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Abstract. The paper provides a justification for the parameters of the designed technology for the sectional
formation of tailing dumps and its subsequent mining using hydraulic pull shovels. The authors have found
dependences for the amount of man-made feedstock lost in a section upon the section width due to
economic and technical factors. During the study, a modern approach was used to solve the tasks assigned —
comprehensive research that included estimation of the existing state of knowledge for anthropogenic
deposit mining, study of the spatial structure and the relationship of the pull shovel specifications with the
anthropogenic facility. The study has shown that high-grade tailing materials were diluted during the mining
of an anthropogenic deposit due to losses and clogging, thus also reducing mining efficiency. The designed
technology for the sectional formation of an anthropogenic deposit ensures selective excavation, decreasing
the raw material dilution within sections, increasing mining safety and intensity, and reducing the mining costs
in the future.
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TexHOAO2USI NOCEKUUOHHO20 POPMUPOBaHUSI TEXHOZEHHO20
MeCTOpOXXgeHust C nocaegyowell 0OTPAdOTKOU 2ugpaBAu4ecKkum
3KCKaBaTopom «obparHas AonaTa»
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AHHOTauus. B ctatbe npegctaBAeHO 0O0CHOBaHUE NapameTpoB pa3paboTaHHOU NOCEKUUOHHOT TeXHOAORUU
chopmMupoBaHusi U OTPabOTKU XBOCTOXPAHUAUWA 2UgPaBAUYECKUMU 3KCKaBaTopamu «obpaTHasi Aonatay.
BoisiBAEHbI 3aBUCUMOCTU NOTEpPb TEXHOREHHO20 CbIpbsl B CEKUUU OT €e WUPUHbl NO 3KOHOMUYECKUM U
TexHuyeckum cpaktopam. [pu nposegeHuu uccaegoBaHust OblA UCNOAb30BaH COBpPeMeHHbIO Nogxog K
peweHUI0 NOCTaBAEHHbIX 3agay — MeTOg KOMNAEKCHO20 UCCAeGOBaHUSI, BKAIOUAIOUWLU T aHaAU3 CyUWeCTBYIOWe20
COCTOSIHUSI U3y4eHHOCTU BONPOCa OCBOEHUSI TEXHOREHHbIX MeCTOpPOoXKgeHud, usyyeHue NpoCTPaHCTBEHHOU
CTPYKTYpPbl U OTHOWEHUSI TEXHOAORUYECKUX NapamMeTpoB 3KCKaBaTopa Tuna «obpaTHasi AonaTtay K TeXHO2eHHOMY
obbekTy. MccaegoBaHusi Nokasau, YTo Npu pa3paboTke TeXHO2EHHO20 MECTOPOXKgEeHUsl, NpegcTaBAEHHO20
XBOCTamu 0b602aweHus, NpoucxoguT pa3ybokuBaHue KOHJUUUOHHO20 TeXHOREHHO20 ChIpbsl 3a CYeT NoTepb
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YCTOMHBOE PA3BUTVIE FOPHbLIX TEPPUTOPI

U 3aCOpEHUsT, a TakXkKe CHUXaeTCsl 3(ppeKTUBHOCTL BegeHust 20pHbIx paboT. PazpaboTaHHasi TexHOAO2us!
(popmupoBaHUS NOCEKUUOHHO20 TEXHOREHHO20 MECTOPOXXGEeHUSI NPU  UCNOAL30BaHUU  2UgpPaBAUMECKO20
3KCKaBaTopa Tuna «obpaTtHasi AonaTa» NO3BOASIET 06ecnevUTh CEAEKTUBHYIO BbIEMKY, CHU3UTb pa3ybo)KuBaHue
TEXHOREHHO20 ChIPbsl B NpegeAax ceKuud, NOBbICUTb 6@30NaCHOCTb U UHTEHCUBHOCTb BEgeHUS 20pHbIX PaboT,
a TaKXkKe CHU3UTh ceb6eCcToumMoCTb gobbiuu B bygywem.

KAloueBble cAoBa: TexHOREHHOEe MecTopoxkgeHue, (hopMupoBaHuUe, 2ugpaBAuseckull 3KCkaBaTop, hoTepu,
napameTpbl, ceKuuu, paspaboTka

bAazogapHocTh/PuHaHCUpOBaHue: COTpygHUKam Kadpegpbl pa3paboTKu MecTOpoXKgeHul NOAE3HbIX
uckonaembpix CaHkT-INeTepbypackozo 20pHO20 yHUBEpcUTeTa U HayyHo20 ueHTpa 2eomMexaHUKuU u NpodbAem
20PH020 NPOU3BOYCTBA 32 KOHCYAbTAUUU U NOMOWb B NPOBEJEHUU UccAegoBaHu.

Aas uyutupoBaHus: Auzoukul A.H., ApeumbaeBa K.B. TexHoAoz2usi nOCEKUUOHHO20 hopmMupoBaHus
TEXHOREHH020 MECTOPOXKgeHUsl C nocAegylowed oTpaboTKol 2ugpaBAUYECKUM 3KCKaBaTOPOM «obpaTHast
Aonata» // YcToGuuBoe pas3BuTue 20pHbIX Tepputoput. — 2024. — T. 16. — N2 1. — C. 111-121. DOI:

10.21177/1998-4502-2024-16-1-111-121.

Introduction

Today, the inevitable depletion of reserves and de-
terioration of geological and mining conditions result
in the need to search for new inexpensive raw mate-
rial sources [1-3]. Mill waste at metallurgical plants
and waste dumps of low-grade non-commercial ores
are promising raw sources [4—6]. Their amount in-
creases at mining facilities with each year [7-9]. They
accumulate a lot of valuable components, the content
whereof in waste in some cases exceeds that in nat-
ural resources; considerable land areas are disturbed
[10—12]. Due to these reasons, the importance of an-
thropogenic deposits increases significantly, and their
mining is a topical issue of the nearest future [13—-16].
Therefore, it is a certainty that finding a justification
for the parameters of the technology for the section-
al formation of tailing dumps with their subsequent
mining is a very well-timed research direction; this
would increase the safety, intensity, and profitability
of mining [17-20]. When calculating the econom-
ic efficiency of anthropogenic deposit mining, one
should consider not only the factor of obtaining addi-
tional products but also the reduction in the costs due
to waste storage, damage from environmental pollu-
tion, and the mining costs due to the reduction in the
expenses for preparing rocks before their excavation
and in the processing costs [21-24].

Leading researchers — M.I. Agoshkov, S.E. Gavr-
ishev, A.M. Demin, Yu.E. Kapustin, N.V. Melnikov,
B.M. Nikitin, K N. Trubetskoy, V.N. Umanets,
G.A. Kholodnyakov et al. — have devoted their stud-
ies to the integrated mining of mineral resources and
their efficient management [25-27].

They were the first to systematize and classify
man-made deposits and formations; generalize explo-
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ration methods; reveal specific features of the internal
structure and spatial variability of target mineral con-
tent; justify the financial viability for the accompany-
ing mineral mining. They have created an economic
and mathematical model that allowed optimizing the
amount of utilized crude minerals of different grades,
defining the minimum industrial content of useful
components in commercial reserves, and selecting the
most efficient ways to use anthropogenic feedstock
and mining routes [28-30].

Thus, fundamental concepts have been designed
for the transfer to low-waste technologies for miner-
al deposit mining by the targeted formation of man-
made deposits and mining of existing ones [31, 32].

Efficient processing routes and parameters, which
would ensure high productivity and simultaneous
safety of mining operations, have not been yet devel-
oped and justified for tailing waste mining despite the
availability of an extensive theoretical potential and
scientific procedural background.

The objective of this paper is to substantiate the
parameters of the technology for the formation and
development of technogenic deposits, represented by
iron-containing enrichment tailings, to increase the
productivity of excavation and loading equipment,
the completeness of extraction and reduce the impov-
erishment of the produced technogenic raw materials.

Methods and materials

During the study, a modern approach to solving
the tasks was used — the method of complex research:
1. Analytical method, which includes the analysis
of technogenic formations and the methodological
base for involving them in development, the assess-
ment of the prerequisites for the application of loss
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reduction methods, their analysis and comparison, the
study of the dynamics of cryogenic processes.

2. Computer modeling method, including 2D and
3D modeling of technological schemes using walk-
ing and hydraulic excavators, the influence of the pa-
rameters of a helical continuous winding on the flow
structure (subject to the conditions of dynamic simi-
larity according to the Reynolds number).

3. Experimental method, including physical mod-
eling of controlled segregation and study of the be-
havior of polydisperse mixtures during the formation
of a man-made deposit, study of the behavior of a
walking excavator bucket, determination of the phys-
ical and mechanical properties of enrichment tailings.

4. Mathematical analysis of the results obtained,
including the identification of dependencies, plotting,
calculation of technological and economic parame-
ters.

5. Synthesis of the results of private research in
various fields of science.

Results

The designed technology for the sectional
formation of an anthropogenic deposit comprises
a main dam, which may be designed in a different,
rectangular, shape. The resulting reservoir is divided
into sections by walls made of rock overburden. The
rock wall is made along the reservoir length leaving
a water discharge gap between said wall and the
dam. Anthropogenic raw materials are dumped by a
distributed release into each section via pipes carrying
coarse (rich) fraction and into the active tailing
dump via pipes carrying fine (poor) fraction of the
anthropogenic feedstock. Pipe branches coming out
of the device may be of different design. Coarse (rich)
and fine (poor) fractions are separated by a separation
control device when forming the man-made deposit.
Sections are mined after their filling. Extracted raw
materials are transported to the dressing plant for
their further processing and application in various
industries.

Itis necessary to form the sections that separate raw
materials with consideration for the application of pull
shovels. This type of mining and loading equipment
provides the possibility of fully implementing the
selective mining of anthropogenic raw materials
at the expense of the complex kinematic pattern of
the shovel bucket motion [33-36]. Rock walls are
dumped with the following parameters using dumpers

(Fig. 1).
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Fig. 1. Parameters of the rock overburden wall:

a — the wall cross section; b — the wall top view;
Bl.W'b”L the width of the rock wall at the bottom, m,
B — the width of the rock wall at the top, m;
le‘“”l’ — fill radius at the top, m; H— rock wall height, m;
L)'~ the length of the rock wall without the round-shaped
fill, m (compiled by the authors)

Puc. 1. I[lapamempbi nepe2opooku U3 CKaabHOU 8CKPBIUIL:
a — nonepeynoe ceueHue nepezopooxil;

0 — 6u0 nepe2opodku ceepxy; B/"" — wupuna ckanoHot
nepe2opooku no nuzy, M; B —wupuna ckanonot
nepe2opooku no 6epxy, m; R’*— paouyc naceinu no 6epxy,
Mm; H!' — ebicoma CKANbHOU Nepe2opooKuU, M, L"— onuna
nepezopooKU U3 CKAIbHOU 6CKpuluilL 0e3 yuema HACbInu
Kpy2noti ghopmul, M (COCMABILEHO ABMOpamu)

The rock wall height is calculated by the equation:
HY = Hit,m, (1)

where H*" is the maximum digging height of the
shovel, m.
The wall width at the top is:

Brr=RB m, )

where B__ is the minimum width of the work site, m.
The amount of overburden rock used to form the
wall is calculated using the formula:

min’
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where L is the length of the rock wall without the
round-shaped fill, m; Rif""P is the fill radius at the top,
m; R/*is the fill radius at the bottom, m.

The total required amount of rock overburden is:

total __ yrwall wall wall 3
A A A AL

where 7 is the number of sections in the anthropogenic
deposit being formed, pcs.

The number of sections is set by the required
amount of the selected grades for the dumped material
extracted from anthropogenic raw materials and the
tailing dump capacity.

The amount of anthropogenic raw materials in the
section is calculated by the equation:

s.top s.bot
I/c = %le_]lsﬂz section v, m’ (4)
where B is the section width at the top, m; B“* is the
section width at the bottom, m; L/ is the section length,
m; f3, . is the section filling rate, fractional units.

The section may be built above the ground
surface, depressed, or by combination of the above
two methods. For the complex design of the section,
its height will be the sum of the heights of the above-
ground and depressed parts.

The wall length is limited by the boundaries of
the free land plot within the land permit. The double-
sided shovel arrangement will increase the mining
intensity within the section and section width (Fig. 2).

The section maximum width is:

s.itop __
B =Ry ,+ Ry ,—22—

-2 (RIW.A - R12W.A —a’ ), m,

where z is the safe distance from the shovel axis to the
bench edge, m; a is the distance from the site to the
shovel axis, m; R, is the work area radius for the
first pull shovel, m; R, is the work area radius for
the second pull shovel, m.

At the same time, the work area radii of the pull
shovels used are their maximum excavating radii,
which may overlap either in one or in two points, or not

overlap atall. The overlap area size may vary depending

on the distance between shovels, and impacts the
section width, losses and capacity, accordingly.

a)

11

> 4

Fig. 2. The diagram of pull shovel arrangementwhen
mining the formed anthropogenic deposit: a — plane view;
b — 3D model; 1 — main dam, 2 — sections; 3 — rock walls;

4 — section-connecting gap, 5 — shovel work areas;
6 — location of the mining and loadingequipment;
7 — pipe carrying rich/coarse fraction of material;
8 — pipe carrying poor/finefraction of material;
9 — separation control device when forming the man-made
deposit; 10 — overlapping work areas of shovels;
11 — overlap points of shovel work areas
(compiled by the authors)

Puc. 2. Cxema pacnonosicenis b1eMOUHO-NOSPY30UHOSO
0bopydosanus npu paspadomre cpopmupo8aHHO20
MEXHO2EHHO20 MECTNOPOHCOEHUA. d — 8UO 6 NIAHe;

6 — 30 modensv, 1 — ocnosnas damba, 2 — cexyuu,
3 — nepezopooku U3 CKATbHOU BCKPbILULU,
4 — npomedxcymox, coeOuHAIoOwWULL CeKyuul;

5 — pabouue 30Hbl IKCKABAMOPOB; 6 — HIKCKABAMOPOS
«obpamuas nonamay, 7 — mpyba ¢ 602amotl/KpynHotu
dpaxyueii mamepuana; 8 — mpyoa c 6edHou/MenKot
@pakyueii mamepuana, 9 — ycmpoucmeo no ynpasieHuio
cezpecayuoHHOM NPOYeCcom,;

10 — obnacme nepexpewusanus pabouux 301
aKkckagamopos; 11 — mouxu nepeceuenus paboyux 30
9KCKABAMOPOE (COCMABIEHO ABMOPaMIL)

The formed man-made deposit should be mined
using a hydraulic pull shovel from the work area
edges to the pit wall made of rock overburden as
shown in Fig. 3.
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Fig. 3. Section mining sequence using a pull shovel: a — side view; b — front view; R

wa— Work area radius for the

first pull shovel, m; R, — work area radius for the second pull shovel, m; L™ 7AW material layer thickness, m;

Aizgﬁon — material loss due to overlapping work areas of pull shovels in the i section, m*; h
1,23,k k,

— loss height, m;

loss

k., k — material block mining sequence; z — safe distance to the bench edge, m;
/)

a — height from the rock wall surface to the boom, m (compiled by the authors)
Puc. 3. [lopsdok ompabomxu cexyuu ¢ UCNOIb308aHUEM IKCKABAMOPA «0OOPAMHAsL IONAMAY. d — U0 cOOKY; 6 — U0
cnepedu; R,,, — paouyc paboueil 30nbl 1-20 skckasamopa «obpamuas nonamay, m; R,,, — paouyc pabouetl 30nvl 2-20

nomepu
IKCcKasamopa «06pamﬁaﬂ Jaonamay, m; tm — MOUWHOCMb Cl10sl Mamepuaia, m, A P — 8elUYUHA nomepsb npu

i cexyuu

nepecedeHuu pa6011ux 30H IKCKasamopoe «06pamnaﬂ aonamay 8 i-u cekyuu, Mj,' hn — eblcoma nomepv, M,

1,23,k k, k

77 7 T

k . — nopsidok ompabomxu O610K06 Mamepuana, z — 6e30nacHoe paccmosinue 00 OPOSKU YCmyna, M;

a — 8bICOMA OM NOBEPXHOCTU NEPE2OPOOKU U3 CKANbHOU 6CKPbIULLL 00 CIPETbl, M (COCMABILEHO ABMOPAMU)

This mining sequence for the anthropogenic de-
posit decreases the risk of slope slide, increases the
safety margin factor for the rock overburden site due
to the presence of a relieving wall to the bench slope
[37-40].

Existence of loss is characterized by the distance
between the pull shovels. At the same time, a strong
decrease in this distance will result in a considerable
reduction of the section width, which, in turn, impacts
its capacity at constant height and length, and leads
to increased costs required to form sections [41-43].

Calculation of the optimal section width should
be based on the loss amount that occurs due to over-
lapping work areas of the shovels facing each other.

(Fig. 4).

Let us derive a set of equations to define the
coordinates of overlappoints for shovel work areas
assuming that the coordinates of the first shovel are
x,=0and y =0. Then:

x? +y2 = RfW.A;
(x _‘xs2)2 +(y- ys2)2 = R22W.A9 (6)

where x,, v, are the coordinates of the 2nd shovel;
x, y are the coordinates of overlappoints for shovel
work areas.

Aty #v,, when shovels are located at different dig-
ging levels and at different distance, we can put x in the
curve equation for the first shovel work area, resulting
in the following quadric equation:

V.16, no. 1 (59), 2024
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Fig. 4. Loss of raw materials due to overlapping work
areas of pull shovels at point M(x;y): h, _,is the lost
material height at the maximum digging depth, m;

He is the section depth at the maximum digging depth, m,
R,  is the work area radius for the first pull shovel, m;
R,  is the work area radius for the second pull shovel, m
(compiled by the authors)

Puc. 4. [lomepu mexnoeeHno20 colpbsi 8 paboyux 30HaAX
2UOPABTIUYECKUX IKCKABAMOPOS8 «0Opamuas 10nama» 6
mouke M(x;y): h ,— 6bilcoma nomepo npu MakcumanbHou
enyoune wepnanus, m; H* — anyouna cexyuu npu
MAKCUManvbHou 2nyoune uepnanus, m,

R,,,— paduyc paboueti 30nbl 1-20 dKcKasamopa, m;
R,,,— paduyc pabouetl 301bl 2-20 SKCKAGAMOPA, M
(cocmagneno asmopamu,)

V(04 +x3) -2y ,ev+ (- R x3)=0. (])

Let us introduce variables to simplify the solution:

f=yh+xh; ®)
g=-2y,¢ )
m=c’—R}, ,-x,. (10)
Then
D =g~ 4fm. (11)

If D<0, shovel work areas do not overlap, resulting
in the biggest loss of anthropogenic feedstock (this
case is not studied).

If D=0, shovel work areas have one common
overlap point:

y:—g+\/5. Lo ET W
2f ’ xs2

Section would have the maximum width in this
case.

If D>0, shovel work areas have two overlap points,
whereat the lowest loss of anthropogenic feedstock is
achieved:

(12)

Mz, v

_—g+VJD

13
i 2f (13)
xsZ
—g—+D
2f
C yZySZ (16)

s2

Let take the overlap point with coordinates (x,; y,)
for further calculations since losses occur in the bottom
part.

Aty =y, when shovels are at the same digging lev-
el, let find the solution through y resulting in:

H=b=(H+a)-ym (17

where H¢ is the section height, m; a the distance from
the upper site to the shovel axis, m.
Area of lost materials in the section is:

Sloss :x(|b|_|y|)_

X

arctg ()
) ﬂ-—oy— sin (2arctg (ij)‘ -
_ R(lW.A) 90 y _
4 X,
arctg (”)
b . [xb )
T—————+|sin| 2arctg| —=
90° [ b

+ (50 =) (Bl=[) -

[ xsZ —-X j‘
arctg
L Y

z
90°
2 —
| R —sin{Zarctg(xS2 x)j‘— , (18)
4 y

arct (xb)
Y

90°

- +

X,
in| 2arctg| =&
sm( arc g( b ))‘

where x, y are the coordinates of the overlap point of
shovel work areas.
Generally, the section width at the top part is:

.10
B =-2z—-R, ,+2x+R,, , =

=X,—X,—2z,m.

(19)
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The amount of lost material in the section will be:

I bot 3
Aios‘j:ction = Si loss Lj ° , M, (20)
where L is the section length at the bottom, m.
Thus, the dependence of the lost material amount
on the section width and the costs required to eliminate
it are shown in Fig. 5-6.

=

Ps
P4

= Ps

B, m

Fig. 5. Lost material amount vs. section width: P — loss
amount, m*, B — section width, m (compiled by the authors)
Puc. 5. 3asucumocms senuuunvl nomeps oM WUPUHbL
cexyuu. P — eenuuuna nomepo, i,

B — wupuna cexyuu, m (cocmasneno agmopamu)

The costs necessary to reduce the loss of
anthropogenic feedstock depend on the method
applied [44-46].

Taking into account the structure of the
anthropogenic deposit formed in sections, the
following methods may be proposed to decrease the
loss of raw materials during their mining using pull
shovels:

1. Arrange ramps in the sections and place
mobile equipment in them to move the remaining
anthropogenic feedstock into the work area of the
shovels.

2. Decrease the height of the mined section by the
value equal to the OY coordinate of the overlap point
of shovel work areas.

3. Decrease the width of the section being mined
by the length of the loss triangle base.

This paper considers the first method intended to
decrease the raw material loss since both other ones
would lead to the decrease of section capacity and, as
a result, to the increase of the costs necessary to form
it. It is possible to use a bulldozer, small-capacity
dredger or loader as mobile equipment. However,
the dredger is the most expensive device to operate

among the above-listed hardware. Leaving the high
height of the loss triangle for its application feasibility
is unsafe [33, 46]. According to the study performed,
the application of bulldozers is economically
unviable due to the limited specifications, namely
the maximum angle of approach and dumping height
[41]. Therefore, the application of a front loader is
more prudent and may be explained by the break-
even point of loss decrease based on the economic
factor (Fig. 6).

Fu
Ps

Ps

& p Profit zone
o 7
= 7
L=} .\
'5— Py d . _rn"'.
W >

P i .

__..v"
Py A

-
Ei
0 C/Fp GF  GF  GFR GF GF  GF  GFR
Loss zone 3, B, RUB (thou.)

Fig. 6. Dependence of the cost amount required
to reduce material loss and profit upon the loss value
(compiled by the authors)
Puc. 6. 3asucumocmu 3ampam na cokpawjenue nomepb u
BLIPYUKU OM GENUUUHBL ROMEPb (COCMABLEHO AGMOPAMLL)

Discussion

The technology for the sectional formation
of ananthropogenic deposit should consider the
performance characteristics of the pull shovel used.
This consideration will increase the deposit mining
efficiency in the future. Our study has revealed a
direct dependence of the parameters of enclosing
walls between the sections upon the performances
of mining and loadingequipment, which equals the
maximum height of shovel digging and the minimum
width of the work area for safe mining. The wall
length is limited by the land plot boundaries within
the land permit.

The width of sections filled with anthropogenicraw
materials is largely dependenton the radius of
the shovel work area, the mining face extraction
sequence, the amount of equipment used, and the
lost feedstock volumes, as well as on economic
factors. A lower quantity of the applied mining and
loadingequipment leads to a decrease in the section
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volume, which, in turn, results in a productivity
decrease and often in considerable losses. In this
case, loss of feedstock occurs in the area opposite to
the barrier wall side, and this indicator increases in
direct proportion to the section width. When using
two shovels, material loss occurs at the overlap of
their work areas and increases as the section width
increases. The concept of processing the mining face
from the sides to the centre reduces the risk of the
wall slope slide due to thepresence of a relieving wall
made of anthropogenicraw materials.

Figure 6 shows that the intersection of the loss re-
duction costs and revenue dependencies upon the loss
value will yield a section width, at which loss reduc-
tion costs will be compensated by the revenue, and
the industrial facility will start making a profit when
reducing the loss of each successive cubic metre of
feedstock.

Let us find the break-even point and, therefore, the
section width at the top, at which the company starts
making a profit; the maximum profit is at the point
with maximum deviation of the graphs from each
other. The maximum loss height is defined by the
functionality of the mobile equipment used to reduce
losses and the safety of the mining operations. Opti-
mum width of the section is defined by comparing the
values obtained.

Conclusion

Recently, mining of anthropogenic deposits is
becoming an increasingly important problem ac-
companied by the decrease in productivity of mining
operations due to sudden collapses of mining faces,
downtime of mining and loading equipment, severe
losses of man-made feedstock in the shovel work ar-
eas, and high production costs. Due to these factors,
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