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Abstract

Purpose. The study focuses on the hydromechanical extraction of amber from sandy amber-bearing deposits in the Volyn
Polissia region to identify conditions for efficient washing-out and optimize the technological parameters of extraction.

Methods. The research employs a modeling approach for hydraulic washing-out based on the conditions of the Klesiv de-
posit. A mathematical model was developed to simulate the motion of solid particles in a turbulent flow, considering the sto-
chastic nature of flow velocity and particle size distribution. The model integrates a system of differential equations describing
particle movement and a block diagram of a statistical algorithm for evaluating the probability of amber particle detachment.
Laboratory experiments were conducted using samples collected from productive sand horizons of the deposit.

Findings. It was established that the probability of amber particle detachment increases significantly with higher near-bed
velocity dispersion and granulometric heterogeneity of the rocks. Numerical simulations demonstrated that fine particles
(d < 1.4 mm) detach without rolling, while larger ones predominantly roll along the surface. A quantitative relationship was
obtained between detachment probability and environmental parameters, allowing for a predictive assessment of hydraulic
washing-out efficiency.

Originality. A novel mathematical model was proposed, which accounts for the interaction between turbulent stochastic
factors and the physical properties of particles. A statistical approach was applied for the first time to determine the critical
conditions for amber particle detachment from the rock matrix.

Practical implications. The results can be used to improve existing and develop new hydromechanical technologies for
amber extraction, particularly in challenging sandy-clayey formations with high heterogeneity. Determining the critical flow
parameters that ensure the highest probability of amber particle detachment enables the optimization of hydraulic mining giant
operation modes and the designing of efficient slurry transport systems.

Keywords: amber, hydraulic washing-out, amber-bearing rocks, hydromechanical method, turbulent flow, slurry

1. Introduction Volyn loess plateau; and to the west, by the channel of the
Ukraine possesses substantial reserves of valuable amber. ~ Western Bug River. The total area of the amber-bearing region
The primary amber deposits are concentrated in the Polissia 1S approximately 35 thousand square kilometers [6], [7].
region, specifically within the Pripyat amber-bearing basin, A distinguishing feature of’Volyn Pohssw} is its extensive
which spans the northern parts of the Rivne, Volyn, Zhyto- forest coverage. The .fo'rests prlmarlly comprise pine-oak and
myr, and Kyiv regions. Industrial-scale extraction is carried ~ Oak-hornbeam associations, wh1}e shrublands occupy about
out at deposits located in the Sarny district (Vilne, Klesiv) ~ 43% of the territory. Floodplains of bog-type landscapes
and the Volodymyrets district of the Rivne region [1]-[3]. cover roughly 15% of the area [8]- .
Approximately 6% of the world’s amber reserves are lo- The soil cover of the region is heteroger.leoug, with more
cated in the Rivne region, with total estimated reserves  than 35% of the area occupied by sod-podzolic soils. Common
reaching 100 thousand tonnes. The amber is predominantly Sl types include gleyed sod soils and peat-bog varieties. The
embedded in sandy and sandy-clayey soils at depths of up to ~ Parent materials are predominantly Cla.ly—sandy and sa.ndy de-
15 meters, making these conditions suitable for research and ~ Posits. Weakly and moderately podzolized sod-podzolic sandy
implementing new extraction technologies [4], [5]. soils cover mgst of the tgﬂltpry. Loamy and sod-podzolic
The modern amber-bearing landscapes of Volyn Polissia san'dy loam 59115 occupy significantly smal'ler areas ar}d are
are bounded to the north by the state border of Ukraine with ~ mainly found m.the gouthem part of the region. Bog s011s.are
Belarus; to the east, by outcrops of the crystalline basement concentrated primarily in !owlands, floodplains, and river
rocks of the Ukrainian Shield; to the south, by the rise of the valleys. Half of all wetlands in the area are peatlands [9], [10].
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Figure 1. Zoning of the Volyn Polissia region

According to research findings [11], three zones and four
districts with industrial concentrations of amber have been
identified in the Rivne-Volyn region. The total area of am-
ber-bearing horizons in the Rivne region is estimated at
3.810 km?, representing about 18% of its territory.

As of January 1, 2024, four deposits were registered in
the national mineral reserve balance: Klesivske, Volodymy-
rets-Skhidnyi, Zolote (Southeastern area), and Vilne. The
classified reserves of these deposits are 63.61 tonnes under
Category C1 and 162.87 tonnes under Category C2. Amber-
bearing sands are of variable grain size, predominantly fine to
medium-grained, gray, dark gray, or greenish-gray in color,
sometimes containing up to 3-5% silica and fragments of
crystalline rocks. Amber fragments are of various shapes and
sizes, with oxidation crusts up to 1-2 mm thick. Most pieces
measure 1-2 cm, with occasional fragments reaching 5-10 cm.

Amber is extracted from sandy amber-bearing deposits
using two principal methods: mechanical and hydromechani-
cal [12], [13]. The mechanical method involves the excava-
tion of open pits or underground masses using mechanical
means. It includes uncovering productive soil layers, drilling,
transportation of overburden, screening, washing of the ore,
and land reclamation. This method employs a complex of
machines and is currently considered outdated. The hydro-
mechanical method utilizes high-pressure water jets to disin-
tegrate amber-bearing rocks and hydraulic flows to transport
amber to the deposit’s surface.

Geological structure, types of amber-bearing horizons,
and spatial variability of the thickness of productive layers
within the Pripyat amber-bearing basin have been examined
in several in-depth studies [14], [15]. Particular emphasis has
been placed on the importance of detailed stratigraphic sub-
division of the sandy-clayey sequences, within which the
highest concentrations of amber are typically found. The
works [16]-[18] also highlight the patterns of amber deposi-
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tion in alluvial, diluvial, and peat-forming deposits developed
within river valleys and on the slopes of ancient terraces.

Recent literature has also devoted significant attention to
analyzing amber extraction methods, their efficiency, and
their environmental impact[19]-[21]. Scholars [22]-[25]
compare conventional mechanical, hydromechanical, and
combined extraction techniques, emphasizing the urgent
need to implement resource-efficient technologies tailored to
the hydrogeological conditions of specific deposits. Accor-
ding to [26]-[30], one of the key directions in extraction
process optimization involves mathematical modeling of
hydrodynamic processes during hydraulic washing-out. Such
modeling enables the prediction of extraction efficiency and
reduction of anthropogenic impact on the environment.

In certain industrial zones, a mechano-hydraulic extrac-
tion method is applied. This approach involves mobilizing
the amber-bearing material in situ using a mechanical wor-
king unit and then transporting the resulting amber-
containing slurry to the surface via vertical mine workings.

Research has established that at the Klesiv deposit in the
Rivne region, amber occurs at depths of up to 15 meters
exclusively within sandy soils. This enables efficient extrac-
tion using various established methods with minimal opera-
tional costs. Mineralogical analysis of amber-bearing sands
at the deposit [31], [32] reveals a significant amber content
(on average 50-120 g/m?), which justifies the intensification
of extraction efforts and the need to determine the specific
environmental conditions under which maximum recovery is
achieved. Experimental investigations carried out in amber-
bearing sand masses have also identified other valuable
chemical compounds, the most notable of which is aluminum
oxide (alumina, 24.59%) — a key raw material in aluminum
production [33]. This adds economic value to the deposits
and supports the potential expansion of raw material pro-
cessing, including alumina recovery.

Given the relevance of ensuring efficient and environ-
mentally sustainable amber extraction under conditions of
heterogeneous sandy (media particularly at deposits such as
Klesiv), there is a clear need for a scientifically grounded
approach to modeling the hydraulic washing-out process.
This study aims to develop a simulation model for the inte-
raction between turbulent flow and solid particles within
amber-bearing rock, to determine the conditions for probable
detachment of amber particles, and to evaluate the influence
of granulometric characteristics and flow parameters on the
efficiency of hydromechanical extraction.

2. Methodology

2.1. Initial conditions and modeling approaches
for the hydraulic washing-out process

The primary investigations were conducted at the Fedo-
rivske occurrence, located south of the Klesiv deposit in the
Sarny district. The productive layers at this site are composed
of sand. Amber fragments found within the occurrence range
in size from 0.3 cm to 5-15 cm. The thickness of the produc-
tive strata varies from 0.5 to 16.0 meters, while amber con-
tent ranges from 1 to 420 g/m* [34]-[36].

During modeling, the formation of unloading surfaces
under complex stress-strain conditions in amber-bearing rock
masses was considered a mechanism for controlling the be-
havior of geotechnical engineering systems [37]-[40]. This
was achieved by artificially structuring localized control
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zones within the technically loaded rock mass. Analytical
solutions for forming unloading surfaces are based on the
motion of solid particles in a hydraulic flow, independent of
their attachment to the rock matrix.

Experimental studies were carried out in the university’s
laboratory using samples of amber-bearing sands collected
from a representative site at five different locations and
various depths within the industrially exploited Klesiv depo-
sit, operated by KKNK “Tekhnobud”.

The laboratory modeling data were used to predict loca-
lized erosion caused by spiral flows, circulating currents,
separated jets, and other forms of heterogencous flow activi-
ty. However, precise physical modeling of washing-out pro-
cesses is inherently limited due to the stochastic nature of
many influencing factors, such as hydraulic resistance of the
channel driven by viscosity at low Reynolds numbers, inac-
curacies in reproducing experimental conditions, and the
inability to simultaneously satisfy a large number of similari-
ty criteria under identical conditions. Some of the most
common reasons for these limitations are outlined below.
Since the washing-out process involves the detachment of
individual particles, the modeling typically focuses on the
force balance acting on a single particle located on the bot-
tom or slope of the eroded surface.

In the development of the simulation model, the follo-
wing tasks were addressed:

1. The model accounts for variations in vertical, horizon-
tal, and shear forces acting on a particle, corresponding to the
characteristics of the kinematic structure of natural flows
responsible for the washing-out process. The random nature
of flow velocity fluctuations above the particle is considered.
In particular, sequences of random numbers are simulated
with the same time-averaged values, variances, and autocor-
relation functions as those observed in the original sequence
of force fluctuations.

2. Random values for particle diameters and roughness
element heights are generated. This simulates realistic condi-
tions of particle resting positions about neighboring grains and
the actual granulometric composition of bottom sediments.

3. The detachment time is determined for each particle in
a sufficiently large sample set (containing particles of various
diameters) from the complete system of differential equa-
tions governing particle motion. The probabilities of particle
entrainment are then calculated, taking into account the dura-
tion of flow action on each particle. A particle is considered
detached from the bed if the detachment time is less than or
equal to the duration of flow influence.

2.2. Mathematical modeling of particle motion
during hydromechanical amber extraction

Consider a spherical particle resting on the bed surface
and subjected to a turbulent flow (Fig. 2).

It is also possible to consider particles of more complex
shapes, such as ellipsoidal, cubic, or other configurations.
Naturally, the hydrodynamic pressure acting on the particle
surface will be distributed non-uniformly (Fig. 3). The re-
sultant normal pressure acting on the surface may be repre-
sented by the force P = [P(S)dS, where S — denotes the sur-
face area of the spherical particle.

In addition to normal pressure, tangential (shear) stresses
of viscous origin arise on the particle’s surface. The resultant
of these stresses is denoted by 7' (Fig. 4).
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Figure 2. Flow of a turbulent stream around a spherical particle
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Figure 3. Hydrodynamic pressure acting on the surface of a particle
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Figure 4. Generation of shear stresses on the surface of a spheri-
cal particle

A stationary coordinate system is chosen, and its origin is
at the point of contact O.

Figure 5 illustrates a representative scheme of the forces
acting on a particle in a turbulent flow: G — gravitational
force; F4rn— Archimedes (buoyant) force; P = {Px, Py} —
force vector exerted by the turbulent flow on the particle;
R = {Rx, Ry} —reaction force acting on the particle from the
surface; T — resultant shear force due to viscous stresses.

In modeling the hydraulic washing-out process of amber-
bearing sands, it is assumed that at the initial moment, the parti-
cle is detached from the bed by an infinitesimally small distance,
such that the bed’s reaction force acting on the particle is zero.

Applying D’Alembert’s principle wherein all forces ac-
ting on the particle, including inertial forces, are in mutual
equilibrium, the motion of the spherical particle can be de-
scribed by the following system of differential equations
with corresponding initial conditions.
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where:

Xe=X(X, Y, 1), Yo=Y.(X, Y, t) — coordinates of the par-
ticle’s center of mass;

m —mass of the particle, accounting for the added mass
of water;

t — time;

¢ — angle of rotation;

J — moment of inertia of the particle;

Xo, Yo — coordinates of the particle’s center of mass at the
initial time;

¢o — the initial angle of rotation;

F, F, — components of the resultant force projected onto
the O, and O, axes, respectively;

M; — moment of the acting forces concerning the center of
rotation O.

Equations (1) and (2) represent the differential equations
governing the translational motion of the particle’s center of
mass with initial conditions defined in (3), while Equa-
tion (4) expresses Newton’s law for rotational motion of the
particle with initial conditions specified in (5).

Three possible modes of particle detachment are consi-
dered. The first scenario corresponds to the moment when
the sum of the vertical components of the active forces
exceeds the sum of the particle’s weight and the vertical
component of friction. The detachment condition in this
case is written as:

Fo=0; F, >0. (6)
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The second scenario involves the rotational motion of the
particle around a point and detachment from the contact
point when the normal reaction force becomes zero:

R=‘/R§+RJ2;=O. (7)

The third scenario involves the particle rolling over a bar-
rier and swinging away. In this case, the detachment condi-
tion takes the form:

®)

Equation (8) characterizes the motion of a solid particle
in a hydraulic flow during the moment of detachment of the
amber particle from the rock matrix.

Amber extraction is feasible using the hydromechanical
method, in which the sandy massif becomes saturated with a
water-enriched mixture and is subjected to mechanical vibra-
tions induced by the working tool [41], [42].

The motion of amber within the sandy massif is governed
by resistance similar to that of dry friction. When a particle is
placed in a medium undergoing horizontal translational oscil-
lations with frequency f and oscillation radius r, it experiences
resistance akin to that caused by dry friction. This problem
was previously analyzed by V.V. Gortinsky, H.Ye. Ptushkina,
and LI Blekhman, who presented key results and their inter-
pretation in the context of hydromechanical amber extraction.

To determine the ascent velocity of amber, the following
system of differential equations is considered, which describes
the motion of a particle relative to the oscillating medium:

T
(o(t)>(p—5.

X

mljész(A—l)I’fZCOSﬁ—Fhﬁ; (9)
Xy 4z
. y
m1y=mo(A_1)szCOSﬁ—ﬂﬁ; (10)
X +y +z
.. z
mlz:mO(A—l)g—Fv—.2 —; an
\/x +y +z
p= P (12)
£o
Ji2 it 422 0, (13)
where:

F, —resistance force to the relative vertical displacement
of the particle, N;

mi — mass of the particle, including the added mass of the
surrounding medium, kg;

mo — mass of the medium in a volume equal to that of the
particle, kg;

X, ¥, Z— projections of the particle’s relative velocity in the
medium along the axes of a Cartesian coordinate system, m.

Based on these considerations, the following expression
was proposed for determining the ascent velocity of amber:

; (14)

(15)
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a=p-1; (16)

p=te (17)
Ps

where:

v — ascent velocity of the amber particle, m/s;

m — mass of the amber particle, kg;

a — Archimedes parameter for the amber particle;

g — gravitational acceleration, m/s?;

km — added mass coefficient;

f— frequency of oscillation of the working tool, Hz;

F —resistance force of the sandy layer to the relative mo-
tion of the amber particle;

ps — density of the amber particle, kg/m?;

pe — density of the water-sand medium, kg/m?;

A — amplitude of oscillation of the working tool, m;

k — coefficient of friction.

Equation (14) was derived for the case of a particle with
lower density ascending through a layer of heavier material
(a water-saturated soil medium) under oscillations of the
working tool within the plane of the enclosing medium. In
this scenario, apart from inertial forces, Archimedes’ force,
and gravity, the only additional force acting on the particle is
the resistance to its relative motion. The particle’s trajectory
under such conditions typically follows a spiral path.

However, under the given conditions, there is limited in-
formation regarding the determination of the resistance force
F. Considering its dimensional characteristics and its physi-
cal interpretation as the interaction between the amber parti-
cle and the particles of the water-saturated soil matrix, the
following expression was proposed for estimating this force:

F

—=¢(l+a); (18)
gm

where:

¢ — resistance coefficient of the sandy medium to the mo-
tion of the amber particle.

Substituting Expression (18) into Equation (14), a final
expression was obtained for the ascent velocity of an amber
particle in a water-saturated soil medium:

kv a

—_ (19)
@ @ (1 + a)2 —-ad’

The resulting Expression (19) accounts for the influence
of the density difference between the host rock particles and
the valuable mineral, as well as the working tool’s amplitude
and frequency of oscillations. The effect of gas bubbles is
considered only indirectly through modification of the densi-
ty of the amber-bearing medium.

To determine the value of the coefficient ¢, we rely on
experimental results obtained during the ascent of amber
particles under laboratory and field conditions [43], [44].
Under such circumstances, Expression (19) can be rear-
ranged into a more convenient form for determining:

0= 1+i[1—&j. (20)
kv P.

Based on experimental findings, it was established that an ave-
rage value of the resistance coefficient ¢ may be taken as 0.325.

From Expressions (14)-(20), it follows that during the
hydromechanical extraction of amber from sandy amber-

m

bearing masses, the ratio of the force resisting the particle’s
movement through the loose water-saturated medium to the
product of the particle’s volume, the medium’s density, and
gravitational acceleration is equal to 0.325.

This provides a relationship for the resistance force acting
on an ascending amber particle in a water-saturated medium
under vibrational excitation, which depends on the medium’s
properties and the hydromechanical action parameters [45].

An extremum analysis of Expression (19) indicates that
the function reaches its maximum at the point:

o 3. "’Z{H 1+§1‘2¢2}. @1
21-¢| 9 4

The coordinate of the function’s maximum at ¢ = 0.325 is

Amax = 0.6946.

However, in addition to having an extremum, Function
(19) is defined in the real domain only for values of the Ar-
chimedes parameter a that do not exceed the following limit:

a<a,; (22)
0= 23)
1-¢
where:
ar — the maximum permissible value of the Archimedes
parameter.

When a;, according to Equation (19), the ascent veloci-
ty of the amber particle approaches infinity, which contra-
dicts physical reality. At ¢ =0.325, the corresponding va-
lues are amq=0.6946 and a; =048, i.e., for the current
scenario, we have:

aL < amax . (24)

Accordingly, the maximum determined in Equation (21)
lies outside the domain of real values for Function (19).

In studying the vertical motion of an amber particle, the
following forces were considered: Archimedes’ (buoyant)
force, oscillations of the working tool, and the forces of rela-
tive resistance from the surrounding medium and viscous
drag [46]. In this case, based on the previously obtained
results and assuming that the positive direction of the coordi-
nate axis is directed vertically upward, the motion of rising
particles can be described by the following Equation:

2

dz .
(1+km)my:moga+m0szsmft—F—E,; (25)
3
m=p, 2, (26)
)
my=Lem; 27)
Ps
F =¢myga; (28)
V2 d?
F=Cp — , 29
c Ap(, 2 4 ( )
where:
z — displacement of the amber particle, m;
t — time, s;

mo — mass of the amber-bearing sand within the volume
occupied by the amber particle, kg;
S — amplitude of oscillation of the working tool, m;
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F.— viscous drag force acting on the amber particle du-
ring its motion through the liquefied medium, N;

d — diameter of the amber particle, m;

C, — viscous drag coefficient.

Considering the recommendations provided in [47], [48],
we assume a Stokes flow regime for amber particles moving
through a liquefied fluidized medium. Under these conditions,
and according to [49], the dependence of the viscous drag coef-
ficient on the Reynolds number can be expressed as follows:

26
C =—; 30
* Re, (39)
Re =24, 31)
where:

Re. — Reynolds number characterizing the interaction be-
tween the amber particle and the liquefied medium;

v. — kinematic viscosity coefficient of the liquefied medium.

By substituting Expressions (26)-(31) into Equation (25)
and performing the appropriate transformations, we obtain
the following equation that describes the motion of an amber
particle through a liquefied medium:

2 —
4o, pde 4 P, ssinar. (32)
P

dr* 7" dr

The amber-bearing medium can be considered a fluidized
layer when hydromechanical action disrupts the contacts
between amber particles and the surrounding matrix and
between individual grains of the amber-bearing mass [50],
[51]. However, it does not directly influence the amber parti-
cles’ motion. As a result of this action, particle mobility, and
porosity increase, intergranular friction decreases, and the
medium acquires a viscosity analogous to the kinematic
viscosity of a liquid substance [52]-[54]. In other words,
hydromechanical excitation creates favorable conditions for
the Archimedes force to act, which enables the buoyant as-
cent of amber particles to the surface.

Under such conditions, the equation of motion for an am-
ber particle in a fluidized amber-bearing layer under hydro-
mechanical excitation takes the following form:

2(1-1) gd*

39 ov,

p-1
P

(33)

By solving and transforming Equation (33), the following
expression(34) is obtained, which includes the first deriva-
tive concerning the variable ¢:

v p+2aq 2(1-f)
dq (l - 5)2

According to Equation (34), the relationship strictly de-
creases across the entire interval and has no extrema. This
implies that, for an adequate description of the investigated
processes, it is necessary to consider the variation in density
as well as the effective viscosity of the fluidized medium.
Such processes are characteristic of treating granular mate-
rials in vibrated fluidized beds, boiling beds, and pulsating
fluidized layers[55]-[57]. The analysis of established mathe-
matical models that describe hydrodynamic processes in
these systems makes it possible to propose two formulas for
calculating the dynamic viscosity coefficient of the fluidized
medium under consideration [58], [59].

gd’
Vg

&

34
39Ac ° 39
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Thus, a combined consideration of Equations (20), (25),
(32), (33), and (34) allows us to derive Expression (35),
which can be used to determine the ascent velocity of an
amber particle in a water-sand mass subjected to hydrome-
chanical excitation:

U :(1—[}/+ﬂz+azz]gw)m 2. (35)

3. Results and discussion

The research has established that the interaction between
the turbulent flow and the bed composed of loose amber-
bearing rocks is stochastic. This is due to the temporal random-
ness of turbulent flow velocity and the stochastic distribution of
particle diameters within the loose amber-bearing formation.

Given these factors, an algorithm and simulation program
were developed for statistical modeling of the turbulent
flow’s effect on the erodible bed. This algorithm is based on
solving the system of differential Equations (1)-(5) using two
random number generators that produce stochastic functions
V(t) and d(n). These functions have predefined statistical
properties corresponding to the natural velocity pulsations
and the granulometric composition of the amber-bearing rock
mass. The random number generators are implemented based
on algorithms that generate random sequences with specified
probability density and autocorrelation functions.

Based on this research, a sequential procedure and
flowchart were developed to determine the algorithm for
identifying detachment conditions of a particle during the
hydraulic washing-out of amber-bearing rock, as illustrated
in Figure 6. The input data for solving the problem include
the statistical characteristics of natural velocity pulsations
(probability density function and autocorrelation curve),
particle density, and the granulometric curve of the amber-
bearing rock. The flowchart in Figure 6 operates as follows:
in the first step, the diameter of the test particle d(n) is de-
termined by generating a random number from a sequence
whose statistical properties match the granulometric distribu-
tion of the studied amber-bearing rock. Next, a second ran-
dom number, d(n), is generated from the same sequence to
determine the protrusion height.

At the next stage, a sequence of random numbers is gen-
erated, having the same statistical characteristics as those of
natural velocity pulsations. The forces acting on the particle
are then determined as functions of the instantaneous natural
velocity using the following relationships:

At the next stage, a sequence of random numbers is gen-
erated, having the same statistical characteristics as those of
natural velocity pulsations. The forces acting on the particle
are then determined as functions of the instantaneous natural
velocity using the following relationships:

zd”(n) V(1)

P(t)=C ———~.—~=;
t() Y4 2g
d? V2 (t
R(t)zcvﬂ. (n) y(),
4 2g
dv
T(t)=ud—,
(1)=pd—

where:
Cy and C, — drag coefficients of the particle in the hori-
zontal and vertical directions, respectively;
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d(n) — diameter of the test particle;
V(f) — instantaneous natural flow velocity;
u# — dynamic viscosity coefficient of the fluid.
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Input of output data
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n.=0
T

Input of output data cycle
with change of particle diameter

I
Determination
of particle diameter
I

Determination of weight taking
into account the added mass of water
Archimedes force

I

Determination

of the setting height
T

Time change cycle
t.=0; k= t,.step Af

I
Determination
of natural speed
T

Determination of the force acting
on a particle
T

Solution of the system
of differential equations of particle motion

Determination of the reaction
of the support

Terms of participation

H. = Hat1

Determination of the possibility of failure

|
PRINTING
|

END

Figure 6. Flowchart of the algorithm for determining particle
detachment conditions during hydraulic washing-out of
rocks in the hydromechanical extraction of amber

After determining the acting forces, the differential Equa-
tions (1)-(5) are solved. This allows the calculation of the
particle’s rotation angle relative to the support point at a given
time and the magnitude of the reaction force from the support.

Next, the detachment conditions are checked. If any de-
tachment criteria are satisfied, the counter of detached parti-
cles is incremented by one. After evaluating the first particle,
a new particle diameter is generated, and the process repeats.

As a result of the program’s operation, the frequency of par-
ticle detachment is calculated using the following relationship:

(36)
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where:

n: —number of detached particles;

n — total number of tested particles.

The described simulation model of the turbulent flow’s
influence on particles of a non-cohesive soil forming the
erodible bed incorporates several assumptions. These relate
to the functional dependencies of the acting forces on natu-
ral flow velocities and the idealized shape of the particle.
Such assumptions necessitate a series of methodical, nu-
merical experiments to compare the computational results
with experimental data.

To this end, numerical simulations were conducted for three
particle groups with average diameters d. = 1.4; 5.0; 10.0 mm.
The granulometric composition of the particles was assumed
to follow a normal distribution with a standard deviation of
0.3 mm. The time-averaged natural flow velocity was equal
to the non-eroding velocity at a reliability level of 0.99, while
the velocity dispersion was treated as a variable parameter.

The resulting relationship, described by Equation (35),
which expresses the dimensionless ascent velocity of
amber particles while accounting for medium saturation
with gas bubbles, shows a maximum value close to those
obtained experimentally. The velocity also exhibits
dependence on the oscillation frequency of the working
tool, consistent with laboratory and field experimental
findings [60]-[62] (Fig. 7).

0.0040 —— f=15Hz
—— /=40 Hz
0.0035 f=50Hz
—4— [=52Hz
0.0030 —— f=57Hz
2 0.0025 J=60Hz
i
3 0.0020
0.0015
0.0010
0.0005 JA@\
0
0 0.01 0.02 0.03 0.04 0.05 0.06

Oscillation frequency (z), Hz
Figure 7. Graphs of the relationship between the variable U and
the dimensionless degree of medium saturation with
gas bubbles at different oscillation frequencies of the
working tool

A comparative analysis of the numerical simulation re-
sults, based on Equation (35) for a working tool oscillation
frequency of 30 Hz, and the data from laboratory experi-
ments demonstrates a high degree of agreement between
theoretical predictions and empirical observations (Figs. 8
and 9). The maximum relative error does not exceed 10%,
confirming the proposed model’s validity and adequacy for
describing the ascent of amber particles in a water-saturated
sandy medium under hydromechanical excitation.

Additionally, the extremal properties of Function (35)
were studied by analytically determining the conditions for
its maximum. Setting the function’s first derivative with
respect to the corresponding variable to zero confirmed the
existence of a maximum point, which is critical for identify-
ing optimal hydrodynamic parameters in the context of am-
ber extraction.
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Figure 8. Relationship between the ascent velocity of amber parti-
cles and the degree of medium saturation with gas bub-
bles at a working tool oscillation frequency of 30 Hz
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Figure 9. Relationship between the maximum ascent velocity of
amber particles obtained via numerical calculation and
experimental data as a function of the working tool
oscillation frequency

4. Conclusions

Numerical simulations have demonstrated that increasing
the degree of heterogeneity in the amber-bearing rock mass
leads to a higher probability of particle detachment. For
instance, doubling the standard deviation of particle diame-
ters (from 0.2 to 0.4 mm at d: = 1.4 mm) resulted in a two-
fold increase in the probability of amber particle detachment,
primarily due to the removal of finer particles.

The numerical experiments also revealed an important
phenomenon: the detachment behavior of amber particles
strongly depends on their diameter. For d.=1.4 mm and
smaller, particle detachment primarily occurs without rolling
or as direct vertical lift-off. In contrast, detachment is almost
exclusively by rolling for larger particle diameters. A similar
pattern was observed in laboratory experiments. The reliabil-
ity and stability of the algorithm are further confirmed by its
agreement with analytical solutions to the problem.

The amber-bearing medium can be considered a fluidized
layer when hydromechanical excitation disrupts interparticle
contacts within the matrix and between amber particles and
the surrounding mass without directly affecting the motion of
the amber particles. This results in increased particle mobili-
ty, enhanced porosity of the mass, reduced interparticle fric-
tion, and the emergence of viscosity characteristics similar to
the kinematic viscosity of a liquid. Hydromechanical excita-
tion creates favorable conditions for the Archimedes force,
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which drives the upward movement of amber particles to-
ward the surface.

The obtained expression for the dimensionless ascent ve-
locity of amber particles exhibits a maximum value that close-
ly matches the experimentally determined value for the opti-
mal oscillation frequency of the working tool. This aligns with
results obtained under both laboratory and field conditions.

A comparison of the simulation results at an oscillation fre-
quency of 30 Hz with laboratory experimental data shows a
satisfactory agreement, with a relative error not exceeding 10%,
confirming the validity and applicability of the developed mo-
del for describing the ascent of amber particles in a water-
saturated sandy medium under hydromechanical excitation.
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Mope/roBaHHS NIponecy riipopo3MuBy OYpIITHHOBMICHUX IipcbKUX MOPiA NpH BUA00YTKY OypIUTHHY
€. Mananuyk, B. MomuHcbkwmit, A. XpucTioK, 3. Mananayk, B. KoprieHko

Mera. [lociipkeHHs npoliecy TiApOMeXaHIYHOro BHAOOYTKY OypLITHHY 3 MillaHUX OypIUTHHOBMICHHMX Topia Bomuncwkoro IMomices 3
METOI0 BCTAHOBJIEHHSI YMOB €()eKTHBHOT'O PO3MHBY Ta ONTHUMI3aLlil TEXHOJOTIYHUX MapaMeTpiB BUIOOYBaHHSI.

MeTtoanka. OCHOBY JOCIIJDKEHHS! CTAHOBHTH MOJIEIIFOBaHHS TiJpOpPO3MHBY OYypIITHHOBMICHHUX HOpia Ha npukiaai KieciBcbkoro pomo-
BuIIa. Po3po0ieHo MateMaTHYHY MOJENb PyXy TBEPAHX YaCTHHOK Y TypOYJCHTHOMY IOTOLI 3 ypaxyBaHHSIM CTOXaCTHYHOTO XapakTepy
MIBUIKOCTI TIOTOKY Ta PO3MOALTY YaCTHHOK 33 po3MipaMu. 3aCTOCOBAaHO CHCTEMY IU(EPEHIIIAbHAX PIBHIHD PyXy YaCTHHOK, a TAKOX OJIOK-
CXEMY CTaTUCTHYHOTO aJTOPUTMY BU3HAUEHHS WMOBIPHOCTI BiIpUBY OYPIITHHOBHX YacTHHOK. JIabopaTOpHi JOCIiIKEHHS MPOBOAMINCH Ha
3pa3kax, BiliOpaHuX i3 MPOIYKTUBHUX MIMIAHUX TUIACTIB POIOBHUIIA.

Pe3yabTaTn. BecraHoBneHo, 0 IMOBIpHICTh BiIpUBY YaCTUHOK OYPILITHHY 3HAUHO 3POCTAE MPH 301IBIICHH] AUCIIepCii NIBUAKOCTI MpH-
JIOHHOTO TTOTOKY Ta 'PaHyJIOMETPHYHOI HEOTHOPIAHOCTI MOpij. 3a pe3ynbTaTaMy YHCEeIbHUX EKCIIEPUMEHTIB MOKa3aHo, IO JIPiOHI YaCTHHKH
(d £ 1.4 Mm) BizgpuBaroThCs 0€3 MepeKouyBaHHs, TOJI K OLIbIII — 3/1e0UTBIIOTO MepeKouyroThcs. OTPUMaHO 3aJeXKHICTh HIMOBIPHOCTI 3pHBY
YaCTHHOK BiJ] TapaMeTpiB CepeIOBHILA, IO JO3BOJISE IPOTHO3YBATH €()EKTHBHICTh TiIPOPO3MHUBY .

HayxoBa HoBHU3HA. 3aIpONIOHOBAHO MaTeMaTHYHY MOJIEINb, SIKa BPAXOBYE B3a€MOIII0 BUIAKOBUX (PAKTOPIB TYpOYIEHTHOTO MOTOKY 3
(hi3MYHUME BIaCTHBOCTSMH YaCTHHOK. Briepiiie Ha OCHOBI CTATUCTHYHOTO MiAXOAy BH3HAYEHO KPUTHYHI YMOBH 3pHBY OYpLITHHOBHX dac-
THUHOK 13 TipCbKOT MTOPOIH.

ITpakTH4HAa 3HAYMMICTB. Pe3ynbTaT 10CTiIKEeHb MOXKYTh OyTH BUKOPHCTaHI JJIs YAOCKOHAICHHS iCHYIOUYMX Ta PO3POOKH HOBHX TEX-
HOJIOTi1 TiAPOMEXaHIYHOro BUAOOYTKY OYpIITHHY, OCOOIMBO y CKJIAJHUX YMOBAX IMIAHO-TJIMHUCTHX IUIACTIB 3 BUCOKHM CTYIEHEM HEOJ-
HOpiZHOCTI. BU3HAaYeHHS KPUTUYHUX MapaMeTpiB MOTOKY, L0 3a0e3Me4yoTh MaKCUMaIbHy HMOBIPHICTH BiIpHBY OyPIITHHOBHX YaCTHHOK,
JI03BOJISIE€ ONTUMI3yBaTH PEKHUMHU POOOTH BOJSIHUX CTPYMEHIB Ta TipaBIiYHUX CHCTEM.

Knrouosi cnosa: oypwimun, 2iopoposmus, 2ipceka nopooa, 2iopomexanivHuti cnocio, mypoyneHmuui nomixk
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