling of the hanging
wall rocks deformations, namely:

• average deposit thickness;
• angle of the deposit slope;
• type of rocks in the hanging wall and foot wall;
• physical and mechanical properties of ore and rocks in the hanging wall and foot wall;
• geometrical parameters of extraction stopes.

The forms of rock pressure manifestation and the value of dilution when mining the
stopes of the foot wall have also been analysed. The ore dilution here is in the range of
0%–2%. It has been determined that the foot wall stopes of the deposit are located in the
zone of a reduced stress state due to the protective effect of backfilling in the mined-out
and backfilled stopes located above. As a result, their structural elements, being in the zone
of reduced stresses, remain stable. Therefore, in the stopes near the ore deposit foot wall,
disturbances of the stope space contours are almost not observed, or there is a slight fall of
the backfill from the bottom above the mined-out and backfilled stopes.
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4.2. Hanging Wall Rocks Deformation When Mining the Extraction Stopes

Initially the formation of the slot in the hanging wall stope (Figure 6a, stage 1) are
modelled. To control the hanging wall state before creating the slot, indicator rulers Nos. 3,
4, 5 are added. Before modeling the next stage, readings are taken on indicator rulers Nos.
1, 2, 3, 4, 5, 6, 7. There are no deformations and displacements in the mass adjacent to the
mined-out space.
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The next stage is to reproduce the mining of the next layer in the direction of the
hanging wall (Figure 6b, stage 2), which leads to the outcrop of the floor pillar by 15 cm,
which corresponds to 37.5 m in situ. Deformations and displacements in the mass adjacent
to the mined-out space are not recorded by indicator rulers No. 1, 2, 3, 4, 5, 6, 7.

The final stage in mining the hanging wall stope is the backfilling of the mined-out
space. After the rock failure, deformations and displacements in the mass adjacent to the
mined-out space before backfilling the stope are not noted. The equivalent backfill material
(a mixture of sand and solid oil) is laid in the model in layers and compacted. As a result
of the hanging wall rocks failure, 9% more equivalent material for backfilling is required
than planned. Furthermore, the creation of a slot in the foot wall stope (Figure 7a, stage 5)
and the breaking of the first layer towards the foot wall (Figure 7b, stage 6) are modelled.
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There are no deformations and displacements in the mass adjacent to the mined-out
space on the indicator rulers No. 1, 2, 6, 7. Then, mining of the next vertical layer towards
the foot wall (Figure 7c, stage 7) is modelled. Before starting to model at stage 4, readings
are taken on indicator rulers No. 1, 2, 6, 7. There are no deformations and displacements in
the mass adjacent to the mined-out space.

Furthermore, mining of the stope is modelled up to the foot wall (Figure 7d, stage 8).
In this case, floor pillar outcrop is 28 cm, which corresponds to 70 m in situ. The final stage
in mining the foot wall stope is to model the backfilling of the mined-out space. Before
backfilling the mined-out space, readings are taken on indicator rulers No. 1, 2, 6, 7. There
are also no deformations and displacements in the mass adjacent to the mined-out space.

Also, the mining of stopes at 840–940 and 940–1040 m levels an analogical research for
handing and foot wall by increasing the load on the model have been studied. An increase
in the value of deformations is noted with an increase in the value of the load applied to the
model according to indicator rulers Nos. 3 and No. 4—from the side of the hanging wall,
No. 5—in the sloping stope bottom (Table 2). With an increase in the value of the applied



Minerals 2021, 11, 858 13 of 19

load after the failure in the layer of unstable talcose shales, an increase in the collapse cavity
is noted, but somewhat further already in the mass of quartz-chlorite-sericite shales. There
are also no deformations and displacements in the mass adjacent to the mined-out space of
the handing wall stope.

Table 2. Results of the research on model and prototype deformations in hanging wall.

Deformations of the Hanging Wall Rocks

Average stope depth 790 890 990

–model, cm 2.4 2.7 3.2

–prototype, m 6.0 7.3 9.7

Deformations of Rocks Adjacent to the Steeply Dipping Outcrop

Average stope depth 790 890 990

–model, cm 0.8 1.0 1.3

–prototype, m 2.0 2.5 3.25

Based on the results of physical modeling the deformation (failure) values of the
hanging wall rocks into the stopes and in the ore mass near the sloping bottom with the
model fracturing development, it is possible to determine the dependences of their change
with an increase in the depth of mining (Figure 8).
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Analysis of Figure 8 shows that the deformation value of the hanging wall rocks with
subsequent failure into the stope and deformations of the ore mass in the sloping bottom
change exponentially with an increase in the depth of the stope location. It should be noted
that the dynamics of the increase in rock deformations in the hanging wall is noticeably
higher, since their increment in the depth interval of 790–990 m is 4 m, and in the sloping
bottom is 1.1 m. If the ore mass cleavage in the sloping bottom does not have a negative
effect on the quality of the ore mined from the stope, then the failure of rocks in the hanging
wall, on the contrary, leads to dilution of the mined ore and deterioration of its quality.
Broken ore in the stope with an iron content of 60%–63% is diluted with rocks of a hanging
wall with an iron content of 20%–30%. This leads to its dilution. The areas of deformations
development around the stope with an increase in the depth of mining are illustrated
in Figure 9.
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In addition to the rocks failure influence on the quality of mineral, another significant
threat is increasing—the propagation of the rocks failure to the drifts of the hanging wall
and the possibility of their destruction. The drifts in the hanging wall are located 20–25 m
from the ore deposit, but at 940–1040 m level, when mining the stopes, the deformation
value of the rocks in the hanging wall will reach 10 m or more, and mass fracturing will
develop probably to an even greater distance. Since people, transport equipment and a
ventilation stream move in the drifts of the hanging wall, therefore, damage to these drifts
can cause both a serious danger to people and paralyze the proper functioning of the mine
workings on the horizons.

Insignificant ore mass deformations and the fractures occurring in the sloping bottom
of a stope will have a positive effect on ore reserves breaking in the stopes that will be
located under it. The ore mass will be preliminarily weakened by the impact of the stope
mining, and less explosive is likely to be required to mine the reserves. This direction is
relevant, is of scientific interest, and requires special research.

The results of the performed physical modeling are characterised by acceptable relia-
bility, which is confirmed by the actual data on the ore dilution with collapsed rocks during
the mining of stopes 2/3 south, 2/5 south, 2/7 south at 740–840 m level (Figure 10). Thus,
according to the results of physical modeling, the volume of rocks failure is 48,500 tons at a
value of a steeply dipping outcrop of 43 m, a stope width of 30 m and a rock density of
2.7 tons/m3.

The volume of actual rocks failure during the mining of stopes 2/3 south, 2/5 south,
2/7 south is in the range of 46,000–63,000 tons. This testifies to the high reliability and
convergence of the results obtained. Based on the modeling results and actual data from
the mine, the facts of the hanging wall rocks failure into the stopes have been recorded in
the case of their low stability and the formation of a steeply dipping outcrop of stopes of at
least 40 m and their width of 30 m. Thus, even at the 740–840 m level, when the area of
steeply dipping outcrop of stopes with a value of 1200 m2 is formed, unstable rocks in the
hanging wall are prone to large-volume failure.

The geological structure analysis of the hanging wall rocks along the depth of the
ore body indicates an increase in the area of low-resistant quartz-chlorite-sericite shales
propagation with low hardness of f = 4–9 in the hanging wall rocks in the central and
southern parts of the deposit, which occurs at a depth of 400 m is 60 m; 640 m is 150 m,
740 m is 330 m, 840 m is 600 m. From this it follows that with an increase in the depth of
mining within the depth intervals of 840–1140 m, the hazardous phenomena of the hanging
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wall rocks failure will only intensify, and the intensity of their manifestation in the stopes
along the length of the ore deposit will increase.
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Thus, for the successful mining of stopes within the depth interval of 840–1140 m, it
is necessary to optimise the parameters of the stope and achieve its stable values: height,
width and size of the steeply dipping outcrop. Also, taking into account the low natural
stability of the hanging wall rocks in the central and southern parts of the deposit, it is
recommended to consider the possibility of preserving the ore pillar in the hanging wall
until the ore is broken and drawn from the rest of the stope in order to increase the contact
area of the ore mass with weak rocks of the hanging wall.

5. Conclusions

As a result of the research, the following scientific and practical results have been
obtained, which are useful for an effective technology for ore mining in unstable rocks:

1. During mining within the depth interval of 640–940 m in the central and southern
zones of the deposit, problems arise with the hanging wall rocks’ stability, represented
by quartz-chlorite-sericite shales, sometimes talcose shales of low hardness of f = 4–9
that do not withstand significant outcrops in time. A decrease in stability is manifested
in the form of a failure of the hanging wall rocks into the stope at the contact with its
steeply dipping outcrop. The ore dilution with waste rocks at the contact with the
hanging wall rocks in some stopes increases from the standard 5.0% to 12.0%.

2. It has been determined that the value of ore dilution in the stopes of the deposit
area along the strike within the interval of 600–1200 m rapidly increases and reaches
4–8% with a maximum value of 12%. The achieved dilution value is caused by the
hanging wall rocks failure in the stopes. The results obtained indicate that the largest
volumes of the hanging wall rocks failure in the stopes are observed in the ore deposit
area within the interval of 600–1200 m, which represents the entire central part of the
deposit and the beginning of the southern part. As a result of comparing the data on
the ore deposit geological structure at 740–840 m level and the unstable area along
the ore deposit strike within the interval of 600–1200 m, the most important averaged
source data have been determined, which are used to perform physical modeling.

3. It has been determined by means of physical modeling on equivalent materials that
the deformation value of hanging wall rocks with subsequent failure in the stope and
ore mass deformation in the sloping bottom change exponentially with an increase
in the depth of the stope location. The dynamics of increasing rock deformations
in the hanging wall is noticeably higher, since their increment in the depth interval
790–990 m is 4 m, and in the sloping bottom is 1.1 m. Broken ore in the stope with an
iron content of 60%–63% is diluted with hanging wall rocks with an iron content of
20%–30%.
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4. The results of the performed physical modeling are characterised by acceptable
reliability, which is confirmed by the actual data on the ore dilution with collapsed
rocks during the mining of stopes. Based on the results of physical modeling, the
volume of rocks failure is 48,500 tons. The volume of actual rocks failure during the
mining of stopes 2/3 south, 2/5 south, 2/7 south is in the range of 46,000–63,000 tons.
This testifies to the high reliability and convergence of the results obtained.

5. The probability increases of the rocks failure area propagation to the hanging wall
drifts with their subsequent destruction. The drifts in the hanging wall are located
20–25 m from the ore deposit, but at 940–1040 m level, when mining the stopes, the
deformation value of the hanging wall rocks will reach 10 m or more, and mass
fracturing will develop to an even greater distance from destruction. Therefore,
damage to these drifts can cause both a serious danger to people and paralyze the
proper functioning of the mine workings on the horizons.

6. Based on the modeling results and actual data from the mine, it has been revealed
that the facts of the hanging wall rocks failure into the stopes have been recorded in
the case of their low stability and the formation of a steeply dipping outcrop of stopes
of at least 40 m and their width of 30 m. Thus, even at 740–840 m level, when the area
of steeply dipping outcrop of stopes with a value of 1200 m2 is formed, unstable rocks
in the hanging wall are prone to large-volume failure.

7. For successful mining of stopes and the stability of their elements within the depth
interval of 840–1140 m, it is recommended to optimise the parameters: height, width
and size of the steeply dipping outcrop. Also, taking into account the low natural
stability of the hanging wall rocks in the central and southern parts of the deposit and
with the purpose of increasing the contact area of the ore mass with the weak rocks
of the hanging wall, it is recommended to consider the possibility of preserving the
ore pillar in the hanging wall until the ore is broken and drawn from the rest part of
the stope.
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