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Abstract. This paper presents the research results of the pulp movement
process along the extraction chamber bottom to the suction pipe of the pulp
lifting device in case of downhole hydraulic mining the volcanic tuff-stone.
The washout process and hydraulically operated transportation of the tuff-
stone hydraulic mixture, when forming the extraction chamber, have been
studied under various conditions and methods of exposure. As a result, the
dominant parameters have been determined influencing the hydrodynamic
washout technology as well as tuff-stone hydraulic mixture lifting to the
alluviation map. The dependences have been substantiated of the washout
process performance and transportation capacity of the hydraulic mixture
flow on the determined parameters. To calculate the process of pulp flow-
over along the extraction chamber bottom to the intaking hydraulic elevator
headwall, the systems of equations have been determined based on the
modelling the movement of tuff-stone hydraulic mixture along the
extraction chamber bottom during hydraulic washout. The dependences of
the contact strength of the tuff-stone samples mined by downhole method
on the time spent in water are presented, resulting in determination of the
tuff-stone weakening coefficient and the degree of its saturation with water.

1 Introduction

An increased interest in the tuff-stone production is conditioned by the expansion of field of
its application. An experience of its effective use in agriculture, the construction industry,
and medicine [1 — 5] requires improving its processing and bringing to the finished product
in compliance with the terms of its use. Rich microelement composition of the tuff-stone,
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availability of rare metal microelements, a high content of iron, titanium, native copper in
the tuff-stone — motivate the necessity for their complex processing. Its initial stage is ore
preparation of the rock mass before tuseful components recovery [6 — 9].

Most tuff-stone components are useful in industry, and, according to the requirements for
the integrated use of raw materials, its processing technology should take into account in its
schematic performance the possibility to separate into the required amount of monomineralic
concentrates extracted from the tuff-stone rock mass [10 — 13]. Even with account of the main
components (native copper, iron and titanium) that are of industrial interest, processing of the
dump tuff-stone, given the prospects for the area of their occurrence, is economically feasible,
environmentally sound and socially appropriate (Table 1).

Table 1. The elements content in the tuff-stone samples in various quarries (oncentration, %).

Element name Rafalivskyi quarry Berestovetskyi Ivanova Dolyna
quarry quarry

Aluminum 0.03 10.2 3.0
Silicon 30-32 57.2 42.0
Phosphorus 0.1 0 0.15
Sulphur 1.2 0.3 0
Potassium 1.3 2.4 4.8
Calcium 6.4—12.1 15 37.5
Titanium 2.8-4.0 1.3 0.5
Chromium 0.2 0.05 0.1
Manganese 0.070 0.12 0.07
Iron 48 — 50 12.8 7.0
Nickel 0.2 0.1 0.01
Copper 0.4-0.7 0.17 0.6—-1.0
Zinc 0.05 1.2 0.07
Strontium 0.07-0.1 0.07 0.07

Since the elements content stability is an important issue in the deposit research,
beginning with 2015, the problems of the tuff-stone extraction and processing are studied
in Rafalivskyi basalt quarry. The results of the spectral rapid testing are presented in
Table 2, which indicate a relatively stable content of copper, iron, titanium in the tuff-
stone, excluding serious changes in their processing technology over a long period of time.

Table 2. Results of the tuff-stone spectral rapid testing.

Elements content in the samples of tuff-stone in Rafalivskyi
Element name quarry by years, %

2015 2016 2017 2018 2019
Aluminum 0 0.07 0.07 0.03 0.07
Silicon 30.916 32.1 31.6 32.0 325
Phosphorus 0.1 0.15 0.15 0.15 0.07
Lead 0.5 0.3 0.5 0.3 0.3
Potassium 1.281 1.41 1.51 1.52 1.60
Calcium 6.34 9.8 10.8 12.5 12.1
Titanium 3.98 7.0 2.8 1.8 2.6
Chromium 0.198 0.3 0.1 0.07 0.07
Manganese 0.81 0.05 0.07 0.15 0.15
Iron 52.06 48.1 51.3 50.8 49.9
Nickel 0.217 0.07 0.05 0.09 0.05
Copper 0.70 0.2 0.6 0.40 0.45
Zinc 0.055 0.05 0.007 0.009 0.007
Strontium 0.106 0.006 0.007 0.007 0.007
Zirconium 0.28 0.2 0.15 0.1 0.15
Cobalt 0.02 0.01 0.05 0.05 0.03
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It should be noted that already at the initial stages of research on the usefull rock
composition when developing the methods for their ore preparation and benefication,
certain peculiarities have been set [14, 15]. Among them the inclusions of native copper,
identified even visually and presented in the samples in the form of point or thin films [16,
17]. In the process of crushing, grinding and sieving, these films are destroyed into separate
parts less than 50 microns, which makes it difficult to recover them by means of separators.
Compounds of iron and other metals are large particles, recovered from the total mass by
magnetic field [18, 19]. However, there is a large number of intergrown pieces from the
silicate tuff-stone constituent, represented mainly by silicon and calcium, which are
recovered by repeated grinding or by thermal means into slag through melting [20 — 22].

There are two methods of the tuff-stone extraction: the method of downhole hydraulic
mining (DHM) and in a quarry. By a quarry method, the obtained tuff-stone is the lumpiest
mass, when during the subsequent blasting of the quarry ledge, the tuff-stone, as less hard,
has less lumpiness than basalt and lava-breccia. However, for a decision-making on its
further processing technology, it becomes necessary to study its granular composition in the
dump and during crushing.

During downhole hydraulic mining of zeolite-smectite volcanic tuff-stones [23 —25], pulp
is formed using rotating hydraulic monitor. Hydraulic monitor outwashes the rock seam by
rotating at a certain angular velocity around the vertical symmetry axis of the extraction
chamber [26 — 28]. According to the technology, the extraction chamber dimensions and the
characteristics of the pulp flow-over process in it are determined by the performance and
frequency of the hydraulic monitor rotation [29 —32]. At the same time stree strain state
should be also taken into account [33 —36]. At low frequencies of the hydraulic monitor
rotation, the pulp formed in some point of the extraction chamber will have time to reach the
suction box before the hydraulic monitor jet reaches this place again. Therefore, to analyse the
pulp flow-over processes in the extraction chamber, it is necessary to preliminary determine
the permissible rotation frequencies of the hydraulic monitor, depending on its performance
and washout radius [37, 38].

Given the fact that volcanic tuff-stones in the Rivne-Volyn region occur in seams with
thicknesses from several meters to 100 and more meters, during the washout process,
depending on the site of mining operations, extraction chambers can be used with a bottom
set as in the mineral deposit itself, and in the underlying rocks [39 —41]. This also
determines the necessity to take into account the roughness of the chamber bottom.

2 Research methodology

Paper studies the tuff-stones characteristics in PJSC Rafalivskyi quarry of the Rivne region,
which are identified during the basalts extraction in quarries or during the development of
downhole hydraulic mining technology. The tuff-stones of this region have a zeolite-smectite
base. The tuff-stone layers with a thickness of up to 150 m, occur under the basalt mass and
have a high density. They are half-rocks in hardness. The tuff-stone layers occurring at the
surface, have lower hardness. All tuff-stones are sensitive to moisture influence. The
influence of moisture on the tuff-stone has not been quantified [4 — 9].

The objective of research is to determine the patterns of changes in the granular
composition of the zeolite-smectite tuff-stone both of a quarry mining and downhole
mining, when it is weakened by the hydraulic monitor jet in the washout chamber.

Let us examine the extraction chamber bottom, with the suction box of the pulp lifting
device in the center, which has a conical surface (Fig. 1). The diameter and inclination
angle of the extraction chamber bottom are determined by the technological parameters of
the downhole hydraulic mining process, then it is changed during mining.
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In the process of research, an experimental method is used to study the full-scale
specimens of the tuff-stone. Samples are taken from eleven wells. The initial weight of the
samples m, the indenter impressing force P, on the press are fixed by a known
methodology. The indenter tip, according to the methodology, has a cross-sectional area of
1.0 mm?, therefore, the sample resistance voltage value o is also recorded on the device.
After the samples are immersed into an aqueous medium, the time of exposure is recorded
and the sample weight, the indenter impressing force Py, and voltage value ¢ are
determined on a staged basis.

Fig. 1. Extraction chamber.

Based on the field studies result of the tuff-stone washout process [42], it is also known
that the hydraulic mixture critical velocity is determined depending on the hydraulic size of
the transported particles. Thus, at u,>u,, an intermittent pulsed particles motion is
observed, at u;, > 2u,,, the solid’s motion occurs in a suspended state, and at u, > (3 — 5) uy,
no depositing of solid is observed in the flow. For fragments of the broken rock, it is
important to determine the conditions of pieces’ friction against the solid boundaries of the
flow, contact velocity, the relative velocities of the pieces moving in the fluid flow. By the
value of the contact velocity, the conditions are judged of the hydromechanical action of the
flow on the tuff-stone pieces at the moment of the translational motion start. The relative
velocity of solid samples moving in the fluid flow is the most important kinematic
characteristic of the hydraulic mixture movement, due to which the conditions are
determined of the interaction between fluid and solids.

The hydrodynamic models of pulp flow-over over a conical surface were developed in
publications, where the stationary parameters of the flow-over process have been
determined and various factors influencing the nonuniform hydraulic mixture flow have
been studied [43 —45]. However, the dynamic characteristics of the process are studied
insufficiently, as well as the roughness parameters of the flow solid boundary are not taken
into account in these works.

3 Results and discussion

To analyze the process of pulp flow-over along the extraction chamber bottom, the model
for moving a uniform fluid in a thin layer can be used, when to assume that the velocity
across the layer thickness is the same and the presence of friction force between the fluid
and the bottom is considered using empirical formulas. Such a model is relatively easy
analysed and, with account of certain assumptions, leads to an analytical solution. Having
assumed that the fluid flows over the surface in a thin layer, for the thickness of which,
measured along the inward normal to the conical surface, the condition is satisfied:
h/x<<1. Since the layer is thin, when considering the momenta equation, the acceleration
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of particles along the normal to the flow bottom and a change in the bulk force across the
layer thickness will also be ignored.

Let us note, that the total length / of the generatrix of the extraction chamber bottom and
the distance x; along the generatrix to the suction box of the pulp lifting device are
determined by washout radius of the hydraulic monitor (Fig. 2):

R
[=——; (1
sin
R-R,
xk = N ) (2)
sin
where R is washout radius of the hydraulic monitor; R, is suction box radius.
R
N
\
— b
i _—
o
Ro

Fig. 2. For determining the distance along the generatrix of the extraction chamber.

To determine the main dependences and construct a mathematical model of the rock
washout processes, the rotation veloicity of the hydraulic monitor is selected such that the
pulp moves along the extraction chamber bottom without breaking the continuity of the
flow on the conical surface of the extraction chamber bottom [46 — 48].

For the stationary flow-over of the broken tuff-stone along the extraction chamber bottom,
the following theoretical model is the most sufficient, which is developed for the stationary
flow [49]. If the flow-over parameters at the beginning of the generatrix of the extraction
chamber bottom are stationary, then a stationary flow is realized on the conical surface, which
satisfies the system of equations:

%[uh(l—x)]=0; €)

du g T
udx+gsm,6'dx ph+gcos,6’, 4)
hi-x)=q, ®)

where u is pulp velocity along the generatrix of the extraction chamber bottom; p is pulp
density; 7 is friction stress at the extraction chamber bottom, which can be found by the
well-known Chezy formula:
2
pu
=8 o (6)

where C is Chezy coefficient.
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Chezy coefficientthe value of which is determined depending on the material and the
relative roughness of the extraction chamber bottom using one of the known empirical
formulas. For example, by the formula of N.N. Pavlovsky:

c="", (7)
n

where n is surface roughness factor; y is empirical coefficient; x is a hydraulic radius equal
to the layer thickness # for the annular flow-over over the conical surface.

The value of the roughness factor is determined from special tables and varies from
0.009 to 0.14. The value of the hydraulic monitor performance according to the pulp ¢ is
determined by the parameters of the process when hydraulic monitor outwashes the mineral
deposit. The system of equations (3)—(5) can be solved by obtaining the following
equations for u and A:

2 .
gcosﬂ—%uz*’”(l—x)m—&mﬁ2 u? (I - x)

du q u(l—x)
—= 3 : ; (3)
dx u’(l-x)—qgsin B
2 2
gcos B (1-x)* - &n qz_L
dh _ Bl [—x )

dx gsin B3 (1-x)* —¢?

Differential equations (8) and (9) are equivalent, and any of them in combination with
(10) determines the flow velocities and heights distribution along the generatrix of the
extraction chamber bottom. Any of these equations can be solved numerically, if the initial
data uq and hy with x =0 are specified. It should also be noted that the integral curves of
equations (8) and (9) have been enough thoroughly studied in hydraulics.

Denominator is converted in the last equation to zero, thereby indicating that the flow
reaches a critical depth at a given point, at which velocity reaches a critical value:

1/3

2 .
sin
hyy = q—ﬂz : (10)
g(R—xsin )
2 3 1/3
gg sin
= 2> 7 | 11
o (R—xsinﬁ} (1n

The value of 4,, at which the numerator of equation (7) becomes zero, is called the local
normal depth. The value of 4, satisfies the equation:

p2tm q2 sin’ B o n2q2 sin’ B o (12)
! gcos B(R - xsin B)° ! cos B(R - xsin f)?

The peculiarity of equation (12) is that it can be solved without determining the velocity
by solving the equations (8) and (9).

A jet of a hydraulic monitor with a flow rate of Oy, when striking the face wall, reflects,
loosens and outwashes a certain rock volume, and is characterized by a specific water flow
rate per 1 m® of rock. Thus, the volume of rock washed out per unit time and the flow rate
of pulp inflowing the extraction chamber bottom will be equal to:

https://doi.org/10.1051/e3sconf/202020101011
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0, =Q7W(l—mp); (13)
g =0y A (14)

A

where Q, is hydraulic monitor performance by the solid; Oy is water flow rate through the
hydraulic monitor nozzles; 4 is specific water flow rate for washout; m, is porosity of the
rock which is washed out when it is in the state of pillars.

For a unit of time, the hydraulic monitor jet makes an angle equal to w =2x/T, to
which an arc of a circle corresponds on the face surface with a radius R equal to S7= wR. If
at the point of the jet contacting with the face wall the jet diameter is equal to d, then the
total perimeter length of the jet contacting with the rock is:

LT =ST+d=Q)R+d. (15)

The value L7 is the width of the flow flowing down the face wall with a total flow rate
qo into the initial section of the inclined surface of the extraction chamber bottom.

Pulp flow-over process down the face wall until it hits the extraction chamber bottom
will be close to vertical. Thus, the pulp velocity at the moment it hits the extraction
chamber bottom, if to ignore the friction influencing the face wall, can be determined by the

formula:
uy = ky2¢AZ , (16)

where 47 is distance between the jet axis contacting point with the face surface, as well as
with the upper edge of the bottom surface of the extraction chamber; k, is empirical
coefficient which takes into account the influence of friction and other physical and
mechanical factors.

The layer thickness /4, can be obtained from the flow-rate equation:

b= O l-m,+A4
* (@R +d) Aky\2gAZ

(17

The values of u, and /4, calculated by formulas (16) and (17), serve as the initial values
of u and / for the system of equations (13) — (17).

Based on the above research results with account of the mathematical dependences
(10) — (12) and (13) — (17), it has been determined that the parameters of the pulp flow-over
along the extraction chamber bottom are obtained proceeding from the operating mode and
hydraulic monitor characteristics. Transportation capacity of the flow depends on the
hydraulic monitor flow rate, the chamber bottom inclination for the broken zeolite-smectite
tuff-stones and is of linear nature; it is directly proportionally dependent on the specified
parameters. To confirm the theoretical results obtained during the process of modelling,
laboratory and field studies have been performed.

The zeolite-smectite tuff-stones of the Rafalivskyi basalt quarry have been studied by
sieving of 1 m® dump tuff-stone mass through vibratory screen before and after crushing. In
this case, an unweakened tuff-stone was tested by several cycles of water application [50, 51].

It has been revealed that the largest pieces in unweakened dump mass of the tuff-stone
have a size of 250 — 300 mm and their number is 2 — 3%. When weakened, the maximum
size of the pieces is 100 — 150 mm, and their maximum number is not more than 5%.

The study of the tuff-stone granular composition, mined by the method of downhole
hydraulic mining, testifies that it has different characteristics depending on the weakening
and significantly differs from that mined in a quarry [52].
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Fig. 3, a shows the distribution of Qg (mm) particle-size 1 and the weakened tuff-stone
2, and Fig. 3, b shows the particle-size distribution of the tuff-stone, mined by downhole
method. In the last case, the granular composition is experimentally determined in 1 m® of
the tuff-stone, washed out on the alluviation map.

a
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400+
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2001
150 >
100
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0 10 20 30 40 S0 60 70 80 90 K%
Fig. 3. Granulometric composition of the tuff-stone mined in a quarry (1) and by downhole method
(2) before (a) and after (b) weakening (per 1 m® of rock mass).

As a result of modelling representation for the distribution patterns research results of the
granulometric tuff-stone composition dirung crushing, grinding and weakening (Fig. 4), and
based on the experimental studies, the curves of the granular composition dependence of the
tuff-stone mined in a quarry and by downhole method have been identified. For the
unweakened and weakened tuff-stone, mined by both these methods, the dependence of the
following form has been obtained:

b
QK=‘H'E. (18)

The hyperbolic form of such a dependence is conditioned by the tuff-stones nature,
since at small percentage values of the particle-size K (%), there is a sharp decrease in the
particle-size of Q, and as K increases, the curve is being flattened (Fig. 3, a, b). As a result,
for an unweakened tuff-stone, a regression model of the following form has been obtained:

304.98
QKI’I =61.02+ K 5 (19)

with the determination coefficient: 72 = 0.904.
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For the weakened tuff-stone, model is as follows:

Ok, = —0.665+% at 7> =0.981. (20)

Based upon the determination coefficients, both models quite adequately describe the
experimentally determined dependencies. It can be clearly observed, when comparing the
experimental and calculated data shown in Fig. 4, a, b, where the calculated dependence is
shown by a dashed line.

Ok mm

0 10 20 30 40 50 60 70 80 90 K, %

Ok mm

0 10 20 30 40 0 60 70 80 90 K%
Fig. 4. Comparative evaluation of the experimental and calculated dependences of the granular

composition of tuff-stone mined in a quarry (1) and by downhole method (2) before (a) and after (b)
weakening.

The determination coefficients for all models are high, which indicates the adequacy of
the obtained linear models to the experimental data.

Thus, the above research analysis evidences that the tuff-stone is a valuable raw
material, which is of interest for the industry, since it contains valuable elements in the
form of native copper, iron, and titanium. It is technologically possible and economically
feasible to extract these components. Based on the geological research, the tuff-stone raw
material reserves only in Volyn provide for a long-term production, and the products of
processed tuff-stone can be widely used in Ukraine.

Currently, when quarrying, only basalt is used (mainly for the crushed stone
production). Tuff-stone and lava-breccia, concomitant to it, are dumped rock mass, which is
stored and is a technogenic deposit with a high content of native copper, iron, titanium and
other valuable metals.
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Basalts are not extracted and processed in Ukraine to produce copper. The deposit is
unique due to the native copper available on an industrial scale. Moreover, it is contained in
three main components by the rock composition of a deposit — basalt, tuff-stone and lava-
breccia. In addition, all three components have a high content of titanomagnetite, therefore,
the possibility of the deposit complex processing is investigated. At the stage of
preindustrial preparation, the main task is to obtain representative initial information about
the deposit not only according to the geological and economic assessment of the deposit,
but also in terms of the technological properties of the host rocks (crushing, classifying,
recovery methods, percentage composition).

It is also important to analyse the peculiarities of the subsoil use development in the
region, taking into account its infrastructure and the possibilities of processed products
utilization, as well as the ecological situation [53, 54]. In this particular case, the
implementation of integrated development in an existing quarry is much cheaper, and the time
spent on the new technology introduction can also be reduced. To design an enterprise for
integrated deposit development, to compile technical design specifications, it is necessary to
obtain a significant scope of information and conduct an additional set of research.

Based on the research results, it is planned in an existing basalt quarry (in this case,
Rafalivskyi quarry) to create a research and production site with its technological scheme
for processing all three rock components of the deposit in order to determine availability,
development of the technology, increase the industrial products efficiency and the
possibility of implementing the waste-free technology. Since in world practice there is
neither a similar deposit, nor technology for its processing, it is a question of creating a
method for determining the availability of a deposit for an integrated, more complete
mineral resources development. The method is based on determining the probability to
exploit the deposit depending on the ore quality, percentage of useful components, mining
conditions, volume of reserves and the rational use of serial mining equipment, as well as
reconstruction or development of new, more advanced equipment.

Therefore, the issues of ore preparation and benefication of mined rock mass require
serious development and industrial realization. For this purpose, it is proposed to build a
research and production site for testing the technology of copper and iron recovery from
basalt raw materials. The remaining silicate material can be used to produce basalt wool,
which is currently widely used in construction and engineering (as an insulant). Most of the
research has been performed at the laboratory level by the employees of the Institute of
Geotechnical Mechanics named after N. Poljkov of National Academy of Sciences of
Ukraine, (Dnipro) and the National University of Water Management Engineering in Rivne
(Department of Mineral Deposits Development). At present, the issue remains urgent of
developing the technologies and obtaining the finished products for economic and
technological substantiation to construct a factory or plant for the integrated waste-free
basalt raw materials processing.

4 Conclusions

The research has proved that the hydraulic monitor supply, the washout radius and the jet
area at the moment of contact with the rock mostly influence on the pulp flow-over along
the extraction chamber bottom. It has been determined that the kinetic energy of a hydraulic
mixture movement along the extraction chamber bottom with the pulp flow falling down
influences on the reduction of specific energy consumption during washed out tuff-stone
transportation. At the same time, it is necessary to maintain turbulent motion on the
periphery of the extraction chamber. In this case, the settling of tuff-stone particles is
reduced in the flow, the maximum height of which should not exceed more than 2 times the
size of the largest fractions in the broken rock.

10
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When the tuff-stone is mined in a quarry dumps, their water-cut predetermines
weakening and reducing the lumpiness of the tuff-stone mass, without decreasing the
lumpiness of other rocks in the dump (lava-breccia, quartz, basalt). This makes it possible
to conduct selective tuff-stone extraction from the dump by means of fine vibratory
screening.

Based on modelling and experimental studies performed, mathematical dependences
have been determined that make possible to predict a change in the physical and
mechanical tuff-stone properties over time under the influence of their moisture saturation,
enabling calculation of the dynamic models of the tuff-stone hydraulic mixture flow-over
along the extraction chamber bottom to the intaking hydraulic elevator headwall for further
lifting to the day surface or alluviation map.

The distribution of granulometric composition when crushing and grinding of the tuff-
stone mined by downhole method and in a quarry in percentage terms satisfies the
hyperbolic law and is modeled with sufficient accuracy by the regression model.

This work has been performed on the basis of the National University of Water Management
Engineering (NUWME, Rivne) and with the participation of specialists from Rafalivskyi quarry
(Rivne region, Volodymyrets district, [vanchi). The authors express their gratitude to the management
of Rafalivskyi quarry, represented by Director P.P. Bortnik for the opportunity to conduct research
into deep-lying tuff-stones and the tuff-stones in the Rafalivskyi quarry dumps.
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