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Preface

Mining is an ancient activity that began at the inception of civilization. On
re-examining the mining activities of the present day, it is apparent that several 
transformations in mining techniques have occurred. This book examines the
past, present, and future missions of mining. The growing needs of the mining 
industry have led to larger investments in the field of “mining science,” which
encompasses engineering, mechanics, chemistry, physics, and management. In
the next few decades, “conventional methods” will be replaced by advanced and 
modern techniques of fast and safe excavations involving technology, machinery, 
and equipment.

Written by authors from Poland, India, Australia, Brazil, Turkey, Jordan, 
and Slovakia, this volume includes nine chapters over two sections. Section 1 
examines current mining methods and techniques such as open-pit mining and 
hill mining. Other chapters in this section examine environmental degradation
and reclamation due to surface coal mining as well as mining in hills and 
tunneling.

Section 2 includes chapters on future mining techniques such as shaft excavation, 
which is examined using a case study of the shaft-sinking experiences of Polish
engineers at the Leon IV shaft of the Rydułtowy Mine, Poland.

Further, ‘mineral resources’ are hidden treasures that can give a boost to
commercial activities, the industry as well as entrepreneurs. Activities related to
these resources can generate employment and undoubtedly make a significant
contribution to GDP growth for mineral-rich states and countries. As far as my
optimistic understanding of S&T, R&D and mining system and subject as a whole
goes, I believe that this book will be useful for all professionals of the mining 
industry.

This book is an important resource on mining, minerals, the environment, and 
engineering. Its applied research concepts and comprehensive content will be
beneficial for researchers, students, policy formulators, and decision-makers in
different areas of the mining industry. Mine operators and civil or excavation
engineering professionals will also find the information presented herein useful 
and practical.

Compiling and editing a book on the past, present, and future of various mining 
techniques is a stupendous task, as the mining industry worldwide is extensive
and varied. Therefore this book does not cover every aspect of mining; that is a
challenge for a future book. 
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Chapter 1

Open Pit Mining
Awwad H. Altiti, Rami O. Alrawashdeh and
Hani M. Alnawafleh

Abstract

Open pit mining method is one of the surface mining methods that has a
traditional cone-shaped excavation and is usually employed to exploit a near-
surface, nonselective and low-grade zones deposits. It often results in high produc-
tivity and requires large capital investments, low operating costs, and good safety
conditions. The main topics that will be discussed in this chapter will include an
introduction into the general features of open pit mining, ore body characteristics
and configurations, stripping ratios and stripping overburden methods, mine ele-
ments and parameters, open pit operation cycle, pit slope angle, stability of mine
slopes, types of highwall failures, mine closure and reclamation, and different
variants of surface mining methods including opencast mining, mountainous min-
ing, and artisan mining.

Keywords: open pit mine, slope stability, mine reclamation, stripping ratio,
production cycle

1. Introduction

Open pit mining is defined as the method of extracting any near surface ore
deposit using one or more horizontal benches to extract the ore while dumping
overburden and tailings (waste) at a specified disposal site outside the final pit
boundary. Open pit mining is used for the extraction of both metallic and nonme-
tallic ores. Open pit mining is considered different from quarrying in the sense that
it selectively extracts ore rather than an aggregate or a dimensional stone product.

Open pit mining is applied to disseminated ore bodies or steeply dipping veins or
seams where the mining advance is toward increasing depths. Backfilling usually
occurs until the pit is completed; even then, the high cost of filling these pits with all
of the waste removed at the end of the mine life would seriously risk the project’s
economics. Few large open pits in the world could support such a costly obstacle.
Open pit method is usually nonselective, and it includes all high and low-grade
zones; whereas mining rate is nearly over 20,000 tons mined per day and often
necessitates a large capital investment but generally results in high productivity,
low operating cost, and good safety conditions [1]. The main purpose of this chapter
is to discuss the general features of open pit mining, ore body characteristics and
configurations, stripping ratios and stripping overburden methods, mine elements
and parameters, open pit operation cycle, pit slope angle, stability of mine slopes,
types of highwall failures, mine closure, and reclamation. The chapter will also
discuss different variants of surface mining methods including opencast mining,
mountainous mining, and artisan mining.
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1.1 Features, technical and economic indicators of open pit development

Compared to underground mining methods, the open pit mining method
requires removing significant amount of overburden from the pit and moving it
outside the mine. The cost of extraction of the ore from open pit constitutes the
bulk of the total cost of mining operations, because the access to the ore body is so
fast and requires less time compared to underground mining, i.e., extracting the ore
below overburden can only begin with some lag time from the start of removing
overburden. Also, open pit has virtually an unlimited ability to create and use high-
performance large-sized mining and transportation equipment that can provide the
highest technical and economic parameters. Open pit mining has higher productiv-
ity (3–5 times of underground methods), lower production costs, more safe and
hygienic working conditions, more complete recovery of a mineral, and lower per
unit production cost.

Open pit mining is characterized not only by its high share of total minerals
production, but it is also considered as one of the surface mining methods that
contributes to the construction of powerful performance quarries (100–150 million
tons of rock a year reaching to a depth of 500 m). Capital cost of such huge open
pits/quarries is very high, and the total cost for excavation of rock in the long term
reaches hundreds of millions of dollars or more. Therefore, decisions on the con-
struction of new or existing quarries should be economically justified. Table 1
shows the advantages and disadvantages of open pit mining method [2, 3].

1.2 Ore body characteristics and configurations

Open pit mining is widely used with metallic ore bodies (aluminum, bauxite,
copper, iron), and nearly all nonmetallic (coal, uranium, phosphate, etc.). It is a
traditional cone-shaped excavation (although it can be of any shape, depending on
the size and shape of the ore body) that is used when the ore body is typically pipe-
shaped, vein-type, and steeply dipping stratified or irregular [4]. The major open
pit and ore body configurations are classified into the following:

• Flat lying seam or bed, flat terrain (e.g., platinum reefs, coal), as shown in
Figure 1.

• Massive deposit, flat terrain (e.g., iron-ore or sulfide deposits), as shown in
Figure 2.

• Dipping seam or bed, flat terrain (e.g., anthracite), as shown in Figure 3.

• Massive deposit, high relief (e.g., copper sulfide), as shown in Figure 4.

• Thick-bedded deposits, little overburden (e.g., iron ore, coal) as shown in
Figure 5.

1.3 Stripping ratio

The parameter known as the stripping ratio represents the amount of uneco-
nomic material that must be removed to uncover one unit of ore, i.e., the ratio of the
number of tons of waste material removed to the number of tons of ore removed.
Also, the ratio of the total volume of waste to the total volume of ore is defined as
the overall stripping ratio. A lower stripping ratio means that less waste has to be
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removed to expose the ore for mining which generally results in a lower operating
cost [5]. The major types of stripping ratios are overall, instantaneous, and
break-even.

In order to specify the maximum allowable stripping ratio (SRmax) of a surface
mine, break even ratio can help to establishes the pit limits. SR max defined as the
ratio of overburden to ore at the ultimate boundary of the pit, where the profit
margin is zero. It can be calculated as:

SRmax ¼ Value of ore� Production costð Þ=Stripping cost (1)

or,

Advantages Disadvantages

High productivity, i.e., highly mechanized and
labor conserving (around 100–400 tons per
employee-shift including both ore and waste)

Limited by depth �500 m; technological limit
imposed by equipment; and deposit beyond pit
limits must be mined underground or left in place

High production rate (essentially unlimited,
although small surface mines also possible)

Limited by stripping ratio

Lowest cost along with open cast mining High capital investment associated with large
equipment

Early production, development can be
programmed to permit early start-up

Surface damaged may require reclamation; a bond
has to be added to the production cost

Low labor requirement; can be unskilled except
key operators (e.g., drill, shovel)

Requires large deposit to realize lowest cost, unless
very high grade

Relatively flexible; can vary output if demand
changes

Weather can be detrimental; it can impede
operations.

Suitable for large equipment; permit high
productivity

Slope stability must be maintained; proper design
and maintenance of benches plus good drainage
are essential

Fairly low rock-breakage cost (drilling and
blasting); superior to underground mining where
bench faces are less easily maintained

Requires provision of large waste disposal/dump
area

Simple development and access; minimal
openings required although advanced stripping
may be considerable

Little if any bank support required; proper design
and maintenance of benches can provide stability

Good recovery; good health and safety; no
underground hazards

Table 1.
Advantages and disadvantages of open pit mining method [2, 3].

Figure 1.
Flat lying seam or bed, flat terrain.
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Figure 2.
Massive deposit, flat terrain.

Figure 3.
Dipping seam or bed, flat terrain.

Figure 4.
Massive deposit, high relief.

Figure 5.
Thick-bedded deposits.
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SRmax ¼ Stripping allowance $=tonð Þ=Stripping cost m3=ton
� �

(2)

The maximum allowable stripping ratio enables us to locate the ultimate pit
boundary or limit based on prevailing economic, physical, and geometric conditions
in the pit. A copper pit designed in this manner with varying ore grades and critical
SRmax � 2.5 m3/ton (3.0 yd3/ton) is shown in Figure 6. Ore occurring in the ore
body beyond this maximum stripping ratio will have to be left or mined
underground.

Example 1:
A seam of coal has a density of 1.36 t/m3 and is 2.5 m thick. It is covered by 27 m of shale which has a

density of 1.7 t/m3. Calculate the stripping ratios?
Solution:

• Volumetric stripping ratio = 27/2.5 =10.8 m3 of overburden per m3 ore

• Weight stripping ratio = (27 � 1.7)/(2.5 � 1.36) = 13.5 tons of overburden per ton ore

• Stripping ratio = 27/(2.5 � 1.36) = 7.9 m3 of overburden per ton ore

Example 2:
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waste for each ton ore.
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1.4 Stripping overburden methods

Overburden is a waste rock material that must be removed to expose the under-
lying ore body. It is preferred to extract as little overburden as possible in order to
access the ore of interest, but a larger volume of waste rock is removed when the
mineral deposit is deep. Most removal operations (which includes drilling, loading,
blasting, and haulage) are cyclical. This is true for hard rock overburden which
must be drilled and blasted first. An exception to the cyclical effect is dredging
method used in hydraulic surface mining and some types of loose material mining
(soil) with bucket wheel excavators. The percentage of waste rock to ore excavated
is defined as the stripping ratio. Stripping ratios of 2:1 up to 4:1 are common in large
mining operations. Ratios above 6:1 tend to be less economically feasible depending
on the type of ore extracted. Once removed, overburden can be used for road and
tailings’ construction or may have a non-mining commercial value as a backfilling
material. In selecting a particular stripping method and its corresponding equip-
ment, the ultimate aim is the removal of material (waste and burden) at the least
possible cost [6]. Stripping methods are classified into:

a. declining;

b. Increasing; and

c. constant.

1.4.1 Declining stripping method

In this method, each bench of ore has to be mined in sequence, and the waste in
the particular bench has to be removed to the pit limit. The ore is easily accessible in
the subsequent benches and the operating working space is widely available. Fur-
thermore, all equipment usually work in the same level and so no contamination
from waste blasting is left above the ore body. This method is highly productive
especially at the beginning where equipment required is at minimal toward the end
of the mine life. The primary disadvantage of this method is that the overall oper-
ating costs are at maximum during the initial years of operation when the maximum
repayment of capital is needed and so cashflows are required to handle interest and
repayment of capital (see Figure 7).

1.4.2 Increasing stripping method

In this method, stripping of overburden is performed as needed to uncover the ore.
The working slopes of the waste faces are essentially maintained parallel to the overall
pit slope angle. This method also allows for maximumprofit in the initial years of
operation and greatly reduces the investment risk in waste removal for ore to be mined
at a future date. It is considered as a very popularmethodwhereasmining economics or
cutoff stripping ratio is likely to change in a very short time. This method is sometimes
impractical because of its small spaces (narrow benches). It is available for operating a
large number of equipment especially at the beginning of stripping (see Figure 8).

1.4.3 Constant stripping method

This method aims to remove the waste at a rate estimated by the overall strip-
ping ratio. The working slope of the waste faces starts very shallow, but increases as
mining depth increases until it equals the overall pit slope. This method has the
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advantage of removing the extreme conditions of the former two stripping methods
outlined. Equipment fleet size and labor requirements throughout the project life
are relatively constant. In this method, a good profit can be generated initially to
increase cash flows. The labor and equipment fleet can be increased to maximum
capacity over a period of time, and then, they can decrease gradually toward
the end of the mine life. Distinct mining and stripping areas can be operated
simultaneously, allowing flexibility in planning (see Figure 9).

1.5 Mine elements and parameters

Open pit mines are constructed of series of benches that are bisected by mine
access and haulage roads angling down from the rim of the pit to the bottom. The
bench height is the vertical distance between each horizontal level of the pit. The
elements of a bench are illustrated in Figures 10 and 11, unless geological conditions
dictate, otherwise all benches should have the same height. The bench height should
be designed as high as possible within the limits of the size and type of the machine
or equipment selected for the required production. The bench should not be so high

Figure 8.
Increasing stripping method.

Figure 7.
Declining stripping method.

9

Open Pit Mining
DOI: http://dx.doi.org/10.5772/intechopen.92208



1.4 Stripping overburden methods

Overburden is a waste rock material that must be removed to expose the under-
lying ore body. It is preferred to extract as little overburden as possible in order to
access the ore of interest, but a larger volume of waste rock is removed when the
mineral deposit is deep. Most removal operations (which includes drilling, loading,
blasting, and haulage) are cyclical. This is true for hard rock overburden which
must be drilled and blasted first. An exception to the cyclical effect is dredging
method used in hydraulic surface mining and some types of loose material mining
(soil) with bucket wheel excavators. The percentage of waste rock to ore excavated
is defined as the stripping ratio. Stripping ratios of 2:1 up to 4:1 are common in large
mining operations. Ratios above 6:1 tend to be less economically feasible depending
on the type of ore extracted. Once removed, overburden can be used for road and
tailings’ construction or may have a non-mining commercial value as a backfilling
material. In selecting a particular stripping method and its corresponding equip-
ment, the ultimate aim is the removal of material (waste and burden) at the least
possible cost [6]. Stripping methods are classified into:

a. declining;

b. Increasing; and

c. constant.

1.4.1 Declining stripping method

In this method, each bench of ore has to be mined in sequence, and the waste in
the particular bench has to be removed to the pit limit. The ore is easily accessible in
the subsequent benches and the operating working space is widely available. Fur-
thermore, all equipment usually work in the same level and so no contamination
from waste blasting is left above the ore body. This method is highly productive
especially at the beginning where equipment required is at minimal toward the end
of the mine life. The primary disadvantage of this method is that the overall oper-
ating costs are at maximum during the initial years of operation when the maximum
repayment of capital is needed and so cashflows are required to handle interest and
repayment of capital (see Figure 7).

1.4.2 Increasing stripping method

In this method, stripping of overburden is performed as needed to uncover the ore.
The working slopes of the waste faces are essentially maintained parallel to the overall
pit slope angle. This method also allows for maximumprofit in the initial years of
operation and greatly reduces the investment risk in waste removal for ore to be mined
at a future date. It is considered as a very popularmethodwhereasmining economics or
cutoff stripping ratio is likely to change in a very short time. This method is sometimes
impractical because of its small spaces (narrow benches). It is available for operating a
large number of equipment especially at the beginning of stripping (see Figure 8).

1.4.3 Constant stripping method

This method aims to remove the waste at a rate estimated by the overall strip-
ping ratio. The working slope of the waste faces starts very shallow, but increases as
mining depth increases until it equals the overall pit slope. This method has the

8

Mining Techniques - Past, Present and Future

advantage of removing the extreme conditions of the former two stripping methods
outlined. Equipment fleet size and labor requirements throughout the project life
are relatively constant. In this method, a good profit can be generated initially to
increase cash flows. The labor and equipment fleet can be increased to maximum
capacity over a period of time, and then, they can decrease gradually toward
the end of the mine life. Distinct mining and stripping areas can be operated
simultaneously, allowing flexibility in planning (see Figure 9).

1.5 Mine elements and parameters

Open pit mines are constructed of series of benches that are bisected by mine
access and haulage roads angling down from the rim of the pit to the bottom. The
bench height is the vertical distance between each horizontal level of the pit. The
elements of a bench are illustrated in Figures 10 and 11, unless geological conditions
dictate, otherwise all benches should have the same height. The bench height should
be designed as high as possible within the limits of the size and type of the machine
or equipment selected for the required production. The bench should not be so high

Figure 8.
Increasing stripping method.

Figure 7.
Declining stripping method.

9

Open Pit Mining
DOI: http://dx.doi.org/10.5772/intechopen.92208



that it will cause safety problems. The bench height in open pit mines will usually
range from 15 m in large mines (e.g., copper) to as little as 1 m in small mines (e.g.,
uranium) [7]. The slope angle of the pit walls is a critical factor. If the slope angle is
too steep, the pit walls may collapse. If it is too shallow, excessive waste rock may
need to be removed. The pit wall has to remain stable as long as mining activity
continues. The stability of the pit walls should be examined as carefully as possible.
For example, rock strength, faults, joints, and fractures are key factors in the
evaluation of the proper slope angle.

2. Open pit mine operations

The main economic goal in open pit mining is to remove the smallest amount of
material while obtaining the greatest return on investment by processing the most
marketable mineral product. The higher the grade of the ore, the greater the value
received. To reduce the capital investment, an operation plan has to be developed in
order to precisely dictate the way in which the ore body has to be extracted. Open
pit mines vary in scale from small private enterprises processing a few hundred tons

Figure 9.
Constant stripping method.

Figure 10.
Main mine elements and parameters.
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of ore a day to large companies operated by governmental and private corporations
that extract more than one million tons of material a day. The largest mining
operations can involve many square kilometers in area. The production cycle also
referred to as the mine unit operation that consists of ripping and dozing, drilling,
blasting, loading, and hauling (see Figure 12).

2.1 Ripping and dozing

Typically, bulldozer, wheel dozers, and motor graders are the most common
equipment used, in which material transport distance is short and it can be pushed
by a blade. The dozer has a large blade capacity and it is designed specifically for
bulk material excavation, whereas the motor grader is a machine with a long blade
used to create a flat surface during the grading process. These machines cannot
“lift” the material, i.e., they do not have a load elevation capacity (Figure 12).

2.2 Drilling and blasting

The ore deposit can be mined by means of drilling and blasting in order to
fracture the rock into a loadable size. Blasting parameters should be matched with
mechanical machines for drilling of blast holes and charging of explosives. Blast
holes are drilled in well-defined patterns, which consist of several parallel rows. In
bench blasting, the normal blast hole patterns are square, rectangular, and stag-
gered, Figure 13. The most effective pattern is the staggered pattern, which gives
the optimum distribution of the explosive energy in the rock.

Figure 11.
Detailed mining operation in an open pit.
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2.3 Loading and hauling

Nowadays, surface mining is conducted using shovels, front end loaders or
hydraulic shovels. In open pit mining, loading equipment is matched with haul

Figure 12.
Open pit operations cycle.

Figure 13.
Blast holes drilling patterns.
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trucks that can be loaded in 3–5 cycles of the shovel. Many factors determine the
preference of loading equipment. For example, with a hard digging rock, tracked
shovels are more advisable. On the other hand, rubber-tyred loaders have lower
capital cost and are better for loading materials that are low in volume and easy to
dig. Furthermore, loaders are very mobile and well applicable for mining scenarios
requiring rapid movements from one area to another. Loaders are also often used to
load, haul, and dump material into crushers from blending stock piles placed near
crushers by haul trucks, Figure 14.

Hydraulic shovels and cable shovels are common equipment used in open pit
mining. Hydraulic shovels (Figure 15) are not chosen for digging hard rock, and
cable shovels are generally available in larger sizes. Large cable shovels (Figure 16)
with payloads of about 50 cubic meters and greater are used at mines where
production exceeds 200,000 tons per day, whereas hydraulic shovels are more

Figure 14.
Loading material using front end loader.

Figure 15.
Hydraulic shovels.

Figure 16.
Cable or rope shovels.
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flexible on the mine face and they enable greater operator control to selectively load
from both directions (top and bottom of the mine face).

The importance of haul trucks in the history of surface mining cannot be
overstated. Hand labor, wheelbarrows, horse-drawn vehicles, and ore cars were the
principal means of earth-moving equipment until the early twentieth century. The
advent of the internal combustion engine led to the development of the haul truck
in the mining industry. Open pit mining requires a great demand for truck transport
of ore and waste rock. The efficiency and greater load capacity of electrical and
diesel-powered haul trucks became the preferred method for hauling in surface
mining, gradually replacing rail haulage by the 1960s. Today, the average cost of a
new haul truck is $3.5 million [8]. Most trucks have capacities ranging from less
than 50 tons per load to 363 tons per load in large trucks such as Caterpillars 797
series load truck. Some mining companies choose to replace trucks with conveyor
belt systems. For example, the Brazilian mining company “Vale” has recently
replaced its mine trucks with 23 miles of conveyor belts at its iron ore mine, linking
the ore deposits to the company’s processing plant [9, 10].

3. Pit slope angle and stability

Slope angle is required during the early feasibility study. The degree of confi-
dence on calculating slope angle depends upon the condition applicable. The major
pit slope angle conditions can be divided into:

a. mining a shallow high-grade ore body in favorable geological and climatic
conditions. Slope angles are unimportant economically and flat slopes can be
used. No consideration of slope stability is required;

b. mining a variable grade ore body in reasonable geological and climatic
conditions. Slope angles are important but not critical in determining economics
of mining. Approximate analysis of slope stability is normally adequate; and

c. mining a low-grade ore body in unfavorable geological and climatic
conditions. Slope angles are critical in terms of both economics of mining and
safely of operation. Detailed geological and groundwater studies followed by
comprehensive stability analysis are usually required.

During the pre-production period, the operating slopes should, however, be as
steep as possible. The working slope can then be flattened until they reach the outer
surface intercepts. The horizontal flow of stress through a vertical section both with
and without the presence of the final pit is shown in Figure 17.

With the excavation of the pit, the preexisting horizontal stresses are forced to
flow beneath the pit bottom. The vertical stresses are also reduced due to the
removal of the rock. The rock lying between the pit outline is largely distressed. As a
result of stress removal, cracks and joints can open. Cohesive and friction forces
restraining the rock in place are reduced. Groundwater can more easily flow reduc-
ing the effective normal force on potential failure planes. With increasing pit depth,
the extent of the stressed zone increase and the failure becomes more severe.

3.1 Types of highwall failures

There are several mechanisms by which highwall instability can occur. While we
cannot expect to prevent all highwall failures, a better understanding of these
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mechanisms will enable us to identify potential problems before they become actual
problems and to limit exposure to dangerous conditions. The most common types of
failure include plane failure, wedge failure, toppling failure, and circular failure.
Except for the circular failure, these usually occur along preexisting discontinuities.
Example of each are the following:

3.1.1 Planar failure

This slide in Figure 18 illustrates a typical plane failure of a highwall. Notice that
the rockslide occurs along this discontinuity which daylights on the highwall and
dips toward the pit. If this sliding plane does not daylight, or dips away from the pit,
the slope is stable. Even if the joint daylights, in order for the slide to occur, the
weight of this sliding block must exceed the frictional resistance along the disconti-
nuity. Figure 19 shows an example of a slope, which is plagued by large planar
failures, and leads to a slide off rocks along natural, parallel, and bedding planes.

3.1.2 Wedge failure

A wedge failure occurs when two discontinuities meet and their intersecting line
daylights on the slope face and dips toward the pit. If these conditions do not occur,

Figure 18.
Planar failure.

Figure 17.
Mine slope geomechanics.
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you cannot have a wedge failure. The weight of the block also has to exceed the
frictional resistance along the failure surface to have failure, Figure 20.

As shown in Figure 21, the failure can follow trends since joints tend to occur in
repeating patterns. Note here the failure on the top bench, and on the next bench,
should probably expect another at the next level down.

3.1.3 Toppling failure

Toppling failures look like Figure 22. A toppling failure can occur when the
discontinuities dip very close to vertical but away from the pit. The discontinuities
can be natural or they can be caused by the mining process.

If the mine progresses from left to right, there will be continuous problems,
because of the way these cracks are oriented. On the other hand, if the mine goes
from right to left, mine operators do not have to worry about toppling-type failure;
so, decisions made during mine planning can have a profound effect on the stability

Figure 20.
Wedge failure.

Figure 21.
Trend in wedge failure.

Figure 19.
Large planar failure.
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of the highwalls. Figure 23 shows a picture of a toppling failure that resulted in a
fatality to a blast hole drill operator.

3.1.4 Circular failure

In slopes excavated in soil or highly jointed and weathered rock mass where
there are no geological structures to control the failure, the most unstable
failure surface is approximately a circular arc. This circular failure surface
(Figures 24 and 25) results from a process of localization of deformations. It is an
arch type of landslides; however, the specific shape of this failure surface and the
associated failure mechanism cannot be generalized [11].

Figure 23.
Toppling failure example.

Figure 24.
Circular failure mechanism.

Figure 22.
Toppling failure.
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should probably expect another at the next level down.

3.1.3 Toppling failure

Toppling failures look like Figure 22. A toppling failure can occur when the
discontinuities dip very close to vertical but away from the pit. The discontinuities
can be natural or they can be caused by the mining process.

If the mine progresses from left to right, there will be continuous problems,
because of the way these cracks are oriented. On the other hand, if the mine goes
from right to left, mine operators do not have to worry about toppling-type failure;
so, decisions made during mine planning can have a profound effect on the stability

Figure 20.
Wedge failure.

Figure 21.
Trend in wedge failure.

Figure 19.
Large planar failure.
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of the highwalls. Figure 23 shows a picture of a toppling failure that resulted in a
fatality to a blast hole drill operator.

3.1.4 Circular failure

In slopes excavated in soil or highly jointed and weathered rock mass where
there are no geological structures to control the failure, the most unstable
failure surface is approximately a circular arc. This circular failure surface
(Figures 24 and 25) results from a process of localization of deformations. It is an
arch type of landslides; however, the specific shape of this failure surface and the
associated failure mechanism cannot be generalized [11].

Figure 23.
Toppling failure example.

Figure 24.
Circular failure mechanism.

Figure 22.
Toppling failure.
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4. Mine closure and reclamation

In general, mining has a significant negative impact on environment. Due to its
nature, it leads to severe degradation of the landscape. Many factors such as drain-
age, air, soil and water quality, noise levels, ground vibrations, human health, and
habitation are mostly affected by mining activities. When the extraction of mine
reserve is over, the distorted landscape has to be reclaimed in order to reduce the
damaging effects of open pit mining and bring back the landscape and its
surroundings, see Figure 26.

Figure 25.
Circular slope failure at the open pit of the Bingham Canyon Mine in Utah.

Figure 26.
Open pit mining before and after reclamation.
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Land use plan at the end of mining has to be set in order to determine what the
mine site will look like and how the lands will be used after the mine is closed and
fully reclaimed. The mine must operate and close such that the land and water in
and around the mine site are less disturbed and environmentally safe and sound like
original. It is the responsibility of the mining company to pay for reclamation and
closure costs. To ensure that funds are available for closure, the mining company
will normally be required to post a financial security (a reclamation bond) before
mining starts.

“Progressive reclamation” is usually part of the overall closure plan. Progressive
reclamation means that once a part of the mine site is no longer needed, it will be
reclaimed rather than waiting for all aspects of operation to cease. For example,
waste rock piles will be reclaimed as soon as they have reached their permitted size.

The general rehabilitation goals require rehabilitation of areas disturbed by
mining to result in sites that are safe to humans and wildlife, nonpolluting, stable,
and able to sustain an agreed postmining land use. The process of reclamation
normally involves the following steps [12–14]:

a. Recontouring: the ground is re-sloped and contoured to a profile that will be
stable and that provides proper drainage, facilitates the growth of vegetation,
and provides various habitats for wildlife.

b. Capping with a growth medium: waste rock piles and other areas of the mine
site will need to be covered with a soil material that is suitable for the growth
of plants.

c. Seeding and fertilizing: this usually takes place over many years. Fast growing
grasses may be planted in order to stabilize the soil followed by shrubs and
trees depending on the end use plan.

d. Monitoring: plants in areas that are to be used for grazing will be tested to ensure
they contain acceptable levels of metals and other possible contaminants.

5. Variants of surface mining methods: strip mining, mountainous
mining, and artisan mining

Variants of open pit mining are limited to a number of other surface mining
methods, which include strip mining, high wall mining, and quarrying. Strip (open
cast) mining is used extensively for the surface mining of important commodities
such as coal and phosphate ores. Casting is the process of excavation and dumping
into a final location. This type of mining involves removing the overburden and
extracting the valuable mineral deposit. Strip mining is applicable to shallow, flat-
lying deposits [15]. It is a method that is generally applied on a large scale with low
mining costs and high productivity and that has minimum land degradation
[16, 17]. In Jordan, strip is used for the extraction of oil shale and phosphate ores.
These mines are located at the central and southern parts of the country (e.g.,
Figure 27).

Strip mining differs from open pit in that the overburden is not transported to
waste dumps but cast directly into adjacent mind-out panels, i.e., reclamation is
contemporaneous with extraction. These mines often occupy a large area of land for
ore excavation and overburden disposal. Strips are large rectangular parallel pits
that extend to more than a mile in length [18]. After the removal of vegetation and
topsoil, the mining begins with an initial rectangular box cut. The dragline is used
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Figure 27.
Oil shale extraction project at Attarat Oil Shale mine, Jordan.

Figure 28.
Typical dragline operation [20].

Figure 29.
During loading A1 phosphate layer at Al-Shidiyah phosphate mines.
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for overburden removal. As the overburden is removed from one portion of a
mineral deposit, it is used to fill in the trench left by the previous removal [19]. The
backfilled area is then replanted during the reclamation process.

Figure 28 shows typical dragline operation. Stripping process continues along
parallel strips. Where the deposit becomes thinner, or dipping more below the
surface, or in the case of dramatic increase in the stripping ratio, the mining
operation must be ceased [19]. Shovel-truck system is currently adapted for
extracting phosphate ore in several phosphate mines in Jordan (Figure 29); espe-
cially in Al-Shidiyah, Al-Abiad, and Al-Hasa mines. Since shovel truck removal of

Figure 31.
Overburden removal at Attarat Oil shale mine, Jordan.

Figure 30.
Dragline removes overburden at Al-Shidiyah phosphate mine, Jordan.
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overburden generally costs at least three times as much as dragline stripping, the
dragline is currently implemented for removing overburden from phosphate ore in
those mines (Figure 30). On the other hand, shovel truck removal of overburden is
currently used in Attarat oil shale mine (Figure 31).

In the mountainous and hilly terrains, contour mining is applied. It is also known
as mountaintop mining. The mining of flat deposits in these areas follows the
contour around the hill and into the hillside up to the economic limits. The extrac-
tion becomes difficult with inclination and depth increase. The top of a mountain is
removed to recover the ore contained in the mountain that resulted in huge quan-
tity of excess spoil that is placed in valleys that affected the streams flowing within
these valleys [21].

Artisanal mining is a small scale mining method, which includes enterprises or
individuals that employ workers in developing countries who are poor and have few
other options for supporting their families and who usually use manually intensive
methods for mining (e.g., panning in case of gold). Artisanal miners use elementary
techniques for mineral extraction and often operate under hazardous, labor-
intensive, highly disorganized, and illegal conditions [20, 22].
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Locked-Up Coal Pillars in Indian
Geomining Conditions
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Abstract

Bord and Pillar method of underground mining has been used extensively to
develop Indian coal seams into pillars and galleries. This results in only 20–30%
recovery of coal and rest coal remain locked up in developed pillars. Indian coal-
fields are famous in the world for its uniqueness and complexity of the geomining
conditions which makes the extraction of the locked-up coal pillars a difficult and
hazardous activity using different underground mining methods. Indian mining
industry has introduced mechanisation since last 10 years to deal with the various
underground rock mechanics issues in order to improve the efficiency and safety
during recovery of locked-up coal pillars. But mere introduction of mechanisation
did not solve all the rock mechanics problems due to requirement of indigenous
design of different involved geotechnical elements for Indian geomining conditions.
CSIR-CIMFR is a national research organisation engaged in improving conditions of
underground coal mines. It has developed rock mechanics advances, namely, design
of irregular shaped heightened rib/snook, roof bolt-based breaker-line support,
warning limit of roof sagging, and cut-out distance for continuous miner-based
mechanised depillaring. This chapter presents the developments made and high-
lights challenges to pursue future research studies for mechanised depillaring-based
mass coal production from Indian underground mines.

Keywords: continuous miner, mechanised depillaring, rock mechanics issues, roof
sagging, rib/snook, breaker-line support, cut-out distance

1. Introduction

Around 96% of the total coal production in India is currently being produced by
opencast mining method and the contribution of underground mining is on a
declining trend from 22% in 2001 to 4% in 2019. Opencast is favoured due to
availability of reserves at shallow depth of cover and heavy earth moving
mechanised technologies over underground as the former has rock mechanics issues
as only slope/dump stability. However, opencast mining method has limitations of
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depth and associated environmental concerns. Underground mining is a way for-
ward towards clean coal production technology and sustainable development.
Depletion of coal at shallow depth is paving the way towards underground mining.

Indian coal mining industry had rampantly developed a number of coal seams
using Bord and Pillar (B&P) mining method on square/rectangular pillars and
galleries with around 20–30% coal recovery as per Regulation 111 of the Coal Mines
Regulation [1]. Development of coal seam using B&P mining method requires less
technical knowledge of rock mechanics. Depillaring of the developed coal pillars
becomes challenging due to complex geomining conditions of Indian coalfields
namely nature of roof, geological discontinuities and surface/subsurface structures.
Conventional depillaring (CD) using drilling-blasting faced issues of goaf
encroachment, high induced stresses and failure of underground structures. Coal
producing industries started looking for suitable mass coal producing underground
technologies to meet the desired coal production. Longwall mining method was
introduced long back in India during 1970s but did not get success due to the direct
application of foreign technology in Indian complex geomining conditions without
any in-situ field investigation.

Continuous miner (CM) based mechanised depillaring (MD) has been intro-
duced as a mass coal producing technology to extract the standing coal pillars. It has
proved to be successful in India and CM has been deployed in a number of Indian
coal mines and many more are yet to come. It has gained the faith of industry by
proving its potential of safety and production. Reason of success of CM based MD in
Indian coalfields are indigenous design of different geotechnical elements like
irregular shaped heightened rib/snook, roof bolts-based breaker-line as goaf edge
support, warning limit of roof sagging in geotechnical instrument and cut-out
distance in different geomining conditions. Average daily production from a CM
face is around 2000 t which is around 10 times of the daily production from a CD
face using drilling-blasting. Success of any underground mining method depends
upon the performance of underground structures under extreme difficult high
induced stress condition. Table 1 shows the details of MD during development and
depillaring in Indian coalfields using CM.
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of mine

Depth Pillar size
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width
(m)

Immediate
roof

Manner
of pillar

extraction

Snook
size
(m2)

Roof sagging
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(mm)

Cut-out
distance
(m)

A 50–163 33 � 33 6.6 Sandy shale Split and
slice

26 5 mm as both
warning and
withdrawal

limits

14 m in
split and
10 m in
slice

G 160–325 35 � 36 6.0 Sandstone Split and
slice

102 5 mm as warning
and 10 mm as
withdrawal

limits

15 m in
split and
12 m in
slice

P 50–120 18.5 � 19.5 6.6 Shale Christmas
tree

22 5 mm as warning
and 8 mm

as withdrawal
limits

12 m in
split and
9.5 m in
slice

V 50–100 18.5 � 19.5 6.6 Shale Christmas
tree

22 5 mm as warning
and 8 mm as
withdrawal

limits

12 m in
split and
9.5 m in
slice

Table 1.
Details of mechanised depillaring operations at different Indian coalfields.
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2. Rock mechanics challenges in mechanised depillaring

Underground mining in India has not boomed to that extent due to the less rock
mechanics advances in B&P mining method. Depillaring continues to be one of the
most challenging and hazardous activities in underground coal mining due to
different accidents by roof/side falls and poor performance of structures. It is the
main stage of production with around 60–80% of coal recovery. MD was first
introduced in 2003 at Anjan Hill Mine of Chirimiri Area of South Eastern Coalfields
Limited a subsidiary of Coal India Limited. Irregular shaped rib/snook created
during pillar extraction and resin grouted roof-bolts are used as goaf edge support
for the first time in India. Due to non-availability of empirical formulation to
design such rib/snook and roof bolts-based goaf edge support, MD achieved mixed
results in Indian coalfields. Also, the time interval between flashing of light in auto
warning tell-tale instrument and roof fall was recorded to fix a warning threshold
limit of roof sagging. It was successful at Anjan Hill Mine and MD was further
introduced at a number of Indian coal mines to extract standing coal pillars and
virgin coal seams.

It was found that the resin grouted roof-bolts as breaker line support (RBBLS)
installed directly at the goaf edge did not work effectively and the roof fall extended
inside the working and caused collapse of rib/snook and burial of CM [2, 3]. A small
increase in area of rib/snook by 20–40% increased the stand-up time of roof in goaf
by 5–10 hours. Hanging roof is a serious problem during MD as it creates the issue of
front abutment stress causing goaf encroachment and burial of CM. Safety and
productivity are the main concern during the underground mining. Geotechnical
investigations found that caveability of overlying strata and size of remnants are the
two important factors which affect the safety and productivity. Insufficient knowl-
edge of geological discontinuities further aggravates these issues. Rock mechanics
challenges at the goaf edge during MD are very complex which needs to be
addressed indigenously.

2.1 Irregular shaped heightened rib/snook

Natural supports (pillar/fender/rib/snook/stook) are an important element for
the success of MD. Size of pillar remnant is critical for the regular caving of
overlying hanging strata in goaf during MD. Different countries used different
nomenclature for the remnants like snook/stook ‘x’/final stump/rib/narrow fender
(Figure 1). Risk of sudden major roof falls is reduced by leaving a proper sized rib/
snook against the goaf. It acts like a barrier between the slicing operation and goaf.
Pillar is split into two equal halves and each half is called fender/stook. After
splitting, one fender keeps supporting the slicing operation in another reduced sized
fender. Rib/snook is remains of fender left to temporarily support the cantilevering/
beaming roof to permit safe extraction and fall gradually after the extraction is
completed. Stability and competency of fender and rib/snook is important for the
maximum possible extraction during MD. Natural supports provide more support
to the roof than any artificial designed support (cog/chock/bolt/mobile breaker-line
roof support). Interaction between the support (natural/artificial) and roof deter-
mines the safety and efficiency of the MD.

During the retreat rib/snook created are further reduced judiciously for regular
caving of roof in the goaf which involves dangerous risk of accident. Narrow rib/
snook crushes easily compared to wider snook and size of snook decides the fall
area, pattern and filling. Massive/strong overlying strata are more affected by the
rib/snook size compared to weak/laminated strata. The practice of leaving too large
and too many rib/snook in the goaf over supports the roof cantilever/beam resulting
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depth and associated environmental concerns. Underground mining is a way for-
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irregular shaped heightened rib/snook, roof bolts-based breaker-line as goaf edge
support, warning limit of roof sagging in geotechnical instrument and cut-out
distance in different geomining conditions. Average daily production from a CM
face is around 2000 t which is around 10 times of the daily production from a CD
face using drilling-blasting. Success of any underground mining method depends
upon the performance of underground structures under extreme difficult high
induced stress condition. Table 1 shows the details of MD during development and
depillaring in Indian coalfields using CM.

Name
of mine

Depth Pillar size
(m � m)

Gallery
width
(m)

Immediate
roof

Manner
of pillar

extraction

Snook
size
(m2)

Roof sagging
limit in AWTT

(mm)

Cut-out
distance
(m)

A 50–163 33 � 33 6.6 Sandy shale Split and
slice

26 5 mm as both
warning and
withdrawal

limits

14 m in
split and
10 m in
slice

G 160–325 35 � 36 6.0 Sandstone Split and
slice

102 5 mm as warning
and 10 mm as
withdrawal

limits

15 m in
split and
12 m in
slice

P 50–120 18.5 � 19.5 6.6 Shale Christmas
tree

22 5 mm as warning
and 8 mm

as withdrawal
limits

12 m in
split and
9.5 m in
slice

V 50–100 18.5 � 19.5 6.6 Shale Christmas
tree

22 5 mm as warning
and 8 mm as
withdrawal

limits

12 m in
split and
9.5 m in
slice

Table 1.
Details of mechanised depillaring operations at different Indian coalfields.

26

Mining Techniques - Past, Present and Future

2. Rock mechanics challenges in mechanised depillaring

Underground mining in India has not boomed to that extent due to the less rock
mechanics advances in B&P mining method. Depillaring continues to be one of the
most challenging and hazardous activities in underground coal mining due to
different accidents by roof/side falls and poor performance of structures. It is the
main stage of production with around 60–80% of coal recovery. MD was first
introduced in 2003 at Anjan Hill Mine of Chirimiri Area of South Eastern Coalfields
Limited a subsidiary of Coal India Limited. Irregular shaped rib/snook created
during pillar extraction and resin grouted roof-bolts are used as goaf edge support
for the first time in India. Due to non-availability of empirical formulation to
design such rib/snook and roof bolts-based goaf edge support, MD achieved mixed
results in Indian coalfields. Also, the time interval between flashing of light in auto
warning tell-tale instrument and roof fall was recorded to fix a warning threshold
limit of roof sagging. It was successful at Anjan Hill Mine and MD was further
introduced at a number of Indian coal mines to extract standing coal pillars and
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installed directly at the goaf edge did not work effectively and the roof fall extended
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two important factors which affect the safety and productivity. Insufficient knowl-
edge of geological discontinuities further aggravates these issues. Rock mechanics
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snook against the goaf. It acts like a barrier between the slicing operation and goaf.
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beaming roof to permit safe extraction and fall gradually after the extraction is
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maximum possible extraction during MD. Natural supports provide more support
to the roof than any artificial designed support (cog/chock/bolt/mobile breaker-line
roof support). Interaction between the support (natural/artificial) and roof deter-
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During the retreat rib/snook created are further reduced judiciously for regular
caving of roof in the goaf which involves dangerous risk of accident. Narrow rib/
snook crushes easily compared to wider snook and size of snook decides the fall
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in increased stand-up time of roof. This results in transfer of abutment stress
towards fender and solid pillars in the working. Laminated/weak strata and shallow
depth cover strata have less tendency of bridging compared to strong/massive at
higher depth of cover. For weaker strata even a small rib/snook acts like a solid
pillar at shallow depth of cover.

Small increase in area of rib/snook may lead to increased stand-up time of roof.
Different shapes and sizes of rib/snook created during the three different manner of
extraction are shown in Figure 1. The shape of rib/snook is often irregular in shape
due to the manoeuvrability of CM and existing rectangular/square pillars. Shapes
and estimation of area of such shapes of rib/snook formed during CD and MD is
shown in Figure 2. No empirical formula is applicable or available to estimate the
strength of such irregular rib/snook Figure 2(b) and (c). Seam height, depth of
cover and nature of roof strata plays important role in deciding the competency of a
given size of rib/snook. A conceptual model is developed for establishing a rela-
tionship of stand-up time of different nature of roof with the different sizes of rib/
snook during MD as shown in Figure 3.

Singh et al. [4] studied the performance of rib/snook at different underground
mines practising MD at different depths and nature of roof. CM carried out the
slicing operation under the shadow of created competent rib/snook. Therefore,

Figure 1.
Different sizes of rib/snook created during the conventional and mechanised depillaring (modified after Singh
et al. [4]). (a) Manner of extraction and regular shaped rib during conventional depillaring. (b) Single pass
extraction/fish-bone/Christmas tree. (c) Splitting and slicing/pocket and fender.
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stability of rib/snook becomes a concern for the safety of men and machineries.
Some cases of burial of CM occurred at few mines due to failure of incompetent rib/
snook explained in Singh et al. [2]. Singh et al. [4] conducted a parametric study
based on the field studies on numerical models by varying the nature of roof and
depth of cover. This study found to be useful in designing a competent rib/snook
during MD.

Figure 2.
Area of different shapes and sizes of rib/snook created during the conventional and mechanised depillaring.
(a) Shape of snook during conventional depillaring method. (b) Shape of snook during Christmas tree/fish bone
method. (c) Shape of snook during split and fender method.

Figure 3.
Stand-up time of different nature of roof in goaf with variation with rib/snook area.
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2.2 Roof bolt-based breaker-line as goaf edge support

Goaf edge during MD poses a challenging rock mechanics issue especially during
the reduction of fender into rib/snook. Rib/snook formed cannot alone act against
the goaf encroachment as it needs the support of breaker/hinge-line to break the
bridging beam/cantilever roof. Performance of RBBLS in different mines had been
monitored visually and also, using instrumented roof bolt. It was found that the
position of hinge/breaker-line is affected by the nature of roof rock and size of
competent fender/rib/snook/stook ‘x’, split gallery and out-bye intersections.
Function of the hinge/breaker-line is to enhance the strength of rib/snook against
caving roof and prevent the encroachment inside the working.

RBBLS forms an important geotechnical element of MD for its success. Pillar/
fender at the goaf edge experienced fracturing of its sides (called spalling) which
leads to shifting of position of RBBLS by 0.5–2.0 m towards the out-bye side
depending upon the extent of spalling. After shifting the position, the efficiency of
RBBLS enhanced (Figure 4). Ram et al. [5] designed the roof bolts-based breaker
line as goaf edge support in Indian MD coalfields using the field and numerical
simulation studies based on parametric variation of nature of roof and depth.

2.3 Warning limit of roof sagging in geotechnical instrument

Auto warning tell-tale is a geotechnical instrument which has a LED light for
flashing in dark environment when the roof sagging crosses the threshold limit
fixed in it. There are two important factors which decide success of AWTT in MD,
namely, setting of safe roof sagging threshold limit and the fixation of anchorage
point. Generally, the anchorage is fixed at a horizon of 10 m in the roof which is
found to be a successful practice as the roof below it is vulnerable to failure during
local fall after extraction. Roof sagging value is found to be varying in different
methods of mining and factors like size of remnant, thickness and elasticity of roof
affected it. Therefore, Kumar et al. [6] studied the roof sagging limit set in AWTT at
different MD faces. Further, a parametric study to estimate a safe warning roof
sagging limit is decided based on field studies and numerical simulation.

A typical observation by AWTT is shown in Figure 5 indicating the time-
interval between flashing and roof fall in a MD panel. Initially, due to the support
by barrier pillar from three sides and solid pillar from one side, the time taken for
roof fall is the maximum. As the extraction progresses away from the barrier on dip-
side, the time-interval between flashing of AWTT and roof fall reduced due to the

Figure 4.
Controlled caving inside the goaf after placement of an efficient breaker line supports at the goaf edge.
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formation of cantilever from beam. Variation in recording of roof displacement is
studied in a MD panel through tell-tales (auto warning/single height/rotary). Most
of the observations of roof sagging is found to be between 11 and 20 mm (Figure 6)
as recorded from different tell-tales used in the mine.

2.4 Cut-out distance

Rock load height increases with increase in width of a gallery and found to be
independent of its height. Cut-out distance defines the productivity of CM; there-
fore, it becomes an important geotechnical element to be designed in a panel. It is
defined as the safe and stable span for a fixed width of gallery excavated by CM in a
single lift without application of any applied/reactive support. Field studies are
conducted at a number of Indian MD coalfields. It is found that width of the
excavated gallery and nature of overlying strata are the two most influencing
parameters which affects the cut-out distance to be practised in a given geo-mining
conditions.

It has been also found that cut-out distance is to be kept different for a develop-
ment and depillaring operations. Lesser rock mechanics issues are encountered
during development activity by CM whereas depillaring involves dynamic activity

Figure 5.
Time-interval between flashing and roof fall in a MD panel measured using auto warning tell-tale.

Figure 6.
Range of roof displacement observed in a panel through tell-tales.
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formation of cantilever from beam. Variation in recording of roof displacement is
studied in a MD panel through tell-tales (auto warning/single height/rotary). Most
of the observations of roof sagging is found to be between 11 and 20 mm (Figure 6)
as recorded from different tell-tales used in the mine.

2.4 Cut-out distance

Rock load height increases with increase in width of a gallery and found to be
independent of its height. Cut-out distance defines the productivity of CM; there-
fore, it becomes an important geotechnical element to be designed in a panel. It is
defined as the safe and stable span for a fixed width of gallery excavated by CM in a
single lift without application of any applied/reactive support. Field studies are
conducted at a number of Indian MD coalfields. It is found that width of the
excavated gallery and nature of overlying strata are the two most influencing
parameters which affects the cut-out distance to be practised in a given geo-mining
conditions.

It has been also found that cut-out distance is to be kept different for a develop-
ment and depillaring operations. Lesser rock mechanics issues are encountered
during development activity by CM whereas depillaring involves dynamic activity

Figure 5.
Time-interval between flashing and roof fall in a MD panel measured using auto warning tell-tale.

Figure 6.
Range of roof displacement observed in a panel through tell-tales.
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where overlying strata are highly vulnerable to large induced stresses compared to
development. However, it is kept to be a constant value in both development and
depillaring operation for easier practice and understanding by the miners. It can be
increased during development for faster preparation of the panel and reduced
during depillaring for safety and productivity of the mine.

2.5 Thickness of coal seam

Thickness is a serious issue in Indian coalfields as a major amount of coal is lost
due to unplanned development of a seam along roof/floor/middle horizon. A num-
ber of thick coal seams in the country are left developed along different horizons
locking huge amount of coal [7]. Extraction of full thickness of a thick coal seam at a
time is important for Indian underground coal mines. Earlier blasting gallery (BG)
method was used by the Indian industry to extract the complete thickness of a thick
coal seam in a single lift [8, 9]. But this method failed to improve the safety as well
as faster and efficient recovery of coal extraction from BG panels. Height of the
pillars at the goaf edge increased from the inbye side due to full extraction of the
coal seam thickness during BG. Barrier pillars and pillars at the goaf edge in the
panel were vulnerable to goaf encroachment and their premature collapse occurred
due to strength dilution by indirect increase in height. Stability of heightened coal
pillar was studied by Kumar et al. [10] using numerical simulation and established a
relation between strength estimated through numerical modelling with that of
CSIR-CIMFR formula, shown below.

SCMRI ¼ 1:28 SNM � 9:5 (1)

where SNM = pillar strength estimated through numerical modelling and
SCMRI = pillar strength estimated through empirical formulation.

Modification in manner of pillar extraction by CM helped in complete recovery
of a 6 m thick coal at a time. CM extracted the floor coal up to 1.5–2.0 m during
retreat in a slice. This created an issue of heightened irregular shaped rib/snook.
Stability of such heightened rib/snook during MD was studied by Kumar et al. [7]
by changing the heights of rib/snook from 3.0 to 6.0 m for a given area, nature of
roof and depth. It needs to be further studied by changing the depth of cover and
nature of roof with the variation in heights of rib/snook.

2.6 Issues of stress and pillar design at higher depth

Depth is a major issue for design of underground mining structures as B&P
mining method is no more feasible at overburden cover greater than 400 m.
Longwall is feasible at such depth of cover but indigenous design of barrier/chain/
rib pillar is important. A new concept of barrierless design of longwall panel has
been introduced in China. Similar concept can be used in B&P for the design of
barrier pillars. Optimum design of pillars helps in maximum coal recovery and
minimum wastage as left-out remnants in goaf. Worldwide available empirical
formula for estimation of pillar strength does not explain the effect of depth on their
strength except Sheorey [11]. Higher depth creates the case of high value of vertical
in-situ stress which affects the performance of underground structures [12]. Avail-
able empirical formulation becomes redundant for the strength estimation of
underground structures at higher depth. CSIR-CIMFR empirical strength formula
may be used to estimate pillar strength but it did not consider the failed and stable
cases of pillar at such high depth of cover [13].
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Experiences of working at higher depth are important for the Indian industry as
it is planning to go deeper for coal extraction in near future. Recent experiences
gained by IGN, Czech Republic in collaboration with CSIR-CIMFR, are beneficial
for the Indian mining industry. Underground structures at higher depth of cover
needs to be designed judiciously for the maximum coal recovery by leaving less
amount of coal in the goaf. Further, it would not create the issues of spontaneous
heating, goaf encroachment and coal bump. Also, there is a need to design an
optimum barrier pillar at higher depth of cover exceeding 300 m which crushes
with retreat of working in the panel. Concept of rib/snook design in MD needs to be
used for design for pillar at higher depth of cover. It should be capable to support
the roof and stand stable till the extraction is over under its shadow and should fail
in a controlled manner in goaf due to increase stresses. Following such design norm
would help in sustainable development with maximum utilisation of resources with
less wastage.

2.7 Goaf span and caveability

Different nature of overlying strata has different unsupported span for its cav-
ing. During first row of coal pillar extraction in MD, the goaf span is not sufficient
for caving and therefore it is suggested to go for the maximum possible extraction
due to the support from barrier and solid pillars from all the sides. Generally, roof
fall is experienced when the length of the goaf span is equal to the panel length.
Presence of thick difficult to cave massive competent strata does not cave even after
this span due to the higher strength and thickness [14]. Hanging of such strata
creates issues of goaf encroachment, over riding of pillars and sometimes air blast
and coal/rock bump.

Different techniques have been used to deal with such strata during MD. MD is
practised in Pinoura and Vindhya mine having easily caveable roof with frequent
roof fall to VK-7 and Churcha mine having massive Deccan trap/sill delaying roof
fall. Bulking factor plays a major role in caving of roof and estimation of subsidence
on the surface. Sometimes the difficult to cave massive strata is located after a
parting in the roof. In this case the bulking of the caved material fills the void. If the
roof is difficult to cave-in and present as immediate strata then it remains hanging
in goaf for a longer span of exposure and remedial measures like induced blasting or
small panel (non-effective width) technique is adopted. High induced stress is
created due to large span of overhang in the goaf. Figure 7 shows the area of
exposure and progressive area of fall in a MD panel.

The value of caveability index (I) decides the easiness/difficulty hanging over-
lying strata to cave in goaf. It was established by Sarkar and Singh [15] for charac-
terisation of the overlying strata in Longwall mining method. It is defined as:

I ¼ σlnT0:5

5
(2)

where σ = uniaxial compressive strength in kg/cm2, l = average length of core in
cm,T = thickness of the strong bed in m, and the factor n has a value of 1.2 in the
case of uniformly massive rocks with a weighted average of RQD of 80% and above.
In all other cases n = 1.

This caveability index developed for Longwall mining is not applicable in case of
MD as it has a number of openings around the goaf edge and left-out ribs/snooks.
There is a need to develop such index for MD which would help to extract coal by
CM especially under extremely difficult to cave massive strata.
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in goaf for a longer span of exposure and remedial measures like induced blasting or
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lying strata to cave in goaf. It was established by Sarkar and Singh [15] for charac-
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2.8 Geological discontinuities under influence of in-situ stress

Underground mining operation has witnessed failure of roof during widening
and heightening of the developed galleries for adaptability and manoeuvrability of
CM (Figure 8). This failure occurs due to hidden joints/slips with wash-outs,
intercalation, and cross-stratification of shale and sandstone (Figure 8). Further,
this failure was controlled by using the appropriate support system as per the results
of numerical simulation and field investigations. Support becomes an important
element under such disturbed nature of roof. Artificial supports in the immediate
roof are installed generally after a length of 12 m (cut-out distance of CM) in a
gallery width of 6 m. Geological discontinuities (hidden slips, wash-outs, cross-
stratifications and intercalations of shale and sandstone) in immediate roof strata
affected the advancement of drivages using CM in a panel. Freshly exposed imme-
diate roof strata up to 1.8 m failed over the remotely operated CM. The local fall was
dangerous to the drivages as it affected the safety, production and productivity of
the mine. After the roof fall, cut-out distance was reduced to 4 m but the roof
instability continued in the drivages. Further, support system was redesigned
(increased density and length of bolts with wire mesh) to successfully control the
roof instability for the reduced cut-out distance of 4 m.

Figure 7.
Details of area of exposure and roof falls occurred in MD panel.

Figure 8.
Wash-outs exposed in the roof of dip rise gallery reduced the cut-out distance of CM during development.
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2.9 Determination of in situ strength of rock mass

It is easier to estimate the physico-mechanical properties of coal and rock in the
laboratory using different rock testing equipment. These properties do not reflect
the actual properties of in-situ coal/rock mass. There is available Sheorey failure
criterion but it is age old and needs to be re-established for the higher depth of cover
cases. Also, the strength estimated in laboratory are on a higher side and if these are
considered for design of underground structures then there are likely chances of an
under design which is vulnerable to fail.

Strength of rock mass is important for the stability of underground structures in
rock and its realistic assessment for coal measure strata presents a unique challenge.
Rock mass classifications have tried to quantify the behaviour of the rock mass.
Failure criterion is helpful in prediction of strength of rock mass. But, the aniso-
tropic and inhomogeneous behaviour of coal pillar restricts the scope of rock
mass failure criteria for higher depth of cover. There is a need to revisit RMR
classification system for failure criteria of intact coal measure formations at higher
depth of cover.

2.10 Rock burst/coal bump

Stress concentration on underground structures results into accumulation of
strain energy inside it resulting into coal bump/rock burst. Coal measure formations
have the capability to store large amount of strain energy before failing. It involves
the violent failure of rock/coal around an excavation causing severe injury to the
miners. Indian coalfields have rare experience of dealing with coal bump/rock burst
due to working under moderate nature of roof at shallow depth of cover. Some
incidences of coal bump/rock burst have been experienced due to hanging of over-
lying strata for a longer span in goaf after pillar extraction which creates high
abutment stresses over the solid pillars. It is difficult to deal with such strata as their
sudden caving lead to sometimes air blast.

Deep coal mines with massive/strong roof and high stress-conditions experience
coal bump/rock burst. Severity of the rock bump increases with increase in depth
and stress. Instrumentation and monitoring using geotechnical instruments and
micro seismic methods are helpful in understanding and prevention of such occur-
rences. Energy stored depends upon the physico-mechanical properties of strata.
Various destressing techniques have been practised worldwide to deal with such
issues.

3. Rock mechanics advances in mechanised depillaring

3.1 Design of rib/snook

Parametric study by varying the nature of roof and depth of cover was carried
out in FLAC3D by Singh et al. [4] to estimate the size of irregular shaped rib/snook
during MD of existing square/rectangular shaped pillars. Further, height of rib was
also varied [7] during extraction of complete thickness of a thick coal seam at a time
using numerical simulation to estimate a stable competent size. Results of field and
numerical simulation were used to estimate a competent rib/snook. Conceptual
model was formulated to have a general idea about variation in size of rib/snook
with depth of cover and nature of roof strata.

Area of competent sizes of ribs/snooks with variation in depth of cover and
nature of the roof strata are analysed through a multivariate regression. A
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relationship is developed based on the analysis to estimate a competent size of the
rib/snook (S), which is given as:

S ¼ 0:52 H0:74 R0:23 m2 (3)

where H = depth of cover (m) and R = CMRI-RMR.

3.2 Design of goaf edge support

Rock load height (RLH) estimated at the goaf edge using numerical models with
variation in RMR and depth of cover and analysed using multivariate regression by
Ram et al. [5]. Based on field studies and numerical simulation observations, rela-
tionships are developed for the design of RBBLS at three different locations around
the goaf edge which are given below.

For 0 m out-bye from goaf edge

RLH ¼ 11:67 H0:58 R�1:14 (4)

For 1 m out-bye from goaf edge

RLH ¼ 66:32 H0:31 R�1:26 (5)

For 2 m out-bye from goaf edge

RLH ¼ 115:22 H0:12 R�1:20 (6)

3.3 Prediction of roof sagging limit for roof fall

Kumar et al. [6] did a multivariate analysis of the roof sagging recorded from the
numerical models with variation in thickness and elastic modulus of immediate
roof, size of remnants and distance from the goaf edge. This analysis helped in
derivation of an Eq. 9 to calculate the limiting roof sagging value as:

C ¼ 26:63� 0:12D� 1:12E� 0:14Aþ 0:23T (7)

where C is the roof sagging observed in model (mm), D is the goaf edge distance
(m), E is the elastic modulus of immediate roof (GPa), A is the size of remnants left
in or around goaf edge (m2), and T is the immediate roof thickness (m).

Taking into account the anisotropic and heterogeneous natures of rock, a safety
factor of 2 is selected for fixation of the sagging value for a warning limit in AWTT
which is given as:

S ¼ 0:5C (8)

where S is the warning value of roof sagging (mm) to be fixed in an AWTT.

3.4 Design of cut-out distance

CM does not damage the surrounding roof like drilling-blasting during cutting of
coal. Cut-out distance in field has been practised based on trial and error in field.
Numerical models based on a safe and stable roof sagging value of 5 mm are used to
study the cut-out distance with varying nature of roof and width of gallery [7].
Elastic constitutive model is used to study the cut-out distance based on field
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studies in FLAC3D by fixing the allowable range of roof sagging to 5 mm (Figure 9).
Roof sagging values for a 6 m width of gallery by varying the cut-out distances are
shown in Figure 9 on numerical models. Figure 9 also depicts that the cut-out
distance can be further extended beyond 12 m during development using CM for
faster extraction.

Based on the results of numerical model and field studies, a relationship is
established to estimate the cut-out distance with variation in nature of roof and
gallery width, which is given as:

S ¼ 14:61þ 1:98E� 2:12W (9)

where S is the length of cut-out distance (m), W = width of gallery (m), and
E = elastic modulus of immediate roof (GPa).

4. Future rock mechanics issues

Apart from abovementioned issues for B&P mining method using CM based
MD, there are challenges of rock mechanics in Indian coalfields at higher depth of
cover for the characterisation of rock mass, response of underground structures to
high in-situ stresses, design of underground structures, economics, subsidence,
complete extraction of difficult coal seam at a time, failure criterion of rock mass,
fixation of warning limit for stress and convergence in different geotechnical
instrumentation and so forth.

Despite being the second largest producer of coal in the world, Longwall top coal
caving method of mining is still not practised in Indian coalfields whereas China
produces around 90% of the coal using this technology. Most of the Indian coal is
being produced using opencast method which is not sustainable for longer duration

Figure 9.
Roof sagging value for different cut-out distance in FLAC3D. (a) 9 m, (b) 10 m, (c) 11 m, and (d) 12 m.
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studies in FLAC3D by fixing the allowable range of roof sagging to 5 mm (Figure 9).
Roof sagging values for a 6 m width of gallery by varying the cut-out distances are
shown in Figure 9 on numerical models. Figure 9 also depicts that the cut-out
distance can be further extended beyond 12 m during development using CM for
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gallery width, which is given as:
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complete extraction of difficult coal seam at a time, failure criterion of rock mass,
fixation of warning limit for stress and convergence in different geotechnical
instrumentation and so forth.

Despite being the second largest producer of coal in the world, Longwall top coal
caving method of mining is still not practised in Indian coalfields whereas China
produces around 90% of the coal using this technology. Most of the Indian coal is
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due to its different limitations. Solutions to these future problems lie in carrying out
R&D for each such issue on priority basis for the Indian coalfields.

5. Conclusions and recommendations

Mechanised depillaring using continuous miner technology has proven its
potential in improvement of production and safety since last 10 years. A number of
Indian coal mines are preferring mechanised depillaring over conventional tech-
nique to extract the locked-up coal pillars. Field study found that geo-mining
conditions and design of geotechnical structures created during mechanised
depillaring affect the performance of this mass coal producing technology. Rock
mechanics developments in design of geo technical such as breaker-line support,
rib/snook, cut-out distance/lift length and determination of roof sagging limit in
instruments at the goaf edges has improved the performance of mechanised
depillaring operations. However, rock mechanics issues like complete extraction of
a thick coal seam, large span of overhang, caveability of difficult overlying strata,
geological discontinuities, depth of working and pillar design at higher depth
remains a challenge for this technology. Efforts are being made to deal with these
issues in Indian coalfields as per their confrontation.
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Chapter 3

Ecofriendly Hill Mining by 
Tunneling Method
Rama Dhar Dwivedi and Abhay Kumar Soni

Abstract

Mostly, hills are mined by ‘Strip mining’ i.e. removing the hills from top. This 
conventional approach destroys the landscape and defaces the beauty of the hill. 
Besides, a large amount of dust generated at source disturbs the villagers and 
nearby human settlements during the excavation operation or related activities. To 
eliminate this, and remove the ‘out yard dumping of material’, except at initial stage 
i.e. during developmental phase, if tunneling methods of civil construction work is 
applied, ‘the conventional hill mining’ can be turned into an eco-friendly hill min-
ing with very little planning efforts. This chapter highlights the abovementioned 
aspects of ‘hill mining’ covering overviews about the ‘hill mining by tunneling 
method’. In this technique, the extraction of mineral deposits is done by driving 
tunnels at the bottom (or other accessible higher level of the hills) and combining 
it with cross-cuts and adits, to protect the green cover and the serene hill environ-
ment. A case study of limestone mining in hilly Meghalaya region of India forms a 
part of the description where its feasibility exists.

Keywords: hill mining, strip mining, tunneling in hills, mining of minerals in India

1. Introduction

Hills are being mined since long, ever since man discovered the use of metals 
and valuable stones. The mineral resources (called mineral deposits) do exist both 
above ground level and below ground level. The hills have been mainly targeted 
because the winning of minerals above the ground is easier as compared to the 
mineral deposits found at depth. For instance, a broken hill lode in South Australia, 
one of the largest lead-zinc lode, ever discovered, is being mined for its mineral 
content in hills. Similarly, mining in hills is carried out for commercial minerals 
like iron ore (Kudremukh, Karnataka, India); bauxite (Kollimalai hill deposits of 
Nilgiris in Tamil Nadu India); base metal (Arravallis in Rajasthan, India); Magnesite 
of Indian Himalayas; useful stones such as granites, slates, marble, sandstone, etc. 
Thus, ubiquitous ‘hill mining’ was existing in the past, present and will continue to 
remain in future as well, wherever these deposits are made available by nature for 
mankind.

In the context of ‘hill mining’, two aspects matter significantly, and they are - 
‘scientific extraction’ and ‘environmental protection’. With judicious planning and 
serious efforts, the conventional approach of mineral extraction (mining) in hills can 
be turned into an eco-friendly hill mining. Fragile/serene hill environment can be 
protected by adopting ‘best practices’ as applied in mining.
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The characteristic features of hilly topography and the typical conditions 
encountered in such terrain have to be taken into account for achieving the desired 
results. Because favorable conditions do exist, a combination and integration of 
civil and mining engineering knowledge have been done and ‘tunneling method’ 
is evolved as an engineering field application. Various key aspects of hill mining 
covering overviews on the environment are also highlighted and described in the 
chapter. A selective case record of limestone mining in the Meghalaya state of India 
forms the part of the description for such type areas, the reason being its feasibility.

Conceptualization of tunneling method, though not new, came into our mind 
around the late nineties (≈ 1996 to 1998) when limestone mining by underground 
methods was tried in an experimental adit in Himachal Pradesh, India. This site 
was located in the hilly Himalayas and the framed experimentation was found quite 
effective to protect the sensitive and fragile Himalayan environment [1]. In this way, 
integration of our knowledge about conventional ‘underground method of mining 
‘and tunnel excavation work, prominent in hydel power projects of Himalaya, have 
to lead to the development of, ecofriendly tunneling method, considering the hill 
topography (or hill areas) as our concentration point.

2. Hill mining by tunneling method

Mostly, hills are excavated by ‘stripping method’, which consists of removing 
the top hill cover and moving downward (chopping down) in steps. When hills 
are mined for mineral extraction, the methodology of mining is termed as ‘Strip 
Mining’. This method is a conventional method and the extraction is carried out 
by construction of berms (or benches) to reach the deposit, and excavating mineral 
by digging either manually or mechanically. The conventional approach destroys 
the landscape and defaces beauty of the hill (Figure 1). Also, a large amount of 
dust generated at the source disturbs the surroundings, villagers and nearby human 
settlements during ongoing excavation operation or related ancillary activities. 

Figure 1. 
Defacing of hills due to illegal quarrying is a typical sight in many hilly areas (severe environmental impacts to 
natural hill landforms).

45

Ecofriendly Hill Mining by Tunneling Method
DOI: http://dx.doi.org/10.5772/intechopen.95918

To eliminate and overcome this, ‘tunneling methods’, as used in civil construction 
work, maybe the alternative that can be applied.

Tunneling method involves number of tunnels driven either in the country 
rocks and/or in the ore/mineral formation itself. The size of tunnels is chosen 
based on the thickness and compressive strength of the orebody and host rocks 
encountered.

It is well known that the economics of mineral extraction depends on the adopted 
mining method and its market value. Location, orientation, size and strength of ore 
deposit are the prime influential parameters to choose a mining method. However, 
nowadays environmental conditions are forcing the decision-makers to indulge in the 
activities which are ecofriendly or at least it should not harm the flora and fauna of the 
landscape. In this context, going underground without disturbing the natural surface 
features is appreciated for mining the minerals from the ground. In addition to this, 
the excavated underground space is preferred to be re-utilized either as a waste mate-
rial refill or as a valuable space for miscellaneous purposes, to avoid subsidence at the 
ground surface above the mined-out area. Thus, rehabilitation of the excavated space 
is a value addition by public or industry. In such condition, the underground mined out 
areas need to be well supported so that these can stand for several coming years and 
thus accrues to the cost of mining.

If the mineral deposit in a hill is found feasible for mining, it shall be mined 
using ‘tunneling method ‘, which would involve the following steps.

A. Geological and geotechnical investigations for planning

To extract mineral, location, thickness and alignment of mineral/orebody 
should be known as it influences the preparation of actual excavation plan (mining 
plan), to be implemented into practice. Overburden or rock cover should be known 
because it gives an idea about induced stresses around excavation built under-
ground. Here, the size and diameter of the underground opening play an important 
role in the stability. Further, rock mass properties, information of water condition 
and physico-mechanical properties of rock mass decide the requirement of support 
needed for the excavated area (i.e.tunnel walls) for the required life span.

Both, geological and geotechnical investigations help in the planning of mine 
and execution of various unit operations that lead to the extraction of mineral from 
the earth. These investigations reveal the following information about the mineral 
deposit/ore body and their properties.

i. Thickness and alignment:

Thickness indicates the volume of the orebody and determines the economy for 
mining activity and alignment or orientation is a deciding parameter for mining 
methodology. It is estimated with the help of core-log details obtained from various 
boreholes.

ii. Overburden or rock cover above the orebody:

This is the rock cover thickness above the orebody. It helps in the estimation of 
vertical in-situ stress, if any, at an underground place of workings.

iii.  Rock joint properties:

Number and properties of rock joints together with the strength of rock mass 
helps to know its behavior when subjected to induced stresses during excavation 
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activities below ground. Rock joints present also helps in knowing the water perme-
ability of the strata.

iv. Location of the water table, if present:

Depth of water table provides information about water head to be considered 
while designing supports for roof or walls of the excavated area. In addition to 
this, it also gives an idea about the expected quantum of water inside the workings 
below ground.

v. Physico-mechanical properties:

Physical properties, like permeability (K) and specific gravity (γ) help the 
support designer in the estimation of the rate of water inrush and value of vertical 
in-situ stress respectively. Whereas, mechanical properties like Uniaxial compres-
sive strength (σc), modulus of elasticity (E), Poisson’s ratio (ν), cohesive strength 
(c), and angle of internal friction (ϕ) play a vital role in determining deformational 
behavior of rock mass (country rock and orebody) while excavation goes below 
ground during actual mining.

B. Preparation of a mining plan.

It includes preparation of geotechnical baseline reports, structural design 
report and drawings, for the approach roads, excavation sequence of tunnels and 
cross-cuts, applicable supports and drainage plan. As the reports and drawings are 
prepared based on geological and geotechnical data explored from the surface, the 
reports and drawings are revised when actual geology and rock types are encoun-
tered i.e. during going underground.

C. Design of tunnels and cross-cuts.

Size of tunnels is decided based on the rock mass quality, thickness of the 
orebody and rock cover. The rock mass is characterized and its quality is assessed 
using Barton’s Q-system, rock mass rating (RMR) system or geological strength 
index (GSI) system. Rock mass with RMR value greater than or equal to 80 has 
high standup time. For example, 10 m of unsupported tunnel span can withstand 
up to about 70 months in a rock mass with RMR of 80 (Q = 55). Due to this reason, 
tunnel excavated in such quality rock mass does not require any artificial supports 
except spot bolting. On the other hand, the requirement of supports increases 
with a decrease in the quality of rock mass. Based on rock quality (Q-value), the 
quantum of supports required for tunnels of 5 m and 10 m diameter have been 
listed in Table 1, which have been obtained from the Barton’s Q-chart as given in 
Figure 2 [2].

Excavation support ratio (ESR) is the weightage assigned to the type of struc-
ture based on their importance. The more important structure is assigned with 
a lower value of ESR (Table 2). Value of ESR for temporary mining opening has 
been assigned as 3–5. Average ESR value (3) has been considered for calculation of 
supports in Table 1 for the tunnels or cross-cuts, which are temporary and shall be 
backfilled after mining of the mineral/ore. On the other hand, the tunnels or cross-
cuts, which shall be retained as rehabilitated underground space are permanent and 
have been assigned with ESR value of 1.6.

This is significant to note that an arched crown of the tunnel distributes the 
induced stresses around the tunnel boundary in a better way. Required supports 
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for tunnels of diameter 5 m and 10 m have been given in Table 1 for construction in 
various quality of rock mass with Q-values greater than 0.4. Construction of tun-
nels in rock mass less than Q-value of 0.4 would attract the large quantum of sup-
ports and hence the mining cost may not be feasible for the ores of an average value. 
For the ores containing the high mineral value (silver, gold, zinc etc.), hill mining 
using tunnels would be economical even in the rock mass of very poor quality which 
requires more stiff supports to stabilize the tunnel (s).

Figure 2. 
Tunnel support chart based on Q-system [2].

Rock 
quality 
(Q )

Tunnel span (D) =5 m Tunnel span (D) =10 m

ESR = 1.6 ESR = 4 ESR = 1.6 ESR = 4

D/ESR Supports D/ESR Supports D/ESR Supports D/ESR Supports

0.4 3.125 Nil 1.25 Nil 6.25 L = 2.5 m, 
S = 1.5 m, 
Sc = 9 cm

2.5 Nil

1 3.125 Nil 1.25 Nil 6.25 L = 2.5 m, 
S = 1.7 m, 
Sc = 8 cm

2.5 Nil

4 3.125 Nil 1.25 Nil 6.25 L = 2.5 m, 
S = 2.1 m, 
Sc = 6 cm

2.5 Nil

10 3.125 Nil 1.25 Nil 6.25 L = 2.5 m, 
S = 2 m

2.5 Nil

40 3.125 Nil 1.25 Nil 6.25 Nil 2.5 Nil

50 3.125 Nil 1.25 Nil 6.25 Nil 2.5 Nil

Notations: ESR-Excavation support ratio; L-Bolt length; S-spacing of bolt length; Sc-Reinforced shotcrete.

Table 1. 
Requirement of supports according to rock mass quality and span or diameter of the tunnel.
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supports in Table 1 for the tunnels or cross-cuts, which are temporary and shall be 
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for tunnels of diameter 5 m and 10 m have been given in Table 1 for construction in 
various quality of rock mass with Q-values greater than 0.4. Construction of tun-
nels in rock mass less than Q-value of 0.4 would attract the large quantum of sup-
ports and hence the mining cost may not be feasible for the ores of an average value. 
For the ores containing the high mineral value (silver, gold, zinc etc.), hill mining 
using tunnels would be economical even in the rock mass of very poor quality which 
requires more stiff supports to stabilize the tunnel (s).

Figure 2. 
Tunnel support chart based on Q-system [2].

Rock 
quality 
(Q )

Tunnel span (D) =5 m Tunnel span (D) =10 m

ESR = 1.6 ESR = 4 ESR = 1.6 ESR = 4

D/ESR Supports D/ESR Supports D/ESR Supports D/ESR Supports

0.4 3.125 Nil 1.25 Nil 6.25 L = 2.5 m, 
S = 1.5 m, 
Sc = 9 cm

2.5 Nil

1 3.125 Nil 1.25 Nil 6.25 L = 2.5 m, 
S = 1.7 m, 
Sc = 8 cm

2.5 Nil

4 3.125 Nil 1.25 Nil 6.25 L = 2.5 m, 
S = 2.1 m, 
Sc = 6 cm

2.5 Nil

10 3.125 Nil 1.25 Nil 6.25 L = 2.5 m, 
S = 2 m

2.5 Nil

40 3.125 Nil 1.25 Nil 6.25 Nil 2.5 Nil

50 3.125 Nil 1.25 Nil 6.25 Nil 2.5 Nil

Notations: ESR-Excavation support ratio; L-Bolt length; S-spacing of bolt length; Sc-Reinforced shotcrete.

Table 1. 
Requirement of supports according to rock mass quality and span or diameter of the tunnel.
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Tunnels or cross-cuts of 5 m diameter are very safe without any additional sup-
ports (except some spot bolting) for the suggested range of rock mass quality, i.e. 
Q ≥ 0.4 (Table 1). Rate of mineral/ore production shall be low using tunnels/cross-
cuts of 5 m diameter as compared to 10 m diameter tunnels because of deployment 
of smaller size machines in the former case. Similarly, mining with large tunnels 
of 10 m diameter shall also not require any additional supports, if excavation is 
carried out using controlled blasting technique i.e. causing minimum disturbance 
to the surrounding rock mass and the mined-out area is temporary and planned 
to be back-filled. Further, permanent openings of diameter 10 m created in a rock 
mass with quality index Q = 0.4–4 would need supports in form of 2.5 m long steel 
rock bolts at the spacing of 1.5–2.1 m with 6-9 cm steel fiber-reinforced shotcrete 
(SFRS). The same large openings in the rock mass with quality Q = 4–10 would need 
only rock 2.5 m long rock bolts at a spacing of 2 m as supports, whereas supports 
would not be required for the permanent 10 m diameter openings in a rock mass 
with Q > 10 (Table 1).

In mines, size of underground roadway i.e. roadway height and its dimension, 
as per the statute, is one point which needs due consideration while planning hill 
mining by tunneling method. In India, the dimensions of the pillars are regulated 
by Regulation 111 to 115 of Coal Mines Regulations (CMR), 2017 [4]. The regulation 
stipulates that the width of galleries shall not exceed 4.8 m and height of galler-
ies shall not exceed 3 m. In this view, it is suggested to design the tunnels with 
width ≤ 4.8 m and height ≤ 3 m for coal deposits. Tunnels of larger dimensions may 
be designed for hill mining of non-coal minerals i.e. metallic minerals, which occur 
in narrow forms. However, smaller dimensions of excavation are always desirable 
from stability viewpoint because lager dimension gives rise to deformation and 
attracts requirement of stiffer supports. Thus, the smaller the opening better will 
be stability. If the value of the ore is high, the extraction by underground means, 
remain economical even after provision of stiffer support, mine planner can go for a 
larger dimension of underground openings.

For coal deposits having 30 x 30 m2 pillar dimension, the strength of pillar lies in the 
range of 5.4 MPa to 7.4 MPa at various depths. The pillar width shall be according 

Category Type of structure ESR

A Temporary mine openings, etc. 3–5

B Vertical shafts*: i) circular sections
ii) rectangular/square section

* Depends on purpose and may be lower than given values.

2.5
2.0

C Permanent mine openings, water tunnels for hydropower (exclude high-pressure 
penstocks), water supply tunnels, pilot tunnels, drifts and headings for large 

openings

1.6

D Minor road and railway tunnels, surge chambers, access tunnels, sewage tunnels, 
etc.

1.3

E Powerhouses, storage rooms, water treatment plants, major road and railway 
tunnels, civil defense chambers, portals, intersections, etc.

1.0

F Underground nuclear power stations, railways stations, sports and public 
facilitates, factories, etc.

0.8

G Very important caverns and underground openings with a long lifetime,≈ 
100 years, or without access for maintenance.

0.5

Table 2. 
ESR values assigned to various type of structures [2].

49

Ecofriendly Hill Mining by Tunneling Method
DOI: http://dx.doi.org/10.5772/intechopen.95918

to the values given in Table 3. The gallery width and height are 4.8 m and 3 m 
respectively. Strength of pillar has been determined using the formula suggested by 
Bieniawski and Van [5] for square-shaped coal pillars (Eq.1).

 0.64 0.36s c
W
h

σ σ  = +  
 (1)

where,
σs = strength of pillar (MPa).
σc = unconfined compressive strength (MPa).
W = width of coal pillar (m).
h = height of pillar (m) or gallery.
Stress on the pillar as shown in Figure 3, is computed according to the follow-

ing Eq.2:
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For coal strength in a laboratory, σc = 5.4 MPa

σs (MPa) W/h σp 
(MPa)

H 
(m)

Factor of  
safety = (σs/ σp)

9.68 3.2 6.08 100 1.59

11.85 4.32 7.61 150 1.56

13.72 5.28 9.17 200 1.50

15.90 6.4 10.55 250 1.51

18.07 7.52 11.91 300 1.52

20.25 8.64 13.27 350 1.53

22.12 9.6 14.70 400 1.50

24.30 10.72 16.05 450 1.51

26.16 11.68 17.45 500 1.50

For coal strength in the laboratory, σc = 7.4 MPa

11.56 2.56 7.13 100 1.62

13.69 3.36 8.83 150 1.55

15.82 4.16 10.35 200 1.53

17.95 4.96 11.81 250 1.52

20.08 5.76 13.23 300 1.52

22.21 6.56 14.62 350 1.52

24.34 7.36 16.01 400 1.52

26.47 8.16 17.38 450 1.52

28.61 8.96 18.75 500 1.53

Note: All notations i.e. W, h, H, σs and σp has the same meaning as explained in Eq. 1 and 2 above.

Table 3. 
Width of square shape coal pillars at various depths.
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to the values given in Table 3. The gallery width and height are 4.8 m and 3 m 
respectively. Strength of pillar has been determined using the formula suggested by 
Bieniawski and Van [5] for square-shaped coal pillars (Eq.1).
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where,
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9.68 3.2 6.08 100 1.59
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22.12 9.6 14.70 400 1.50
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26.16 11.68 17.45 500 1.50
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11.56 2.56 7.13 100 1.62
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Note: All notations i.e. W, h, H, σs and σp has the same meaning as explained in Eq. 1 and 2 above.

Table 3. 
Width of square shape coal pillars at various depths.
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where,
σp = strength on the pillar (MPa).
γ = unit weight of rock mass above the pillar in MPa/m.
H = rock cover above the pillar.
W = width of the pillar (m).
D = width of the gallery (m).

D. Limitations and other issues

While dealing with hill mining by tunneling method, two important issues arise. 
Firstly, the ‘shape of the underground openings’ and secondly the mining method-
ology that includes both development and depillaring operation of mineral extrac-
tion. Due consideration should be given on both these points and its explanation has 
been given in the following paragraphs.

In general, tunnels are either D shaped (horseshoe shaped) or circular, having 
‘arched roof ’ whereas underground mine galleries have nearly flat roofs. Tunnels 
with an arched roof are more stable and hence safer compared with the under-
ground galleries. This is scientifically established that flat roofs having corners 
have more chances of failure due to higher stress concentration at the corners. 
The mine planner can select rectangular openings, if depillaring and backfilling 
are the parts of the mining plan and method of mining because backfilling, after 
the depillaring operation is over, takes care of stress concentration at the corners 
which are the likely point of initiation or propagation of failure/crushing in the 
underground openings. Furthermore, in case of depillaring with backfilling,  
additional land area (on the surface) is not required for rock/waste storage 
generated from excavation underground. Therefore, dump creation and its 
management are eliminated, thereby economizing the overall cost of mineral 
production. Waste rocks which are huge in quantity destroy the landscape of 
the surface area completely and cause water and land pollution. Saving of the 
landscape of the mining area is priceless in terms of environmental benefits. In 
this way, the suggested tunneling method, which is an improved form of under-
ground mining method would be both economically viable and environmentally 
friendly. Following are some limitations of ‘tunneling methods’ which shall be 
mentioned here.

Figure 3. 
Plan view of a coal pillar.
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• To make the ‘tunneling method of mining’ most feasible, the mined-out area 
shall be backfilled with rock waste, fly ash, sand or combination of more than 
one stowing material. Thus, ‘depillaring with backfilling’ is the best tunneling 
option, for safe exploitation of minerals by underground means.

• The method shall not be useful if entire rock cover is comprised of riverine 
material or soil having flowing tendency when destabilized.

• According to a rough estimate the cost of underground mining is more com-
pared to the open -cast or surface mining [1] hence, cost analysis is essential for 
‘tunneling method of mining’. If found appropriate, this limitation can be eas-
ily overcome, particularly for high value and strategic minerals (gold, uranium 
ore, nickel ore, base metals i.e. Cu, lead, silver, zinc etc.).

When the tunneling method is practised, the value addition of the ‘developed 
underground space’ is suggestive. With such practices, the cost of production can 
be minimized and both revenues, as well as employment for locals, can be gener-
ated. Such value addition of the underground space/areas, if planned for the future, 
tunnels with an arched roof are advised. Research by the authors shows that the 
development roadways (areas developed during mine development, in particularly) 
has other civic uses too e.g. development as an underground storage space, place for 
a miscellaneous purpose, place of tourist extraction etc. [6].

3. Construction of approach road

Approach roads are vital at hill sites. The paucity of land and constrained space 
in hills are some well-known problems of hill mining. For open surface mines, larger 
length of approach roads is needed, If the tunneling method is the choice of mineral 
winning, road length is reduced and dust hazard is kept contained. Figures 4 and 5 
show various approach roads to tunnels excavated in hills. The approach roads, only 
means of hill transportation, shall remain functional round the year to keep geared 
the mining activities in the hills and also for transportation of man, material and 
machinery. Their construction and design should be rugged enough as per the load 
they have to handle because heavy machinery of big size will often use the roads.

Figure 4. 
A view of the construction of approach road in the left for the tunnel shown on the right.



Mining Techniques - Past, Present and Future

50

where,
σp = strength on the pillar (MPa).
γ = unit weight of rock mass above the pillar in MPa/m.
H = rock cover above the pillar.
W = width of the pillar (m).
D = width of the gallery (m).

D. Limitations and other issues

While dealing with hill mining by tunneling method, two important issues arise. 
Firstly, the ‘shape of the underground openings’ and secondly the mining method-
ology that includes both development and depillaring operation of mineral extrac-
tion. Due consideration should be given on both these points and its explanation has 
been given in the following paragraphs.

In general, tunnels are either D shaped (horseshoe shaped) or circular, having 
‘arched roof ’ whereas underground mine galleries have nearly flat roofs. Tunnels 
with an arched roof are more stable and hence safer compared with the under-
ground galleries. This is scientifically established that flat roofs having corners 
have more chances of failure due to higher stress concentration at the corners. 
The mine planner can select rectangular openings, if depillaring and backfilling 
are the parts of the mining plan and method of mining because backfilling, after 
the depillaring operation is over, takes care of stress concentration at the corners 
which are the likely point of initiation or propagation of failure/crushing in the 
underground openings. Furthermore, in case of depillaring with backfilling,  
additional land area (on the surface) is not required for rock/waste storage 
generated from excavation underground. Therefore, dump creation and its 
management are eliminated, thereby economizing the overall cost of mineral 
production. Waste rocks which are huge in quantity destroy the landscape of 
the surface area completely and cause water and land pollution. Saving of the 
landscape of the mining area is priceless in terms of environmental benefits. In 
this way, the suggested tunneling method, which is an improved form of under-
ground mining method would be both economically viable and environmentally 
friendly. Following are some limitations of ‘tunneling methods’ which shall be 
mentioned here.

Figure 3. 
Plan view of a coal pillar.

51

Ecofriendly Hill Mining by Tunneling Method
DOI: http://dx.doi.org/10.5772/intechopen.95918
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one stowing material. Thus, ‘depillaring with backfilling’ is the best tunneling 
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• According to a rough estimate the cost of underground mining is more com-
pared to the open -cast or surface mining [1] hence, cost analysis is essential for 
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When the tunneling method is practised, the value addition of the ‘developed 
underground space’ is suggestive. With such practices, the cost of production can 
be minimized and both revenues, as well as employment for locals, can be gener-
ated. Such value addition of the underground space/areas, if planned for the future, 
tunnels with an arched roof are advised. Research by the authors shows that the 
development roadways (areas developed during mine development, in particularly) 
has other civic uses too e.g. development as an underground storage space, place for 
a miscellaneous purpose, place of tourist extraction etc. [6].

3. Construction of approach road

Approach roads are vital at hill sites. The paucity of land and constrained space 
in hills are some well-known problems of hill mining. For open surface mines, larger 
length of approach roads is needed, If the tunneling method is the choice of mineral 
winning, road length is reduced and dust hazard is kept contained. Figures 4 and 5 
show various approach roads to tunnels excavated in hills. The approach roads, only 
means of hill transportation, shall remain functional round the year to keep geared 
the mining activities in the hills and also for transportation of man, material and 
machinery. Their construction and design should be rugged enough as per the load 
they have to handle because heavy machinery of big size will often use the roads.

Figure 4. 
A view of the construction of approach road in the left for the tunnel shown on the right.
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3.1 Layout of tunnels and cross-cuts for mining

In a normal underground mine, the position of working face and its layout 
has close linkage as these facilitate the overall development of mine workings. 
Dimension and layout of tunnels and cross-cuts should be decided based on the 
thickness of the ore body. Thus, for the massive thickness of mineral bed, larger 
dimensions may be permitted. In case of metallic ore deposits which is found in 
narrow veins, lodes and pockets smaller dimensions suffice the purpose. For an ore-
body having a thickness in the range of 5 m or more, development of mine working 
shall be through tunnels and cross-cuts of diameter ‘D’ diameter (Figure 6).

The tunnels are constructed within the orebody or in host rocks. Construction of 
underground openings in host rocks is a non-productive exercise and shall be kept 
limited. This methodology starts giving production right from the beginning when 
underground excavations are made in mineral instead of host or country rocks. The 
tunnels are interconnected with cross-cuts of the same or different cross-section 
perpendicular to the tunnel direction/alignment at a fixed interval. Thus, pillars 

Figure 5. 
View of approaches to the tunnel constructed in the hill.

Figure 6. 
Layout of tunnels for hill mining.
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are formed which are extracted in the extraction phase of the mining operation. To 
get the mineral finally, these developed mine-workings are either fully or partially 
excavated.

The development of underground space, through tunneling and cross-cuts, for 
mining of minerals, has yet another dimension of multi-level mineralization in 
different horizons with host rocks in between, called ‘parting’. All such levels, if not 
connected through tunnels from outside the hill, the dugout mineral or rocks can 
be poured down to the lower level and transportation underground can be done 
by gravity using shafts or chutes. Inter connectivity of levels at different points is 
required for the full development of the deposit which contains the mineral. If the 
mined-out area has to be backfilled then the pillar width should be reduced to a 
minimum with due consideration of roof stability. As such, the maximum quantity 
of ore should be dug out for mineral conservation purposes. At the decommission-
ing phase of ‘eco-friendly hill mining by tunneling method’, the underground space 
created during mining can create a value too and shall be maintained till the end. If 
done so, the underground space may be developed as a tourist place, underground 
market and other utilities like hotels/shops in future which has value.

Thus, two aspects of the discussed method are quite apparent, firstly, ‘clean 
mining and green environment’ and secondly, ‘value addition’ after mining is over. 
Revenue generation and socio-economic gains are therefore well connected to the 
method at once the rehabilitation of the created underground space is sought.

3.2 Productivity, risk and safety

In general, productivity is a measure of performance or output. It is a measure 
of how effectively the business targets of mining companies are being met [7]. In 
hill mining by underground approach, productivity is a ratio of input Vs output and 
implies how much mineral/ore is produced through various inputs. Obviously, hill 
mining, done by any method, has limited productivity and high risk. Its principal 
reasons are terrain condition. Another risks associated with the hill, particularly the 
Himalaya region, are the extreme weather conditions and environmental fragility, 
which should be attended scientifically.

Tunneling methods of mineral extraction has environmental and safety advantages 
over conventional mining. Safety in mines and mining industry (from accident 
angle) is prime and has to be maintained and accrued through constant efforts. At 
ground level, the safety can be enhanced or dealt effectively with knowledge of 
“Safety Management and Safety Engineering”, as they are the modern and newly 
emerged tools to achieve the road to zero harm [8]. Undoubtedly, safety is a major 
concern for lofty hills and for this mining professionals are required to keep an eye 
on the stability of underground openings and slopes near the underground entry 
points i.e. portals. For this, scientific tools of numerical modeling, field measure-
ment etc. pave the way as described in the following two paragraphs.

Deformation monitoring of excavated underground stretches: For safe underground 
working, the stability of the tunnel/cross-cuts is highly recommended to monitor so 
that counter measures can be taken in time to strengthen the rock mass around the 
excavated opening i.e. tunnel periphery wherever needed. For this, bi reflex targets 
are fixed at various cross-sections, especially near the cross-cuts because there are 
large spans of excavated space at such places, which need special care. After all, 
large excavations attract high induced stresses around the boundary of the open-
ings. The targets are suggested to fix as given in Figures 7 and 8. One target at each 
TP1 (crown), TP2 & TP3 at the springing level and TP4 & TP5 at the upper bottom.

Frequency of such measurement depends on the trend of change in the 
radial deformation. If deformation shows an increasing trend, the frequency of 
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are formed which are extracted in the extraction phase of the mining operation. To 
get the mineral finally, these developed mine-workings are either fully or partially 
excavated.
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minimum with due consideration of roof stability. As such, the maximum quantity 
of ore should be dug out for mineral conservation purposes. At the decommission-
ing phase of ‘eco-friendly hill mining by tunneling method’, the underground space 
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done so, the underground space may be developed as a tourist place, underground 
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Thus, two aspects of the discussed method are quite apparent, firstly, ‘clean 
mining and green environment’ and secondly, ‘value addition’ after mining is over. 
Revenue generation and socio-economic gains are therefore well connected to the 
method at once the rehabilitation of the created underground space is sought.

3.2 Productivity, risk and safety
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of how effectively the business targets of mining companies are being met [7]. In 
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implies how much mineral/ore is produced through various inputs. Obviously, hill 
mining, done by any method, has limited productivity and high risk. Its principal 
reasons are terrain condition. Another risks associated with the hill, particularly the 
Himalaya region, are the extreme weather conditions and environmental fragility, 
which should be attended scientifically.

Tunneling methods of mineral extraction has environmental and safety advantages 
over conventional mining. Safety in mines and mining industry (from accident 
angle) is prime and has to be maintained and accrued through constant efforts. At 
ground level, the safety can be enhanced or dealt effectively with knowledge of 
“Safety Management and Safety Engineering”, as they are the modern and newly 
emerged tools to achieve the road to zero harm [8]. Undoubtedly, safety is a major 
concern for lofty hills and for this mining professionals are required to keep an eye 
on the stability of underground openings and slopes near the underground entry 
points i.e. portals. For this, scientific tools of numerical modeling, field measure-
ment etc. pave the way as described in the following two paragraphs.

Deformation monitoring of excavated underground stretches: For safe underground 
working, the stability of the tunnel/cross-cuts is highly recommended to monitor so 
that counter measures can be taken in time to strengthen the rock mass around the 
excavated opening i.e. tunnel periphery wherever needed. For this, bi reflex targets 
are fixed at various cross-sections, especially near the cross-cuts because there are 
large spans of excavated space at such places, which need special care. After all, 
large excavations attract high induced stresses around the boundary of the open-
ings. The targets are suggested to fix as given in Figures 7 and 8. One target at each 
TP1 (crown), TP2 & TP3 at the springing level and TP4 & TP5 at the upper bottom.

Frequency of such measurement depends on the trend of change in the 
radial deformation. If deformation shows an increasing trend, the frequency of 
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Figure 8. 
Bi-reflex targets fixed to monitor radial tunnel deformation.

Figure 9. 
Tunnel deformation recorded at all bi reflex targets of a tunnel section.

Figure 7. 
Position of bi-reflex targets required to fix for monitoring radial tunnel deformation.
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measurement needs to be increased. The readings obtained from such monitoring 
should be religiously analyzed so that action can be taken in advance before any 
untoward incidence (accident) takes place. Figure 9 shows tunnel deformation 
in vertical, horizontal and longitudinal directions at TP1, TP2, TP3, TP4 and TP5 
target points of a tunnel section. Alarming deformation level should be fixed at 
80% of the allowable limit as per the design.

Slope monitoring near facade/tunnel portals: The purpose of a slope monitor-
ing is to plan and maintain safe operating practises for the protection of personnel, 
equipment, and facilities. It provides warning of instability, so that action can be 
taken to minimize the impact of slope displacement and analyze the slope failure 
mechanism. The crucial geotechnical information provides help in designing the 
appropriate corrective measures [9]. Sufficient and suitable monitoring must 
be done to detect instability at an early, non-critical stage, to initiate the safety 
measures.

Opening of the mine i.e. portals of the tunnels is of prime importance as these 
serve as escape routes. Therefore, it is highly recommended to keep them intact and 
stable throughout the life of their existence and for a longer period, particularly 
when the mined-out areas have to be utilized for civic purposes in future. From this 
viewpoint, the portals are strongly supported with sufficient stretches (up to 15 m 
from the portals) and support density (1.25 times). To monitor the slope stability, 
bi-reflex targets are fixed at portal slopes as shown in Figure 10. Inclinometer and 
slope monitoring electronic gazettes such as ‘terrestrial laser scanner (TSL)’ and 
‘slope stability radar’ (SSR) are some available equipment that may be used to assess 
the movement of hill slopes [10]. Depending on the requirement and feasibility on 
cost economics basis, they may be deployed. Piezometers can be installed to moni-
tor the water head.

Precisely, the tunneling method for hills is an eco-friendly method that adopts 
similar basic principles as that of ‘underground mining’ in general and follows 
similar safety routes. To get a speedy and fast return on investment, the tunneling 
method of mining is best suited for the high-value minerals however, coal and 
other low-value minerals namely limestone, dolomite etc. can also be mined by 
this method taking into account the cost–benefit analysis. To make the method 
more cost-effective for mineral extraction, another dimension that may be added 
to this method is the ‘eco-friendly transportation in hills’ [11] and ‘best practice 
mining’ [1].

Figure 10. 
Bireflex targets fixed at a tunnel portal to monitor the movement of the slope.
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4. Case study: limestone mining in Meghalaya

Meghalaya, a high rain intensity state of India, in the North-Eastern part is 
mostly a hilly state (West, South and East Garo Hills; West and East Khasi Hills 
and Jaintia Hills) where sky seldom remains free of clouds. Meghalaya is rich in 
minerals and blessed with about 9% of the total limestone reserve of India [12]. The 
hills containing limestone minerals are being mined by open cast mining method 
in Meghalaya. Conventional ‘Strip mining’ is the method adopted in hill mining at 
Meghalaya.

Geologically, limestone in Meghalaya falls under the rocks formations namely 
Cretaceous-Tertiary sedimentary rock, which is further divided into three groups 
i.e., the Khasi group, the Jaintia Group and the Garo group. The Jaintia Group is 
further sub-divided into three formations, which include the Longpar (lower), the 
Shella (middle) and the Kopili (upper) formations.

The limestone deposited in Jaintia Hills, possesses limestone with alternat-
ing bands of sandstone. However, the limestone deposit in Cherrapunjee area of 
Meghalaya consists of limestone layers in the upper part of hills and dolomite in 
the lower portion. The limestone rocks found in Meghalaya belong to the Shella 
formations of the Jaintia Group of Cretaceous-Tertiary sedimentary rocks of Eocene 
geological age [3, 13].

As described above, in hill districts of Meghalaya, limestone is being extracted 
by open cast method of mining at both large scale and small scale levels. Jaintia 
Hills is being extracted in large scale for cement, whereas East Khasi hills are being 
extracted in small and large scale for manufacturing of quick lime, edible lime and 
cement. Most of the mines are owned by small private entrepreneurs. Some of the 
landowners are organized, and some make use of crude methods and adopt unsci-
entific practices of mining on an individual basis to extract limestone. The captive 
mines of the cement industries are efficient, being mechanized, make use of heavy 
machinery for excavation. On the other hand, extraction by individual landowners 
is manual or semi-mechanical only and thus slow.

It is noticed and revealed periodically, that the local environment around the 
mines or in mining regions has been affected by creating hullabaloo. Engaged 
mining companies of the concerned area of the state faces its consequences both 
financially and socially (Figure 11). In general, extraction of limestone involves 
mechanical removal of overburden (using bulldozers), drilling of the blast holes, 
blasting of rocks (shattering), sizing, loading and then finally transportation of 
limestone to the consumer or industry cement plants.

In many hilly areas of Meghalaya, quarrying, for limestone, building stone/
material such as slate, granite, clay etc., is a typical sight. Most of them are unsci-
entific and cause disastrous and irreversible changes to natural habitats. At the 

Figure 11. 
View of various opencast mines in Meghalaya.
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developmental phase, to reach the deposit, the mineral winning process shall be 
through driving of tunnel and approaching underground instead of the surface.

With adequate planning, ‘the tunneling method’ can be implemented into prac-
tices at Meghalaya as its tremendous feasibility exist. In this way, agricultural land 
and the landscape, nearby rivers and other water bodies, are not polluted. Air, water 
and land environment of the area can be protected with underground hill mining 
approach (tunneling).

5. Conclusions

Our experience of working in Indian mines and the analysis described in this 
technical communication concludes that ‘the conventional hill mining can be 
turned into eco-friendly mining with small efforts, according to the hill topogra-
phy, when the tunneling method is selected for implementation into practice. Many 
hill areas, including The Himalayas, will be the direct beneficiary and by doing so 
land degradation could be reduced to a minimum. The ill-effects of surface min-
ing e.g. possibility of deforestation/denudation of forest, creation of scars on hill 
slopes (defacing) due to dumping on slopes, destabilization of natural hill slopes, 
landslides (destabilization) of hills, water pollution and disturbance to natural 
drainage pattern of the hills are either eliminated or curbed substantially. In this 
way, mining and environment can go hand-in-hand and the greenery of a hill and 
the surrounded environment is preserved. The less disturbed land surface, on one 
hand, protect the serene hill environment and on other hand allows the production 
of mineral deposits in hills irrespective of the scale of mining.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 4

Reclamation of Soils Degraded by 
Surface Coal Mining
Luiz Fernando Spinelli Pinto, Lizete Stumpf, Pablo Miguel, 
Leonir Aldrighi Dutra Junior, Jeferson Diego Leidemer, 
Lucas da Silva Barbosa and Mauricio Silva e Oliveira

Abstract

The largest Brazilian coal mine, called Candiota mine, is located in South 
Brazil, with an estimated reserve about 1.2 billion tons. Since late 2003, an 
experiment located at a reclaimed site in a coal mining area was conducted, in 
which a research group from the Federal University of Pelotas has been conduct-
ing a long-term experiment on soil quality with different plants species, such 
as Hemarthria altissima, Paspalum notatum cv. Pensacola, Cynodon dactylon cv. 
Tifton, and Urochloa brizantha. After 8.6 years of revegetation, soil samples at 0.20 
depth were collected in minesoil and natural soil to determine physical attributes, 
and the organic carbon content. After 10.9 years of revegetation, soil samples at 
0.10 m depth were collected to determine the biological attributes. According to 
the research results, it can be seen that the recovery of minesoil was more effective 
after 8.6 years of revegetation only in the physical condition up to 0.10 m depth. 
However, all soil physical attributes and organic matter content are still below 
the levels observed in the natural soil. The biological attributes after 10.9 years of 
revegetation have not yet been sufficient to restore a mites and springtails popula-
tion close to the natural soil.

Keywords: minesoil, revegetation, physical attributes, organic matter content, 
edaphic mesofauna

1. Why this study is important?

“Soil” is borne as a result of lengthy natural processes over thousands of years; 
hence, it is a valuable nonrenewable commodity. It is a basic environment needed 
for vegetation growth on land, be it a mined land or other. In case of soils degraded 
by surface coal mining, one should not bear in mind it would be a simple task to 
bring back degraded/mined soil to its near original configuration so that it would 
become naturally capable to sustainably support vegetation. With this aim, we car-
ried out our study and here lies the “time period to bring back the degraded mine-
soil to close to natural soil condition,” which is an extremely important requirement 
for surface coal mining successful closure. This research study has put stress on the 
long-time scientific evaluation of coal mine soil degraded by the excavation opera-
tion, i.e., mining (for more than 16 years). Though maintaining such experiment 
requires lot of efforts and resources, we think it is a necessary tool to analyze the 
question we have just put forward.
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soil to close to natural soil condition,” which is an extremely important requirement 
for surface coal mining successful closure. This research study has put stress on the 
long-time scientific evaluation of coal mine soil degraded by the excavation opera-
tion, i.e., mining (for more than 16 years). Though maintaining such experiment 
requires lot of efforts and resources, we think it is a necessary tool to analyze the 
question we have just put forward.
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Our study was done in a randomized block design field experiment, sampling 
the same soil over the time, and comparing the soil properties with the natural soil, 
what makes the data obtained more scientifically reliable and meaningful. We, as 
authors, have tried to make this idea more clear in our writing; it is well known and 
obvious that the soils properties once covered with vegetation will tend to improve 
over time. Nevertheless, this does not necessarily happen, and sometimes, many 
sites show signs of degradation and even erosions problems after many years of 
reclamation, needing re-intervention.

Therefore, the main difference between our study and other similar studies is 
that of experimental control. Most studies deal with sampling of mining sites, with 
different ages, but without experimental control. It is also important to do research 
on soil reclamation techniques and procedures focusing on improving minesoil 
quality, ensuring the return of a productive soil according to the planned use.

2. Soils formed in surface coal mining

Coal remains a major fuel in global energy systems, accounting for almost 
40% of electricity generation, and over the next 5 years, the global coal demand 
is forecasted to remain stable, supported by the resilient Chinese market, which 
accounts for half of the global consumption [1]. World coal reserves have a volume 
of approximately 860 billion tons, with deposits distributed in 75 countries. Of the 
existing reserves, 75% are concentrated in five countries: the United States, Russia, 
China, Australia, and India.

Brazil has one of the largest reserves of mineral coal in Latin America [2], and 
in recent years, it has been regaining its space in the energy market due to the need 
to supply the scarcity of electricity generated by water resources (due to seasonal 
lowering of water in the reservoirs). In Southern Brazil, the largest deposit in the 
country called Candiota Deposit is located, in which reserves of 1.2 billion tons are 
capable of being surface mined, at depths of up to 50 m [3].

The sequence of surface coal mining involves the previous removal of the 
original soil horizons, to then remove overburden rocks (Figure 1a,b, respectively). 
After coal seams extraction, the topographic reconstruction occurs, in which there 
is the return of the overburden rocks to fill the previous stripped area, and finally, 
the surface is leveled and topsoil is deposited to finish topographic recomposition 
(Figure 1c,d, respectively), creating an anthropogenic soil (Figure 1e).

Anthropogenic soils are soils that have been influenced, modified, or created by 
human activity. They are found worldwide in urban and other human-impacted 
landscapes. Four distinct types of anthropogenic soils can be distinguished based 
on geographical setting and historical context: (i) agricultural, (ii) archeologi-
cal, (iii) mine-related, and (iv) urban [5]. According to the World Reference Base 
(WRB) [6], anthropogenic soils found in agricultural and archeological settings are 
classified as Anthrosols, whereas those in mine-related and urban settings are clas-
sified as Technosols. Anthrosols are formed by the transformation of natural soil by 
human additions of organic or inorganic materials over long periods of time, while 
Technosols are formed in parent materials created and deposited by human activities 
(e.g., mine spoils, urban fill). The most extensive mine-related anthropogenic soils are 
primarily associated with modern landscapes created by the surface mining of coal, 
and are classified as Spolic Technosols, according to the WRB, based on the fact that 
they contain technogenic artifacts in the form of mine spoil [5].

Before 1970s soil survey reports in the USA identified mined lands on maps and 
referred to them as mine dumps, mine spoils, or strip mines and mine-land recla-
mation its grouped surface materials on mined lands into various categories to assist 
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with treatment for revegetation [7]. In the 1970s, after the passage of the Surface 
Mining Control and Reclamation Act (SMCRA) of 1977 and the resultant state 
permanent regulatory programs, coal mined lands were mandated to be returned 
as close as possible to the approximate original landscape, and since successful 
revegetation was rigorously required, natural topsoil, or a topsoil substitute (in case 
of the pre-1970s mining), was placed at the final reclamation surface [8]. Modern 
mining regulations also started to require the isolation of acid-producing (FeS2) 
materials below the final surface. Since then, these soils, resulting from the recla-
mation process, have been called in the USA as minesoils [7, 9, 10], or less frequently 
as mine soils [8].

Minesoils, as the result of the mining and reclamation process, compared to the 
contiguous native soils, are much younger soils with properties more determined 

Figure 1. 
Coal mining process (a-b) and topographic restoration (c-e) in southern Brazil [4].
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by human-controlled influences rather than by natural processes [9]. Their profile 
morphology can roughly be described as mainly composed of two layers, a surface 
layer made by the topsoil (the native soil A horizon) abruptly lying over a over-
burden layer. After few years of revegetation and exposure to climatic conditions, 
even in topsoil substitute layers, these young A horizons start to be loosened by 
root growth and organic matter accumulation and decomposition, developing color 
darkening and some soil structure. Also, the surface mining may accelerate the soil-
forming processes by breaking up the consolidated rocks of the overburden layers 
allowing air, water, and plant roots to penetrate this layer [6]. Therefore, in strict 
pedological description of horizons, usually A-C horizon sequences in very young 
soils (<10 years old) and A-AC-C sequences in relatively older soils (>10 years old) 
are found. In some older profiles (>30 years old), the beginning of formation of B 
horizons (Cambic) has been reported [9].

The topsoil addition surely improves the minesoil quality, but heavy machinery 
traffic and inadequate soil distribution can hinder the vegetation development, the 
main starting point for the minesoils recovery [11]. As the consequence of excessive 
traffic from large machines during topographic recomposition, persistent topsoil 
compaction (Figure 2a,b) has been reported as a major impact on the physical 
quality of minesoils in India [12], in China [13], in UK [14], in South Africa [15], in 
Germany [16], in the USA [17], and in Brazil [18].

The development and evolution of the reclaimed minesoil provides a unique 
opportunity to expand the existing knowledge about the formation and stabiliza-
tion of aggregates, accumulation and distribution of organic matter and microbial 
biomass, since, due to the magnitude of the disturbance of the ecosystem, it creates 
a sort of “zero time” scenario [19]. The success of the minesoil recovery does not 
only depends on the mining methods, the height and slope of the overburden piles, 
the nature of the mined soils, the geoclimatic conditions, but also depends on the 
plant species selected for their revegetation [20]. In this sense, a great number of 
plant species have been researched as an alternative to recover the quality of coal 
minesoils in different places in the world, some of which are cited below.

2.1 Reclamation of minesoils and revegetation in the USA

Soil and plant data among a chronosequence of 19 post-mine reclaimed sites 
(over a 40-year reclamation gradient), and an intact native reference site were 
evaluated. It was noticed that root biomass in the upper horizons (at 30 cm depth) 
was greater on the reference site compared with the reclaimed sites as well as the 

Figure 2. 
Compaction of topsoil immediately after topographic restoration of the minesoil (a) and after 8.6 years of 
revegetation in southern Brazil (b) [4].
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organic matter content, ranging from 3·5 to 5·4% on the reclaimed sites (not differ-
ent across the reclamation chronosequence) and from 5·1 to 6·8% on the reference 
site [21]. On the other hand, in the Midwestern USA, there was the development of 
horizons in minesoils in a relatively short period of time (10–15 years), in which the 
0.00–0.03 m layer consisted of non-decomposed or partially decomposed organic 
matter, while the 0.03–0.10 m layer was darker, with visible addition of organic 
carbon, and the 0.10–0.25 m layer was the least colored with interspersed roots 
[22]. When opting for the natural revegetation of mined areas, it was observed that 
minesoils up to 2 years of age have a predominance of annual and perennial grasses, 
while minesoils with 16–20 years usually have some tree species, and minesoils with 
38–42 years old have a mix of native trees and understory species [23].

2.2 Reclamation of minesoils and revegetation in China

Vegetation succession and soil characteristics under five different restoration 
models of refuse dumps including different-aged revegetated sites were evalu-
ated. It was observed that the biomass of the naturally species increased from 
0.15 kg m−2 in the 8-year-old vegetation to 0.64 kg m−2 in the 18-year-old vegeta-
tion. Furthermore, the soil bulk density decreased from 1.56 Mg m−3 in 8-year-old 
vegetation on the abandoned land to 1.24 Mg m−3 for 18-year-old vegetation [24]. 
In another study, the minesoil showed improvements in its edaphic quality after 
5 years of revegetation, which promoted an increase in the content of organic 
 matter and a reduction in runoff and soil erosion [25]. On the other hand, the 
positive effects of revegetation on microbial activity were observed over 18 years 
of minesoil’s formation [26].

2.3 Reclamation of minesoils and revegetation in other countries

In India, carbon dynamics in one unreclaimed site (0 years) and four chrono-
sequences revegetated coal mine sites (3, 7, 10, and 15 years) were compared with 
an undisturbed forest as a reference site. It was verified that soil organic carbon 
stock significantly increased from 0.75 Mg C ha−1 in 3 years to 7.60 Mg C ha−1 after 
15 years of tree species revegetation in the top 15 cm of soils [27].

In Spain, the effectiveness of using native colonizer shrubs as nurse plants to 
reintroduce the two main tree species present before the mining operations was 
evaluated. It was found that the seedlings mortality under shrubs increased during 
the second year after plantation, probably because of the lower precipitations 
during the second growing season that reduced the water holding capacity of 
then minesoil (1–3.5 g cm−2) when compared with the nearby natural forest soil 
(19.8 g cm−2) [28].

In southeastern Nigeria, minesoils under 30 years of natural revegetation still 
lacked an O horizon and high values of soil density in relation to natural soil [29].

In Germany, it was observed that minesoils after 4 years of revegetation still 
showed very variable physical properties, and that the choice of perennial species 
with deeper rooting was recommended to accelerate the formation of the new soil 
structure [16].

2.4 Reclamation of coal minesoils and revegetation in southern Brazil

Minesoils that use little topsoil thickness give rise to contamination with the 
fragments of overburden rocks, frequently showing high soil bulk density, lower 
macroporosity, and high mechanical resistance to penetration, in addition to spots 
with very low pH values (<3.0) [30].
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Attributes of minesoil under the cultivation of Hemarthria altissima, Paspalum nota-
tum cv. Pensacola, Cynodon dactylon cv. Tifton, and Urochloa brizantha were evaluated 
in a randomized block design experiment at 5 [31], 41 [32], 72 [33, 34], 78 [35], and 
103 months [36]. The results are reported below:

a. At 5 months of revegetation, there were no differences in the attributes of 
the minesoil under the different species. However, the highest concentra-
tion of aggregates in the 0.00–0.10 m layer occurred in the 1.00–0.25 mm 
class (32.67%), while in the 0.10–0.20 m layer, the highest concentration 
occurred in the 4.76–2.00 mm class (26.68%). The average carbon content 
in the 0.00–0.10 m layer was 5.34 g kg−1 and in the 0.10–0.20 m layer, it was 
5.18 g kg−1.

b. At 41 months of revegetation, there were also no differences in soil attributes 
under the different species. However, the highest concentration of aggregates 
occurred in the 1.00–0.25 mm class, both in the 0.00–0.10 m layer (40.13%) 
and in the 0.10–0.20 m layer (35. 73%). The average organic carbon content 
in the 0.00–0.10 m layer was 7.38 g kg−1 and in the 0.10–0.20 m layer, it was 
6.20 g kg−1.

c. At 72 months of revegetation, in the 0.00–0.05 m layer, the lowest value of 
the pre-consolidation pressure was provided by Hemarthria altissima (71 kPa) 
while the other plant species showed higher values provided: Paspalum notatum 
cv. Pensacola (120 KPa), Cynodon dactylon cv. Tifton (120 kPa), and Urochloa 
brizantha (118 kPa).

d. Also at 72 months of revegetation, in the 0.00–0.03 m layer, it was observed 
that Hemarthria altissima and Urochloa brizantha provided the highest 
carbon stocks in the light free fraction (1.22 Mg ha−1 and 1.27 Mg ha−1, 
respectively) compared to Paspalum notatum (0.86 Mg ha−1) and Cynodon 
dactylon (0.83 Mg ha−1). In relation to the carbon stock of the light occluded 
fraction, Hemarthria altissima and Cynodon dactylon presented higher stocks 
(1.09 Mg ha−1 and 1.02 Mg ha−1, respectively) compared to Paspalum notatum 
(0.61 Mg ha−1).

e. At 78 months of revegetation, it was found that concentration of macroaggre-
gates was higher in the 0.10–0.20 m layer (87.56%) compared with the 0.00–
0.10 m layer (81.15%). Average organic carbon content in the 0.00–0.10 m 
layer was 8.46 g kg−1 and in the 0.10–0.20 m layer, it was 6.39 g kg−1.

f. After 103 months of revegetation, root’s perennial grasses concentration and 
minesoil physical attributes were measured. It was verified that the root mass 
concentration ranged from 66 to 81% in the 0.00–0.10 m layer decreasing to 
13–28% in the 0.10–0.20 m layer, due to inadequate physical conditions below 
the 0.00–0.10 m layer, indicated by macroporosity values below 0.10 m3 m−3, 
bulk density greater than 1.40 Mg m−3, and the highest percentage of macroag-
gregates with large, cohesive, and sharp-edged aggregates features. In relation 
to this, a different soil-aggregation hierarchy path in clay minesoils with highly 
compacted topsoil was proposed, in which, prior to revegetation, compacted 
aggregates arising from the compression of the soil mass made by the intense 
movement of heavy machinery were produced during topographical recom-
position. Thus, in the first year after revegetation, the 0.00–0.10 m soil layer 
presented smaller aggregates arising from the breakdown of the large cohesive 
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aggregates than the 0.10–0.20 m layer. From this point on, aggregation would 
begin to develop with the action of decomposed roots and microorganisms 
favoring the conglomeration of particles, with sequential reformation and 
stabilization of aggregates, following the traditional soil-aggregation hierarchy 
path. As the root system progressively reaches and develops in the 0.10–0.20 m 
layer, the same process mentioned above is expected to occur. It is important to 
mention that all hierarchical levels mentioned above can occur simultaneously 
within the same layer of the minesoil.

3.  Physical and biological attributes of minesoil revegetated with 
perennial grasses compared with the natural soil in southern Brazil: a 
case study at the Candiota coal mine

In late 2003, a field experiment located at a reclaimed site in the Candiota coal 
mine (31°33′56″ S and 53°43′30″ W) was implemented, under concession of the 
Riograndense Mining Company, and the research group from the Pelotas Federal 
University has been conducting a long-term experiment on the soil quality with 
different plants species.

The topsoil used to cover the coal overburden was composed mainly by the B 
horizon of the natural soil (prior to mining), a Rhodic Lixisol [6], with high clay 
content (466 g kg−1 clay), dark red color (2.5 YR 3/6), and lower organic matter 
content (12 g kg−1) compared to the A horizon (21 g kg−1). The experiment was 
installed in November/December 2003 in a randomized block design with four 
replicates (each plot with 4 × 5 m = 20 m2). Grasses used as treatments consisted 
of perennial summer grasses (Figure 3): Hemarthria altissima (15 cuttings m−2), 
Paspalum notatum cv. Pensacola (50 kg of seed ha−1), Cynodon dactylon cv. Tifton 
(15 cuttings m−2), and Urochloa brizantha (10 kg of seed ha−1). Prior to the implan-
tation of the cover crops, the soil was chiseled with a bulldozer up to 0.15 m depth, 
and also received dolomitic limestone equivalent to 10.4 Mg ha−1 effective calcium 
carbonate rating and 900 kg ha−1 of NPK fertilizer, 5-20-20 (45 kg N, 180 kg P2O5, 
and 180 kg K2O). Annually, all plots received 250 kg ha−1 of NPK fertilizer, 5-30-15 
(12.5 kg N, 75 kg P2O5, and 37.5 kg K2O) and 250 kg ha−1 of ammonium sulfate.

In July 2012 (8.6 years of revegetation), soil samples in the 0.00–0.10 m and 
0.10–0.20 m layers were collected in minesoil and natural soil to determine the 
granulometry [37], tensile strength [38, 39], distribution of water stable aggregates 
in size classes [40, 41], bulk density and soil porosity, and the organic carbon 
content [42]. In October 2014 (10.9 years of revegetation), the soil samples in the 
0.00–0.10 m layer were collected to determine the microbial biomass carbon [43], 
metabolic quotient [44], and organisms of the edaphic mesofauna, represented 
by mites and springtails [45]. All soil attributes differences were compared to the 
natural soil under native vegetation (reference soil).

The predominant natural soil of the mining area is a Rhodic Lixisol with 
477.79 g kg−1 sand, 271.81 g kg−1 silt, and 250.40 g kg−1 clay in the 0.00–0.10 m 
layer, and 444.91 g kg−1 sand, 256.09 g kg−1 of silt, and 299.00 g kg−1 of clay in the 
0.10–0.20 m layer [4]. Due to the soil construction processes, both the 0.00–0.10 
and 0.10–0.20 m layers of the minesoil present, respectively, 80.91 and 59.87% 
higher clay content (453 and 478 g kg−1, respectively) than the non-anthropized 
natural soil. Differences in clay content can make attribute comparisons between 
minesoils and natural soils questionable, as higher clay contents contribute to 
greater aggregation through the reorientation of clay particles, binding with root 
exudates and wetting and drying cycles. By contrast, measuring soil attributes 
prior to coal mining allows one to understand the intensity of the impact of mining 
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Attributes of minesoil under the cultivation of Hemarthria altissima, Paspalum nota-
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and in the 0.10–0.20 m layer (35. 73%). The average organic carbon content 
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aggregates than the 0.10–0.20 m layer. From this point on, aggregation would 
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on the environment. Consequently, the differences between the attributes of the 
natural and the minesoil are important in estimating the recovery period required 
for the new soil profile to perform functions in the environment in which it is 
inserted.

In this sense, after 8.6 years of revegetation, it is possible to observe that the 
minesoil under Urochloa brizantha and Paspalum notatum presented in the 0.00–
0.10 m layer, respectively, 1.8 and 5.7% lower percentages of macroaggregates, 
while the constructed soil under Hemarthria altissima and Cynodon dactylon pre-
sented, respectively, 2.4 and 3.5% higher percentages of macroaggregates in relation 
to the natural soil (89.15%). In the 0.10–0.20 m layer, the treatments presented 
16.4–19.2% higher percentage of macroaggregates in relation to the reference soil 
(80.65%) (Figure 4a). The largest proportion of macroaggregates presented by 
minesoil below the 10 cm layer, relative to natural soil, does not refer to a natural 
aggregation process promoted by biological forces (roots and exudates of microor-
ganisms), but formed by the compression generated by intensive machines traffic 
during the topographic recomposition of the mined area [36].

Regarding the percentage of microaggregates, it was observed that in the 
0.00–0.10 m layer, Urochloa brizantha and Paspalum notatum promoted, respec-
tively, 46.9 and 14.9% higher percentage, while Hemarthria altissima and Cynodon 
dactylon promoted, respectively, 19.5 and 18.5% lower percentage than the refer-
ence soil (10.85%). In the 0.10–0.20 m layer, the treatments presented 68.6–80.2% 
lower microaggregation than the natural soil under native vegetation (19.35%) 
(Figure 4b). In a minesoil in the USA [39], macroaggregation was 50% smaller 
and microaggregation was 10% smaller in less than 1 year old soil (64% sand, 22% 
silt, and 19% clay) when compared to natural soil (55% sand, 29% silt, and 16% 
clay). However, after 16–20 years of revegetation, there was similarity between the 
distribution of minesoil aggregates (56% sand, 31% silt, and 13% clay) in relation to 
soils not disturbed by coal mining (59% sand, 28% silt, and 13% clay).

Figure 5 shows that in the minesoil under the perennial grasses, the aggregates 
presented 24.9–66% higher tensile strength compared to the natural soil (55.98 kPa) 
in the 0.00–0.10 m layer, while in the 0.10–0.20 m, the tensile strength values of 
the treatments were 163.9–221% higher than the reference soil (66.28 kPa). Similar 
results in a coal minesoil after 2.8 years of revegetation was observed, with higher 
tensile strength values in the 0.00–0.05 m (70.32–88.81 kPa) and 0.10–0.15 m 
(70.90–125.92 kPa) layers of grass covered in comparison to the natural soil under 

Figure 3. 
Hemarthria altissima (a), Paspalum notatum cv. Pensacola (b), Cynodon dactylon cv. Tifton (c), and 
Urochloa brizantha (d) implanted in minesoil in southern Brazil [4].
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native vegetation (0.00–0.05 m: 55.98 kPa, and 0.10–0.15 m: 66.28 kPa) [46]. The 
higher tensile strength of aggregates is due to the effect of machine traffic during 
the topographic recomposition of the area, which resulted in cohesive, hard, and 
poor porous aggregates [38].

After 8.6 years of revegetation, it was also observed that the minesoil under 
different perennial grasses presented soil bulk density up to 21.1% higher in the 
0.00–0.10 m layer, while in the 0.10–0.20 m layer, the difference was 15.7–34.05% 
in relation to the natural soil under native revegetation (presented 1.20 Mg m−3 
and 1.18 Mg m−3, respectively) (Figure 6). This result is due to topsoil compaction 
during the topographic recomposition of the mined area, commonly cited in the 
literature [47]. On the other hand, other studies indicate that the bulk density 
decreases over time, as observed in a minesoil in the USA, which is presented at 
5, 10, and 16 years of revegetation values of 1.82 Mg m−3 (69% sand, 21% silt, and 
10% clay), 1.70 Mg m−3 (50% sand, 28% silt, and 22% clay), and 1.48 Mg m−3 
after 16 years (44% sand, 32% silt, and 24% clay). However, even after 16 years 
of revegetation, the bulk density was higher than the natural soil under grass 
(1.26 Mg m−3) [48].

Figure 4. 
Differences (Δtest) between percentage macroaggregates (a) and microaggregates (b) of minesoil after 8.6 years 
of revegetation (under perennial grasses) relative to natural soil (under native vegetation).
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native vegetation (0.00–0.05 m: 55.98 kPa, and 0.10–0.15 m: 66.28 kPa) [46]. The 
higher tensile strength of aggregates is due to the effect of machine traffic during 
the topographic recomposition of the area, which resulted in cohesive, hard, and 
poor porous aggregates [38].

After 8.6 years of revegetation, it was also observed that the minesoil under 
different perennial grasses presented soil bulk density up to 21.1% higher in the 
0.00–0.10 m layer, while in the 0.10–0.20 m layer, the difference was 15.7–34.05% 
in relation to the natural soil under native revegetation (presented 1.20 Mg m−3 
and 1.18 Mg m−3, respectively) (Figure 6). This result is due to topsoil compaction 
during the topographic recomposition of the mined area, commonly cited in the 
literature [47]. On the other hand, other studies indicate that the bulk density 
decreases over time, as observed in a minesoil in the USA, which is presented at 
5, 10, and 16 years of revegetation values of 1.82 Mg m−3 (69% sand, 21% silt, and 
10% clay), 1.70 Mg m−3 (50% sand, 28% silt, and 22% clay), and 1.48 Mg m−3 
after 16 years (44% sand, 32% silt, and 24% clay). However, even after 16 years 
of revegetation, the bulk density was higher than the natural soil under grass 
(1.26 Mg m−3) [48].
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Differences (Δtest) between percentage macroaggregates (a) and microaggregates (b) of minesoil after 8.6 years 
of revegetation (under perennial grasses) relative to natural soil (under native vegetation).
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When evaluating pore distribution, it was observed that in the 0.00–0.10 m 
layer, the minesoil under Urochloa brizantha and Cynodon dactylon presented, 
respectively, 26.4 and 25.9% higher macroporosity than the natural soil under 
native vegetation, while the other species presented lower values, highlighting 
the potential of the root system of these species, which presented in the layer of 
0.00–0.10 m 92 and 93% of their roots with a diameter smaller than 0.49 mm 
[18]. However, below the 0.10–0.20 m layer, it was observed that the treatments 
presented 4.9–70.5% lower macroporosity than the reference soil (Figure 7), which 
was the consequence of the higher degree of compaction of minesoil.

The results presented show the difficulty in revegetating mined areas and, 
consequently, in allowing the natural incorporation of organic waste in the 
minesoils [49], which directly influences the regeneration of these areas. Figure 8 
shows that the organic carbon content of the minesoil was 48.3–58.2% lower in the 
0.00–0.10 m layer compared to the natural soil (20.04 g kg−1), while in the 0.10–
0.20 m layer, the values were 18.6–53.1% lower than the natural soil (10.26 g kg−1). 

Figure 5. 
Differences (Δtest) between tensile strength aggregates of minesoil after 8.6 years of revegetation (under 
perennial grasses) relative to the natural soil (under native vegetation).

Figure 6. 
Differences (Δtest) between the bulk density of minesoil after 8.6 years of revegetation (under perennial 
grasses) relative to the natural soil (under native vegetation).

69

Reclamation of Soils Degraded by Surface Coal Mining
DOI: http://dx.doi.org/10.5772/intechopen.93432

However, in a minesoil in the USA, higher levels of organic carbon were observed in 
minesoils after 14 years (19.7 Mg ha−1) and 26 years (13.4 Mg ha−1) of revegetation 
than the natural soil (9.92 Mg ha−1) [48].

The higher carbon content in natural soil is linked to the presence of microor-
ganisms in the soil. In this sense, after 10.9 years of revegetation, it was observed 
that the natural soil presented 373 g kg−1of microbial biomass carbon in the 0.00–
0.10 m layer. The minesoil under the different grasses presented up to 42.69% lower 
values, except the soil under Hemarthria altissima, which presented values similar to 
the natural soil (Figure 9a). This result highlights the importance of adding carbon 
sources in recovering areas, aiming at the improvement of biochemical conditions, 
which may favor the return of soil biological balance.

On the other hand, Figure 9b shows that the metabolic quotient (qCO2) values 
in the 0.00–0.10 m layer of the minesoil were 23.4 and 103.1% higher than the natu-
ral soil (0.64). A high qCO2 indicates that the microbial population is experiencing 

Figure 7. 
Differences (Δtest) between the macroporosity of minesoil after 8.6 years of revegetation (under perennial 
grasses) relative to natural soil (under native vegetation).

Figure 8. 
Differences (Δtest) between the organic carbon content of minesoil after 8.6 years of revegetation (under 
perennial grasses) relative to the natural soil (under native vegetation).
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high energy expenditure in maintaining it with greater respiration and CO2 release 
rather than less carbon uptake into microbial cells.

Regarding the edaphic mesofauna, after 10.9 years of revegetation, the mine-
soil had a smaller mite population (between −24.6 and −80.6%) and a smaller 
springtail population (between −56 and −100%) compared to the reference soil. 
(Figure 10a,b), which was the consequence of the degraded state of the minesoil. 
On the other hand, it was observed that mites were larger than springtails popula-
tion in both constructed minesoil and natural soil. This result is coherent because 
mites occur more in the interior of the soil, while the springtails occur on the 
surface [26].

According to the research results, it can be seen that the recovery of minesoils 
was more effective after 8.6 years of revegetation only in the physical condition 
up to 0.10 m depth. However, all the soil physical attributes and organic mat-
ter content are still far from the levels observed in the natural soil. The use of 
species with a more aggressive root system, such as the species selected in the 
present study (perennial grasses), possibly contributed to the positive results 
obtained in the short term, while it is expected that a following similar period 
(i.e., mid-term) is necessary for improvements in physical attributes below the 
0.10 m layer.

About biological attributes, the 10.9 years of revegetation have not been suf-
ficient yet to restore a mites and springtails population close to the natural soil.

Figure 10. 
Differences (Δtest) between the mites (a) and springtails population (b) of minesoil after 10.9 years of 
revegetation (under perennial grasses) relative to natural soil (under native vegetation).

Figure 9. 
Differences (Δtest) between microbial biomass carbon (a) and metabolic quotient (b) of minesoil after 
10.9 years of revegetation (under perennial grasses) relative to natural soil (under native vegetation).
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4. Final considerations

Research results show that the reclaimed soils properties in coal mining areas, 
even after several years of reclamation, are still evolving and behind the quality 
of natural soils, especially the physical properties. This means that the reclaimed 
soil after mine decommissioning will be probably more fragile under cultivation 
than the natural soils, implying farmers to increase soils conservationist care in the 
first years. It is advisable that mining companies be aware of this and recommend 
farmers to cultivate the reclaimed soils using conservation systems, like no tillage 
systems, always maintaining straw covering on the soil’s surface.
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high energy expenditure in maintaining it with greater respiration and CO2 release 
rather than less carbon uptake into microbial cells.

Regarding the edaphic mesofauna, after 10.9 years of revegetation, the mine-
soil had a smaller mite population (between −24.6 and −80.6%) and a smaller 
springtail population (between −56 and −100%) compared to the reference soil. 
(Figure 10a,b), which was the consequence of the degraded state of the minesoil. 
On the other hand, it was observed that mites were larger than springtails popula-
tion in both constructed minesoil and natural soil. This result is coherent because 
mites occur more in the interior of the soil, while the springtails occur on the 
surface [26].

According to the research results, it can be seen that the recovery of minesoils 
was more effective after 8.6 years of revegetation only in the physical condition 
up to 0.10 m depth. However, all the soil physical attributes and organic mat-
ter content are still far from the levels observed in the natural soil. The use of 
species with a more aggressive root system, such as the species selected in the 
present study (perennial grasses), possibly contributed to the positive results 
obtained in the short term, while it is expected that a following similar period 
(i.e., mid-term) is necessary for improvements in physical attributes below the 
0.10 m layer.

About biological attributes, the 10.9 years of revegetation have not been suf-
ficient yet to restore a mites and springtails population close to the natural soil.

Figure 10. 
Differences (Δtest) between the mites (a) and springtails population (b) of minesoil after 10.9 years of 
revegetation (under perennial grasses) relative to natural soil (under native vegetation).

Figure 9. 
Differences (Δtest) between microbial biomass carbon (a) and metabolic quotient (b) of minesoil after 
10.9 years of revegetation (under perennial grasses) relative to natural soil (under native vegetation).
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Chapter 5

Polish Experience in Shaft 
Deepening and Mining Shaft Hoist 
Elongation
Paweł Kamiński

Abstract

Deepening of active mine shaft comprises number of specific an very difficult 
operations, because it calls for use of untypical devices securing hoist operation in 
the shaft, as well as special technology tailored to actual technology of the deepened 
shaft face. The Leon IV shaft at the Rydułtowy mine is one of the last mining shafts 
deepened in Polish coal mining from the surface, and then deepened and finally 
equipped with mine shaft hoist installation. This investment will allow for the 
construction of the exploitation level of 1150 m and the availability of further coal 
extraction up to a depth of 1200 m. It will guarantee the possibility of exploitation 
of over 65 million tons of coal and continuous operation of the mine until 2040. At 
the same time, for the first time in the Polish hard coal mining industry, a flexible 
guiding of the mining cage and skips was used, which in comparison with rigid 
guiding is a much cheaper solution and has many other advantages. The chapter 
presents most important problems and technical solution implemented during con-
struction and deepening of the Leon IV Shaft at Rydułtowy Coal Mine in Poland.

Keywords: shaft hoist elongation, deepening mining shafts, shaft construction, 
adjustable guiding

1. Introduction

Hard coal mine Rydułtowy is one of the oldest Polish mines in Rybnik Coal 
District. Its predecessor named Charlotte started production in the year 1806 and 
it was one of the greatest mines at that time. The mine as the first was equipped 
with steam engine already in the year 1855 and it was connected with the rest of the 
country via railway line what facilitated coal sales. At the beginning of twentieth 
century, the mine in question passed through numerous crisis phases that resulted 
in the employment reductions, and in the year 1932 the mine was even closed for a 
period of 4 years. However, the mine developed during the Second World War—
because Germans needed big amounts of good-quality coal. In the period 1940–
1944, the employment was increased threefold up to 3582 workers. After the Second 
World War, the Charlotta mine was renamed as Rydułtowy mine, which belonged to 
various structures of Polish mining industry. In the year, the KWK Rydułtowy was 
joined with Anna mine forming mining plant named as KWK Rydułtowy-Anna.

In the period 1990–1998 a new shaft Leon IV was sunked with diameter 8.5 m, 
which rarely occured in Polish mining industry. In this period, it was decided that 
the shaft depth of 1076.2 m would allow development of the new level 1050 m, 
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which would fully satisfy the mine operational needs. The large resource base of 
the mine at a depth of less than 1000 m and the need to avoid sub-level mining has 
become the basis for undertaking another investment consisting in deepening the 
Leon IV shaft to a depth of 1210.7 allowing development of next exploitation level 
1150 m. In the year 2013, design works were started and the process of shaft pipe 
deepening and extension of two shaft hoists (main and auxiliary) to the depth of 
1000 m have been started (https://vimeo.com/321070029).

Flexible-ropes guiding of the shaft hoist cages in the Leon IV were implemented 
for the first time in Polish hard coal mining industry. Shaft deepening and necessity 
of extension of shaft hoists to the depth of 1150 m constituted great challenge both 
for designers and the unit realizing building works. It should be noted that like in each 
active coal mine, deepening of the active shaft is related with necessity of its continu-
ous and undisturbed operation. In case of such technological restriction, works related 
with shaft deepening call for special securities, among others leaving of the rock shelf 
called as natural bottom, or building in the shaft the so-called artificial bottom.

In such cases, transport works in deepened shaft section call for building of 
auxiliary hoist device with underground hoist machine of special turnstile adapter 
for personnel transport. Big-diameter hole used for transport, water drainage, and 
fresh air can greatly facilitate the works related with shaft deepening. However, in 
such cases, excavation on the level to which the shaft is deepened is needed. The 
shaft Leon IV can be a good example of application of new technical and techno-
logical solutions. Three of such solutions will be discussed in the present study:

• single-layer waterproof lining within the Section 782.0–932.0 m,

• shaft deepening technology within the Section 1076.2–1210.7 m, and

• extending of shaft hoists from the level 1000.0 (960 m) to the mining level 
1050 m and auxiliary level 1200 m used for the mine water drainage.

2. Single-layer sulfate-proof lining

In original project of the shaft IV, two-layered lining with hydroinsulating shield 
made of PE foil was foreseen for the shaft Section 782,0–932,0 characterizing with 
occurrence of sulfate and magnesium waters. Such linings were commonly used by 
KOPEX—Shaft Building Company S.A. Sinking technology within the section in 
question foresees the following works [1]:

• between ordinates 784.5 and 786.0 m: building of the B15 class concrete lining 
(currently C12/15 concrete class),

• between ordinates 786.0 and 932.0 m: building of preliminary shaft lining (in 
direction from top to the bottom) in form of 0.56 m thick shaft concrete block wall,

• between ordinates 930.5 and 932.0 m: building of shaft brick made of B30 class 
concrete B30 (at present C25/30), and

• making of the inner layer of the final lining from concrete class B25 and B30 
(at present C20/25 and C25/30) wet laid from the bottom up after laying on the 
walls and tight sealing of the 2 mm thick PE foil jacket.

Because at this time one of the Polish cement factories produced special Portland 
cement called as bridge portland cement CP 45(M) marked with symbol CP 45(M) 
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resistant to strong sulfate and magnesium aggression, after research works executed 
in the AGH University of Science and Technology, modification of the construc-
tion and technology of completion of shaft lining section, has been proposed. New 
project of single-layered lining lied from the top to the bottom following the shaft 
face advance comprised making of 0.65-m-thick single-layered concrete lining lied 
in wet system. Due to the dependence of calculated pressure on the shaft lining, its 
bearing capacity was controlled due to concrete strength with use of two receipts [1] 
for concrete of class B25 marked as R25/1/2 and for concrete B30 marked as R30/1/4. 
All concretes were prepared on the basis of Bridge Portland cement CP 45(M).

Receipts developed in the AGH University of Science and Technology and veri-
fied by laboratory tests guaranteed suitable strength of the concrete and suitable 
bearing capacity of the lining of targeted thickness, as well as suitable water tight-
ness of the level W8. Concrete lining was made in 4-m-long sections in direction 
from the top to the bottom. In such technology, waterproofness depends mainly 
on technological joints between upper (old) section and bottom (new) section. In 
the project in question, re-sealing of these joints was made first time in Polish shaft 
building with the use of injection hoses of the type FUKO 2 (Figure 1), with former 
opinion from Higher Mining Office concerning their security due to the presence 
of methane, after special tests were conducted in Experimental Mine Barbara in 
Poland. The injection hoses FUKO 2 were mounted to upper section of the shaft 
with use of metal connectors fitted with screwed joints. After the next lining, the 
section was concreted, the fissure was filled with a binding mixture on its whole 
length (see Figures 1 and 2) obtaining satisfactory sealing of the neuralgic element 
of the shaft lining.

Another issue that was solved during the construction of this shaft was the 
rock drainage system behind the lining. It is well known that water accumulation 
behind a waterproof lining is dangerous due to the possibility of high hydrostatic 
pressures appearing on the casing after joining various aquifers with a shaft. 

Figure 1. 
Sealing system of the concrete shaft lining with use of hoses FUKO2 [1]. (a) Injection hose FUKO 2. Markings: 
1—injection channel Φ = 10 mm; 2—hose core; 3—injection holes; and 4—neoprene ribbons playing role of 
non-return valves. (b) Housing of hoses in technological joint of sequent sections of the concrete shaft lining. 
Markings: 1—injection hose FUKO 2; 2—steel pipes; 3—threaded ending for pressure hoses; 4—technological 
joint between two concrete lining section; and 5—drainage pipeline for the rock body dewatering.
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This problem was solved by laying vertical drainage 100 mm diameter pipelines 
on four azimuths along the lining arranged (Figure 2).

3. Chosen elements of the shaft Leon IV deepening

This, about 80-million PLN, investment in the Leon IV shaft deepening by next 
140 m resulted from the necessity of the production processes’ modification in the 
Rydułtowy mine [2]. This modification comprised first of all of shortening of the time 
of personnel transport to the shift face, as well as facilitation of the needed materials’ 
delivery and considerable improvement of the ventilation of this part of the mine.

The investment task related with development of mine infrastructure in Leon IV 
region comprised the following activities:

• technical designs,

• physical shaft deepening and reinforcing,

• making the two-way inlet to pit bottom of exploitation level at the depth of 
150 m,

• making the inlet to single-way pit bottom at the depth of 1200 m destined for 
needs of the mine main drainage system.

• elongation of mining hoists: main to the level of 1150 m and auxiliary to the 
depth of 1200 m, and

• installation of needed elements of mechanical equipment of the inlets to pit 
bottoms of both built levels.

Targeted depth of 1210.7 m was reached in August 2016. After completion of the 
reinforcing of the deepened shaft part in the year 2017, pioneering works in Polish 

Figure 2. 
Injection system via hoses FUKO 2 and rock body drainage system behind the shaft lining [1].
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mining industry works related with elongation of shaft hoists, including untypical 
and difficult elongation of guiding hoists accompanied by exchange of all leading 
ropes, have been executed (Figure 3).

3.1 Technology of the Leon IV shaft deepening

The Leon IV shaft was deepened to level 960 m, keeping full exploitation ability. 
Works related with shaft deepening were conducted with artificial bottom of 

Figure 3. 
Leon IV shaft profile [2].
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special construction of two platforms joined with vertical partition. Mining works 
were conducted by standard method with use of explosives. Because haulage is 
the greatest problem in deepened shafts, in the case in question, at first a dike was 
made on level 1200 m, in order to make great diameter hole of the length of 115 m 
reaching the shaft bottom before deepening. The hole was located in such manner 
that its axis was located at a distance of 2.2 m toward east from the shaft axis, which 
allowed collision-free operation of the basket covering the hole inlet in the shaft 
face. The 1200 mm diameter hole was nevertheless endangered by the possibility 
of rock blockage. In order to remove the jam in the hole, a rope of 25 mm diameter 
with conveyor scrappers was installed in the hole. The rope vertical movements 
stimulated by low-speed winches KUBA-5 installed in ditches on the level 1076 and 
1200 m, (see Figure 4) provoke fall down and the hole clearance.

Transport in the whole deepening process was handled by special devices 
located in ditch on level 1076 m (Figure 4):

• hoist machine B-1500 for bucket handling,

• two low-speed winches KUBA-10 for adjustable formwork handling,

• windlass KUBA-5 for rope handling,

• windlass KCH-9 for basket hanging protecting hole in shaft face, and

• supporting construction for assemblage of wheels during shaft deepening.

In the ditch, at the level 1200 m, low-speed windlass KUBA-5 with track wheel 
for the hole clearing rope (see Figure 4) was installed. Single–layered lining of 
C30/37 concrete lied in wet system with use of steel moveable formwork of the 
height 2.15 m, has been applied. Calculated and consulted with the Investor lining 
has thickness from 0.5 to 0.6 m. With respect to expected small and ephemeral 
water inflows into the shaft, no special waterproof precautions were designed [4].

3.2 Start-up of levels 1150 and 1200 m

Thanks to the Ruch Rydułtowy investment, it will allow the exploitation from 
coal seams No 713/1–2 and 712/1–2, which belong to the most promising min-
ing assets within mining areas belonging to this part of Rybnik Mining District. 
Development of this part of the deposit will allow building the new level at the 
depth of 1150 m (https://vimeo.com/320940852). Two-way inlet is equipped with 
full set of the wheel transport handling, with special platform for material reload-
ing from wheel into lifted gondola transport. The inlet performances are as follows:

• excavation founding depth: 1143.7 m,

• height: 7.3 m,

• width: W side—8.11 m and E side—7.0 m, and

• basement depth: 2.30 m.

The pit-bottom geometry with use of 3D visualization is shown in Figure 5. 
Universality is characteristic feature of the shaft pit–bottom 1150 m—main trans-
port level (https://vimeo.com/333420960). Within this level there is a possibility 
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of using three shaft hoists, what will considerably accelerate process of material 
lifting, as well as it will allow fast and fluent personnel transport. Using transport 
platforms forced equipping shaft pit-bottom basement with devices and machines 
needed for pushing mine trucks into large-size mining cages, as well as into stan-
dard cages. The deepening of the Leon IV shaft was also used to reorganize water 
management in this area. For this purpose, excavations needed for the main water 
drainage handling were localized in one-way pit-bottom at the level 1200 m, and 
the elongation of this level to auxiliary hoist was necessary, and it was requalified 
from auxiliary hoist into “small” hoist.

Figure 5. 
3D model of the pit-bottom—level 1150 m [3]. (a) General view; and (b) and (c) 3D model of the  
steel-concrete pit-bottom lining.

Figure 4. 
Distribution of devices during Leon IV shaft deepening at levels 1076 and 1200 m [2].
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allowed collision-free operation of the basket covering the hole inlet in the shaft 
face. The 1200 mm diameter hole was nevertheless endangered by the possibility 
of rock blockage. In order to remove the jam in the hole, a rope of 25 mm diameter 
with conveyor scrappers was installed in the hole. The rope vertical movements 
stimulated by low-speed winches KUBA-5 installed in ditches on the level 1076 and 
1200 m, (see Figure 4) provoke fall down and the hole clearance.
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located in ditch on level 1076 m (Figure 4):

• hoist machine B-1500 for bucket handling,

• two low-speed winches KUBA-10 for adjustable formwork handling,

• windlass KUBA-5 for rope handling,

• windlass KCH-9 for basket hanging protecting hole in shaft face, and

• supporting construction for assemblage of wheels during shaft deepening.

In the ditch, at the level 1200 m, low-speed windlass KUBA-5 with track wheel 
for the hole clearing rope (see Figure 4) was installed. Single–layered lining of 
C30/37 concrete lied in wet system with use of steel moveable formwork of the 
height 2.15 m, has been applied. Calculated and consulted with the Investor lining 
has thickness from 0.5 to 0.6 m. With respect to expected small and ephemeral 
water inflows into the shaft, no special waterproof precautions were designed [4].

3.2 Start-up of levels 1150 and 1200 m

Thanks to the Ruch Rydułtowy investment, it will allow the exploitation from 
coal seams No 713/1–2 and 712/1–2, which belong to the most promising min-
ing assets within mining areas belonging to this part of Rybnik Mining District. 
Development of this part of the deposit will allow building the new level at the 
depth of 1150 m (https://vimeo.com/320940852). Two-way inlet is equipped with 
full set of the wheel transport handling, with special platform for material reload-
ing from wheel into lifted gondola transport. The inlet performances are as follows:

• excavation founding depth: 1143.7 m,

• height: 7.3 m,

• width: W side—8.11 m and E side—7.0 m, and

• basement depth: 2.30 m.

The pit-bottom geometry with use of 3D visualization is shown in Figure 5. 
Universality is characteristic feature of the shaft pit–bottom 1150 m—main trans-
port level (https://vimeo.com/333420960). Within this level there is a possibility 
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of using three shaft hoists, what will considerably accelerate process of material 
lifting, as well as it will allow fast and fluent personnel transport. Using transport 
platforms forced equipping shaft pit-bottom basement with devices and machines 
needed for pushing mine trucks into large-size mining cages, as well as into stan-
dard cages. The deepening of the Leon IV shaft was also used to reorganize water 
management in this area. For this purpose, excavations needed for the main water 
drainage handling were localized in one-way pit-bottom at the level 1200 m, and 
the elongation of this level to auxiliary hoist was necessary, and it was requalified 
from auxiliary hoist into “small” hoist.

Figure 5. 
3D model of the pit-bottom—level 1150 m [3]. (a) General view; and (b) and (c) 3D model of the  
steel-concrete pit-bottom lining.

Figure 4. 
Distribution of devices during Leon IV shaft deepening at levels 1076 and 1200 m [2].
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Geometry of the shaft inlet at level 1200 m:

• depth of the excavation founding: 1195.7 m,

• height: 4.2 m, and

• width: 6.1 m.

The shaft inlet has anchor-concrete-steel lining and is equipped with level guid-
ance construction with oscillatory platform in the inlet basement.

3.3 Furnishing of the shaft Leon IV

As the main transport shaft, the shaft Leon IV is equipped with three compart-
ments: one for main hoist with large-size cage, second for ordinary three-deck cage, 
and auxiliary hoist. The shaft cages are suspended on two 48-mm-diameter rope 
carriers driven by drive wheel Koeppe. In order to balance masses of rope carriers, 
two equalizing ropes of diameter Φ = 53 mm are installed.

Shaft Leon IV is the first shaft in Polish hard coal mining industry, in 
which flexible guiding of shaft cages or skips has been extended. Guiding and 
defender ropes are suspended on wedge-shaped spreader beams located over 
beams of the shaft tower. The guiding and defender ropes hang down freely and 
are tensed by the attached weights of such mass that each 100 m of the shaft 
depth corresponds to tensing power of the value at least 8 kN. The guiding and 
defender ropes are mounted in special baskets located below lower guiding rope 

Figure 6. 
Model of the Leon IV shaft furniture after deepening to the depth of 1210 m [2]. Markings: 1—level guidance at 
level 1150 m; 2—breaking system of the main shaft hoist; 3—return station of the equalizing ropes; 4—control 
platform of the equalizing ropes; 5—control platforms of guiding rope weights; 6—level guidance at level 
1200 m; and 7—furniture of the Leon IV shaft sump.
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frame. In case of the Leon IV shaft, the shaft furniture consists of the following 
elements: (Figures 6 and 7).

Elastic guiding of the shaft cages comprises 12 guiding ropes, 4 defender ropes, 
and 3 rope carriers and equalizing ropes between large-size cage and three-deck 
cage (Figure 7).

Profits resulting from application of rope guiding of hoist cages or skips are 
great. The profits are as follows:

• low cost of used materials,

• easy handling,

• long durability,

• short assembling time in new shaft,

• guiding of the cages ore skips in the shaft is soft, without of tremors and side 
hits,

• possibility of fast shaft hoist operation,

• quiet run cages ore skips results in elongation of the rope carrier, and

• ventilation resistances are almost 10 times lower than in case of shafts with 
rigid guides.

Figure 7. 
Elements of the elastic guiding of shaft Leon IV.
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frame. In case of the Leon IV shaft, the shaft furniture consists of the following 
elements: (Figures 6 and 7).

Elastic guiding of the shaft cages comprises 12 guiding ropes, 4 defender ropes, 
and 3 rope carriers and equalizing ropes between large-size cage and three-deck 
cage (Figure 7).

Profits resulting from application of rope guiding of hoist cages or skips are 
great. The profits are as follows:

• low cost of used materials,

• easy handling,

• long durability,

• short assembling time in new shaft,

• guiding of the cages ore skips in the shaft is soft, without of tremors and side 
hits,

• possibility of fast shaft hoist operation,

• quiet run cages ore skips results in elongation of the rope carrier, and

• ventilation resistances are almost 10 times lower than in case of shafts with 
rigid guides.

Figure 7. 
Elements of the elastic guiding of shaft Leon IV.
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Linear guiding of cages has also some disadvantages, like:

• possibility of transverse movements, which are vertical to the running direc-
tion, which calls for longer operation intervals than in case of rigid guides,

• serious difficulties in exploitation result—rock body movements,

• need of great size shaft diameters and difficulties related with relocation of 
shaft hoist devices in numerous transport sections,

• tensions of guiding ropes reaching values of 2000 kN causing additional load-
ing of the shaft tower and application of suitable construction needed.

• rope tensioning devices require a properly managed sump,

• in case of application of two-cage hoists, the application of additional ropes 
called as “defender ropes” protecting against collisions of vessels moving in two 
different directions is needed.

• rope carrier must be made of non-rotating rope, and

• the main advantages of the application of such type of guiding result from the 
fact that the use of tens shaft fastening frames is not necessary.

• the main benefits of using this type of guide arise from the fact that the shaft 
does not require the installation of dozens of rigid guides frames.

The other element of the shaft furniture is related with main hoist cages’ braking 
system localized under level 1150 m and in the shaft tower. This system is composed 
of thickened wood guides. The other elements of the shaft furniture comprise:

• platform of the return station of equalizing rope,

• platform of equalizing ropes control system,

• positioning frame of weighs of guiding ropes and bumper ropes,

• control platforms of guiding and bumper ropes, and

• protective platform.

Necessity of equipping the flexible guidance with special corner guiding for 
shaft vessels is essential element of guiding on individual levels. In case of the shaft 
Leon IV it refers to levels 800, 1067, 1150, and 1200 m.

3.4 Elongation of mine shaft hoists

Shaft deepening is strictly related with necessity of mine shaft hoists. In case of 
the Leon IV shaft, in construction of elastic guiding of hoist cages to level 1067 m, 
the ropes longer than the exploited shaft were applied. Excess of ropes was stored 
on special drums located in pit-bottom of the level 1076 m. Thus elongation of 
these ropes required only suitable control of the rope destruction degree and then 
lowering them to the level 1150 m. Works related with elongation of the mine 
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shaft hoist were started from auxiliary hoist and then lowering two guiding ropes 
of diameter Ø = 32 mm to level 1200 m. Weight of the rope of diameter 32 mm 
amounts for around 5.3 ton, whereas for ropes of diameter Ø = 54 mm, this weight 
reaches value over 25 ton. Thus, every rope maneuvers, that is, their raising or 
requires execution of assembling works with use of special hoist machine hav-
ing high lifting capacity, as well as special guiding wheels mounted on special 
platform. Low-speed lifting machine EWP-35 was used for rope lifting and 
lowering. After making welded clamps and taking rope weight by lifting machine, 
disassembling was made in order to check condition of ropes by suitable expert. 
After acceptance of the ropes for exploitation, they were lowered to level 1200 m, 
where weighting baskets were mounted. Next stage of elongation of the shaft hoist 
comprised elongation of guiding and bumper ropes of main hoist, that is, unwrap-
ping rope reserve accumulated at the level 1067 m. After installation of additional 
constructions of rope wheels on the platform on lower rope wheel of the Leon IV 
shaft, that is, directing technological rope of Ø = 40 mm in place of wedge-shaped 
spreader beam, stage of basal works related with taking and lowering ropes in 
targeted place have been started. When the welded clamps were installed and the 
weight was taken by low-speed lifting machine (40 ton), the rope was lifted to 
level of the foundation in order to be checked by the expert, and then the rope 
was lowered again to the level of weights control platform. After completion of 
the operations of the first rope, the guiding wheel was relocated on the platform 
in such a manner that operations of the next ropes would be possible. This opera-
tion was repeated eight times for guiding lines of the main hoist cages, and four 
times for bumper ropes located between both vessels of the same hoist. Scheme of 
devices needed for hoist elongation and visualization of the guiding wheels on the 
tower are shown in Figure 8.

Technology of the rope carriers and equalizing ropes in the shaft Leon IV is 
similar to standard technologies of ropes operated in mine shafts. In this case, at 
first, some preparatory works related with construction of foundation of the lift 
EPR-1000 and installation of sheave wheels have been executed in the shaft founda-
tion. Carrying ropes were lowered to the shaft after placing shaft cages on special 
platform and taking the weight of ropes by portable lift EPR-1000.

After relocation of the great-size cage to the level 1150 m and installation 
of spreader beams, the equalizing ropes were elongated. In this case, the rising 

Figure 8. 
Visualization of sheave wheel location on hoist tower [2].
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was lowered again to the level of weights control platform. After completion of 
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first, some preparatory works related with construction of foundation of the lift 
EPR-1000 and installation of sheave wheels have been executed in the shaft founda-
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large-size cage pulled new equalizing ropes. After relocation of three floor cages to 
the level 1150 m, construction of equalizing ropes under foot of three floor cage was 
completed.

3.5 Stabilization of the cage at the large-size Leon IV shaft hoisting system

Adjustable guiding system replaced the chairing mechanism of a rope 
guided cage at level 960 of “Leon IV” shaft. The mechanical part of the system 
is included in the project (Figure 9), developed to solve the issue of leading 
the cage through level 960. The most important factor taken into consideration 
was safety. With chairing, it could be ensured only at the expense of significant 
lengthening of the duration of a single cage ride from the ground level to level 
1150 m and vice versa, since the velocity of the cage had to be reduced from 
10 to 0.5 m/s, already 100 m before level 960 m. The changes between systems 
included replacing the angular guides with adjustable guides (including two 
pairs of upper and two pairs of lower guides) and the main support with four 
permanent frames, fixed to the shaft lining using additional girders, structur-
ally independent from the construction of the chairing. In this arrangement, the 
adjustable guides can be switched between idle mode and working mode. The 
motion is restricted by:

• Part of a respective frame, known as roadway, serving as adjusting track for 
each pair of lower adjustable guides,

• Two articulated links (upper and lower), for each pair of upper adjustable 
guides,

Two pairs of lower adjustable guides are powered by a single hydraulic cylinder 
each, one end articulated to the guiding frame, the other to the guides itself. Each 
pair of upper guides is powered by two hydraulic cylinders, articulated with lower 
end to the frame, and upper end to the joint.

Figure 9. 
System in idle mode.
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During the hoisting operation (whether it is from the ground level to level 
1150 m or in the opposite direction), each pair of the adjustable guides stays in idle 
mode (Figure 9).

This setup ensures safe movement of the cage through level 960 with velocity 
of 10 meters per second. Idle mode is also used when the cage moves between 
level 950 m and 1150 m (both directions). Setting to working mode, decided by 
the signalman at level 960, takes place once the cage stops at level 960. During 
the cycle each of the upper ends of the lower adjustable guides is inserted 
between pads of the emergency braking slide guide, attached to the face of the 
bottom deck. The upper ends of the upper adjustable guides are inserted between 
pads of the emergency breaking slide guide attached to the face of the cage’s 
head. The work mode setup of the bottom and top adjustable guides is shown in 
Figure 10.

Layout of the entire system is shown in Figure 11. The adjustable guides consist 
of 180 x 260 mm box beams made of C260 C-profiles. Frames made of HEB 260 are 
attached to two technological beams with M24 Hex bolts, class 8.8.

Static analysis was performed for the constructions. Assumptions and results are 
shown in the schemes below:

Static analysis—lower frame
Known variables:

• Transportation unit load: 200 [kN]

• Continuous load:

  q =   200  [kN]  _ 1.654  [m]    = 120.92  [  kN _ m  ]   (1)

The assumed load rounded to the value of 121 kN/m

• Factor of safety

    480 _ 62.87   = 7.63  (2)

• Force from the hydraulic cylinder: 139.2 [kN] (Figure 12)

Static analysis—upper frame
Known variables:

• Transportation unit load: 200 [kN]

• Continuous load:

  q =   200  [kN]  _ 1.654  [m]    = 120.92  [  kN _ m  ]   (3)

The assumed load rounded to the value of 121 kN/m

• Factor of safety

    480 _ 75.09   = 6.392  (4)

• Force from the hydraulic cylinder: 139.2 [kN] (Figure 13)
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Measurements
The main purpose of measurements was to determine:

• maximum forces applied to the head and the bottom deck of the cage during 
experimental cycles of loading and unloading the heaviest transportation unit 
approved for this type of transportation, performed at level 960,

Figure 11. 
Layout of the adjustable guiding (gray color).

Figure 10. 
System in working mode.
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• maximum stresses induced in girders of the cage during experimental loading 
and unloading cycles, being the result of absorbing forces from the adjustable 
guides.

The force measurements were conducted accordingly to the previous ones, car-
ried out on exactly the same cage in July 2018, also concerning the forces absorbed 
the cage during the experimental loading and unloading cycles, but forces from 
angular guides were replaced with forces from adjustable guides. Moreover, the 
scope did not include measuring the stresses induced in girders as a result of absorb-
ing forces from angular guides, as these guides were also stabilizing the middle deck 
during the experiments.

The reason for adding stress measurement was the necessity to properly assess 
whether resigning from stabilization of the middle deck of the cage in this arrange-
ment may be considered a viable assumption. Theoretical analysis based on calcula-
tion model from [5] demonstrated such possibility; however, empirical verification 
was deemed vital. It was implemented by equipping the main measurement unit 
with two external modules attached to the middle deck for the time of measurement 
operations. The cycles were divided in two stages:

• Stage one, covering the first six experimental loading and unloading cycles, 
concerned measuring the forces at the bottom deck of the cage as well as 
stresses induced in girders on the distance between the middle deck and the 
lower deck,

Figure 13. 
Static analysis of the upper frame.

Figure 12. 
Static analysis for the bottom frame.
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tion model from [5] demonstrated such possibility; however, empirical verification 
was deemed vital. It was implemented by equipping the main measurement unit 
with two external modules attached to the middle deck for the time of measurement 
operations. The cycles were divided in two stages:

• Stage one, covering the first six experimental loading and unloading cycles, 
concerned measuring the forces at the bottom deck of the cage as well as 
stresses induced in girders on the distance between the middle deck and the 
lower deck,

Figure 13. 
Static analysis of the upper frame.

Figure 12. 
Static analysis for the bottom frame.
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• Stage two, covering the following six experimental cycles, concerned measur-
ing the forces at the top deck of the cage as well as stresses induced in girders 
on the distance between the middle deck and the head.

4. Conclusions

Technical problems related with the shaft Leon IV sinking and deepening 
presented in this chapter can be considered as an example of continuous innovation 
and development of the shaft building technology. Although nowadays shafts are 
rarely deepened, high level of modern technique and mechanization of both sinking 
and equipping the shafts indicate potential possibilities of further development of 
this building branch.

Application of new bridge cements M45 and modification of the philosophy of 
assuring the shaft lining tightness even during building the shaft Leon IV allowed 
implementation of very profitable replacement of multilayered lining with single-
layer lining, which is less time-consuming and much cheaper.

Shaft deepening during its exploitation was possible only in result of applica-
tion of modern construction of “artificial bottom,” which tightly separated the 
shaft from the area of works conducted by the company named as Shaft Building 
Company S.A. (PBSz).

Application of elastic system in the shaft Leon IV in hard coal mining industry 
and use of much more longer ropes and storage of the rope surplus on the level 
1078 m can be classified as the uniquely far-sighted project. This in turn allowed 
implementation of much more easy technologies of shaft hoists elongation.

Designed by Shaft Sinking Company, elongation of the shaft hoists, which was 
realized in possibly shortest stoppage of the shaft operation, was a pioneer and 
innovative venture. Total work comprised elongation of 20 ropes.

Modernization of the shaft Leon IV was a key element of the restructuring plan 
and development of the joint-venture mine ROW gathering mines: Jankowice, 
Chwałowice, Marcel, and Rydułtowy. Elongation of shaft hoists, development of 
main transport horizon at the level 1150 m, and development of the main drainage 
system at level 1200 m will allow considerable shortening of the time of personnel 
transport to exploitation excavations, which is related with considerable improve-
ment and elongation of the personnel working time, that is, improvement of 
financial results of mine operation and whole mine ROW.

Conducted analysis and research confirm that the mechanical system, its attach-
ment to the shaft lining and particular structural elements of the tested solution are 
correct and fulfill the conditions defined in the Decree of the Minister of Energy 
from November 23, 2016 concerning the detailed requirements of operating in 
underground mines (Journal of Laws of the Republic of Poland 2017, item 1118), as 
well as in the technical standard PN-G-46227: 2002—Mining shafts. Shaft equip-
ment. Requirements.

Changes introduced at level 960 m (1000 m), made according to Annex No. 2, 
included removing the corner guides of the cage. The additional space obtained 
between the chairing elements ensures the safe passage of the cage through level 
960 with the set velocity of 10 m/s, assuming the requirement of § 545 of the 
Decree of the Minister of Energy is met. After analyzing the results of measure-
ments of the forces from bottom deck and the head of the cage absorbed by adjust-
able guides during loading and unloading cycles, it can be stated that replacing the 
corner guides with adjustable guides does not violate this approval.
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Chapter 6

Polish Experiences in Handling 
Water Hazards during Mine Shaft 
Sinking
Piotr Czaja, Paweł Kamiński and Artur Dyczko

Abstract

The geological structure of most Polish mining regions is rich in groundwater, 
making shaft sinking difficult. In recent years, more than a dozen shafts, some 
almost 700 m deep, have been sunk in Poland using various methods of water 
hazard elimination. The vast majority of shafts that pass through aquifer formations 
have been sunk using artificial rock freezing, waterproof tubing, and concrete lin-
ing. Generally, this system has proven to be very effective. However, there have been 
cases of complications during sinking, including occasional flooding. This paper 
presents two cases of highly problematic flooding in shaft sunk using the freezing 
method, both leading to considerable construction delays and a significant increase 
in shaft sinking costs. The first case involved water inflow into the bottom section 
of the R-XI shaft at KGHM with rocks near the melting point of ice. In the other 
case, problems occurred passing through an Albian layer in the S. 1.3 shaft sunk for 
the Lubelski Węgiel Bogdanka S.A. mining corporation, where the freezing process 
was carried out while it was necessary to heat the rocks in the upper part of the 
shaft to protect the final lining from damage.

Keywords: mining shaft, water hazard, grouting, dewatering

1. Introduction

Exposing deep-seated mineral deposits requires the construction of new shafts. 
In Poland, where usable minerals are usually covered by thick layers of heavily 
waterlogged overburden, the construction of new shafts poses extraordinary 
difficulties. New shafts continue to be designed and constructed in quite challeng-
ing hydrogeological conditions in Poland, as well as in other countries worldwide. 
Hence, it would be fruitful to look at some Polish experiences in coping with this 
extremely difficult hydrogeology while mining deposits of both hard-coal and 
nonferrous metal ores. A range of detailed examples of how to eliminate such water 
hazards has been provided elsewhere [1–3]. Over the last three decades, Poland has 
seen at least several cases involving shaft flooding. These occurred mainly during 
the sinking phase. There are many methods for eliminating water hazards and 
dewatering flooded shafts to put them back into operation. This paper presents 
two cases of highly problematic flooding in shaft sunk through highly waterlogged 
layers using the freezing method, both leading to considerable construction delays. 
The first case involved the removal of increased water inflow into the R-XI shaft 
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The geological structure of most Polish mining regions is rich in groundwater, 
making shaft sinking difficult. In recent years, more than a dozen shafts, some 
almost 700 m deep, have been sunk in Poland using various methods of water 
hazard elimination. The vast majority of shafts that pass through aquifer formations 
have been sunk using artificial rock freezing, waterproof tubing, and concrete lin-
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1. Introduction

Exposing deep-seated mineral deposits requires the construction of new shafts. 
In Poland, where usable minerals are usually covered by thick layers of heavily 
waterlogged overburden, the construction of new shafts poses extraordinary 
difficulties. New shafts continue to be designed and constructed in quite challeng-
ing hydrogeological conditions in Poland, as well as in other countries worldwide. 
Hence, it would be fruitful to look at some Polish experiences in coping with this 
extremely difficult hydrogeology while mining deposits of both hard-coal and 
nonferrous metal ores. A range of detailed examples of how to eliminate such water 
hazards has been provided elsewhere [1–3]. Over the last three decades, Poland has 
seen at least several cases involving shaft flooding. These occurred mainly during 
the sinking phase. There are many methods for eliminating water hazards and 
dewatering flooded shafts to put them back into operation. This paper presents 
two cases of highly problematic flooding in shaft sunk through highly waterlogged 
layers using the freezing method, both leading to considerable construction delays. 
The first case involved the removal of increased water inflow into the R-XI shaft 
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at KGHM. In the other case, problems occurred due to a shaft passing through an 
Albian layer in the S. 1.3 shaft sunk for the Lubelski Węgiel Bogdanka S.A. mining 
corporation. Although completely different from each other, these cases provide 
useful guidance and a serious warning against hasty shaft design or a careless 
approach to constructing shafts [4–6]. Considered completely safe for shaft con-
struction, the technological solutions presented here should be of interest to experts 
in water-related mining issues.

2. Diversion of increased water inflow into the R-XI shaft during sinking

Waterlogged overburden formations as deep as 700 m below the ground have 
made it necessary for Polish mining corporations to use the freezing method to 
construct all copper mine shafts and most hard-coal mine shafts. Hundreds of 
shafts have been successfully sunk in Poland using this technology. However, when 
it seemed that the engineers had virtually eliminated freezing pipe leaks in the 
boreholes, a major problem that had caused brine leaks into frozen rock, water 
hazards emerged in completely unexpected and highly unlikely situations.

2.1 Project specification and the effects of the water hazard

The R-XI shaft was not the first structure of this type constructed by PeBeKa 
S.A. in the Polish Copper Basin area [7]. Hydrogeological surveys preceding the 
shaft work at depths of 431.0–630.0 m indicated no significant water hazards along 
this section. The projected water inflows into the shaft face below the 431.0 m level 
are shown in Table 1. The R-XI shaft was designed to serve as a ventilation shaft and 
has the following parameters [5]:

• Lining diameter—7.5 m

• Total depth—1250 m

• Aquifer thill depth—630 m

• Freezing depth—635 m

At the time, this shaft had the greatest rock freezing depth at 635 m. PeBeKa 
Lubin applied many innovative rock freezing solutions. One of them was selective 
freezing using two types of freezing holes: short holes with a depth of 395 m and 

Depth interval [m] Water inflow [m3/min]

Minimum to maximum Average

431.0–460.0 0.042–0.070 0.056

460.0–470.0 0.042–0.070 0.056

470.0–500.0 0.061–0.330 0.160

500.0–565.0 0.205–0.490 0.334

565.0–630.0 0.334–0.550 0.425

Table 1. 
Predicted water inflows into the shaft [7].
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long holes with a depth of 635 m. This method made it possible to achieve a frozen 
mantle that was thickest in its lower portion, where the water pressure was found to 
be the highest.

Because a gallery had already been excavated near the shaft at a depth of 
1212.7 m, the design included a simplified drainage system for the shaft face below 
the freezing zone. This was achieved through a dewatering borehole drilled in 
the shaft axis vertically upwards from a level of 1212.7 m. This made it possible to 
dispense with the construction of an expensive cascade drainage system and sig-
nificantly facilitated shaft sinking at depths of 635–1212.7 m. At the 503.6–632.4 m 
shaft section, the design included a combined panel and concrete lining, i.e., a top-
down panel lining and a concrete, monolithic, bottom-up lining using panel forms. 
The concrete lining was laid on a 2.6-m-thick base ring beam set between depths of 
632.4 and 635.0 m (Figure 1).

Figure 1. 
The last phases of shaft sinking in the frozen rock area. (a) Installation of foundation for the final shaft 
concrete lining. (b) Section of final shaft concrete lining with drainage. Explanations: 1, three-deck shaft 
working platform; 2, cast-iron shaft lining; 3, preliminary pre-cast segmental shaft lining; 4, shaft lining 
foundation; 5, boreholes in the drainage system; 6, sliding formwork H = 3.75 m; 7, dewatering borehole TS-1 
(d = 3.5,” L = 576 m); 8, final concrete lining.
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long holes with a depth of 635 m. This method made it possible to achieve a frozen 
mantle that was thickest in its lower portion, where the water pressure was found to 
be the highest.

Because a gallery had already been excavated near the shaft at a depth of 
1212.7 m, the design included a simplified drainage system for the shaft face below 
the freezing zone. This was achieved through a dewatering borehole drilled in 
the shaft axis vertically upwards from a level of 1212.7 m. This made it possible to 
dispense with the construction of an expensive cascade drainage system and sig-
nificantly facilitated shaft sinking at depths of 635–1212.7 m. At the 503.6–632.4 m 
shaft section, the design included a combined panel and concrete lining, i.e., a top-
down panel lining and a concrete, monolithic, bottom-up lining using panel forms. 
The concrete lining was laid on a 2.6-m-thick base ring beam set between depths of 
632.4 and 635.0 m (Figure 1).

Figure 1. 
The last phases of shaft sinking in the frozen rock area. (a) Installation of foundation for the final shaft 
concrete lining. (b) Section of final shaft concrete lining with drainage. Explanations: 1, three-deck shaft 
working platform; 2, cast-iron shaft lining; 3, preliminary pre-cast segmental shaft lining; 4, shaft lining 
foundation; 5, boreholes in the drainage system; 6, sliding formwork H = 3.75 m; 7, dewatering borehole TS-1 
(d = 3.5,” L = 576 m); 8, final concrete lining.
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According to the records [6, 7], the in situ rock temperature at a depth of 632 m 
was about 32°C. So, it was reasonable to expect that the end portion of the frozen 
mantle would also be exposed to increased heat from below. When the shaft face 
reached a depth of 632 m without any difficulties, it seemed that the most chal-
lenging section had been sunk as designed and on schedule. Yet, nature retained its 
unpredictability.

After the two last reinforced concrete panel rings had been completed, 
with excess material excavated to make a curb gap 4 (Figure 1) at a depth of 
632 m, a small water leak, estimated at about 3–5 L/min, was noticed at the 
shaft bottom at the thill sidewall interface. The water was clean, very cold, and 
slightly salty. For a shaft sunk using the freezing method, in which the freezing 
core usually has a temperature below −15°C, this was unusual and perplexing. 
Since the freezing pipes had reached a depth of 635 m, no liquid water should 
have occurred at a depth of 632 m. However, this phenomenon could be partly 
explained by the water’s salinity. Unfortunately, the electrical conductivity of 
this water has not been documented. In these circumstances, the TS-1 dewater-
ing borehole work was intensified. Also, work commenced on the final concrete 
lining 8 (Figure 1)—constructed from the bottom up—equipped with a drainage 
system [7].

It was found that even though all the freezing safety requirements had been 
observed, the ice mantle along this section was not completely watertight and did 
not fully prevent water inflow into the shaft face. The movement of slightly saline 
water at a temperature above zero (tw > 0°C) caused the frozen mantle to be soaked 
from below and consistently thawed, with water inflows effectively increasing day 
by day. The situation was becoming dangerous, as no shaft pipe drainage had been 
planned down to this depth. This meant that the shaft had no pipelines through 
which the water could be pumped up to the surface. The further section of the shaft 
was designed to allow drainage via the TS-1 dewatering borehole drilled from a level 
of 1212.7 m (Figure 2).

The increasing inflow of water was diverted to the surface using only buckets. 
After about 2 weeks of shaft work involving the construction of a concrete curb at a 
depth of 635 m and the construction of an 18 m final concrete lining, water inflow 
into the shaft had increased to about 700 L/min. In this situation, it was impos-
sible to continue any work in the shaft other than intensive dewatering using of 
buckets. Ultimately, this measure did not save the shaft from partial flooding. The 
water table in the shaft stabilized at a depth of 533.0 m, which means that the water 
column was 102 m (see Figure 2).

Due to the prolonged length of the 564 m TS-1 dewatering borehole and the 
water level reaching 533 m (Figure 2a), the decision was made to use a high-
performance RITZ submersible pump (HDM 6723/11DPF). Installed 4 weeks later, 
with a capacity of 15 m3/min, the submersible pump succeeded in quickly dewater-
ing the flooded shaft section (Figure 2b). Also, after 2 months of further work, the 
water inflow into the shaft was found to have reached 2.5 m3/min. The dewatering 
borehole TS-1 (Figure 2) was successfully completed almost at the same time the 
shaft was dewatered using the submersible pump. After 6 weeks of intensive and 
highly precise drilling work, the borehole reached the shaft bottom, located only 
0.5 m from the shaft axis. By this point, the water inflow had increased to 3.0 m3/
min. Since the water inflow was expected to increase further, the decision was made 
to drill a second dewatering borehole—TS-2 (Figure 2c). Due to the considerable 
water hazard associated with a water inflow of 3.0 m3/min, it was also decided that 
the section with a waterproof tubing lining be extended to the 650 m level. In addi-
tion, the decision was made to comprehensively grout the entire area affected by the 
substantial water inflow.
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2.2 Removing the causes of the water inflow

The substantial water inflow forced the shaft construction company to both further 
redesign the shaft lining and adjust the sinking technology along the 635–650-m-deep 
section. Apart from the costly dewatering, one of the direct effects of the partial 
shaft flooding was the need to redesign the lining in the flooding area (Figure 2). The 
concrete panel lining was replaced by a tubing panel lining, with a concrete tube set 
between them (Figure 2c) [7]. Due to this replacement, it was additionally necessary to:

a. Demolish the completed 18 m section of the concrete lining above the curb, at a 
depth of 635 m, without damaging the preliminary panel lining.

b. Partially demolish the curb at a depth of 635 m and mount a steel ring beam on 
the curb’s foundations to lay the first tubing ring.

Figure 2. 
The phases of dewatering the sunken shaft section. (a) Shaft flooding. (b) Dewatering of the shaft using a 
“RITZ” submersible pump, (c) replacing the concrete lining along the 574.3–632.9 m section with a cast-iron 
tubing lining. Explanations: 1–8, see Figure 1; 9, RITZ submersible pump; 10, cast-iron tubing lining; 11, TS-2 
dewatering borehole.
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According to the records [6, 7], the in situ rock temperature at a depth of 632 m 
was about 32°C. So, it was reasonable to expect that the end portion of the frozen 
mantle would also be exposed to increased heat from below. When the shaft face 
reached a depth of 632 m without any difficulties, it seemed that the most chal-
lenging section had been sunk as designed and on schedule. Yet, nature retained its 
unpredictability.
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with excess material excavated to make a curb gap 4 (Figure 1) at a depth of 
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shaft bottom at the thill sidewall interface. The water was clean, very cold, and 
slightly salty. For a shaft sunk using the freezing method, in which the freezing 
core usually has a temperature below −15°C, this was unusual and perplexing. 
Since the freezing pipes had reached a depth of 635 m, no liquid water should 
have occurred at a depth of 632 m. However, this phenomenon could be partly 
explained by the water’s salinity. Unfortunately, the electrical conductivity of 
this water has not been documented. In these circumstances, the TS-1 dewater-
ing borehole work was intensified. Also, work commenced on the final concrete 
lining 8 (Figure 1)—constructed from the bottom up—equipped with a drainage 
system [7].

It was found that even though all the freezing safety requirements had been 
observed, the ice mantle along this section was not completely watertight and did 
not fully prevent water inflow into the shaft face. The movement of slightly saline 
water at a temperature above zero (tw > 0°C) caused the frozen mantle to be soaked 
from below and consistently thawed, with water inflows effectively increasing day 
by day. The situation was becoming dangerous, as no shaft pipe drainage had been 
planned down to this depth. This meant that the shaft had no pipelines through 
which the water could be pumped up to the surface. The further section of the shaft 
was designed to allow drainage via the TS-1 dewatering borehole drilled from a level 
of 1212.7 m (Figure 2).

The increasing inflow of water was diverted to the surface using only buckets. 
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depth of 635 m and the construction of an 18 m final concrete lining, water inflow 
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water table in the shaft stabilized at a depth of 533.0 m, which means that the water 
column was 102 m (see Figure 2).

Due to the prolonged length of the 564 m TS-1 dewatering borehole and the 
water level reaching 533 m (Figure 2a), the decision was made to use a high-
performance RITZ submersible pump (HDM 6723/11DPF). Installed 4 weeks later, 
with a capacity of 15 m3/min, the submersible pump succeeded in quickly dewater-
ing the flooded shaft section (Figure 2b). Also, after 2 months of further work, the 
water inflow into the shaft was found to have reached 2.5 m3/min. The dewatering 
borehole TS-1 (Figure 2) was successfully completed almost at the same time the 
shaft was dewatered using the submersible pump. After 6 weeks of intensive and 
highly precise drilling work, the borehole reached the shaft bottom, located only 
0.5 m from the shaft axis. By this point, the water inflow had increased to 3.0 m3/
min. Since the water inflow was expected to increase further, the decision was made 
to drill a second dewatering borehole—TS-2 (Figure 2c). Due to the considerable 
water hazard associated with a water inflow of 3.0 m3/min, it was also decided that 
the section with a waterproof tubing lining be extended to the 650 m level. In addi-
tion, the decision was made to comprehensively grout the entire area affected by the 
substantial water inflow.
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2.2 Removing the causes of the water inflow
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section. Apart from the costly dewatering, one of the direct effects of the partial 
shaft flooding was the need to redesign the lining in the flooding area (Figure 2). The 
concrete panel lining was replaced by a tubing panel lining, with a concrete tube set 
between them (Figure 2c) [7]. Due to this replacement, it was additionally necessary to:

a. Demolish the completed 18 m section of the concrete lining above the curb, at a 
depth of 635 m, without damaging the preliminary panel lining.

b. Partially demolish the curb at a depth of 635 m and mount a steel ring beam on 
the curb’s foundations to lay the first tubing ring.

Figure 2. 
The phases of dewatering the sunken shaft section. (a) Shaft flooding. (b) Dewatering of the shaft using a 
“RITZ” submersible pump, (c) replacing the concrete lining along the 574.3–632.9 m section with a cast-iron 
tubing lining. Explanations: 1–8, see Figure 1; 9, RITZ submersible pump; 10, cast-iron tubing lining; 11, TS-2 
dewatering borehole.
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c. Construct the lining of 39 N-130a tubing rings from the bottom up, to a depth 
of 574.3 m, without damaging the preliminary panel lining, the initial step 
being to lay the first ring on the steel ring beam in the curb at a depth of 635 m.

d. Complete the grouting work above the curb, at a depth of 635 m, so that the 
shaft could be safely sunk along the 635–650 m interval.

e. Sink the shaft along the 635–650 m tubing-lined section, including construct-
ing a curb at a depth of 650 m.

f. Construct the lining of N-120 cast-iron tubing rings from the 574.3 m level 
upwards to the point of connection between the picotage gap and the upper 
tubing column at a depth of 500.47 m.

In the first phase, the rock behind the lining was grouted using multiple tech-
niques. In the first phase, 3-m-long holes were drilled in rings 309 and 310 through 
cement plugs in the tubing lining. A total of 26 t of cement grout were injected 
behind the lining through these holes to separate the upper water horizons from the 
problem area of the shaft.

In the second phase, the cement grout was injected behind the lining along the 
617.9–635.0 m section, using 2-m-long horizontal holes drilled through the concrete 
plugs, 10-m-long horizontal holes drilled through the cement plugs, and 15-m-long 
inclined holes drilled at an angle of 40° through the concrete plugs. Due to the very 
substantial water inflow from this area, “Ekopur HW” quickset two-component 

Figure 3. 
Grouting process and shaft sinking along the 635–650 m section. (a) Grouting along the 598.4–635.0 m section, phase 1 
and 2; (b) shaft sinking along the 635–650 m section, (c) grouting along the 635–650 m section, phase 3. Explanations: 
1, cementation of the rock behind the lining (insulating layer) in N-130a tubing rings 309 and 310; 2, grouting of 
the rock behind the tubing lining through concrete plug holes in the tubing; 3, grouting of the rock and tubing lining 
through “cementation” holes in tubings (2-m-long horizontal holes); 4, grouting of the rock and tubing lining through 
“cementation” holes in tubings (10-m-long horizontal holes); 5, grouting of the rock and tubing lining through 
concrete plug holes (15-m-long inclined holes); 6, grouting of the rock and tubing lining through “cementation” holes 
in tubings (2.0-m-long inclined holes), 7, grouting of the rock and tubing lining through “cementation” holes in 
tubings (10.0-m-long inclined holes).
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polyurethane adhesive was used in addition to the cement grout. The grouting 
work is illustrated in Figure 3 [7]. Once the 635–650 m section of the shaft had 
been sunk, a curb was made in the tubing lining, comprising 130a tubings (9 rings) 
installed from the top down at a depth of 650 m, and a shaft face dewatering system 
was installed using boreholes TS-1 and TS-2 (Figure 2).

In the third phase, cement grout was injected behind the lining along the 
635–635.0 m section (Table 2). Then, as part of the fourth grouting phase, the 
entire 574–500 m section of the tubing lining was sealed. It took a total of more than 
500 t of materials (Table 2) to complete the grouting process.

3.  Eliminating water hazards associated with the S-1.3 shaft sinking 
project in the Lublin Coal Basin

The hydrogeology of the Lublin Coal Basin is highly complex, and mining in 
this area is challenging. At 710 m from the surface, the coal measures are covered 
by heavily waterlogged Jurassic, Cretaceous, and Quaternary formations. This has 
considerable implications for mine shaft sinking. A simplified geological profile is 
presented in Figure 4.

All the shafts in this basin had to be sunk using the freezing method, at least 
along the 0–180 m section [4, 6, 8]. The first shafts for the Bogdanka Mine were 
given the numbers S-1.1, S-1.2, and S-1.3. After the S-1.1 shaft had been sunk to 
a depth of 960 m, a disastrous water leakage occurred from the connector pipes 
left in the lining, which caused extensive flooding. Consequently, it was necessary 
to fill in and abandon that shaft. Drawing on the S-1.1 experience, the S-1.2 shaft 
was sunk to the target depth of 995 m without any major difficulties. Although 
the flooding of the S-1.1 shaft had also caused partial flooding of the S-1.2 shaft 
through the galleries already sunk to a depth of 960 m, the dewatering proved to be 
fairly easy. The sinking of the S-1.3 shaft might be the most interesting and per-
haps the only such case in the global history of shaft construction, as it ultimately 
required simultaneous rock freezing in the lower section and rock heating in the 
upper section. Below is a detailed discussion of how this was done.

3.1 The S-1.3 shaft sinking

The experience gained sinking the S-1.1 and S-1.2 shafts indicated that it was 
possible to use a different technology, more based on the traditional sinking method, 
which is much less costly. A decision was made to freeze the rocks along the 0–180 m 
section before constructing the first section, as it passed through the Quaternary 
strata and the highly waterlogged layers of Cretaceous formations, with a maximum 

Phase Grouting materials used [Mg]

Cement EKOPUR HW polyurethane Total

Phase 1 45.5 24.5 70.0

Phase 2 33.3 14.8 48.1

Phase 3 16.4 0.32 16.7

Phase 4 342.7 32.4 375.1

Total 438.0 72.1 510.1

Table 2. 
Grouting materials used to prevent water inflow [7].
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polyurethane adhesive was used in addition to the cement grout. The grouting 
work is illustrated in Figure 3 [7]. Once the 635–650 m section of the shaft had 
been sunk, a curb was made in the tubing lining, comprising 130a tubings (9 rings) 
installed from the top down at a depth of 650 m, and a shaft face dewatering system 
was installed using boreholes TS-1 and TS-2 (Figure 2).

In the third phase, cement grout was injected behind the lining along the 
635–635.0 m section (Table 2). Then, as part of the fourth grouting phase, the 
entire 574–500 m section of the tubing lining was sealed. It took a total of more than 
500 t of materials (Table 2) to complete the grouting process.

3.  Eliminating water hazards associated with the S-1.3 shaft sinking 
project in the Lublin Coal Basin

The hydrogeology of the Lublin Coal Basin is highly complex, and mining in 
this area is challenging. At 710 m from the surface, the coal measures are covered 
by heavily waterlogged Jurassic, Cretaceous, and Quaternary formations. This has 
considerable implications for mine shaft sinking. A simplified geological profile is 
presented in Figure 4.

All the shafts in this basin had to be sunk using the freezing method, at least 
along the 0–180 m section [4, 6, 8]. The first shafts for the Bogdanka Mine were 
given the numbers S-1.1, S-1.2, and S-1.3. After the S-1.1 shaft had been sunk to 
a depth of 960 m, a disastrous water leakage occurred from the connector pipes 
left in the lining, which caused extensive flooding. Consequently, it was necessary 
to fill in and abandon that shaft. Drawing on the S-1.1 experience, the S-1.2 shaft 
was sunk to the target depth of 995 m without any major difficulties. Although 
the flooding of the S-1.1 shaft had also caused partial flooding of the S-1.2 shaft 
through the galleries already sunk to a depth of 960 m, the dewatering proved to be 
fairly easy. The sinking of the S-1.3 shaft might be the most interesting and per-
haps the only such case in the global history of shaft construction, as it ultimately 
required simultaneous rock freezing in the lower section and rock heating in the 
upper section. Below is a detailed discussion of how this was done.

3.1 The S-1.3 shaft sinking

The experience gained sinking the S-1.1 and S-1.2 shafts indicated that it was 
possible to use a different technology, more based on the traditional sinking method, 
which is much less costly. A decision was made to freeze the rocks along the 0–180 m 
section before constructing the first section, as it passed through the Quaternary 
strata and the highly waterlogged layers of Cretaceous formations, with a maximum 
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depth of 162 m (see Figure 4). Below the 180 m level, the plan was to sink the 
shaft to a depth of 570 m using conventional method, i.e., without rock freezing. 
This would substantially reduce costs. The biggest puzzle, and, as the construction 
company would see, the greatest challenge involved in this shaft sinking project 
was the thin (≈2.9 m) Albian layer (Figure 4), which was composed of sandy-lime 
quicksand with a water pressure of about 5.5 MPa. An assumption was made that a 
shaft working could pass through such a thin layer of waterlogged formation once 
the layer had been provided with borehole drainage system (Figure 4) drilled in the 
working at a depth of 754 m. With the drainage system in place, the pressure could 
be reduced, making it possible to petrify both the Albian formations and the Jurassic 
formations deposited underneath, all the way to the Carboniferous roof. This way, 
the shaft could be sunk conventionally down to the target depth of 1035.45 m.

Here, we should warn those who are enthusiastic about using grouting, 
regardless of the conditions. In this specific case, the company constructing 
the shaft failed to provide the mentioned formations with a drainage system. In 
effect, it became impossible to chemically petrify the Jurassic formations any 
further, and the only viable sinking option left was the freezing method. At this 

Figure 4. 
Diagram of the S-1.3 shaft sinking using both rock freezing and rock heating. 1, boreholes for rock heating along 
the 0–180 m section; 2, boreholes for deep freezing along the 0–570 m section; 3, concrete plug above the Albian 
layer; 4, drainage boreholes in the Albian layer; 5, working with a drilling chamber at a depth of 754 m; 6, 
frozen rock mantle; 7, final concrete panel lining; 8, cast-iron tubing lining along the Albian formation section.
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point, the expected substantial savings stemming from the use of a different shaft 
sinking method were no longer viable. In addition, the construction company 
faced the problem of refreezing within the 0–570 m zone, where the final lining 
had already been laid. The Polish engineers involved in the project knew that the 
refreezing of rocks would produce a great pressure surge on the lining, effectively 
destroying it [6].

The engineers considered it necessary to drill 43 additional boreholes at a depth 
of 610 m. These had an unusual diameter of 308 mm and were drilled in an 18 m 
diameter circle [3, 8]. Also, an unprecedented decision was made to use sectional 
freezing—an approach which, although theoretically known and viable, had not 
been applied in shaft construction before. Thus, the boreholes were fitted with two 
freezing pipe columns and a column of downcomer tubes inside a 139.7 mm diam-
eter column. They were properly sealed so that the brine could circulate only in the 
lower parts of the boreholes, below 570 m.

Regrettably, this plan failed, too. The shrinkage stress in the steel due to the low 
temperature of the brine caused the outer column to leak, allowing water to enter 
the borehole. This complicated the whole process of section freezing, making it 
necessary to reconsider freezing along the entire depth of the shaft. As feared, the 
freezing caused damage to the lining along the 0–570 m section soon after com-
menced. At this point, the decision was made to apply a globally unprecedented 
solution, in which the lower section of the shaft was frozen, while the upper part 
of the shaft, along the 0–180 m section, was heated with warm water. To provide 
the inflow of warm water, the engineers used the boreholes drilled to freeze the 
first section of the shaft along a circle with a diameter of 14 m. The work diagram is 
presented in Figure 4.

Ultimately, this unprecedented project proved a technological success. However, 
although the shaft was eventually sunk, the project can hardly be described as suc-
cessful, given the completion period of almost 10 years and the substantial energy 
costs involved. The substantial costs of sinking the S-1.3 shaft are reflected in the 
amount of energy consumed in the process of rock freezing and heating. These 
parameters are shown in Table 3. It should be noted that the actual values were 
much lower (by about 38%) than the design values.

4. Conclusions

This paper shows how changeable and unpredictable hydrogeology can lead to 
challenging and very costly problems in shaft sinking projects. In the case of the 
polish shafts, a water hazard that had not been accurately identified by hydrogeo-
logical surveys led to a number of adverse effects. These included the substantial 
amount of grouting materials used, the extended project completion period (it took 

Parameter Design Actual

Freezing time, months 9.2 About 7

Amount of energy consumed to create the frozen mantle, MJ 71,310,951 45,638,000

Heat supplied through the boreholes along the 14 m diameter circle 
(0–180 m), MJ

15,323,000 12,509,800

Heat supplied through the air supply duct to the warm-air shaft, MJ 23,197,000 16,130,000

Total energy consumed, MJ 109,830,951 74,277,800

Table 3. 
Projected and actual energy consumption in the process of rock freezing when sinking the S-1.3 shaft [3].
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the borehole. This complicated the whole process of section freezing, making it 
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of the shaft, along the 0–180 m section, was heated with warm water. To provide 
the inflow of warm water, the engineers used the boreholes drilled to freeze the 
first section of the shaft along a circle with a diameter of 14 m. The work diagram is 
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although the shaft was eventually sunk, the project can hardly be described as suc-
cessful, given the completion period of almost 10 years and the substantial energy 
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almost an additional year to finish the project), and the need to replace the concrete 
panel lining with tubing lining along a 150-m-long section of the shaft.

This paper presents case histories that should serve as the ultimate warning 
against underestimating the projected inflow of water into a shaft during its 
sinking. A number of shaft construction projects recently implemented in Poland 
further illustrate this point. Since water inflow projections proved inaccurate, it is 
necessary to improve the accuracy of hydrogeological surveys in the areas where 
mining is planned. Poland has extensive and highly informative experience in 
successfully dealing with water hazards related to shaft construction.
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almost an additional year to finish the project), and the need to replace the concrete 
panel lining with tubing lining along a 150-m-long section of the shaft.

This paper presents case histories that should serve as the ultimate warning 
against underestimating the projected inflow of water into a shaft during its 
sinking. A number of shaft construction projects recently implemented in Poland 
further illustrate this point. Since water inflow projections proved inaccurate, it is 
necessary to improve the accuracy of hydrogeological surveys in the areas where 
mining is planned. Poland has extensive and highly informative experience in 
successfully dealing with water hazards related to shaft construction.
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Chapter 7

Anchorage Pile Strengthening of
Shale Slopes and Cementing
Falling Stone Blocks by Mixture of
Melted Waste Plastics/Asphalt and
Fly Ash for Slope Stability in
Asphaltite Open Pit Mining Site
in Avgamasya, Şırnak
Yildırım İsmail Tosun

Abstract

The Rock Fallings, Shale Slopes Stability, and Stability Risk Assessment in Şırnak
open pit asphaltite mining should be searched in detail and improved in several coal
mining sites in Şırnak Province, reaching over 120 m height with 60–65 degree shale
slopes, developing major landslide in the open pit Şırnak open pit coal mining. The
rock fallings endangered the mining safety in recent years. This research provided
stability patterns and cementing method strengthening cracks. The stages of exper-
imentation explored the geo-technical characteristics and geoological formation.
Fort his aim, four different open pit mining areas with similar geotechnical condi-
tions, two main strengthening methods, and patterns of researches were developed.
Firstly, data on landslides and rock dynamics over explosions were followed, and
secondly, as happened commonly in the past, the same geological, geomorphologic,
hydrological, climatic conditions were taken. Anchorage pile strengthenıng of
slopes and cementing falling stone blocks were performed by mixtures of melted
waste plastics/asphalt and fly ash for stability of higher slopes over 120 m height
and over 65 degree in asphaltite mining site in Silopi and Avgamasya open pit No.1
mining site in Şırnak were carried out. On the other hand, due to that creep style
rock falling from top of slopes, those melted polymer cementing of anchorage
bolting and cracks, to eliminate those falling failure types and features, will be
advantageous. The unconditional expectations related to this study was also defined
for this region, such as the influence of the ground water, rock cracks and slope
design, and explosion exchange dynamics leading to landslide. GEO5 software and
manual stability analysis showed high risk area for plotting.

Keywords: mining pit, Şırnak asphaltite, active potential landslide, mining,
geotechnical stability, slope stability
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1. Introduction

Engineering geotechnical properties of surface units were determined by mak-
ing geological map of Şırnak province and surrounding areas [1–5]. Geological
mapping of slopes on large-scale topographic maps was one of the first landslide
studies in the region. By determining the engineering properties of the slopes, it was
aimed to draw attention to the importance of the area and the geotechnical criterion
in the construction of the municipal development plans in the future.

Landslide is the downward slope due to the effects of massive soil masses or
rocks on sloping slopes in mountainous areas such as gravity, slope, water, climatic
factors, tectonics, weathering [6–9]. The geology of the material can be listed as
precipitation, erosion, earthquake, and vegetation deprivation. Limit stress and
balance analyses give accurate results in determining the landslide hazard and
predicting future landslides [10].

In areas with high danger, landslide and related events will increase proportion-
ally with increasing population density. It is very difficult to eliminate and reduce
the risks arising from the processes of these landslides. There is an urgent need to
better understand the character of the operation safety in open pit coal mining and
to develop more predictive tools for stability.

Processes such as heavy rains, seismic, changes in groundwater level, erosion,
climate, weathering, and natural topography are the natural parameters that trigger
landslides. These effects increase the shear stress or decrease the shear resistance of
the slope material [11]. Another important parameter that triggers landslide is
urban activities. Increasing population and creating new living spaces forced people
to settle on the slopes that present geological danger. The realization of equipment
uses such as installing, practice, the creation of safe areas, and the realization of
stress structure activities brought on by the excavation developed on the slopes can
disrupt stability and create human activities and explosions that trigger landslides.

Especially in developing countries, the land in mountainous areas is not used in
accordance with the topology, and wrong land use increases the probability of
landslide development. Sustainability cannot be achieved in terms of physical envi-
ronment, change and efficiency of landslide risk areas in open pit mining sites, and
operation safety.

Important landslides developed in open pit coal mining of the country in recent
years are determined based on ground conditions. The stability of working area was
managed with different methods such as geotechnical characters and geological
formations, precautionary measurements, and the processes determined.
Researchers have two basic theories for areas with similar geotechnical conditions
[12–30]. Firstly, landslides are formed in the same geological, geomorphologic,
hydrogeological, climatic conditions as in the past. Regarding the past phenomenon,
the stability studies were carried out. Another is that the types and properties of
landslides will be the same with other open pits. Therefore, knowing the mechanism
and properties of past landslides is important basic information to evaluate land-
slides that may develop in the future, neighboring regions, or geotechnical similar
areas. Geological and geotechnical analyzes of the slopes should be carried out in
order to minimize the economic and social losses and casualties caused by land-
slides. In this direction, within the coal mining area of Şırnak Avgamasya and Silopi,
open pit mining was carrying high landslide or rock falling risk (Figure 1a).

The geotechnical properties of the slopes where landslides occur in the districts that
are 0.2–0.4 km from the south of the city and the center are analyzed, and the stability
analyses were carried out with different methods using the GEO5 program.Within the
scope of this project, a 1/5.000 scale engineering geologymap covering 0.07 km2 of the
study area and its surroundings that will be opened to urban use has been prepared as a
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result of field and laboratory studies, and a topographic map has been created for all
four hills by using the polar coordinate system. The high risk of rock sliding or falling
damaging the asphaltite coal production occurred at the local open mining site 1 in
Avgamasya seen as shown in Figure 1b. Black area was coal extracting area.

2. The coal geology in Avgamasya, Şırnak

Due to its tectonic structure and stratigraphy in the Southeastern Anatolia
region, besides having reservoir rock and cover rock properties required for hydro-
logical conditions, the water going down to the depths of the ground along the
stretch cracks in the region are in a position to provide the necessary fluid for open
pit asphaltite mining [31]. The crust of the earth was subjected to a stretching in the
east-west direction with the effect of compression in the north-south direction
throughout the region, and olivine basaltic magma rose from the asthenosphere
along the stretch cracks formed.

Basaltic magma, which reaches to the surface in the Karacadağ region between
Diyarbakır-Şanlıurfa-Mardin, Gaziantep Yavuzeli region, and İdil-Cizre regions,
flowed in several phases and left large areas under lava flows. Magma, which does
not reach the earth, as in the north of Batman, created hot areas by making intru-
sions in several places. This situation in Şırnak is not clearly seen in the geological
map of the region made by MTA General Directorate. The four lithostratigraphic
units in the study area were distinguished from late period time age as Mardin

Figure 1.
(a and b) Satellite and contour topography of Avgamasya No.1 Pit Şırnak asphaltite coal mine site and survey
area 1/18000 and 1/5000.
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Vulcanite (Upper Miocene) [30], Old Alluvium (Quaternary), New Alluvium
(Quaternary), and Slope Rubble (Quaternary). Consisting of vulcanite, tuff,
agglomerate and andesitic basaltic lava, syenitic rocks, which make up a large part
of the study area, it shows as much shale and porous rock formations and slopes as
occurred in the studied area chosen.

In recent years, both the opening of our university in our city and the migration
movement from rural to provinces have also affected the coal economy in Şırnak.
Open pit mining excavation and asphaltite production increased in different exca-
vated pits in the area. A total of 500,000 asphaltite excavation by Asphaltite open
pit mining with 20 separate pits continued to increase rapidly in Şırnak. Equipment
and safety demands have also increased due to excessive extraction. This increase in
demand caused people who are not competent in excavating in open pit mining
production to enter the hauling, the control mechanism of dumping ability, model-
ing slopes to control the intensive stability, and areas that are not included in the
development plan that are rapidly foreseen to mining development and safety. A
vast majority of the excavatings in the Avgamasya open pit No. 1, 2, 3, 4 were
excavated without adequate ground research. In the asphaltite mining of Şırnak,
there were generally adjacent open pits in Silopi, Uludere. It is believed that such
new open pits in Şırnak have been developed due to the neighboring hard condition
of rock cracks, rock fallings, landslides, and sometimes the existing collapsed pits
(or structural damage caused by the rotation of the equipment) or hydrological
ground problems. Finally, Şırnak Avgamasya No. 2 landslide caused 8 workers’
death, closing the excavation work. For these reasons, the investigation of the new
buildings to be built in our province and the ground conditions on the basis of
regional and parcels of new areas to be developed has become essential [18, 19]. The
unconditional expectations related to this study were also defined for this region
such as the influence of the ground water, rock cracks and slope design, and
explosion exchange dynamics leading to landslide. GEO5 software and manual
stability analysis showed high risk area for plotting (Figure 2).

Another issue for the province of Şırnak is the causes of the damages that may
occur in possible explosions and earthquake shock waves caused by human condi-
tions which are due to the engineering errors as well as the lack of control mecha-
nism and construction defects in the excavating process. Şırnak Avgamasya open
pit No. 1 mining site is located in the 2nd degree earthquake zone and these
shortcomings mentioned above are also seen in our city. As seen in Figure 3, the
risk of slope stability risk in explosions and excavation near earthquake district of 1

Figure 2.
Avgamasya No. 1 pit Şırnak asphaltite coal mine site and survey area.
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degree in Uludere Ortabağ districts. Cizre and Merkez were areas of 2 degree risk.
The studies considered to take precautions for steep slopes avoid those as below:

• steep slope structures over 60°;

• earthquake resistant hollow-type structures;

• high slope type pits, excavating without basement control in real sense; and

• slope models designed without paying attention to hydrologic conditions and
ground conditions did not escape attention.

Ground movements that may occur on a regional and/or 5–10 m basis have been
observed in many irregular shale facing, high crack risk areas as seen in Figure 4.

Figure 3.
North face of Avgamasya No. 1 pit Şırnak asphaltite coal mine site and survey area.

Figure 4.
North and south steep slope faces of Avgamasya No. 1 pit of Şırnak asphaltite coal mine site and survey area.
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3. Geotechnical properties of slopes and modeling

3.1 Field studies

It is observed that the city center of Şırnak is located on a topography inclined to
the south. Formations generally are composed of claystone and siltstone in the field.

It was observed and it is known that the center of Sirnak province is in Germav
Formation. Germav Formation causes rapid formation of landslides as it forms a
high slope topography by rapidly eroding due to its wear resistance. Therefore, in
summary, Şırnak city center is located on the anchored Germav Formation, which is
a mixture of sandy, carbonated, clayey, and silty units due to old landslides. Slope
debris extends from the south of the stream (Figure 2) to the boundary of the
working area. It has been determined with the field observations that the slope
debris is composed of myocene limestones. Their thickness is extremely variable.
They outcrop relatively less in areas where slope inclination decreases.

The surface of new alluvial deposits starting from city center to the south of
Avgamasya open pit 1 (Figure 3) in the study area is gray marl shale. This part is
generally covered with silty soil, and some parts of it consist of sandy and clayey
zones. It has been determined that the new alluvium continues in the drilling up to
35 m by the Special Provincial Administration [32]. Slope Rubble is located south of
the Stream in the study area.

Grain sizes range from fine clay to coarse sand. The thickness of the rubble,
which does not show any grading and grading, varies between 10 and 35 cm. The
active and potential landslide areas observed in the slope debris have been studied
in detail.

3.2 Geotechnical properties

American Standards (ASTM 3080) were taken as a basis in the experiments
carried out to determine the geotechnical properties of the surfaces surfaced in
landslide risk areas. In the landslide risk areas of the study, undisturbed and lump
rock samples were taken from the ground parts of the slope face. In experiments on
the lines shown in Figure 5, the slope unit weight in wedge style and circle shape
were considered in analysis with manual and GEO5 software and safety consistency
limits were obtained.

The slope model construction plan is shown in Figure 6. The anchorage
improved stability safety factors for steep sliding slopes in 20 m height excessive to
30 m. Wire mesh hanged top of slopes were avoiding rock falling of highly cracked
shale block stones at 3–5 m size. The pile anchorage was designed and practiced for

Figure 5.
North and south steep slope faces of Avgamasya No. 1 pit of Şırnak asphaltite coal mine site and survey area
with anchorage pattern.
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hauling road slopes control and stability at the constructed near deep of slopes
bottom line as shown in Figure 7.

The uniaxial compressive test point load tests, RQD values, and Mohr-Coulomb
criteria diagrammed were determined regarding ASTM standards; effective cohesion
(c‘) and effective shear resistance friction angle (ϕ°)’ of the rock samples were given
in Tables 1 and 2 on the standard rock samples of 50 mm cubic forms with the help
of ELE press equipment [23–25].

Undisturbed rock samples used in the point load experiment were classified
according to ASTM standards and determined as cracked, altered ground. Rock
samples show nonplastic character and there are also coarse-sized gravel.

In addition, during the making of these experiments, the unit volume weight,
the amount of compression, and the void ratio were determined.

The results obtained in plastic and liquid limit tests are given in Table 1 for each
sample. According to the ground classification in North district, the slope samples
in the landslide N1 are in the less plastic shale and not plastic group, whereas in the
region containing the landslide hazard N2 and N3, it is determined that there is less
plastic.

Figure 6.
North and south steep slope faces of Avgamasya No. 1 pit of Şırnak asphaltite coal mine site and survey area
with anchorage pattern.

Figure 7.
North and south steep slope faces of Avgamasya No. 1 pit of Şırnak asphaltite coal mine site and survey area
with anchorage pile pattern.
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In addition, during the making of these experiments, the unit volume weight,
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The results obtained in plastic and liquid limit tests are given in Table 1 for each
sample. According to the ground classification in North district, the slope samples
in the landslide N1 are in the less plastic shale and not plastic group, whereas in the
region containing the landslide hazard N2 and N3, it is determined that there is less
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The results obtained from the geotechnical tests carried out on the samples taken
from the slopes forming the landslide threat are given in Tables 1 and 2.

4. Results and discussions

The water content on the ground will be significantly affected by the clay
content. When evaluated according to the percentage of clay in the floor, the floor
samples show a non-cohesion or low cohesion feature.

The grain volume weights obtained by the experiments done on the samples
taken from the landslide sites are shown in Table 1. In order to determine the soil
types according to the grain size, grain distribution experiment has been carried out
and the results and names in the combined soil classification are given in Table 1.

In order to determine the permeability of the ground, a fixed level permeability
test instrument was used. The degree of permeability of the ground was determined
by evaluating the results of the experiment (Table 2). When Table 2 is examined, it
is seen that the slopes S1, S2, and S3 fall under the permeable ground class.

The γk and wopt values obtained as a result of Proctor experiments on soil
samples taken from landslide areas are given in Table 2. With this experiment,
optimum water content on the ground and maximum dry unit volume weight are
determined and used for stability calculations of the slopes. Compaction parameters
do not affect the stability of a natural slope, because these parameters are the
parameters of the ground compacted in the desired way. In artificial slopes, com-
pression parameters are used directly. If there is a landslide danger in a natural
slope, in case of compression, the stabilization analyses are compared using these
parameters. In the precautions to be taken against landslide danger, compacted
filling can be made in front of the slope or bench slope can be made in the slope. At
the same time, the natural ground is dug up and compacted according to the

Rock
formations

Thickness
(m)

RQD
(%)

c0

(kPa)
φ0 Pı

(MPa)
Iı (MPa;
50 mm)

Shear
strength
(mm/s)

γsat n
(g/cm3)

γdry
(g/cm3)

S1 25 25.9 3700 22 22.0 1.4 22 2.92 2.58

S2 74 42.9 3300 28 15.0 1.8 13 2.92 2.57

S3 25 40.8 2300 32 26.0 1.7 14 2.9 2.62

N1 47 25.9 2700 18 38.0 1.0 25 2.92 2.61

N2 55 35.4 4700 17 33.0 2.3 12 2.8 2.68

N3 46 33.9 4100 14 36.0 2.2 12 2.8 2.68

Table 1.
Results from geotechnical tests on samples taken from landslide slopes.

Rock no S1 S2 S3 N1 N2 N3

γsat max (g/cm3) 2.98 2.75 2.77 2.98 2.75 2,77

wopt (%) 15.9 11.9 11.0 12.3 3.8 3,3

Permeability (k) (cm/s) 5.3*10–4 3.0*10–5 6*10–5 1.3*10–4 3.3*10–6 5.2*10–6

Table 2.
Proctor of ground samples and permeability test results.
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recompression parameters. In this case, parameters of the compacted soil can be
used in stability analysis.

In order to determine the slip resistance parameters of samples taken from
different points of four separate slopes, a cutting box experiment was carried out.
After the experiments, c0 and ϕ0 values were found. The stability analyses were
carried out by the model constructed and practiced in the field as shown in
Figures 8 and 9.

The manual weight chart method was so efficient and useful in slide pattern
analysis in the area as shown in Figure 9. The sliding surface is circular half
cylindrical. The sliding mass is divided into slices as equally as possible [33].

The safety coefficient values of the landslides were calculated according to
Fellenius, Bishop, and Jambu [1, 34].

Fellenius method: if the forces between slices are considered to be in the same
direction but opposite and equal to each other, they are not taken into account in
the analysis. In the back, only the slice weight, ground reaction, cohesion, friction
resistance, and leakage forces, if any, are in balance, without drainage on partially
water-saturated floors.

The rupture envelope, which is determined by the strength’s test under condi-
tions, does not parallel the normal tension axis after a point, and the ground behaves
both cohesively and internally. Total tension analysis method can be applied to
cover this condition and to analyze stability by sliding mass divided into a certain
number of vertical slices [12, 35–37]. Bishop method: in this method, as in all

Figure 8.
North and south steep slope faces of Avgamasya No.1 pit of Şırnak asphaltite coal mine site and survey area
with anchorage pile pattern and PE melting paste filling to cracks.
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recompression parameters. In this case, parameters of the compacted soil can be
used in stability analysis.

In order to determine the slip resistance parameters of samples taken from
different points of four separate slopes, a cutting box experiment was carried out.
After the experiments, c0 and ϕ0 values were found. The stability analyses were
carried out by the model constructed and practiced in the field as shown in
Figures 8 and 9.

The manual weight chart method was so efficient and useful in slide pattern
analysis in the area as shown in Figure 9. The sliding surface is circular half
cylindrical. The sliding mass is divided into slices as equally as possible [33].

The safety coefficient values of the landslides were calculated according to
Fellenius, Bishop, and Jambu [1, 34].

Fellenius method: if the forces between slices are considered to be in the same
direction but opposite and equal to each other, they are not taken into account in
the analysis. In the back, only the slice weight, ground reaction, cohesion, friction
resistance, and leakage forces, if any, are in balance, without drainage on partially
water-saturated floors.

The rupture envelope, which is determined by the strength’s test under condi-
tions, does not parallel the normal tension axis after a point, and the ground behaves
both cohesively and internally. Total tension analysis method can be applied to
cover this condition and to analyze stability by sliding mass divided into a certain
number of vertical slices [12, 35–37]. Bishop method: in this method, as in all
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stability problems, the initial shift is taken as post-equilibrium equations are taken
out as if the slope is in the limit equilibrium. Bishop performed analysis with
effective stresses instead of total stress. This method is more advanced than the
methods brought by Taylor and Fellenius [28, 29]. Janbu method: this method can
be used for all types of sliding surfaces, whether circular or not. In the slope stability
analysis, it is a method that takes into account the inter-slice forces for the stability
analysis of the more general types of noncircular shifts with the circular shifts
occurring in the homogeneous split and fillings [38].

If the properties of the ground, very weak rock mass or rust material in any slope
vary frequently throughout the slope, also the applicability of circular shear analysis
methods disappears due to a structural feature such as ground-rock touch or in the
presence of low shear strength planar levels in the mass [12, 13, 36, 37]. Shifts under
such conditions: it develops along surfaces that start circularly in noncircular or
near slope-top areas and continue in planar depths [14–17]. It is a method used to
examine the stability of slopes, where instabilities develop or may develop along
such sliding surfaces.

4.1 Model slopes and landslide analysis

In order to evaluate geological and landslide data, 1/1000 scale topographic
maps of the slopes were prepared by field studies. Polar coordinate system was used
in map production and Topcon GTS 702 electronic device was used. The heights are
given according to the triangulation point on the 1200 m high hill. Topographic
maps prepared for 4 slopes in the study area are given in Figure 1. In these 4 slopes,
active and potential areas in terms of stability have been distinguished as a result of
the surface studies on landslide.

According to the studies conducted, the regions where landslide is developed
and the areas where relative movements are observed have been determined as
active landslide area. Relative movements are determined by using the stress cracks
on the surface. Potential landslide areas, on the other hand, correspond to areas
where there are stress cracks around these active sites, but relative movements are
not currently observed. In the study area, geological sections were prepared by
marking the geological outcrops on topographic sections taken from 4 different
slopes.

The safety coefficients of the slopes have been used with Bishop, Janbu, and
Fellenius methods and circular slip diagrams GEO5 program for different slip sur-
faces [39, 40]. It is taken as 1.3 in ASTM standard in the limitations of safety
coefficients. In laboratory experiments, c0 and φ0 were found according to the
effective and maximum resistance parameters. It is known that movements occur in
the stretch cracks in the field over time. In this case, the internal parameters on the

Figure 9.
Sliding shale areas contour topography of Şırnak Avgamasya open pit No.1 mining area and survey area
1/5000.
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sliding surfaces are more than those in the laboratories. It will be small, in other
words, it will be closer to permanent values. In this respect, the value of 1.35 was
taken as the limit security coefficient.

4.2 Slope S1 landslide risk analysis in Şırnak Avgamasya open pit No.1

According to the combined ground classification (USCS) located on the skirts of
Şirnak Avgamasya open pit No.1 ground, movements in the area S1 consisting of
shale group stones continued as high erosion creep with steep slope. Tectonic events
occurring in the region have also triggered movements and continued to this day.
Nowadays, there are small-sized movements on the slope after the rains.

The discontinuous cracks were studied by cable extensometers weighted and
observed as cm changes by daily periods in the control work. The slopes where
landslide risk S1 is covered with pile anchorage and mesh slope stabilization by
melted waste PE pressed (Figures 8 and 10). The maximum elevation difference
between the top and heel point of the landslide S1 is 72 m, the maximum height of
the slope is 80 m, and the slope angle of the slope is 58°.

In the observations made on this slope during the field studies, it was observed
that it took the material that occurred in the stream and that small breaks and flows
occurred after the precipitation. The geological map and landslide cross section and
the surfaces where the calculations are made are given in Figure 10.

4.3 Rock tests and crack stabilization by melted waste PE

Mineralogical compositions of the samples were determined by means of stan-
dard chemical Ca, Mg, and silica analyzes. The samples were first brought to
dimensions between 40 mm and 10 mm in jaw crusher and were homogenized by
milling to 0.1 mm. Powder samples are thawed and burned with HF in platinum
crucible for silica content. Chemical composition of the rocks provided in the
vicinity of Şirnak province in the experiments is given in Table 3. The amount of
silica in the marly and marly limestone was reduced.

Prior to the preparation of the melting mixture by fly ash, micropictures showed
the macropores in which melted PE penetrates into the pores and makes the pores
stick easily to stabilize cracks as shown under the microscope pictures (Figure 11).

Şirnak limestone, Midyat limestone, Şirnak marl, and marly shale were sized at
50–70 mm cubic blocks. The blocks were compressed with ELE press under 30 kN
compression The blocks were crushed in test. The test results were given in

Figure 10.
Sliding shale landslide risk cross section with slope topography of Şırnak Avgamasya open pit No.1 mining,
models for stability analysis.
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sliding surfaces are more than those in the laboratories. It will be small, in other
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taken as the limit security coefficient.
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According to the combined ground classification (USCS) located on the skirts of
Şirnak Avgamasya open pit No.1 ground, movements in the area S1 consisting of
shale group stones continued as high erosion creep with steep slope. Tectonic events
occurring in the region have also triggered movements and continued to this day.
Nowadays, there are small-sized movements on the slope after the rains.

The discontinuous cracks were studied by cable extensometers weighted and
observed as cm changes by daily periods in the control work. The slopes where
landslide risk S1 is covered with pile anchorage and mesh slope stabilization by
melted waste PE pressed (Figures 8 and 10). The maximum elevation difference
between the top and heel point of the landslide S1 is 72 m, the maximum height of
the slope is 80 m, and the slope angle of the slope is 58°.

In the observations made on this slope during the field studies, it was observed
that it took the material that occurred in the stream and that small breaks and flows
occurred after the precipitation. The geological map and landslide cross section and
the surfaces where the calculations are made are given in Figure 10.

4.3 Rock tests and crack stabilization by melted waste PE

Mineralogical compositions of the samples were determined by means of stan-
dard chemical Ca, Mg, and silica analyzes. The samples were first brought to
dimensions between 40 mm and 10 mm in jaw crusher and were homogenized by
milling to 0.1 mm. Powder samples are thawed and burned with HF in platinum
crucible for silica content. Chemical composition of the rocks provided in the
vicinity of Şirnak province in the experiments is given in Table 3. The amount of
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Prior to the preparation of the melting mixture by fly ash, micropictures showed
the macropores in which melted PE penetrates into the pores and makes the pores
stick easily to stabilize cracks as shown under the microscope pictures (Figure 11).
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Figures 12 and 13 within the limit indentation pattern values charted, as given in
Table 3 (Figures 14–16).

4.4 Point loading and compressive strength tests of rocks

The test samples were produced as 5 � 5 � 5 cm blocks and 10 samples were
determined to be with 95% accuracy rate by prestigious ELE brand test equipment.
The results are shown in Figures 6 and 7.

%Component Sırnak marly shale stone Şırnak Marl Şırnak porous limestone Şırnak shale

SiO2 9.42 24.14 2.12 48.53

Al2O3 6.53 12.61 1.71 24.61

Fe2O3 4.48 7.34 0.58 7.59

CaO 39.23 29.18 45.22 9.48

MgO 2.28 4.68 7.41 3.28

K2O 0.53 3.32 0.40 2.51

Na2O 0.24 1.11 0.21 0.35

Ignition loss 26.11 21.43 48.04 3.09

SO3 0.21 0.20 0.02 0.32

Table 3.
The chemical analysis of rock specimens of Şırnak asphaltite Avgamasya open pit mine No.1 site limestone,
marly shale, and shale.

Figure 11.
(a) Shale, (b) marly shale, (c) Şırnak porous limestone, and (d) the Şırnak-altered porous limestone.
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The rock samples have also increased the 13.6% of the pore contained in bulk
pile as 25 mm fraction showed a pore rate as lower at 9.2%. The results were shown
in Figure 1. Figure 1 also proved that the melted interaction of 20 min is sufficient.
Hence, the dissolution process reached the PE and ash saturation of the emulsified
PE solution by waste machine oil. The pores in the limestone sample reached 13.6%
(Table 4).

Figure 12.
Compression strength change of the Şırnak aggregates.

Figure 13.
Point load strength change of the Şırnak aggregates.
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Hence, the dissolution process reached the PE and ash saturation of the emulsified
PE solution by waste machine oil. The pores in the limestone sample reached 13.6%
(Table 4).

Figure 12.
Compression strength change of the Şırnak aggregates.

Figure 13.
Point load strength change of the Şırnak aggregates.
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Porous limestone texture, chemical interaction result, and petrographic changes
are seen in Figure 2. It was determined that the amount of silicate of 2.3 and 4% of
Şirnak altered limestone was changed and the pore size was as micro mesh with a
size of 1–3 mm macro 50–300 micron. This pore amount is in microcrystalline

Figure 14.
Histogram view of impact, abrasion resistance: 1. Sırnak porous limestone; 2. Sırnak marl; 3. Şırnak marly
shale; 4. Midyat limestone; 5. Şırnak porous limestone; and 6. Şırnak marl.

Figure 15.
Chart pattern for Workers in open pit mine excavations for S1 slope. Excavation was completed till 43° slope
obtained for overburden.
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microporous structure of 13.4–14.8% silica in Sırnak marly limestone and as 5–30
micron microporous. The degree of chemical interaction in marinated limestone
and marl was not sufficient due to the silica content and the microcrystalline pore
structure.

4.5 Stability risk survey for S1 slope

According to the information obtained from the drillings carried out by the
Special Provincial Administration, the depth of the slope varies 11–20 m. In the
investigations, the groundwater level on the slope where the landslide no S1 is
located was observed at a base of 25 m. In the stability calculations made on the
slope where landslide S1 developed, c0 = 190 kg/cm2, φ0 = 22°, γnatural = 2.97 g/cm3,
and γdry = 2.7 g/cm3. Safety coefficient values of possible sliding surfaces calculated
separately according to “saturated” rock were shown in Table 6. According to
Hoek-Bray [32], the safety coefficient value is determined as 1.25. When Table 7 is

%Component Shale powder Asphaltite slime Tatvan pumice Şırnak fly ash

SiO2 43.48 50.50 60.13 41.48

Al2O3 16.10 14.61 17.22 18.10

Fe2O3 10.52 24.30 4.59 4.52

CaO 8.48 2.30 2.48 18.48

MgO 3.80 1.28 2.17 4.20

K2O 2.51 2.51 3.51 2.71

Na2O 1.35 1.35 4.35 1.95

Ign.loss. 10.9 0.21 4.12 1.9

SO3 0.32 0.12 0.52 0.22

Table 4.
Chemical composition of binder fillers for crack stabilization in the Şırnak asphaltite Avgamasya open pit
mine No.1.

Figure 16.
Open pit mine No.2: excavations for steep slopes—asphaltite excavation.
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microporous structure of 13.4–14.8% silica in Sırnak marly limestone and as 5–30
micron microporous. The degree of chemical interaction in marinated limestone
and marl was not sufficient due to the silica content and the microcrystalline pore
structure.
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According to the information obtained from the drillings carried out by the
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investigations, the groundwater level on the slope where the landslide no S1 is
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examined, since the boundary safety coefficient is taken as 1.25, it can be easily seen
that the sliding slopes S1 and S2 were unstable. It is seen that the sliding surfaces 3
and 4 are very close to the limit value when it is made according to “saturated” rock
and it is unstable when it is examined according to “natural.”

According to the slope-clay floor combined ground classification (USCS) located
in the upper skirts of the south district, the SW-SC group consists of plastic floors.
Tectonic events occurring in the region have also triggered movements and
continued to this day. Today, it has been observed in the field studies that there are
small size movements on the slope after the rains. The slope where landslide risk S1
was developed was covered with color black showed the instability (Figure 11).
The maximum elevation difference between the top and heel point of the landslide
S1 is 75 m, the maximum height of the slope is 110 m, and the slope angle of the
slope is 48°.

According to the information obtained from the drillings carried out by the
Mining Bureau of Şirnak Administration Authority, the thickness of the slope varies
between 11 and 20 m. In the investigations, underground water level was observed
on the slope where the landslide number. In the stability calculations on the slope
where the landslide S1 is developed, c0 = 199 kg/ cm2, φ 0 = 22°, γsat = 2.97 g/ cm3, and
γdry = 2.77 g/cm3 were used. Safety coefficient values of possible sliding surfaces
calculated separately according to “saturated” rocks were shown in Table 6.
According to Hoek-Bray, the safety coefficient value is determined as 1.25. When
Tables 6 and 7 were examined and analyzed, since the boundary safety coefficient
was taken as 1.25, it could be easily seen that the sliding surfaces 1 and 2 are
unstable. It was seen that the sliding surfaces S3 and S4 are very close to the limit
value according to saturated rock weight.

Shale rocks without drainage develop geotechnical parameters anisotropically.
The slopes under compressive load show different shear strength depending on the
shear face direction depending on the water content.

cθ ¼ c2 þ c1 � c2ð Þ cos 2θ (1)

where θ is the angle made with the principal stress direction where shear stress
occurs as below:

• compressive strength in the direction of θ sliding face;

• normal load stress in the vertical direction; and

• shear stress in the horizontal direction.

Compressive load values in the calculation of design model slope stability cards
were given as equation below:

F ¼
Xi

0

NiFi ¼ Ni
Ci

γH
cos βi (2)

The compression load on the Niblock was calculated as the ground anisotropic
shale shear C1

Ci
strength values depending on the slope angle, β. Although safety

factor is designed as 1.25 and 1.35, safety factor is preferred as 1.35, according to
water content greatly considered.

Due to the differences in fracture distribution, in order to determine the safe
slope stability angle in the stress design cards, the sliding risk factor Rc depends on
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the fracture distribution percentage and angle of the slope angle in the formation,
which has a high probability of slide.

The fracture or discontinuity angle t frequency% in the 20 m sliding on slope
direction and the variable position in the design card dy

dx were calculated as given in
below equations and in Tables 5–7

Rc ¼
Xi

0

RiFi tan θ ¼
ðb
a
e�tiθdyi (3)

dy
dx

¼ e�tiθdy (4)

Curing time (min) Uniaxial compressive strength (kg/cm2)

Compacted binder 1. Sample 2. Sample 3. Sample 4. Sample Average sample

5% fly ash

10 205,6 205,6 209,60 203,5 204,55

30 284,5 284,5 288,4 296,5 289,80

15% fly ash 182,99

10 205,6 188,81 198,39 196,1 194,43

30 284,5 304,84 319,7 301,75 308,76

20% fly ash 203,61

10 205,6 251,17 253,9 257,56 254,21

30 284,5 360,79 369,2 360,73 363,57

25% fly ash 205,50

10 205,6 300,24 220,92 241,46 254,21

30 284,5 355,13 356,99 359,21 357,11

30% fly ash 281,89

10 205,6 323,66 316,99 313,72 318,12

30 284,5 381,17 377,42 371,8 376,80

Table 5.
Şırnak limestone aggregate sieve analysis results aggregate type.

Site F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 SF

S1 1210 2150 3270 4180 5460 6210 5740 4130 3550 2230 1.1

S2 1320 2280 3330 4270 5640 6540 5730 4580 3840 2470 1.2

S3 1110 2010 3110 4080 5200 6030 5530 3970 3110 1940 1.3

N1 1200 2100 3200 4100 5400 6200 5700 4100 3500 2200 1.2

N2 1200 2100 3200 4100 5400 6200 5700 4100 3500 2200 1.25

N3 1200 2100 3200 4100 5400 6200 5700 4100 3500 2200 1.3

5 m unit saturated weight charts kN.

Table 6.
Sliding shale landslide risk cross section with slope topography of Şırnak Avgamasya open pit No.1 mining.
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Tectonic events occurring in the region have also triggered movements and
continued to this day. Today, it has been observed in the field studies that there are
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was developed was covered with color black showed the instability (Figure 11).
The maximum elevation difference between the top and heel point of the landslide
S1 is 75 m, the maximum height of the slope is 110 m, and the slope angle of the
slope is 48°.

According to the information obtained from the drillings carried out by the
Mining Bureau of Şirnak Administration Authority, the thickness of the slope varies
between 11 and 20 m. In the investigations, underground water level was observed
on the slope where the landslide number. In the stability calculations on the slope
where the landslide S1 is developed, c0 = 199 kg/ cm2, φ 0 = 22°, γsat = 2.97 g/ cm3, and
γdry = 2.77 g/cm3 were used. Safety coefficient values of possible sliding surfaces
calculated separately according to “saturated” rocks were shown in Table 6.
According to Hoek-Bray, the safety coefficient value is determined as 1.25. When
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was taken as 1.25, it could be easily seen that the sliding surfaces 1 and 2 are
unstable. It was seen that the sliding surfaces S3 and S4 are very close to the limit
value according to saturated rock weight.

Shale rocks without drainage develop geotechnical parameters anisotropically.
The slopes under compressive load show different shear strength depending on the
shear face direction depending on the water content.
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occurs as below:
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• normal load stress in the vertical direction; and

• shear stress in the horizontal direction.

Compressive load values in the calculation of design model slope stability cards
were given as equation below:

F ¼
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NiFi ¼ Ni
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The compression load on the Niblock was calculated as the ground anisotropic
shale shear C1
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strength values depending on the slope angle, β. Although safety

factor is designed as 1.25 and 1.35, safety factor is preferred as 1.35, according to
water content greatly considered.

Due to the differences in fracture distribution, in order to determine the safe
slope stability angle in the stress design cards, the sliding risk factor Rc depends on
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the fracture distribution percentage and angle of the slope angle in the formation,
which has a high probability of slide.

The fracture or discontinuity angle t frequency% in the 20 m sliding on slope
direction and the variable position in the design card dy

dx were calculated as given in
below equations and in Tables 5–7

Rc ¼
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0

RiFi tan θ ¼
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Curing time (min) Uniaxial compressive strength (kg/cm2)

Compacted binder 1. Sample 2. Sample 3. Sample 4. Sample Average sample

5% fly ash
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10 205,6 188,81 198,39 196,1 194,43

30 284,5 304,84 319,7 301,75 308,76

20% fly ash 203,61

10 205,6 251,17 253,9 257,56 254,21

30 284,5 360,79 369,2 360,73 363,57

25% fly ash 205,50

10 205,6 300,24 220,92 241,46 254,21

30 284,5 355,13 356,99 359,21 357,11

30% fly ash 281,89
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30 284,5 381,17 377,42 371,8 376,80
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Şırnak limestone aggregate sieve analysis results aggregate type.

Site F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 SF

S1 1210 2150 3270 4180 5460 6210 5740 4130 3550 2230 1.1

S2 1320 2280 3330 4270 5640 6540 5730 4580 3840 2470 1.2

S3 1110 2010 3110 4080 5200 6030 5530 3970 3110 1940 1.3
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5 m unit saturated weight charts kN.

Table 6.
Sliding shale landslide risk cross section with slope topography of Şırnak Avgamasya open pit No.1 mining.
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Safety risk parameter was calculated as 1.42 stable for 400 slopes, but for 500
and 600 slopes, the safety factors decreased to 1198 and 1060. As given in the
figure, the equation slope 44.20 has been given a safety factor for a stable slope as
1320 is shown in Figure 8.

ð5Þ

In the observations made on this slope during the field studies, it was
observed that it took the material that occurred in the stream and that small
breaks and flows occurred after the precipitation. The geological map and
landslide cross section and the surfaces where the calculations are made are given in
Figure 17.

Groundwater movement change should be considered as a hazard and landslide
prevention methods appropriate for the site should be determined. In addition, as
the study area will be opened to urban use within the scope of the project, research
and development of nonslip methods in the region is of special importance
(Tables 8–10).

Chart Block
height

Block
width

Block weight
(ton)

Block weight
(kN)

Block chart share
(MPa)

Safety

1 3 4 11,12 109,0872 6,217,489

2 5 6 27,8 272,718 13,29,372

3 10 8 74,13,333 727,248 32,94,993

4 15 9 125,1 1227,231 54,57,176

5 18 7 116,76 1145,416 51,03364

6 16 5 74,13,333 727,248 32,94,993

7 14 4 51,89,333 509,0736 23,51,495

8 11 4 40,77,333 399,9864 18,79,746

9 9 3 25,02 245,4462 12,11,435

10 7 3 19,46 190,9026 9,755,607 500

Total 5554,357 255,1988 1206

Table 8.
Weight chart calculations for S11.

Figure 17.
Sliding shale landslide risk isocontour map; black area is unsafe area.
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Safety risk parameter was calculated as 1.42 stable for 400 slopes, but for 500
and 600 slopes, the safety factors decreased to 1198 and 1060. As given in the
figure, the equation slope 44.20 has been given a safety factor for a stable slope as
1320 is shown in Figure 8.

ð5Þ

In the observations made on this slope during the field studies, it was
observed that it took the material that occurred in the stream and that small
breaks and flows occurred after the precipitation. The geological map and
landslide cross section and the surfaces where the calculations are made are given in
Figure 17.

Groundwater movement change should be considered as a hazard and landslide
prevention methods appropriate for the site should be determined. In addition, as
the study area will be opened to urban use within the scope of the project, research
and development of nonslip methods in the region is of special importance
(Tables 8–10).

Chart Block
height

Block
width

Block weight
(ton)

Block weight
(kN)

Block chart share
(MPa)

Safety

1 3 4 11,12 109,0872 6,217,489

2 5 6 27,8 272,718 13,29,372

3 10 8 74,13,333 727,248 32,94,993

4 15 9 125,1 1227,231 54,57,176

5 18 7 116,76 1145,416 51,03364

6 16 5 74,13,333 727,248 32,94,993

7 14 4 51,89,333 509,0736 23,51,495

8 11 4 40,77,333 399,9864 18,79,746

9 9 3 25,02 245,4462 12,11,435

10 7 3 19,46 190,9026 9,755,607 500

Total 5554,357 255,1988 1206

Table 8.
Weight chart calculations for S11.

Figure 17.
Sliding shale landslide risk isocontour map; black area is unsafe area.
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5. Conclusions

As a result of the laboratory experiments carried out on the soil samples, it was
determined that the slope material was permeable, the cohesion value ranged
between 0.1 and 0.38, the internal friction angle ranged between 17.5 and 22.4, and
according to the combined ground classification, the slope material consisted of
shale group plastic steep slopes in the top area of low RQD. From the stability
analysis performed in the light of this information, it was concluded that the slopes
in S1, S2, and N1 are unstable, and the slope S3 and N2 in open pit were stable.

As a result of the field studies, it was determined that the increase in the flow
rate at the peak with the melting of snow, especially in May and June, caused severe
erosion on the heel of the slopes and thus had a negative effect on the stability of the
slope. Chart patterns were obtained on the slopes S1, S2, and S3 to reduce sliding risk.

Chart Block
height

Block
width

Block weight
(ton)

Block weight
(kN)

Block chart share
(MPa)

Safety

1 9 9 75,06 736,3386 30,29,683

2 11 9 91,74 899,9694 40,41,929

3 15 9 125,1 1227,231 54,57,176

4 17 9 141,78 1390,862 61,64,799

5 18 7 116,76 1145,416 51,03364

6 17 5 78,76,667 772,701 34,91,555

7 14 4 51,89,333 509,0736 23,51,495

8 11 4 40,77,333 399,9864 18,79,746

9 9 3 25,02 245,4462 12,11,435

10 7 3 19,46 190,9026 9,755,607 500

Total 7517,926 337,0674 1171

Table 10.
Weight chart calculations for S13.

Chart Block
height

Block
width

Block weight
(ton)

Block weight
(kN)

Block chart share
(MPa)

Safety

1 5 6 27,8 272,718 15,65,644

2 7 7 45,40,667 445,4394 24,62,219

3 12 8 88,96 872,6976 46,80,062

4 17 9 141,78 1390,862 73,69,786

5 18 7 116,76 1145,416 60,95,706

6 17 5 78,76,667 772,701 41,60,992

7 15 4 55,6 545,436 29,81,289

8 12 4 44,48 436,3488 24,15,031

9 9 3 25,02 245,4462 14,2408

10 7 3 19,46 190,9026 11,40,951 500

Total 6317,967 342,9576 1418

Table 9.
Weight chart calculations for S12.
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In order to prevent this situation with clay, it is necessary to accumulate rock
material in sizes that the river cannot carry, or the creek must be improved. South
and North districts of the Avgamasya open pit No.1 asphaltite mine should be
reinforced in the hazardous areas according to ground water. As a result of these
shock wave movements, taking precautionary measures according to the slopes and
underground water floods, drainage channels should be examined again. For this
reason, there is a need to investigate the stability of the slopes that will be opened to
urban use.

The importance of extensometer station was very critical for over 20 mm
displacement and covering the cracks by mixture of melted plastics and asphalt and
facilitates the infiltration of rainwater into the channel reduces the landslide or rock
flow. This drainage patterns prevents the masses creep.

The lack of vegetation in the study area prevents benefiting from these effects,
which are positive in terms of stability, and hence, there is a reduction in the
holding forces that keep the slopes in balance. For this reason, enrichment in terms
of vegetation is an important landslide preventing parameter in the region. How-
ever, the effect of vegetation on stability will be minimal for sliding surfaces up to
30 m in depth. The weathering causes the rocks to change to a great extent, the
bond between the grains to weaken and disappear completely. The rocks, which
weaken as a result of weathering in the study area, are easily eroded and change the
slope angles and slope altitudes. The weathering observed in the rocks in the study
area also contributes negatively to the stability problems. As a result of geotechnical
analysis carried out in the study area, it is concluded that very large landslides will
not be expected in the future. However, this result does not eliminate the possibility
of landslide danger for urban areas and urban development areas. For this reason,
especially in large-scale plans such as master zoning plan and application zoning
plan, geological hazard in the region should be evaluated and landslide prevention
methods appropriate for the site should be determined. In addition, research and
development methods to prevent instability in the region are of special importance
since the study area will be opened to urban use within the scope of the project.

As a result of laboratory experiments carried out on the soil samples, it was
determined that the slope material was permeable, the cohesion value ranged
between 1300 and 3800 kPa, and the internal friction angle ranged between 37.5
and 22.1, and according to the combined ground classification, the slope material
consisted of Shale, low marly shale, and cracked limestone low RQD group rocks.
From the stability analysis performed in the light of this information, it was con-
cluded that the slopes S1, S2, and N1 were unstable, and the slopes S3 and N2 N3
were stable.

As a result of the field investigations, it was determined that the increase in the
flow rate at the peak with the melting of snow in May and June caused severe
erosion on the heel of the slopes and thus had a negative effect on the stability of the
slope. In order to prevent this situation, which is effective on slopes N2 and N3, it is
necessary to accumulate rock material in sizes that the stream cannot bear, or the
stream should be improved. Sirnak City and the surrounding area, according to
Turkey Earthquake Zone Map, are located in the first degree in the danger zone.
Since these regions are within the influenced area of the South East Anatolian Fault,
frequent earthquakes occur in the region and some tectonic movements occur due
to these earthquakes. As a result of these movements, the stability of the slopes is
compromised. For this reason, there is a need to investigate the stability of the
slopes that will be opened to urban use.

Plants facilitate the infiltration of rainwater into the mass and slow down and
reduce superficial flow. This prevents the masses from erosion. The roots of the
plants, whose roots reach deep, are mechanical.
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5. Conclusions

As a result of the laboratory experiments carried out on the soil samples, it was
determined that the slope material was permeable, the cohesion value ranged
between 0.1 and 0.38, the internal friction angle ranged between 17.5 and 22.4, and
according to the combined ground classification, the slope material consisted of
shale group plastic steep slopes in the top area of low RQD. From the stability
analysis performed in the light of this information, it was concluded that the slopes
in S1, S2, and N1 are unstable, and the slope S3 and N2 in open pit were stable.

As a result of the field studies, it was determined that the increase in the flow
rate at the peak with the melting of snow, especially in May and June, caused severe
erosion on the heel of the slopes and thus had a negative effect on the stability of the
slope. Chart patterns were obtained on the slopes S1, S2, and S3 to reduce sliding risk.

Chart Block
height

Block
width

Block weight
(ton)

Block weight
(kN)

Block chart share
(MPa)

Safety

1 9 9 75,06 736,3386 30,29,683
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Table 10.
Weight chart calculations for S13.
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In order to prevent this situation with clay, it is necessary to accumulate rock
material in sizes that the river cannot carry, or the creek must be improved. South
and North districts of the Avgamasya open pit No.1 asphaltite mine should be
reinforced in the hazardous areas according to ground water. As a result of these
shock wave movements, taking precautionary measures according to the slopes and
underground water floods, drainage channels should be examined again. For this
reason, there is a need to investigate the stability of the slopes that will be opened to
urban use.

The importance of extensometer station was very critical for over 20 mm
displacement and covering the cracks by mixture of melted plastics and asphalt and
facilitates the infiltration of rainwater into the channel reduces the landslide or rock
flow. This drainage patterns prevents the masses creep.

The lack of vegetation in the study area prevents benefiting from these effects,
which are positive in terms of stability, and hence, there is a reduction in the
holding forces that keep the slopes in balance. For this reason, enrichment in terms
of vegetation is an important landslide preventing parameter in the region. How-
ever, the effect of vegetation on stability will be minimal for sliding surfaces up to
30 m in depth. The weathering causes the rocks to change to a great extent, the
bond between the grains to weaken and disappear completely. The rocks, which
weaken as a result of weathering in the study area, are easily eroded and change the
slope angles and slope altitudes. The weathering observed in the rocks in the study
area also contributes negatively to the stability problems. As a result of geotechnical
analysis carried out in the study area, it is concluded that very large landslides will
not be expected in the future. However, this result does not eliminate the possibility
of landslide danger for urban areas and urban development areas. For this reason,
especially in large-scale plans such as master zoning plan and application zoning
plan, geological hazard in the region should be evaluated and landslide prevention
methods appropriate for the site should be determined. In addition, research and
development methods to prevent instability in the region are of special importance
since the study area will be opened to urban use within the scope of the project.

As a result of laboratory experiments carried out on the soil samples, it was
determined that the slope material was permeable, the cohesion value ranged
between 1300 and 3800 kPa, and the internal friction angle ranged between 37.5
and 22.1, and according to the combined ground classification, the slope material
consisted of Shale, low marly shale, and cracked limestone low RQD group rocks.
From the stability analysis performed in the light of this information, it was con-
cluded that the slopes S1, S2, and N1 were unstable, and the slopes S3 and N2 N3
were stable.

As a result of the field investigations, it was determined that the increase in the
flow rate at the peak with the melting of snow in May and June caused severe
erosion on the heel of the slopes and thus had a negative effect on the stability of the
slope. In order to prevent this situation, which is effective on slopes N2 and N3, it is
necessary to accumulate rock material in sizes that the stream cannot bear, or the
stream should be improved. Sirnak City and the surrounding area, according to
Turkey Earthquake Zone Map, are located in the first degree in the danger zone.
Since these regions are within the influenced area of the South East Anatolian Fault,
frequent earthquakes occur in the region and some tectonic movements occur due
to these earthquakes. As a result of these movements, the stability of the slopes is
compromised. For this reason, there is a need to investigate the stability of the
slopes that will be opened to urban use.

Plants facilitate the infiltration of rainwater into the mass and slow down and
reduce superficial flow. This prevents the masses from erosion. The roots of the
plants, whose roots reach deep, are mechanical.
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Symbols

c0 kg/cm2 effective cohesion
c kg/cm2 cohesion
Φ0ο effective internal friction angle
Φο internal friction angle
τ kg/cm2 shear stress
σ kg/cm2 normal stress
Is point load index
Bs bending strength
Ps compression strength
Wopt optimum water content
γNatural g/cm

3 natural unit volume weight
γSaturated g/cm3 saturated unit volume weight
γDry g/cm

3 dry unit volume weight
γkmax g/cm3 maximum dry unit volume weight
γs g/cm3 grain unit volume weight
k permeability coefficient
S1, S2, S3, S4, C1, C2 south and north landslide risk slopes No. 1, 2, 3, 4
S11, C11 sample taken from south and north landslide risk slopes
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Chapter 8

Specific Solution of Deformation
Vector in Land Subsidence for GIS
Applications to Reclaiming the
Abandoned Magnesite Mine in the
East of Slovakia
Vladimír Sedlák

Abstract

Mining activity influences on the environment belong to the most negative
industrial influences. Mining subsidence on the earth surface is a result of under-
ground mining. The present study deals with the theory of specific procedures for
solving the deformation vector in the case of an objective disturbance of data
homogeneity in the geodetic network structure of the monitoring station in moni-
toring mining subsidence. The theory was developed for the mining subsidence
created on the earth surface of the mining landscape, where the abandoned magne-
site mine Košice-Bankov in the East of Slovakia was operated for many decades in
the twentieth century. The achieved results and outputs were implemented into the
GIS tools for the plan of the process of gradual reclaiming the entire mining land-
scape of Košice-Bankov. The aim of the deformation measurements was to deter-
mine the exact boundaries of the subsidence edges with the residual movement
zones for the purpose of comprehensive reclaiming the devastated mining land-
scape. Some numerical and graphical results from the deformation vectors survey in
the abandoned magnesite mine Košice-Bankov are presented. The obtained results
in GIS were supplied for the needs of the Municipality of the city of Košice to the
realization of the reclaiming work.

Keywords: subsidence, deformation vector, geodetic network, Gauss-Markov
model, test statistics, reclaiming

1. Introduction

At present, with an extremely sharp increase in people’s material needs, priority
must be given to their security from any economic prosperity of many countries
around the world. As the extraction and processing mineral resources increase, so
does the economic prosperity of the country. To protect the environment, which
should be an intact ecosystem, it is necessary to protect the lives of people and their
property from adverse industrial impacts. One of the most negative industrial
impacts on the whole ecosystem is the adverse impact of any mining activity.
The land subsidence (mining subsidence, hereinafter referred to as subsidence)
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is created on the earth surface as a result of underground extraction of the mineral
deposits especially at the chamber mining by a caving method [1, 2]. In many cases,
the mine subsidence represents the large-scale and very deep downthrown blocks
that is dangerous for any movement of people in them [1–7]. As at the deep mining
there are many large voids created in the rock massif (especially during the afore-
mentioned mining by the chamber method), their collapse occurs with the mani-
festations of deformations on the earth surface mostly in the form of subsidence.
The collapse of these cavities can occur at different time horizons, i.e., from the
commencement of mining up to several years, or even decades or more after the
end of mining. Especially for endangering the lives of people and their property, the
most dangerous are the sudden and unexpected formation of invasions of the earth
surface over the mined rock massif, which often happens even in some abandoned
mines [6, 8, 9].

In the sense of several scientific studies, as well as theoretical and practical
knowledge on mining impacts on the earth surface, it is very difficult to accurately
predict how long the movements in the subsidence will be in existence and when
these movements will be ended [1, 2, 10–12]. Current statistics resulting from many
deformation measurements in the subsidence confirm that around 60–90% of total
subsidence movements occur within the first few weeks up to months after the
excavation of the underground space in the rock massif. The remaining movements
in the subsidence persist even after the end of mining, and at a decreasing rate these
movements can last for 3–5 years and longer and in rare cases even several decades.

In order to protect the lives of people and their property, as well as the complex
environment, it is essential to constantly investigate any movements in the subsi-
dence on the earth surface even after mining has ended [2, 13, 14]. The most
investigated movements in the subsidence with their prediction based on three-
dimensional (3D) modeling are on coal fields [3, 5, 11, 12, 14–17].

The nature and magnitude of the subsidence on the earth surface depends
mainly on tectonic and geological conditions and also on the overload of the rock
massif above the excavated space. Knowing the range, i.e., localization of the edges
(boundaries) of the subsidence in mining territories, may provide for more precise
placement of technical barriers (fencings and warning boards) and thus help to
prevent persons and animals from entering these danger zones. Geodetic methods
for investigation of deformation vectors, which can be derived from the processing
of some specific geodetic measurements at the monitoring stations based on these
mining territories, are the priority methods for determining the extent of move-
ment in the subsidence on the earth surface above the excavated underground
space. The deformation vectors in their 3D model concept most markedly charac-
terize any movements of the earth surface, buildings, and other civil engineering
structures located in the mining territory with the occurrence of the subsidence. In
many cases, 3D modeling of the deformation vectors is based on regular (periodic)
monitoring of the spatial changes in suitably structured points of the geodetic
network of a monitoring station located on the earth surface or on buildings and
civil engineering structures. Such periodic monitoring of the spatial changes of 3D
coordinates of the geodetic network points is mostly realized by the application of
classical geodetic terrestrial methods (tacheometry, trigonometry, traverse survey-
ing, leveling, etc.), which are used extensively up to now or are currently increas-
ingly using advanced methods of the satellite technologies within the Global
Navigation Satellite Systems (GNSS) based on the US Global Positioning System
(GPS), Russian Global Navigation Sputnik System (GLONAS), European Galileo,
and Chinese Compass (BeiDou II). At present, very specific measurement technol-
ogies such as Interferometric Synthetic Aperture Radar (InSAR), i.e., the radar
surveying technology, and Light Detection and Ranging (LiDAR), i.e., the laser
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surveying technology, are increasingly being applied to deformation measurements
[14, 15, 18–26]. The deformation vectors are the outputs of 3D data processing from
the abovementioned geodetic measurements of deformations (deformation mea-
surements) of the earth surface or building structure objects, but several geodetic
measurements are combined and thus confirmed by some physical measurements
based on the measurement of stress and strain states. By their size and position in
3D space, deformation vectors can provide a global overview not only of the nature
of the current state of deformation of the monitoring subsidence in the mining area,
but also of the nature of the further development of these deformations with the
required time predictions [1, 2, 10, 19]. At the same time, when monitoring partic-
ularly important buildings located close to the subsidence, additional geophysical
measurements of stress–strain states of the rock massif must be carried out under-
ground (in the extracted mining space). Achievement of the unstressing states in
the rock massif above the extracted space can be realized in many cases by the
so-called destress blasting [27, 28].

Periodically repeating measurements on parts respectively on the whole geodetic
network of some monitoring stations to measure deformations of the earth surface
(e.g., subsidence) or construction objects and engineering structures can sometimes
be complicated for objective reasons. Most of the monitoring stations consist of a
network of firmly stabilized points (geodetic network) on the surveyed earth sur-
face or on surveyed buildings and other engineering structures. By various geodetic
methods, measurements are made on these points of the geodetic network to deter-
mine their 3D positions (i.e., coordinates X, Y, and Z) in the given Cartesian
coordinate system [5, 14]. During the realization of long-term (multiyear or even
several decades) geodetic measurements, undesirable and unpredictable obstruc-
tions and interventions into the monitoring station and so into the geometric struc-
ture of the geodetic network may also occur. In many cases, such undesirable
interventions into the structure of the geodetic network include predominantly loss
or damage to points due to uncontrolled earthworks or construction work in the
territory of the monitoring station. Due to such undesirable interference with the
monitoring station, the geometric and data structure of the points of the geodetic
network is not homogeneous during all periodic deformation measurements.

This means that the measured elements of the applied geodetic measurements at
the points of the geodetic network of the monitoring station at individual time
epochs are no longer identical and cannot be maintained as they were at the time of
the initial (primary, i.e., zero) measured epoch. When changing the geometrical
structure of the points of the geodetic network, it is no longer possible to maintain,
in particular, the spatial configuration of the measuring sights between the deter-
mined points of the network. Disturbance of stability or destruction and the loss of
multiple points of the geodetic network also results in a disturbance of the geomet-
ric and thus data structure of the whole network of the monitoring station. In such
cases, the re-stabilization of destroyed or lost points (in particular object points) at
the original or other places of the geodetic network will not help either. Nor will it
help to replace the original measured variables (which are no longer measurable in
the subsequent monitoring epochs due to damage of the geodetic network points)
by other measured variables [1, 10, 25, 29].

In the evaluation of deformation vectors and their 3D modelling, the time factor
of the gradual creation of the subsidence over the mined-out space underground
plays an important role in its overall evaluation of the earth ground movements.

The possibility in improving polynomial modeling of the subsidence is condi-
tioned by the knowledge to detect position of the so-called breakpoints, i.e., the
points in the surface in which the subsidence border with a zone of breaches and
bursts start to develop above the mined mineral deposit. This means that the
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breakpoints determine the edges of the subsurface at which the naturally consistent
coherent of the earth surface is broken and the subsidence begins to form.
3D deformation vector models help to support the location of the breakpoints
[10–13, 18, 21].

2. Theory of the deformation vector specific solution

As already mentioned in the Introduction, the geometric and thus data structure
of the geodetic network of the monitoring station in the subsidence may be changed
by some external intervention, such as some unforeseen earthworks and construc-
tion works at the monitoring station. Estimation of the structures of geodetic net-
works based on the Gauss-Markov model is the most used and the most effective
method for their processing. In determining the statistical formulation of the
Gauss-Markov model, we start from the following equations [11, 12, 17, 30–33]:

v ¼ A Ĉ�Co
� �

� L 0ð Þ � Lo� � ¼ AdĈ� dL (1)

ΣL ¼ σ20QL (2)

where v is the vector of corrections of the measured (observed) values L,A is the
configuration (modeling) matrix of the geodetic network (otherwise called also the
Jacobian matrix), i.e., the matrix of the partial derivatives of functions Lo ¼ f Coð Þ
by the vector Co,Ĉ is the vector of the aligned 3D coordinate values, Co is the vector
of the approximate 3D coordinate values, L 0ð Þ is the vector of the approximate
observation magnitude values of the observed elements in the first measuring epoch
t 0ð Þ, Lo is the vector of the approximate observation magnitude values of the

observed elements, dĈ is the deformation vector, dL is the vector of the measured
values supplements, ΣL is the covariance matrix of the measured values, σ20 is a
priori variance, and QL is the cofactor matrix of the observations.

It will also be appeared in the changed structures, let us say in a size of the
matrixes and vectors A,QL,C

o and Lo. These matrixes and vectors enter into the
presupposed model of a network adjustment following out from the Gauss-Markov
model [11, 12, 29–31].

2.1 Deformation vector

If between monitoring epochs there are no changes in the geometrical and
observational structure of the geodetic network, then the matrixes and vectors
A,QL,C

oand Lo remain identical for each epoch. Only in such case the deformation
vector dĈ can be determined by a conventional procedure according to the
following model [2, 16, 17]:

• In the basic (first) monitoring epoch t 0ð Þ, we have the vector Ĉ 0ð Þ of the
adjusted 3D coordinates of the observed points which are obtained according
to the Gauss-Markov model:

Ĉ 0ð Þ ¼ Co þ ATQ�1
L A

� ��1
ATQ�1

L L 0ð Þ � Lo� � ¼ Co þG L 0ð Þ � Lo� �
(3)

• In the other following epochs t ið Þ, we also obtain the vector Ĉ ið Þ of the adjusted
3D coordinates of the observed points according to the equation:
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Ĉ ið Þ ¼ Co þ ATQ�1
L A

� ��1
ATQ�1

L L ið Þ � Lo� � ¼ Co þG L ið Þ � Lo� �
(4)

• Thus, for the deformation vector dĈ will be valid in the following equation:

dĈ ¼ Ĉ ið Þ � Ĉ 0ð Þ ¼ G L ið Þ � Lo� �
(5)

where L 0ð Þ and L ið Þ are the vectors of the observed magnitude values in the
epochs t 0ð Þ and t ið Þ.

Furthermore, we consider the case when there is a change in the geometric and
thus in the data structure of the geodetic network of the monitoring station between
the individual epochs of measurements. It means that the geometric and data
structure of the geodetic network between the basic epoch t 0ð Þ and the actual epoch
t ið Þ is changed. Then the original matrixes and vectors A,QL,C

o and Lo are
transformed into the following equations:

A ¼ Aþ dA (6)

QL ¼ QL þ dQL (7)

C
o ¼ Co þ dCo (8)

Lo ¼ Lo þ dL (9)

According to Eqs. (6)–(9), the vectors Ĉ 0ð Þ and Ĉ ið Þ of the adjusted 3D
coordinates of the observed points in the epochs t 0ð Þ and t ið Þ will be determined:

Ĉ 0ð Þ ¼ C
o þ A

T
Q

�1
L A

� ��1
A

T
Q

�1
L L 0ð Þ � Lo� � ¼ C

o þG L 0ð Þ � Lo� �
(10)

Ĉ ið Þ ¼ C
o þ A

T
Q

�1
L A

� ��1
A

T
Q

�1
L L ið Þ � Lo� � ¼ C

o þG L ið Þ � L0
� �

(11)

and then the deformation vector dĈ is expressed according to Eq. (5) in
the form

dĈ ¼ Ĉ ið Þ � Ĉ 0ð Þ (12)

which not only expresses the 3D changes in the coordinates of the geodetic
network points between the individual epochs of measurement, but such
deformation vector can also express changes in the overall structure (geometric

and data structure) of the geodetic network. The deformation vector dĈ thus
obtained will not provide reliable data for testing the particular deformations in
the subsidence.

The proposed and presented theory of the specific solution of the deformation
vector in the case of any structural changes in the geodetic network will be accept-
able for its proving in an analytical way, if we compare the deformation vector

structures dĈ and dĈ expressed according to Eqs. (5) and (12). Then the structure

of the deformation vector dĈ is expressed according to Eq. (12), and the further
equation will be valid:

dĈ ¼ C
o þG L ið Þ � Lo� �h i

� Co þG L 0ð Þ � Lo� �� �

¼ G L ið Þ � Lo� ��G L 0ð Þ � Lo� �þC
o �Co (13)
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o and Lo. These matrixes and vectors enter into the
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A,QL,C

oand Lo remain identical for each epoch. Only in such case the deformation
vector dĈ can be determined by a conventional procedure according to the
following model [2, 16, 17]:

• In the basic (first) monitoring epoch t 0ð Þ, we have the vector Ĉ 0ð Þ of the
adjusted 3D coordinates of the observed points which are obtained according
to the Gauss-Markov model:

Ĉ 0ð Þ ¼ Co þ ATQ�1
L A

� ��1
ATQ�1

L L 0ð Þ � Lo� � ¼ Co þG L 0ð Þ � Lo� �
(3)

• In the other following epochs t ið Þ, we also obtain the vector Ĉ ið Þ of the adjusted
3D coordinates of the observed points according to the equation:
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Ĉ ið Þ ¼ Co þ ATQ�1
L A

� ��1
ATQ�1

L L ið Þ � Lo� � ¼ Co þG L ið Þ � Lo� �
(4)

• Thus, for the deformation vector dĈ will be valid in the following equation:

dĈ ¼ Ĉ ið Þ � Ĉ 0ð Þ ¼ G L ið Þ � Lo� �
(5)

where L 0ð Þ and L ið Þ are the vectors of the observed magnitude values in the
epochs t 0ð Þ and t ið Þ.

Furthermore, we consider the case when there is a change in the geometric and
thus in the data structure of the geodetic network of the monitoring station between
the individual epochs of measurements. It means that the geometric and data
structure of the geodetic network between the basic epoch t 0ð Þ and the actual epoch
t ið Þ is changed. Then the original matrixes and vectors A,QL,C

o and Lo are
transformed into the following equations:

A ¼ Aþ dA (6)

QL ¼ QL þ dQL (7)

C
o ¼ Co þ dCo (8)

Lo ¼ Lo þ dL (9)

According to Eqs. (6)–(9), the vectors Ĉ 0ð Þ and Ĉ ið Þ of the adjusted 3D
coordinates of the observed points in the epochs t 0ð Þ and t ið Þ will be determined:

Ĉ 0ð Þ ¼ C
o þ A

T
Q

�1
L A

� ��1
A

T
Q

�1
L L 0ð Þ � Lo� � ¼ C

o þG L 0ð Þ � Lo� �
(10)

Ĉ ið Þ ¼ C
o þ A

T
Q

�1
L A

� ��1
A

T
Q

�1
L L ið Þ � Lo� � ¼ C

o þG L ið Þ � L0
� �

(11)

and then the deformation vector dĈ is expressed according to Eq. (5) in
the form

dĈ ¼ Ĉ ið Þ � Ĉ 0ð Þ (12)

which not only expresses the 3D changes in the coordinates of the geodetic
network points between the individual epochs of measurement, but such
deformation vector can also express changes in the overall structure (geometric

and data structure) of the geodetic network. The deformation vector dĈ thus
obtained will not provide reliable data for testing the particular deformations in
the subsidence.

The proposed and presented theory of the specific solution of the deformation
vector in the case of any structural changes in the geodetic network will be accept-
able for its proving in an analytical way, if we compare the deformation vector

structures dĈ and dĈ expressed according to Eqs. (5) and (12). Then the structure

of the deformation vector dĈ is expressed according to Eq. (12), and the further
equation will be valid:

dĈ ¼ C
o þG L ið Þ � Lo� �h i

� Co þG L 0ð Þ � Lo� �� �

¼ G L ið Þ � Lo� ��G L 0ð Þ � Lo� �þC
o �Co (13)
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and on the base of Eqs. (6)–(9) and also on the base of the linearization of G into

G ¼ Gþ dG, the following derivation will be applied for the deformation vector dĈ:

dĈ ¼ Gþ dGð Þ L ið Þ � Lo� ��G L 0ð Þ � Lo� �þ dCo ¼ G L ið Þ � Lo þ dLoð Þ� �þ dG L ið Þ � Lo� ��
�G L 0ð Þ � Lo� �þ dCo ¼ G L ið Þ � Lo� �þGdLo þ dG L ið Þ � Lo� ��G L 0ð Þ � Lo� �þ dCo ¼
¼ G L ið Þ � L 0ð Þ

� �þGdLo þ dG L ið Þ � L
o� �þ dCo

(14)

and finally the deformation vector dĈ will be calculated according to the
following equation:

dĈ ¼ dĈþ δdĈ (15)

Eq. (15) notates that the deformation vector dĈ (calculated at some changes in
the geodetic network structure) is different from its vector of the correct values dĈ
only by the component δdĈ (i.e., the correction component of the deformation
vector corrections). In such a set case, the component δdĈ is generated not only by
the spatial movement of points in the geodetic network between the particular
epochs of the geodetic measurements, but at the same time it is generated by
changes in the geometric and data structure of the network between the particular
epochs due to some changes in its point field.

To avoid the so-called degradation of the deformation vector dĈ due to changes
in the geometric and data structure of the geodetic network and at the same time for
the deformation vector to express the real spatial changes in the subsidence, the
presented theory offers the following procedures:

• The geodetic networks at the monitoring stations shall be designed in order to
achieve the maximal physical integrity of its points (object and especially
reference points) throughout the entire monitoring period. When designing a
monitoring station, expert consultation with representatives of a spatial
planning and also with the mine district owners is essential.

• If some reference points were lost or destroyed, new points should be stabilized
in enough proximity to these lost or destroyed reference points as possible. The
same principle is held for the object points.

• However, if the matrixes A and QL are significantly or even slightly changed
between the monitoring epochs t 0ð Þ and t ið Þ (e.g., in t 0ð Þ the geodetic network
was measured by a trilateration measurement way, and in t ið Þ by traverse
measurement way, it is necessary to observe (measure) other new magnitudes,
etc.), then the deformation vector dĈ can be determined according to the
following equations:

dĈ ¼ Co þ ATQ�1
L A

� ��1
ið ÞA

T
ið ÞQ

�1
L ið Þ L ið Þ � Lo� �

� Co þ ATQ�1
L A

� ��1
0ð ÞA

T
0ð ÞQ

�1
L 0ð Þ L 0ð Þ � Lo� �h i

(16)

and

dĈ ¼ G ið ÞL ið Þ �G 0ð ÞL 0ð Þ � Lo G ið Þ �G 0ð Þ
� �

(17)
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because using the identical Co and Lo are not the problem to adhere in the
individual epochs. Or the deformation vector corrections δdĈ are calculated
according to Eqs. (10), (11), and (13), so that the deformation vector dĈ is then
corrected according to the introduced Eq. (15).

3. Study case example

3.1 Study region description

The monitoring station is situated in the territory of the mining field of the
abandoned magnesite mine of Košice-Bankov. This territory was characterized by a
devastated mining surface with many mining tailing piles and especially the large
subsidence. The city district of Košice-Bankov is located in the northern part of the
city of Košice. In addition to the abandoned magnesite mine, there is a very popular
urban recreational and touristic resort, located in the large urban forest park of the
city of Košice. The territory of the urban recreational and touristic resort and forest
park are situated in close proximity, respectively, in the territory above the mining
field of the former magnesite mine (Figure 1).

Figure 1.
Ortho-photo map of the city of Košice with a detail view to the mine field of Košice-Bankov.
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dĈ ¼ G ið ÞL ið Þ �G 0ð ÞL 0ð Þ � Lo G ið Þ �G 0ð Þ
� �

(17)

140

Mining Techniques - Past, Present and Future

because using the identical Co and Lo are not the problem to adhere in the
individual epochs. Or the deformation vector corrections δdĈ are calculated
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Until the 1970s of the twentieth century, any systematic attention was not paid to
the extent of mining damage on the earth surface at the territory of Košice-Bankov as
a result of magnesite mining. It was only after this period that scientific studies began
to be taken into account when dealing with the creation of the large subsidence and
devastation of the protected area of the forest park and the environmental protection
in the tangent territory of Košice-Bankov. The gradual development of the subsidence
in the mining area of the magnesite mine of Košice-Bankov in the east of Slovakia has
been monitored since the end of the 1970s by systematic geodetic measurements. The
monitoring station project to monitor the development of the subsidence in the
territory of Košice-Bankov was designed and implemented by researchers of the
Technical University of Košice in 1976, when the first geodetic measurements were
carried out and later by researchers of the Pavol Jozef Šafárik University in Košice.
The first observed data were obtained from this monitoring station in autumn 1976,
and since then the regular periodic spring and autumn geodetic terrestrial and satellite
(GPS, GNSS) measurements were performed every year.

Before reclaiming the mining landscape on the territory of Košice-Bankov, the
monitoring station was located on the site of the former subsidence at the mining
shaft, which was called the Western shaft. The monitoring station was built from
the geodetic network consisting of the network of the reference points (No: 01A,
01B, 01C, 01D) and the network of the object points (78 points in total). The object
points were geometrically grouped into six geodetic network profiles (0–V)
(Figure 2). All geodetic network profiles of the monitoring station of Košice-
Bankov were geometrically spaced across and along the expected movements in the
subsidence (Figure 2). Gradually, by creating the subsidence, some object points
were destroyed by the nature destructive processes in the subsidence. Figures 3 and 4
show the panoramic views to the subsidence of Košice-Bankov from the southwest-
ern edge of this subsidence in 2001 and 2002. In that time the magnesite mine had
been out of its operation for 3 years.

3D data (elements) of geodetic network points of the monitoring station were
initially (since 1076) measured by 3D geodetic measurements (position and leveling
measurements) by the application of the classical terrestrial geodetic technologies
using the optical geodetic theodolites, electro-optical total stations, and leveling
devices for a very precise leveling. Later, since 1977, the periodic measurements at the
monitoring station have been made by the satellite geodetic methods GPS and GNSS,
i.e., Trimble 3303DR Total Station, GPS: ProMark2, and GNSS: Leica Viva GS08.

In both geodetic periodic measurement technologies (terrestrial and satellite),
regular geodetic measurements were performed twice a year, i.e., during the spring
and autumn months [12, 17]. In 1981, some of the object points of the geodetic
network of the monitoring station were damaged, respectively; the points were
completely destroyed by some unplanned and uncontrolled earthworks in the
vicinity of the subsidence (points No. 2, 3, 30, 38, 104, and 105 and 2271 on the
profiles No. 0, I, and II). Most of the damage or destruction of the abovementioned
points occurred during the adjustment of some forest stands in the nearby forest
park and by some earthworks on the surrounding mining tailing piles.

3.2 Accuracy and quality assessment of the geodetic network

1D, 2D, and 3D accuracy of the geodetic network points of the monitoring station
was evaluated by testing the global and local network indices. The global indices were
numerically expressed to assess the accuracy of the entire geodetic network.

1 The reference point No. 227 (profile II) was rebuilt instead of the point No. 226.
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For the global indices, the following were tested: tr (ΣĈ), i.e., the track of the
covariance matrix ΣĈ, the volume global indices, and det(ΣĈ), i.e., the determinant
of the covariance matrix.

In fact, the local indices were the point indices that characterize the reliability of

the geodetic network points: the mean 3D error σp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
X̂i
þ σ2

Ŷi
þ σ2

Ẑi

q
, the mean

Figure 2.
The monitoring station of Košice-Bankov (reference points 01C and 01D destroyed points).

Figure 3.
The subsidence of Košice-Bankov; panoramic view: Autumn 2001.

143

Specific Solution of Deformation Vector in Land Subsidence for GIS Applications to Reclaiming…
DOI: http://dx.doi.org/10.5772/intechopen.91461



Until the 1970s of the twentieth century, any systematic attention was not paid to
the extent of mining damage on the earth surface at the territory of Košice-Bankov as
a result of magnesite mining. It was only after this period that scientific studies began
to be taken into account when dealing with the creation of the large subsidence and
devastation of the protected area of the forest park and the environmental protection
in the tangent territory of Košice-Bankov. The gradual development of the subsidence
in the mining area of the magnesite mine of Košice-Bankov in the east of Slovakia has
been monitored since the end of the 1970s by systematic geodetic measurements. The
monitoring station project to monitor the development of the subsidence in the
territory of Košice-Bankov was designed and implemented by researchers of the
Technical University of Košice in 1976, when the first geodetic measurements were
carried out and later by researchers of the Pavol Jozef Šafárik University in Košice.
The first observed data were obtained from this monitoring station in autumn 1976,
and since then the regular periodic spring and autumn geodetic terrestrial and satellite
(GPS, GNSS) measurements were performed every year.

Before reclaiming the mining landscape on the territory of Košice-Bankov, the
monitoring station was located on the site of the former subsidence at the mining
shaft, which was called the Western shaft. The monitoring station was built from
the geodetic network consisting of the network of the reference points (No: 01A,
01B, 01C, 01D) and the network of the object points (78 points in total). The object
points were geometrically grouped into six geodetic network profiles (0–V)
(Figure 2). All geodetic network profiles of the monitoring station of Košice-
Bankov were geometrically spaced across and along the expected movements in the
subsidence (Figure 2). Gradually, by creating the subsidence, some object points
were destroyed by the nature destructive processes in the subsidence. Figures 3 and 4
show the panoramic views to the subsidence of Košice-Bankov from the southwest-
ern edge of this subsidence in 2001 and 2002. In that time the magnesite mine had
been out of its operation for 3 years.

3D data (elements) of geodetic network points of the monitoring station were
initially (since 1076) measured by 3D geodetic measurements (position and leveling
measurements) by the application of the classical terrestrial geodetic technologies
using the optical geodetic theodolites, electro-optical total stations, and leveling
devices for a very precise leveling. Later, since 1977, the periodic measurements at the
monitoring station have been made by the satellite geodetic methods GPS and GNSS,
i.e., Trimble 3303DR Total Station, GPS: ProMark2, and GNSS: Leica Viva GS08.

In both geodetic periodic measurement technologies (terrestrial and satellite),
regular geodetic measurements were performed twice a year, i.e., during the spring
and autumn months [12, 17]. In 1981, some of the object points of the geodetic
network of the monitoring station were damaged, respectively; the points were
completely destroyed by some unplanned and uncontrolled earthworks in the
vicinity of the subsidence (points No. 2, 3, 30, 38, 104, and 105 and 2271 on the
profiles No. 0, I, and II). Most of the damage or destruction of the abovementioned
points occurred during the adjustment of some forest stands in the nearby forest
park and by some earthworks on the surrounding mining tailing piles.

3.2 Accuracy and quality assessment of the geodetic network

1D, 2D, and 3D accuracy of the geodetic network points of the monitoring station
was evaluated by testing the global and local network indices. The global indices were
numerically expressed to assess the accuracy of the entire geodetic network.

1 The reference point No. 227 (profile II) was rebuilt instead of the point No. 226.

142

Mining Techniques - Past, Present and Future

For the global indices, the following were tested: tr (ΣĈ), i.e., the track of the
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coordinate error σXYZ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2
X̂i
þσ2

Ŷi
þσ2

Ẑi
3

r
, and the confidence absolute ellipses or ellip-

soids, which were used to assess the real 2D or 3D point accuracy. It is necessary to
know the design elements of the ellipse of errors, i.e., the semi-major axis a, the
semi-minor axis b, the bearing φa of the semi-major axis, and the ellipsoid flattening
f (f ¼ 1� b=a).

The geodetic network quality characteristics to be assessed are, above all, the
accuracy and reliability of the position of the points. In addition to numerical
expressions, the accuracy of the point position can also be expressed using the
graphical indicators such as the reliability curves and the ellipse of confidence
(ellipsoids of reliability in the case of 3D space). The ellipsoids determine the
random space in which the actual location of the points will lie with a probability of
1-α, where α is the level of significance chosen according to which the ellipsoids are
of different size. For 3D space in a geodetic practice, the standard confidence
ellipsoids are usually used. The design parameters of such ellipsoids can be derived
either from the cofactor matrix QLof the adjusted coordinates, where the design
parameters are arranged on the main diagonal of the matrix, or from the covariance
matrix of the coordinate estimations ΣĈ of the determined points, which are
arranged also on the main diagonal of that matrix.

All calculated data according to the submitted specific theory of the deformation
vector solution in the case of any geometric and data changes in the geodetic
network of the monitoring station are shown in Tables 1–5 which are focused on
the accuracy and quality assessment of the network in the years 1976 and 2014
(1976/20142) (Tables 1–5). Tables 1–5 comprehends the adjusted mean errors of
the individual coordinates, global and local 3D indices, and their absolute confi-
dence ellipsoid elements determining 3D accuracy of some chosen replaced points;
the numbers in front of the slash belong to 1976; the numbers after the forward
slash belong to 2014. In 2007 the points No. 2, 3, 30, 38, 104, 105, and 227 were re-
stabilized due to small earthworks for the purpose of some preparation work for the
future reclaiming of the mining territory of Košice-Bankov. The values of the
deformation vectors confirm the fact that the presented theory of the deformation
vector specific solution is suitable and variable adapted to various damages of
geodetic networks [7]. In geodetic practice, however, there are cases where the
values of deformation vectors need not mean any displacement of the geodetic
network points (movement around the point of the geodetic network). Although
the geodetic network points were adjusted according to the conventional method
using the Gauss-Mark model, the deformation vector values may be loaded by the
accumulation of some measurement errors. For this reason, when evaluating the

Figure 4.
The subsidence of Košice-Bankov; panoramic view: Spring 2002.

2 Deformation survey on the monitoring station of Košice-Bankov without the reclaiming work

intervention was finished in the autumn 2014.
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Point ai (mm) bi (mm) φai (gon) f

2 49.9/51.0 5.9/5.1 172.303/172.695 1.8818/0.9

3 40.8/32.5 12.3/3.7 172.704/179.151 0.6985/0.8862

30 43.0/45.9 18.2/21.5 160.340/160.058 0.5767/0.5316

38 23.5/28.1 21.8/22.4 40.966/41.203 0.0723/0.2028

104 47.5/79.2 24.0/9.9 211.146/217.148 0.4947/0.875

105 42.8/42.4 15.3/17.6 370.337/370.624 0.6425/0.5849

227 28.8/25.2 8.1/10.9 19.634/19.781 0.7188/0.5675

Table 2.
Absolute confidence ellipse elements (α = 0.05) (1976/2014).

Point mX (mm) mY (mm) mZ (mm)

2 15.7/16.4 32.9/45.5 12.5/72.4

3 14.8/34.3 27.2/58.9 30.5/69.1

30 21.1/25.6 26.5/24.1 45.5/32.7

38 16.6/14.9 16.3/8.1 20.1/18.4

104 18.2/41.3 34.1/69.0 55.4/78.0

105 28.2/31.6 17.1/21.1 9.9/17.8

227 20.0/16.9 8.5/4.7 10.9/10.8

Table 1.
Mean errors (1976/2014).

Rank rk(ΣĈ) Track tr(ΣĈ)
[mm2]

Determinant
det(ΣĈ)

Average mean error σĈpr

[mm]
Norm nor dĈ

� �
[mm]

14/14 7041.901/
7041.054

2.869.1025/
2.869.1025

22.428/22.971 124.218/
126.155

Table 3.
Global indices (1976/2014).

Point Mean 3D error σp (mm) Mean coordinate error σXYZ (mm)

2 36.4/37.5 25.7/18.8

3 30.9/28.4 21.8/24.5

30 33.9/33.0 23.9/23.0

38 23.3/26.7 16.5/13.8

104 38.6/14.1 27.3/54.9

105 32.9/27.4 23.3/19.9

227 21.7/22.5 15.3/17.4

Table 4.
Local indices (1976/2014).
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arranged also on the main diagonal of that matrix.

All calculated data according to the submitted specific theory of the deformation
vector solution in the case of any geometric and data changes in the geodetic
network of the monitoring station are shown in Tables 1–5 which are focused on
the accuracy and quality assessment of the network in the years 1976 and 2014
(1976/20142) (Tables 1–5). Tables 1–5 comprehends the adjusted mean errors of
the individual coordinates, global and local 3D indices, and their absolute confi-
dence ellipsoid elements determining 3D accuracy of some chosen replaced points;
the numbers in front of the slash belong to 1976; the numbers after the forward
slash belong to 2014. In 2007 the points No. 2, 3, 30, 38, 104, 105, and 227 were re-
stabilized due to small earthworks for the purpose of some preparation work for the
future reclaiming of the mining territory of Košice-Bankov. The values of the
deformation vectors confirm the fact that the presented theory of the deformation
vector specific solution is suitable and variable adapted to various damages of
geodetic networks [7]. In geodetic practice, however, there are cases where the
values of deformation vectors need not mean any displacement of the geodetic
network points (movement around the point of the geodetic network). Although
the geodetic network points were adjusted according to the conventional method
using the Gauss-Mark model, the deformation vector values may be loaded by the
accumulation of some measurement errors. For this reason, when evaluating the

Figure 4.
The subsidence of Košice-Bankov; panoramic view: Spring 2002.

2 Deformation survey on the monitoring station of Košice-Bankov without the reclaiming work

intervention was finished in the autumn 2014.
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Point ai (mm) bi (mm) φai (gon) f

2 49.9/51.0 5.9/5.1 172.303/172.695 1.8818/0.9

3 40.8/32.5 12.3/3.7 172.704/179.151 0.6985/0.8862

30 43.0/45.9 18.2/21.5 160.340/160.058 0.5767/0.5316

38 23.5/28.1 21.8/22.4 40.966/41.203 0.0723/0.2028

104 47.5/79.2 24.0/9.9 211.146/217.148 0.4947/0.875

105 42.8/42.4 15.3/17.6 370.337/370.624 0.6425/0.5849

227 28.8/25.2 8.1/10.9 19.634/19.781 0.7188/0.5675

Table 2.
Absolute confidence ellipse elements (α = 0.05) (1976/2014).

Point mX (mm) mY (mm) mZ (mm)

2 15.7/16.4 32.9/45.5 12.5/72.4

3 14.8/34.3 27.2/58.9 30.5/69.1

30 21.1/25.6 26.5/24.1 45.5/32.7

38 16.6/14.9 16.3/8.1 20.1/18.4

104 18.2/41.3 34.1/69.0 55.4/78.0

105 28.2/31.6 17.1/21.1 9.9/17.8

227 20.0/16.9 8.5/4.7 10.9/10.8

Table 1.
Mean errors (1976/2014).

Rank rk(ΣĈ) Track tr(ΣĈ)
[mm2]

Determinant
det(ΣĈ)

Average mean error σĈpr

[mm]
Norm nor dĈ

� �
[mm]

14/14 7041.901/
7041.054

2.869.1025/
2.869.1025

22.428/22.971 124.218/
126.155

Table 3.
Global indices (1976/2014).

Point Mean 3D error σp (mm) Mean coordinate error σXYZ (mm)

2 36.4/37.5 25.7/18.8

3 30.9/28.4 21.8/24.5

30 33.9/33.0 23.9/23.0

38 23.3/26.7 16.5/13.8

104 38.6/14.1 27.3/54.9

105 32.9/27.4 23.3/19.9

227 21.7/22.5 15.3/17.4

Table 4.
Local indices (1976/2014).
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significance of deformation vectors, it is necessary to test them by means of the
global and localization test of a congruence (see Chapter 3.3). After a series of the
last geodetic measurements in spring 2014, the deformation vectors at the tested
points No. 2, 3, 30, 38, 104, 105, and 227 of the geodetic network of the monitoring
station have moved from �4 to 9.7 mm (Table 5). 3D mean errors ranged from 14.1
to 38.6 mm, and the mean coordinate errors were from 13.8 to 54.9 mm (Table 4).
In autumn 2014 all points of the monitoring station of Košice-Bankov were
destroyed by the reclaiming work, i.e., the reference points were removed and the
object points were backfilled by a secondary imported soil.

3.3 Global test of the geodetic network congruence

Significant stability, respectively instability of the geodetic network points, is
rejected or not rejected by verifying the null-hypothesis H0 and also other alterna-
tive hypothesis [11, 12, 17, 34].

H0 : dĈ ¼ 0; Hα : dĈ 6¼ 0 (18)

where H0 expresses insignificance of the coordinate differences (deformation
vector) between epochs t 0ð Þ and t ið Þ.

The test statistics TG can be used for a global test:

TG ¼
dĈQ�1

d^C
dĈ

T

ks20
≈F f 1, f 2

� �
(19)

where Q
d^C

is the cofactor matrix of the final deformation vector dĈ, k is the
coordinate number entering the geodetic network adjustment (k=3 for 3D coordi-
nates), and s20 is the posteriori variation factor common for both epochs t 0ð Þ and t ið Þ.

The critical value TKRIT is searched in the tables of F distribution (the Fisher-
Snedecor distribution) according to the degrees of freedom f 1 ¼ f 2 ¼ n� k or f 1 ¼
f 2 ¼ n� kþ d, where n is number of the measured values entering into the network
adjustment and d is the network defect at the network free adjustment. Through the

use of methods, MINQUE is s
2t 0ð Þ
0 ¼ s

2t ið Þ
0 ¼ s20 ¼ 1 [2, 11, 12, 16, 17, 34]. Test statistics

T should be compared to critical test statistics TKRIT.TKRIT is found in the distribu-
tion Tables F according to the degrees of freedom of the geodetic network.

When comparing test statistics, there may be two cases:

1.TG ≤TKRIT : The null-hypothesis H0 is accepted. That is, the differences in
coordinate values (i.e., deformation vectors) are not significant.

2.TG>TKRIT : The null-hypothesis H0 is refused. This means that the differences
in coordinate values (deformation vectors) are statistically significant. In this

Point

dĈ [mm] 2 3 30 38 104 105 227

2.4 �2.9 �8.0 6.7 �4.0 0.6 9.7

Table 5.
Deformation vector values (1976/2014).
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case, it can be stated that the deformation occurred with the level α of a
reliability.

Table 6 presents the global tested results of the geodetic network congruence.

4. Subsidence in GIS for reclaiming mining landscape

The Geographical Information Systems (GIS) of the mining landscape of Košice-
Bankov is based on the following key points [25]: basic and simple presentation of
geodata, management of the basic database, and wide availability of information.
The best feasible solution for the implementation of the GIS project is the Free Open
Source software applications, which are easily available on the Internet. The general
function of the Free Open Source software application is the viability of free code
and data sources via HTTP and FTP protocols located on the project website. Other
features of the Free Open Source range include ease of use, access to data and
information, centralized system configuration, modular things, and any Open
Source platform (depending on PHP, MySQL, and ArcIMS ports) [7, 25, 35–39].
The network application MySQL is currently the most advantageous database
system on the Internet and was also applied to the deformation survey outputs from
the monitoring station of Košice-Bankov.

Whole database part in GIS for the subsidence of Košice-Bankov in all applica-
tions was processed into the MySQL database (Figure 5). 3D model of the subsi-
dence of Košice-Bankov with the multilayered GIS applications has been
implemented into the reclaiming plan of the mining territory of Košice-Bankov for
the needs of the municipality of the city of Košice.

Given the fact that extraction of magnesite mineral has been completed at the
mine of Košice-Bankov and this mine is abandoned since the end of the 90 years of
the twentieth century and the investigation concluded that the Košice-Bankov with
the huge subsidence is stable at the end of the deformation investigation, the
municipality of the city of Košice (Department of land planning of the city) has
adopted a definitive plan for reclaiming this mining landscape. Numerical and
graphical analyses of the results from the long-term geodetic measurements of the
deformations in the subsidence at the monitoring station of Košice-Bankov with
their subsequent testing analyses of the deformation vectors confirmed the stability
not only in the subsidence but also in the surrounding mining landscape. The
subsidence and other mining earthworks of huge dimensions destroyed the entire
surroundings of the mining plant (mining tailings piles, various excavations in the

Point TG ið Þ < ≤ > F Notice

2 1.297 < 3.724 Deformation vectors are not significant

3 3.7236 ≤

30 3.501 <

38 3.7237 ≤

104 2.871 <

105 1.403 <

227 2.884 <

Table 6.
Test statistics results of the geodetic network points at the monitoring station of Košice-Bankov.
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Bankov is based on the following key points [25]: basic and simple presentation of
geodata, management of the basic database, and wide availability of information.
The best feasible solution for the implementation of the GIS project is the Free Open
Source software applications, which are easily available on the Internet. The general
function of the Free Open Source software application is the viability of free code
and data sources via HTTP and FTP protocols located on the project website. Other
features of the Free Open Source range include ease of use, access to data and
information, centralized system configuration, modular things, and any Open
Source platform (depending on PHP, MySQL, and ArcIMS ports) [7, 25, 35–39].
The network application MySQL is currently the most advantageous database
system on the Internet and was also applied to the deformation survey outputs from
the monitoring station of Košice-Bankov.

Whole database part in GIS for the subsidence of Košice-Bankov in all applica-
tions was processed into the MySQL database (Figure 5). 3D model of the subsi-
dence of Košice-Bankov with the multilayered GIS applications has been
implemented into the reclaiming plan of the mining territory of Košice-Bankov for
the needs of the municipality of the city of Košice.

Given the fact that extraction of magnesite mineral has been completed at the
mine of Košice-Bankov and this mine is abandoned since the end of the 90 years of
the twentieth century and the investigation concluded that the Košice-Bankov with
the huge subsidence is stable at the end of the deformation investigation, the
municipality of the city of Košice (Department of land planning of the city) has
adopted a definitive plan for reclaiming this mining landscape. Numerical and
graphical analyses of the results from the long-term geodetic measurements of the
deformations in the subsidence at the monitoring station of Košice-Bankov with
their subsequent testing analyses of the deformation vectors confirmed the stability
not only in the subsidence but also in the surrounding mining landscape. The
subsidence and other mining earthworks of huge dimensions destroyed the entire
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working of the earth surface, and other mining works in the surroundings of the
former mine plant) were gradually filled with imported secondary soil. Based on the
results of the extensive geodetic measurements of deformations of the mining
subsidence and its surroundings in the destroyed mining area of Košice-Bankov,
reclaiming works began at the beginning of this century. Some recent reclaiming
works were completed in the summer of 2016.

In the territory of the former large subsidence, the new forest park was built as
an environmental forest greenery in the part of the Košice-Bankov urban recreation
and touristic area of the city of Košice. The subsidence was filled with imported
natural and secondary materials from many construction works and earthworks in
the city of Košice and its surroundings. Given that the subsidence was of huge
proportions, such sporadic embankment works took too long, more than 10 years.
After the embankment and other earthworks were completed, the new forest park
was planted in the area of the former subsidence (Figure 6). Especially birch was
planted. Birch trees are known for their rapid growth, and their root system is not
demanding on the underlying soil. At present, the birch grove represents almost
5 years of a healthy forest park. The reconstruction of the recreational and touristic
area of Košice-Bankov was completed in spring 2016 (Figure 7). The mining tailing
piles and the entire ruined area of the former mining plant were also reclaimed.

Figure 5.
ArcView user interface visualization of the subsidence.

148

Mining Techniques - Past, Present and Future

Many solar collectors have been built on the places of the former mining tailing
piles, which contribute to the renewable sources of electricity for the city of
Košice (Figure 6).

Figure 6.
The subsidence of Košice-Bankov after reclaiming; panoramic view—Summer 2016. Solar collectors on the places
of the former mining tailing piles; new forest park in the background on the places of the former subsidence.

Figure 7.
The reconstructed recreation and touristic zone and revitalized forest park after reclaiming the mining
landscape of Košice-Bankov.
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5. Conclusions

The determination of the deformation vectors from the differences between the
adjusted geodetic point coordinate vectors obtained from at least two monitoring
epochs is readily achievable if the original geometric and data structure of the
geodetic network of the monitoring station between the individual monitoring
epochs is strictly preserved. The presented research study provides both the theo-
retical and practical results of the possibility of solving deformation vectors in the
geodetic network of the monitoring station in the case of its geometrical and data
structure violation during the period of monitoring the movements of the earth
surface, i.e., if the points of the geodetic network were damaged or completely
destroyed between the different epochs of measurements, i.e., the geodetic network
was nonhomogenous. The deformation vectors solved in accordance with the pro-
posed specific theory of solving monitored deformations of the earth surface in the
case of disturbance of the geodetic network homogeneity of the monitoring station
provide via 3D models in GIS a reliable idea of spatial changes in the coordinates of
the geodetic network points. The proposed theory of the specific deformation
vector solution leads to a reliable support in investigation of various deformations of
the earth surface, such as mining subsidence, landslides, geotectonic (recent move-
ments), movements of dams, and other important building objects.

The largest values of the deformation vectors given in Table 5 occurred at points
No. 30 and No. 227. However, due to the fact that the deformation vectors tested at
these points were not significant according to the test statistics, we can declare these
points as static. The mentioned study case from the mining territory of the aban-
doned magnesite mine of Košice-Bankov confirmed the availability and applicabil-
ity of the presented specific theory in the solution of the deformation vector in the
deformation monitoring in the mining subsidence, where several violations of the
geometric and data structure (homogeneity) of the geodetic network of the moni-
toring station occurred. Despite the validated method for the specific solution of the
deformation vector in the geometric and data inhomogeneity of the geodetic net-
work at the monitoring station, it should be stated that it would be preferable to
maintain the homogeneity of the geodetic network during the whole monitoring
period. Maintaining the homogeneity of the data of the geodetic network structure
can ensure the permanent stabilization of the network points and the correct tech-
nically and physically implemented protection of the whole monitoring station from
unexpected external interventions into such a station.

3D model situations of the mining subsidence in GIS platform from the mining
territory of Košice-Bankov were delivered to the municipality of the city of Košice
(especially for the Department of Land Planning and Chief Architect of the City) to
deal with a spatial planning for the future environmental reclaiming of this aban-
doned mining region, such as the magnesite mines of Košice-Bankov. The analysis
of the deformation vectors at the geodetic network points of the monitoring station
located in the mining subsidence and in the surrounding mining territory of the
abandoned magnesite mine of Košice-Bankov was important in defining and spec-
ifying the subsidence edges and the subsidence zones with a number of dangerous
cracks and fissures. The very precise identification of 3D position of such delimita-
tion of the mining subsidence constituted the basic document for the plan of the
municipality of the city of Košice for the reclaiming of the entire devastated mining
landscape of Košice-Bankov. The revitalization of the Košice-Bankov recreational
and tourist zone with the adjacent urban forest park has been achieved through the
comprehensive reclaiming that devastated mining landscape. The variability of 3D
models of the mining subsidence allowed a wide spectrum at modeling of natural
and also industrial disasters in the former mining territory of Košice-Bankov.
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3D models of the mining subsidence in GIS are useful tools for many reclaiming
works in restoring ecosystems with some essential elements of the security mea-
sures against the possible and unforeseen consequences of former mining activities
for the protection of the health and life of people moving in various mining areas.
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Coal Burst: A State of the Art on 
Mechanism and Prevention from 
Energy Aspect
Xiaohan Yang

Abstract

Coal burst continues to be one of the most catastrophic safety hazards faced by 
future mining as the stress environment will be more complicated with the increase 
of mining depth. Many chief coal mining countries including Poland, Czech 
Republic, the U.S., China, and Australia have experienced fatal accidents caused 
by coal burst and conducted comprehensive research on the driving forces and 
solving technologies related to coal burst. In this chapter, the research outcomes of 
the mechanism, risk evaluation, risk monitoring, and prevention of coal burst are 
reviewed, which is helpful for mining researchers and engineers to understand and 
control the safety hazards caused by coal burst, and, hence, to achieve sustainable 
and safe mining.

Keywords: coal burst, underground mining, mining safety, dynamic hazards, 
rock mechanics

1. Introduction

Coal burst, which refers to the violent and catastrophic failure of coal, is a 
serious safety hazard for underground coal mines, and it has attracted intensive 
research interests from mining and geological scholars [1]. In 1738, the first 
recorded coal burst took place in England [2, 3]. Since then, both the frequency and 
severity of coal burst increased with mining depth [2, 4, 5]. As shown in Table 1, 
coal burst has been a serious security issue that many countries face for decades. 
Coal burst has been recognized as a serious risk for Australia’s underground coal 
mines following a fatal coal burst accident at the Austar Coal Mine [6, 7]. Because of 
lacking coal burst experience, it is difficult to find mature theories and technologies 
in Australian to explain, predict, monitor, or control coal burst. It is an urgent task 
to develop a coal burst risk assessment methodology and prevention technology for 
Australian coal mines. Extensive study has been conducted around the mechanism, 
prediction, and prevention of coal burst [5] by scholars around the world. Some 
necessary conditions of coal burst such as stiffness, dynamic load, and mechanical 
property are found based on previous decades’ research.

In terms of energy, coal burst is the energy accumulation and releasing process 
of a coal body. Coal burst monitoring, such as acoustic emission, electromagnetic 
radiation, micro-seismic, infrared, and other methods, is the monitoring of differ-
ent energy forms released during coal burst [8, 9]. The cause of the coal ejection 
and roadway destruction is the elastic energy stored in the coal [10]. Therefore, 
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it is significant to have an understanding of energy release mode in the coal burst 
process, especially the magnitude of coal burst energy. Coal burst is regarded as a 
dynamic disaster since it is shown in many studies that coal burst is closely related 
to dynamic load [11]. It is believed that hard rock is more prone to violent failure 
than soft rock [12]. Due to the difference in physical and mechanical properties, 
different coal seams have a different coal burst propensity. Therefore, changing 
coal mechanical property is a promising method for coal burst mitigation. Water 
infusion can mitigate coal burst propensity through increasing moisture content 
of coal [13]. In this chapter, the coal burst driving forces, solving techniques, and 
monitoring methods are reviewed from energy aspects.

2. Potential driving factors

2.1 Mining depth

Mining depth has been identified as an important factor for the formation of 
coal burst. According to the analysis of coal burst cases in Poland and China, LM 
Dou found that the first coal burst accident in coal mines generally happened 
when mining depth approached 350 m and the frequency and severity of coal 
burst sharply increases with mining depth changing from 350 to 600 m [14]. 
Iannacchione and Zelanko found that nearly all coal bursts in the main coal fields 
of the U.S. occurred at depths greater than 300 meters, and most were at depths 
exceeding 400 m [15]. The contribution of mining depth to coal burst mainly 
results from the increasing gravitational stress. More strain energy will be stored 
in the coal under high gravitational stress condition [16]. Besides, for coal mines 
in China and the U.S., hard sandstone roof seems the common geological feature 
for deep mining, which can further result in a large accumulation of energy or 
a catastrophic dynamic load [17, 18]. The potential influence of hard roof (roof 
stiffness) also will be discussed in another section of this paper. The mining 
depths of two coal mines with coal burst accident in Australia are both around 
500 m [19]. Hence, the strain energy accumulation led by high gravitational 
stress plays an important role in the formation of coal burst accidents that hap-
pened in Australia as the mining depth of these coal mines is already beyond the 
mining depth of majority of burst accidents revealed by international research.

More seriously, almost all coal mines in Australia have plans for deeper mining, 
which means the stress environments will be more complicated and more energy 
will be stored in coal seams [20].

Country/region Time 
period

Number of 
coal bursts

Number of 
fatalities

Reference

Czech Republic/
Poland

1983–2003 190 122

Ruhr, Germany 1973–1992 50 27 [4]

USA 1943–2003 – 78

USA 1983–2013 337 20 [21]

Mainland China 1933–1996 4000 400 [5]

Mainland China 2006–2013 >35 >300 [36]

Table 1. 
Coal burst occurrence and fatalities by country/region [7].
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2.2 Geological structures

It has been shown by numerous studies that the complicated geological struc-
tures caused by folds, faults, and coal seam thickness variation have a noticeable 
influence on the coal burst occurrence [21]. Dou et al. found that 72% coal burst 
accidents in Longfeng Colliery were related to faults [16]. The numerical study 
conducted by Chen et al. found that stress will concentrate near the coal face when 
the coal face approaches fault [22]. Mark found that coal burst accidents in the U.S. 
have a close relationship with faults [23]. Folds, which are created by compres-
sional tectonic stress, may have high residual tectonic stress in the geological struc-
tures. Through the stress regression analysis of Huanghuiyan Colliery, Jiang et al. 
found that stress concentration tends to exit at the area near syncline axis [24]. The 
influence of geological structures on stress distribution is shown as Figure 1.

2.3 Surrounding rocks’ stiffness

Stiffness of the surrounding rocks is one of the main factors giving rise to coal 
burst. Bieniawski found that rock samples are more prone to violent failure under 
the loading machine with high stiffness. The uniaxial compression tests of sample 
composed by coal and rock found that most elastic energy is stored in the coal part 
of the compound sample and the burst potential of the sample is positively related 
to the thickness of the rock part [25, 26]. Through theoretical analysis, Yang found 
that energy will flow from high stiffness material to low stiffness material [17]. 
Hence, the high stiffness of surrounding rocks will enhance the energy accumula-
tion in coal seam. In addition, as shown in Figure 2, the strength of coal tends to 
have rapidly decreased under the high stiffness environment [27]. Generally, the 
high stiffness environment is related to the heavy and hard sandstone layer above 
the coal seam [28]. Sometimes, the thickness of sandstone layer can reach tens or 
even hundreds of meters [16].

Figure 1. 
Stress concentration caused by geological structures.
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More seriously, almost all coal mines in Australia have plans for deeper mining, 
which means the stress environments will be more complicated and more energy 
will be stored in coal seams [20].

Country/region Time 
period

Number of 
coal bursts

Number of 
fatalities

Reference

Czech Republic/
Poland

1983–2003 190 122

Ruhr, Germany 1973–1992 50 27 [4]

USA 1943–2003 – 78

USA 1983–2013 337 20 [21]

Mainland China 1933–1996 4000 400 [5]

Mainland China 2006–2013 >35 >300 [36]

Table 1. 
Coal burst occurrence and fatalities by country/region [7].
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2.2 Geological structures

It has been shown by numerous studies that the complicated geological struc-
tures caused by folds, faults, and coal seam thickness variation have a noticeable 
influence on the coal burst occurrence [21]. Dou et al. found that 72% coal burst 
accidents in Longfeng Colliery were related to faults [16]. The numerical study 
conducted by Chen et al. found that stress will concentrate near the coal face when 
the coal face approaches fault [22]. Mark found that coal burst accidents in the U.S. 
have a close relationship with faults [23]. Folds, which are created by compres-
sional tectonic stress, may have high residual tectonic stress in the geological struc-
tures. Through the stress regression analysis of Huanghuiyan Colliery, Jiang et al. 
found that stress concentration tends to exit at the area near syncline axis [24]. The 
influence of geological structures on stress distribution is shown as Figure 1.

2.3 Surrounding rocks’ stiffness

Stiffness of the surrounding rocks is one of the main factors giving rise to coal 
burst. Bieniawski found that rock samples are more prone to violent failure under 
the loading machine with high stiffness. The uniaxial compression tests of sample 
composed by coal and rock found that most elastic energy is stored in the coal part 
of the compound sample and the burst potential of the sample is positively related 
to the thickness of the rock part [25, 26]. Through theoretical analysis, Yang found 
that energy will flow from high stiffness material to low stiffness material [17]. 
Hence, the high stiffness of surrounding rocks will enhance the energy accumula-
tion in coal seam. In addition, as shown in Figure 2, the strength of coal tends to 
have rapidly decreased under the high stiffness environment [27]. Generally, the 
high stiffness environment is related to the heavy and hard sandstone layer above 
the coal seam [28]. Sometimes, the thickness of sandstone layer can reach tens or 
even hundreds of meters [16].

Figure 1. 
Stress concentration caused by geological structures.
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2.4 Micro-seismicity

Micro-seismicity refers to the regional small-scale seismic events that are 
undetectable by earthquake monitoring stations due to their small-scale energy 
compared with earthquakes. However, for underground coal mines, the energy 
released by micro-seismicity also is an important energy source for coal burst 
formation. Intensive micro-seismicity has been observed in most coal mines 
with high bursts risk in Poland, China, and the U.S. [29–31]. Micro-seismicity 
can be detected and located by specific micro-seismic monitoring appara-
tus. Deep research has been made by many researchers on the monitoring of 
dynamic load and identifying high burst potential areas through micro-seismic 
monitoring [32–34].

3. Previous mechanism

The study of the coal burst mechanism aims to explain the causes of coal burst 
from two perspectives: force source and coal’s physical properties. As a type of coal 
failure, coal burst should meet the conditions of coal failure. That is, the stress 
loaded on coal exceeds the strength of coal when coal burst occurs, which is named 
strength theory by some scholars [16]. Satisfying strength theory is one of the 
conditions required by coal burst. Under static loading condition, coal burst does 
not always happen when the ultimate strength is reached. It has been pointed out 
that coal strength will change under dynamic load. Research has shown that the coal 
failure behavior is affected by loading rate as well [35]. In the actual situation, the 
strength theory of coal burst becomes more complex as the coal body is under the 
collective effect of static load (overburden weight) and dynamic load. Dou et al. 
[14] studied the dynamic load required by coal burst at different static load levels. 
Through a series of follow-up studies, LM Dou put forward the dynamic and static 
load superposition theory of coal burst [36, 37]. The strength theory of coal burst 

Figure 2. 
Effect of stiffness of the loading system on the behavior of coal failure [17].
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under dynamic load should be based on the dynamic strength of coal. Cook found 
that marble only has violent failure when the stiffness of the test machine is greater 
than the stiffness of the specimen [2, 16]. The compressive experiment of samples 
composed of coal and rock showed that violent failure always occurred in the layer 
with minimum stiffness [25, 38]. That is, the necessary condition for coal burst of a 
pillar or rib is that the stiffness of the roof and floor is greater than that of the coal 
seam. In most cases, the stiffness of coal seam is minimal relative to roof and floor. 
That is, coal failure in coal mines generally meet stiffness conditions.

It is found that the post-failure curve of hard rock is steeper than that of soft 
rock. This means that hard rock is more likely to fail instantaneously. Bieniawski 
et al. [39] believe that hard rock is much more prone to violent rupture than soft 
rock. It is necessary to explain that the hard rock and soft rock here are classified 
in terms of strength. Bieniawski proposed two indices, elastic strain energy index 
(WET) and bursting energy index (KE), to measure the rock burst tendency of dif-
ferent rocks. As shown in Figure 1, elastic strain energy index is the ratio between 
elastic energy (Ee) and plastic energy (Ep) when the specimen is loaded to at least 
80% of the strength and then unloaded [2]. KE is the ratio between Eb and Ea [2]. Eb 
represents the energy storage before strength while Ea means deformation energy 
consumed after the peak value. It is proved by in suit and experimental data that 
coal with high WET and KE value has a high tendency for violent failure [2, 4, 25]. 
These two indices describe the proportion of elastic energy during coal burst. 
Different rock types have different burst tendency and different energy storage and 
releasing behavior. Due to the difference in physical and mechanical properties, 
the WET and KE values of different coal seams vary widely as well. Theoretically 
speaking, coal has no burst ability when the WET and KE values are low enough. The 
ability or property of coal burst is called coal burst propensity by Chinese scholars. 
Four indices including WET and KE are summarized as coal burst propensity indices 
by Chinese scholars and have become a good indicator of coal burst risk of different 
coal seams. Coal burst propensity index describes the proportions of different ener-
gies. The successful application of the coal burst propensity index method indicates 
that elastic energy and coal burst are closely related. Coal has the ability to store and 
instantly release elastic energy in the premise of coal burst (Figure 3).

4. Prevention methods

4.1 Evaluation

Based on the analysis of stress-strain curve of coal specimens under uniaxial com-
pression stress, several special indices are published by different researchers to evalu-
ate coal burst propensity. Russian and Poland coal mines adopt elastic strain energy 
index and bursting energy index to evaluate coal burst propensity [2, 4]. Zhang et al. 

Figure 3. 
Schematic diagram of coal burst propensity index [40]. (a) Determination of WET and (b) determination of KE.
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believe that the duration of failure process is the comprehensive reflection of energy 
accumulation and dissipation characteristics of coal [41]. They propose a dynamic 
failure time to evaluate coal burst propensity. Based on the correlation analysis of 
mass data, Qi et al. conclude that uniaxial compression strength of coal is a proper 
index of coal burst propensity evaluation as well [42]. In 2010, the China Coal 
Industry Association summarized these four indices as bursting liability indices of 
coal and published the standard test method of these four indices. Some researchers 
adopt these four indices to evaluate the burst propensity of rocks as well. It is has 
been proved by Russian, Poland, and Chinese experience that these four indices are 
good indicators to define the burst risk of coal seam. Besides, LM Dou et al. com-
bined geological conditions and technical settings of mining together and proposed 
comprehensive index method based on the coal burst research in China [16].

4.2 Monitoring

Minimizing the safety risk caused by failure of instability rock/coal is an urgent 
and essential task for underground mines. Similar with the instantaneous failure 
of other brittle materials such as rock, concrete, and metal, the coal burst process 
is always associated with the release of rich geophysical signals including acoustic 
emission (AE) [43], micro-seismic [32] and electromagnetic radiation [44]. It is 
demonstrated by decades of research and in-field application that micro-seismic 
monitoring technology has a promising ability to locate potentially violent rock 
failure. Micro-seismic monitoring is a passive observation of very small-scale earth-
quakes that occur in the underground as a result of human activities such as mining, 
hydraulic fracturing, and underground gas storage. The phenomenon that stressed 
rock can release micro-level signal was discovered by two researchers of U.S. Bureau 
of Mines, Obert and Duvall, in 1938 [32, 34]. In the early 1960s, South African 
researchers developed a 16-channel micro-seismic system with positioning function 
for rock burst monitoring in gold mines [34]. In 1970, under the sponsorship of the 
U.S. Bureau of Mines, the Pennsylvania State Rock Mechanics Laboratory con-
ducted a research project to investigate the application of micro-seismic techniques 
to coal mine safety [45]. Through decades’ study of underground micro-seismic for 
mining operation, micro-seismic system has been a basic and valuable monitoring 
tool for metal and coal mines worldwide. It provides a continuous and real-time 
4D (three dimension location and time) record of seismicity associated with rock 
failure in the monitoring region.

4.3 Controlling

The widely used coal burst controlling methods include provocative blasting, 
long-term water infusion, hydro-fracturing, de-stress drilling, and protective seam 
mining [46]. Dou et al. proposed the intensity weakening theory to guide the coal 
burst control from the aspect of energy [16]. Based on the energy aspects, the 
key to coal burst prevention are: (1) softening coal by changing the physical and 
mechanical properties of coal. The burst tendency or burst scale of soft coal will be 
mitigated as the energy storage ability of coal has been reduced. The main methods 
of coal body softening are blasting and water infusion. (2) Transferring stress to 
deep regions and reducing the stress level of coal, which can reduce energy storage 
as well. The main methods are pressure relief blasting, roof pre-splitting blasting, 
roof cutting blasting, protection seam mining, hydraulic roof fracturing, and large 
diameter pressure relief drilling. (3) Releasing energy by artificially induced coal 
burst under low stress level. The main methods are pressure relief blasting and large 
diameter pressure relief drilling.
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