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Annotation. The paper analyzes the current state of artificial tailings storages. These unique anthropogenic 
facilities may be considered both as the sources of environmental hazard and as promising anthropogenic deposits. The 
relevance of their development is shown. Decrease in the energy intensity of transportation and storing of mineral 
processing products, lowering of anthropogenic influence on environment, increase in environmental safety is an main 
problem for domestic ore-dressing and processing enterprises. Tailings storages basin ore-dressing and processing 
enterprises are huge reservoirs walled in dumps consisting of sludge and barren rock and impounded with pulp. These 
unique anthropogenic facilities may be considered both as the sources of environmental hazard and as promising 
anthropogenic deposits. Stored iron ore cleaning rejects predominately consist of quartz; low-grade quartz aggregates 
with hematite; magnetite. These TS are characterized by long operation life. Placing of mineral processing products 
occurs by layers one over another with becoming building-up of retaining dams. Stored iron ore cleaning rejects 
predominately consist of quartz; low-grade quartz aggregates with hematite; magnetite. Taking into account the existing 
technologies of tailings storing, it is substantiated that the future anthropogenic deposit is formed by hydraulicking layers 
of the same thickness, displaced relative to each other in the horizontal plane by the same amount. As a result of 
research dependences were obtained that allow estimation of the probable volumes of stored mineral processing 
products and available storage volume when building up dams, as well as justification of the location of the inner 
boundary between the core of the artificial storage and the body of the retaining prism. In the paper possible variants of 
formation of boundary layer between tailings storage core and retaining prism are offered. The intervals of change of 
coefficient of dusting surface length are determined for different variants of transition zone formation. The dependences 
of dusting surface length and slope inclination on hydraulicking layer number are obtained for determination of location of 
the boundary between transition zone and tailings storage core. 

Keywords: enrichment waste repositories, hydraulicking layer, retaining dam, length dusting surface, the boundary 
of anthropogenic placer. 

 

Introduction.There are about 25 billion tons of solid waste products accumulated 

in Ukraine. These waste products occupy about 150 thousand hectares of fertile land 

and have a negative influence on natural landscape and environmental conditions [1 – 

3]. Occupied areas are taken out of economic activity, but neighbouring lands 

become degraded because of dust pollution from waste piles and tailings storages. 

Known technologies of dams building up for tailings storages don‟t ensure their 

effective operation now, but only deepen environmental hazard of industry. So the 
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main problems and the tasks for domestic ore-dressing and processing enterprises are 

resource-saving technologies, decrease in the energy intensity of transportation and 

storing of mineral processing products, lowering of anthropogenic influence on 

environment, increase in environmental safety. 

Methods. Tailings storages (TS) of Kryvyi Rih basin ore-dressing and processing 

enterprises are huge reservoirs walled in dumps consisting of sludge and barren rock 

and impounded with pulp (mixture of disintegrated cleaning rejects with water). 

These unique anthropogenic facilities may be considered both as the sources of 

environmental hazard and as promising anthropogenic deposits [1 – 4]. These TS are 

characterized by long operation life. Placing of mineral processing products occurs 

by layers one over another with becoming building-up of retaining dams. Stored iron 

ore cleaning rejects predominately consist of quartz; low-grade quartz aggregates 

with hematite; magnetite. The prevalent chemical elements are silicon (about 58.61 % 

in terms of silicon dioxide) and iron (under 12.14 %). This is specified by the iron-ore 

concentration technology established in Kryvyi Rih basin. It is based on three or four 

stages of magnetic separation when only magnetite is recovered into commodity 

concentrate, but hematite is discharged into cleaning rejects as a weak-magnetic 

mineral. Bulk of solid phase of cleaning rejects containing ferruginous quartzite falls 

out on the dusting surface of the hydraulicking layer and doesn‟t get to the storage 

core. According to research [4, 5] there may be transition zone, containing valuable 

components, between the core and the dusting surface sometimes. But conditions of 

this zone formation are not studied and its boundaries are not determined. This 

hampers estimation of boundaries of anthropogenic placers and restrains elaboration 

of technological solutions for their development. So elaboration of technologies of 

development of anthropogenic placers at Kryvyi Rih basin ore-dressing and 

processing enterprises requires substantiation of inner boundary between TS core and 

retaining prism formed during the storing of mineral processing products. It is an 

actual problem at present. 

Known calculation procedures allow determination of retaining prism volume, 

volume of stored cleaning rejects and available storage volume counting off from 

retaining prism height [1]. But they don‟t allow establishment of location of inner 

boundary between TS core and retaining prism body (Fig. 1). 
 

 

 

Figure 1 - Location of inner boundary between TS core and retaining prism body: 1 – layers of 

consecutive hydraulicking; 2 – zone of underwater hydraulicking 
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Stored volume of solid particles is an actual potential of future anthropogenic 

deposit. Taking into account the existing technology for the tailings storing, it is 

substantiated that the future anthropogenic deposit is formed by hydraulicking layers 

of the same thickness, displaced relative to each other in the horizontal plane by the 

same amount (Fig. 2). 

 

Figure 2 - The scheme of anthropogenic deposit forming: 1 – retaining dam; 2 – the boundary of 

anthropogenic placer; 3 – layers of consecutive hydraulicking 

It should be noted that the length of the underwater surface is reducing with each 

new layer. It means that the part of solid particles placed by underwater 

hydraulicking falls out in quite other conditions if the boundary of underwater surface 

of previous layer is reached [5 – 9]. Actually this part of solid particles will fall out in 

the pond zone forming certain body beyond the bounds of hydraulicking body of the 

previous layer as its extension. Then the particles of the current hydraulicking layer 

will place on this body in calculated conditions. 

It would seem that the bed of the future anthropogenic placer should shift by  

when moving to the new hydraulicking layer (Fig. 3). But the remote part of the 

underwater surface with length  has nothing to lean on because of the absence of 

placer previous layer under it. So three variants of valuable component particles 

placing process may be marked out (Fig. 3, Table 1). 

Variant I (Fig. 3.a, Table 1) gives the simplified process representation. In this 

case we assume that all particles, which were ought to extend the current 

hydraulicking layer to given length, in fact extend the previous hydraulicking layer to 

the same length. In this case some part of the current hydraulicking layer “falls” from 

the forming layer on the previous one. According to variant ІІ (Fig. 3.b, Table 1) the 

particles, which form interface during sedimentation process, have to get over two 

times greater depth than particles, which form the current layer surface. Therefore the 

slope is forming for two layers at once and has other inclination. In the case of variant 

ІІІ (Fig. 3.c, Table 1) we assume that each following layer encloses more particles 

than previous one because it forms ever greater “pillar” every time. In addition the 

fine particles from the pond are admixing to the base of such “pillar” and contaminate 

future anthropogenic placer. 

Models of processes of formation of intermediate zone between the retaining 

prism body and the TS core are unknown and calculation methods for parameters of 

this zone are absent also. Some researchers mention three different forms of prism 

body, which may be matched with formulated variants of formation process (Table 2) 

[1, 4, 5, 8 - 11]. 
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a) 

 

b) 

 

c) 

Figure 3 -  Possible variants of formation of boundary layer between the core and the retaining 

prism: a) – Variant І; b) – Variant ІІ; c) – Variant ІІІ; 1 – layers of consecutive hydraulicking 

 

Table 1 - Description of possible variants of forming of boundary layer between the core and the 

retaining prism 
 

Variant Process features 

І This piece «fell» from higher hydraulicking layer 

ІІ Particles from higher layer form new slope taking into 

account new sedimentation conditions. 

ІІІ Particles form pillar at first and then following particles of 

this layer form “piece”. It is necessary to discharge more 

material for this variant of formation. 
 

The forms of retaining prism body differ from each other by inner slope 

inclination: 

 in some cases angle is acute, as well as in the retaining dams; 

 this angle may be close to the right angle; 

 retaining prisms with a blunt angle of the inner slope are known also. 

Acute angle of the inner slope of the retaining prism is forming when variant I of 

intermediate zone formation is realized at the expense of sliding of end parts of 

higher hydraulicking layers on the previous ones. The angle of the inner slope of the 

retaining prism is close to the right angle when variant II of intermediate zone 



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Геотехнічна механіка. 2019. № 146 
 

 

83  83  

formation is realized. In this case the slopes displace the ridge and interface to a small 

extent because they are washed out during underwater placing. Blunt angle of the 

inner slope comes out of variant III realization when hydraulicking of the current 

layer is accomplished on the “pillar”. This results in interface moving deep into the 

TS core [1, 4, 5, 8-10, 12]. 

At the same time high accuracy in determination of boundary of intermediate 

zone between the retaining prism and the TS core is not required in terms of the 

formation of anthropogenic deposit. The valuable component is concentrated near the 

dam on the dusting surface and it is not planned to mine it in the zone of underwater 

hydraulicking. So it is important to estimate some boundary of transition zone. 

Content of the valuable component or its contamination by slimes beyond the bounds 

of this zone will be unacceptable in terms of reprocessing. Therefore the boundary 

between the transition zone and the dusting surface will be considered for 

determination of mining parameters during anthropogenic deposit development. This 

boundary is characterized by the distance between the inner border of the retaining 

dam and anthropogenic placer boundary, or intermediate zone beginning on the 

higher surface of current hydraulicking layer (Fig. 4). It may be also characterized by 

the distance between the inner border of the retaining dam and intermediate zone 

beginning measured horizontally. 

Thereby the anthropogenic placer is that part of stored cleaning rejects, which 

precipitates from the flow and doesn‟t get to the pond. It is evident that the most 

valuable part of cleaning rejects is storing on the dusting surface, but the part, formed 

by underwater hydraulicking, is less valuable (Fig. 5). It is necessary to know 

dependences of hydraulicking layer length, dusting surface length and underwater 

hydraulicking length on number of hydraulicking layer for determination of mining 

parameters. It requires solving of tasks of fractionation of particles on the dusting 

surface and of underwater hydraulicking of particles remained after the dusting 

surface formation for conditions of each hydraulicking layer (Fig. 6). 

Solutions of these tasks will allow determination of  for each layer. If 

dependence of  on number of hydraulicking layer as well as parameters of retaining 

dams and retaining prism are known (Fig. 6) it is possible to define desired function 

as 

                                                                        ctgeph 1 ,                   (1) 

h

E
 ,  

E

b
e  , 

where   displacement of anthropogenic placer bed on each hydraulicking layer, m; р 

 coefficient of change of total length of the dusting surface, which depends on variant 

of transition zone formation (Table 2,3); Е  width of retaining dam top, m;   slope 

angle of retaining dam; h  thickness of hydraulicking layer, m; b  width of retaining 

dam berm, m. 
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Table 2 - Correspondence between retaining prism types and variants of transition zone formation 
 

Variant Features of transition zone formation Retaining prism 

type 
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Figure 4 -  Determination of the boundary of anthropogenic placer: 1 – retaining prism; 2 – 

anthropogenic placer 
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Figure 5 -  Boundaries of anthropogenic placer zones: 1 – retaining dam; 2 – pond; 3 – the boundary 

of anthropogenic placer 

 

Figure 6 - The scheme for calculation of change of retaining dam parameters when transiting to the 

next hydraulicking layer: 1 – retaining dam of the previous hydraulicking layer; 2 – retaining dam 

of the current hydraulicking layer; 3 – addition of material under retaining dam 

Table 3 - Intervals of change of coefficient of change of total length of the dusting surface for 

different variants of transition zone formation. 

Variant Interval of change of p  value 

І 1.1  p  2.0 

ІІ 0.9  p  1.1 

ІІІ 0.1  p  0.9 

Taking into account (1) it is possible to determine total length of the dusting 

surface on the current hydraulicking layer 

                                                                            
 

mLL
m

 G ,                                   (2) 

where L
(m)

G – total length of the dusting surface on the current hydraulicking layer, 

m; L - total length of the dusting surface equal to the sum of lengths of the dusting 

surface and underwater slope, m; m - number of the hydraulicking layer (m = 1 – 

retaining prism). 

The boundary of anthropogenic placer development depending on current layer 

number will be calculated beginning from the inner border of top of retaining dam 

berm of the first layer using following formula: 

                                                          mctgehpLLR   11 .                         (3) 

As is clear from Table 2 the boundary of anthropogenic placer separates retaining 
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prism formed by dusting surfaces with above-water hydraulicking of sufficiently 

coarse solid particles from the TS core where very fine solid particles fall out in 

practically motionless water. Some transition zone is forming in process where 

underwater hydraulicking of coarse and fine particles occurs. If location of 

anthropogenic placer boundary must be taken into account when extracting the 

valuable component from retaining prism body, then location of the second transition 

zone boundary separating it from the core must be taken into account when 

estimating storage capacity. 

Determination of the boundary between transition zone and TS core is not very 

hard in the cases of the I and the II formation variants if volume of storing cleaning 

rejects at the current layer and inner friction angle of storing particles in water are 

known. Dependences of inclination of slopes on hydraulicking layer number are linear 

in these cases. At the same time this dependence is essentially nonlinear when the III 

formation variant is realized [1, 4, 5]: 

                                                                               11
32

 B ;                                   (4) 

 

                                                           

0

44.2
b

aL
 ; 




sin
61.2 0

0 w

hV

b

a
B , 

where  - dimensionless length of underwater slope at the first hydraulicking layer; L 

- slope length, m; a - an experimental constant from G. Abramovich‟s theory of 

plane-parallel streams; b0  is stream half-width in the initial section, m; V0 is pulp 

flow velocity in the initial section, m/s; w  is average velocity of sedimentation of 

particles, m/s. 

Taking into account formula (4), slope dimensionless length at each new 

hydraulicking layer will be calculated according to dependence (Fig. 7) 

   m
; 

zqB ; 
11.1276.0 mq  ; 

021.0

721.0

m
z  , 

where 
(m)

  dimensionless length of underwater slope at the hydraulicking layer 

with number m ;   dimensionless increase of underwater slope length when 

transiting to the new layer (Fig. 7); q, z  approximation parameters. 

The relationship of  to  (Fig. 8) is more demonstrative for illustration of 

movement of transition zone boundary, separating it from the core, when 

hydraulicking layer changes. Dependence of this relationship on layer number may 

be approximated with engineering accuracy by following power function if B > 7: 

11.1292.0 m



. 
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Figure 7 - Dependence of  on B value for different numbers of the hydraulicking layer: number 

of the hydraulicking layer - 2, 3, 4, 5, 6,…, 10 

Figure 8 shows that length of underwater slope increases from layer to layer. This 

results in essential movement of transition zone boundary deep into TS core where 

solid particles formed underwater slope are mixing with clay, cretaceous and 

pulverescent particles settling in the core. This lowers prospect of extraction of 

valuable components from TS transition zone because recurrent concentration and 

separation are required. 

 

Figure 8 - Dependence of / on numder of the hydraulicking layer when  B > 7 
 

Conclusions. 1. Possible variants of formation of boundary layer between tailings 

storage core and retaining prism are offered. 2. The intervals of change of coefficient 

of dusting surface length are determined for different variants of transition zone 

formation. 3. The dependences of dusting surface length and slope inclination on 

hydraulicking layer number are obtained for determination of location of the 

boundary between transition zone and tailings storage core. These dependences allow 

estimation of probable volumes of stored mineral processing products and available 

storage volume when building up dams. It is necessary for determination of mining 

parameters and for justification of technology of development of anthropogenic 

deposits formed in tailings storages. 
____________________________ 
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Анотація. В роботі виконано аналіз стану штучних сховищ відходів збагачення, які є унікальними 
техногенними об'єктами, що представляють інтерес, як перспективні техногенні родовища. Зниження 
енергоємності процесів транспортування і складування продуктів переробки мінеральної сировини, а також 
техногенного впливу на навколишнє середовище є актуальною проблемою для вітчизняних гірничо-
збагачувальних комбінатів. Сховища відходів природні та штучні резервуари, обгороджені відвалами з шламів і 
порожньої породи, які наповнені сумішшю подрібнених відходів видобутку руди з водою у виглядпульпи. Вони 
представляють інтерес, як перспективні техногенні родовища, що характеризуються тривалими термінами 
експлуатації, укладанням відходів ярусами один над другим з відповідним нарощуванням дамб обвалування. У 
складі відходів збагачення залізної руди переважають кварцові піски, бідні зростки кварцу з гематитом, 
магнетити, а серед хімічних сполук домінують оксиди кремнію і заліза. З огляду на існуючі технології складування 
відходів збагачення, обґрунтовано, що техногенні родовища формуються пластами або ярусами намиву 
однакової товщини, які зміщуються відносно один одного в горизонтальній площині. В результаті проведених 
досліджень отримані залежності, що дозволяють оцінити можливі обсяги складування продуктів переробки 
мінеральної сировини і доступних ємностей сховища при нарощуванні дамб, а також обґрунтувати положення 
внутрішньої межі між ядром штучного сховища і тілом упорної призми. У статті запропоновано можливі варіанти 
формування граничного шару між ядром хвостосховища і упорною призмою. Визначено інтервали зміни 
коефіцієнта довжини пляжу для різних варіантів формування перехідної зони. Отримано залежності довжин 
пляжу, ярусу і підводного укосу від кількості ярусів намиву для визначення положення кордону перехідної зони 
між ядром сховища і тілом упорної призми. 

Ключові слова: сховища відходів збагачення, ярус намивання, дамба обвалування, довжина пляжу, межа 
техногенного розсипу 

 

Аннотация. В работе выполнен анализ состояния искусственных хранилищ отходов обогащения, которые 
являются уникальными техногенными объектами, представляющими интерес, как перспективные техногенные 
месторождения. Снижение энергоемкости процессов транспортирования и складирования продуктов 
переработки минерального сырья, а также техногенного влияния на окружающую среду является актуальной 

проблемой для отечественных горно-обогатительных комбинатов. Хранилища отходов  это природные и 
искусственные резервуары, огороженные отвалами из шламов и пустой породы, которые наполнены смесью 
измельченных отходов добычи руды с водой. Они представляют интерес, как перспективные техногенные 
месторождения, которые характеризуются длительными сроками эксплуатации, укладкой отходов ярусами один 
над другим с соответствующим наращиванием дамб обвалования. В составе складируемых отходов обогащения 
железной руды преобладают кварцевые пески, бедные сростки кварца с гематитом, магнетиты, а среди 
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химических соединений доминируют оксиды кремния и железа.  Учитывая существующие технологии 
складирования отходов обогащения, обосновано, что техногенные месторождения формируются пластами или 
ярусами намыва одинаковой толщины, которые смещаются относительно друг друга в горизонтальной 
плоскости. В результате проведенных исследований получены зависимости, позволяющие оценить вероятные 
объемы складирования продуктов переработки минерального сырья и доступных емкостей хранилища при 
наращивании дамб, а так же обосновать положения внутренней границы между ядром искусственного 
хранилища и телом упорной призмы. В статье предложены возможные варианты формирования граничного слоя 
между ядром хвостохранилища и упорной призмой. Определены интервалы изменения коэффициента длины 
пляжа для различных вариантов формирования переходной зоны. Получены зависимости длин пляжа, яруса и 
подводного откоса от количества ярусов намыва для определения положения границы переходной зоны между 
ядром хранилища и телом упорной призмы. 

Ключевые слова: хранилища отходов обогащения, ярус намыва, дамба обвалования, длина пляжа, 
граница техногенной россыпи 
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