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Abstract. The subject of the paper is the modes and parameters of operation of mineral processing waste storage
facilities. Liquid waste storage facilities that accumulate processing products and mine water from several mining enter-
prises are considered, taking into account climatic factors of influence, technological limitations on the volume of waste.
The analysis of the main results shows that environmental safety in the operation of waste storage facilities is based on
two principles: to prevent waste overflow over the edges of the embankment dam and to provide a protective layer of
liquid over the bottom, which is formed from particles of dusty and clay fractions. The purpose of the study is to scientifi-
cally substantiate the possible modes of operation of liquid waste storage of mineral raw materials processing and min-
ing, as well as the creation of methods for calculating their maximum possible volumes entering the storage during the
year, taking into account environmental safety. The study used the methodology of logistic systems, in the framework of
which storage facilities are considered as a node of accumulation, and its model includes a system of equations describ-
ing the height of the water mirror and the bottom level depending on the volume of placers from the water volumes that
entered and withdrawn from it during the period of operation, which is analyzed, taking into account the geometric fea-
tures of the storage bowl. As a result, a mathematical model of liquid waste storage, which accumulates processing
products and mine water from several mining enterprises, has been developed, taking into account climatic factors of
influence, technological limitations on waste volumes. This model allows to determine the level of the free surface mirror
in any month of the year, as well as to calculate changes in the current height of the free surface mirror in the storage for
any period of time. On the basis of these formulas and ecological safety requirements at operation of artificial storages of
wastes from processing of mineral raw materials the restrictions on volumes of wastes which enter the storage during a
year, or during spring months have been received. The use of these restrictions allowed to determine and justify the
rational values of capacities on salable concentrates of mining enterprises, duration of their downtime for a certain period
of the year.
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1. Introduction

The volume of mine waters to be stored on the day surface and the volume of
liquid enrichment waste (EW) depend on mining and geological conditions of the
deposit and features of mining and processing technology and they are directly
proportional to the amount of primary minerals extracted [1-3]. Thus, the increase in
the depth of mining and increase of production capacity of mining enterprises in the
Kryvbas region led to joint storage of mine waters, which are characterized by high
alkalinity and must be pre-treated before discharging into rivers. The possibilities of
storing the EW are limited by the existing storage facilities volume, as it is
impossible to build new ones because they are located within cities; and the
construction of dams is already environmentally dangerous, as it threatens to pollute
the environment in case of destruction. The only way to restore the accumulation
capacity of such storage facilities [1, 3] is to discharge part of the EW into rivers
every year during floods in three spring months. Today there is a situation when the
capacity of mining enterprises and their stable operation is limited by the ability of
the waste storage facility to accept liquid man-made deposits.

This situation was not foreseen and arose as a result of the current circumstances,
so the management of liquid waste for each enterprise in the region is carried out
without appropriate scientific justification. In other words, there are currently no

© Dziuba S.V., Semenenko Ye.V., Kabakova L.B., Tatarko L.H. 2023


https://doi.org/10.15407/geotm2023.167.077
https://www.nas.gov.ua/EN/Org/Pages/default.aspx?OrgID=0000250
https://www.nas.gov.ua/EN/Org/Pages/default.aspx?OrgID=0000250

78  ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 167

models for existence of the EW storage facilities and no scientifically based methods
for determining their parameters that would ensure environmentally safe operation
and functioning of mining enterprises in the region.

The results of the analysis of mining enterprises of the Kryvyi Rih iron ore basin
indicate the need to solve the following problems to ensure environmental safety and
sustainable development of the region [1, 2]:

— to formulate scientifically grounded conditions for environmentally safe opera-
tion of the liquid man-made waste storage facility;

— to define restrictions on the regulated reduction of the water mirror height in
the storage facility during the year;

— to calculate the maximum possible amount of the EW received at the storage fa-
cility during the spring months and throughout the year taking into account environmen-
tal safety reasons;

— to estimate the possible volume of liquid man-made waste that can be removed
from the storage facility during the spring months, depending on the EW volume re-
ceived in the storage facility during the year;

— to create a methodology for determining the reduction of capacity for sellable
concentrates of each of the mining enterprises that store liquid man-made waste in the
storage facility, or the corresponding duration of downtime;

— to substantiate the possibility of storing a part of liquid man-made waste within
the industrial area of the enterprise with subsequent discharge to the storage facility after
or during the spring months.

Thus, using known models of the EW storage facility that serves several mining
enterprises, it i1s necessary to determine the possible operating modes of such a hy-
draulic facility from the point of view of environmental safety and to develop scien-
tifically sound methods for calculating the relevant parameters and waste volumes.

2. Methods

The purpose of the paper is to scientifically determine the possible modes of op-
eration of the EW storage facility from the point of view of environmental safety and
to develop methods for calculating the maximum possible volume of the EW entering
the storage facility during the year.

A storage facility for mineral processing waste that serves several mining enter-
prises is considered as an accumulation site [3—5]. Its model includes a system of
equations that describe the height of the water mirror and the bottom level depending
on the volumes of placers and water fed into and withdrawn from the storage facility
during the analyzed period of operation, taking into account the geometric features of
the storage bowl. In this case, the consumption of the EW entering the storage facility
is calculated according to the capacity of all mining enterprises that send liquid waste
to the storage facility, as follows:

N B . .
0or(1)= Y081 (1); Q%) (1) =, GUL (1), (1)
i=1
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where O, — the EW consumption entering the storage facility, m*/h; ng, (t) — the

EW consumption, entering the storage facility from the i -th mining enterprise, m>/h;
i — serial number of the i -th mining enterprise, that directs liquid waste to the storage
facility; p; — processability coefficient of the i -th mining enterprise, that directs liquid

waste to the storage facility; Gg)7 — capacity of the 7 -th mining enterprise for sellable
concentrates, m*/h; ¢ — time, h; N — number of mining enterprises, that directs liquid
waste to the storage facility.

Considering the formulas of the mathematical model of the accumulation node [1-4],
taking into account (1), with a frequency of one month, the following recurrent formulas
can be used to calculate the current height of the water mirror:

H 5;') C . N i
J F,(z)dz = (1 ——OJQg}ti ~kG) [F(Hy )de-Wp =8G,13), ()
Hy m T 3

i—1

I, i<k<j L 0) o,
dlk,i,j)=  To=>Y1t:; kY. =00072 | 1-—|; 3
(k0.) {0, k<i, k>j ].Zzlf AT { 2+J 3

1—m W 1—0,5P01
W =|1-——=Cp W Cp=— 2L 4
E ( m PJ 0 P Py —0335 )

where kEf)T — parameter that takes into account the precipitation impact (table 1); & —
function that determines the flood interval on the rivers of the region; 7;— time inter-
val, h; ¢; — working time fund in the month with the number j; Cj — volume concen-

tration of the hydraulic mixture coming from the processing plant; £, — the sum of
air temperature norms for the months of the warm season [7-10]; C, — maximum
permissible volume concentration of solid particles in the liquid extracted from min-
ing waste; Wy — volume of liquid man-made waste removed from the storage facility
during the spring months, m*; #,” — volume of clarified water taken from the accu-
mulation node, m*; m — porosity of beneficiation waste after back fill; H,, — current
height of the water mirror, m; F,(z) — function describing the dependence of the
current cross-sectional area of the accumulation node occupied by the liquid fraction
on the height of the water mirror, m?; Fy,1 — the share of particles with a diameter of

less than 0.1 mm in the solid fraction of the EW; z — current height of the water mir-
ror, m.
When calculating using formulas (1)—(4), the initial value of the current water sur-

face height H 5,9 Jis assumed to be equal to the value at the end of February. The use of
these formulas involves determining the type of function that describes the depend-
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ence of the current cross-sectional area of the accumulation node occupied by the lig-
uid fraction on the height of the water mirror. The analysis of scientific works by
Ukrainian researchers [1-3, 5—10] clearly indicates the possibility of introducing the
following approximation for the tasks considered in the conditions of liquid man-
made waste storage facilities of Kryvbas mining enterprises:

Fo(2)=kR?, )

where k& — geometric shape factor of the repository perimeter, equal to 1 for a square and
3.14 for a circle; R — conditional radius of the repository bottom, m (Figs. 1, 2)

Table 1 — Formulas for calculating the parameter o.; during the year for the conditions of the

Dnipro region [1-3, 5-11]

The month of the year The month number The value
January 1 0,013
February 2 0,015
March 3 0,018
April 4 0,024
May 5 0,021
June 6 0,015
July 7 0,015
August 8 0,013
September 9 0,017
October 10 0,018
November 11 0,017
December 12 0,014
777717
F ()

; R

T
=

Figure 1 — Structure of the internal slope of the storage facility [1-4].

Formulas (1)—(5), after the transformations, allow us to obtain a dependence for
calculating the change in the current height of the water mirror in the storage facility
relative to the previous value:

i) _ (i) _66(1‘)) Qor . Kar ., Wg 1.
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According to the study by experts of the Institute of Geotechnical Mechanics of
the National Academy of Sciences of Ukraine [1-3], environmental safety in the op-
eration of waste storage facilities is based on two principles: to prevent waste over-
flow over the edges of the embankment dam and to provide a protective layer of lig-
uid over the bottom, which is formed from particles of dusty and clay fractions. In
case of waste overflow over the edges of the embankment dam, the contaminated lig-
uid enters the public water supply, poisons the bio- and noosphere, and in large vol-
umes threatens to flood the land around the storage facility. The reduction of the pro-
tective layer of liquid above the bottom, which is formed from particles of dusty and
clay fractions, leads to the suspension of these particles under the influence of the
current caused by the wind impact on the day surface, which makes the liquid unclar-
ified. And when the liquid layer completely disappears, it causes dusting of the air
around the storage facility, which threatens animals, people and plants.
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Figure 2 — Explanation of the parameter essence R [1-3]

The water surface vibrations in the storage facility occurs throughout the year and
depend on many factors. The basis of this annual cycle is due to the possibility of dis-
charging some of the contaminated liquid into local rivers during floods, which is the
only way to reduce the volume of liquid accumulated in the storage facility. That is,
from March to early June, all the liquid that has been accumulated over the entire
year must be discharged from the storage facility, but in such a way that a protective
layer of liquid remains above the bottom. Formula (6) is focused on calculating the
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change in the current height of the water mirror in the storage facility for one month,
but it can be used to obtain dependencies for calculating the change in the current
height of the water mirror for any period of the year, for example, during the spring
months or for the entire year:

@ g0, Qs ka4 Ve a0 o), i K W )
WEEWI LR o Y Y TR R

!

C J J
c=1- W(l) ; O = Zngv)tk ki = Zk;kT)tk , (8)
k k=i
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where H 51/4) — height of the water mirror in the storage facility after the spring
months, m; H 5;2 ) _ the height of the water mirror in the storage facility in early March

of the current year, m; H 5,9) — the height of the water mirror in the storage facility in
early March last year, m; O, ; —volume of the EW received in the storage facility for

the period between the month with the number ito the month with the number ;,
m’/h; k; ; — the integral value of the parameter that takes into account the influence

of precipitation for the period between the month with the number i to the month with
the number ;.

Since it is only during the spring months that liquid is discharged from the storage
facility to the rivers, the height of the water mirror in the storage facility should de-
crease from March to early June:

) < 1) < ) < 50 ©
and during all other months this value only increases:

H<u3/) < H(I;;) < H<WS,) < H(V?/) < H(VZ/) < H(ug,) < H(v?/) < Hﬁ,o) < H(L%,l) < H(ul,z), (10)

where H V(;) — the height of the water mirror in the storage facility at the beginning

of the month with the number i according to Table 1, m.

Using inequalities (9) and (10), we can formulate a condition for environmentally
safe operation of a liquid industrial waste storage facility based on a comparison of
the heights of the water mirror in the storage facility in early March of the previous
and current years (Table 2).

Using formulas (7) and Table 2, we can obtain the condition for environmentally
safe operation of a liquid industrial waste storage facility with restored accumulation
capacity:
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where Q; — the maximum possible amount of the EW received at the storage facility
during the year for environmental safety reasons, m*h; k, — the volume of liquid

man-made waste removed from the storage facility during the spring months per unit
area of its bottom, m>.

Table 2 — Characteristics of the storage operation mode

Characteristics of the storage operation mode o\ .
- - Definition condition
by environmental threat by storage capacity
Without recovery H ;;2) =H §V0 )
With recovery Hy,™' < Hy,
Unsafe - Hé,fz) > Hﬁé’)

3. Results and discussion

To ensure environmentally safe operation of a liquid man-made waste storage fa-
cility with recovery of a certain amount of accumulation capacity, the following con-
dition should be used:

2O — 52 = Afy, (12)

which, after the transformations, allows us to propose the following instead of
formula (11):

kR*
O112 :QL_LI?AHWa (13)

where AHj, — regulated the decrease in the height of the water mirror in the storage

facility over the year, m.
Since the left side of formula (13) must be positive, we obtain a restriction on the
regulated decrease in the water surface elevation in the storage facility per year

AHy, <091(k, + 415 ). (14)

Constraint (14) is essentially of a technological nature. Environmental safety dur-
ing the annual decrease in the height of the water mirror in the storage facility is to
prevent the influence of the free surface of the liquid on the solid particles that
formed the bottom of the storage facility, for which the following condition is usually
put forward [4, 5, 6, 10]:
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2 - 5Y > am; (15)
H) = 1) 9 e (16)

where H §4) — height of current storage bottom at the end of May, m; AH ¢ — mini-

mum permissible thickness of liquid layer, which prevents the influence of perturba-
tions of the liquid free surface on solid particles that form interface between the solid

and liquid phases, m; H go) — height of the current storage bottom at the end of February

last yea, mr.
Substituting formulas (6) and (16) into inequality (15) and performing the neces-
sary transformations, taking into account (11), we obtain the following inequality:

1+@ H(O) H(O)
, ky —1 k -
Or4 > Of +LIR® o At 55 Qp =—— 2 Wps ky == =5, (17)
1-2-9 1-2-90 s
m m

where Q; — minimum possible amount of the EW received at the storage facility during
the spring months for environmental safety reasons, m*/h; k,, — safety parameter of the

storage operation to prevent the free surface impact on solid particles that formed the
storage bottom, the value of which should exceed 1.

Inequality (17) limits from below the volume of the EW that entered the storage
facility during the spring months, while from above this value is limited by inequali-

ty:
2O - m) >0, (18)

which can be rewritten in the following form:

4 14 k W
0,4<0r; L= (H—HJ—E ; (19)
k, ) c

where Q] — maximum possible amount of the EW received at the storage facility dur-

ing the spring months for environmental safety reasons, m*/h.

If the reliability factor is introduced, formula (11) helps to move from the inequal-
ity to the equation and obtain a dependence for calculating the possible volume of
liquid man-made waste that can be removed from the storage facility during the
spring months, depending on the volume of the EW received at the storage facility
during the year:
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Wg=—7T"— (20)

where k, — reliability factor, must exceed one.

Note that, taking into account formulas (1), inequality (11) limits not only the
volume of the EW received by the storage facility during the year, but also the capaci-
ty of each mining enterprise for sellable concentrates. Based on the properties of al-
gebraic linear combinations and taking into account formulas (1), dependence (8) can
be reduced to the following form:

G G\) = Zrk , 21)

Mz

Qi,] =

/

Il
~

where C_?l(? — capacity of the /-th mining enterprise for sellable concentrates for the

period between the month with the number i to the month with the number j, m*/h.
Thus, if condition (11) 1s not satisfied, i.e., there is an inequality

Q2> 0r, (22)

then, taking into account (20) and (21), the equation for determining the reduction of
capacities for sellable concentrates of each of mining enterprises that store liquid man-
made waste in this storage facility is:

Zﬂ]G;Gl({)z - f—;, 23)

where G, — capacity reduction factor for sellable concentrates of the /-th mining
enterprise.

In case of a reduction in the capacity of sellable concentrates of the mining enter-
prise, the duration of downtime for the year is:

12
T, =(I-0,); L= Yt, (24)
k=1

and the corresponding amount of social payments to employees in accordance with
current legislation is

2 N
Z=3Ex(1-0/)ZM), (25)
/=1
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where T, — duration of downtime at the /-th mining enterprise per year, h; 7 — annual

working time fund, h; Z — total losses from social payments to employees during
downtime, m; Z; — salary of employees of the /-th mining enterprise, m; M, —1s the
number of employees of the /-th mining enterprise who do not work in case of down-
time.

To determine the optimal o, values, equation (23) is considered in conjunction

with the minimum requirement (25), which takes into account the social aspect of
managing mining enterprises.

An alternative to reducing capacity is also the possibility of storing part of liquid
man-made waste within the enterprise industrial area with subsequent discharge to stor-
age facility after or during the spring months. In this case, the volume of liquid man-
made waste to be temporarily accumulated within the /-th mining enterprise is deter-
mined in proportion to its capacity:

O —0r

00 = 1y C_ﬁ(i)z (26)
Q112

where 8Q; — volume of liquid man-made waste to be temporarily accumulated within

the boundaries of the /-th mining enterprise, m*/h.

In a situation where inequality (22) is present, it is possible to take into account
not only the capacity of mining enterprises and the number of workers involved in
production. One of the most promising methods is to release additional storage capac-
ity for other enterprises for the period of repairs, modernization or installation of new
equipment at one of the enterprises.

4. Conclusions

Based on dependencies (1)—(6) and the data in Table 1, taking into account Fig. 1
and Fig. 2, a mathematical model of a liquid waste storage facility that accumulates
processing products and mine water from several mining enterprises was obtained,
taking into account climatic factors of influence and technological limitations on
waste volumes. This model makes it possible to determine the level of the free sur-
face mirror in any month of the year (formula (6)), as well as calculate the change in
the current height of the water mirror in the storage facility for any period of the year,
for example, during the spring months or for the entire year (formulas (7) and (8)).
Based on these formulas and environmental safety requirements for the operation of
artificial storage facilities for mineral processing waste, Table 2 and formulas (11),
(13), (17) and (19), we obtained restrictions on the amount of waste received by the
storage facility during the year or during the spring months. The use of these re-
strictions makes it possible to determine and justify the rational values of capacities
for sellable concentrates of mining enterprises, the duration of their downtime for a
certain period of the year (formulas (23)—(26)).
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Thus, we formulated scientifically based conditions for environmentally safe op-
eration of the liquid man-made waste storage facility; restrictions on the regulated
decrease in the water mirror height in the storage facility during the year were deter-
mined, and the maximum possible volume of EW received in the storage facility dur-
ing the spring months and during the year was calculated for environmental safety
reasons; the possible volume of liquid man-made waste that is removed from storage
during the spring months depending on the volume of EW received in storage during
the year was estimated; methodological foundations for determining the amount of
reduction in capacity for sellable concentrates of each of the mining enterprises that
store liquid man-made waste in this storage facility or the corresponding duration of
downtime were created; the possibility of storing part of the liquid man-made waste
within the industrial area of the enterprise with subsequent discharge to the storage
facility after or during the spring months was substantiated.
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OBI'PYHTYBAHHSA EKONOIYHO BE3MNEYHUX PEXWUMIB TA MAPAMETPIB EKCMNYATALIIl CXOBULY
BIOXOAIB NEPEPOBKA MIHEPAITIbHOI CUPOBUHU
[3ba C.B., CemeHeHko €.B., Kabakoea J/1.6., Tamapko J1.I".

AHorTauis. MpegmeTom JOCTIMKEHHS € PEXUMM Ta NapaMeTpu ekcnyatallii CXOBWLL, BiaXoAaiB nepepobku MiHepanb-
HOi CMPOBWHM. Po3rnsgaoTbCs CXOBULLE PIAKMX BIOXOAIB, SKe akyMymoe MPOAYKTM Nepepobku Ta LWaxTHI BOAK 3 AEKINbKOX
MiPHUYMX MIGNPUEMCTB, 3 BpaxyBaHHAM KniMaTYHUX (DaKTOPIB BMAMBY, TEXHOMOMYHMX OOMEXEHb Ha 06CArM BiOXOAiB.
AHania OCHOBHMX pe3ynbTaTiB AOCHiMKEHb 1OBOAMUTD, L0 ekonoriyHa Besneka npu exkcrnnyaTalii CXoBuLy, Bigxomis 6asy-
€TbCS Ha ABOX NpuHUMnax: 3anobiraHHa nepenuBey Biaxoais yepes kpai Jamb obBarnyBaHHs Ta 3a6e3neUYeHHs 3axXVCHOro
Lapy piguHN Hag AHOM, SIKWA YTBOPEHO 3 YaCTMHOK NUIyBaTUX Ta IMUHUCTUX ppakuii. MeTa poboTh nonsrae B HaykoBOMY
00rpyHTOBAHOMY BM3HAUEHI MOXIIMBMX 3 TOYKM 30PY EKOMOriYHOI 6E3neKkn pexumiB ekcnnyarauii CXoBuLIA PigkmX BigxoaiB
3barayeHHs Ta BugobyTKy MiHepanbHOI CUPOBMHM Ta CTBOPEHHIO METOAIB PO3PaxyHKY IX MakCUManbHO MOXMMBKX 0bcsT,
IO HaAXoddTb [0 CXOBWLLA MPOTAroM poky. MpW JOCHigKeHHI BUKOPUCTOBYIOTLCA METOLONONS MNOrCTUYHNX CUCTEM, B
Mexax KOl CXOBMLLE PO3rNAacTbCs K By30n akymynsyji, a loro mMogenb BKIoYae B cebe cucTeMy PiBHSHb, LIO ONKCY-
t0Tb BUCOTY [3epKarna Boaw i piBHS AHA B 3anexHOCTi Bif 06cAriB poscunis i BoAW, L0 NOTpanumio A0 HeOro i BigibpaHi 3
HbOTO 3@ aHani3oBaHuMIA Nepiof ekcnyatalii, 3 ypaxyBaHHAM reOMETPUYHIX 0COBNMBOCTEN Yalui cxoBuwa. B pesynbrari
CTBOPEHO MaTeMaTiyHy MOAENb CXOBWLLA PIoKMX BIOX0iB, ke akyMyMoe NPOAYKTU nepepobku Ta WaxTHi BOAY 3 AeKirb-
KOX FipHWYMX NiANPUEMCTB, 3 BPaXyBaHHAM KriMaTUYHUX (DaKTOPIB BNAMBY, TEXHOMOTYHMX OBMEXEHb Ha 06CArM Biaxoais.
Lis mogenb [03BONsiE BU3HAYATW piBeHb A3epKana BinbHOI NOBEPXHi B Gyab-AkUA MICALb POKY, @ Takox po3paxoByBaTh
3MIHEHHS MOTOYHOI BUCOTW [3epkana BOAM Y CXOBULLi 3a Byab-skuit NPOMIXOK Yacy. Ha ocHOBI Lux dopmyn, Ta BUMOT
eKonoriyHoi 6e3nekun npum ekcnnyaravji LWTY4HUX CXOBWLL BigxodiB nepepobki MiHepanbHOI CUPOBUHN OTPUMAHO OOMEXEH-
HS Ha obcar Bigxodis, L0 HAZINWIOB 4O CXOBWLLA, MPOTArOM POKY, abo MPOTATOM BECHSHMX MICsLiB. BukopucTaHHs Lmx
0bMexeHb 403BONUNO BU3HAYATK Ta OOIPYHTOBYBATW paLjioHanbHi 3HAYEHHS NOTY)XXHOCTEN MO TOBAPHUM KOHLEHTpaTaMm
MiPHUYMX MiZNPUEMCTB, TPUBAIOCTI iX NPOCTOIB 3a NEBHMIA NEPIOA POKY.

KniouoBi cnoBa: cxoBuLa Biaxogis nepepobku MiHepanbHOi CMPOBMHW, BUCOTa A3epKana BoAyW, ekonoriyHa bes-
neka ekcnnyarauji.
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