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Abstract

Mining of raw materials is a process that consists of several stages. It starts with an
order of a company or a private taker. For Greenfield projects, prospection and
exploration must be done at first to investigate the mineral occurrence. If the
resources are economical mineable, application of machinery has to be decided.
The decision is primarily based on rock mass properties.

In open-pit mining, material with high compressive strength is extracted by drilling
and blasting and material with low compressive strength is extracted by e.g. a
bucket wheel excavator. After drilling and blasting, material must be broken down
into smaller pieces of rock using a crusher, so that it can be transported with
conveyor belts. Most important influencing factors for crusher decision are
compressive strength, clay content, moisture content, abrasiveness, amount of
fines, and desired reduction ratio. Depending on sequence of mining, fixed, semi-
fixed, semi-mobile, or mobile crusher stations can be applied. Compressive
strength, tensile strength, cleavage, fracture behavior, and stickiness are the most
significant influencing factors for bucket wheel excavator selection. Before
manufacturing a bucket wheel excavator, investigation of material’s cutting
resistance with a suitable test method and comparison of mine condition with

condition of other mines is recommended.

The waste removal and dumping associated with mining must be handled very well,
so that the environmental impacts are as low as possible and to guarantee dump
stability. Essential are dump foundation properties, design of dump, and
construction of dump.

Open-pit mining operations harbor risks which can lead to project delays, operation
standstill, injury to personnel, damage to equipment, or negative impacts on the

environment. Therefore, risk identification and prevention of risks is essential.
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Zusammenfassung

Der Abbau von Rohstoffen ist ein Prozess, der aus mehreren Schritten besteht. Es
beginnt mit dem Auftrag einer Firma oder eines privaten Interessenten. Bei
Greenfield-Projekten milssen zunachst Prospektionen und Explorationen
durchgefuhrt werden, um das Mineralvorkommen zu untersuchen. Wenn die
Ressourcen wirtschaftlich abbaubar sind, muss der Einsatz von Maschinen
entschieden werden. Die Entscheidung basiert hauptsachlich auf den
Eigenschaften der Gesteinsmassen.

Im Tagebau wird Material mit hoher Druckfestigkeit mittels Bohren und Sprengen
und Material mit niedriger Druckfestigkeit z.B. mittels Schaufelradbagger
gewonnen. Nach dem Bohren und Sprengen muss das Material mit einem Brecher
in kleinere Gesteinsfragmente zerkleinert werden, sodass es mit Férderbandern
transportiert werden kann. Die wichtigsten Einflussfaktoren flr die Entscheidung
des Brechers sind Druckfestigkeit, Tongehalt, Feuchtegehalt, Abrasivitat, Feinanteil
und gewlnschtes Zerkleinerungsverhaltnis. Abhangig von der Abbausequenz
kénnen fixe, halb-fixe, halb-mobile oder mobile Brecherstationen eingesetzt
werden. Druckfestigkeit, Zugfestigkeit, Spaltbarkeit, Bruchverhalten und Klebrigkeit
sind die wesentlichsten Einflussfaktoren fiir die Auswahl eines Schaufelradbaggers.
Bevor ein Schaufelradbagger gebaut wird, ist eine Untersuchung des
Schnittwiderstandes des Materials mit einer geeigneten Testmethode und ein
Vergleich der Abbaubedingungen mit den anderer Tagebaue zu empfehlen.

Die mit dem Abbau verbundene Entsorgung und Verhaldung des Abraums missen
bestens gehandhabt werden, damit die Umweltauswirkungen so gering wie moglich
sind und die Stabilitdt der Halde gewahrleistet ist. Wesentlich sind die
Eigenschaften der Haldenbasis, das Design der Halde und die Errichtung der Halde.

Der Tagebaubetrieb birgt Risiken, die zu Projektverzégerungen, Stillstand des
Betriebes, Personenschaden, Gerateschaden oder negativen Auswirkungen auf die
Umwelt fohren kénnen. Daher ist die Risikoerkennung und -vermeidung von

wesentlicher Bedeutung.
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1 Task Formulation

First step of the self-contained cycle is a mine project order given by a company or
a private taker. The objective of the thesis is to create a guideline that helps during
the open-pit operation from the very beginning until the end of the self-contained
cycle. It covers the whole procedure of a mining project starting with the analysis of
the orebody. Each mineral deposit is different and must be investigated properly to
ensure right decision making for further progress. In the next step, evaluation of the
most qualified equipment for the existing mine condition must be done based on
rock mass properties. Various influencing factors have to be considered to choose
suitable machinery. The thesis focuses on determination of most efficient

investigation methods prior to excavation start.

After the excavation, waste handling and waste management must be done. Main
issues are stability problems of dumps and dump sequencing due to a high accident
risk. Mining is a very dangerous activity and it is associated with a high injury rate.
Therefore, risk analysis of the most important risks is made to create a checklist to
go through during all stages of the mining operation. Each of the mentioned parts is
discussed based on conceptions of FLSmidth. Operational expenditure (OPEX) and
capital expenditure (CAPEX) calculations are not part of the thesis.

FLSmidth is a large mining concern that acts around the whole world and works on
both Greenfield projects and existing projects in more than 50 countries. Working
area of FLSmidth involves the supply of mineral and cement industry with everything
from engineering, single machines and complete processing plants, to
maintenance, support devices, and operation of processing facilities. The objective
is to implement a system which optimizes technical specifications, output rates, and
safety issues. FLSmidth focuses on cement, coal, copper, gold, iron ore and
fertilizers, providing one source for the products, solutions and services they need.
Nickel, Zinc, Lead, Tin, Silver, and Platinum Group Metals (PGMs) are also part of
the assortment.
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2 Analysis of the Orebody

2.1 Orebody Definition

The orebody is a natural given structure of an accumulation of valuable minerals
and rocks [1]. Factors that influence the value of a deposit are geometrical
parameters (thickness, strike, dip, depth, depth extension), shape and size of
deposit (tabular, massive, irregular), and regularity of deposit. A general distinction

is made between ore deposits, industrial minerals, and fossil energy resources [1].

To get an idea of location, regularity, and value of the deposit, prospection and
exploration methods must be conducted. Different geological methods as
geochemistry, geophysics, aerial photograph interpretation, and investigation of drill
cores in shallow depth are part of the detailed follow-up exploration [1]. In evaluation
phase, drill patterns are getting smaller, rock mechanics investigations are made,
and processing tests are performed to know exactly how to handle the material.
After that, accurate calculations of reserves are possible. Results are shown in a
feasibility study [1].

Drilling in great depth is very expensive and therefore, drilling patterns must be
chosen wisely. The following interpretation of investigated drill cores is the key of
understanding the shape and regularity of the orebody. Drill cores must be stored
and documented properly (photo, depth, number). Databases are used to collect

the whole drilling data and to make sure that no data is lost.

Deposit models are created to improve and support understanding of the deposit.
These models are permanently updated by adapting newest exploration data.
Based on drill data and geostatistics (e.g. estimation approach based on weighted
average of samples), a possible model of the deposit is generated. The key is not
to trust these models without thinking. The model should serve as a decision support
whereby knowledge of experts must be incorporated.

Most important industries for FLSmidth are cement, iron ore, copper, gold, coal and
phosphates.

Evaluation and Risk Analysis of Open-Pit Mining Operations Page 2



Iron-ore deposits

Most important type of iron ore deposits are marine-sedimentary deposits (banded
iron formations). They represent about 75 % of world reserves [1]. Often weathered
areas (laterites) are mined. Liquid-magmatic and contact-metasomatic deposits play
also an important role [1].

Banded iron formations (BIFs) are fine-layered (0,5 — 3 cm) and micro-laminated (<
1 mm) rock formations. The easiest composition consists of magnetite and quartz
layers with a vertical thickness of a few hundreds of meters and a lateral extent of
up to thousands of kilometers [1].

BIFs are distinguished because of their country rocks. Formation of Algoma type
BIF took place in volcanic surroundings, Superior type BIF whereby shelf sediments
dominate, and Rapitan type BIF which is bound to glaciogene marine sediments [2].

Cu-ore deposits

Most important type of copper ore deposits are porphyry copper deposits. They
represent about 60 % of world reserves. Stratabound deposits in sediments are also

quite important [1].
Au-ore deposits

2/3 of world production of gold was provided by recent and fossil placer deposits.
Most important example represents the Witwatersrand basin [1]. Plutonic gold
deposits (Au-Qtz gangues, stockwork mineralization, breccia pipes, gold porphyry,
polymetallic skarns) are bound to acidic and intermediate magmatic rocks.
Metamorphic Au-Qtz gangues are mostly related to archaic/old-proterozoic
greenstone belts and this type of deposit is often called orogenic gold deposit [1].
They represent the most important type of primary gold deposits.

2.2 Mineral Deposit Influence

The mineral deposit influences the way of mining through several aspects e.g. mine
size, depth of mining, mining method. If a mineral deposit is mined in an open-pit
mine, the goal is always to mine the deposit as economical and completely as
possible with the highest safety standards. Therefore, the geometry of the pit has to
follow the geometry of the deposit. The pit is extended vertically and horizontally
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during the process of material excavation. Regarding the mine plan, several parts

of the pit extend faster than others.

The material (waste/ore) must be transported out of the mine. This can be done
through truck haulage or with an in-pit crushing and conveying (IPCC) system. The
most important objective is to choose the most economical solution. Important
influencing factors are depth of pit, haulage distance to faces and mine facilities, pit

geometry, emissions, fuel prices and so on.

FLSmidth is focusing on preparing haulage solutions with IPCC systems. Itis always
tricky from an engineering point of view to locate the crusher on a suitable place
where relocation times are minimized. Relocation must be done frequently if the

pushback rate is high and relocation costs are quite high.

Planning of conveyor belt and semi-mobile crusher location is performed on a gold
mine called Vostochny. It is very important to mention that the best approach for
cost calculation would be to compare the haulage costs generated through truck
and conveyor haulage inclusive costs for crusher relocation. Therefore, the crusher
must be located on several benches (in and outside the working area). The
evaluation for following options is done by discussing and comparing advantages
and disadvantages of these options. FLSmidth is focusing on crusher relocation
because of great cost. Two options for crusher and belt location are selected to be
the most effective.

Option 1

The crusher in option 1 is located on bench 558 m above sea level (see Figure 1).
The conveyor belt is connected two times with bridges at position x1 and x2 to
guarantee that truck haulage can be implemented beneath conveyor belt. Maximum
inclination of conveyor belt is 7,93° and therefore, unproblematic for construction
and haulage. In sum, about 2.473 m of conveyor belt must be installed and about
3,7 Mio. m® of material must be removed prior to operation start (Figure 2 and Figure

3) to ensure a proper slope angle.
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e Advantages
o The crusher is located outside zone of maximum pushback
o Usage of predefined haulage route for conveyor belt haulage
o Location of crusher beneficial for truck haulage distance
e Disadvantages
o Removal of large amount of material prior to operation start
o Installation of two conveyor bridges is associated with high CAPEX

o Development of a ramp to crusher location is necessary
Option 2

The crusher in option 2 is located on bench 558 m above sea level (see Figure 4).
The tunnel is developed from this bench upwards until it reaches the elevation 765
m above sea level. From this point the conveyor belt is developed straight to the
dump. Maximum inclination of the conveyor belt is 12,52° and therefore,
unproblematic for construction and haulage. About 1.529 m of conveyor belt are
needed for this option and about 933.037 m? (7*5*943,91 = 33.037 m? for tunnel) of
material must be removed prior to operation start (see Figure 5 and Figure 6).

e Advantages

o Crusher located outside zone of maximum pushback

o Usage of a tunnel with an inclination < 14°

o Location of crusher beneficial for truck haulage distance

o Removal of moderate amount of material prior to operation start
e Disadvantages

o Great cost for creation of tunnel

o Development of a ramp to crusher location is necessary
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Figure 1: Option 1 for IPCC system in Vostochny Mine with mine dump (= colored brown)
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Figure 2: Material removal for Option 1 with pit
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Figure 3: Material removal for Option 1 without pit
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Figure 4: Option 2 for IPCC system in Vostochny Mine with mine dump (= colored brown)
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Figure 5: Material removal for Option 2 with pit (without material removal for tunnel)
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Figure 6: Material removal for Option 2 without pit (without material removal for tunnel)
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3 In-Pit Crushing and Conveying

3.1 Definition and Evaluation Parameters

IPCC systems are continuous haulage systems for open-pit mines (see Figure 7).
The sequence of IPCC consists usually of a feeding system which feeds the
blasted/excavated material into a crusher system (fixed, semi-mobile, mobile). The
crusher system is located within the pit and relates to a downstream conveying

system for hauling the crushed material to a certain discharge point.

T T T T T T T T T T T e e e T T e P L e e P R P LR PRI T

In-pit operation Ex-pit operation

Discontinuous Continuous ;
Feeder Cru?her Conveyor D'SS chtarge
System system System ystem

.......................................................................................................................................................................................................

Figure 7: Sequence of IPCC operation (modified after [3])

Evaluation of continuous mining systems is based on the type and properties of ore
and waste being mined. Bucket wheel excavator (BWE) in combination with a
system of conveyors is used in case of light and loose earth. For mining in harder
ore (minerals, hard coal), crushers are applied to reduce the run-of-mine ore to a

conveyable size [4].

Important design factors are production requirements, truck sizes, CAPEX and
OPEX, ore characteristics, orebody geometry, reserve life, estimating infrastructure
and equipment, availability of power and diesel, country risks, safety and
environment, project location, life-of-mine/expansion plans, operational
consideration, and maintenance requirements [4]. Certain mining-based factors are

described below.
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Production Requirements

The design capacity of feed hopper is between two and three truckloads and the
discharge chamber below the crusher must be designed to carry a minimum of 1,25
times the capacity of the receiving hopper to avoid damage to the crusher [4].

Ore characteristics

Ore characteristics influence crusher and conveyor selection. Larger measures for
dust suppression and collection must be considered for dry ores. Blockage of chutes
and crushers, reduction of surge capacity, and incorrect alignment of belts are
caused by wet, sticky ores [4].

Project Location

Costs for construction are generally much higher for altitudes, in cold climates and
at remote sites. In case of a flat quarry operation, it is suitable to install the conveyor
in one position for a long time. On the other hand, the crushing station and receiving
conveyor in a deep copper pit need to be moved from time to time. If exploitation is
finished at a face, the conveyor could be installed at this face with a high-angle
conveyor. The other possibility is a gap designed to install a conventional conveyor
[4].

Plant Layout and Design

Cost driving factors of the crushing plant are structures and infrastructure. High
investment costs regarding these factors can be saved by designing the plant layout
accurately [4].

A close co-operation of crusher manufacturers and plant designer is required
whereby high-priority elements are production, process, economic, safety, and
operational design [4].
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3.2 Feed System

The feed system functions as a connection element between the operation at the
working face and the crusher system. Ritter [3] divided the system into cyclic
excavation and cyclic intermittent haulage. Various combinations are shown in
Figure 8 depending on applicable haulage range and crusher system. Typically,
excavation in IPCC systems is done by front-end loaders, hydraulic excavators, or
rope shovels. In some cases (e.g. gravel pit in Milford), direct feed of crusher is done
using dragline or dozer [3].

Combinations
3 223
Shovel/Excavator z eg
EC
o
-
2 a
] e Direct feed
Dragline g
2
a2
°
E
>
5
E
. 3
Front end loader *‘
Front end loader in _ - 8
: -
combination with *‘_* ]
mining truck E
°
2 Indirect
Shovel/Excavator in = Cyelic nkaritad
combination with ﬂ E :::::: tion haulage feed
mining truck bad
°
°
2
Shovel/Excavator in i
Combination with train M
Range

Figure 8: Possibilities of feed system [3]
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3.3 Crusher System

The crusher system receives material from the feed system which is excavated at
working face. Boulders must be crushed to a certain grain size to become

conveyable with conveyor belt.
In-pit crusher stations can be divided into [3]:

e Fixed
e Semi-fixed
e Semi-mobile

e Fully-mobile

The classification is based on degree of mobility, structural design and location of

operation [3].
Fixed In-Pit Crusher Station

Fixed in-pit crushers (Figure 9) are typically gyratory or jaw crushers which are
designed to operate the whole lifetime of mine at the same place. The crushers are
usually located near the pit rim or inside the pit to prevent exposures to mining
activities. [3]. The two types of fixed crushers are named in-ground and rim-mounted
crushing plants. Both are installed in a concrete structure. In-ground crushers are
located ex-pit and rim-mounted crushers are fixed at or a part of the bench wing

wall. Rim-mounted stations are installed for 15 years and more [4].
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Figure 9: Fixed In-Pit Crusher Station of FLSmidth [5]

Semi-fixed In-Pit Crusher Station

Semi-fixed in-pit crushers are mostly located at junctions within the pit and they are
fed by mining trucks from various working benches and loading points. Crushers
can be divided into modular and non-modular crusher stations. The difference is
that modular crusher stations must be relocatable very quickly without high costs for
dismantling and erection. Depending on presence of integrated feed system, both
types can be divided into direct dump and indirect dump stations. Relocation times
for modular stations are about several days and for non-modular stations several

weeks up to one month [3]. Relocation frequencies are between 5 and 10 years [4].
Semi-mobile In-Pit Crusher Station

Semi-mobile crusher stations (Figure 10) are normally located at the operating
bench and they can be fed by multiple loading machines (e.g. front-end loaders).
This system doesn’t consist of integrated transport mechanisms. Transport crawlers
or dozers are used for relocation of system which takes about several hours [3]. A
subdivision into direct-dump and indirect feed crushing plant can be made. Both are
located near the centroid of the working portion of the mine to minimize haulage
distance for trucks. The indirect feed system consists of an apron feeder, the
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crushing plant with the crusher, and a separate tower that harbors the control room.
In comparison, the direct-dump crushing plant is mounted on a steel structure which
comprises the whole auxiliary equipment and subsystems for crusher operation.
Relocation frequencies of semi-mobile stations are between 1 and 10 years for
direct-dump and between 3 and 5 years for indirect feed systems [4].

Figure 10: Semi-mobile In-Pit Crusher Station of FLSmidth (provided by FLSmidth)

Fully-mobile In-pit Crusher Station

Fully-mobile crusher stations (Figure 11) aim for the total elimination of truck usage
by feeding the run-of-mine ore directly to a continuous materials-handling system
[4]. Direct feeding of crusher takes place using a single loading machine. The
crusher system can be moved using integrated transport mechanisms as crawler
tracks, hydraulic walking pads or tires. Due to their agility, a simultaneous movement

along the working face is possible but only a few are actually able to follow the
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movements of the loading unit. However, design of most fully-mobile crusher
systems requires discharge of hopper before movement of crusher can start.

Therefore, operational delays of loading unit occur [3].

Figure 11: Fully-mobile In-Pit Crusher Station of FLSmidth (provided by FLSmidth)

Best applications for fixed IPCC systems are in deep, pre-existing pits with a low
vertical advance rate. The crusher must be able to handle the operation without

being relocated over a time greater than five years [6].

Semi-mobile in-pit crushers are relocated every two to five benches in a deep mine
depending on vertical advance rate [6]. Transport crawlers or self-propelled modular
transporter are used for relocation of semi-mobile and semi-fixed systems.
Transport crawlers are able to bear loads up to 1.500 t on a maximum gradient of
10 %.

Fully-mobile in-pit crushing stations are best applied in greenfield operations [6].
Wherever low ground pressure and quick relocation of crusher without downtimes
of crusher are required, crawler tracks are used as transportation system. Travel
speeds between 8 — 12 m/min and 17 — 20 m/min can be reached for large and

small crusher stations, respectively [3].

Evaluation and Risk Analysis of Open-Pit Mining Operations Page 18



3.3.1 Evaluation of Crusher Type

Main purpose of crushers in IPCC systems is to reduce the grain size of the fed
material to a specific grain size that is necessary for the conveying with downstream

conveyor belt.
Crusher selection depends on following parameters [3]:

e Material properties (moisture content, density, hardness, stickiness,
abrasiveness)
e Application requirements (product size, feed size, fines, product size

distribution, capacity)

Figure 12 shows the in-pit crushers used for IPCC systems depending on maximum
output and compressive strength of material.

16,000

14,000 -; -
/| “wr” | Sizer Hybrid

- Gyratory

12,000 A

10,000 ;!'.‘g

o

8,000

Max. Capacity [V/h]

6,000

4,000

Feeder
= breaker

2,000

0 100 200 300 400 500 600 700
Material compressive strength [MPa]

Figure 12: Crusher types related to maximum capacity and compressive strength [3]

Table 1 and Figure 12 show data of various primary crushers based on data from
various references [7—16]. Main parameters for selection of crushers are achievable
capacity, achievable reduction ratio, maximum feed size, and material compressive
strength [3].

The impact crusher is most commonly used for diorite, dolomite, granite, limestone,
marble and basalt deposits with an amount of 50 %. Reasons are the achievable
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reduction ratio that can go up to 1:50 and the ability of crushing materials with a

moisture content up to 10 % [3].

The gyratory crusher represents the main crusher type for copper, gold deposits (86
%) and for iron ore deposits (39 %). Main reasons are probably high capacity rates

and possibility of processing high resistance material [3].

Sizer and double roll crusher have the highest application rates for coal (54 %) and
oil sand (26 %) deposits due to their ability of cutting wet materials at high capacity

rates [3].

Hybrid crushers are often used in combination with fully-mobile crusher stations
nowadays [3]. They produce a driblet of fines and they are able to handle material
with a high moisture content.

Table 1: Data comparison of primary crusher used for IPCC systems [3]

Crusher Jaw Gyratory Roll Crusher Impact Feeder Breaker Sizer Hybrid
Year introduced 1858 1883 1910 1920 1960 1979 2005
Mechanical reduction compression compression compression, impact, compression, shear, compression
method impact & shear attrition, impact, shear compression
(for single roll) shear

Moisture content [%] <5 <5 >20 <10 >20 <20 >20
Application for high poor - fair poor good poor fair excellent very good
clay materials
Abrasiveness high high low not low low - medium low - medium

applicable
Fine generation low-medium  low-medium low high low-medium low low
Max. capacity [t/h] 1250 10940 14000 4500 6000 12500 12000
Material compressive
strength [MPa] 450 600 150 115 50 200 300
Max. feed size [mm] 1500 1830 1600 3000 1500 2000 2500
Reduction ratio 1:4-19 13-18 1:5-1:10 1:10-150 1:2-1:4 12-14 1:4-16
Design variations single/double Gyratory, Jaw- Single/double Horizontal/ive single/double

toggle type gyratory  roll rtical and roll,

single/double side/centre

shaft
Max. Dimensions height 5400 10800 3500 8100 2000 1800 2000
[mm] length 5200 6450 9700 5500 6500 10100 9300

width 4200 6250 8200 5700 4500 4050 7000

Max. Weight [f] 115 530 230 190 50 190 102
Max. Installed power 400 1200 2000 2800 300 1200 2500
[kW]
Schematic
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4 Bucket Wheel Excavator

One of the most important influencing factors for specific application of a BWE is
the chosen design based on various parameters e.g. material characteristics.
Material characteristics consist of compressive strength, cleavage, tensile strength,
fracture behavior, and stickiness [17].

Additionally, significant parameters like specific cutting/digging force and specific
energy are used to get an idea of the behavior of the material that must be
excavated. The specific energy is defined as the amount of energy required to
excavate a unit volume of rock [18]. Specific linear cutting force only is not a proper
parameter for optimization of BWE design, especially for hard rock conditions.
Therefore, BWE geometry and the chosen mining method must be taken into
account with a method using a fracture surface-related energy requirement [17].
Specific cutting force related to the cross section of chip shows better results for
BWE operations in harder materials [19].

An approach for hard rocks which is related to mining energy (LSE) is developed
and modified by Machniak and Koziot [20]. It describes the workability of rock and
the necessary energy to excavate hard rock. Basis is the comparison of machines
with same working characters e.g. BWEs and rippers. Andras et al. [21] examined
lignite and overburden rock of Oltenia coal field and discovered that best results for
cutting forces arise using the specific energy approach.

Figure 13 shows the evaluation steps of a Greenfield project to determine useful
application of a BWE. First, prospection and exploration methods must be done on
site e.g. bore holes are drilled and drill cores are taken. After prospection and
exploration phase, test methods are conducted on drill cores to determine cutting
resistance and mechanical properties of rock. BWE design is based on UCS and
cutting strength parameters. After final BWE type is manufactured and already
operating, monitoring and documentation of required driving power should be done
permanently. This procedure leads to a better understanding of the connection
between excavated material and operating BWE.
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Figure 13: Evaluation of Bucket Wheel Excavator
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Based on the equipment of FLSmidth it can be said that the limit for operability of
BWEs (BWE100, BWE200) is reached at a uniaxial compressive strength (UCS) of
the rock mass of about 20 MPa (see Figure 14). Durst and Vogt [19] described that
BWEs can excavate soil classes in the range between class VI to X (see Table 4).
Hard material layers (maximum UCS: 70 to 140 MPa) and boulders with thickness
up to 600 mm can be excavated by heavy design BWEs. These BWEs don’t cut the
material, they break it into smaller pieces [22]. Very important is the relation between
the UCS that is determined on an intact rock sample in laboratory and the UCS of
rock mass. A proper investigation of the rock mass is indispensable to ensure a right

derivation.

BWE Evaluation

compressive 50

STRENGTH [MPA] I

6000 10000 12000

OUTPUT [M3/H]

Figure 14: Comparison of applicable extraction method for Bucket Wheel Excavators based
on FLSmidth equipment
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4.1 Cutting/Digging Resistance

One of the most important characteristic values that describes a relation of cutting

tools of the machinery and the properties of rock is called cutting resistance [23].

Influencing factors are geo-technological parameters (geology, water content, shear
strength, compressive strength, discontinuities), technical parameters of the
excavator (cutting tools, installed power), and technological parameters (chip and

block parameters, cutting speed, slewing direction) [23,24].

The cutting resistance is described as the necessary force to penetrate the rock with
a tool and loosen a defined chip and can be separated into normal and tangential

components [23].

The tangential cutting force (Fs;) is defined by an equation that consists of the ratio
of the cutting power Ps in Nm/s and the cutting speed vs in m/s [23]:

Fsr === [N] (1)

The tangential digging resistance (Fgt) additionally includes the power demand for
filling and circulating processes Pr in Nm/s, the power demand for friction between
the extracted material and the bucket Pr in Nm/s, and the power demand for
acceleration of the material Pg in Nm/s [23].

F — PstPrtPrtPp
gt = -
S

[N] (2)

There are different parameters to which the tangential force can be referred [25]:

- 1 cm of the mean cutting knife length of the sickle cut
- 1 cm?of the mean slice cross-section of the sickle cut

Mean values are taken as granted due to sickle cut shape and changing parameters
with cutting angle.

Dombrovskij [26] described ka (specific digging force) values for various lithologies,
half-blocked cuts and specific cutting parameters (slice thickness > 200 mm, slice

width > 400 mm) (see Table 2). The connection between specific digging force and
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specific cutting force (ks) is given by the factor ¢ whereby specific cutting force is
about 75 % of specific digging force starting at about ks = 1 N/mm? [26].

Table 2: Specific digging force for various lithologies [26]

ky Waaa® x---x Eimerkettenbagger
ka: #--- Liffelbagger V---V Schaufelradbagger
ok Schleppschaufelbagger @---8 Grabenbagger
Erdstoffklassen k. k, in Nfmm? ':E__"“"‘l‘“"":,_ﬂl
w1 2 34 6810° 1o 10’
I | Sand; Femsand; weicher, mttelfeuchier — 1 1.1
und aufgelockener Lehm ohne O .
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R |
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[N =
Il | Lehm ohne Einschlilsse; feiner und L I— . 10 28
mittlerer Kies; weicher feuchter oder [E——
aufgelockerter Ton r—
XX
V-V
S
Il | dichter Lehm: mittelhaner bew, harter w.s .1 is
feuchter oder aufgelockenier Ton; sehr P
weicher Tonstein; Schiuffstein -
Kewnal
Vv
B
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harter und sehr harter feuchter Ton: P
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Sedimentgesiein X-X
L
L]
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weiches Phosphor- und Manganerz: gut 9V
gesprengtes Felsgestein =
VI | Muschelkalk: weicher portser Kalkstein: o £ #
Krewde; Schiefer; mittelhanter Mergel und -
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R
v
B
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| v
BB
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Golosinski [27] examined diggability of pre-blasted and undisturbed oil sands at a
mine located in Northern Alberta, Canada. The conditions for BWE operation were
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very difficult because lenses of hard materials and glacial boulders were present in
form of interbeds. Pre-blasting was done about one year before investigations
started. For measurements, BWE was erected on a limestone layer at the bottom of
the pit [27]. Slew cutting/digging forces, total cutting/digging forces, and peripheral
cutting/digging forces were tested during investigations (see Table 3).

Table 3: Cutting and digging forces of undisturbed and pre-blasted oil sands [27]

PDFL | PDFA | PCFL PCFA | SDFL | SDFA | TCFL | TCFA | TDFL TDFA

kN/m kPa kN/m kPa kN/m kPa kN/m kPa kN/m kPa

B, o MEAN || 126 | 2480 | 100 2300 | 415 | 47.6 101 |9620 127 | 9795
BRARE
=z2 VAR 3 6 3 P 3 3 9 03 9
=T - |1 25.3x107| 103x10° | 209x107 103x10° | 58.7 | 114x10° | 22.2x10°| 46.5x10°| 26.7x10 | 46.5x10
“ oA
o=
z o= 3 3
S =|STDEV 159 [102x10°| 144 10.1x10°] 7.66 | 338 149 216x10 | 164 216x10

MEAN || 879 888 62.8 714 7.08 | 627 64.2 725 88.4 893

VAR. |l 9.86x107 8.12x10% 6.07x10%| 7.82x10¢| 122 | 23.9x10%| 6.21x10°| 7.84x10f| 9.98x10Y 8.14x10°

PRE-BLASTED
OIL SAND
1201 Data Points

STDEVY 993 [2.85x10°| 77.9 2.80x103| 11.0 155 788 | 2.80x10°] 999 | 2.85x10°

PDFL - Peripheral Digging Force (length)  SpFL - Slew Digging Force (lenght) TCFL - Total Cutting Force (length)
PDFA - Peripheral Digging Force (area) SDFA - Slew Digging Force (area) TCFA - Total Cutting Force (area)
PCFL - Peripheral Cutting Force (length) TDFL - Total Digging Force (length)
PCFA - Peripheral Cutting Force (area) TDFA - Total Digging Force (area)

Results show that undisturbed sands require greater cutting forces which are 50 %
(PCFL) to 300 % (PCFA) higher as for pre-blasted sand [27].

The excavator output can be increased up to 15 % by changing cutting parameters
and cutting devices [28].

Optimum chip angle reduces necessary cutting forces and specific energy demand.
In case of Gacko mine (Bosnia) specific power demand could be reduced by 10 %
using optimal chip angle [29].

Cutting tool adaption is shown in literature [30,31] as an important factor to reduce
necessary cutting force, to create a wear-independent cutting edge geometry, to
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increase output up to 15 %, to reduce over-sized grains in the haulage systems, and

to damp the oscillation energy induced by the cutting process.

Table 13 in Annex shows a list of several mines with the current lithology and
successful/unsuccessful working BWEs. Important things are described in
comments. Linear cutting resistance with a value of/greater than 200 N/mm is
colored red because of the application limit for BWEs. The list is based on literature
from [19,24,25,32—41].

4.1.1 Test Methods

Following described test methods were conducted by Drebenstedt [23] on various
clay samples of the surface lignite mine Nochten which is located in the Lusian
mining district in the east of Germany. A BWE “Schaufelradbagger auf
Raupenfahrwerken, schwenkbar” (SRs) 6300 is used to extract the clay.

Drebenstedt [23] outlined state of the art test methods for examination of digging

and/or cutting resistances:

Laboratory tests
Technical scale tests

Field measurements

R\

New Concepts

1.1 Micro Cutting Test

The test station involves a microscope and a mechanical device for analyzing the
sample. During the procedure feed force and the feed path are measured. Large
contact surfaces between sample and cutting tool must be ensured [23].

Results (Figure 15) show the propagation of a crack with increasing cutting depth of
the cutting tool [23].
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Figure 15: Crack propagation during cutting process [23]

1.2 Soil-mechanical Analysis
Approach of this analysis is an empirical equation whereby the linear digging
resistance is direct proportional to the effective cohesion [42]:

’ / kN
Flon =14+10%xc'cp || 3)

where ¢’ in KN/mis the consolidated, drained cohesion, F';,; in kN/m is the linear
digging resistance.

Equation (3) is an estimation of digging resistance and it is only valid for
homogenous soils. Further prognosis must be added for significance [24].

Shear parameters can be determined using a box shear apparatus or a ring shear
apparatus [23]. The angle of internal friction of the investigated clay at the surface
lignite mine Nochten varies between 9,3° and 24,1° and the effective cohesion
varies between 14,4 kN/m? and 78,4 kN/m?. So, the examined clay is a
heterogenous material though samples were taken in the immediate neighborhood
[23].

Different empirical equations showed different results. A ranging between 28 kN/m?
and 92 kN/m? could be observed [23].

2.1 Direct measurement of cutting resistance at Test Field

Using a technical scale test field, it is possible to determine the cutting forces (see
Figure 16a). The cutting resistances will be investigated on especially for the test
created blocks with defined particle size and geotechnical parameters (see Figure
16b) [23].
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Figure 16: a) Test field for determination of cutting forces b) Determination of cutting
resistance [23]

3.1 Impact Probe Test

This testing procedure involves a cutting tool, a guide bar, and a drop weight. The
drop weight falls from a defined height onto the cutting tool and transmits a particular
amount of energy [23].

Dynamic impact probe tests are conducted to gauge the magnitude of cutting or
digging resistance. Approximation formulas are used to get a guessing of these
parameters whereby the blow rate functioned as basis [23]. An advantage is that
the tool tip can be freely designed, so influences of the tool parameters can be
observed [23].

Test probes according to Dornij and Scheffler (Figure 17) were used to get an
information about the digging resistance. For clay specific digging resistance values
within 50 kN/m and 94 kN/m could be observed using Dornij test probe and values
within 70 kN/m and 128 kN/m using Scheffler test probe [43].
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Figure 17: a) Scheffler and b) Dornij testing probe [23]

Scheffler and Jurisch [24] developed preliminary equations ((4) — (7)) using
Scheffler probe to calculate specific cutting resistance and required cutting energy
of bucket wheel:

F'sisrs = @srs/sonae X s X 1,2 [k;N (4)
W's srs = Bsrs/sonde X Tis X 4,6 X 1073 [k::lvgh] (5)
F'sasrs = Bsrs/sonde X s X 16 [%] (6)
Asrs/sondes Psrs/sonde = f () (7)

where 7 is the average blow count, F's; sgs, F'sasrs in KN/m? are the specific cutting

resistances of bucket wheel, W' ¢ in KWh/m? is the cutting energy effort of bucket
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wheel, and aggs/sonde Bsrs/sonae 1N KN/m and kN/m?2, respectively are the quotients

of specific cutting resistance and cutting energy of probe values and bucket wheel

values.

3.2 Direct Measurement on Cutting Tool

Wire strain gauges (Figure 18) are mounted on one prepared bucket of the BWE
SRs 6300 to directly measure the digging or cutting resistance and to record the
data in a storage unit with a sampling rate of 100 Hz [23].

Figure 18: Wire strain gauges on SRs 6300 [23]

The recorded data shows that there is a difference in cutting Pleistocene sand and
clay. For clay, cutting resistance instantly jumps to a certain mean value when the
cutting process starts.
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A variation of cutting resistance values occurred during the slewing process
because of the so-called “secondary cut” phenomenon (see Figure 19). This effect
can only be observed if the shape of the shovels is rectangular. Investigations show

that secondary cutting consumes 10-32 % of the available digging force [44].

BRWE cutting Chip in left C:“ttj]}g Secondary cutting
contour swing direction of the right edge

e v

VAN
TR N

S

S
B
: N

Ry

A
o /(_:/ LA /I
f////////v
/,Aﬂj /Afﬁ’(/ a0

o

.

Bucket of
a BWE

Figure 19: Scheme of secondary cutting process [44]

=

To conduct measurements on drill cores directly on site, a wedge test was
developed by Orenstein & Koppel (O&K) (Figure 20a), where a 65 mm wedge is
used. The wedge is connected to a tensiometer, so the cutting force can be

determined reading the device [19].

For the study of Inal [45] a wedge test apparatus similar to O&K test was developed
at the University of New South Wales (see Figure 20b). 250 mm cube specimens

were prepared from the original block.
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1 Core sample
2 Wedge
3 Force P (N}
4 Cut area A (mm?)
5 Sand bedding
6 Wedge angle
A wedge angle of 35° is used
7 Width of wedge
A width of 65 mm is uscd
d Diameter of core sample
h Height of core sample
h = 2d
K, Cutting value (kN m™)
K, = Pd!
s Cutting force (MPa)
s=PA

Figure 20: Wedge test apparatus of a) O&K [19] and b) University of New South Wales [45]

Schlecht et al. [46] examined cutting forces of a compact BWE S100 with
piezoelectric sensors that are mounted on a prepared measurement tooth on the
bucket of the excavator. Various problems occurred during measurement because
of an increase in strain during digging, telemetry, reflections of the signals at the
face and plugging with lignite between pipework and sensor head [46]. Figure 21

shows the measurement chain for determination of cutting forces.
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Figure 21: Measurement chain for determination of cutting forces [46]

3.3 Indirect Measurement using driving power

The cutting/digging resistance can be determined indirectly by measuring the bucket
wheel’s electric driving power or the mechanical driving torque [23]. Saving the data
is no problem due to the low data processing effort. In Figure 22 can be seen that
driving power has the greatest influence on the effective excavation output.
Distinction of generations is made because of the various cutting tools. The capacity
test was conducted using optimal chip and block parameters (face height = 7 m,
chip depth = 0.8 m) [23].
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Figure 22: Digging capacity in dependence of linear cutting resistance [23]

4. New Concepts/Tests for Determination of Digging Resistance

A new concept developed at the University of Freiberg should collect geological data
and process data in a common data base. The so-called Geo-Technical Data Base
(GTDB) (Figure 23) connects the data and uses it for certain data analysis that
should improve the information quality (e.g. necessary drive power in a specific

geological environment) for a better planning and understanding of the production

process [23].
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Figure 23: Geo-Technical Data Base process [23]

A “new” mobile and mountable/demountable testing equipment is presented by
Yasar and Yilmaz [47] and is called Vertical Rock Cutting Rig (VRCR). It consists of
a hydraulic system, a rigid press frame, and the VRCR (see Figure 24). A servo-
electromechanical motor that is part of hydraulic system is receiving signals from
the load cell. Signals are used to regulate amount of hydraulic oil for movement of
the frame piston. During downward movement of the piston, load cell gauges the
loads and sends them to the data acquisition system. The frame piston is directly
connected with the piston of VRCR and both move simultaneously. Eight clamping
screws are available to fix samples with any diameter and block size up to 10 cm x
23 cm x 20 cm. After cutting tool penetrates rock sample, cutting force data is sent

to data acquisition system and then to PC [47].
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Figure 24: Main components of VRCR testing equipment [47]

Yasar and Yilmaz [47] conducted relieved (interaction between cutting grooves) and
unrelieved (no interaction between cutting grooves) rock cutting tests on various
lithologies like red andesite (RA), brown vitric tuff (BVT), green tuff (GT1), grey tuff
(GT2), and yellow vitric tuff (YVT).

Block sample dimensions of 20 cm x 23 cm x 10 cm and a wedge-shaped cutting
tool with a width of 10,8 mm, a rake angle of 12°, and a back-clearance angle of 0°
were used. Additionally, UCS was determined. Unrelieved tests were conducted
using a cutting depth range from 1 mm to 6 mm and relieved tests were carried out
using a fixed cutting depth of 6 mm and various spacing to cutting depth ratios (s/d).
Reason for fixed cutting depth was the fact that unrelieved tests showed best results
for a cutting depth of 6 mm (see Figure 25) [47].
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