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Аннотация: На сегодняшний день наиболее экономически целесообразной технологией 
для извлечения ценных компонентов из низкосортных руд является технология кучного 
выщелачивания. Основной принцип технологии кучного выщелачивания заключается в 
миграции раствора выщелачивания через неподвижный объем руды, таким образом, по 
пути движения раствора происходит окисление металлов за счет их взаимодействия с 
химическими реагентами, в результате чего металлы преобразуются в легкорастворимые 
соединения, из которых легко извлечь полезный компонент. В процессе кучного выщела-
чивания в зависимости от режима эксплуатации происходит изменение инженерно-гео-
логических параметров, таких как физико-механические свойства слагающих грунтов, 
уровень водонасыщения, уплотнение под действием вышележащих пород, что непосред-
ственно влияет на устойчивость массива грунтов и развитие деформационных процессов. 
С целью получения более достоверного прогноза геомеханической и инженерно-геоло-
гической обстановки на площадке кучного выщелачивания было произведено численное 
моделирование напряженно-деформированного состояния горных пород в соответствии 
с расчетной схемой, учитывающей изменение физико-механических свойств горных по-
род в результате уплотнения, насыщения массива растворами цианида и осадками. В ре-
зультате чего разработана методика обоснования оптимальных геотехнических парамет- 
ров и фильтрационного режима эксплуатации штабелей кучного выщелачивания (КВ) и 
управления их устойчивостью, учитывающая специфику функционирования сложных 
инженерно-геологических сооружений техногенного происхождения, подверженных 
процессу выщелачивания.
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Introduction
Due to the reduction in the reserves of 

high-grade gold ores and the annual in-
crease in the volume of mining waste, there 
is a growing need to process low-grade 
gold ores [1, 2]. However, traditional pro- 
cessing technologies are not always eco-
nomically viable for such materials, mak-
ing it essential to explore efficient and 
cost-effective methods for producing gold 
[3—6]. Among them, the heap leaching 
(HL) method is the most effective as it can 
process poor ores with gold content as low 
as 0.5 g/t [7—11].

The effective and safe operation of HL 
stacks is influenced by various engineer-
ing, geological, and geomechanical pro-

cesses that determine the stability of man-
made structures [12—14], and there are 
several limitations to the application of 
this method. These include the deteriora-
tion of the physical and mechanical prop-
erties of the soils in the HL stack [15, 16], 
the uneven distribution of clays in the run-
of-mine ore, which reduces the permeabil-
ity performance of the HL stack rock [17, 
18], oversaturation of the HL stack with 
cyanide solutions and precipitation, which 
alters the permeability characteristics of 
soils, and a decrease in the stability fac-
tor with an increase in stack height, among 
others [19—22].

The factors mentioned above can cause 
various negative dynamic processes such 

Abstract: The most economically feasible technology for extracting valuable components from 
low-grade ores is the heap leaching technology. The main principle of heap leaching technol-
ogy is the migration of the leaching solution through a stationary volume of ore, so that along 
the way of the solution movement the oxidation of metals occurs due to their interaction with 
chemical reagents, as a result of which metals are transformed into easily soluble compounds 
from which a useful component is easily extracted. In the process of heap leaching, depending 
on the operating mode, engineering and geological parameters such as physical and mechani-
cal properties of the constituent soils, water saturation level, compaction under the action of 
overlying rocks change, which directly affects the stability of the soil mass and the develop-
ment of deformation processes. In order to obtain a more reliable forecast of the geomechani-
cal and engineering-geological situation at the heap leaching site, the numerical simulation 
of the stress-strain state of rocks was carried out in accordance with the calculation scheme 
which takes into account changes in the physical and mechanical properties of rocks resulting 
from compaction, saturation of the massif with cyanide solutions and precipitation. As a result, 
a methodology for substantiating optimal geotechnical parameters and filtration regime of heap 
leach piles operation and management of their stability, taking into account the specifics of 
functioning of complex engineering and geological structures of man-made origin, subject to 
the leaching process, was developed.
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as displacement, changes in the design di-
mensions of the HL stack, sloughing, and 
accidental failure. Therefore, evaluating the 
stability of HL stacks is of great scientific, 
technical, and technological importance.

In the design and construction of man-
made structures such as dumps, dams, 
waste heaps, and tailings ponds, basic cal- 
culation algorithms are used to ensure their 
stability and safety. This is acceptable for 
small-scale structures with low capital in- 
vestments. However, they become inad-
equate for larger-scale projects covering 
several hectares of land. The use of such 
algorithms may result in significant finan-
cial [23, 24] and production safety and en-
vironmental [25, 26] risks for mining op-
erations. The experience of creating man-
made structures for other purposes cannot 
be fully adapted to the case of heap leach 
stacks, which require individual design 
considerations.

When designing multilevel heap leach 
stack structures, it is crucial to consider 
mining and geological conditions, as well 
as the factors that can affect the physical 
and mechanical properties of the constitu-
ent soils [27]. This is necessary to ensure 
effective and safe operation, as it directly 
impacts the stability, maximum overall slo- 
pe, and height of the heap leach stack. 
Ignoring factors such as compaction and 
consolidation can result in the loss of use-
ful stack height, and in the worst case, lead 
to structural integrity issues, instability, in-
creased water cut, lower metal extraction, 
and longer leaching times.

Therefore, during the design phase, it 
is reasonable to adopt an approach that 
guarantees the stack's dependable and se-
cure operation. To achieve this goal, this 
study utilizes the outcomes of modeling 
the stress-strain behavior of an engineer-
ing structure, considering variations in the 
physical and mechanical properties of the 
stack’s soils prior to and after leaching. 
Additionally, it accounts for the fact that 

such structures are constructed in several 
stages.

Methods
Methods based on the finite element 

method (FEM) are widely used to solve 
applied problems is geotechnology, engi-
neering geology, and geomechanics, with 
the aim of improving the reliability of nu-
merical calculations and predictive assess-
ments [28]. 

The FEM-based calculation of the stress-
strain behavior of a man-made rock struc-
ture satisfies the condition of static equilib-
rium for the chosen geomechanical model 
of the medium. This approach enables for 
making assessments that take into account 
the spatial variability of both the structure 
as a whole and its individual elements, as 
well as the heterogeneity of the medium.

In order to ensure the stability of the HL 
stack, it is essential to justify the choice of 
its technological and design parameters by 
utilizing adequate soil deformation models. 
These models must take into account vari-
ous physical and mechanical properties of 
the soil.

The necessary condition for obtaining 
reliable numerical modeling results is fac-
toring in stack construction stages in or- 
der to reproduce the real character of the 
changes in the stress-strain behavior of the 
rock mass and its saturation with leaching 
solutions. Stack stability assessment should 
be performed for a given case at the con-
struction stage, representing the stress pa-
rameters of the heap during its formation, 
and at the operation stage to reproduce chan- 
ges in the stress-strain behavior in the rock 
mass directly during leaching. When ana-
lyzing the stress-strain behavior, it is nec-
essary to take into account scenarios both 
with and without transport load for each of 
the cases being modeled.

The Plaxis software package is widely 
used to perform stability calculations by 
means of numerical modeling in the frame-
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work of planar deformation. It is capable 
of determining the strength and stability 
of various geotechnical objects, including 
waterlogged ground masses [29, 30].

In the planar deformation formulation 
of the problem, the longitudinal deforma-
tions equal zero (ey = 0) along the whole 
extended part of the system under study, 
while the main normal stresses s1, s2 and 
s3 can differ from zero. Such a formulation 
reduces the dimensionality of the problem 
considered while maintaining satisfactory 
accuracy of the numerical results, and it 
represents a traditional approach to analy- 
zing the stress-strain behavior of rock mas- 
ses. However, the spatial formulation of 
such a problem has significant limitations 

due to the lack of reasonable recommenda-
tions for developing adequate geomechan-
ical models of the medium.

For the numerical modeling of the HL 
stack, we used the parameters presented in 
Tables 1 to 2.

The HL stack with pelletized ore con-
sists of four layers, with each divided into 
panels, which are separated from each other 
by two-meter dams. The ore is transported 
to the stack by means of conveyors.

The stability of the HL stack was eva- 
luated by adopting the Mohr-Coulomb mo- 
del [31] as a computational model of media 
deformation. 

The condition of plasticity for solids 
(Coulomb's law of friction) is expressed as:

Table 1
Key parameters of a heap leach toe (in the transverse direction)
Основные параметры конструкции основания откоса  
кучного выщелачивания в поперечном направлении

№ Layer Layer thickness, mm Material
1 Drainage layer 1,000 Crushed stone (20—70 mm)
2 Protective layer 300 Sand
3 Geomembrane 2 LLDPE polyethylene
4 Drainage layer 500 Crushed stone ( 5—20 mm)
5 Geocomposite — —
6 Loamy soil 200 Loam
7 Engineered liner — Loam

Table 2
Parameters of the ore stack adopted for the calculation
Параметры рудного штабеля, принятые для расчета

Parameters Data
Bench height, m 10
Inter-tier berm width, m 30
Material size, mm –125+0
Bulk density of agglomerated material, t/m3 1,3
Angle of natural slope, deg. 42,5
Irrigation density, l per day per m2 300
Underlying slope in the transverse direction 30
Under lying slope in the longitudinal direction 10
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f c n� � �� � �tg , (1)
where t is shear strength, MPa; c is adhe-
sion, MPa; ϕ is the angle of internal fric-
tion in degrees, sn is normal stress, MPa.

The generalized Mohr-Coulomb fluidi- 
ty condition can also be specified by means 
of six fluidity functions [32] represented as 
functions of the principal normal stresses, 
e.g. f1a in the form:
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where s2 and s3 are main normal stresses, 
MPa; c is cohesion, MPa; ϕ is the angle of 
internal friction indegrees.

This plastic flow model is suitable for 
solving problems related to estimating the 
carrying capacity of the man-made struc-
tures under consideration.

The physical and mechanical parame- 
ters of soils in the foundation and the struc-
ture itself are presented in Table 3.

The hardening soil model was used to 
describe the mechanical behavior of pel-
letized ore [33]. It is based on the non-
linear elastic Duncan-Chang model [34], 
which is characterized by a hyperbolic re-

lationship between vertical relative defor-
mations e1 and the deviatoric component 
of the stress tensor qa. In drained triaxial 
tests under the condition qa < qf, the soil 
behavior is described by the equation:
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where s1 is the main normal maximum 
stress, MPa; s3 is the main normal mini-
mum stress, MPa; qf is limit value of the 
deviatoric component; E50 is the soil defor-
mation modulus.

The surface of the plastic flow for the 
hardening soil model can be expressed as:
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where gp is volumetric plastic deformation; 
Eur is the independent modulus of elasticity 
of soil, which is determined empirically.

The double hardening soil model is 
used when it is necessary to consider the 
shear and compressive behavior of the 
ground, with the possibility of indepen- 
dent shear and compressive hardening.

Table 3
Mohr-Coulomb model data
Данные модели Кулона-Мора 

Soil gunsat, unit 
weight of soil 

at natural 
humidity,  

kN/m3

gsat, unit 
weight of soil 
at full water 
saturation, 

kN/m3

e,  
porosity 
coeffi-
cient

E0,  
defor-
mation 

modulus, 
MPa

ν0,  
shear 
strain 
coeffi-
cient

с,  
cohe-
sion, 
kPa

ϕ, effective 
angle  

of internal 
friction, 

deg.
Foundation

High-plasticity 
gravelly loam with 
an admixture of peat 15.6 18.4 0.73 10.0 0.35 18 20

Structure
Body 21.0 22.0 0.32 40.0 0.40 10 35
Impervious element 17.5 20.5 0.05 15.0 0.40 5 15
Protective layer  
of crushed stone 22.0 24.0 0.73 40.0 0.40 5 40
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The physical and mechanical parame- 
ters of pelletized ore which were adopted 
based on the results of laboratory tests are 
presented in Table 4.

Permeability characteristics of the po-
rous medium of the HL stack are calculat-
ed based on the van Genuchten–Mualem 
model [35, 36]. The parameters of this 
model for pelletized ore were determined 

through laboratory tests, which included 
determining the particle size distribution 
and the permeability coefficient in a com-
pletely water-saturated state. The parame- 
ters for the crushed rock and sand layers 
underlying the pelletized ore are present-
ed in Table 5.

To determine the optimal height of the 
stack bench, we considered the problem 

Table 4
Hardening soil model data for pelletized ore
Данные модели Hardening soil для окомкованной руды
gunsat, unit 

weight 
of soil at 
natural 

humidity, 
kN/m3

gsat, unit 
weight 

of soil at 
full water 

saturation, 
kN/m3

e,  
poro- 
sity  

coeffi-
cient

E50,  
elasto-
plastic 
modu-

lus, 
MPa

Eoed, 
oedo-
metric 
modu-

lus, 
MPa

Eur, 
young’s 
modu-

lus, 
MPa

m, parameter 
factoring in the 
influence of the 
average stress 

on the deforma-
tion properties 

of the soil

с,  
cohe-
sion, 
kPa

ϕ,  
effective 
angle of 
internal 
friction, 

deg

ψ,  
dila- 
tancy 
angle, 
deg.

15.6 17.3 — 10.0 6.5 30 0.6 40 31 0

Table 5
Parameters of the van Genuchten–Mualem permeability model
Параметры фильтрационной модели Van Genuchten–Mualem

Material Permeability coefficient of  
a fully saturated porous  
environment ksat, m/day

Model parameters
Sres Ssat ga, 1/м gn gc gl

Pelletized ore 2.35 0.139 1.0 12.4 2.28 –0.56 0.5
Gravel 7.0 0.105 1.0 14.5 2.68 –0.62 0.5
Sand 3.5 0.105 1.0 14.5 2.68 –0.62 0.5

Fig. 1. Diagrams for evaluating the slope stability of the heap leach stack at different level heights: 10 m (a); 
20 m (b); 30 m (c); 40 m (d)
Рис. 1. Схема оценки устойчивости откоса штабеля кучного выщелачивания при разной высоте яруса:  
10 м (а); 20 м (б); 30 м (в); 40 м (г)
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of assessing the stability of the heap leach 
stack made of one bench, whose height 
ranges from 10 to 20 m with a step of 
2.5 m. The height of the bench is taken as 
its final height after compaction. The angle 
of slope of the stack is assumed to be 35°.

Different water cuts were considered 
for the stack, ranging from completely dry 
to fully watered. Intermediate values were 

also considered, with values of 1, 2, 3, and 
9 m relative to the foundation.

Results 
Schematic diagrams of the design mo- 

dels used for assessing the slope stability of 
the HL stack are presented in Fig. 1. The po-
sition of loads from transport equipment is  
indicated, with a value of 133 kPa adopted.

Fig. 2. Dry heap leach stack at different bench heights with geomembrane present: 10 m (a); 20 m (b);  
30 m (c); 40 m (d)
Рис. 2. Сухой массив, пленка присутствует: 10 м (а); 20 м (б); 30 м (в); 40 м (г)

Table 6
Slope stability factors of a heap leach stack
Коэффициенты запаса по устойчивости откоса штабеля кучного выщелачивания

№ Loading conditions Slope stability factors for different bench heights (m)
10.0 12.5 15.0 17.5 20.0

No load from transport equipment
1 Dry stack, no geomembrane 2.40 2.17 2.00 1.86 1.77
2 Dry stack, geomembrane present 2.12 1.85 1.71 1.59 1.47
3 Water-saturated stack, geomem-

brane present, water cut of 1.0 m 1.98 1.80 1.65 1.55 1.46
4 Water-saturated stack, geomem-

brane present, water cut of 2.0 m 1.95 1.77 1.62 1.50 1.42
5 Water-saturated stack, geomem-

brane present, water cut of 3.0 m 1.89 1.73 1.60 1.47 1.35
6 Water-saturated stack, geomem-

brane present, water cut of 9.0 m 1.38 1.30 1.24 1.21 —
7 Full water saturation 1.36 1.16 1.03 <1.00 <1.00

With load from transport equipment
8 Dry stack, no geomembrane 1.91 1.82 1.73 1.67 1.62
9 Dry stack, geomembrane present 1.57 1.51 1.43 1.39 1.35
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Stack slope stability calculations were 
performed for both saturated conditions at 
different water cuts and dry conditions un- 
der loads from transport equipment (Fig. 2).

The results of slope stability calcula-
tions for the heap leach stack are shown 
in Table 6.

The calculations performed demonstra- 
te that the accepted physical and mechani-
cal parameters of the stack and foundation 
materials provide sufficient stability, with 
a minimum permissible stability factor of 
1.22. However, exceptions are observed 
in cases where the HL stack is fully satu-
rated with water at a bench height greater 
than 10 m or when the water cut is 9 m or 
more at a bench height greater than 15 m. 
It should be noted that such water cut val-
ues do not correspond to normal operation 
modes [37]. 

Stability assessment results obtained 
by means of the adopted calculation algo-
rithm are presented in Tables 7 and 8.

Where I is the transverse design cross-
section, II is the longitudinal design cross-
section; the asterisk means that the cal-
culation was performed by the method 
of limiting equilibrium without regard to 
compaction.

Where I is the transverse design cross-
section, II is the longitudinal design cross-
section.

Stability assessment results at the ope- 
ration stage are shown in Table 9.

Stability loss cases for the longitudinal 
cross-section at the operation stage are 
shown in Figures 3 (with load from trans-
port equipment) and 4 (without load from 
transport equipment).

Numerical models were used to evalu-
ate the effectiveness of the drainage layer 
in allowing solution to filter through the 
stack. The height of the stack was assumed 
to be 20 m, with an irrigation intensity of 
300 liters per day per m2. The permeabi- 
lity coefficient was considered variable in 

Table 7
Local stability assessment during the construction phase
Оценка местной устойчивости отвала на стадии строительства 

Design  
cross-section

Stability factor
Bench I Bench II Bench III Bench IV

No load from transport equipment
I 2.16 1.72* 2.12 1.72* 1.98 1.72* 1.98 1.72*
II 2.18 1.87* 2.16 1.87* 2.13 1.87* 2.01 1.87*

With load from transport equipment
I 1.57 1.44* 1.76 1.73* 1.97 1.82* 1.90 1.82*
II 1.80 1.53* 1.95 1.84* 1.99 1.85* 1.93 1.80*

Table 8
Overall slope stability
Общая устойчивость откоса

Design 
cross-
section

Stability factor at different operation stages
const- 

ruction
normal 

operation
operation  

at full water 
saturation of 

the first bench

operation at full water 
saturation of all benches 
taking into account the 

dams between the benches

operation 
at water 

saturation  
of all benches

I 1.83 1.61 1.36 1.21 0.76
II 1.94 1.88 1.52 1.42 0.91
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depth, and the distribution of the perme-
ability coefficient by depth was analyzed 
for two grain sizes: 20 mm and 125 mm. 
The results obtained for the value of 20 mm 
indicate that if the HL stack consisted only 
of such ore, complete water saturation zo- 
nes would form in the stack.

Based on the numerical calculations, 
it was found that for pelletized ore with 
permeability characteristics corresponding 
to the 120 mm size, the degree of water 
saturation varied from 0.54 to 0.91 as the 
height of the stack increased. It should be 
noted that pelletized ore experiences a sig-

Table 9
Heap leach stack stability at the operation stage (permeability analysis)
Устойчивость штабеля КВ на стадии эксплуатации (фильтрационный расчет) 

Designcross-section Stability factor
Bench I Bench II Bench III Bench IV

No load from transport equipment
Crosssection I 1.54 1.55 1.56 1.69
Longitudinal section II 1.71 1.71 1.80 1.83

With load from transport equipment
Cross section I 1.26 1.27 1.26 1.36
Longitudinal section II 1.52 1.53 1.53 1.54

Fig. 4. Heap leach stack stability simulationat the operation stage without load from transport equipment 
(longitudinal cross-section): 10 m (a); 20 m (b); 30 m (c); 40 m (d) 
Рис. 4. Моделирование устойчивости штабеля КВ на стадии эксплуатации без учета нагрузки от транс-
порта (продольное сечение): 10 м (а); 20 м (б); 30 м (в); 40 м (г)

Fig. 3. Heap leach stack stability simulation at the operation stage with load from transport equipment 
(longitudinal cross-section): 10 m (a); 20 m (b); 30 m (c); 40 m (d)
Рис. 3. Моделирование устойчивости штабеля КВ на стадии эксплуатации с учетом нагрузки от транспорта 
(продольное сечение): 10 м (а); 20 м (б); 30 м (в); 40 м (г)
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nificant change in its physical condition at 
values ranging from 0.85 to 0.9, meaning 
that it can be conditionally considered ful-
ly saturated. Thus, the results indicate that 
at a stack height of 17 m and above, the 
degree of water saturation of the pelletized 
ore reaches limiting values. 

The numerical simulation analyzed the 
mechanical deformation of the HL stack 
during its formation using the hardening 
soil model as the medium model. This mo- 
del accounts for the deformation of pel-
letized ore due to changes in the stress-
strain behavior of the stack (such as back-
filling and water saturation), but does not 
consider compaction resulting from chan- 
ges in its physical state. As an example, 
a stack bench 10 m in height was analyzed. 

The results of the study show that the 
degree of surface subsidence due to ore 
compaction is dependent on its initial void 
ratio, with values ranging from 0.3 to 0.5 m 
(as shown in Fig. 5). When accounting for 
the additional deformation caused by satu- 
ration of the pellets with solution, an addi- 
tional subsidence of 0.6 to 0.7 m is expec- 
ted. Therefore, the total amount of subsiden- 
ce is estimated to be between 0.9 and 1.2 m.

Discussion
The hydrogeological factor that deter-

mines the stable operation of the structure 

is the permeability coefficient, which de-
pends on various factors such as the qual-
ity of leaching solutions, the degree of soil 
compaction, and the presence of fine soil 
particles that can lead to pore clogging.

The stability of an HL stack is strongly 
influenced by the filtration mode adopted. 
It is important to note that if the leach-
ing solution migrates through the station-
ary volume of ore in an improper filtrati- 
on mode, it can lead to a decrease in the 
weight of the rock within the sliding sur-
face, which can result in a decrease in re-
tention forces and small particles being 
removed due to suffosion. In such cases, 
slope failure and landslide processes are 
highly likely. When the sliding surface pas- 
ses through the near-slope zone composed 
of fine material, excessive pore pressure 
can weaken the internal retention forces 
[33, 34]. If containment dams are used to 
secure water-saturated foundation sand the 
soils are under too much pressure, there is 
a risk of extrusion landslides.

The permeability calculations have es-
tablished that under the given heap leach-
ing stack conditions, the bench height 
should not exceed 18 m at an irrigation den-
sity of 300 liters per day per m2. However, 
decreasing the irrigation density would al-
low for the formation of an HL stack with 
a height of up to 20 m.

Fig. 5. Distribution of the resulting absolute deformations (m) in the stack during the formation of the first 
bench (a height of 10 m)
Рис. 5. Распределение результирующих абсолютных деформаций (м) штабеля при формировании первого 
яруса (высота 10 м)
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When modeling the stability and de-
formations in an HL stack, it is crucial to 
ensure that its design model accurately re- 
flects the conditions of its construction and 
subsequent operation. The modeling re-
sults revealed that the sliding surface re-
mains within one bench and is confined to 
it, without spreading to the entire stack. 
This finding indicates a high stability factor.

An exception is observed in cases 
where a bench with a height exceeding 
10 m is fully saturated, or at a water cut of 
9 m for a bench height of more than 15 m.

Based on the stability assessment re-
sults, it can be concluded that increasing 
the number of stack benches does not 
significantly affect the stability factor. In 
the considered calculation scenarios, de-
formations are localized within the first 
bench, provided that complete water satu-
ration does not occur. It is important to 
note that displacements from the design 
dimensions are possible within the first 
bench. Therefore, it is necessary to imple-
ment additional measures to monitor and 
maintain the stability of the HL stack.

Conclusion
A heap leach stack is a complex engi-

neering structure with dynamic properties, 
and its stability is influenced by various 
engineering and geological parameters. 
These include the physical and mechani-
cal properties of the constituent soils, the 
height of the water cut, compaction under 
the pressure of overlying rocks, tempera-
ture, and operating conditions. These pa-
rameters directly impact the stability fac-
tor and may trigger deformation processes.

Deformation processes can occur on 
the slopes of an HL stack when the rock 

mass is highly saturated with water, lead-
ing to a decrease in the strength properties 
of pelletized soils. This can be further ag-
gravated by mechanical destruction of pel-
lets and physical and chemical transforma-
tions resulting from the use of a chemical 
solution of sodium cyanide.

To improve the accuracy of geomecha- 
nical and geological predictions at an HL 
site, we recommend to implement numeri-
cal simulations that consider the changes 
in physical and mechanical properties of 
the rocks caused by compaction, cyanide 
solution saturation, sedimentation, and the 
subsequent formation of a rock mass with 
altered mechanical properties. Monitoring 
of physical and mechanical parameters at 
various stages of the HL stack operation is 
also crucial for applying reliable engineer-
ing and technological solutions to ensure 
its stability.

Slope stability management necessita- 
tes regular monitoring of the slopes, which 
involves taking periodic measurements of 
vertical and horizontal displacements along 
reference lines located along the slopes. 
Particular attention should be paid to areas 
with a foundation angle that coincides with  
the slope angle. This will make it possible to 
calibrate the numerical model, specify defor-
mation process indicators, and make more 
accurate forecasts of mining and geome-
chanical conditions at a heap leaching site.

Implementing hydrogeological monito- 
ring of the solution distribution within the 
HL stack can help prevent excess moisten-
ing and changes to soil properties, over-sa- 
turation with leaching solutions, and con-
sequently, rock mass sliding and other pro-
cesses resulting in the loss of compacted 
soils.
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