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Abstract A
The work aims to develop practical engineering and technical methods for strengthening the slopes of the sides
of watered titanium-zirconium quarries, which will contribute to reducing the risks of landslides, considering
land conservation indicators. The research was carried out using the method of modeling the stability parame-
ters of mining massifs using specialized software Rocscience Slide. Slope stability and land conservation in the
modern world are relevant and integral aspects of the sustainable development and functioning of engineering
facilities. Preventing the sliding of sandy soils of pit slopes is critically essential for ensuring the safety of
mining operations in mining areas. It has been determined that one of the standard methods of strengthening
slopes is the use of anchor systems, which provide soil stabilization and prevent landslides and collapses. The
three-dimensional modeling method is used in studies to determine the safety parameters of the mining massif,
which allows for the determination of potential collapse zones. It is also used together with monitoring systems
to detect early signs of slope failure. The dependence of the stability margin coefficient on the increase in the
angle of inclination of the pit slope has been determined. The results of the research allow us to state that with
an increase in the number of anchors from 0 to 24 units, the safety factor of the slope of the side will increase by
4.2% from 1.16 to 1.21. It was found that sandy soils are characterized by high permeability and low cohesive
strength, which makes them particularly vulnerable to sliding when the rock mass is moistened. The practical
significance of the work lies in determining the effective field of application of anchor fasteners to prevent the
sliding of sandy soils of the slopes of the pit, which will ensure the safety of workers and the local population.
It was found that the use of the proposed engineering method of strengthening sandy-clay soils can occur in
limited cases for a slight increase in the safety factor of the slopes of the pit sides.
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Introduction

Strengthening the slopes of the sides of watered pits for mining
titanium-zirconium ores is a critically important task since the
safety and efficiency of open pit mining of promising watered
deposits depend on its solution. Unstable slopes formed during
mining operations can lead to rockslides, which complicate the
mining process and create a danger to workers and equipment.
Successful strengthening of slopes requires considering hydro-
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geological conditions, mechanical properties of soil, and avail-
able strengthening methods. In addition, it is essential to mini-
mize the amount of soil removal during stripping operations to
achieve the effect of land conservation [1-11].

The research considered modern engineering methods for
strengthening slopes, emphasizing their effectiveness in the
context of flooded pit rocks. Particular attention is paid to these
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anchor systems that provide additional slope support by secur-
ing them with steel or composite structures. This method can be
especially effective in high slopes, where there is a risk of large
volumes of soil collapse. The experience of operating quarries in
Germany has shown that there have been significant landslides
of sand slopes during heavy rains. The lack of proper drain-
age systems led to oversaturation of the soil with water, which
caused large-scale landslides that blocked production processes
and caused significant material damage. There are also similar
cases in Brazil, when landslides occurred due to insufficient
strengthening of the slopes during the development of sand pits.
At the same time, attempts to prevent rockslides were limited
to using geotextiles without additional drainage systems. As a
result, the landslide led to the loss of a significant amount of
extracted material and the temporary closure of the pit. At one of
the sand pits in Morocco, a rockslide occurred due to improper
terracing of the slopes. It led to the destruction of part of the
equipment and infrastructure, significantly affecting production
activities and workers' safety [12,13].

Presented confirms the importance of applying an integrated
approach to preventing the sliding of sandy soils on pit slopes,
including the use of geotextiles, drainage systems, chemical ad-
ditives, and terracing. Implementing these methods ensures the
stability of slopes, increases the safety and efficiency of min-
ing operations, and reduces environmental risks. Since Ukraine
has significant reserves of titanium-zirconium ores, solving the
problem of ensuring the stability of alluvial rock massifs is of
critical importance, since titanium and zirconium are strategic
metals necessary for the development of the national economy
and the country's defense capability. There are 11 titanium-zir-
conium deposits, 280 ore occurrences, and 1,400 mineraliza-
tion points. These deposits represent a zone of concentration of
minerals containing titanium and zirconium in water-saturated
rocks. Their formation in Ukraine is usually associated with sed-
imentary processes, under the historical influence of rivers and
seas [14].

Placers of the coastal-marine facies are developed on the
Ukrainian Shield, Dnieper-Donetsk, Black Sea depressions, and
form the Dnieper, Azov-Black Sea, and Kharkiv-Sumy alluvial
zones. The most productive of them is the Dnieper zone, which
is 50-100 km wide and over 700 km long along the northeastern
slope of the Ukrainian crystalline shield. Sedimentary deposits
of titanium-zirconium ores are developed using open-pit mining,
with subsequent enrichment and processing to obtain titanium
and zirconium concentrates. The main difficulties in ensuring
the stability of rock massifs arise when overburden is removed,
since the overburden is represented by sandy-clayey rocks, the
stability of which decreases when watered by groundwater or
surface waters. In this regard, an urgent task arises to substan-
tiate additional measures to strengthen the slopes of mountain
massifs formed from sandy and clayey rocks while exploiting
titanium-zirconium mineral deposits [15].

Methods

Analysis of modern reinforcement systems in mining operations
allows us to establish that anchors can increase their effective-
ness if integrated with geosynthetic materials. Since anchor sys-
tems create additional adhesion between the slope and stable
soil layers or rocks, which allows for the distribution of loads
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and reduces the risk of landslides, they can be used both tempo-
rarily and permanently, depending on the specifics of the tasks.
The main advantage of anchors is their ability to effectively
strengthen slopes even in difficult geological conditions and un-
der significant loads. The disadvantage of anchor systems is that
the cost of materials and labor to install anchor systems can be
substantial. This includes the costs of purchasing anchors, drill-
ing, and installation, which can increase the overall cost of the
project. Installing anchors can be technically complex, requiring
highly skilled professionals and specialized equipment. This can
be especially problematic in hard-to-reach areas or unstable soil
conditions.

In addition, steel anchors can be susceptible to corrosion, es-
pecially in aggressive environments or in contact with ground-
water This requires additional protective coatings or the selec-
tion of corrosion-resistant materials, which can increase costs.
In addition, regular inspections and maintenance are required to
ensure the reliability of anchor systems. This includes check-
ing the condition of the anchors and fasteners, which can be a
time-consuming and expensive process. If installed incorrectly
or overloaded, anchors can damage the slope structure, causing
local failures or deformations, which can reduce the structure's
overall stability. This factor will also affect the volume of min-
ing reclamation work on the flooded area of the pit in the future
[14,16].

Studying the stability of slopes in sandy-clayey soils is an essen-
tial task of engineering geology and geotechnics, mainly when
additional measures are used to strengthen the slope surfaces.
The Rocscience Slide software package is used to assess the sta-
bility parameters and determine the need for slope strengthening
measures. This software product allows you to model complex
engineering and geological conditions, take into account the in-
fluence of external loads and conduct slope stability analysis us-
ing various methods and conditions, take into account the influ-
ence of external loads and conduct slope stability analysis using
various methods Bishop, Janbu, Spencer, Morgenstern-Price,
etc. When performing studies on the calculation of stability
parameters, the Bishop Method was used since it is the most
effective method for solving most engineering tasks in geome-
chanical stability. This method is more accurate than the method
(Fellenius) and simpler and faster than complex methods (Mor-
ganstern-Price, finite elements). It is widely used in design of pit
slopes and benches, where a circular cylindrical failure surface
is possible [17-19].

The initial data for conducting research using modeling tools is
the determination of possible parameters corresponding to the
geometry of the slope, as well as the determination of its phys-
ical characteristics and preparation for further analysis. When
performing the research, the mining and geological parameters
of the development of the Motronivsko-Annivska section of
the titanium-zirconium ore deposit is in commercial develop-
ment Table 1. To determine the safe geomechanical parameters
of the sides during pit operation, it is necessary to establish the
maximum permissible angle of inclination of natural slopes at
which the slope stability reserve coefficient will remain within
the allowable values. The critical value of the stability reserve
coefficient in the studies is 1.15, below which the development
of deformations and landslide processes is possible. The studies
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also study the possibility of further increasing the slope stability,
which increases the stability coefficient to 1.3 or more, ensuring
the absence of deformations in the slope zone [1].

The calculation of the safety margin factor is performed taking
into account the physical and mechanical characteristics of the

overburden rocks of titanium-zirconium deposits (Table 1) using
Simplified Bishop Method with specified profiles for possible
slope angles of the pit slopes aS from 14° (Figure 1a) up to 29°
(see Figure 1b), which allows determining safe parameters of
geomechanically stability of a given pit overall slope.

Table 1: Physical and mechanical properties of overburden bench rock the of titanium-zirconium deposits

# Name Average layer | Unit weight, KN/ | Cohesion, kPA Angle of inter-

thickness, m m?3 nal friction, ¢,
degrees

1 Forest-like loams 7 26.9 30 22

2 Red-brown clay 10 27 75 24

3 Plastered striped clay 10 23 50 30

4 Samara sand with clay 10 26 100 21.74

5 Sands of the Poltava series 10 26 25 30

6 Sand of the Kharkiv layer 6 20 30 35

7 Kyiv tier 10 27 10 20

8 Crystalline foundation - 26 200 40
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Figure 1: Results of the Factor of Safety (FOS) calculation for overall slope a) 14°, b) 29°

Analysis of the calculation results (Figure 1) allows us to deter-
mine the influence of the slope angle of the overall slope of the
titanium-zirconium pit on the safety factor. The results of the
safety factor indicator were obtained when changing the slope
angle of the pit slope from 14 to 29°. To determine the influence
of the slope angle of the pit slope on the index of the stability
reserve coefficient of the rock massif, studies were carried out in
the range from 14 to 29°. The results (Figure 2) allow us to estab-
lish a safe slope angle of the pit side for the conditions of devel-
opment of the Motrono-Annivska section of the titanium-zirco-
nium deposit. The results obtained are the initial data for further
determination of the effectiveness of using reinforcing structures
to increase the stability of slopes of sides composed of sedimen-
tary rocks exposed to waterlogging [1].

The obtained research results (Figure 2) allow us to establish

that increasing the height of the overburden slope during the de-
velopment of titanium-zirconium deposits by 2.07 times from
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14 to 29° leads to a decrease in the value of the factor of stability
by 1.79 times from 2.08 to 1.16. Thus, it can be confirmed that
the stability of the titanium-zirconium pits' overall slopes can
be achieved only at small angles of inclination of their slopes or
using engineering methods of strengthening. Special software
was used to investigate the effectiveness of a simple end-mount-
ed system, such as mechanically secured anchor bolts or blind
anchors.

The slide provides the opportunity to simulate the stability of
the mountain massif. When performing the research, the depen-
dencies of the stability reserve coefficient on the length of soil
anchors LA (from 5 to 40 m) were also established, which al-
lowed for determining the effective parameters of engineering
structures. The number of anchors taken in the research is 6 to
24 units. The distance between the anchors is 7 to 20 m in the
horizontal and vertical directions. Pull-out or failure load of the
anchor mechanism (Anchor Capacity) in 150 kN.
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Figure 2: Dependence of the safety factor (FOS) of the rock mass on the slope angle of the pit slope (aS)

Results

Determination of the influence of the anchors' length on the
stability factor of rock

To determine the effectiveness of anchor systems on a slope
composed of sedimentary rocks, a possible increase in the length
of the anchors from 5 to 40 m was considered. The specified

range of the length of the anchor systems allows us to determine
the optimal value of its length at which the stability margin co-
efficient will stop growing. The schematic diagram of the place-
ment of anchor systems of different lengths with the number of
anchors in a row of six units is presented in (Figure 3).
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Figure 3: Calculation schemes for the stability factor when using anchors of different lengths a) 5 m, b) 40 m

A similar calculation with the determination of the safety fac-
tor for the conditions of development of the Motrono-Annivska
section of the titanium-zirconium deposit was performed for the

range of anchor lengths from 5 to 40 m. The obtained depen-
dences are shown in (Figure 4).
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Figure 4: Influence of anchor length (LA) on the safety factor (FOS) of the rock massif at a pit slope angle of 29°

According to the established dependence (Figure 4), the use of
anchor systems longer than 20 m is ineffective, since they will
not increase the safety factor, but the cost of their manufacture
and installation will increase due to the increase in the mass
of the metal structure. At the same time, expanding the anchor
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length four times from 5 to 20 m will lead to an increase in the
safety factor by 1.2% from 1.159 to 1.173. The results obtained
allow us to determine that in subsequent studies, it is advisable
to consider the range of anchor lengths from 5 to 20 m.

J of Pet Foss Fuels Energy Res 2026



Determination of the influence of the anchors number on the
coefficient of rock stability

The next step of the research is to determine the impact of the
number of soil anchors on the stability of the rock massif during
the development of a similar section of the titanium-zirconium
deposit. When performing calculations, the range of increasing

the number of soil anchors is assumed from 0 to 24 units. The
diagram of the pit slope in its normal state is shown in (Figure
5a. At the same time, when using six anchors (Figure 5b) and 24
anchors (Figure 5c), which allows for analyzing their location
for further stability modeling work.

'I'-?[T:I'HII‘IT T

]

Figure 5: The overall slope of the pit a) Without installation of reinforcing elements, b) With the installation of a reduced number
of reinforcing elements, ¢) With the installation of an increased number of reinforcing elements

According to the schemes considered (Figure 5), the reinforce-
ment of the side rocks will be carried out using soil anchors of
different lengths. The method of arrangement of the anchor sys-
tem is assumed to be perpendicular to the slope. Under the ar-
rangement of various numbers of anchors from 6 to 24 pieces,
the distance between them can be from 7 to 20 m in the horizon-
tal and vertical directions. When modeling the functioning of the

anchor system installed in the side rocks of the pit, the load on
pulling out or destruction of the anchor mechanism is assumed
(Anchor Capacity) in 150 kN.

The results of the calculations obtained to determine the stability
reserve coefficient of the pit slope rocks when installing anchors
from 6 to 24 units are shown in (Figure 6).
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Figure 6: Schemes for determining the safety factor of the rock side of a titanium-zirconium pit when installing different numbers
of anchors a) 6 units, b) 24 units

The calculations of the indicators of the reserve coefficient of
stability of the rocks of the pit slope with different numbers of
anchors allow us to establish the dependence between these pa-

rameters. On (Figure 7) shown the influence of the number of
anchors on the indicator of the reserve coefficient of stability of
the rocks of the titanium-zirconium pit slope.
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Figure 7: Dependency of the Factor of Safety (FOS) on the number of reinforcing elements (NRE)
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According to the obtained research results (Figure 7), it was
found that increasing the number of anchors in the system to 24
units allows for an increase in the stability reserve of the rocks
of the pit slope with a slope angle of 29° by 4.2% from 1.159 to
1.208. Thus, the stability of the slope of the side composed of
sedimentary rocks is increased; however, the safe value of the
stability reserve coefficient (1.3) is not achieved.

The results allow us to choose the most effective solution when
justifying the parameters of anchor systems used to secure sed-
imentary rocks in the sides of the exit and main trench of a tita-
nium-zirconium pit.

Discussion
The studies that were conducted allow us to determine the scope

of work involved in constructing anchor systems to increase the
pit slopes' stability during the development of a titanium-zirco-
nium deposit. During the calculations, soil anchors of various
lengths and quantities were considered. The range of anchor
lengths from 5 to 40 m was studied, and the number of units
from 6 to 24. The method of installing anchors is provided per-
pendicular to the slope, with a distance between them from 7
to 20 m in horizontal and vertical directions. When modeling
the load indicators for pulling out or destruction of the anchor
mechanism (Anchor Capacity), a force of 150 kN was assumed.
The general results of the studies on establishing the dependence
of the number and length of reinforcing elements on the stability
reserve coefficient of the pit slope rocks are shown in (Figure 8).
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Figure 8: Dependence of the number and length of reinforcing elements on the rock stability factor

According to the established dependencies (Figure 8), it is pro-
posed to use anchor systems with a length of no more than 20 m,
since a further increase in this indicator does not affect the sta-
bility factor. At the same time, an additional increase will lead to
increased manufacturing and installation costs. It is determined
that an increase in the length of anchors from 5 to 20 m will
increase the stability factor by 1.2% from 1.159 to 1.173, which
has minimal effectiveness. At the same time, increasing the
number of anchors on the slopes of the sides of titanium-zirco-
nium quarries will increase the safety factor. If 24 units increase
the number of anchors at a slope angle of the side of the titani-
um-zirconium pit of 29°, its safety factor will increase by 4.2%
from 1.16 to 1.21. Thus, increasing the number of reinforcing
units in the anchor system is more effective than increasing their
length. It can be considered as one of the methods of strengthen-
ing sandy-clayey soils in limited cases.

Conclusions

The modeling results obtained in the work allow us to establish
that an increase in the height of the overburden ledge during
the development of the Motrono-Annivska section of the titani-
um-zirconium deposits by 2.07 times from 14 to 29° leads to a
decrease in the value of the stability reserve factor by 1.79 times
from 2.08 to 1.16. Thus, it is confirmed that the stability of the
sides of these quarries can be achieved only at small angles of
inclination of their slopes, or with the use of engineering meth-
ods of strengthening. The established dependencies allowed us
to determine that the installation of anchor systems with a length
of more than 20 m is ineffective, since in this case, the stability
reserve coefficient does not increase, but the cost of their man-
ufacture and installation increases. It was determined that ex-
panding the anchor length four times from 5 to 20 m at a slope
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angle of the titanium-zirconium pit slope of 29° will lead to an
increase in the stability reserve coefficient by 1.2% from 1.159
to 1.173, which is not effective enough to introduce the relevant
technologies into the production process. It is determined that
increasing the number of reinforcing elements on the slopes of
titanium-zirconium quarries leads to their moderate strengthen-
ing and an increase in the safety factor. When the number of an-
chors is increased to 24 units, the safety factor of the side slope
will increase by 4.2% from 1.16 to 1.21, which is more effective
than increasing the length of the anchor structures.
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