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Abstract: The paper presents process layouts for excavation of zones near pit envelope based on the analysis of 

findings of the ore loss study in case of open-pit mining, as well as the results of field measurements in the quarry 

faces in Muruntau and Myutenbai open pits. In the course of the field measurements, parameters of the quarry faces 

at Muruntau and Myutenbai open pits were determined under the following working conditions of an excavator: at 

full bench with shotpile height of 19–21 m; at full bench with shotpile height of 12–14 m at excavation of the “blast 

cap”; at heading face and taking ramp material. In all the above-listed quarry faces, the slope angles and the ore 

mass shotpile height when excavating were measured. Besides, the used excavator type (dragline or hydraulic) was 

taken into account. For each face, 2–3 measurements were performed, and the average slope angle at the ore mass 

excavation was determined for each type of excavator. At the next stage of the field measurements, the bench height 

in the rock mass and the shotpile parameters were measured before and after blasting operations under the follow-

ing arrangements for preparing the rock mass for excavation: a) under normal conditions, when the ore mass blast-

ing is performed for the selected face or relieving wall of the required thickness; b) in compression with a “blast 

cap” formation; c) in the marginal parts of the bench. Based on the results of the actual bench height and the blasted 

rock shotpile parameter field measurements, the following conclusions were drawn: a) the actual slope angles of the 

quarry faces were 49° when excavating the “blast cap” using dragline excavators, and 53° when excavating the ore 

mass at full bench regardless of the excavator type used; the slope angles of 49° for the dragline excavator and 53° 

for the hydraulic excavators were taken for further calculations; b) the width of the marginal (near-envelope) zone, 

where losses and dilution of balance ore are generated, increased from 7 to 13.0 m (at 49°) and from 7 to 11.3 m 

(at 53°); as a result, the areas of loss and dilution triangles have increased; c) when blasting in compression condi-

tions, in the upper part of the shotpile, intense mixing of the involved rock and all ore grades occurs, therefore, 

when excavating the “blast cap”, bulk ore mass mining is only possible. The lower part of the blasted bench pre-

serves the geological structure of the rock mass to a greater degree and can be selectively excavated with separation 

of the ore mass by grade; d) when blasting the rock mass, to maintain the required pulse direction and the blasting 

sequence, barren boreholes are included in the breaking outline, which increase the balance ore dilution, and struc-

tural dilution arises, which should be taken into account when drawing up the "Methods for determining, limitation 

and accounting for ore losses and dilution in the course of the Muruntau and Myutenbai (the fifth stage) open-pit 

mining"; e) when compiling the "Methods ...", the option of dividing a bench of 15 m high into two sub-benches of 

7.5 m should be considered. 

Keywords: excavator, face, blast, open pit, measurement, bench, ore, dragline, hydraulic, slope. 

For citation: Raimzhanov B. R., Khasanov A. R., Vakhitov R. R. The study of parameters of quarry 

faces in Muruntau and Myutenbai open pits in case of applying major blasts. Mining Science and Technology. 
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Исследование параметров экскаваторных забоев при массовых взрывах 

в карьерах Мурунтау и Мютенбай 

Раимжанов Б. Р., Хасанов А. Р., Вахитов Р. Р. 

Государственное унитарное предприятие Узбекский научно-исследовательский и проектно-

изыскательский институт геотехнологии и цветной металлургии «O’zGEORANGMETLITI», 

Ташкент, Узбекистан, b.raimjanov@mail.ru 

Аннотация: В статье приводятся технологические схемы отработки приконтурных зон на основе анализа 

результатов исследований по потерям руды при открытой разработке месторождений и результаты прове-

дения натурных замеров в экскаваторных забоях карьеров Мурунтау и Мютенбай. В ходе проведения на-

турных замеров определены параметры экскаваторных забоев на карьерах Мурунтау и Мютенбай при сле-

дующих условиях работы экскаватора: полным уступом с высотой развала 19–21 м; полным уступом с вы-

сотой развала 12–14 м при отгрузке «шапки взрыва»; проходке и подборе съезда. Во всех вышеперечислен-

ных экскаваторных забоях произведены замеры углов откоса и высоты развала при экскаваторной выемке 

рудной массы. Также учитывался применяемый тип экскаватора – канатный или гидравлический. По каж-

дому забою производились 2–3 замера и определялся средний угол откоса при экскаваторной выемке руд-

ной массы для данного типа экскаватора. На следующем этапе проведения натурных замеров измерялись 

высота уступа в массиве и параметры развала до и после производства взрывных работ при следующих 

схемах рудоподготовки массива к экскавации: а) в нормальных условиях, когда взрывание рудного массива 

производится на подобранный забой или подпорную стенку требуемой толщины; б) в зажатой среде с обра-

зованием «шапки взрыва»; в) в краевых частях уступа. По результатам проведения натурных замеров фак-

тических углов откоса и параметров развала взорванных пород сделаны следующие выводы: 

а) фактические углы откосов экскаваторных забоев составили при отгрузке шапки взрыва 49° при  приме-

нении канатных экскаваторов, а при выемке рудной массы полным уступом 53° независимо от типа приме-

няемого экскаватора; углы откоса экскаваторного забоя 49° для канатного экскаватора и 53° для гидравли-

ческих экскаваторов приняты для производства дальнейших расчетов; б) увеличилась ширина приконтур-

ной зоны с 7 до 13,0 м (49°) и с 7 до 11,3 м (53°), где образуются потери и разубоживание балансовой руды, 

вследствие этого увеличились площади треугольников потерь и разубоживания; в) при взрывании в зажа-

той среде в верхней части развала происходит интенсивное перемешивание прихватываемой породы и всех 

сортов руды, поэтому при отгрузке шапки взрыва возможна только валовая выемка рудной массы. Нижняя 

часть взорванного уступа больше сохранит геологическую структуру массива и может быть отработана се-

лективно с разделением рудной массы по сортам; г) при взрывании массива для соблюдения требуемого 

направления импульса и очередности взрывания в контур отбойки включаются безрудные скважины, кото-

рые увеличивают разубоживание балансовой руды, возникает конструктивное разубоживание, которое не-

обходимо учесть при составлении «Методики определения, нормирования и учета потерь и разубоживания 

руды при разработке карьеров Мурунтау и Мютенбай (V-очередь)»; д) при составлении «Методики…» сле-

дует рассмотреть возможность разделения уступа высотой 15 м на два подуступа по 7,5 м. 

Ключевые слова: экскаватор, забой, взрыв, карьер, замер, уступ, руда, канатный, гидравлический, откос. 

Для цитирования: Раимжанов Б. Р., Хасанов А. Р., Вахитов Р. Р. Исследование параметров экскаваторных 

забоев при массовых взрывах в карьерах Мурунтау и Мютенбай. Горные науки и технологии. 2019;4(1):4-

15. DOI: 10.17073/2500-0632-2019-1-4-15. 

 

For increasing effectiveness of gold ore 

deposit development by open-cut mining, the 

actual task of a mining enterprise in the gold ore 

extraction is to determine, control, standardize 

and account for the values of ore loss and dilu-

tion, as well as the parameters of quarry faces. 

The previous studies on this topic per-

formed by domestic and foreign scientists were 

devoted to excavators with small bucket capaci-

ty. Interesting production data are given in the 

work of B. P. Yumatov. The studies of changing 

ore losses and dilution depending on the number 

of rows of boreholes were carried out by a num-
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ber of authors. Based on the measurements taken 

in the conditions of the Sorsky deposit, it was 

noted that at multi-row blasting the losses in-

creased by 6 times, and dilution, by 3 times 

compared with single-row blasting. The authors 

explain these defects of multi-row blasting by 

the individual features of the geological and 

morphological structure of the Sorsky stockwork 

and the imperfection of the implemented drilling 

and blasting. 

In fact, the defects are the result of the fact 

that the outliners of the ore bodies in the shotpile 

were not known, and therefore the excavation of 

the blasted rock mass was carried out “blindly”. 

This work correctly indicates that the use of the 

method of tool surveying and designing com-

mercial and non-commercial sections for a multi-

row block shotpile is only possible with accurate 

taking into consideration the degree of transfor-

mation and mixing of the ore sections of the 

block during the blasting. At the same time, the 

possibility of implementing such an operation 

with modern drilling and blasting methods is be-

ing called into question. 

An attempt to theoretically determine the 

positions of the individual layers of a bench in 

the shotpile was undertaken by G.G. Lomono-

sov. He proposed an algorithm for predicting 

shotpile parameters based on the laws of external 

ballistics. The essence of the algorithm is that 

based on the magnitude of the initial rock frag-

ment velocity, using the laws of external ballis-

tics, it is possible to determine the trajectories of 

points located on the outer contour of the blasted 

bench. This allows determining the nature of the 

bench rock distribution in the blasted rock mass. 

In the process of drawing up the "Methods 

for determining, limitation and accounting for 

ore losses and dilution in the course of the Mu-

runtau and Myutenbai (the fifth stage) open-pit 

mining"; for the “M” mine of the Central Mine 

Group of the Navoi Mining and Metallurgical 

Combine, the initial data were determined and 

refined. 

Process layouts for mining in near-

envelope (contact) pit zones 

Based on the analysis of the findings of the 

studies on ore losses during open pit mining, it 

was found that the contact (or near-envelope) 

zone demonstrates a complex shape of the ore-

rock contact surface and in some cases may not 

have a distinguished contact surface. It is possi-

ble to distinguish a certain volume of rock mass 

located in the transitional zone from balance ore 

to off-balance ore or from one ore grade to the 

next. Depending on an ore body dip angle and 

the height of a working bench, the contact zone 

may have different widths. 

The size of the contact zone in plan view 

and in the cross-section depends on a number of 

factors: 

 grades of valuable components in the 

contact zone; 

 the ore body dip angle in the contact 

zone; 

 the height of working bench; 

 visual distinguishability of ore and rock. 

Excavation of contact zones can be carried 

out by longitudinal or transverse cuts.  

 The selection of cut type depends on the follow-

ing factors: 

 curvature of the contact zone line in plan 

view; 

 the degree of visual distinguishability of 

ore and rock in the contact zone; 

 the degree of curvature of the "ore-rock" 

contact plane in vertical sections; 

 parameters of ore bodies – strike, thick-

ness, dip angle. 
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The less curved the contact zone line in 

plan view and the greater its length, the more 

appropriate the selective excavation of the con-

tact zone, since in this case the excavating cut 

does not practically change its direction. The se-

lection of the longitudinal or transverse layouts 

for contact zone excavation is carried out on the 

basis of the requirements for the quality of the 

extracted minerals. The longitudinal mining pat-

tern should be selected under conditions of a 

large length of the contact zone without chang-

ing direction, whereas the transverse one, in case 

of a strongly curved contact zone line with chan-

geable direction in plan view. 

Currently, when using the block model for 

reserve estimation in the contour of the mined 

bench, which is considered to be a mining unit, 

the following ore grades are distinguished: 

 three grades of rich ore located in the 

central part of the ore deposit being developed 

(core of the deposit), namely: 

a) balance ore with the metal grade in 

excess of 4.0 conditional units (CU); 

b) balance ore with the metal grade of 2.0 

to 4.0 CU; 

c) balance ore with the metal grade of 1.50 

to 2.0 CU; 

 balance ore with the metal grade of 1.0 

to 1.50 CU; 

 balance ore with the metal grade of 0.50 

to 1.0 CU; 

 off-balance ore graded at from 0.40 to 

0.50 CU; 

 rock – mineral mass with the metal grade 

below 0.40 CU 

To draw up grade plans for ore excavation 

(digging) within the mining bench, at the current 

planning, three balance ore grades (a, b, c), due 

to their small amount, are usually combined into 

one grade of balance ore with the metal grade 

exceeding 1.50 CU, which is selectively exca-

vated, stockpiled in a separate sectional type ore 

stockpile, and serves to charge leaner ore grades 

supplied to GMZ-2 (processing plant) for 

processing. This allows stabilizing the metal 

grade in the commercial ore going to processing, 

and ensures stability of the final product output. 

The analysis of the ore excavation parame-

ters in the contact zones involved the following 

ore grades: 

 balance ore with the metal grade in 

excess of 1.50 CU (denoted as R – "Rich"); 

 balance ore with the metal grade of 1.0 

to 1.50 CU (denoted as M – "Medium"); 

 balance ore with the metal grade of 0.50 

to 1.0 CU (denoted as LG – “Low-grade ore”); 

 off-balance ore with the metal grade of 

0.40 to 0.50 CU (denoted as OB – “Off-

Balance”); 

 rock with the metal grade of less than 

0.40 CU (denoted a R "Rock"). 

The presented division of ore mass into 

grades corresponds to the approved conditions 

for the Muruntau and Mutenbai deposits devel-

opment in the fifth stage envelope. 

Analysis of the “ore - enclosing rocks” 

contact zones for the Muruntau and Mutenbai 

deposits made it possible to classify their ma-

nifestations. 

The developed classification covers the 

features of the contact zone geological structure, 

the qualitative characteristics of the enclosing 

rocks, the ore grades, rock types, the valuable 

component content in relation to the mine engi-

neering parameters of mining operations (con-

cordant or discordant dipping of the contact 

zone, the bench slope line and front of acting 

benches, the contact dip angle) (Fig. 1). 
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Fig. 1. Classification of contact zones 
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For the analysis, the main types of the con-

tact zones were selected on the grade plans pre-

sented by the Navoi MMC specialists. The stu-

died contact zones are the boundaries between 

the ore grades, the extraction of which is carried 

out selectively according to the surveyed refer-

ence points. Bulk mining of all grades of ore and 

rock with preservation of the rock mass structure 

is envisaged. The boundary between the grades 

of ore and rock is assumed to be vertical within 

the limits of the extracted bench. 

In this case, the face in vertical section can 

be conditionally divided into right and left parts, 

respectively, with ore of one grade and ore of the 

next grade, ore of one grade and rock, or vice 

versa, depending on the direction of excavation. 

The metal grade in the rock mass of the near-

contact zone is assumed to amount to the average 

value between the grade of excavated ore and the 

grade of the bordering ore (admixed to the exca-

vated ore). 

The boundary grade at the contact be-

tween the ore or rock grades is assumed to be 

equal to the cut-off grade for the division of the 

ore and rock grades. The width of the near-

contact zone, where different ore types and rock 

are mixed, was determined by the graphical-

analytic method depending on the slope angle 

during excavation of the blasted rock mass. The 

maximal slope angle is accepted for both trans-

verse and longitudinal cuts: 49
o
 and 53

o
, respec-

tively. The contact zone width amounted to 13.0 

m (Fig. 2). 

The ratio of the different ore grades in-

terval lengths in the extraction contour was de-

termined based on the equation of Свк, the metal 

grade at the boundary of the extraction contour; 

Сбс, the accepted grade for the separation of ores 

into the grades for the reserve estimate. The Сбс 

value is taken according to the current separation 

of ore into the grades when planning production 

in an open pit. 

In this case, the length of ore and rock in-

tervals on the boundary between the ore grades 

in the course of excavation is determined from 

the following equation: 

,ССС ппррбс  hhH  

 
 
 

,
СС

СС

пр

псб
р






H
h   (1) 

,рп hHh   

where H is the height of the extracted layer at the 

boundary between the selectively extracted ore 

types; hр is the length of the extracted ore grade 

at the face or the length of the ore interval at the 

ore/rock boundary; hп is the length of the rock 

interval at the face at the boundary with the ex-

tracted ore grade type, or the length of the rock 

interval at the ore/rock boundary; Ср is the gold 

grade in the ore in the extraction contour (the 

normalized average gold grade for the extracted 

ore grade type); Сп is the gold grade in the ad-

mixed rock mass (the normalized average gold 

grade for the ore grade type adjacent to the ex-

tracted ore grade type); Сбс – cut-off grade of 

gold for the division into the ore grades, the 

ore/rock separation. 

In Fig. 2: L – the length of an elementary 

ore block or the length of the scooping line at 

several scooping faces, m; Sр – the area of the 

ore loss triangle in the elementary ore block, m; 

Sп – the area of the triangle of admixing of the 

adjacent ore grade or dilution of the elementary 

ore block by rock, m; α – the angle at which the 

upper contour of the blasted rock mass begins to 

be loaded when the excavator bucket scoops 

along the bench bottom (determined experimen-

tally), degrees; Сбс – boundary (cut-off) grade 

for separating the ore grades, ore and rock, con-

ditional units; Cп – gold grade in diluting rock 

mass, conditional units; Cp – gold grade in the 

elementary ore block, conditional units; lΔ – the 

width of the near-envelope (near-contour) zone, 

m; Δр – the distance to the point of positioning 

the flag, indicating the border of the rock mass 

loaded as ore, m. 
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As part of the analysis, various options for 

selective ore extraction in the contact zones be-

tween different ore grades, depending on the di-

rection of excavation, are considered. 

It is accepted that: when excavating ore 

from richer one towards leaner one, a shift from 

the contact by the size of the loss triangle should 

be taken, while when excavating in opposite di-

rection, the shift from the contact by the size of 

the dilution triangle should be taken. 

The slope angles of excavating cuts are 

taken on the basis of the field measurements at 

the Muruntau and Mutenbai open pits and 

amount to 49° for dragline excavators and 53° 

for hydraulic excavators. 

Results of the field measurements in the 

quarry (excavating) faces of the quarries of 

the Muruntau and Mutenbai open pits 

The parameters of the quarry faces were 

measured at the Muruntau and Mutenbai open 

pits under the following conditions of excavat-

ing: 

 by full bench with the shotpile height of 

19–21 m; 

 by full bench with the shotpile height of 

12–14 m when excavating the “blast cap”; 

 by ramp cutting and scooping. 

In all the above-listed quarry faces, the 

slope angles and the ore mass shotpile height at 

digging were measured. Besides, the used exca-

vator type (dragline or hydraulic) was taken into 

account. For each face, 2-3 measurements were 

performed, and the average slope angle at the ore 

mass digging was determined for the type of ex-

cavator. 

The results of determining the slope angles 

of the quarry faces are given in Table 1. 

At the next stage of the field measure-

ments, the bench height in the rock mass and the 

shotpile parameters were measured before and 

after blasting operations under the following ar-

rangements for preparing the rock mass for ex-

cavation: 

Fig. 2. Schematic of losses and dilution generation in bench slopes when scooping blasted ore mass: 

L – the length of an elementary ore block or the length of the loading line at several sides of loading, m; 

Sр – the area of an ore loss triangle in an elementary ore block, m
2
; Sп – the area of a triangle of admixing the neighboring ore 

grade or dilution by a rock for an elementary ore block, m
2
; α – the angle at which the upper contour of the blasted rock mass 

begins to be undermined when scooping along the bench bottom (to be determined experimentally), degrees; 

Сбс – cut-off grade of gold for the separation of grades of ore, ore and rock, conditional units; Cп – gold grade in the  diluting 

rock mass, conditional units; Cp – gold grade in the elementary ore block, conditional units; 

lΔ – width of the border zone, m; Δp – the distance to the flag-indicator to be installed for indicating the boundary of the rock 

mass loaded as ore, m) 
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a) under normal conditions, when the of 

the ore mass blasting is performed for the swept 

face or relieving wall of the required thickness; 

b) in compression with a “blast cap” for-

mation; 

c) in the marginal parts of the bench. 

Table 1 

Slope angles of quarry faces 

Type of excavator Type of work 
Slope angle, degrees 

from to average 

Muruntau open pit 

EG-12 Full bench 52 55 53 

Myutenbai open pit 

EKG-77 “Blast cap” loading 45 50 49 

EKG-60 Full bench 52 55 53 

EG-14 Ramp cutting 47 51 – 

Table 2 

The results of the field measurements of the blasted rock shotpile parameters 

Level 
Bench 

height, m 
Blasting method 

Blasted bench height, m 

from to average 

Muruntau open pit  

+330 15 With “blast cap” formation 17 +330 15 

+135 15 With “blast cap” formation 

in marginal parts 

16 +135 15 

Myutenbai open pit 

+315 15 With “blast cap” formation 23 +315 15 

+315 (Block 1) 10 Under compression 

conditions 

15 +315 (Block 

1) 

10 

+315 (Block 2) 10 Under compression 

conditions 

16.5 +315 (Block 

2) 

10 

+300 15 For excavated face 13.8 +300 15 

 

At the “M” mine open pits, row-by-row ar-

rangement of blast holes on a 5.6×5.6 m grid was 

adopted. The drilling within a working bench is 

based on the drilling project. The boreholes lo-

cated within an ore body outline are exploratory-

production, in which drill cuttings are sampled 

every 5 m. In the samples of drill cuttings in the 

laboratory, the metal grade is determined, and 

then the average metal grade in the block model 

cell tied to this borehole is calculated.  

For each specific block, a Project for load-

ing borehole charges is drawn up, which indi-

cates the blast network installation layout, pro-

viding the required direction of the initiating 

pulse passage and the sequence of blasting of the 

borehole charges. 

In accordance with the specific mining 

conditions and parameters of the excavation 

equipment used, the following types of the 

blasted block rock mass shotpile formation are 

distinguished:  

 normal conditions when the shotpile 

height is compatible with the digging height of 

the excavator used; 

 with "blast cap" formation along the 

shotpile axis; 

 with "blast cap" formation near the 

bench face – to be applied in the edge parts of 

the bench.  

In the course of the field measurements, 

the elevation of the rock mass was measured be-

fore and after blasting, and then the height of the 

formed shotpile was determined. 
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The results of the field measurements of 

the blasted rock shotpile parameters are given in 

Table 2. 

Conclusion 

Based on the results of the field measure-

ments of the actual slope angles and the parame-

ters of the blasted rock shotpile, the following 

conclusions can be drawn: 

 the actual slope angles of the quarrying 

faces amounted to the following values: 

 when excavating the "blast cap" and us-

ing excavators – 49
o
; 

 when mining ore mass by full bench – 

53
o
, regardless of the excavator type used; 

 the slope angles of the quarry face, 49
o
 

for dragline excavators and 53
o
 for hydraulic ex-

cavators, are accepted for further calculations; 

 it should be noted that the actual slope 

angles of the slope angles are lower than the 

slope angles adopted in the calculation method 

used by the mine, where the slope angle is 70–

75
o
; 

 the width of the marginal (near-

envelope) zone where losses and dilution of bal-

ance ore are generated increased from 7 to 13.0 

m (at 49°) and from 7 to 11.3 m (at 53°); as a 

result, the areas of loss and dilution triangles 

have increased;  

 the height of the blasted rock shotpile 

when blasting to a relieving wall or swept face 

does not exceed the digging height of the exca-

vators used;  

 when blasting in compression conditions 

with the formation of "blast cap", the height of 

the blasted rock shotpile exceeds the excavator 

digging height that restricts the scope of use of 

hydraulic excavators; 

 when blasting in the edge parts of the 

bench, the direction of the rock mass breaking 

and the shotpile formation occur at the bench 

face; 

 when blasting in compression conditions, 

in the upper part of the shotpile, intense mixing 

of the involved rock and all ore grades occurs, 

therefore, when excavating the “blast cap”, bulk 

ore mass extraction is only possible. The lower 

part of the blasted bench preserves the geological 

structure of the rock mass to a greater extent and 

can be selectively excavated with separation of 

the ore mass by grade;  

 when compiling the "Methods ... ", the 

option of dividing a bench 15 m high into two 

sub-benches 7.5 m high should be considered. 

 when blasting the rock mass, to maintain 

the required pulse direction and the blasting se-

quence, barren boreholes are included in the 

breaking outline, which increase the balance ore 

dilution, and structural dilution arises, which 

should be taken into account when drawing up 

the “Methods for determining, limitation and ac-

counting for ore losses and dilution in the course 

of the Muruntau and Myutenbai (the fifth stage) 

open-pit mining". 
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Abstract: Mineral demand rapidly increases; as a result, underground mining activities gradually dig into the 

earth’s crust to deeper levels. For instance, the depth of coal mines has reached 1500 m, whereas the depth of mines 

for nonferrous metals has already achieved around 4500 m. Deep mining faces a number of technical and environ-

mental challenges, first of all, great rock mass stresses, high temperature and long winding distance. The traditional 

technologies are hardly capable to provide the development and extraction efficiency and safety. That is why the 

need in developing and implementation of new modern mining technologies arose. In roadheading, TBM (tunnel-

boring machine) method is gradually introduced. A TBM combines the functions of rock breaking, support installa-

tion, mucking and conveying rock. In mining industry, smart mining based on mechanized and automated mining 

methods is successfully implemented at coal mines. Besides, a technical concept of fluidized mining for deep-

seated mineral resources (6000 m and more) was proposed. This paper presents the review of the current global sta-

tus of deep mining and highlights some of the newest technological achievements in roadheading and the mineral 

extraction processes. 

Keywords: mining technology, deep mines, smart mining, mechanized, extraction processes, fluidized mining. 
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Аннотация: Потребление полезных ископаемых быстро растет, что заставляет вести горные работы на всѐ 

более глубоких уровнях земной коры. В частности, глубина угольных шахт достигла 1500 м, а шахт для 

добычи цветных металлов  приблизительно 4500 м. Осуществление горных работ на больших глубинах 

требует решения ряда технических и экологических проблем, в первую очередь связанных с высокими дав-

лениями и напряжениями в горном массиве, высокими температурами и значительными расстояниями 

транспортировки горной массы на поверхность. Традиционные технологии вряд ли способны обеспечить 

эффективность и безопасность разработки и добычи в таких условиях. Вот почему возникла необходимость 

в разработке и внедрении новых современных технологий добычи. В проходке горных выработок посте-

пенно внедряется метод TBM (применение туннелепроходческих машин). Tуннелепроходческая машина 

сочетает функции отбойки горной массы, установки крепи, уборки (из забоя), погрузки и транспортировки 

горной массы. В горнодобывающей промышленности «умная» добыча полезных ископаемых, основанная 

на механизированных и автоматизированных системах разработки, успешно применяется на угольных 

шахтах. Мы выдвигаем техническую концепцию добычи методом флюидизации/псевдоожижения горной 

массы для отработки глубокозалегающих ТПИ (6000 м и более). В данной статье представлен анализ теку-

щего состояния разработки глубокозалегающих месторождений ТПИ в мире и освещены некоторые из 
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новейших технологических достижений в области проходки горных выработок и технологий добычи твер-

дых полезных ископаемых. 

Ключевые слова: технология добычи, глубокие рудники, «умная» добыча, механизированные процессы 

добычи/ведения горных работ, добыча методом флюидизации/псевдоожижения. 

Для цитирования: Нгуен Нгок Минь, Фам Дык Тхань. Направление развития технологий добычи 

применительно к рудникам глубокого заложения. Горные науки и технологии. 2019;4(1):16-22. 

DOI: 10.17073/2500-0632-2019-1-16-22. 

 

Introduction 

Since coal and other mineral resources at 

shallow depths are gradually exhausted, under-

ground mining activities gradually dig into the 

earth’s crust to deeper levels. At present, deep 

mining at a depth of 1000 m is normal; the depth 

of coal mines, geothermal resources exploitation, 

nonferrous metal mines, and oil and gas produc-

tion has reached 1500, 5000, 4500, and 7500 m, 

respectively. Deep mining is likely to become 

the popular technique in the future. Coal mining 

in Poland, Germany, Britain, Japan, and France 

had reached depth of 1000 m and more in early 

1980s. In China, there are 47 coal mines operat-

ing at a depth of 1000 m and more [1, 2]. There 

were at least 80 mines for metals operating at a 

depth of 1000 m and more by 1996, mostly lo-

cated in South Africa, Canada, the United States, 

India, Australia, Russia, and Poland. The average 

depth of mines for metals in South Africa ranges 

2000 to 4000 m (Fig. 1) [3]. 

Activity of mining industry in China grad-

ually changes to deeper levels to a depth ranging 

1000 to 2000 m, and it is already common to see 

the mines at this depth [4]. During the “The 13th 

Five-Year Plan” period, approximately 50 metal 

mines will operate at a depth of 1000 m, and a 

half of them will reach the depth of 1500 m in 

the next 10 to 20 years (Fig. 2). 

Deep mining faces a number of technical 

and environmental challenges, first of all, great 

rock mass stresses. If compatible mining me-

thods would not adapted to high stress condi-

tions, great technogenic disasters may happen, 

resulting in decreasing or even complete stop-

page of the affected mine production. This will 

naturally produce extremely negative effect on 

the mine performance and viability. A large 

number of documents have showed that many 

deep metal mines have faced a large number of 

rock bursts, mine-shocks, formation of large 

areas of goaf instability, and roof caving prob-

lems. The second challenge when operating deep 

mines is high temperature. It is known that the 

temperature will rise by 10 to 40° C when dig-

ging to a depth of 1000 m. The high temperature 

conditions of deep mining seriously affect the 

miner labor productivity and the effectiveness of 

cooling, thus increasing the mining cost. One 

more challenge is long winding distance: in-

creasing mining depth requires increasing the 

height of winding of ore and all kind of mate-

rials, resulting in growing the mining cost and 

causing HSE risks. 

Based on findings of the implemented 

research of deep mining status in the world, the 

authors summarized and highlighted relevant 

technologies applying to deep mining, namely, 

TBM (tunnel-boring machine use) for deep 

roadheading, smart mining, and fluidized 

mining. 

Application of TBM for deep roadheading 

It is well known that TBM is the most ad-

vanced tunneling machine in the world. A TBM 

combines the functions of rock breaking, support 

installation, mucking and conveying rock 

(Fig. 3) [5]. Compared with drill and blast me-

thod, TBM roadheading has significant advan-

tages, including high support installation effi-

ciency and lower project costs. TBM-based min-

ing is more environmentally friendly and allows 

improving surrounding rock stability control [6]. 
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Fig. 1. Examples of Deep Mines in the World 

 

 

Fig. 2. Examples of Deep Mines in China 

 

 
 

Fig. 3. A Gripper TBM (modified from The Robbins Company, 2015) 

 

Since the first modern TBM was devel-

oped and successfully applied in the 1950s, over 

10,000 TBMs have been used to construct tun-

nels for traffic, hydropower, sewerage and water, 
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underground storage and mining. The technique 

is currently available for tunneling at different 

diameters in different ground conditions from 

hard rock to soft soil. Based on ground and 

groundwater conditions (hard rock, soft soils, 

mixed and varying grounds), to provide stability 

of tunnel face and walls, TBMs can be broadly 

classified into seven types [7], as indicated in 

Fig. 4. 

With increasing coal mining intensity, the 

number, length and depth of coal mine roadways 

increases drastically. The traditional drill-and-

blast method and comprehensive mechanized 

driving method, with corresponding support set-

ting methods are incapable of controlling the sur-

rounding rock stability. Hard rock TBMs (full-

face tunnel boring machine) have significant ad-

vantages in terms of high advance rates, high 

support setting capacity; they are more environ-

mentally friendly and enable lower tunneling 

costs. TBMs have been successfully used for 

some roadway tunneling and inclined shaft con-

struction. Therefore, we can expect that the TBM 

tunneling method will become the first choice 

and preferred method for deep roadheading in 

coal mines in the future [8]. 

 
Fig. 4. A Classification of TBMs 

 

Smart mining 

Smart mining, based on mechanized and 

automatic mining methods and a combination 

of informatization with commercial develop-

ment, has brought a revolution in the mining in-

dustry [9]. This new approach enables automatic 

mining based on smart control of a working face, 

mining machine operation, with automatic con-

trol of mining equipment. Smart mining has 

three main features: (1) mining machines can 

operate in automatic mode; (2) real-time data can 

be captured and updated promptly, including 

geological information, coal-rock boundary loca-

tion, positions of the machines and the face, etc.; 

and (3) mining machinery can be automatically 

controlled depending on the conditions of the 

working face. When decision-making process 

and machine operation can be conducted auto-

matically, the working face is called “smart min-

ing working face” [10]. 

In Australia, LASC (Longwall Automation 

Steering Committee) is engaged in automatic and 

smart mining method development for coal 

mines [11]. The LASC automation technologies 

are available for the national and international 

mining industry through the major OEM (Origi-

nal Equipment Manufacturer) for longwall min-

ing, which has integrated the LASC open inter-
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communication standards into its proprietary 

shearer automation equipment. The LASC tech-

nology has been widely adopted, with CSIRO 

(Mining Technology Research Group) automa-

tion technology deployed in more than 70 % of 

the automated underground coal mining machi-

nery operating in Australia, with growing the 

deployment in the world [12]. Three main advan-

tages are provided by applying the precision opt-

ical fiber gyroscope and the method of naviga-

tion and orientation. The first one is three-

dimensional (3D) positioning of a shearer (at the 

deviation below ±10 cm); the second one is a 

system of straightening adjustment (at the devia-

tion below ±50 cm); and the third advantage is a 

horizontal level control system for the working 

face. These three components compose the initial 

automatic controlling system. The mining 

process can be monitored and controlled remote-

ly. 

The IMSC is a remote monitoring and con-

trol system, used for control of working faces at 

longwall coal mining, which was developed by 

the American company Joy Global Inc. (recently 

taken over by the Japanese company Komatsu 

Mining Corp.). This system captures the real-

time information and data from all mining ma-

chines at any time. It enables mining engineers 

to adjust coal production procedures based on 

the information reported by the system regarding 

alarms or breakdowns (Fig. 5) [13]. 

 

 
Fig. 5. Facilities at a Working Face Monitored by the IMSC 

 

According to Wu et al. [14], the new task 

of a digital coal mine is to establish, for coal 

mines, a real-time access to digital mine integra-

tion platforms to create a multidimensional and 

dynamic coal mine virtual model prototype. Four 

main development directions are determined for 

digital mining in the new situation of deep min-

ing: (1) a digital mine integration platform; (2) a 

mining simulation system; (3) underground posi-

tioning and navigation methods; and (4) mining 

environment smart perception. 

Fluidized mining 

Xie et al. [15, 16] assumed that there ex-

ists a theoretical limit of mining depth by tradi-

tional methods. It is estimated theoretically that 

all the currently available mining methods will 

become obsolete once the depth of underground 

mineral resources exceeds 6000 m. Therefore, to 

implement development and utilization of min-

eral resources at great depths, disruptive innova-

tions in mining theory and technology should be 

advanced. For this purpose, Xie et al. [16] pro-

posed a theoretical and technical concept of flui-

dized mining for extraction of deep-seated min-

eral resources (Fig. 6). Based on a mining mode 

similar to the TBM, the concept provides for 

achieving in situ, real-time, and integrated utili-

zation of deep-seated mineral resources through 

mining, sorting, refining, backfilling, power gen-

eration, and gasification of solid resources, 

thus converting the resources into gas, liquid, 

or a mixture of gas/liquid/solid substances.
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Fig. 6. A Conceptual Illustration of Fluidized Mining of Deep-Seated Mineral Resources.  

(a) mining model; (b) fluidized mining and conversion facility 

 

As a result, future coal mines will no longer have 

workers going down the mines, coal drawing, 

waste rock dumps, or dusting. Instead, power 

and energy transmission will be clean, safe, 

smart, environmentally-friendly. 

For coal mining, the fluidized mining con-

cept includes the following five main proce-

dures: (1) unmanned breaking, (2) automated 

sorting, (3) fluidization of coal, (4) controlled 

backfilling, and (5) power transmission, smart 

power control, and power storage. For metal 

mining, the fluidized mining concept includes 

the following three steps: (1) unmanned break-

ing, (2) fluidization of ore, and (3) controlled 

backfilling [15]. 

There are four methods to implement the 

fluidized mining of deep-seated solid mineral 

resources: (1) the conversion of solid minerals 

into gases, such as underground gasification of 

coal; (2) the conversion of solid minerals into 

liquid fuels, such as the underground liquefac-

tion of coal and high-temperature biological and 

chemical transformation of coal; (3) the conver-

sion of solid minerals into mixes, such as explo-

sive coal dust and water-coal slurry; and (4) the 

in situ conversion of solid minerals into electric 

power, such as the in situ underground produc-

tion of coal-fired electric power. Fluidized min-

ing is a disruptive innovation in mining technol-

ogies, particularly in regards to future deep min-

ing. 

Conclusions 

This short review presents the current sta-

tus of deep mining in the world, and highlights 

some of the newest technological achievements 

and opportunities. It also addresses some geo-

technical issues in relation to deep mining. Some 

of the current challenges, advances, and expected 

issues in deep mining can be summarized as fol-

lows: 

(1) Deep mining will be common in the fu-

ture as coal and metal mineral resources at shal-

low depths gradually become exhausted. The 

progress is restricted and affected by the ad-

vancement of rock mechanics and machine-

building technologies. New ideas and techniques 
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are therefore required for deep mining, particu-

larly considering great in situ and mining-

induced stresses and other boundary conditions 

that are found at great depths. 

(2) TBMs have significant advantages in 

excavation and support setting, and meet the 

deep roadheading requirements. Thus, TBM 

roadheading is believed to become the first 

choice and preferred future method for roadhead-

ing in deep mines. 

(3) Smart mining methods using in long-

wall coal mining have been demonstrated their 

advantages for coal production because of their 

better return on investment, energy saving, safe-

ty, minimizing underground staff, and better per-

formance. 

(4) Fluidized mining for deep-seated coal 

resources is the novel idea, applicable to in-situ 

conversion of deep-seated mineral resources into 

gas, liquid, or a gas/liquid/solid mix to imple-

ment unmanned smart underground mining, sort-

ing backfilling, and conversion into 

heat/power/syngas using an underground flui-

dized mining method and a conversion facility. 

The suggested method may replace the tradition-

al resources breaking, transportation, and utiliza-

tion modes with a new mining approach. In addi-

tion, the technique may pioneer the development 

of fluidized mining technology and facilitate 

achieving clean, efficient, and eco-friendly ex-

ploitation of deep-seated solid minerals. 
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Abstract: The relevance of research of material strain nature based on physical models equivalent to rocks is subs-

tantiated. To identify the dependencies and mechanism of unstable rock strain in the vicinity of mine working junc-

tions, an experimental technique has been developed and presented. The method of physical modeling using equiv-

alent materials was applied in the research. Strength characteristics of the rock equivalent material were calculated 

using the formulas proposed by G.N. Kuznetsov. The equivalent material was prepared based on two components, 

sand and paraffin. The mix formulation was selected, and ultimate compressive strength of the equivalent material 

was determined. The experiment was performed for three options of the physical models: an intact rock mass, a 

rock mass with a single mine working, and a rock mass with mine working junctions. Testing of the models made 

of the equivalent material was performed through uniaxial vertical loading using a hydraulic press. Based on the 

model testing findings, the dynamics of fracture propagation and crushing of the enclosing equivalent material in 

the vicinity of an artificial cavity, simulating a mine working, has been demonstrated. Besides, the graphs of rela-

tive strain versus vertical loading for each stage of the stepwise loading of these three model options were pro-

duced. The findings of the strain-stress distribution modeling for the equivalent material around the cavities simu-

lating mine working junctions were analyzed. The strain testing findings for the materials simulating rock behavior 

are expected to be used as the initial data for analysis of physical and numerical simulation, as well as for develop-

ing engineering documentation with regard to the selection of parameters for supporting mine working junctions. 

Keywords: physical modeling, testing device, rocks, relative strains, vertical load, equivalent material, similarity 

criterion, model, method of photographic evidence. 
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Исследование геомеханического состояния неустойчивых пород 

в окрестности сопряжений горных выработок 
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Сибирский государственный индустриальный университет (СибГИУ), Новокузнецк, Россия, 
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Аннотация: Обоснована актуальность исследований характера деформирования материала на физических 

моделях, эквивалентных горным породам. Для выявления зависимостей и закономерностей деформирова-

ния неустойчивых горных пород в окрестности сопряжений горных выработок разработана и представлена 

методика экспериментального исследования. В работе был принят метод физического моделирования на 

эквивалентных материалах. Рассчитаны прочностные характеристики эквивалентного материала для иссле-

дуемых пород по формулам, предложенным Г.Н. Кузнецовым. Эквивалентный материал выбран из двух 

составляющих – песка и парафина. Подобрана рецептура состава смеси и определены пределы прочности 

эквивалентного материала при сжатии. Эксперимент проводился для трех вариантов физических моделей: 

нетронутого массива горных пород, массива с одиночной горной выработкой и массива с сопряжением 

горных выработок. Испытания моделей из эквивалентного материала проводились путем одноосного вер-

тикального нагружения при помощи гидравлического пресса. По результатам испытания моделей из экви-

валентного материала представлена динамика развития трещин и разрушения вмещающего эквивалентного 

материала в окрестности искусственной полости, имитирующей горную выработку. Также получены гра-

фики зависимости относительных деформаций от вертикальной нагрузки для каждого поэтапного нагруже-

ния трѐх моделей. Проведена оценка результатов физического моделирования параметров НДС эквива-
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лентного материала вокруг полостей, имитирующих сопряжения горных выработок. Полученные результа-

ты деформирования материалов, эквивалентных горным породам, предполагается использовать в качестве 

исходных данных при тестировании результатов физического и численного моделирования, а также при 

разработке технической документации в части выбора параметров крепления сопряжений горных вырабо-

ток. 

Ключевые слова: физическое моделирование, стенд, горные породы, относительные деформации, верти-

кальная нагрузка, эквивалентный материал, критерий подобия, модель, метод фотофиксации. 
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Introduction 

At present, in coal mines, at working face 

sweep rate of up to 300 m per month, the pace of 

construction of development workings and their 

junctions is a constraining factor. The main fac-

tors that negatively affect the rate of mine work-

ings development are downtimes due to rupture 

of coal pillars, collapse of roof and sides of a 

working [4, 5, 12, 13]. Within the extraction 

front of a complex mechanized working face 

(KMZ), the number of junctions of development 

workings reaches 40, more than 80% of which 

are affected by the weight of the roof rocks 

snubbed by the working face [16]. 

Mine working junctions are rather com-

plex objects in mines. However, methods for as-

sessing their stability do not always ensure safe 

operational state of the workings, since many 

factors are not fully taken into account: the shape 

and dimensions of the junctions of the workings, 

the seam structure, the properties of the side 

rocks, etc. [2, 3, 4, 7].  

The main types of downtimes were iden-

tified at the junction of the working face and 

stoping workings, which need installing rein-

forcement support, strengthening of the enclos-

ing rocks, elimination of domes and inrushes, 

etc. 

In this regard, it is relevant to study the 

geotechnical state of unstable rocks in the vicini-

ty of the junctions of mine workings to ensure 

their trouble-free operation. 

For this purpose, identifying the depen-

dencies and mechanism of unstable rock strain in 

the vicinity of mine working junctions should be 

performed. This will allow, at the stage of devel-

opment of design documentation, to make deci-

sions that ensure the stability of the host rocks at 

mine workings junctions, reduce downtimes of 

working faces and ensure safe working condi-

tions. 

The purpose of this study is to develop a 

methodology for substantiating the parameters of 

the support of underground mine workings at the 

junctions in the course of extraction of coal 

seams with unstable host rocks.  

To achieve this goal, at the first stage of 

the study, the following challenge was met by 

physical modeling: the stress-strain dependence 

of rock equivalent material (EM) in the vicinity 

of cavities imitating mine workings junctions 

was revealed.  

Table 1. 

Types and properties of the simulated rocks 

Rock type Ultimate compressive 

strength σн, MPa 
Rock bulk density γн, kg/m

3
 

Siltstone 40 2500 

Coal 8.2 1200 
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Experimental approach. For the study, 

a physical modeling method was adopted, which 

allows to save time and costs necessary to identi-

fy the stress-strain dependences of rock equiva-

lent material (EM) in the vicinity of cavities im-

itating mine workings junctions [6, 7, 8, 11]. 

Types and properties of simulated rocks, as 

well as physico-mechanical parameters of the 

EM, satisfying the similarity criteria [10], are 

presented in Tables 1, 2.  

In accordance with Table 1, strength cha-

racteristics of the rock equivalent material for 

each rock type were calculated using the formu-

las proposed by G.N. Kuznetsov [10].  

Strength characteristics of the rock 

equivalent materials were calculated using the 

formula: 

    
нс

н

м

мспч.с R
L

l
R




 , (1) 

where  
мспч.с R  – ultimate compressive 

strength of the equivalent material; 

 
нсR  – ultimate compressive strength of 

the native rock samples; 

L

l
 – linear scale of the model; 

м  – bulk density of the material; 

н  – bulk density of the rocks. 

Bulk density of the model material was 

calculated by formula: 

 нм 60  , . (2) 

The equivalent material was prepared 

based on two components, sand and paraffin. For 

this purpose, quartz sand with grain diameter of 

0.30–0.16 mm was used. Technical paraffin STO 

00148636-004-2007 was used. 

In accordance with the results of the calcu-

lation and tests performed on the samples using 

the BP-29 Azimut hydraulic press, the composi-

tion of the mixture was selected and the ultimate 

compressive strengths of the equivalent material 

corresponding to coal and siltstone were deter-

mined (Table 2). 

A special stand for physical modeling was 

developed (Fig. 1) [9, 14]. 

Table 2 

Physical and mechanical parameters of the EM 

Physical and mechanical parameters 
Simulated rock type 

Siltstone (roof-bottom) Coal (seam) 

EM composition sand+paraffin (97 : 3) sand+paraffin+paint 

(98,52 : 1,48) 

EM blending conditions  with heating to 140 °С 

Laboratory ultimate compressive strength of 

EM, σм, MPa 

0,24 0,10 

EM stress-strain modulus Еss, MPa 25 15 

 

 

Fig. 1. Stand for physical modeling 
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The experiment was performed for three options of physical models made of equivalent material (Fig. 2): 

a) model 1 – an intact rock mass; b) model 2 - a rock mass including a single mine working; 

c) model 3 - a rock mass with a mine working junction 

 
Fig. 3. The graphs of relative strain versus stress for the equivalent material (EM) of the physical models 
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Fig. 2. Schematics of the models for physical modeling: 

a – model 1, an intact rock mass; b – model 2, a rock mass including a single mine working; c – model 3, a rock mass with a 

mine working junction 
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The study findings. Based on the physi-

cal modeling findings, the vertical specific load 

of three models was determined, as well as the 

following parameters of the stress-strain beha-

vior of the equivalent material around the cavi-

ties simulating mine workings: vertical dis-

placements, relative strains.  

Based on the findings of testing models 

made of the equivalent material and in accor-

dance with the recommendations [15, 18], graphs 

of the dependence of relative strain on the vertic-

al specific load were built and presented in Fig. 

3. 

Based on the works [11, 17], the analysis 

of the research findings was carried out in the 

following sequence. 

During loading of model 1, the EM com-

pression occurs, as can be seen in the graph (OD 

section), then the EM changes to the elastic state 

(DA section); when the first fractures appear, the 

model (rock mass) is compacted; after intensive 

development of fractures in the formation, it is 

extruded (Fig. 4a); the load is distributed on the 

overlying EM layers, elasto-plastic strain begins 

(section AA1); after changing the zone (point A1 

passed), the EM is ruptured (Fig. 4b); after a 

fracture appears in the upper layer (in the roof) 

of the model, stress relaxation occurs. 

When loading model 2, weakened by one 

through cut (a cavity simulating a mine work-

ing), intensive propagation of fractures in the 

seam (section DB) is observed, with extrusion of 

the EM on the sides of the working (Fig. 5, a); 

then the EM, similar to siltstone, whose strength 

is 3–5 times greater than the coal strength, 

changes to elastic-plastic condition (section BB1) 

and, with increasing vertical pressure, reaches 

the ultimate strength state (point B1) and finally 

collapses (Fig. 5, b). 

The distribution of strain in the EM, 

weakened by two cavities imitating junction of 

mine workings, is shown in graph 3 (Fig. 3). The 

a) b) 

Fig. 6. Seam EM deformation schematic – rock mass with a mine working junction 

a) b) 

Fig. 5. Seam EM deformation schematic – rock mass including a single mine working 

a) b) 

Fig. 4. Seam EM deformation schematic – intact rock mass 
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strain rate of the material equivalent to coal in 

model 3 is higher compared to models 1 and 2, 

since the EM (coal seam) was extruded with vo-

ids replaced with coal at the intersection (junc-

tion) of two cavities; as a result, the upper and 

lower EM layers (roof-bottom) almost joined ( 

Fig. 6, a, b). 

Conclusions. 

1) The method of physical modeling al-

lows to save time and costs required to identify 

the strain mechanism and stress-strain depen-

dences of rocks in the vicinity of mine workings 

junctions. 

2) The strain testing findings for the mate-

rials simulating rock behavior are expected to be 

used as the initial data for analysis of physical 

and numerical simulation, as well as for develop-

ing engineering documentation (specifications) 

with regard to the selection of parameters for 

supporting mine working junctions. 
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Abstract: The study of atypical manifestations of rock inelasticity improves understanding of the physical mechan-

isms of seismic wave propagation and attenuation in real environments. In the field experiments, the propagation of 

longitudinal wave at frequency of 240–1000 Hz between two shallow boreholes in low speed zone was investi-

gated. The measurements were performed using a piezoelectric pulse emitter and similar receiver tools positioned in 

the boreholes. "Stress-time" σ(t) digital responses were recorded by the open channel with microsecond temporal 

resolution. The unusual short-period variations of amplitude in the form of sharp flattening wave front, stress drop, 

or plateau of different width (tens of microseconds) were detected in the wave profile. These low-amplitude varia-

tions in the waveform were regarded as manifestations of hopping intermittent inelasticity. This inelastic process 

was assumed to affect the waveform transformation. The contribution of hopping inelasticity depends on the ap-

plied stress magnitude, i.e. in this case, the seismic response amplitude. The mechanism of hopping inelasticity at 

small strains may be explained by microplasticity of rocks. The findings obtained represent a new step in under-

standing of physics of seismic and acoustic wave propagation in rocks and can be useful for handling of applied 

problems in geophysics and mining. 

Keywords: hopping strain, rock microplasticity, inelastic seismic attributes, amplitude dependence of wave veloci-

ties and attenuation. 
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Эффекты прерывистой неупругости 

при распространении сейсмической волны в зоне малых скоростей 
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Аннотация: Изучение нетипичных проявлений неупругости горных пород расширяет понимание физиче-

ских механизмов распространения и затухания сейсмических волн в реальных средах. Полевые экспери-

менты выполнены при распространении продольной волны частотой 240–1000 Гц в пространстве между 

двумя неглубокими скважинами в зоне малых скоростей (ЗМС). Измерения проводились с помощью пьезо-

электрического импульсного излучателя и аналогичных приемников, размещенных в скважинах. Цифровые 

записи сигналов в виде «напряжение-время» σ(t) регистрировались открытым каналом с микросекундным 

разрешением во времени. На профиле волны обнаружены необычные короткопериодные вариации ампли-

туды в виде резкого уменьшения крутизны фронта, падения напряжения или плато различной длительности 

(десятки микросекунд). Эти малоамплитудные вариации на форме волны были расценены как проявления 

скачкообразной прерывистой неупругости. Сделано предположение, что этот неупругий процесс оказывает 

влияние на трансформацию формы волны. Вклад скачкообразной неупругости зависит от величины при-

кладываемого напряжения, т.е. в нашем случае от величины амплитуды сейсмического сигнала. Возмож-

ный механизм скачкообразной неупругости на малых деформациях может быть объяснен микропластично-

стью горных пород. Полученные результаты представляют новый шаг в понимании физики распростране-

ния сейсмических и акустических волн в горных породах и могут быть полезными для решения приклад-

ных задач в геофизике и горном деле. 
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Introduction 

The study of the physical manifestation of 

seismic waves propagation and attenuation me-

chanisms, despite its long history, is still 

a crucial task. To solve this problem, the modern 

approach uses new knowledge on rock strain 

obtained at the micro-scale level. The classical 

viscoelastic model describes dispersion and re-

laxation well [5, 23]. However, this model does 

not explain the mechanism, for example, of the 

ambiguity of the amplitude dependence of the 

wave velocity and attenuation. This suggests the 

existence of some disregarded inelasticity me-

chanism. 

The study of the dynamic characteristics of 

rocks is quite fully described in [2]. The data 

were obtained at large and moderate strains, 

however, amplitude and other atypical effects are 

not considered here. The study of nonlinear ef-

fects in seismic showed the possibility of their 

action even at small strains [4, 8]. These works 

gave impetus to the further study and search 

for the physical causes of these effects. 

A review of the amplitude dependence of 

wave velocities and attenuation [26] presents ex-

periments performed on rock samples under 

harmonic oscillations, and theoretical ideas. 

Most data indicate decreasing wave velocity and 

increasing attenuation with increasing amplitude 

[23, 31, 34]. A few data for rocks show, on the 

contrary, increasing wave velocity and decreas-

ing wave attenuation with increasing amplitude 

[20, 37]. The possibility of non-standard beha-

vior of wave velocities was substantiated in theo-

retical studies [24, 20; 18]. It is shown here that a 

decrease or increase in the modulus of elasticity 

occurs in accordance with the positive or nega-

tive nature of the    graph curvature. 

There are few field experiments on the 

amplitude dependence of wave velocities, which 

were carried out in the subsoil layer in shallow 

pits or on the shore of a reservoir [37]. The 

records show that as the signal amplitude in-

creases, the wave velocity may both increase and 

decrease. There is also a residual hysteresis of 

the wave velocities that indicates irreversible 

strains caused by the seismic wave. Unusual data 

on the amplitude dependence were also obtained 

in the laboratory experiments [7]. It was found 

that in dry and water-saturated sandstone in the 

ultrasonic frequency range, the attenuation pa-

rameter is more sensitive to amplitude variations 

than the wave velocity. 

The data indicate that non-standard effects 

are due to defective rocks, demonstrating micro-

heterogeneity, the presence of thin films, micro-

cracks, and the complexity of the phase composi-

tion. The experiments using modern equipment 

for recording the wave process and electron mi-

croscopy confirm this [19]. For example, the da-

ta for crystalline olivine show the effect of na-

nometer intergranular contacts on the shear wave 

attenuation parameter. These intergranular con-

tacts have abnormal elasticity modulus values 
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and cause unusual transformations of the atten-

uation parameter Q
−1

(ω). Some theoretical ap-

proaches and experimental work have also been 

performed in this regard [35; 11; 36]. 

The aim of the paper is to establish the 

manifestations of intermittent inelasticity in 

rocks caused by a seismic wave, and to compare 

these data with the findings of quasistatic expe-

riments and other recent studies. 

The experiment techniques and proce-

dure 

The experiments were performed at the 

Bystrovsky field test site in the Novosibirsk Re-

gion. The upper part of the sequence (ZMS) is 

relatively homogeneous (there are no reflecting 

boundaries) and composed of loam several tens 

of meters thick. The loam consists of sand, silt 

and clay in proportions of about 40 : 15 : 45 %, 

respectively. The size of clay particles and sand 

grains is from five to tens of micrometers. The 

loam to a depth of ~3 m is relatively dry, 

to ~8.5 m partially water saturated, and then 

completely water saturated. The velocity of lon-

gitudinal wave in dry and partially water satu-

rated loams is Vp = 240–500 m/s, and in fully 

water saturated loam Vp ≈ 1500 m/s. 

The emitting source was located in a pit 

about 1 m deep. The first seismic response re-

ceiver was located near the source at a distance 

of 0.4–1 m. The second receiver was located in 

the borehole at a depth of 1 m and at a distance 

of 6 or 14 m from the source. The pulse source 

consists of a set of piezoelectric disks. The pre-

dominant frequency of the emitted pulse in the 

near receiver is ~1100–3300 Hz, and in the dis-

tant receiver ~120–340 Hz. The emission passes 

through an elastic shell with a liquid, contacting 

with the borehole wall. The piezoelectric pres-

sure receiver contacts the borehole wall in a sim-

ilar manner that provides good contact with the 

medium. Seismic records is the stress as a func-

tion of time,  t , quantization time 

tquant = 20 μs and tquant = 125 μs. The amplitude 

quantization step (Aquant) in the ADC is 78 mV. 

The amplitude values in volts were converted to 

mechanical stresses using the conversion factor 

Kconv = 100µ V/Pa. The seismic response receiv-

er has a preamplifier with a gain of K = 100. The 

seismic responses in digital form were recorded 

on a computer. The amplitude of the input wave-

form (seismic responses) varied discretely from 

minimum to maximum: A1 → A2 → A3 → A4. 

The amplitude increases as A2/A1 = 1.5; 

A3/A1 = 2.0; A4/A1 = 2.5. At a distance of 14 m 

from the source, the stress in the medium is ap-

proximately several tens of Pascals, and the 

strain range is ~10
–8

–10
–6

. These are small 

strains being below the conditional elastic limit. 

The Findings and Discussion 

The analysis of seismic records was carried 

out using a digital high-resolution signal (seismic 

response) displaying (mapping) on an enlarged 

scale. The mapping is obtained by connecting all 

the quantization points (tquant) of the digital am-

plitude values along the seismic trace by straight 

lines (without smoothing). Such a representation 

of the signal allows a detailed analysis of the dy-

namic process, i.e. the process of development of 

stress (strain) in time. The illustrations are pro-

vided in both analog and digital imageries. 

Findings 

Fig. 1 shows six simultaneously received 

signal records in analog form, recorded at three 

amplitude values (A1, A2, A3). Of these, three 

seismic traces are records of the first (closest to 

the source) receiver installed in the borehole at a 

depth of 1 m, and three seismic traces were rec-

orded by the second receiver, located in the other 

borehole in 1 m from the source, at a depth 

of 6 m. 
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Analysis of the records in digital display-

ing shows the following. Due to the impossibility 

of placing the entire record in one picture, it is 

illustrated in separate parts. Fig. 2 shows the sec-

tions of records of the first pulse semiperiod, 

recorded near source a, and the first pulse  se-

miperiod at a depth of 6 m (below the source) b. 

Comparison of a and b records shows their qua-

litative difference. 

At all amplitudes, the primary signal  ts  

profile is quite smooth. The profile  t  has 

complications in the form of a plateau 1 of vari-

ous lengths, a local stress drop 2 (marked with a 

dashed oval) and areas of sharp changes in the 

steepness of the wave 3 front (marked with ar-

rows). Here, the front steepness changes by a 

factor of 9 during one tquant. The listed complica-

tions are of significant expansion here. 

Fig. 3 shows the sections of the records of 

the second (positive) semiperiod of the near 

pulse a and the similar distant pulse semiperiod 

b, recorded at a depth of 6 m. Comparison of 

these records produces the same result as de-

scribed above. The first and repeated records at 

the same amplitude A2, recorded by the distant 

receiver, are shown in Fig. 4. These pulses in 

analog form are presented in Fig. 4, a. A detailed 

picture in digital imagery can be seen at three 

recording intervals, where section b represents 

the record of the first minimum, sections c and d 

are fragments of the ascending and descending 

pulse fronts, respectively. Here the same non-

standard manifestations take place and the same 

peculiarities of the first and repeated recordings 

are observed, which are described above. 

The stress drop is replaced by the flat region (in 

Fig. 4 it is marked by arrows in the rectangle). 

There are sections of the pulse front that are free 

from non-standard manifestations (Fig. 4, d). 

 

 
Fig. 1. Seismic response analog records at three values of amplitudes (A1, A2, A3) obtained 

near the source (pulse emitter) and at a distance from it 
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Fig. 2. Sections of the records of the first semiperiod of the pulse closest to the source (a) 

and the pulse recorded at a depth of 6 m (b) 

 

 

 

 
 

Fig. 3. Sections of the records of the positive semiperiod of the pulse closest to the source (a) 

and the analog semiperiod of the pulse recorded at a depth of 6 m (b) 
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Fig. 4. The first and repeated records at the same amplitude (A2), recorded by the far receiver tool: 

a – the analog pulse record; b – the first minimum; c, d – fragments of the pulse ramp and downgoing front, respectively 

 

 

 

 

Fig. 5. Stress pulses recorded by the receiver tool closest to the source (a) and the far receiver (b), 

located in 1-m borehole at a distance of 14 m from the source 

Fig. 5 shows the recordings of the near re-

ceiver a and the distant receiver b, located at dis-

tances of 1 m and 14 m from the source, respec-

tively. The wave profile far from the source is 

complicated by the plateau and the areas of stress 

drop at all amplitudes. The descending front of 

the positive semiperiod demonstrates practically 

no complications. Figure 6 shows an example of 

the recording of an impulse at a distance of 14 m 

from the source, where there is an extended 

complication at the ascending wavefront, and no 

complications at the descending front. In the 

time interval Δt = t2 − t1, at all magnitudes of the 

amplitude, decreasing the front steepness is ob-
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served, which has a structured character. Here 

the complications are presented in the form of a 

plateau and a stress drop of a sawtooth shape. 

Beyond this region, the behavior of the stress 

profile is relatively monotonic. With increasing 

the amplitude, the magnitude of the sawtooth 

shape manifestations increases. The beginning of 

the stress drop occurs at point a. The following 

drops occur at points b and c. It is observed that 

the "micro-front" of the following, after the 

points a, b, c, stress increase has the same slope 

with respect to the time axis, i.e. the same steep-

ness of the front (the dashed lines are parallel). 

 

 
 

Fig. 6. Pulse records at four amplitude values recorded at a distance of 14 m from the source at a depth of 1 m 

 

 

Discussion 

The study of  t  seismic records showed 

that the waveform is complicated by the inserts 

in the form of the plateau with boundaries 

marked by abrupt changes in the stress ampli-

tude. Such an effect is supposedly attributed to 

the manifestation of hopping intermittent inelas-

ticity due to rock microplasticity. Numerous data 

in solid state physics and materials science also 

indicate the mechanism of plasticity and hopping 

strain [1; 3; 6; 9; 14; 29; 27; 33]. It has been ex-

perimentally shown that the process of micro-

plasticity is amplitude-dependent in nature [16, 

37, 22, 25]. An intermittent change in amplitude 

in the form of a seismic pulse is similar to a 

stress stop when it reaches a critical value σcr on 

the curve [28]. The effective slope of the pulse 

front is formed with the joint participation of 

elasticity and inelasticity of a hopping nature. 

This coincides with the data obtained in material 

sciences. The sudden appearance of a yield pla-

teau on the   curves, called a sudden “dis-

placement jump“ when loading and unloading 

(“pop-in” and “pop-out event”), was found in 

many experiments [12; 21]. 

Duplication of records, registration of the 

signal with accumulation ensures the reliability 

of the measurements and removes the involve-

ment of arbitrary noise events. Repeated record-

ing within a single time quantum does not al-

ways coincide with the first recording, as, for 

example, shown in Fig. 4. This is acceptable for 
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recording with high detailing in complex materi-

al such as a rock. The effect of the same slope of 

the local section at the wave front after a local 

stress drop (Fig. 6, parallel dashed lines from 

points a, b, and в) was predicted in [14]. It is 

shown here that the sections of the stress drop in 

the    diagram are followed by the sections of 

elastic strain that are parallel to each other. Be-

sides, the transition of the plateau to the stress 

drop (their mutual replacement), which is shown 

in Fig. 4, в, is also known. It should be noted that 

the ascending front of the pulse at all amplitudes 

has complications, while the descending front is 

free of them (see Fig. 6). The input pulse is al-

ways also practically “clean”.  

The hopping strain and stress plateau were 

also found in natural materials, such as silicon 

[32], stishovite [30], sapphire, diorite, graphite, 

mica, and others [10]. Quartz grains and other 

minerals are present both in hard rocks and in 

poorly consolidated medium. Using electron mi-

croscopy, it was shown that quartz single crystals 

contain inclusions of various chemical composi-

tion of micrometer sizes. When a low-intensity 

wave propagates, quartz demonstrates signs of 

nonclassical inelasticity, which was recorded in 

the parameters of amplitude-frequency-

dependent attenuation using electron microscopy 

[22]. It is noteworthy that the strain hopping and 

plateau were found in such a weak material as 

nanoclay [15], as well as in gypsum [13] and 

granite. These facts can also be regarded as an 

indirect confirmation of the possibility of such 

effects in a poorly consolidated medium. A theo-

retical justification of the propagation of seismic 

waves involving the microplasticity process was 

developed in [36]. It is necessary to consider 

other possible mechanisms, such as the acousto-

plastic effect in metals and alloys [28]. In this 

work, experimental material was analyzed, and 

justifications and approaches for solving the 

problem of the mechanism of intermittent (hop-

ping) inelasticity in rocks were proposed. 

Conclusion 

New data on the physics of seismic wave 

propagation in a real medium were obtained in 

this study. There are many mechanisms of seis-

mic waves attenuation, however, the mechanism 

of intermittent (hopping) strain is not yet in-

cluded in the seismic model. The new knowledge 

can be used to develop a rheological model and 

theoretical researches. It is likely that the ampli-

tude dependence of wave velocities and attenua-

tion is connected with intermittent inelasticity 

and, in particular, with microplasticity. This is 

evidenced by the hopping and stress-dependent 

nature of the strain process. The cause of wave-

form transformation may be microplasticity. 

The problem of the nature of microplastici-

ty in geological materials remains open so far. 

The mechanism of inelasticity may be the same 

as in solids (the motion of dislocations and other 

defects of the microstructure), or completely dif-

ferent. However, the detected manifestations of 

seismic microplasticity in the loams are very 

similar to the manifestations of microplasticity in 

ordinary solids. This issue needs further clarifi-

cation. Microplasticity has respect to the little-

known inelastic processes of propagation of low-

amplitude waves in natural materials. New 

knowledge about elastic-inelastic processes is 

required not only for the theory development, but 

also for obtaining more effective diagnostic fea-

tures for solving various applied problems by 

seismic and acoustic methods. 
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Introduction 

Rock heterogeneity is a fundamental prop-

erty of matter. M.V. Rats noted that heterogenei-

ty is inherent in any rock from the moment of its 

origination and disappears only with the disap-

pearance of the rock itself. The problem of hete-

rogeneity of rocks and the variability of their 

physical properties at different levels of the ma-

terial structural organization and under various 

thermodynamic conditions is fundamental in pe-

trophysics [13]. G. I. Petkevich emphasized that 

when describing heterogeneous and different-

scale geological objects, there is an urgent need 

for new approaches, improvement of concepts 

and terms, the introduction of formal constructs 

and quantitative indicators.  

The heterogeneity attracts the attention of 

geologists of all specializations (including petro-

physicists) since the inception of geological 

sciences. Most researchers studying the petro-

graphic, lithological, hydrodynamic and other 

features of rocks, in fact, are engaged in nothing 

more than the study of heterogeneity of rocks. 

Geophysicists are not the exception. 

One of the important properties of the geo-

logical environment (GE) is its time-to-time and 

spatial variability. Variability determines the he-

terogeneity of an object, which is determined by 

the difference in its properties at different points. 

Modern modeling in geological sciences imposes 

strict requirements on the study and obtaining of 

source information. First of all, this is a detailed 

description of thin layers and microlayers of a 

rock and quantitative assessment of all the re-

quired parameters of these layers. The parame-

ters studied at individual point in the GE do not 

always suit specialists. In laboratory practice, the 

study of rock properties is carried out precisely 

based on a point-to-point discrete principle, al-

though it is far from always possible to select 

samples for analysis from a thin layer. 

It was repeatedly noted in [14, 15, 18–20] 

that, in essence, all petrophysical characters are 

of the inherited character of lithofacial variabili-

ty. This is due to the heterogeneity formed dur-

ing the diagenesis of sedimentary rocks that oc-

cur at different points in the GE in different ways 

(under different conditions). As a result, the fur-

ther course of epigenesis is “superimposed” on 

the diagenesis process. Hence the heredity of the 

heterogeneity of rocks arises, which determines 

the variability of petrophysical (and not only) 

features. 

At present, the study of rock heterogeneity 

in petroleum geology is becoming increasingly 

important, since the main reserves of oil and gas 

are accumulated in reservoirs with low permea-

bility (poroperm properties or reservoir quality 

(RQ)), complicated by structural heterogeneity. 

Along with resolving issues of the methodology, 

the influence of heterogeneity of reservoir rocks 

on the reservoir properties, the rock permeabili-

ty, hydrocarbon saturation, and displacement ef-

ficiency is studied. The pictures of the movement 

of oil-water contact, ways to increase oil recov-

ery are also studied – all these issues are very 

important for successful development of a field. 

When assessing the mentioned parameters of re-

servoir rocks, description and analysis of hetero-

geneity are of crucial importance. A number of 

researchers [1–3, 5, 8] have done a great job of 

analysis and assessment of geological hetero-

geneity in the design of oil field development. 

However, in theory and practical aspects of hy-

drocarbon reserve estimation, this issue remains 

less studied and is only limited to determining 

the factors characterizing heterogeneity, and ty-

pifying oil deposits based on them [5, 9]. Atten-

tion should also be paid to the ambiguous inter-

pretation of the concepts of "geological hetero-
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geneity" and "confidence of oil and gas reserves" 

[1, 5, 7, 9; 21–23]. 

The influence of heterogeneity on sediment 

productivity was noted by many experts [4, 9, 

13, 26–28]. It has been established that increas-

ing the degree of heterogeneity of reservoir rocks 

leads to decreasing productivity. In petroleum 

geology, micro- and macro-heterogeneity is 

usually distinguished [6, 7, 10, 21]. 

Micro-heterogeneity of rocks is studied, as 

a rule, in laboratory conditions by traditional me-

thods: in thin sections, on images of a scanning 

electron microscope, by capillarimetry, 

X-ray phase analysis, and acoustic measure-

ments, as well as using devices designed to de-

termine effective porosity and permeability coef-

ficient. These are the basic methods. There are 

also special ones: immersion, thermal, X-ray flu-

orescence, IR spectrometric, and other methods 

of analysis. 

To study macro-heterogeneity, geophysical 

well logging data for all drilled wells and seismic 

data are used. Macro-heterogeneity is studied 

vertically (along the thickness of a horizon) and 

along the strike of the formations (by area). 

Geologists (geophysicists) pay special at-

tention to macro-heterogeneity with a detailed 

breakdown of reservoir horizons by impermeable 

sublayers. 

The aim of this work is an attempt to iden-

tify the nature of uneven hydrocarbon saturation 

of the AC10 formation reservoir and the impact 

of heterogeneity on the rock physical properties. 

The findings discussion 

Analysis of hydrocarbon saturation nature 

the AC10 formation rocks was performed based 

on two boreholes of the Priobskoe field. 

In the process of the AC10 formation ori-

gination, the sea basin was sharply differentiated 

in depth. This was due to its partial shallowing in 

the eastern and southeastern parts of the region 

due to the accumulation of significant masses of 

terrigenous material. The edge of the shelf was 

located within the considered territory. The 

amount of fragmental product entering the basin 

increased. The formation of sand bodies during 

this period was connected both with the accumu-

lation of the fragmental product in the shelf area, 

especially in its frontal part, and with the activity 

of turbidite flows of various hydrodynamic activ-

ity. The sand strata of various genesis may be 

spatially separated, connected by "channels" or 

represent a single body. The conditions of sedi-

mentation determined the rather intricate spatial 

(in plan view and cross-section) nature of the dis-

tribution of the sand bodies. 

The area of the sand body occurrence in the 

lower part of the AC10 formation belongs to the 

shelf zone, which was very flat and apparently 

represented an alluvial-delta plain. The inflow of 

material occurred from the southeast through two 

channels with its redistribution along the frontal 

zone. The sea basin in the period under review 

retained differentiation in depth. At the stage of 

completion of the AC10 formation origination, 

the differentiation of the sea basin in depth suc-

cessively decreased that was connected with the 

accumulation of terrigenous material in the pre-

vious time. The amount of the fragmental prod-

uct supplied decreased, and basin processes be-

gan to prevail in its redistribution, under the in-

fluence of which bar systems were formed. The 

activity of turbidite flows is observed only in the 

western part of the area, confined to the slope 

and lower part of the terrain. 

It becomes clear from the foregoing that 

the conditions of the AC10 formation origination 

suggest wide variability of its lithological and 

mineralogical composition and textural-and-

structural features. 
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Fig. 1. Geophysical logging data and core photographs in daylight and ultraviolet light 

for the rocks of AC10 formation in borehole 1 at Priobskoe field 
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Fig. 2. Geophysical logging data and core photographs in daylight and ultraviolet light for the 

rocks of AC10 formation in borehole 2 at Priobskoe field 

Нэф по ГИС
= 10,8 м

Нэф по керну
= 6,2 м

Д
н

е
в

н
о

й
 

с
в

е
т

У
л

ь
т
р

а
ф

и
о

-
л

е
т
о

в
ы

й
 с

в
е
т

5 7 9 11 13

50 65 80 95

GR, gAPI

SP, mV

GRprof, API

3 6 9 12 15

0 4 8 12 16

2850

2851

2852

2853

2854

2855

2856

2857

2858

2859

2860

2861

2862

2863

2864

2865

2866

2867

2868

0 4 8 12 16

MINV, Ом*м

Г
л

у
б

и
н

а
, 

м
MNOR, Ом*м

BK, Ом*м

2 4 8 16 32 Кп, %

0.1 0.5 2.5

5 10 15 20

Кпр, мД

зона 2

зона 2

зона 1

зона 1

D
ep

th
, 
m

 

Hef for GIS 

 = 10.8 m 

Hef for core 

 = 6.2 m 

D
a

y
li

g
h

t 

U
lt

ra
v

io
le

t 
li

g
h

t 

Zone 1 

Zone 1 

Zone 2 

Zone 2 

Kperm, mD 

K
p
, % 



 

ROCK CHARACTERISTICS. GEOTECHNIC SURVEY AND GEOPHYSICS 47 

Fig. 1 and 2 show the comparison of the 

geophysical well logging data with core photo-

graphs in daylight and ultraviolet light for the 

rocks of the AC10 formation from two boreholes 

at the Priobskoe field. In the given intervals of 

depth, the total effective thickness Нef determined 

by the logging data was 14.9 m, whereas from 

the core photographs in ultraviolet (UV) light Нef 

of the oil-saturated interlayers is 7.4 m only, i.e. 

by 50.0 % less. It can be seen in the photographs 

in daylight that the core of the AC10 formation is 

predominantly homogeneous. However, the pho-

tographs in ultraviolet light showed island core 

saturation with hydrocarbons. In the photograph 

in UV light, 2 zones are clearly distinguished: 

bright glowing (zone 1) and dark glowing 

(zone 2). 

Let’s try to comprehend why the core vi-

sually homogenous in photographs in daylight, 

shows island core saturation with hydrocarbons 

in the photographs in UV light. 

Lithologically, the rocks of zone 1 are 

represented by sandstone and siltstone with clay 

and carbonate-clay cement, and those of zone 2 

are siltstone with clay and carbonate cement 

(Fig. 3). 

For the rocks of zone 1, the sand fraction 

amounts to from 40.4 to 59.2% (the average val-

ue is 44.6 %), the silt fraction amounts to from 

33.2 to 49.2 % (45.0 %), and the clay fraction, 

from 7.3 up to 12.7 % (10.3 %); the carbonate 

content varies within 2.5–9.6% (4.9 %). 

For the rocks of zone 2, the sand fraction 

amounts to from 23.6 to 47.9 % (the average 

value is 35.4 %), the silt fraction amounts to 38.7  

to 59.6 % (50.4 %), and the clay fraction, from 

10.5 up to 24.1 % (14.2 %), the carbonate con-

tent varies within 4.6–30.9 % (9.3 %) (Fig. 4). 

The rocks of zone 1 and zone 2 are of 

poor grading (Fig. 5). The grading factor is often 

used as an indicator of sedimentation conditions. 

However, in most cases, it gives only 

comparative characteristics. 

 
 

Fig. 3. Classification graphic chart of sandy-silty-clay rocks according to F. Shepard [12]: 

1 – mudstone; 2 – siltstone; 3 – sandstone; 4 – sandy mudstone; 5 – silty mudstone; 6 – clayey sandstone; 

7 – clayey siltstone; 8 – silty sandstone; 9 – sandy siltstone; 10 – sandy-silty mudstone 
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Fig. 4. Grain-size and carbonate content distribution in rocks of AC10 formation of Priobskoe field 

 
Fig. 5. Sorting of the AC10 formation rocks according to R.L. Folk and W.С. Ward [24] 
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sion sediment type and, to a lesser extent, to the 

type of rolling sediment of the littoral facies 

complex (Fig. 6, 7). 

Based on the analysis of porosity and per-

meability, the rocks of the selected zones belong 

to different petrophysical types (Fig. 8). The es-

timation of the pore space in thin sections 

showed that the rocks of zone 1 have larger 

pores relative to the rocks of zone 2 (Fig. 9). 

To bring to light the nature of the uneven 

hydrocarbon saturation of the reservoir in the 

distinguished zones, the combined analysis of 

the findings obtained from the study of the size 

of capillary channels and pores, as well as the 

investigation of the degree of their filling with 

clay and carbonate material, was performed.  

The sizes of pores and pore channels and 

the nature of their distribution in size are one of 

the important indicators in petrophysics. The dis-

tribution of phases in the reservoir largely de-

pends on these indicators. The petrophysical pa-

rameters mainly depend on the size of the pore 

channels composing the pore space. It is known 

that the more heterogeneous the sizes of the re-

servoir pore channels, the greater the residual 

hydrocarbon saturation and the lower the dis-

placement efficiency. This phenomenon in mud-

ded-off reservoirs is primarily due to the Laplace 

effect [16]. 

With the aim of studying the structural 

features of the pore space in the distinguished 

zones, an analysis of scanning electron 

microscope (SEM) images was performed 

(Fig. 10). In the rocks of zone 1, predominance 

of inter-microaggregate-grain, inter-grain and 

intra-grain micropores, as well as cavernous-

expanded leaching pores with average size 

of 14 μm, very few pores with cross-section of 

up to 70 μm, anisometric and slot-shaped, con-

necting with each other through ultracapillary 

and narrow slot-like pore channels is observed.

 

 

 Fig. 6. Genetic S-M diagram by R. Passega [25]  Fig. 7. Dynamic genetic diagram 

  by G.F. Rozhkov [17] 
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Fig. 10. Electron-scan microscope image 

photographs General rock texture 

and the pore space structure features, 

zooming of 500x 

Fig. 11. Distribution of pore channels by size 

and their participation in oil filtration 
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In the rocks of zone 2, predominance of inter-

grain and inter-microaggregate-grain micropores, 

more rarely intra-grain micropores, with average 

size of 8 μm, very few pores with cross-section 

of up to 20 μm, anisometric and sinuous-slot-

shaped, closed and connecting with each other 

through ultracapillary pore channels is observed. 

The study of the pore space structure 

by centrifugation revealed that in the rocks of 

zone 1, pore channels from 1.62 to 3.90 μm 

in size prevail, and the main role in liquid filtra-

tion is played by pore channels of size from 3.90 

to 9.41 μm, while in the rocks of zone 2, 

pore channels from 0.69 to 1.62 μm in size 

predominate, and liquid filtration mainly occurs 

through pore channels of size from 1.62 

to 3.90 μm (Fig. 11).  

The analysis of the pore space structural 

features revealed that the rocks of zone 1 have 

larger pores and have better filtration channels 

(pore throats) relative to the rocks of zone 2.  

Based on the data on the distribution of the 

pore channels and their participation in the liquid 

filtration, the average radii of the pore channels 

were calculated by the method of statistical mo-

ments, and their comparison with the absolute 

gas permeability was performed (Fig. 12). The 

statistical moment method is based on the rigor-

ous probabilistic theory of estimating statistical 

characteristics [16]. 
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Fig. 12 shows that in the rocks of zone 1, 

most of the filtration channels connecting the 

pores to each other has average radius ranging 

from 2.9 to 5.6 microns, whereas in the rocks of 

zone 2, from 0.7 to 2.5 microns. The analysis of 

the pore channel average radii showed that the 

size of the filtration channels of zone 1 is two 

times the size of the filtration channels of zone 2. 

The pressure at which the liquid displace-

ment begins (shear pressure) for the rocks of 

zone 1 ranges from 0.177 to 0.375 kgf/cm
2
 (the 

average value is 0.297 kgf/cm
2
), and that for the 

rocks of zone 2, from 0.378 to 1.494 kgf/cm
2 

(0.641 kgf/cm
2
) (Fig. 13, 14). At the pressure 

levels below the shear pressure, liquid displace-

ment will not occur, and, as a result, oil will not 

displace water. 

The analysis of the material composition 

showed that the content of clay and carbonate 

material in the pore space of the rocks has a fun-

damental effect on the size of the filtration chan-

nels (Fig. 15).  

The clay volume Кclay and the carbonate 

volume Кcarb values vary within the following 

ranges: for the rocks of zone 1, Кclay ranges 

from 6.1 to 10.5 % (the average value is 8.5 %) 

and Кcarb ranges from 2.0 to 8.9 % (4,1 %); and 

for the rocks of zone 2, Кclay ranges from 9.1 

to 20.5 % (12.1 %) and Кcarb, from 3.3 to 31.1 % 

(8.4 %). 

For the purpose of determining the degree 

of filling the rock pore space with clay and car-

bonate material, we calculated the relative clay 

content η and clay-carbonate content φ and com-

pared them with the open porosity Kp (Fig. 16). 

The degree of filling the pore space with clay 

and carbonate material for the rocks of zone 1 

ranges within 35–54 % (42 % on average), and 

that for the rocks of zone 2, 45–92 % (57 %). 

Fig. 16 shows that in the rocks of zone 1, 

the degree of filling of the pore space with clay 

and carbonate material is much less than that in 

the rocks of zone 2. 

Conclusion 

Based on the implemented analysis, we 

conclude that the uneven hydrocarbon saturation 

of the AC10 formation is due to the microhete-

rogeneity of these rocks. 

The sediments of the AC10 formation cor-

respond to the littoral facies complex, whose ori-

gination conditions determine wide variability of 

the lithological and mineralogical composition 

and textural-and-structural features, that led to 

the microheterogeneity of these rocks.  

The high content of clay and carbonate ma-

terial in the pore space of the rocks of the AC10 

formation produced fundamental effect on the 

size of the filtration channels and, as a result, 

determined the uneven hydrocarbon saturation. 

Since the geophysical well logging data are 

aimed at studying macroheterogeneity, the filler 

composition, its amount in the pore space, and 

the (core) hydrocarbon saturation collectively 

evened the AC10 formation electrical resistance 

in different saturation zones that led to distortion 

of the hydrocarbon saturation of the reservoir as 

a whole. 

To increase the confidence of hydrocarbon 

saturation estimation for the AC10 formation 

rocks, the lithological-petrophysical and geo-

physical data should be applied in combination. 

It is necessary to formulate the systematic ap-

proach to solving such problems. 
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Analysis of Possible Origination of Domes in Longwalls 
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Abstract: The research is aimed at solving problems of assessing underground working stability in complicated 

mining and geological conditions to increase reliability and safety of mining operations. Analysis of geomechanical 

processes occurring in a rock mass during extraction of coal seams to determine the stability of mining block roof 

is the most important task. The performed digital modeling of the rock mass based on the structural logs for K1 

seam and the nearest borehole log enabled highly detailed identifying the types of rocks occurred in the seam roof 

and their strength characteristics, compressive stresses. To determine the stability of a mining block roof, the factor 

of safety of the rocks was used, which was determined by modeling method using Phase 28.0 and Rockscince soft-

ware. The carbonaceous argillite parting 0.09–0.12 m thick was taken as the contact of the longwall with the seam 

roof, and, for completeness of the analysis, the upper high-ash coal member in the seam roof up to 0.7 m thick was 

used. The modeling findings, presented in the graph of dependence between the safety factor and the distance be-

tween the belt heading and air drift, showed that the probability of dome formation in the longwall is high, as the 

factor of safety of the rocks is less than unity, that indicates the roof instability in the course of the coal seam block 

extraction. The modeling methods allowed assessing the mine working stability, based on which the measures to 

improve the reliability and safety of mining operations can be timely developed, and due technical and technologi-

cal solutions shall be reached. 

Keywords: longwall, seam, rock mechanical and gas-dynamic process, stress, strain, stability, modeling, factor of 

safety. 
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Анализ возможного возникновения куполов в лаве 

Имранов Р. А., Хмырова Е. Н., Бесимбаева О. Г., Оленюк С. П., Капасова А. З. 

Карагандинский государственный технический университет, Караганда, Казахстан, 

hmyrovae@mail.ru 

Аннотация: Исследования направлены на решение задач по оценке устойчивости горных выработок при 

подземной разработке в сложных горно-геологических условиях, повышающих надежность и безопасность 

проведения горных работ. Исследование геомеханических процессов, происходящих в горном массиве при 

отработке угольных пластов, с целью определения устойчивости кровли выемочного блока является важ-

нейшей задачей. Выполнено цифровое моделирование массива горных пород по структурным колонкам 

пласта К1 и ближайшей скважине, которое позволило с высокой детальностью определить типы пород, за-

легающих в кровле пласта, и их прочностные характеристики, напряжения на сжатие. Для определения ус-

тойчивости кровли выемочного блока был использован показатель коэффициента запаса прочности пород, 

который определялся методом моделирования с использованием программного обеспечения Phase 28.0 и 

Rockscince. Контактом комплекса лавы с кровлей пласта был принят прослой углистого аргиллита мощно-

стью 0,09–0,12 м, и для полноты анализа использовалась верхняя высокозольная пачка угля в кровле пласта 

мощностью до 0,7 м. Результаты моделирования, отраженные на графике изменения коэффициента запаса 

прочности в зависимости от расстояния между конвейерным и вентиляционными штреками, показывают, 

что вероятность образования куполов в лаве велика, так как коэффициент запаса прочности пород менее 

единицы, что указывает на неустойчивость кровли при отработке выемочного участка угольного пласта. 

Методами моделирования показана возможность произвести оценку устойчивости горных выработок, на 

основании которой своевременно разработать мероприятия, повышающие надежность и безопасность про-

ведения горных работ, и принять правильные технические и технологические решения. 
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Introduction 

Underground coal mining is almost always 

accompanied by difficult mining, geological, and 

geotechnical conditions, therefore, an urgent is-

sue is studying rock mechanical and gas-

dynamic processes occurring in underground 

workings. Determining the level of maximum 

effective stresses around mine workings is one of 

the most important tasks of rock mechanics [3, 

4]. Analysis of the simulation results, taking into 

account the safety factor of the rocks, allows se-

lecting the optimal parameters for the deposit 

mining, the opening scheme and horizon devel-

opment work. 

The study of the effect of rock pressure on 

the rock mass and powered support during ex-

traction of a mining block of the longwall allows 

to determine the change in the condition of the 

seam roof rocks from compression to tension, 

which may lead to gradual caving the rock from 

the roof up to a sudden bulk collapse and the 

formation of domes. 

The research tasks and objectives 

The idea of the research is to study a com-

bination of various factors: the structure and 

properties of a coal-rock mass, a combination of 

geological and mining conditions, the level of 

existing stresses in the rock mass, and the tech-

nological parameters of the mining block extrac-

tion [5].  

In this regard, the development of methods 

for the integrated management of rock mechani-

cal and gas-dynamic processes in coal mines is 

an urgent scientific and practical task. 

The obtained scientific and practical results 

of the studies performed by the authors can be 

used as the basis for the integrated management 

of rock mechanical and gas-dynamic processes 

in mines [6–10]. 

Most studies are based on solving the elas-

tic rock mechanical problem, and the resulting 

stresses and strains are compared with the max-

imum allowable for the near-outline rock mass. 

When solving rock mechanical problems, one of 

the main issues is the determination of reliable 

calculated values of the strength properties of a 

rock mass. 

The research methods 

By the level of stresses existing in a rock 

mass, it is possible to assess the stability of mine 

workings and determine the rock safety factor. 

Cross section of permanent mine workings 

in the course of their drifting may change due to 

the influence of the stresses occurring in the sur-

rounding rocks [11–13]. Instability of the work-

ings is caused by high vertical stress. However, 

in practice, there are cases when horizontal 

stresses significantly exceed vertical ones that 

may lead to deformation of the roof and bottom 

rocks. The bottom deformation is manifested by 

bulging only, which may go practically unno-

ticed.  

The existence of tensile stresses does not 

always cause failure of the rock mass in the area. 

The rocks themselves can to some extent resist 

tension, and even in case of some displacements, 

the rock mass retain some stability (the so-called 

residual rock strength) [3, 17].  
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Deformation of the roof rock (Fig. 1) may 

be accompanied by intensive rock failure, initial-

ly in the form of flaws, and then with the transi-

tion to collapses. The transition to collapses is 

connected with decreasing the bearing area when 

approaching the crest part of the roof.  

It should be noted that with the dynamic 

manifestation of instability in the form of gra-

dual phased roof rock collapse, a sudden bulk 

collapse may happen. 

In the areas where vertical and lateral 

stresses σv and σl can simultaneously affect the 

formation of the cross-sectional shape of a work-

ing, the physics of the deformation process is 

fully determined by the physico-mechanical 

properties of the rocks. 

Therefore, both the level of effective 

stresses and the properties of rocks, in each case, 

are individual in nature. 

The research subject is K1 coal seam being 

extracted by 46 К1 longwall. Extraction of a 

mining block leads to changing rock pressure on 

rock mass and powered support. This in turn 

causes periodic changing the rock condition from 

compression to tension, inducing changing the 

size and number of hanging rock members in the 

seam roof, participating in producing abutment 

pressure [1, 4, 18, 19]. 

To determine the longwall roof stability 

(Fig. 1), digital simulation of the rock mass [20] 

was performed based on the structural logs for 

K1 seam (Fig. 2) and Borehole No. 11355. 

Fig. 1. Longwall 46 K1 mining plan 
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K1 seam consists of 6–7 standard and two 

high-ash coal members in the seam top (com-

pressive stress σcomp of 11–12 MPa). The seam 

top is represented by medium-grained mudstone 

up to 20.5 m thick (compressive stress σcomp 

of 22–25 MPa). In the immediate top of the 

seam, in depth interval 1.2–1.8 m, K1´ stratum 

up to 0.2 m thick occurs. Sandstone and siltstone 

with compressive stress σcomp of 35–59 MPa lie 

in the seam bottom. 

To determine the stability of the roof of the 

extraction pillar, the rock safety factor values 

were used. The carbonaceous argillite parting 

0.09–0.12 m thick was taken as the contact of the 

longwall with the seam roof (Fig. 2), and, for 

completeness of the analysis, the upper high-ash 

coal member in the seam roof up to 0.7 m thick 

was used.  

Findings 

Based on the study findings, we can con-

clude that the seam roof at contact with the car-

bonaceous argillite parting in the longwall is un-

stable and easily collapsed. The safety factor 

value at the contact of the longwall and the car-

bonaceous mudstone (Fig. 3) is 0.92 on average 

in the longwall. 

 
Fig. 3. Factor of safety of the modeled rock mass 

Fig. 2. K1 seam structural log  
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Fig.6. The change in factor of safety depending on the distance between the belt and air headings 

 

Fig. 5. Factor of safety of the belt heading 

Fig. 4. Factor of safety of the air heading 
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The safety factor of the upper high-ash 

coal member is less than unity and in some 

places becomes negative in a section 25 m long 

from the air heading towards the extraction block 

(Fig. 4). Such value of the safety factor is an in-

dicator that the roof rocks during mining 

of the extraction block in this place will collapse 

[21–23]. A possible reason for this is that this 

block is located in the OGD zone of the overly-

ing extraction block mining. 

Conclusion 

The modeling findings, presented in the 

graph of dependence between the safety factor 

and the distance between the belt heading and air 

heading, obviously demonstrate that the proba-

bility of dome formation in the extraction block 

roof is high, as the factor of safety of the rocks is 

less than unity, that indicates the longwall roof 

instability in the course of the coal seam extrac-

tion (Fig. 6).  

Based on the findings of the performed 

studies of rock mechanical processes occurring 

in the rock mass during extraction block mining, 

the right decisions can be made on further coal 

seam mining [24]. Knowing the forecasting data 

for a coal seam section mining will allow pre-

determining the most dangerous places, namely 

the roof collapse points, at the design stage.  

The implemented studies with the determi-

nation of the safety factor allow predicting the 

likelihood of domes formation in the extraction 

block roof and developing measures to ensure 

safe coal seam mining conditions, as well as pre-

venting potential future emergencies [24, 25]. 
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Аннотация: Многозональные изображения Landsat с успехом использовались для выявления месторожде-

ний некоторых полезных ископаемых в разных регионах мира. Некоторые минералы, в том числе глини-

стые минералы и оксид железа, могут быть обнаружены по данным многозональной съемки из-за их спек-

тральных характеристик. В данной работе представлены результаты применения метода главных компоне-

тов и технологии Crosta для обнаружения скоплений глинистых минералов и оксида железа на основе ис-
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INTRODUCTION 

Minerals are the most important natural re-

sources of any country. Mineral resources are 

used in many industries: in energy generation, 

construction, metallurgy, agriculture, etc. Pros-

pecting and discovery of mineral resources is a 

difficult task. Traditional methods based on field 

prospecting and exploratory surveying work, 

solve this problem, but bear high costs. Remote 

sensing technology has several advantages over 

ground-based reconnaissanc|exploration me-

thods, due to coverage of a wide area and short 

re-observation period. The studies [1–5, 7–10, 

13–18, 20–23] confirms the possibility of using 

multispectral images (Landsat, Aster) for moni-

toring and detecting minerals. Scanner images 

capture information about the underlying surface 

in the visible, near and middle infrared spectral 

regions [6, 11, 12]. This allows investigating 

physical properties of the studied surface and 

making assumptions about soils and rocks.  

Landsat multispectral image data have 

been used for several years in arid and semi-arid 

natural conditions to identify deposits of iron 

oxides and hydrothermal minerals. Many authors 

have used the spectral index method to detect 

minerals. For example, the spectral indices ob-

tained from Landsat and ASTER multispectral 

images were used for prospecting iron oxide, 

clay minerals, magnetite content, ferrous miner-

als and calculation of Abrams, Chica-Olma and 

Kaufmann indices [4, 10]. Crosta (1989) [5], Mia 

and Fujimitsu (2012) [16] used the principal 

component analysis (PCA) method to detect 

mineral deposits. Based on the principal compo-

nent analysis method, Fraser et al. (1997) [10] 

developed the DPCA method (directed principal 

component analysis) to monitor the distribution 

of minerals. The DPCA method was also used by 

Khaleighi and Ranjbar (2011) [14] to map cop-

per content in Iran based on ASTER multispec-

tral images. The findings obtained in these stu-

dies show that the principal component method 

has higher accuracy of mineral detection than the 

spectral index method. 

This work is devoted to the detection of 

clay minerals and iron oxides in the Thai Nguyen 

Province, northern Vietnam based on the multis-

pectral survey LANDSAT 8 data using the me-

thod of principal components. Some other image 

processing methods were also used in the work, 

including the creation of color mosaics, stret-

ching the histograms of brightness, decorrela-

tion, improving the edges of contours, merging 

images, calculating spectral indices – to estimate 

the mineral content in rocks and soils. 

MATERIALS  

The Study Area. Thai Nguyen Province is 

located in the northern part of Vietnam, 80 km 

from the Hanoi, the capital of the country (Fig. 

1). The geographic coordinates: 21°20 ′ to 22°03′ 

N, 105°52′ to 106°14′ E The Province is crossed 

by several mountain ranges, stretching in the di-

rection from the northwest to the southeast. In 

the southwest of the province, Tamdao mountain 

range of 80 km long is located. The vegetative 

cover in the Province, mainly presented by new-

ly planted forests and fruit trees, occupies about 

80% of the area. Natural forests remained in a 

small part of the territory and are common in 

high mountain ranges. Mountain soil occupies 

48.4% of the area, is located at heights of more 

than 200 m and formed as a result of weathering 

of hard and metamorphic rocks and other forma-
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tions. The soil of the hills covers 31.4 % of the 

area, is formed mainly over sandstone, siltstone 

and some ancient tectonic formations. Thai 

Nguyen Province is rich in mineral resources, 

including iron and coal. Pictures of some mineral 

mines in the study area are shown in Fig. 3 [24]. 

Initial data. In this work, we used a mul-

tispectral image received from the Landsat 8 OLI 

satellites; the survey date was June 15, 2017 

(Fig. 2). The image was produced in cloudless 

weather – a necessary condition for shooting. 

This image was downloaded from the site of the 

United States Geological Survey (US Geological 

Survey – USGS – http://glovis.usgs.gov) with 

L1T processing level [25]. 

Landsat 8 is the eighth satellite in the 

Landsat program and the seventh satellite of this 

series, launched into the Earth orbit. Landsat 8 

receives images of the Earth's surface in the visi-

ble, near-IR and thermal IR ranges, with spatial 

resolution of 15 to 100 m (Table 1). 

METHODS AND FINDINGS 

To detect iron oxides and clay minerals 

from Landsat 8 multispectral image data, the 

principal component analysis (PCA) method was 

used. This method allows to reduce the data di-

mensionality with the least loss of valuable in-

formation for decryption. 

 

Fig. 1. Location of the study area, Thai Nguyen Province, Vietnam 
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Table 1 

Characteristics of the multispectral image received from the Landsat 8 satellite 

No. Spectral channel Range (µm) Spectral resolution (m) 

1 Channel 1 – shores and aerosols 0.433–0.453  30  

2 Channel 2 – Blue 0.450–0.515  30  

3 Channel 3 – Green 0.525–0.600  30  

4 Channel 4 – Red 0.630–0.680  30  

5 Channel 5 – Near-infrared  0.845–0.885  30  

6 Channel 6 – Middle-infrared 1.560–1.660  30  

7 Channel 7 – Middle-infrared 2.100–2.300  30  

8 Channel 8 – achromatic  0.500–0.680  15  

9 Channel 9 – Cirrus 1.360–1.390  30  

10 Channel 10 – Thermal infrared 10.30–11.30  100  

11 Channel 11 – Thermal infrared  11.50–12.50  100  

Fig. 3. Pictures of some mineral mines in the study area: coal mines Han Hoa (a), 

Nui Hong (b), and Chai Kau iron ore mine (c) [24] 

Fig. 2. Landsat 8 multispectral image in Thai Nguyen province, 15.06.2017 
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In this paper, it is shown that the first prin-

cipal component (PC1) consists of the positive 

elements of all spectral channels of the Landsat 8 

image (channels 2, 3, 4, 5, 6, and 7). PC1 

amounts to about 95.12 % of the eigenvalue of 

the total variance for the PCA data. The eigen-

vector for the third principal component (PC3) 

indicates that vegetation, which has high reflec-

tivity in the near infrared range (channel 5) pre-

vails in PC3. The negative value of the element 

in channel 5 on this principal component 

(−0.77223) also indicates that the vegetation pix-

els will be black on this principal component. 

Since the elements on the eigenvectors for chan-

nel 2 and channel 4 in the sixth principal compo-

nent (PC6) (Table 2) are also opposite in sign, it 

can be assumed that the iron oxides will differ in 

bright pixels in PC6. Hydroxyl minerals are dis-

played as dark pixels in PC5 due to the fact that 

the contribution is negative from channel 6 and 

positive from channel 7 in this PC5 (Table 2). If 

the number of input channels is reduced to avoid 

a certain spectral contrast, the probability of de-

termining an unique principal component for the 

detection of minerals will increase [15]. 

Hydroxyl minerals reflect electromagnetic 

radiation in the range 1.55–1.75 μm (channel 6 

of the Landsat 8 image) much more intensively 

than in the other studied ranges, and are inten-

sively absorbed in the range from 2.05 to 2.35 

μm (channel 7) [ 7]. Thus, for the detection of 

clay minerals, spectral channels in blue (chan-

nel 2), near IR (channel 5) and mid-infrared 

ranges (channels 6 and 7) of Landsat 8 image are 

used. Channels 3 (green) and 4 (red) are not 

used, to avoid the effects of iron oxides and ve-

getation cover. The results of the conversion of 

the principal components in the combination of 

channels 2, 5, 6 and 7 of the Landsat 8 image for 

the territory of the Thai Nguyen Province Viet-

nam) are shown in Table. 3. An analysis of the 

results showed that PC4 with relatively strong 

positive load for channel 7 (0.7384) and mod-

erate negative load for channel 6 (−0.5791) can 

be used to detect hydroxyl minerals. PC4 distin-

guishes hydroxyl minerals as dark pixels. Using 

the inversion method, hydroxyl minerals are 

represented by light pixels on PC4 (Fig. 4, a). 

Table 2 

The findings of main component analysis for 6 multispectral image channels of Landsat 8 

Channel B2 B3 B4 B5 B6 B7 Eigenvalue (%) 

PC1 0.32708 0.26698 0.22964 0.38848 0.39815 0.64149 95.123 

PC2 −0.14263 0.05132 0.24151 0.03498 0.60180 0.58675 2.689 

PC3 0.22824 0.23004 0.46350 −0.77223 −0.15801 0.11465 1.935 

PC4 −0.09365 −0.38327 −0.56946 −0.42576 0.36687 0.33932 0.196 

PC5 −0.17823 0.13023 0.12403 −0.25107 −0.54775 0.06205 0.035 

PC6 −0.56011 −0.53438 0.54677 0.08179 −0.08079 0.28967 0.023 
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Table 3 

The findings of main component analysis for identifying hydroxyl minerals 

Principal 

components 

Eigen vector 
Eigenvalue (%) 

B2 B5 B6 B7 

PC1 0.3566 0.6158 0.6218 0.3270 95.481 

PC2 0.1340 0.6730 −0.4379 −0.5808 3.119 

PC3 −0.9072 0.2833 0.2935 −0.1024 1.310 

PC4 −0.1783 0.2959 −0.5791 0.7384 0.090 

 

Table 4 

The findings of main component analysis for identifying clay minerals 

Principal 

components 

Eigen vector 
Eigenvalue (%) 

B2 B4 B5 B6 

PC1 0.3680 0.2381 0.6351 0.6360 95.775 

PC2 0.0992 0.4337 −0.7340 0.5132 2.410 

PC3 −0.7739 −0.3509 0.0548 0.5244 1.724 

PC4 0.5058 −0.7951 −0.2343 0.2389 0.091 

 

 
 

Fig. 4. Component PC4, bright pixels indicate the location of hydroxyl minerals (a) and iron oxides (b) 

 

  

а) b) 
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Similarly, for the detection of iron oxides, 

the spectral channels 2, 4, 5, and 6 of the Landsat 

8 image are used in this study. The green channel 

(channel 3) is not used to avoid the effect of ve-

getation on the results of the detection of miner-

als. The results of the conversion of the principal 

components in the combination of channels 2, 4, 

5, and 6 of the Landsat 8 image in the Thai 

Nguyen Province (Vietnam) are shown in Table. 

4. In this case, PC4 pinpoints iron oxide as dark 

pixels (the eigenvector for channel 4 is −0.7951 

and for channel 2, +0.5058). This image (PC4) 

can be inverted by brightness (brightness in-

verse) to show the location of iron oxides as 

bright pixels (Fig. 4, b). 

Images of the principal components (PC4) 

for hydroxyl minerals and iron oxides are com-

bined to create a single image displaying pixels 

with abnormal concentrations of both hydroxyls 

and oxides of iron as the brightest. This merger 

of two images is also obtained using the method 

of principal components, such as PC1, having 

positive eigenvalues for both input images. 

These images were then combined using Crosta 

technology to produce the three-layer image. The 

flowchart of the image processing method for 

detecting hydroxyl minerals and iron oxides 

from the LANDSAT 8 multispectral image data 

is shown in Fig. 5. 

To process multispectral images, the RS-

MINERALS software package was created 

based on the Matlab programming language. The 

package is intended for the analysis of satellite 

images by the principal component analysis me-

thod. The RS-MINERALS software package 

provides the ability to open and process satellite 

images in TIFF format, including basic modules 

such as View (imagery), Idicies (spectral indic-

es), PCA (principal component analysis), DPCA 

(directed PCA), Interpreter (image processing ). 

The software program interface is presented in 

Fig. 6. 

 

Fig. 5. Image processing method for detection of hydroxyl minerals and iron oxide using a Landsat 8 Oli 

multispectral image 

 

Landsat 8 OLI multispectral image 

Pre-processing 

B2 B5 B6 B7 B2 B4 B5 B6 

Principal component analysis Principal component analysis 

PC4 PC4 PC1 

Image combination 

Result: detection of minerals 
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Fig. 6. RS-MINERALS software program interface 

 
 а б 

Fig. 7. PCA (a) and Indices (b) modules in the RS-MINERALS software package 

The PCA module allows calculating the 

principal components for Landsat images. At the 

output, the program displays eigenvectors and 

eigenvalues for the selected principal compo-

nents containing the most valuable information 

about minerals (Fig. 7, a). 

The Indices module allows calculating 

mineral indices such as those for clay minerals, 

iron oxide, ferrous minerals, mineral composites, 

Abramm index, Kaufmann index and Chica-

Olma index (Fig. 7, b). 

The Interpreter module has tools for com-

bining the spectral channels of a multispectral 

image (Band combinations) and Brightness in-

version. The Brightness inversion tool allows 

inverting the brightness of pixels to highlight the 

location of minerals in the image of the principal 

component. 

The DPCA module allows highlighting the 

location of minerals using the DPCA method de-

scribed by Fraser and Green (1987). In this me-

thod, PC1 is calculated from the ratios of the 

Landsat TM spectral channels: (chan-

nel 4/channel 3) and (channel 5/channel 7). The 

image (channel 5/channel 4) and the image 

(channel 7 + channel 1) were used to create the 

color RGB image. 

The result of the combination of the im-

ages for the detection of hydroxyl minerals and 

iron oxide was shown in Fig. 8. In this image, 

white pixels represent areas rich in both hydrox-

yl and iron minerals. The areas containing many 

hydroxyl minerals are shown by bright red to 

orange color, and the areas rich in iron are shown 

in bright blue to blue color [15]. 

To assess the accuracy of the detection of 

hydroxyl minerals and iron oxide from Landsat 8 

multispectral survey data, we used the mineral 

map of Thai Nguyen Province, Vietnam, at a 

scale of 1:200,000 (Fig. 9). The obtained results 

showed that iron minerals are distributed over 

most of the Thai Nguyen Province. The location 

of large iron ore mines such as Trai Cau, Hoa 

Trung, Linh Nham, Thanh Chu, Tien Bo is clear-

ly displayed in the image after color combination 

with the use of Crosta technology. The results 

also showed that hydroxyl minerals are concen-

trated in the areas where large coal mines are 

located, such as Nui Hong, Khanh Hoa, Phan Me 

(see Fig. 8). 
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Fig. 8. Crosta-based image combination 

 

 

 
 

 

Fig. 9. Map of minerals of Thai Nguyen province (Vietnam), scale 1 : 200.000 
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CONCLUSIONS 

LANDSAT 8 multispectral images can be 

effectively used to detect and forecast the hy-

droxyl mineral and iron oxide deposits. The me-

thod of the principal component analysis is ca-

pable to detect minerals with greater reliability 

due to the elimination of duplicate information in 

the spectral channels. In this study, hydroxyl 

minerals and iron oxide were detected in rocks, 

as well as in open soils in the vicinity of mining 

enterprises. Rock emissions around mines are 

very well decrypted on images of the principal 

components based on Crosta technology. In the 

Thai Nguyen Province, in the territory with 

sparse vegetation, hydroxyl minerals and iron 

oxide can also be detected based on decryption 

of hard rock and arenacaous formations. The 

findings obtained in this study can be used to 

create and update a map of minerals distribution 

for forecasting new concentrations of mineral 

raw materials. 
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