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(1)

ABSTRACT

.This work covers laboratory studies in the excavation of
V4

selected rock materials with mechanical cutters.

Cutting head design of rock excavation systems employing
drag tools or disc cutters is investigated by considering their
practical cutting action. Effects of tool tilt angle on the
performance of roadheaders with longitudinal cutting heads are
investigated in detail. Along with tilt angle, optimum tool spacing
between adjacent cutters, cutting head geometry and mode of operation
of roadheaders are also studied. Experiments with disc cutters

covered mainly the effect of disc edge angle on disc performance.

pa

When the practical cutting action of drag tools is considered
the trend of forces and specific energy becomes somewhat different
from those obtained during flat rock surface cutting trials; however,
the definition of optiﬁum tool spacing with respect to drag tools

/

confirms previous findings.

Tilt angle has a significant influence on the performance of
cutting tools; in particular, with corner cutting tools. It was
’
found that individual tool forces are proportional to the cross-

sectional area cut by the corresponding tool.



Roadheader cutting heads with combined geometry offer better
performances than those with spherical geometry when the tool spacing

is kept constant around the cutting head.
In arcing mode tool duties are also affected by boom length.

Cyclic deepening of grooves exists when cutting with discs,
discs having smaller edge angles requiring more successive passes to

produce a complete breakout between adjacent grooves.
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NOMENCLATURE

Relief Cut : cutting midway between the tools of previous sequence.
Groove Deepening Cut : successive deepening of adjacent grooves.
Cut Spacing (S) : spacing between the tools in a cutting sequence.

Line Spacing (SL) . spacing between the neighbouring tools regardless

of the order of cutting sequences.
0 : hypthetical breakout angles.
0 : measured breakout angles.
Traversing Tool : cutting tool having zero tilt angle.

Gauge Tool : cutting tool with a tilt angle greater than zero,

excluding corner cutting tool.

Corner Cutting Tool : last tool at the nose side of a cutting head.



1. INTRODUCTION

The increasing demand for rapid and economic underground
construction techniques has stimulated a large number of research
projects into all aspects of mechanical rock excavation. In the
last decade, the number of machines employed has increased along
with an increase in the strength of the strata that can be mechan-

ically excavated at economical rates.

Understanding the principles of rock cutting mechanics has
made a contribution to the design of the new generation of heavier
roadheader excavation machines. U;fortunately, just scaling up the
older, smaller machine designs has not necessarily increased the
strength of the strata to be cut, because the cutting ene;gy is
still transmitted into the rock material through drag tools.
Although some improvements have been made in tool materials and tool

design. The main area for improvement is in the even distribution

of cutting duty between each tool on a cutting head.

This work is concerned with the cutting head design of the
excavation systems through the use of mechanical cutters. The
laboratory trials were designed in such a way as to take into account
the practical cutting action of actual machines, and some operational
parameters. Cutting machines employing drag tools such as roadheaders
were the main concern of this study. However, performance of disc

cutters was also included in the experimental programme.



It is hoped that the information provided by these
investigations will further add to the present understanding of
cutting head design, particularly where comparative performance

of various cutting heads and mode of cutting operations are concerned.



2, REVIEW OF PREVIOUS RESEARCH

This chapter will briefly review the research into rock

cutting mechanics relevant to the objectives of these investigations.

2.1 Classification of Machines and Cutting Tools

A general classification for all rock cutting machines is
given by Mellor ( 1 ) in accordance with the characteristic motion
of the cutting elements and the type of tools employed. This is
shown in Figure 1. For analytical purposes, machines are classified
as 'Transverse rotatién', 'Axial rotation', or 'Continuous belt',
whilst the action of cutting tools is divided into 'parallel motion'

and 'normal indentatiomn'.

A few machines and operations do not fit neatly into Mellor's
clasgsification. For example, certain roadheaders and ripping booms
used in mining sump-in by axial rotation and produced largely by
transverse rotation, and there may be some question about the
classification of tunnel reamers and tapered rock picks. However,
this classification has been found to be satisfactory for general

mechanical analysis.

The rock excavation machine types which are found in mining
and civil engineering practice are generally in the form of full-face
and partial-face machiﬁes. Historical background and a description
of some of these machines is given by Muirhead and Glossop ( 2 ).

The full-face tunnel boring machines (Plate 1) usually employ rolling



MACHINE CHARACTERISTICS

Transverse Rotation

8

Bucket-wvheel trenchers, disc
saws, excavators, pavement
planers, rotary-drum graders,
continuous miners, drum
shearers, ripping booms, some
tunnelers, rotary snowplows,
dredge cutterheads

TOOL ACTION

Paralle!l Motion

Axial Rotation

@

Rotary drills, augers,
shaft sinkers, raise borers,
full-face tunnel borers,
face miners, corers, rotary
snowplows, trepanners

Continuous Belt

Chain-type trenchers, ladder
dredges, coal saws, shale
saws, etc.

P 1,0 )

(After Mellor) (1)

Drag bits, picks, planing
cutters, shearing blades,
diamonds

Normal
Indentation

= !

Roller bits (with studs or
teeth), disc cutters, impact
and percussion tools

Classification of machines and cutting tools for analytical purposes.
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cutters, such as discs, in medium to hard rock and button cutters
in very hard rock formations. However, when working in soft rock

conditions, drag tools are also employed on these types of machines.

The most common partial-face machines in today's mining
industry are boom-type roadheaders, shearer drums and continuous
miners, all of which are fitted with drag tools. Roadheaders are
versatile machines, as they are capable of excavating circular,
rectangular, or arched roadways. They also have a selective capability
in being able to excavate the weaker rocks exposed on the tunnel face
‘first, thus easing the removal of hard rock exposed. Since they are
the main concern of this work, a more detailed review is given in

the next chapter.

Shearer drums (Plate 2) are, in general, used for the purpose
of bulk material extraction, and they are the most common machine
employed in longwall coal winning. Barker ( 3 ) and Brooker ( 4 )
conducted extensive studies on these machines. Recent technological
development has introduced a new type of cutting machine which is based
on the design principle of shear-loaders (Weber-(5) ). The machine
can be used as a roadheader when driving arched or rectangular

roadways, as well as in room and pillar operations.

The continuous miners (Plate 3) are operated in both roadway
drivage and bulk material excavation. Currently, they are mostly
employed in the USA and South African coal mines, where room and

pillar methods are applied (6).



Plate 2. Anderson Strathclyde AM500 Shearer Drum
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2.2 Review of Rock Cutting with Drag Tools

2.2.1 Theoretical aspects

The earliest cutting theory for metals is given by Merchant
( 7 ) and this predicts the cutting force required to cut a continuous
strip from the plane surface of a metal. This theory is based on the
assumptions that shear failure takes place over a straight line, rising
from the tip of the tool, and making an angle with the direction of
cutting. The geometry of Merchant's model is illustrated in

Figure 2.

Nishimatsu ( 8 ) also puts forward a model based on
Merchant's metal cutting theory, in order to describe the action of
a drag pick in rock. He used Mohr's failure envelope instead of
Merchant's single value for the shear strength to define the strength
of the rock material. The theory proposes a failure process involving
the primary and secondary crushed zones associated with coarse chip
formation, and assumes that shear failure will occur along a line
from the tip of the tool to the surface of the rock. Furthermore,it
is assumed that the stress at any point on this line will be proportional
to its distance from the surface raised to some power (i.e. stress is
zero at the surface of the rock and a maximum at the tip of the tool).

Nishimatsu's theory is shown in Figure 3.

Evans developed a cutting theory which is based on the
observation that wedge penetration of a rock produces cracks attributed

to tensile failure ( 10 ), The basic theory is for the penetration of



F. = 2.d.Ss.tan((B+0)/2)

where Ss = Shear strength

d = Depth
FIG., 2 ILLUSTRATION OF MERCHANTS THEORY OF
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a buttock of rock by a simple symmetrical wedge. It is assumed

that failure takes place along a circular arc and, since width of
tool is likely to be much greater than depth of cut, that a state

of plane strain exists. By considering these assumptions, a cutting
force was derived for both symmetrical and asymmetrical wedge
conditions (Figure 48). Evans suggested also that if the tensile

to compressive strength ratio is relatively high, then a theoretical

possibility exists that a shear breakage may take place.

Amongst all these theories, Evans' theory is most widely
accepted in rock and coal cutting. Practical application of this

theory can be found elsewhere (12, 14, 17).

Hurt and Evans ( 15 ) studied the mechanics of the breaking
action of the pencil point tool and they attributed failure of the
mineral to tensile breakage. The assumption of breakage theory is
illustrated in Figure 4b. 1In a cutting process, the tool is forwarded
through the mineral and a chain of breakage action is initiated from
the conical head of the pick. This is commonly known as 'bursting'
action, which means sudden spalling of coal or rock from the free

surface of the material. The surface disintegrates into a series

of scallops.

Although tensile failure is suggested as being associated
with the proliferation of cracks, Fowell and Tecen ( 16 ) propose a
shear failure which is evident at the slope face of the rock, close to

the bottom of the groove.
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The initial action of the tool was explained in the same
way as proposed by Hurt and Evans ( 15 ). But the second action
of the tool was the shearing of the remaining material along the
path of the cut, leaving a secondary groove profile. As the tool
progresses, the pulverised material is reconstituted as flakes due

to the rubbing action of the tool tip and tool body.

2.2.2 Fundamental studies of rock cutting with drag tools

A significant number of research studies have been carried
out on various aspects of mechanical rock cutting to define
fundamentals of the mechanics of rock cutting. Most of the practical
developments have, in the main, been focussed on factors such as:
tool spacing, depth of cut, tool geometry, machine design, cutting

"speed, tool wear, composition of cutting tool material, effects of
rock properties, etc. Thus the number of variables which are involved
in this field is considerable and any investigation covering all of

these parameters will involve an extensive research programme.

A comprehensive approach to this aspect was first made by
Evans and Pomeroy and a summary of their findings, giving
the principals of efficient coal cutting was presented in a monograph
( 17 ). A series of laboratory tests on the cutting of rock with drag

tools was also conducted by Barker et al. (18 ).

The main source of contributions to the development of

this art are those from the Mining Research and Development Establishment
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(MRDE), National Coal Board (NCB) and The Department of Mining

Engineering of the University of Newcastle upon Tyne.

Allington ( 20 ) developed and formulated testing techniques
as well as studying the effects of tool geometry and spacing.
Fowell ( 21 ) investigated the application of percussively activated
tools to reef cutting in South African Quartzite. Further work
involving the use of drag tools in some selected rocks were undertaken
by Roxborough and Rispin (22-24). Phillips ( 13 ) and Bilgin ( 14 )
studied the mechanical cutting characteristics of some medium and
high strength rocks related to excavation system design. McFeat-
Smith ( 25 ) studied the machineability of rocks and rock properties.
In the Department of Mining Engineering, Dunn ( 26 ) and Hewitt ( 27 )

included aspects of corner cutting in their respective works.

Recent developments in high pressure water jet assisted
rock cutting have attracted worldwide attention and brought a new
dimension to the rock cutting field. Extensive laboratory investigations
into this aspect have been conducted in the Department of Mining

Engineering.

Although must of the early studies have emphasised the
definitions of efficient rock cutting systems, work carried out on
the cutting head design of rock excavation systems, in particular with

roadheaders, is rather limited.
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2.2.3 Research on the cuttiggrhead design of excavation
systems with drag tools

In practice, the tools work in concert and a proper
disposition of the tools is, therefore, desirable for efficient

cutting.

Barker et al.( 18 ) designed the MRE Large Pick Shearer
Drum by considering the deep cutting principle. Brooker ( 4 )
investigated the theoretical and practical aspects of cutting and
loading by shearer drums and also remarked on the importance of

the drum design.

Pomeroy and Robinson ( 28 ) also studied aspects of corner
cutting conditions which is an important factor when considering

machine design.

Hurt ( 29 ) compared the performance of a number of roadheader
cutting heads with the aid of a computer program. He pointed out the

significance of adapting a cutting pattern for efficient cutting.

Hurt and McAndrew ( 30 ) investigated the cutting performance
of various tool layouts by using a roadheader test rig and summarised
the general principles on which a roadheader cutting head should be

designed.

Arrangement of drag tools on a full-face tunnel boring machine
was also studied in the Department of Mining Engineering, University of

Newcastle upon Tyne (22-24) and TRRL (33).
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2.3 Research on Disc Cutters

Dis¢ cutters are the most commonly used tool for full-face
tunnel boring machines as they have shown several advanges over
the other types of cutters. They are more efficient than button
cutters, since the rock degradation is more by cutting, rather than

a grinding action. :

2.3.1 Disc Cuttiqngheories

Evans, when comparing relative efficiency of picks and
discs, put forward that the force on a wedge required for penetration
is identical in form with the calculation of passive earth pressure
against a retaining wall in soil mechanics. Based on this assumption
he formulated thrust force and groove angle. Details of his theory

can be found elsewhere (34).

Roxborough and Phillips ( 35 ) also predicted the performance
of disc cutters by a theoretical approach. They assume that thrust
force equals the uniaxial compressive strength of the rock times the
disc contact projected area. The resultant force is further assumed
to pass through the centre of the disc and to bisect the arc of
contact. Optimum spacing-penetration ratio, thrust and rolling forces

were derived as shown in Figure 5.

Ozdemir et al.( 36 ) developed predictor equations for the
performance of a sharp and blunt disc operating in a multiple cut

situation. The rock breakage between the adjacent cuts was defined
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as shear failure and this is illustrated in Figure 6. The theoretical
force values calaculated for the sharp disc agreed very well with the
experimental results whereas the initial attempt at predicting the

blunt cutter forces was reported to be unsuccessful.

2.3.2 Basic studies of disc cutting

Like drag tools, a considerable amount of work has been

carried out on various aspects of disc cutting in several countries.

The research work in the University of Newcastle upon Tyne (13,23,
27,35), Colorado School of Mines (37-42) and Japan (37,38) all generally
showed an agreement that increasing penetration results in rapid

increase in both thrust and rolling forces, and a decrease in specific
energy consumption. Further, it was found that the thrust force is

affected by the disc diameter, but not rolling force; and cutting

speed has no significant influence on disc forces (13,23,27,35).

An agreement is also reached that there is an optimum
spacing between the cutters and the disc with the smallest edge

angle is more efficient than with higher angles (13,23,27,35,39,41,42,45).

2.3.3 Laboratory studies related to the design of tunnel borigg

machines

The majority of laboratory rock cutting experiments with
disc cutters has been carried out on a flat surface of rock sample.
It is also reported ( 46) that although the studies have

been useful in design, the majority of successful disc cutter tunnelling
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machines have been developed empirically by a small number of
manufacturers, in many cases without using detailed predictor
equations. This is, further, largely ascribed to the fact that
good machine design is concerned principally with mechanics, with

the system, and with good tunnelling practice.

In order to provide a more realistic approach to the
practical developments of the TBMs, some research workers have
attempted to simulate the actual cutting action of the disc cutters
in laboratory conditions. The groove deepening mode of cutting is
reported to most accurately reflect the action of a disc cutter at
the tunnel face, since a surface similar to the face is simulated
and maintained throughout the tests (47-49).

Bzdemir ( 36 ) pointed out that it is essential to prepare the rock

surface in order to attain a stable cutting regime.

Research carried out in the University of Newcastle upon
Tyne (Potks et al.(49)) has shown that the forces acting on the disc
cutter steadily increase with the spacing-penetration ratios while
specific energy shows a decrease and gives no pronounced minimum
value. Kutter and Sanio ( 52 ) conducted a series of simulation
experiments and found that specific energy decreases with spacing

and shows an independence from penetration.

Howarth and Roxborough ( 53 ) reported that groove deepening
experiments with disc cutters indicated a sequence or cycle of events

associated with a progressively deepened groove. The cycle of events
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manifested in curves of disc performance criteria is directly
attributable to the gradual deepening of groove and subsequent
breakthrough of the rib of rock between adjacent cuts. They

further concluded that:

... on the basis of the total or overall specific

energy required in incremental groove-deepening, disc

cutters are far more efficient than chisel picks."

Snowdon and Ryley ( 54 ), having investigated the
characteristics of multiple pass (groove deepening) cutting in
Shap Granite and compared it with single-pass cutting in the same
material, also found a cyclic variation in forces and specific
energy. It was concluded that sufficient torque and thrust are
available, whereas, for short lengths of tunnel in extremely strong
rocks . involving very high tool forces, even at low penetration rates,
the use of multiple-pass cutting may‘provide a reasonably energy

efficient method of excavation.
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3. REVIEW OF BOOM-TYPE ROADHEADERS

3.1 Historical Background

Because of their low installation costs, versatility and
suitability for selective mining, the boom-type roadheaders are
being used increasingly in today's mining and civil engineering
industries. A brief review of their development history is given

below based on reference 56.

The first successful boom-type roadheader, the Hungarian F2
machine, was used in Hungarian coalmines in tﬁe 1950s. It was a
very light machine, fitted with a twin contrarotating cutting head
arranged at right angles to the axis of the boom. The cutting head
was driven by a 50 hp electric motor and the machine was only capable
of cutting coal and soft rocks below 40 MPa. Later versions of this
machine, the F4 and F5, were introduced in the late 1950s. These
machines were followed in 1960 by the Soviet PK3 roadheader, which
again, was a relatively light machine. The essential difference between
this machine and the F4 was the cutting head, which was arranged
coaxially én the PK3 and driven by a 40 hp electric motor. Both
machines were crawler mounted; debris disposal systems differed;
the F4 had gathering arms and a central conveyor and the PK3 was fitted
with a single-chain paddle-flight conveyor, which ran across the

debris-gathering apron and encircled the machine.

The first boom-type roadheader to be used in Western Europe

was a Soviet PK3 which was imported by the National Coal Board in 1961,
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It went into operation in Ellington Colliery in the Northumberland Area
in November 1961 and was later transferred to Lount Colliery in the
East Midlands Area. The first British roadheader was designed and
manufactured at the National Coal Board's Central Engineering
Establishment (now MRDE) in 1962. This machine, the Bretby MKI
Roadheader, was a track-mounted machine, fitted with a coaxial-type
cutting head driven by a 40 hp electric motor; debris disposal was

by gathering arms and a central conveyor. It went into operation at

Daw Mill Colliery in 1963 and was later transferred to Littleton Colliery.

Further development at CEE resulted in the design of the Bretby
MK2, which was an improved version of the MKI. This was followed by
the MK2A machine. Six of these machines were manufactured for the NCB,
two each by Anderson Boyes, Distington Engineering and Mavor and Coulson.
The Central Engineering Establishment also designed and developed a

telescopic boom for use on the Bretby MKI and MK2 roadheaders.

At about the same time, Dosco Overseas Engineering Ltd. were
developing their first machine, the Dosco Roadway Cutter Loader (DRCL),
which was basically a more robust version of the Soviet PK3 machine
which they had converted for the NCB from electric to electrohydraulic
track drives. The development of these machines provided the foundation

for the British roadheader industry as it is today.

Further developments took place in the 1960s and early 1970s.
Anderson Boyes produced a number of models, including the RHI and RH2D
machines of which more than 30 were sold to the National Coal Board.

Dosco Overseas Engineering produced the DRCL and the later MK2A machines
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and almost 1000 of these have been supplied to the National Coal

Board.

Exploitation of boom-type roadheaders in other countries of
western Europe during the 1960s was very limited; a few Dosco DRCLs
were installed in the German coalmines, but these did not prove suitable
for the conditions. Some of these machines were modified by the Germans
and are still working, but they are limited to cutting smaller roadways

in coal and soft rock.

It was not until the late 1960s and early 1970s that the
European manufacturers began to develop large boom-type roadheaders

and since then significant progress has been made.

To meet the requirements of the German coal mining industry in
particular, companies such as Alpine, Demag, Eickoff, Paurat and
Westfalia Lunen developed a range of heavy duty roadheaders. British
manufactures, Dosco and Anderson Strathclyde, followed quickly with
their heavy duty roadheaders. The most recent developments by the
National Coal Board Mining Research and Development Establishment have
produced a new range of super heavy duty cutter booms for use on either

conventional track-mounted roadheaders or circular tunnelling shields.

Figure 7 shows the year of introduction of the range of road-
headers used in NCB coalmines and indicates the cutting capability of
the various machines. Some of the earlier types of machine are now

obsolete.

The following sections describe the longitudinal type roadheader

currently in operation in NCB coalmines.
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The machine shown in Plate 4 is the Dosco MK2A which, together
with the earlier version, the MK2, is the most widely used roadheader.
Unlike coal heading machines, the MK2A is a boom-type roadheader,
capable of cutting both rectangular and arch-shaped roadways, the

latter being the most widely used.

This machine has a relatively small cutting head located at
the end of a boom which carries the power transmission to the head.
A 65 hp electric motor drives this head. The boom is located in a
turret with hydraulic cylinders being used to position the cutter boom
and head in order to cut the desired profile of roadway. The machine

is mounted on crawler tracks and weighs 24 tons.

The relatively small cutting head results in a relatively
high 'power density' at the cutting head, which enables this type of

machine to cut rock.

The cutting capability of the Dosco MK2A is, however, limited
to strata with a compressive strength below 12000 lbf/incz. Experience
with this machine proved that attempts to cut harder rocks often resulted

in premature failure of the machine.

The incidence of harder strata, particularly in cross-measure
drivages, emphasised the limitations of the Dosco MK2A and the requirement

for a machine capable of cutting harder strata economically.

The requirement for a powerful machine led to the development
of the medium range roadheaders. These machines are of the same

configuration as the Dosco MK2A, but vary in the method of debris
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collection in that gathering arm loaders replaced the chain conveyor

system. They are, by necessity, more powerful and heavier.

The Anderson Strathclyde RH22 (Plate 5) is an example of a
‘medium range' roadheader. The crawler-mounted roadheader weighs
40 tons, with a cutting head driven by a 120 hp electric motor. The
boom of this machine is fitted with a telescopic section which is used
to sump in the cutting head. Roadheaders without this feature rely
on the crawler tracks to sump in the cutting head. A telescopic boom
is, therefore, advantageous when working on steep rising gradients,

particularly when floor conditions are bad and the strata is hard.

A larger version of the Anderson Strathclyde RH22 roadheader
are the RH1/3 and RH1/4. The RH1/4 is shown in Plate 9. These machines
are basically the same as the RH22, but are higher, which enables
them to cut larger roadways. The machines weigh 50 tons. The additional
weight provides a marginal increase in stability which improves their

per formance in harder strata.

The Dosco MK2B is a relatively new design of medium range
roadheader with a specification almost identical to the Anderson

Strathclyde RH22. This is shown in Plate 6.

Another recent addition to the medium range of machines is
the Thyssen Titan E169. The cutting head of this machine is driven

by a 110 hp electric motor.

The performance of the medium range of machines has proved to
be better than than of the Dosco MK2A and they have certainly been more

reliable. However, these machines again failed to meet the NCB
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Plate 9. Anderson Strathclyde RH1/4 Roadheader
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requirement to cut harder strata, larger roadways and give increased
rates of drivage. Consequently, this requirement led to the development

of even larger and more powerful roadheaders.

The first of these large roadheaders to be introduced into
NCB coalmines was the Thyssen Titan E134 (illustrated in Plate 7).
This machine is of the same basic design as a roadheader, but has a
different type of debris collection system. This consists of twin
conveyors instead of the usual gathering arms. The cutting head of this
machine is pwoered by a 260 hp two-speed electric motor. The machine

weighs in excess of 65 tons.

The Dosco MK3 heavy duty roadheader (Plate 8) was also
developed to cut harder strata and the cutting forces installed in it
exceed those of the Titan E134. The cutting head is driven by a 190 hp

motor and the machine weight exceeds 70 tomns.

A new machine under construction, the Anglo-Soviet Roadheader,
is the largest of the heavy duty roadheaders, weighing over 85 tons.
This machine, a joint development of the NCB and the Soviet Ministry
of Coal, features a telescopic boom and also a slewing debris collection
apron. The cutting head is powered by a 200 hp motor. This, together
with high stability forces, produces a machine with a cutting capability
superior to the other heavy duty machines. The prototype machines are

now being produced, one in the UK and the other in the USSR.



lspeaypeoy wgl3 ue}|] uassAy] L e)Eld




1opeaypROy IIIMW 09500 § 23Bld




36

3.2 Roadheaders with Longi;udinal and Transverse Cutting

Heads

Boom-type roadheaders may have longitudinal (forward-
rotating or milling-type) or transverse (ripper-type) cutting heads.
These differ in accordance with whether the rotation of cutting

head is 1n a radial or axial direction,.

As illustrated in Figure 8b,longitudinal cutting heads rotate
coaxially to the cutter boom and the slewing direction (Horizontal
thrust) of the boom is at right angles to the axis of rotation of
the cutting head. On transverse heads, the direction of rotation is
perpendicular to the cutter boom (Figure 8a) and the main slewing
direction of the boom lies in the same direction as the axis of
rotation of the cutting head. The principal manufacturer of
roadheaders with this type of cutting head are 'Voest-Alpine' and

AEC of USA (Plate 10).

In the USA, Canada and Mexico, 75% of all roadheaders have
ripper-type cutting heads. In the UK, practically all roadheaders
use the longitudinal heads. In West Germany, where both types of
machine are manufactured, 65% use the longitudinal and 35% employ

transverse cutting heads.(60).

Menzel and Frenyo ( 57 ) reported that establishment of a
qualitative relationship for the various characteristics of one
particular head is not easy due to the fact that various advantages

and drawbacks are involved. However, with respect to the head geometry,
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the longitudinal cutting head would produce a smoother roof or wall
surface, and the cost of lining may be reduced (Figure 9). Further-
more, horizontal stability is very seldom a problem with transverse
machines while, in longitudinal heads, the horizontal stability is

to be reinforced by means of articulated jacks.

Kleinert ( 58 ), after a series of experiments, reported the
major design characteristics of longitudinal and transverse cutting

heads, and gave the differences as follows:

(1) A transverse cutting head can be more easily

matched to the cutting requirements of hard rocks;

(2) Pick lacing on a transverse cutting head is much
more complicated than that on a longitudinal head. Minor
irregularities result in substantial negative effects in

terms of efficiency and tool wear;

(3) On a transverse cutting head, an efficient cutting
performance is basically dependent on the available
lifting force. On longitudinal cutting heads the main

cutting force is rotational force.

(4) A longitudinal cutting head can more easily be
maintained in its predetermined cutting path. In other
words, pre-set burdens and depth of sump require more

sensitive control when using the transverse cutting heads,
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on account of the smaller surface of contact in the
rock and the fact that the lifting force provides the

main cutting force.

(5) With the transverse cutting head, the transition
from an ineffective low output cutting action to an
efficient cutting performance is very finely balanced,
on account of the fact that the range of variation of
depth of sump and burden is relatively small due to

the dimensions of the cutting head.

According to Kogelman ( 60 ), in longitudinal (milling-type)
cutting methods, the cutting force is exerted mainly sideways, which
prevents utilisation of the full weight of the machine as a counter
force. When cutting hard rocks, the machine is braced against the
side walls with.hydraulic jacks ('Stélling'). This consumes time,
and the bracing jacks, which protrude sideways, make the machine
inflexible in narrow workings. For wide and high tunnel cross-sections
in hard rock, milling machines are usually unsuitable because their
bracing jacks (stells)cannot reach both side walls (ribs) or the

roof, to stabilise the roadheader.

He further states that the milling-type cutter head rips
the rock from the face and throws it sideways onto the floor
(Figure 10). But they are better suited for selective mining of
high-grade ore due to their small diameter cutting heads. Also, for

equivalent cutting capacity roadheaders with transverse cutting heads
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have 20% to 25% lower weight (this means lower cost) and they do
not require bracing jacks (Figure 10). It is also reported that

ripper-type cutting heads have 30% higher rates of production in
identical power motors, due to simultaneous cutting and loading

operations.

The above definitions reveal some characteristics of these
cutting heads. Howéver, they do not fulfil a firm relationship
due to the fact that comparisons were not made under identical
conditions. But recent developments of roadheaders with field-
exchangeable transverse and longitudinal cutting head (AEC) may lead

to establishment of some qualitative comparisons.

Whatever the cutting head type, the cutting tools have been
the limiting factor in excavation of hard rocks and this situation
has led to the requirement of extremely heavy and powerful machines,
thus also increasing the costs. These drawbacks have stimilated the
development of new roadheaders incorporating high pressure water
jets in order to reduce both machine weights and horsepower requirements,
simultaneously reducing pick consumption and dust and ignition hazards

from methane and coal dust.

3.3 Designing Roadheader Cutting Heads

One of the most important considerations in roadheader
practice is that of proper disposition of cutting tools on the entire
cutting head in order to utilise the total machine power. There

are many parameters involved in this aspect, such as tool spacing,
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tool lacing, arrangement of gauge or corner cutting tools, pick
cutting positions, cutting head geometry and some kinematic

considerations associated with the rotation action of the head.

3.3.1 Spacing between adjacent tools

Lateral spacing of adjacent tools is of importance since
this influences the level of pick forces and accounts for the
cutting efficiency. Many research workers have investigated this

aspect under laboratory conditions.

Barker ( 18 ) conducted a series of rock cutting experiments
which led to the design of MRE large pick shearer drum. He suggested
when spacing equals tool width (w)(at a particular penetration),
specific energy consumption reaches a minim, i.e. 100% coverage gives

the most efficient working.

Evans (63,64) suggests that for groove depths from 0.5 w to 2w,
the lateral spacing, S, should be between 2w and 5w. As a design
compromise, S = 4w is suggested, and S = 3w was apparently found to

be satisfactory on a coal shearer.

Roxborough ( 12 ) and Roxborough and Rispin ( 23 ) defined
the optimum spacing by considering the occurrence and minimum specific
energy. They found that interaction between the adjacent cutters on
a flat rock surface, begins when S = w + 2d tanf and specific energy
is minimised with S = w + kd, where d is depth of cut and k has values

ranging from 1.5 to 3 for various materials. It is reported by Mellor
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that this approach may be logical but some practical aspects should
be considered, since the depth varies from zero to somemaximum

value in transverse rotation machines. Hence he relied on Barker's
results, taking 1 < S/w > 2 as a general range, with close spacing

in tough materials and wider spacings in more friable materials (65).

The majority of the laboratory rock cutting studies are based
on the experiments carried out on a flat rock surface and results
have shown that there is a minimum value at a certain spacing to
depth ratio. However, if the action of a practical machine is considered
the results may present some different trends. The main source of
information is Hurt ( 66 ) on this subject. By using various practical
drag tools, he conducted a series of experimental work at which the
action of a roadheader is simulated in such a way that each tool cuts
midway between the tools of a preceding sequence. It was found that
specific energy decreased with S/d rapidly at first, and then more
slowly; thus the remarkable minimum in specific energy as occurring
on a flat rock surface does not happen. Based on this result, Hurt
and Evans ( 67 ) suggest that efficient cutting of hard rock can best
be achieved by giving tunnelling machines the capacity to take
greater depths of cut and selecting tools capable of withstanding the
associated high forces. Under these circumstances of efficient
cutting, the relative merits are of secondary importance and tool
life, not cutting efficiency, should be the primarf selection

criterion.
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Ranman ( 68 ) reports that practically the torque is not
the limiting machine parameter, but slewing force. The specific
energy may, therefore, not be the main criterion for optimum tool
spacing. His experimental results on optimum tool spacing also

confirm those of previous investigators.

Despite these definitions for optimum tool spacing, the
machine designer tends, in most cases, to make a choice, drawing on

personal experience and knowledge of relevant rock properties.

3.3.2 Disposition of Cutting Tools

Cutting tool arrangement on a roadheader's cutting head is
somewhat inspired by shearer-drum design, where a helical tool array
is the most common sense. It, therefore, seems to be worthwhile to

mention the design aspects of shearer-drums.

The picks on a wide drum may be arranged symmetrically in
straight lines along the generators of the drum, more or less like
the vanes of a simple paddle wheel. 1In practice, this arrangement

-

emerges to be very poor, as it would lead to serious vihxggiéns during
cutting, unless the number of picks per line is very large. However,
if the drum shell is twisted so that the rows become helices, the
cutting sequence is staggered and smoothed, while at the same time,
the helical arfays from scrolls that can be adopted for lateral
transport of cuttings (Mellor, 65 ). Furthermore, with suitable
design of helical arrays, it is possible to improve cutting efficiency

by forming lateral steps across the advancing face and giving each

bit an additional free surface for breakout of chips.
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Since the tools cut in an array to benefit from the

breakout left by the preceding tool, in shearer drums the cutting
sequences are recommended to start to cut from the machine side and
move progressively to the face side (3,4) This method

is reported to be advantageous for the corner cutting tools (Roxborough
(69) ), and for tool holder clearance in roadheader cutting heads

(Hurt (29)). Pomeroy and Robinson ( 28 ) found that lower pick forces
can be achieved when cutting from the machine side to the nose
(face)side. However, in roadheader practice, cutting appears to
progress from the nose of the head to the free surface, perhaps to

satisfy a loading requirement.

3.3.3 Cutting Position of Tools

Although arrangement of cutting tools on roadheader cutting
heads is a complex subject, as well as being of importance in machine
design, the amount of research directed to this aspect is extremely

limited.

Hurt ( 29.) emphasised the importance of a proper cutting
head design when investigating the performance of a number of road-
header cutting heads. He further suggested that the duty of each
tool should be equal on the cutting head and that adapting a cutting

pattern or sequence would give better distribution of cutting duties.

Hurt and McAndrew ( 30 ) reported that there are two important
parameters concerned with the tool spacing. The cut'spacing (S) is

the distance between the centres of adjacent cuts in a sequence
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(Figure 11). The parameter cutting line spacing (SL) which is

measured around the cutting head periphery can also exercise a

critical influence on the cutting performance. SL is determined

by the relative positioning of tools between the cutting sequences.

For a two-sequence cutting head if S = SL the tool layout is known

as 2 tools per line (this mode produces a groove deepening cutting
action and is found in laboratory experiments to be not very efficient).

The most usual alternative has S, approximately equal to S/2, which

L

gives a cutting head with 1 tool per line.

Furthermore, to minimise vibration during cutting and to )
prevent any particular tool from experiencing a disproportionately
high loading, the forces imposed on every tool should be about the
same. Because the forces on the tools are usually proportional to
the cut spacing, S, this can be achieved by keeping S approximately
constant around the entire cutting head periphery. Finally, they
suggest that, for conical heads, the toolholders should be placed
so that the tool axis is normal to the cone surface, rather than
normal to the axis of rotation. Failure to do this results in the
tools cutting predominantly on one side, resulting in inefficient

cutting and, in extreme cases, the large side loading induced can

push off the tool tip.

The cutting tools on roadheader cutting heads have tilt
angles inclining the tools towards the nose of the head. This
situation also reflects the head geometry and may influence the duty

of picks, in particular with the performance of corner cutting tools
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The cutting action of a cutting head or drum consists during
each revolution of a discrete number of sequences of adjoining cuts.
These sequences are sometimes termed starts even if the cutting head
has no vanes. The number of cutting sequences is usually two,

although six or more have been used on very large cutting heads.

In shearer drums, it was reported (Barker et al.,3; Brooker,4)
that two pick patterns overlapping each other considerably around
the periphery of the drum are beneficial. Without this feature,
i.e. two patterns occupying opposite halves of the circumference,
the pick forces would move steadily across the face of the drum
from the machine side to the face side and then return suddenly
to the machine side (if the cutting sequences progressively cut
towards the face), leading to instability of the whole machine. By
overlapping patterns, there are always picks cutting on both halves
of the web simultaneously, and the point of action of the pick

forces on the drum remains fairly close to the drum centre line.

However, in roadheader practice, this pattern is not always
adopted, where in some cases, the second sequence starts to cut
after the first one is completed. (One of the reasons for this
pattern might be the ease of loading for the cut;ing head.) It is also
emphasised that (30,31)care should be taken that each sequence takes
the same depth of cut. This is usually achieved by a correct angular
tool spacing around the cutting head periphery (i.e. on the plane

perpendicular to the boom axis, for longitudinal cutting heads).
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which may be subjected to very high loading. The author has found

no research work on this aspect of roadheader cutting head design.

3.4 Drag Tool types used on Roadheader Cuttinngeads

Although the investigations have, so far, shown that in the
sharp conditions a chisel-type cutting tool is the most efficient,
in practice, the cutting tools used are of more complex geometry.
The most common picks are 'radial tools' and 'point attack' (pencil
point) tools. In terms of tool durability, the latter has been shown
to have a longer life in abrasive rocks. This is usually ascribed
to its ability to maintain a stabilised geometry by rotation in the
tool holder. It should be noted that the geometry attained by

rotation is not as efficient as the pristine tool.

Hurt and Evans ( 67 ) reported that, with all tools in the
sharp condition, the point attack required the highest cutting and
normal forces, whereas blunting had a much greater effect on the
wedge (radial) tools, so that after 600m of cutting in an abrasive
sandstone, the point attack tool had the lowest forces. These
results also indicated that the tool forces on a pencil-point tool
can be just as large as those of grossly blunt non-rotating tools.
The reason is that as the tool rotates a larger cone angle
(approximately equal to twice the angle of attack) is formed on the
tip, and the back clearance angle is consequently reduced to zero.
However, angling the tool by about 5° from the cutting line, i.e.
introducing an angle of skew is sometimes claimed

to aid rotation of the tool.
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The cutting position and (wedge) cone angle of the point

attack tools are important variables significantly affecting the
tool performance. Hurt and Evans (. 67 ) found minimum cutting
forces forthe 75° cone angle tool, at an angle of attack of 500.
Werner and Kleinert ( 58.) report that in order to avoid extreme
forms of wear, such as fracturing of the hard metal, large wedge
angles are used when cutting hard rocks. They further report that
since the cutting of a longitudinal head describes a cycloid and its
degree of elongation is dependent on the rotational speed, the angle
of attack must be matched to the rotational speed and should be at
least 45 degrees. At high rotation speeds, for example in soft
rocks, a larger angle of attack must be selected, since the tangent
to the cutting path is flatter and hence the angle of attack is reduced
when the head is in motion. The angle selected should never exceed
48°.

Detailed information on the performance of point attack and
other commercially available drag tools can be found elsewhere

(70,71).

3.5 Kinematics of Roadheader Cutting Heads

A conventional roadheader has two cutting modes of operation;
the cutting head is first advanced axially or sumped into the rock
force and the boom is then moved so that the cutting head 'traverses'
or arcs across the face. Sumping action will not be considered in

this work as it forms only a small part of the cutting cycle.
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Although the kinematics of transverse rotation machines are

detailed by Mellor ( 65 ), some aspects are quoted as below:

Also, the main cutting modes of traversing may be
distingished as illustrated in Figure 12. In upmilling,
(or up-cut milling) the cuttihg rotor is sunk into the rock to a
depth less than the diameter, the axis of rotation is parallel to the
primary free surface, and the direction of rotation is such that the
cutters move upward on the loading side of the rotor. 1In climb-milling
(or down-cut milling), the cutting rotor is sunk into the rock to a
to a depth of less than the diameter, the axis of rotation is parallel
to the primary free surface, and the direction of rotation is such
that the cutters move downward on the loading side of the rotor. 1In
the slot milling or traversing mode, the rotor is cutting across its
complete semi-circumference, and the ‘axis of rotation is normal to

the primary free surface.

The depth taken by each tool (chipping depth) also continuously
varies as a consequence of rotational and traversing speed of the head.
When a cutting rotor is upmilling ét typical speeds (Figure 13), each
tool enters to the rock at Point A, with a depth that is virtually zero.
The depth increases progressively through the working sweep, reaching
a maximum value as the pick leaves the work at Point C. If the rotor
is climb-milling, each tool enters the work at Point C, taking
maximum depth at the point of entry and tailing off to virtually zero

depth at point of exit A. If the rotor is slot-milling, each pick



0. Upmilling (up-cut milling) b. Climb Milling (down-cul mlilling)

c. Slot Milling

Fig. 12: Cutting modes for transverse rotation devices.
(After Mellor) (65)

Fig. 13: Geometry of an upmilling rotor.
(After Mellor) (65)
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enters and leaves the work with virtually zero depth, and takes its

maximum depth as it sweeps through the centre line of the slot.

If a tool on a drum or a cutting head is considered at
position B in Figure 13, the drum is rotating at f revolutions per
unit time and if there are n cutters evenly spaced around the
periphery at a given cross-section of the drum, then the cutter at
B will be replaced at B by the following cutter after a time interval
of 1/fn. The whole drum is moving forward at a velocity u, and,there-
fore, in the time interval 1/fn it will move a linear distance of
U/fn. The radial penetration of the cutter into uncut material,

i.e. the theoretical radial chip thickness, is therefore:

Definition of depth of cut is likely to result in some
confusion. A reasonable definition is given by Hurt and McAndrew
( 30) and Hurt et al.( 31 ), in such a way that for traversing picks
only & =(D/n) sin6 where D is advance per revolution, n is number
of cutting sequences (starts). This is true provided D is less than

about one-quarter of the cutting head radius.

Equation (3.1) is based on the asumption that each pick moves
throuéh a circular arc about the centre of the rotor, whereas for
other purposes,e.g. calculation of pick trajectories, it is necessary

to consider the path of the pick tip relative to the rock. In this
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case, the traversing action of the rotor has to be added to the
rotational motion. The trajectory of a pick tip may be explained

as below (65):

I1f the motion of a single tooth is considered after it enters
the rock at Point A (Figure 13), and Point A on the rock is taken as
the origin of the coordinates, the traverse direction is the x-
direciton and the y is normal to the traverse direction. After the
rotor has turned through an angle®, the tip of the pick has progressed
through a distance R (1 - cos6) in the y-direction, and through a
distance (U6/w + R sin#®) in the x-direction, where w is angular
velocity of the rotor (=2rnf). Thus the equation of the locus for
a tooth tip on an upmilling rotor is:

uo

x = —+ R s51n®
w

R(1 -cos®)  ..... (3.2)

<
[}

when the rotor is more than axle deep in the work (d/R)1) and 0 is
greater than 900, the value of R sin® decreases progressively as

@ increases in the second quadrant. Maximum extent of the tip
trajectory in the x-direction is reached when cosg = —U/wR and the
trajectory starts to loop back against the machine's traverse direction

when WR cosp is numerically greater than U.

1f the rotor is climb-milling, i.e. rotating in the opposite
sense to the wheel shown in Figure 13, it is convenient to take the
point of the tip exit as the origin (Point A)while retaining the

original definition of angular position. The equation of the tool
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tip locus for climb-milling then becomes the same as in the upmilling

mode except for x-direction where x = (-U8/w) + R sing

Figure 14 shows tool trajectories for various values of traverse
speed relative to rotational speed, for both upmilling and climb-
milling. The x and y values are normalised with respect to R,

i.e. x and y are given as fractions of multiples of the rotor radius.
The parameter of the curves is U/wR, or U/27nfR. When the value of
U/27f is high, the tool tends to make a long forward sweep relative

to the rock, but when U/2rf is small, the tool comes close to

sweeping through a circular arc. Typical values of U/27fR for existing
rock cutting machines are in the range 0.005 to 0.05, and for this

range, the tool sweep is almost circular.

I1f 8 _. <2"/n a complete trajectory can be traced out by
a single tooth before the next tool enters the working sweep, but if
ema; 21/n, the trace left by one tool is being affected by the
following tool before the first has finished its working sweep. It
is easy to see that serious vibrations would be set up with emax
<27 /n unless some damping arrangements were made. A simple way of
smoothing out these potential vibrations is to stagger laterally

adjacent rings of cutters; for example, by setting cutters along

helical paths.

3.6 Forces acting on the cutting tools and the cutting boom

Forces acting on & tool tip can be resolved into radial

FR and tangential components Fe (Figure 15) and these are approximately
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equivalent to the normal and tangential (cutting) components F,
and FC, provided that the ratio of traverse velocity to tangential
velocity of the tool tip relative to the centre of the rotor is

small (Mellor, (72)). There is a third force component - the side

force - but any nett side force is usually small and is ignored.

Since the number of cutting sequences on a.given cutting
head affects the depth of cut (at the same advance per revolution)
the force levels would change. This is clearly illustrated in
Figure 16 (Mellor, 72 ). The first situation describes only the
action of one tool on a thin rotor. If the rotor is slot milling
F rises from zero at § = 0, to a maximum at 6 = n/2, before
decreasing back to zero and then remaining zero for half a revolution
(Figure 16a). If the rotor is upmilling while set into the rock

to a depth d, f drops abruptly to zero at 6 = cos-1 (1-(a/Rr)).

If there are two diametrically opposed cutting tools considered
(Figure 16b) under the same conditions, the force values (fe) are only

one-half the corresponding values for the single-cutter case.

These situations also provide some insight into the fluctuations
in torque, horizontal and vertical reactions of the cutting boom.
These are of great importance with respect to machine stability and
performance. For a given cutting head, increasing the number of
tools (i.e. taking smaller spacing between the adjacent tools) would

decrease the individual pick forces and in this way, fluctuations in
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these parameters can be reduced. The power and traversing force
available from the machine determines the rate of cutting in a

given rock.

For a given cutting head torque (T) is defined as:
L = .
T ZFcr

where r is the cutting radius and I denotes the summation

for all picks within the cut.

The resultant force acting normal to the cutting boom
axis may be resolved into components H and V which are parallel and

normal to the travel direction respectively (Mellor, (72)).

The axle force, H, which determines the tractive thrust
(slewing or traversing force) needed to feed the rotor thrpugh the
rock. In the case of mobile machines such as large disc saws,
wheel ditchers, or drum planners, the available tractive thrust
from the carrier vehicle can set the limit of performance for an
upmilling rotor. For example, the vehicle may reach its maximum
traction (drawbar pull) and spin its tracks before the rotor feed
rate is sufficiently high to draw maximum power or to develop
maximum torque. H is positive when thrust is applied by the machine

in the direction of travel.

The axle force, V, which is perpendicular to the direction
of travel and to the work surface, determines the downthrust needed

to maintain a given depth of cut, d. On mobile machines, this down-
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thrust is often provided by hydraulic activators, and an upper

limit to positive downthrust is set by the weight and balance of the
machine. If the force V exceeds the thrust capability of the
actuators or the available reaction, then cutting depth d or

forward speed U will have to change in order to limit V. The vertical
force V is positive when thrust applied by the machine is downward

into the rock.

Tilt angle of the tools on roadheader cutting heads is also
considered for the calculation of H and V, since the effective normal
force components in the plane of horizontal and vertical reactions
is Fn.cos o¢, where o is the tilt angle (Hurt 1980). Thus H and V

are given as:
For upmilling cutting mode:

H = Fn sin® . cos ou+ Fc coso cee.. (3.3)

<
[}

F cosg. coso<- Fesing ... (3.4)

For climb milling cutting mode:

==
\

F sing. cos - Fc cos®& = ..... (3.5)

V= F cosg. cos A+ Fec sing® = ..... (3.6)

In climb milling mode the level of slewing force (H) may be

lower than that of upmilling mode. However, deep cutting and aggressive
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attack in the former, are usually not very practical, since the
cutters enter the rock with maximum depth of cut and this results
in severe vibrations (Mellor,(72)) and possible impact damage to

the tools.

3.7 Specific Energy

The specific energy of a cutting machine 1is defined as

the energy required to cut unit volume of material. The overall
specific energy for a complete machine is based on the total power
output of the machine which comprises the rotor power (PR), the
thrust power (PH) and the power loss (PL). In this context, P
does not contribute directly to the cutting process. Also, in many
cases, PH is smaller than PR and, therefore, it can sometimes be
neglected for practical purposes (Mellor (72)). Thus the specific

energy (ES) in the resulting simplified form may be expressed as

follows:

— e s e

P
VR ~ 2“5 T (3.7)

where f number of revolutions of the head per unit
time (rev/min, rev/sec)

T = cutting torque

¥ = volumetric cutting or excavation rate given

as UBd where B is drum length and d is depth

of cutting rotor in the rock.



64

This analysis has considered a parallel drum cutter of the
type used as a longwall shearer, whereas the geometry of roadheader
cutting heads may be conical, spherical or a combination of both,

and the analysis of these head geometries is covered in Chapter Ten.
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4, OBJECTIVES OF THE RESEARCH

The objective of this study is to investigate, in a
systematic way, cutting head design of rock excavation systems,
taking into account the practical excavation action of the actual
machine, with a view to assisting in further development of optimal
cutting head design. This entails providing quantitative data on
the cutting duties of the tools, effects of cutting head profile,
and the mode of operation on performance and efficiency of the

cutting machines.

Investigations into the even distribution of the relative
cutting duties requires a careful field or laboratory study, as this
is a complex subject. The field trials can be very rewarding in
this aspect, though they do not always offer the desired control
over the parameters considered. The ﬁeed for strict control over a
"whole range of variables, together with the reduced experimental cost
make laboratory investigation attractive. However, the laboratory
trials on the simulation of cutting heads is extremely tedious and

laborious.

This research work is concerned only with the laboratory
simulated rock cutting conditions which were designed to represent
the practical cutting action of the actual machines, during which
the forces and specific energies of cutting tools on various cutting
heads were recorded and analysed. The aim of this research can be

detailed as follows:



SECTION ONE

1. To determine the composition of an artificially
made rock salt material for a wide range of rock

cutting experiments with drag tool cutters.

SECTION TWO

2. To investigate the optimum tool spacing by
simulating the practical cutting action of commercially

used drag tools.

SECTION THREE

3. To simulate a series of roadheader cutting heads
systematically with the object of investigating the

effects of tilt angle on the duty of cutting tools.

4, To study the kinematics and energetics of these
cutting heads with the aid of a computer programme by
using the data obtained from previous simulation

experiments.

5. To examine the effects of varying the total number
of picks on roadheader cutting heads, with regard to

the cutting duties of the tools.

6. To investigate the influence of starting the cutting
sequence from the nose of the head on the performance of

picks in the cutting array.
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7. To study the effects of arcing mode of operation

on machine performance.

SECTION FOUR

8. To study the performance of disc cutters by considering
their practical cutting action by simulating the cutting

action of a full-face tunnel boring machine.

In Section One of the experimental programme, the mechanical
cutting characteristics of an artificial rock salt material was
investigated and compared with natural rock salt,. This artificial
material was further planned to be used as a medium for future large

scale rock cutting trials.

For Section Two of the experimental programme, point attack
tools and radial tools were used and the main variable was tool spacing,

while depth of cut was kept constant.

For Section Three pick tilt angle, cutting head profile and
mode of machine operation were investigated at a constant advance per

revolution of the cutting head.

For Section Four of the experimental programme the main
variables were disc edge angle, depth of cut and skew angle which were

investigated at an elementary level.
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5. EXPERIMENTAL EQUIPMENT AND TECHNIQUES

In this chapter, the equipment which was used during the
experimental programme and the techniques and methods used to
simulate the action of practical rock cutting machines are described.
A more detailed description of the techniques developed specifically
for the simulation experiments is given in the appropriate chapter

of this work.

To undertake fundamental rock excavation research the basic
requirement is the measurement of the orthoganal force components
acting on a mechanical tool when cutting rock under a variety of

simulated practical conditions in the laboratory.

The laboratory cutting rig may have either a linear or
rotary cutting action which may use single or multiple tools.
For these fundamental studies it was considered advantageous to
use linear cutting rigs where the depth of cut is constant rather
than continually changing. The linear cutting rigs were were used
for drag tools and disc cutting experiments in this work were

developed by previous workers (20, 74).

5.1 Experimental Equipment and Techniques for Drag Tools

5.1.1 Instrumented Rock Cutting Rig

This is a modified 26" Butler Shaping machine with a dynamometer
mounted on the crosshead (Plate 11). The sample is rigidly mounted

on the machine table, and the dynamometer in which the tool is



Plate 11. Instrumented Shaping Machine
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mounted is shown in Plate 12. The signals from the dynamometer

are amplified and recorded on an SE 300626 UV paper chart recorder.

The traversing speed is variable between 7.62 and 38.88 metres
per minute, depending upon the stroke length and gears engaged. The
crosshead of the machine can be orientated at various tilted
positions on either side, with respect to the cutting direction,
and moved vertically within its limits by use of a screw mechanism.
The depth of cut can be either set by movement of the crosshead
with respect to the fixed machine table, or by movement of the table.
The maximum in-line thrust of 5 tons can be applied by the machine

to the rock.

5.1.2 Instrumentation

5.1.2.1 Triaxial Dynamometer

The triaxial dynamometer is a specially designed instrument
monitoring the magnitudes and direction of the forces acting on the
tool during a cutting experiment. The electrical signals which are
generated by the dynamometer are amplified and recorded by the UV
chart recorder. The three strain gauge bridges on the arms of the
dynamometer provide electrical signals proportional to the three
mutually perpendicular (orthogonal) force components acting on the

cutting tool. These force components' are:

(1) Cutting Force : acting in the direction of

cutting;
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(2) Normal Force : acting perpendicular to the

direction of cutting, and required to maintain the

tool at the required depth in the rock; and

(3) Lateral or Sideways Force : perpendicular to

both the cutting and normal forces, tending to cause
lateral movement of the tool. Usually small in
practice with symmetrical tools and symmetrical

loading conditions.

‘The dynamometers which were used throughout the experiments
with drag tool cutters were both of the solid plate type, differing
only in the material used in their fabrication. One is made of
aluminium alloy and the other of carbon steel. The steel dynamometer
can stand forces up to 100 kN in cutting and 50 kN in both normal
and sideways directions, while the limits of the aluminium dynamometer
are 20 kN in both cutting and normal, and 10 kN in sideways. The
dynamometers are based on the solid plate design outlined by
Whittaker (75,76) with a rigid central plate supported by four parallel

beams which are attached to a rigid frame.

A tool clamp holds the cutting tool in the central plate, and
the whole dynamometer is bolted to a backing plate which is fixed

to the crosshead of the cutting rig.

Since the force component is proportional to the strain on
the beams, the load's action on the tool can be determined by the
strain gauges. The beams are proportioned so that the deformations

are elastic and within the designed range of the dynamometer.
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Cemented on the four connecting beams there are a total
of 24 strain gauges in the form of three bridges, and unaffected
by each other. Any interaction between these force components
is caused by a small misalignment of the strain gauges; therefore,
the gauges are aligned and bonded very carefully. The sensitivity
of the dynamometer is dependent on the dimensions of the beams,
elastic properties of the material from which it is machined,

alignment and number of strain gauges.

5.1.2.2 Recording Instrumentation

Continuous recording of signals from the dynamometer was
provided by the recording system shown in Plate 13. The recording
instrumentation used was an SE 4000 type, which consists of a power
supply unit, an amplifier and integrator unit for each strain gauge
bridge circuit of the dynamometer, connected to a 12-channel ultra
violet chart recorder. Thus an analogue record of the forces which
were generated during the cutting action was produced on UV sensitive
photographic paper. The recording system includes an SE4101/0/S/SC
monitor unit, and the variable resistors necessary to balance the
individual arms of each bridge. The power supply unit provides a
constant 5 volts KMS at a frequency of 10 kHz to each bridge circuit
of the dynamometer. The output from each bridge was amplified by
an SE4000 carrier amplifies to a gain of range 22 to 450. The
amplified signals from both amplifiers and integrators are then
simultaneously passed to an SE3006DL UV chart recorder, to provide

traces on the 150mm wide UV paper, driven by an SE3010 unit at a



Plate 13. UV Recorder with Amplifiers
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speed of 125mm/sec. The UV recorder gave instantaneous magnitude

of the components. The UV recorder was fitted with six A1000 Hz
galvonometers, each with a sensitivity of 3.5mA/mm. Outputs from
each amplifier and integrator, powered their respective galvanometers.
For a linear response over the range of chipping frequencies the

galvanometers must be matched with the bridge circuit resistance.

5.1.2.3 Calibration of the Instrumentation

For the purpose of determining the relationship between
loads applied to the cutting tool and the output of the recording
system, the instrumentation must be calibrated. The calibrations
are, in most cases, carried out at the beginning and at the end of

the experiments.

Loads were applied to the special pick on the dynamometer
in each orthogonal direction by means of a hydraulic ram, operated
by a hand pump. The pick with a 38mm diameter ball at its top
provided an accurate alignment of the direction of the applied
force. The ram has spherical seatings at both ends; one end of
the ram engages the ball at the tip of the tool post and the other
sits on the corresponding ball, which is mounted rigidly on the
supporting frame on the machine side. An initially calibrated load
cell, in conjunction with an electronic strain indicator, was
placed between the ram and the pick to determine the magnitude of
the applied load (Plates 14,15)Accurate alignment of hydraulic ram
and load cell is essential in order to reduce the interactions in

the dynamometer.
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In each orthogonal direction, the known loads were
incrementally applied to the dynamometer and at each increment
the record of direct and integrated forces were taken. The
calibration constants were calculated through the analysis of these

records.

The calibration of integratioﬁ and force channels was
carried out simultaneously at different integration and amplification
settings. However, calibration at a particular reference setting
‘is adequate to determine the constants for all other combinations
of settings, providing that the ratios between different integration
and amplification settings of the recording instrument is known.
This is achieved by the use of calibration unit (passive strain
simulator) which eliminated the cumbersome and arduous loading of

the dynamometer with the hydraulic ram and pump.

5.1.3 Specimen preparation and mounting

The rock specimen must have at least one smooth surface to
be mounted on the metal plate which is bolted to the machine table.
By using a diamond saw the irregular rocks were first dressed to
have smooth surfaces. A rock block higher than 0.35mm is not suitable

for mounting on the rig.

The rock specimens were bonded to a mild steel plate by
using Araldite 2003A epoxy resin. Prior to bonding, the steel plate
is cleaned, first with a disc grinding machine, and then with carbon

tetrachloride in order to remove any grease, and the rock surface is
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also dusted and cleaned thoroughly. In order to fill the pores

and any concave hollows, a sealing coat of Araldite was applied to
the rock surface 24 hours prior to the final bonding. Finally, a
coat of Araldite was spread over both mating surfaces and the

steel plate and the rock specimen brought together tightly and left

for further curing.

Although the bonding procedure involving the use of adhesive
was adequate for the sandstone, the procedure was not suitable for
the rock salt specimens as the coated epoxy resin, Araldite, came

off the surface of the rock salt after a series of cutting experiments.

5.1.4 Techniques for the Experimental Rock Cutting Procedure

The experimental procedure for the simulation of the actual
cutting action of practical machines naturally required a different
procedure from those planned to be carried out on a flat rock surface,

the experimental programme included two cutting modes:

(1) Simulated Cutting :The rock surfacewasinitially

prepared until a desired cutting regime was reached.
The detailed procedures appear in the appropriate

chapters.

(2) Flat Surface Cutting : The top surface of the

specimen was trimmed to a flat surface and the desired
cutting position was obtained by traversing the table.

Furthermore, the depth of cut was set using a micrometer

dial gauge to a tolerance of z 0.lmm.
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Once the rock was brought to a desired cutting position on
the machine, suitable integration and amplification settings were
selected on the recording instrumentation to limit the galvanometer's
deflections to the width of the UV paper. Before taking each cut,
the integrators and amplifiers were balanced with the intention of

eliminating any drift already present in the channels.

The signal output from the dynamometer to the galvanometers
was recorded on ultraviolet sensitive paper to provide an analogue
trace of the forces acting on the tool during cutting. The debris
from each cut was collected, avoiding large end chips. The length
of cut was also measured and recorded for further necessary calculations

of the cutting parameters.

5.1.5 Drag Tools and Tool Holders

Since the main objective of this work mostly involved the
cutting head design of practical machines, it was thought that,
through the use of practical tools a better approach to this aspect
woul& be obtained and throughout the cutting experiments, commercially
available point attack and radial tools were employed, with the
exception of some saltcrete materials, for which it was more convenient

to use standard, chisel-shaped tungsten carbide cutting inserts

(Figure 17).

. . o
Slender-type point attack tools with 87 cone angles were
used for the majority of drag tool experimental programmes. They were

machined in the Department's workshop in order to fit the previously
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designed tool holders (Plate 16). The tool holders allowed the

point attack tools to have an angle of attack of 45 degrees.

The radial tools used are of heavy-duty type and are
manufactured by the Hoy Division of Anderson Strathclyde plc.
They were fitted in a specially designed tool holder, as shown in

Plate 17.

Since tool wear was not the main concern of this work, the
experiments were carried out under sharp tool cutting conditions
and this, therefore, required a continuous monitoring of undesired
tool wear. This was achieved by checking the tool geometry and
conducting some standard tests in order to check for any differences
in force values. The tool tip profile_yas recorded by using a
Nikon Shadowgraph magnifying machine, prior to the use of a new
tool. After a certain number of cutg with the tool, the profile was
compared with that initially recorded in order to determine whether
a wear flat had developed which would have adversely affected the

results.

Standard carbide tipped tools used previously were employed
for comparison of the cutting characteristics for some of the rock

salt and saltcrete blocks.

5.1.6 Parameters measured and calculated

The measured and calculated parameters obtained for each

experimental cut are listed below:
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(1) Mean Cutting Force (MCF)(kN) : Average force on

the tool in the direction of cutting. Multiplying the

distance cut gives the amount of work done.

(2) Mean Peak Cutting Force (MPCF)(kN) : The average

of the peak forces acting on the tool in the direction
of cutting. This is relevant to the mechanical strength
of the tool design and its holder. As all tests were
conducted at 150 mm/s, peaks for 0.1s intervals were

taken.

(3) Mean Normal Force (MNF) (kN) : The average forces

tending to push the tool out of the rock. This value
is the thrust required to maintain the tool at its

required depth of cut.

(4) Mean Peak Normal Force (MPNF) (kN) : The average

of the peaks of the normal force component (0.1ls intervals).

(5) Yield (Q) (m3/km) : The quantity of rock produced

expressed as volume per unit distance cut.

.o 3 .
(6) Specific Energy (SE) (MJ/m~) : The energy required

per unit volume of rock cut.

5.1.7 Analysis of Recorded Traces

The analogue traces obtained from the recording instrumentation,
as outlined in Section 5.1.2.2 provided the measurement of forces. A

typical analogue output is given in Plate 18. Although it was possible
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to record all the three orthogonal force components from the
triaxial dynamometer, the sideways force was omitted because it

is very small in most cases.

A typical UV trace provides four force component records;
two for direct forces and two for integrated forces in the cutting
and normal directions. The direct components of the analogue
traces, as in Plate 18, consist of traces indicating the chip
formation process. When the tool attacks the rock, the forces
acting on it increase rapidly and as the chip breaks off, the
trace drops to the zero position, only to rise again to form a new

chip. The maximum direct forces are known as peak forces.

The mean forces and the resulting work carried out during
cutting are obtained by measuring the total area under these direct
force traces against time. This measurement is done by the
integrating circuits incorporated in the recording instrument, which
provide inclined lines, the gradient of which provides the mean

force components for the length of cut considered.

The data points on the chart record were selected in such
a way that the cut length was chosen to exclude areas of unrepresentative
cutting such as the beginning and the end of the cut. These correspond
to the initial impact and end chip formation respectively. The
average of maximum peak forces selected at 0.l-second time intervals

for each orthogonal component, gave the Mean Peak Force value.
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Once the data points were identified, they were transferred
to punched cards by means of a D-Mac digitising table. The punched
cards were then input to the IBM370 computer of the University's
Central Computing facility and analysis of the data was performed

by a program written in FORTRAN.

5.2 Experimental Equipment and Techniques for Disc Cutters

5.2.1 Rock Cutting Apparatus

Experimental programmes with disc cutters were carried out
using a 50-tonne rock planer which was designed and built in the
University. The disc cutter dynamometer and some structural and
operational modifications were made to the rig to allow full-scale

disc cutting experiments to be conducted, as shown in Plate 19.

The cutting rig consists of fhe main body and hydraulic
system unit. The entire rig is mounted on a sturdy frame which
includes a rectangular base frame and four columns. The main columns
at the rear of the rig #re integral with the frame and serve as the
main support and guides for the cutter slide assembly and are
mutually stiffened by a large diameter transverse tube at the top and
rear of the machine. The front columns are bolted to the base and

provide only increased stiffness of the cutter slide assembly rod.

The tool holder slides along a heavy steel plate (steel
track) on which the large diameter tube is welded via a number of
saddles in order to provide a rigid beam. The whole cutter slide

assembly is attached to the main frame by four pairs of shoes sliding
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along vertical guide plates on the rear columns. As disc cutters
generate high levels of thrust force needed for efficient cutting,
. the cutter assembly is susceptible to vertical slipping and the
stiffness of this assembly emerges to be of significant.imPOttance.
For this reason, the cutter slide assembly is clamped to the
columns during instrumented cutting tests. A double-acting ram
is attached to the rear of the cutter assembly in order to push

the disc cutter through the rock sample at the required penetration

depth.

There are two independent hydraulic systems. The first one
is the main system and provides the power to operate the cutting
tool, and the second is the clamping circuit operating the large

clamps, as mentioned above.

A brief summary of the rig specification is given in
Table 47 and detailed information on this apparatus can be found

elsewhere (Table 1).(47).

The position of the rock with respect to the toolholder is
achieved by lateral traversing of the table and depth of penetration
can be set by vertical movement of the cutter slide assembly. The
ﬂorizontal position of the rock and the vertical position of the

tool is displayed in digital form on the control panel.

5.2.2 Instrumentation

Unlike plate-type dynamometers, the strain gauges are

located on the tool axle supports to measure the face components on



Maximum specimen size
Maximum table travel
Speed of table traverse
Maximum cutter slide travel
Speed of cutter slide traverse
Maximum thrust (vertical) force
Maximum rolling (cutting) force
@ 500 psi
@ 3000 psi
Maximum cutter stroke

Cutter speed

1.5m x 1.0m x 1.0m
0.90m

0.34m/minute

0.60m

0.03m/minute

500 kN

80 kN
500 kN
2.0m

0.0 - 0.13 m/s

TABLE 1 LINEAR CUTTER RIG SPECIFICATIONS

91
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acting on the disc cutter shaft. As can be seen in Figure 18, the

side members are attached to a circular base plate which may be

clamped in any position to provide any required angle of skew

relative to the cutting direction. In order té minimise the interaction
between thrust force and rolling force, the disc is fitted with a

roller bearing which transmits radial forces to the shaft without
imparting appreciable torque which would be taken as an additional
rolling force. Also, the disc is positioned laterally by wing

spacers as required and thrust bearings (Plate 20).

Each side member has a portion of reduced section which
is fitted with resistance strain gauges which sense the local strains

on each side member.

Since the tool and toolholder with force transducer form
an integral unit, the disc can be ofientated to the rock surface
in a variety of configurations. When the toolholder is clamped
directly to the cutter slider setting of any degree of skew is
possible by rotating the tool holder. Furthermore, the cutter can
be tilted with respect to the slider by installing a pair of
circular wedges. By having two wedges of the same angle, the tilted
position at any angle from +25° to -25° can be set while maintaining

the longitudinal axis of the toolholder parallel to the direction

of advance.

Multiple disc cutting tests can also be undertaken. This can

be achieved by placing the discs at various spacings along the shaft.
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The recording instrumentation which was described in
Section5.1.2.2was alsoused during all disc cutting experiments and

the same method was applied for the analysis of analogue traces.

Furthermore, the calibration procedure was also based on
the same principal as in Section5.1.2.3. The dyanamometer was uniaxially

calibrated and this 1is shown in Plate 21.

5.2.3 Preparation and installation of the rock specimen

Since large rock specimens are required and high forces
are generated during cutting, the method of preparation and mounting
of the sample has been found to be most .important in order to obtain

representative results without premature sample failure.

For this purpose, the steel plate was fitted with an array
of projecting dowels, and then bolte& to the machine table. A
corresponding array of holes was drilled into the flat surface of
the rock specimen using a pneumatic percussive drill (Plate 22).
A polyester resin was poured into the drilled holes and allowed to

set. Prior to the resin forming a jelly the block was positioned on

the plate.

In order to maximise the rock surface and to prevent
. splitting and side breaks, it was necessary to confine the side

surfaces of the rock. This was achieved by using a steel frame.

During the initial tests, it was found that all these

procedures were insufficient since the block tended to move. This
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Plate 22. Specimen Table and Rock
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problem was attributed to the small size of the dowels and the
type of resin which failed to secure the rock to the table and

dowels.

It was also observed during the initial tests that when the
cuts became closer to the side edge of the block, large side breaks
and cracks frequently occurred and this situation interrupted the
course of the experimental programme and limited the range of

experimental levels (Plates..23,24).

Although the low strength and inherent discontinuities, as
well as the heterogenous structure of the rock salt specimen, played
an important role in these occurrences, it was thought that improving
the contact area between rock block and confining steel frame interface
would considerably assist in overcoming this problem. Thus, all the
faces of the rock sample were trimme& to produce flat and parallel
surfaces. Initially, the rock was placed and secured on the specimen
plate at a desired position and then trimmed. As a result of this

procedure, the above problems did not occur and excellent cutting

conditions were obtained.

5.2.4 Experimental Technique

The disc cutting experiments were aimed at simulating the
practical action of a full-face tunnel boring machine; therefore, the

flat surface cutting condition was not included within the experimental

programme.
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A description of the experimental method employed appears

in the chapter on disc cutting experiments.

5.2.5

a nominal disc diameter of 300mm and had a tip radius of 4.5mm.

Disc Cutters

The discs used throughout these experiments were based on

only difference was the disc edge (kerf) angle, being 40° and 60°.

They were fabricated from tool steel, heat treated, and then ground

to the final dimensions.

5.2.6

cut are

Details are given in Appendix 1..

Parameters measured and calculated

The measured and calculated parameters obtained for each

defined as below.

(1) Mean Thrust Force (FT)(kN) : The average force

acting normal to the direction of cutting, which maintains

the disc at the required level of penetration.

(2) Mean Peak Thrust Force (F'T)(kN) : The average of

the peak thrust forces acting as above.

(3) Mean Rolling Force (FR)(kN) : The average force on

the disc in the direction of cutting which causes the

disc to roll at the required level of penetration.

(4) Mean Peak Rolling Force (F'R)(kN) : The average of

the peak forces acting on the tool in the direction of

cutting.

101

The
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(5) Yield (Q)(m3/km) : The volume of rock extracted

by the disc per unit distance travelled.

(6) Specific Energy (SE)(MJ/m3)

The work done per unit volume of rock for each cut taken

was obtained from the following formula:

Mean Rolling Force
Yield

SE

5.2.7 Analysis of Chart Records

A typical analogue trace obtained from the disc cutting

experiments is set out in Plate 18.

The methods which were used for the analysis of the recorded
traces were the same as those described in Section5.1.7, except for

the selection of the data points for peak forces.

The method adopted for drag tool cutters, as previously
mentioned, tended to use the definition in which the maximum peak
within a 0.1 second interval was averaged over the length of the cut.
Since, at similar cutting speed conditions, fewer peaks were produced
by disc cutters, the criterion ceases to provide the same sort of
information. Consequently, the peak force for each identifiable chipping
event has been measured and the average is recorded as the mean peak

force component for the cut.
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6. PHYSICAL. AND MECHANICAL PROPERTIES OF THE EXPERIMENTAL ROCKS

Although the objective of this work is not concerned with
relationships between rock material properties and corresponding
cutting characteristics, some physical and mechanical properties
of the rock salt and Springwell sandstone (being the main experimental
rocks) are presented and briefly described in this chapter. The
values quoted for some tests were obtained from a large number of
experiments previously carried out within the Department of Mining
Engineering on the same rock materials. Details of these tests can

‘be found elsewhere(90). Results are presented in Appendix 2.

Furthermore,during the investigations of artificial cutting
material, saltcrete, some rock property tests were also carried out.

The results appear in appropriate chapters of this work.

6.1 Uniaxial Compressive Strength

In order to compare different rock types, these tests must

be aarried out under standard conditions.

Cylindrical specimens of 4lmm diameter, having a height to
diameter ratio of 2 were used. All specimens were air-dried and dry
steel platens were used throughout the testing programme. The samples

were loaded at a rate of 0.69 MN/m2 per second.

6.2 . Uniaxial Tensile Strength

This test is mainly aimed at strength classification and

characterisation of intact rock., In rock cutting mechanics, the
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the relatively weak properties of rock in tension is found to be
beneficial. Thus, an accurate knowledge of the tensile strength of

a rock is essential in this respect.

There are three methods for deforming the static tensile
strength (a) direct pull test, (b) indirect disc (Brazilian) test,

and (c) bending test,

The indirect disc (Brazilian) test method was employed in
determination of the tensile strength of the experimental rocks, on
account of the simplicity of this method. This method involves
compressing a cylindrical test specimen in the form of a disc to
failure across a diameter. If the diameter of the specimen is D,
the width t, and the load at failure is P, applied along the width

of the specimen, then the tensile strength is given by (82):

The disc samples used for the tests were of 4lmm diameter

and 20mm thickness.

6.3 Elastic Properties

The elasticity of the material is a measure of the resistance

to deformation in the material.

The objectives of the test are to determine the stress-strain
relationship and the two elastic constants, namely Young's modulus

and Poisson's ratio. For each rock the stress-strain relationship
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in uniaxial compression up to failure load was recorded and the
static elastic modulus was determined from the slope of the tangent

drawn at 50% of failure load.

Dynamic modulus was also measured fér the experimental rocks.
This was achieved by using a 'Pundit sonic Velocity Testing Equipment'
which measured the time interval for the wave to travel from the pulse
generator to the receiver@)Previous experiments (84)
indicate that the specimen length should be more than 50mm as a specimen

length less than this value gives low and non-constant values.

The elastic modulus values for each rock were obtained by

using the following formula:

E, = )2 xpx10°
\Y = L/T
where E, = dynamic elastic modulus in MN/m2

V =wave velocity in m/s
L = length of the specimen in m

T = time of travel (s)

(=]
"

bulk density of a specimen in kg/m3

6.4 Shore Hardness and Plasticity

This method is used to. measure the rebound hardness of rock
materials by using a shore scleroscope. This test is based on the
jdea that materials with different hardness have different elastic

1imits to absorb kinetic energy. Soft materials have low elastic
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limits and thus deform plastically, absorbing more kinetic energy
whilst little of the kinetic energy is absorbed by hard materials

having high elastic limits.

The test consists of dropping a tungsten carbide tipped or
diamond tipped mass on the surface of the rock specimen from a
predetermined height. The mass is fitted into a vertical tube and is
allowed to fall freely onto the surface of the specimen. After
striking the surface, the mass rebounds freely and the height of the
rebound which is read off the graduated tube, gives the measure of

'*shore hardness' of the specimen.

Each reading only corresponds to the measurement of a
small area of the specimen and this is not sufficient to represent
the average value, since the presence of a large number of hard and
soft crystals in the same material produces different hardness
values it is, therefore, necessary to to take a large number of

readings (about 20 for homogeneous rock).

Plasticity is another parameter which can be determined with
the shore scleroscope; local compacting of material under the dropped
mass causes the rebound values to increase gradually. After a number
of impacts the values tend to an approximately constant value. The
percentage change in rebound value is then taken as a measure of

the plasticity of the specimen and calculated by the following

equation (85):
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where P 1is the coefficient of plasticity (%)
HF is the first reading being close to the
average shore hardness
HL is the last reading remaining constant

after a number of strikes.

6.5 Schmidt Hammer Test

The Schmidt Hammer is a portable hand operated field device
and works on similar principles to those of the shore scleroscope.
Although it was originally designed to test the compressive strength
of concrete, it has found a wide range of applications in rock
testing. The measurements are recorded by means of the rebounding
mass and a pointer on a linear scale 6f 1 to 100. When the catch
is releaed, a steel mass travels a fixed distance under spring

pressure and rebounds from the surface of the rock.

It has been shown (86) that rebound values obtained by this
instrument do not relate linearly to the compressive strength of
the rock. The instrument is relatively insensitive to high strength

rocks and over-sensitive to low strength rocks.

6.6 Cone Indenter Test

The NCB cone indenter is a portable instrument designed

and developed at MRDE by the National Coal Board (NCB) in order to



determine the resistance of the rock to indentation by a tungsten
carbide stylus of 40° cone angle. The instrument consists of a
flat spring-steel beam which is mounted in a rigid frame. A dial
gauge is in contact with the beam to measure the deflection and
hence the force on the beam. Also, a hand operated micrometer
screw 1s connected to the cone and measures the full advance of
the cone into the rock specimen. The indenter can accommodate

any small, flat specimen with a size of up to 25mm x 25mm x 6mm.

The cone indenter hardness value for any particular test
is obtained by dividing the force (i.e. spring deflection) by the

amount of penetration that has occurred (87). Thus:

where D nominal deflection of steel strip

P = penetration of specimen by cone.

For Standard Cone Indenter Number (Is), a standard load
of 40N (i.e. 0.635mm deflection of steel beam) is applied, whereas
for weak rock a load of 12N (or 0.23mm deflection) is applied to

obtain indenter number.

108
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7. USE OF ARTIFICIAL SALT MATERIALS FOR LABORATORY CUTTINC
EXPERIMENTS
7.1 Introduction

Fundamental studies in rock cutting have contributed considerable
insight to the aspects of rock excavation system design. However,
results of this work do not fully meet the needs for the practical
development of rock cutting machines, since the majority of this

research was based on cutting tests conducted on flat rock surfaces.

In-situ trials can be an ideal approach to this matter, but
this emerges to be costly; alternatively, laboratory studies on
the practical action of the actual machine can be a realistic
approach. In general, this may be achieved in two ways; use of
the actual machine, which is adapted to laboratory conditions, or
through the use of a linear cutting rig well suited for simulation
trials. Each method has advantages and drawbacks. In the former case,
initial and maintenance costs, i.e. rock.sample preparation, may be
higher, while the experimental procedure is more likely to provide
simultaneous measurements of several variables in a short period of
time. The latter may offer lower experimental costs, but the test

methods and techniques involved are extremely laborious and tedious.

In the Department of Mining Engineering of the University of
Newcastle upon Tyne,. a Dosco MK2A type roadheader cutting rig has

recently been constructed and instrumented for large-scale cutting



rock cutting trials (Speight (86)).

large blocks of rock and provision
specimens would obviously increase
this reason, it was decided to use

medium for the original rock that
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By its nature, the rig requires
and preparation of such large
the cost of the experiments. For

artificially made materials as a

is intended to be cut.

In the Department of Mining Engineering, one of the major

projects which has been planned to be undertaken with this rig is

that of investigating the performance of boom-type roadheaders when

cutting an evaporite rock salt.

This chapter deals with finding

an appropriate artificial material which has a similar cutting

characteristic to that of natural rock salt for the purpose of simulation

trials.

Several salt materials with different rock salt to cement

ratios were cast and cutting tests were carried out at regular intervals.

The results were compared with those obtained from natural rock salt.

Further, some tests on the mechanical and physical properties of these

materials were also carried out for comparison purposes.

However,

the latter tests were not the main criterion for selection of the

relevant material since the cutting characteristics of a particular

rock are not generally a direct function of its individual mechanical

and physical properties respectively.

Accordingly, the materials were

mainly compared on the basis of their cutting characteristics.
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7.2 Previous Research

The only economic method for formation of an artificial
rock salt material appears to be bonding rock salt aggregates
by means of cement and thus salt to cement ratio, which significently

affects the material properties is of paramount importance.

To the author's knowledge, the only research conducted on
this aspect is that of Foster ( 89 ). His work is also concerned
with the artificial rock salt materials and can be briefly summarised

as follows:

In Meadowbank Rock Salt Mine, Cheshire (UK), it was suggested
that an artificial support should be introduced into the old cavities
in an effort to maintain stability. Thus this required the investigation
of mechanical properties of an artificial material likely to prove
useful in establishing additional pillar or massive underground support.
Finally, concrete was intended to be used as a medium for artificial
support. The least expensive and most readily available aggregate at
the mine was found to be rock salt; the term 'saltcrete' was coined
for concret having a rock salt aggregate and since saltcrete was
intended as the support medium, the investigations were aimed at the

mechanical properties of the material.

Initially, a number of saltcrete specimens were cast at
different mix proportions. The rock salt aggregates which were used

consisted of primary crushed and cutter dust materials. The maximum
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grain size of the primary crushed aggregates was taken at

-1% inches (38.1mm). The saltcrete specimens with different salt

to cement ratios are given in Table 2, The specimens were prepared
in 6-inch cubes respectively and tested in compression. The

compressive strength values of corresponding materials are presented

in Table 3.
7.3 Preparation and casting of the different saltcrete
specimens

Similar procedures to those described by Foster were

employed for specimen preparation and casting.

7.3.1 Selection of salt to cement ratios

In Table 2 several salt to cement ratios are given for
different mixtures. However, there is no need to test all of these
ratios since some of them were unsuitable for this investigation.
By reducing the quantity of cement, the cost of any specimen would
reduce and hence this provides a more homogeneous material, due to
the increasing proportion of salt. However, reducing the cement
proportion in a particular mix would result in an improper bonding
of the aggregates and the material can present a crumbly character.
As a consequence, under the cutting action of a tool, the rock salt
aggregates existing in such materials may effectively be gouged out

rather than be cut.

The compressive strength values given in Table 3 for
each composition indicate low strength properties for the saltcrete

materials with high salt to cement ratios. However, these values



Ratios of rock salt

2

TABLE 2

to cement for saltcrete cubes.

Specimen. Mixture Ratio. Composition.
A 5:1 Cutter dust { cement.
B 2.5 : 1 Cutter dust : cement.
c 7.5 : 1 Cutter dust : cement.
D 10 : 1 Cutter dust : cement.
E 4 : 2 : 1 Primary crushed (-1%") : cutter dust : cement
F 3 :1.5:1 Primary crushed (-1%") : cutter dust : cement
G 6 :3:1 Primary crushed (-1%") : cutter dust : cement
H 2.5 : 2,5 :1 |Graded -1%" + 7 B.S, : =7 B.S. + 0 : cement

(after Forster) (89)

tlt



TABLE 3

Compressive strengths of

various concrete mixes at various ages.

Specimen.

Compressive Strength p.s.i.

1 week | & weeks 13 weeks 40 weeks
A 1965 2860 3700 3000
B 3980 5130 6100 6470
C 927 1038 2180 2800
D 380 427 583 625
E 3800 4340 4600 5730
F 4250 5080 5900 6250
G 2140 2840 3440 3000
H 3880 4190 4730 6060

(after Forster) (89)

114
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were not the main criterion for the selection of the characteristics
of a rock material as the action of drag tools does not solely depend

upon its compressive strength value.

Saltcrete materials, having moderate salt to cement ratios,
were found to be relevant to the objective of this work; thus

mixture ratios and compositions chosen are given as follows:

Specimen A : Among the specimens requiring only one
type of salt aggregate, this has a moderate ratio.
By the use of only cutter dust, a more homogeneous

material may be obtained.

Specimens E and F : Both have a reasonable amount of

cement and the mixtures may offer a more compact
specimen, as the small salt particles tend to fill

the gaps between the coarse ones.

7.3.2 Sampling the aggregate

Al

The rock salt aggregates were first sieved in order to

obtain the particles with a grain size less than 1%" (38.1mm).

The sampling of the aggregates was carried out according
to British Standard Specifications ( 94 ). The main sample was
obtained by drawing and combining at least ten sampleé from different
parts of the bulk supply. This main sample was reduced by applying
the quartering process. The quartering process merely involves mixing

the material thoroughly and building it up into a cone by placing
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successive portions of the sample on the apex of the cone and
allowing the material to fall evenly down the sides of the cone.
The cone was flattened and divided into equal quarters by splitting
it about two diameters mutually at right angles. A pair of
diagonally opposite quarters were rejected and the éther two
remixed and this process was repeated until a sample of the desired

quantity had been obtained.

7.3.3 Mixinﬁfof the Saltcrete

The sample of aggregate was thoroughly mixed with the
correct proportion of Portland Cement. Water was added sparingly
wntil all the constituents were wet, and the mixings were carried
out simultaneously. The material was mixed on a steel plate to
prevent absorption of water by the laboratory floor. Sufficient

saltcrete material was mixed at one time to make three specimens.

7.3.4 Compaction of Saltcrete mixes

Since the natural rock salt is of a compact material because
of its crystalline nature, saltcrete materials are also required to

have a similar structure.

The purpose of compaction in concrete is to réduce the air
voids to a minimum and hence obtain as dense a mass as possible.
Friction between particles of concrete and between concrete and mould
has the effect of reducing compaction or reducing the friction and

it is normally necessary to add more water than can combine with the
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cement. But excessive water would form water voids which have as
harmful an effect in reducing the strength of the concrete as air
voids. It is preferable to use slightly too much water than to run

the risk of inadequate compaction.
Two methods of compaction were employed:

(1) tamping with rods; and

(2) wvibration.

The act of vibration does not contribute to saltcrete any
special properties, except that it normally provides a higher state

of compaction than is attained by hand tamping.

The water-cement ratio was taken at 0.45 for hand tamped

specimen and 0.35 for vibrated specimen.

Compaction of the specimens by means of vibration was
carried out by using a vibratory table in the Department of Civil
Engineering. The specimens were vibrated for 30 minutes at a

frequency of 50 cycles per second.

7.3.5 Curing Conditions

The specimen casts were stored at a temperature of 64°F
(17.7°C) and a humidity of 55 percent. After three days they were
removed from the boxes and then stored at the same curing conditions

until time for testing.
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7.4 Cutting characteristics of mechanical and physical

properties of saltcrete specimens

As previously mentioned, the primary aim of this investigation
is to use saltcrete to model rock salt for large scale cutting trials
and, therefore, the saltcrete mixes were compared with rock salt on
the basis of their cutting characteristics and hence the mechanical

and physical properties are of secondary importance.

The cutting experiments were carried out on the flat
surface of the materials by using standard tungsten carbide tipped
tools and point attack tools. Furthermore, the experiments were

carried out at regular intervals.

7.4.1 Initial trials on hand tamped saltcrete materials with

different mixtures and composition

Three different saltcrete mixes were cast by using hand
tamping methods and these were tested after one month of casting.
Unrelieved cutting experiments with chisel type tools were carried
out at 5mm depth of cut. The results are presented in Table 4
together with those obtained from natural rocks. The table suggests
that saltcrete F has the nearest cutting characteristics to that of
rock salt, and only this mixture can be used for further trials.
Some mechanical and physical properties of these materials are
given in Tables 5,6. It can be seen that the mixture F has a higher

mechanical strength, due probably to the higher salt to cement ratio.

These initial trials on hand tamped specimens provided guidance

on the selection of the appropriate saltcrete mix. Although specimen F
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Type MCF MPCF PCF |. MNF MPNF PNF Q S.E.
+s.d. +s.d. +s.d +s.d. +s.d. +s.d. +s.d. +s.d.3
&N | GN) | TeN) | TkN) &N) | (kM) | gr/em | TMI/m”)
A 0.35 0.99 1.43 | 0.15 0.38 1.50 1.90 3.5
0.02 0.18 0.23 [+0.054 0.042 | 0.06 0.30 0.62
E 0.68 1.70 2.43 0.21 0.70 0.92 1.76 7.7
0.09 0.22 0.19 0.03 0.06 0.08 0.20 19.30
F 0.93 2.24 2.90 0.41 0.99 1.24 1.91 10.13
0.07 0.14 0.42 0.02 0.11 0.22 0.08 0.64
1.30 3.07 4.33 0.65 1.45 1.98 2.46 11.60
Rock 0.05 | 0.16 }o0.41 | 0.04 0.08 | 0.18 0.21 0.69
salt
MCF = Mean Cutting Force MNF = Mean Normal Force
MPCF = Mean Peak Cutting Force MPNF = Mean Peak Normal Force
PCF = Maximum Peak Cutting Force PNF = Maximum Peak Normal
. Force
Q = Yield
S.E. = Specific Energy
TABLE 4 Cutting Characteristics of the Hand Tamped Saltcretes

with chisel type drag tools (one month after cutting)




Specimen Type Compressive Strength Tensile Strength Bulk Density
(MPa)+s.d. (MPa)+s.d. (gm/cce)
A 17.09 + 1.57 1.56 0.08 1.83
E 14.97 + 1.62 1.45 0.07 1.99
F 24.15 + 1.59 2.21 0.21 2.07
TABLE 5 Compressive and tensile strength and bulk density

of the hand tamped saltcrete materials.

0z1
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Table 6

Mechanical and Physical Properties of Rock Salt

Compressive Strength (MPa) : 28.30 2 0.20
Tensile Strength (MPa) : 1.96 = 0.21
Static Elastic Modulus 104MN/m2 : 0.14 £ 0.05
Schmidt Hammer Rebound Number : 30.28 2.02
Cone Indenter Hardness : 1.81 = 0.11
Shore Hardness : 20.05 2 3.50
Shore Plasticity Coefficient : 44.10 T 4.51

Bulk Density (gm/cc) : 2.18

Shear strength (after Szeki and Mirza):

(a) Direct Shear Test:

T = 3,11 + ON tan 49.9°

(b) Triaxial Test: ,

4.8 + oy tan 46.5° (o3 =0 - 10.5 MPa)

o
T 17.3 + oy tan 30.7 (o3

-
(]

= 10.5 - 21.0 MPa)

Where: T = shear stress

g, = normal stress

confining pressure.
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presented the closest cutting characteristics to that of natural
rock salt, the force values are low add, therefore, hand tamped
specimens were thoughtto be unsuitable for the objective of the
investigation and further experiments were carried out on the

vibrated saltcrete materials having the composition F.

7.4.2 Cutting characteristics of vibrated specimens

The vibrated saltcrete specimens having the mixture F
were used and tungsten carbide tipped tools and point attack picks

were used.

7.4.2.1 Cutting with tungsten carbide tipped tools

The experiments were carried out in unrelieved mode at
a standard depth of 5mm. The results are set out in Table 7

with respect to curing period.

The results show that during early weeks the force values
are relatively high. As curing time increases, forces become slightly
lower. This may be attributed to the moisture content which is

initially high and thus causes the generation of slightly higher

forces.

The mechanical properties of the same saltcrete material
(given in Table 8 @) also indicates that increase in compreséive
strength values does not affect the force levels, due mainly to the
moisture content. Phillips 588 ) found that a satu;ated sandstone

specimen gives higher force values than those obtained from the same



AGE

MCF

MPCF PCF MNF MPNF PNF Q S.E.
4 1.1040.13 | 2.47+0.15 | 3.06+0.20 | 0.41+0.05 .13+40.11 .56+0.30 | 1.9840.10 | 11.51+1.89
8 1.00+40.06 2.21+0.08 2.81+0.23 0.36+0.03 .21+40.15 .73+0.30 1.88+0.08 11.05+0.49
12 0.9140.05 | 2.25+0.05 | 3.1340.23 | 0.35+0.01 .1240.12 .63+0.18 | 2.01+0.05 9.65+0.60
17 1.0740.05 | 2.48+40.09 | 3.17+40.28 | 0.40+0.02 .14+0.06 .5140.16 | 2.00+0.09 | 11.44+0.87
ROCK SALT 1.3040.05 | 3.07+0.16 | 4.33+40.41 | 0.64+0.04 .4540.08 .9840.18 | 2.46+0.21 | 11.60+0.69
TABLE 7 Cutting characteristics of Saltcrete

(Unrelieved cuts with chisel-type tungsten carbide insert tools)

1A




Mechanical and physical AGE
property
+ s.d. 4 weeks 8 weeks 12 weeks
Compressive strength (MPa) 28.80+0.32 | 33,75 + 1.83 35.71 + 1.71
Tensile strength (MPa) 2.2040.12 2.93 + 0.26 2.95 + 0.09
Static Elasticznodulus - -
(10%MN/m*) 0.41 + 0.04
Schmidt Hammer Rebound
Number 26.79+3.83 26.17 + 3.62 26.98 + 4.11
Cone Indenter Hardness L _ 1.95 + 0.28
Shore hardness - - 16.64’: 3.50
Shore plasticity
coefficient - - 36.10 + 7.50
Bulk Density (gm/cc) - - 2.13

TABLE 8a

Some mechanical and physical

vibrated saltcrete materials

properties of the

7Tl
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specimen when dry, while the compressive strength of the dry specimen

was higher than that of the saturated specimen.

After about 17 weeks, slightly higher forces were again
presented. This may be ascribed to the stiffness of the cement
gained by the moisture loss. However, the variation in forces is
small and not particularly significant. Furthermore, the specific
energy values for the saltcrete are very similar to those of
rock salt though the force level of the natural rock salt is

relatively higher.

7.4.2.2 Cuttiqgrcharacteristics of the saltcrete under the action

of a point attack tool

Cutting experiments with point attack tools were carried out
in unrelieved and relieved cutting modes in order to establish relative
cutting characteristics of both natural rock salt and the saltcrete.
Further, the standard tests with tungsten carbide tipped chisel tools
as outlined in the previous section indicated that about three or
four. months after the casting, the excessive moisture in the saltcrete
is almost dehydrated and thus the cutting parameters tend to reach
a steady level. Since the large scale cutting trials were required to
be conducted at this steady level, the experiments with point attack

tools were, therefore, carried out about 17 weeks after casting.

Unrelieved cutting results obtained from both the natural
rock salt and the saltcrete at a depth of 5mm are presented in Table 8b.
It can be seen that the force levels are reasonable similar and the

specific energy values for both materials are very close,



Material

_MCF

MPCF MNF MPNF 4Q S.E.
type (xN) (kN) (kN) (kN) (m” /km) (MJ/m3)
+s.d. +s.d. +s.d. +s.d. +s.d. +s.d.
Rock Salt 1.9140.39 | 3.01+0.24 | 1.8340.55 | 2.30+40.52 | 0.680+40.041 | 27.94+5.61
Saltcrete 1.75+0.03 | 2.76+0.08 | 1.61+0.15 | 1.98+0.16 | 0.667+0.023 | 26.24+0.93

TABLE 8b

Unrelieved cutting results for rock salt and saltcrete,
with point attack tools

9¢1
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The relieved cutting experiments were carried out on a
flat rock surface as described in Section5.1.4.The results of each
cutting parameter were plotted respectively. Variation in force
values for both materials followed the same trend where a gradual

increase at lower S/d tended to 1level out towards higher S/d values

(Figures 19 and 20).

The values for yield, as shown in Figure 21, tend to vary
but havinga very similar trend. There was no marked difference between

yield values for both materials.

Specific energy values also vary in a similar manner and an

optimum value tends to occur at S/d of between 4 and 5 (Figure 21).*

7.4.3 Discussion

The results obtained from the cutting trials have shown
that the hand tamped specimens were unsuitable as a medium for the
objectives of this investigation due to the fact that an adequate

compaction was not provided and the materials were not as tough as

the natural rock salt.

Results obtained from the vibrated specimens were closer

to those of natural rock salt; however, there were slight differences

in force values.

1t should be strongly emphasised that due to’ its heteto-
geneous and crystalline structure, the results from the natural rock

salt were widely scattered and this was evident when considering the

* Results for relieved cuts are presented in Appendix 3.
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standard deviations of the cutting parameters. Therefore, the
saltcrete may not form a perfect alternative to rock salt, though

cutting trials with point attack tools have given similar cutting

properties.

Furthermore, some other mechanical and physical properties
of the saltcrete were not very different from those of the rock
salt. However, the compressive strength of the saltcrete gradually
rose and elastic modulus was slightly different, due probably to

the presence of the cement.
7.4.4 Conclusions

With respect to the cutting characteristics of the saltcrete

materials and the natural rock salt the following conclusions can

be drawn:

(1) The saltcrete F presented the closest cutting

properties to those of natural rock salt;

(2) Compaction by vibration was found to be

better than hand tamping for cutting experiments;

(3) Saltcrete materials may be used for cutting trials

3 or 4 months after casting

(4) Natural rock salt gave more scattered results

than did the saltcrete.
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8. PRELIMINARY INVESTIGATIONS FOR SIMULATION EXPERIMENTS WITH
DRAG TOOLS
8.1 Introduction

This chapter describes the initial steps of a laboratory
approach to the designing of roadheader cutting heads with a
consideration of theoretical and practical aspects of rock cutting
machines. Experiments in this section involve mainly the investigation
of lateral spacing between adjacent tools and this will provide initial
values for a cutting head which will be considered in detail later

in this work.

Lateral tool spacing and advance of the cutting head per
revolution are most important operational parameters along with the
rock's properties and the cutting tool geometry. Each cutter may take
benefit from relief provided by the previous tool and individual tool

forces vary significantly with the spacing and depth taken,

So far, most rock cutting studies have been carried out on
flat rock surfaces with idealised parallel cuts of equal depth., The
amount of laboratory work on simulating the cutting action of a

practical machine has been limited (Hurt, (66 )).

Simulation of a cutting head in laboratory conditions is
dependent on the head's cutting pattern. Laboratory experiments
thus require a knowledge of the tool lacing used on the head under

consideration. As the order of the cutting action of successive tools
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in an array is determined, the cutting pattern of the head may then
be adapted to the laboratory situation by maintaining a similar

position and location of adjacent tools.

Tests on a simulation of a cutting pattern are generally too
laborious and rigorous, particularly with those of roadheaders, because
of the head geometry. If a drum lacing is considered it may be seen
that the cutting pattern is easily adaptable and involves reasonaﬁly
convenient experimental procedures. Drum lacing is universal and
tool lacing of roadheaders and drums generally tend to be in the
form of helical arrays to assist loading. Also, on some roadheaders,
the cutting head includes a number of traversing tools which may be
directly compared to those of a shearer drum. However, the geometry

of the nose portion of the head is unique to the roadheader.

For the above reasons, although drums are not the main
objective of this work, it was thought that a simulation of a
simplified drum lacing would be more convenient for the purpose of
spacing experiments and the possible results obtained from these

experiments could be applicable to some aspects of roadheader cutting

head design.

8.2 A simplified Drum Cutting Pattern

The specifications for an efficient drum were given in
Chapter Three , The drum lacing pattern which was taken for the
initial experiments was assumed to be based on these good cutting

principles. It should also be noted that the investigation is only
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concerned with the cutting pattern and for the time being, comp lex
situations such as loading and the positions of corner cutting tools

are not considered.

The pick layout adopted is shown in Figure 22 and the main

features are as follows:

Picks, in the form of two starts, are fitted on drum shell
in such a way that one pick is located per line. In order to avoid
a sudden move of cutting forces from one side of the drum to the other,
an overlapping pattern of cutting sequences is adopted. The tools
are placed in an equal angular position, around the drum periphery;
hence each tool take the same depth of cut and the number of active
picks in a given cut sector area is mostly constant at an angular
interval of 2n/n, where n is the number of tools on the drum. This
was considered to provide a consistent variation of torque fluctuations;
the corner cutting situation is neglected in this analysis. The
sample drum was assumed to cut a rock block without the need for
corner cutting. Furthermore, it was also found that the total number

of cutters being divisible by 4 easily fits this sort of cutting

pattern.

This situation is clearly illustrated in Figures 22. to 24,
where a drum is fitted with 12 and 10 tools both at the same line
spacing and having the same over lapping pattern, When the order of
pick cutting positions is considered, it may then be seen that the

depth taken by each cutting sequence appears to be different. In the
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12-tool pattern, each sequence takes the same depth of cut and thus
agrees with the equation (advance/rev)/number of cutting sequences.
But this is not the case with the pattern having a total of 10 picks,

where the depth taken by each cutting sequence becomes different

hence each sequence appears to have different cutting duties.

If, as an example, 12 tools are fitted on the drum shell with

two starts, the sequences may be as follows:

1,3,5,7,9,11 e first sequence

2,4,6,8,10,12 . second sequence
This situation is illustrated in Figure 22.

The cut positions of the tools and the subsequent pattern
of rock breakage at the mid-drum level, where the maximum depth of
cut is taken, are assumed to be the ériteria for all cutting patterns,
and this is shown in Figure 22.. A straight line passing through the
tips of picks in a sequence, may be drawn and the cutting pattern
then appears to be more comprehensive. It can be seen that adjacent
cuts of each sequence occur along a slope and the gradient of this

slope can be expressed as:

- 1 . v
8 = tan Advance/revolution L (8.1)
S. n
L
where SL = Line spacing

n = Total number of tools.
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By definition, provided the dimensions of the drum and S,
are constant, B varies with 'advance/revolution'. This situation
implies that for given diameter and width of drum and B, different
values of SL could be employed. All these definitions are relevant
to tool lacing and are important for later parts of this work on

roadheader cutting heads.

8.3 Experimental technique and procedures

It appears from previous definitions that the sequential
cuts may be simulated in a laboratory condition by forming parallel
grooving cuts of equal depth increments. If the exact order of
cutting action (e.g. 1,2,3, ..., 11,12) is followed, then a slope
on the rock surface will be produced (Figure 26a). But this is not
conveﬁient laboratory procedure as each cut requires a change in

the depth set on the cutting rig.

In some cases, the successive cuts may not interact with each
other. For instance, in Figure 22, cutting pattern cut 6 is not
affected by the actions of tool 7 and tool 9, owing to their distance
away from cut 6. This situation indicates that during the laboratory
testing programme the order of cuts does not need to follow the drum
cutting sequence to simulate the field situation and a more convenient

test procedure may be adopted.

Utilisation of the experimental machine's rotatable cutting
head proved to be the best alternative to the formation of a slope
on the rock block (Figure 26b) thus avoiding the need to reset the

depth after each cut.
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Fig.26  Utilization of the cutting head of
the shaping machine.
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In a practical drum the value of B is unlikely to be zero.
since the cutters are relatively staggered in this pattern and B is
obviously determined by a drum with known dimensions. Initially B
is assumed to be zero. A detailed investigation of B with the case

of roadheaders is to be given in Chapter Eleven.

Figures 27 and 28 illustrate the way that the experiments
were carried out. Initially, the rock block was tfimmed and coated
with paint so as to distinguish the stabilised cutting regime at
which the practical machine constantly excavated the rock. It is,
therefore, very important to note that with the exception of cutting
carried out on trimmed surfaces, no recording of cutting forces was
made . until this stabilised cutting regime was reached. Generally the
levels of preparatory cuts required two levels at lower S/d and
while at higher values of S/d this was at least three levels. In

all cases four replications of each cut condition was made.

The breakout angle of each groove was also measured after
each cut by using a simple profile gauge. éince the groove shape is
not uniform along the cutting direétion, at least four different
measures from representative parts were taken and the profiles were
then traced on paper and analysed in a manner as shown in Figure 29.
It should be noted that the values for the breakout angles presented

in this section are approximate, as the method applied was simple.
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¥ : Hypothetical breakout angle

h
Gm : Measured breakout angle, 9,76,
A : Theoretical cross-sectional area cut,
A : Cross-sectional cut area (Includes overlopping area), A = A,

A : Overlopped orea (Dotted area)
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Fig.29 Breakouts Produced in Relief Cut
Experiments '
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8.4 Experimental Plan

The major variables were spacing, number of tools per line
and tool type. Advance per revolution and cutting speed were comnstant
and offset angle of point attack tools was zero. Due to the fact
that in such simulated experiments higher forces are likely to be
generated, the levels of the parameters to be investigated were
limited. Thus a series of preliminary experiments were carried out
and depth increments of 6émm, corresponding to an advance per revolution

of 12mm, were found to be suitable.

The variable levels for the experimental programme are as

follows:
Variable Level Description
Number of tools 2 One tool/line (SL = §/2)
per line
Cut spacing (S) 5 12mm, 24mm, 36mm, 48mm, 60mm,
Pick type 2 Radial tool, Point attack tool
Cutting mode 2 Trimmed surface trials

Stabilised surface trials

Replications 4
Rock 1 Springwell sandstone.

8.5 Presentation of Results

8.5.1 Experiments with radial tools

The results are tabulated in Appendices 4A1-4A3 and 4B1-4B3.
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8.5.1.1 Trimmed Surface Results

On Forces

The ‘forces varied with S/d in such a manner that they first

increased gradually and then levelled out (Figures 30a and b).
On Yield

A gradual inerease up to S/d of 4 and 6 was followed by a

rapid decrease and levelled out (Figure 31)..

On Specific Energy

Specific energy values showed gradual increase towards

the high spacing values and then levelled out (Figure 31).

8.5.1.2 Effects of Relief Cuts (S;, = S§/2 condition)

8.5.1.2.1 Forces

Forces tended to increase continually with

increase in S/d ratios (Figures 30a and 30b).
8.5.1.2.2 Yield

Yield values increased linearly with §/d values.
The cross-sectional area cut by a pick may be quantified

as below:
A = Sxd : vee.. (8.2)

where A = cross-sectional area (mz)
S = cut spacing (Figure 26)

d =(advance /rev) number of starts (m).
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For a given length (L) of a cut groove in a
laboratory condition, a predicted yield equation can be

developed thus:
vV = AxL

Q = v where V = volume of material cut.

By the definition of yield, QP can be expressed

in m3/km.

From Figure 31 the measured values are seen to
be in good agreement with those predicted. This may indicate
that within the measured spacing values the excavation process
is likely to be carried out without contact between tool

holders and the rock surface.

8.5.1.2.3 Specific Energy

Specific energy decreased rapidly with the lower
values of S/d and at higher S/d values diminished steadily

as shown in Figure 31..

8.5.1.2.4 Breakout angles and the geometry of profiled
grooves

Breakout angles which were measured.along grooves of

equal line spacings varied with S/d values.

A hypothetical relation which proved to be useful
to this concept was developed. At a certain spacing, if a

pick is assumed to remove a ridge within the sectional cut
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area, the hypothetical breakout angle may be written

al”

8, = tan-l

h ceees (8.4)

where = §/2

SL
The hypothetical values of eh increased gradually
with S/d whilst the measured values first increase and
having reached a maximum, exhibit a rapid decrease. An
intersection point tends to occur between S/d of 4 and 6

(Figure 32),.

The observed cross-sectional profiles for the cut
grooves are illustrated in Figure 29. At lower S/d values
the profile geometry is approximately in the form of a
regular 'V'-gection. Towards the higher values of S/d

these slopes become convex, as illustrated in Figure 29c.

8.5.1.5 Groove deepening cuts (S. = S condition)

The measured variables included in this cutting mode were
approximately similar to those obtained from the S, = §/2 case,up
to a spacing/depth ratio where no interaction between the grooves cut
on trimmed surface occurred. As the parallel grooves ceased to interact,
at S/d of 8, the cutting procedure developed into a rock coring state

(Plate 25).
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The results are as follows:
Forces

Gradual increase of the force values were followed by a drastic
increase after the S/d of 6, owing to lack of interaction

(Figures 33a and 33b).
Yield

Measured values were in agreement with those predicted, up
to S/d of 6 and right after this value a drastic decrease

was observed, as in Figure 34:;.

This situation may indicate that a drum with two tools per
line could be unable to operate with a ratio greater than
6 and tool holders are likely to come into contact with the

rock after a total drum advance equal to the tool gauge.

Specific Energy

Being a function of mean cutting force and yield, specific
energy showed a sharp increase after a gradual decrease

(Figure 34). This is discussed later.

Breakout angles and groove profile

The values of the breakout angles and the shape of the grooves
towards the higher values of S/d were observed to be noticably

different from those previously obtained. The grooves appeared
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to be more convex.At an S/d ratio of 8 the profile of the
grooves was the same as the cutting tool tip due to over-

deepening of the grooves with no interaction (Plate25).

The measured values of breakout angle with interacted

grooves are presented in Table 9.

8.5.2 Experiments with Point Attack Tools

8.5.2.1 Trimmed Surface Cuts

Forces

The forces varied with S/d in similar trend to those of
radial tools, whereas higher forces were found with Point

Attack Tools (Figures 35a and 35b).
Yield

Similarly, a gradual increase, followed by a decrease and

then levelling out.(Figure 36), .

Specific Energy

Minimum specific energy tended to occur between S/d of

4 and 6 (Figure 36),

8.5.2 2 Relief Cutting (S], = §/2 condition)

8.5.2.2.1 Forces

The values of the forces became higher as S/d increased;
the forces showed higher magnitudes than in the radial tool

experiments (Figures‘35a and 35b),
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Tool Cutting s/d Hypothetical Measured
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TABLE 9 Measured and theoretical breakout

angle values
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8.5.2.2.2 Yield

The variation of the yield was in a linear form
and the measured values were in good agreement with those

predicted (Figure 36).

8.5.2,2.3 Specific Energy

Specific energy first decreased rapidly and after
a value between S/d of 4 and 6, tended to show a slow

decrease (Figure 36).

8.5.2.2.4 Breakout angles and profiles

The value of breakout angles was generally similar
to that of radial tools and these are set out in Table 1.
The profiles of the grooves were also varied in a similar

manner, as illustrated in Figure 29,

8.5.2.3 Groove Deepening

Groove deepening experiments with Point Attack tools were
found to be unsuitable due to the high forces generated and stalling

of the shaping machine (as had been experienced in previous tests).

The experiments which were planned for point attack tools in

the groove deepening mode were, therefore abandoned.
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8.6 Discussion

8.6.1 Effects of cutting mode

Laboratory spacing experiments have repeatedly shown that
the variation of such parameters as tool forces, rock yield and
specific energy is due mainly to the state of interaction between
adjacent grooves and a constant level is reached when no interaction

takes place,

Experiments previously carried out at the University of
New castle upon Tyne also showed that in a groove deepening cutting
mode a constant level of force and yield values were obtained after
a spacing where the grooves no longer interacted. The results of
similar experiments presented in this research work confirm the
findings of previous researchers (Hewit 1975). The constant level for
the cutting parameters was attained for spacing values greater than
48mm at a 6mm depth of cut where at this point there was no significant
interaction in both trimmed surface and groove deepening cutting trials.
Hence cuts at any spacing greater than 48mm result in inefficient

slot deepening.

This similarity is not present for the 'relief cutting' mode
as the measured parameters continﬁously varied for spacings greater
than 48mm, The main reason for this may be attributed to the nature
of this cutting mode, being different from the groove deepening mode
where the tool cuts midway between the tool grooves of the preceding

sequence. Hence the position of the tip of the pick or the initial



167

application point is closer to the free surface and less confined.
Abgence of interaction which occurs on a trimmed surface does not
have an immediate effect on the progress of the cutting action up to
a certain spacing level. This is probably due to the fact that
successive cut increments create new grooves and thus prevent an
occurrence of possible ridges which tend to isolate the grooves

from each other, as is the situation in the groove deepening mode.

The continuous breakout of successive grooves will, however,
be interrupted at some wider spacing and under these conditions, slot
deepening mode will occur. Thus, although no interactions occur
during the initial sequence on the flat prepared surface interaction
will be experienced in the relieved cutting mode which more closely

simulates field conditions.

For the above conditions the relieved cutting mode will

form the basis of the discussions made throughout this work.

8.6.2 Effects of Tool Type

The relative merits of poiht attack and radial tools have

been established by other investigators (15,66,70,89).

The measured breakout angles and geometry of groove profiles
of each tool type exhibited no substantial differences and the values
were found to be approximately similar; hence this may indicate that
each tool follows similar trends when cutting a groove. However,

forces were found to be higher in the case of point attack tools.
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8.6.3 Optimum pick spacing

Considerations of optimum pick spacing have, so far, been
defined on the criterion of cutting systems relevant to some practical
conditions and the laboratory data required for these definitions

are of cutting trials based on a flat rock surface.

In the laboratory, if the cutting action of a roadheader is
simulated in such a way that each tool is cutting midway between the
tools of a preceding sequence, as explained in previous sections,
then specific energy achieves a wide range of efficient spacing
values. As reported by Hurt and Evans (-67 ), under these circumstances,
a compromise must be provided between optimum cutting efficiency and

the forces,

Unlike the yield, forces exhibit a continuous increase,
particularly when cutting with point attack tools; thus the sharp
decrease in specific energy tends to be rapidly converted into a
slow decrease.( The breakout angle and the geometry of each groove
may also appear to contribute an insight to this nature of specific

energy variation.

As illustrated in Figure 29, at lower spacings, the measured
breakout angles being larger than hypbthetical values, indicate that
altitude of the relief to be cut is reduced and the effective cut
area is overlapping neighbouring grooves in order to compensate the
quantity of theoretical area. The geometry of cut grooves is in

the form of approximately a regular 'V'-gection. In this situation



169

lower specific energy values may indicate that the tool excavates the
rock material below its potential and this existing potential could

well be utilised by taking some wider spacings. At the spacing

between 24mm and 36mm, the breakout angle may correspond to that
hypothetical angle without any overlapping. However, this is simply
based on intuition and has not yet been substantiated by any experimental

data.

It is interesting also to note that, at a spacing of 36mm, the
breakout angle showed a slight change and at spacing values greater
than 36mm the breakout angle was found to reduce. Under these
conditions, specific energy began toshow a slight decrease, and the
geometric profiles were altered in such a way that a convex profile

was formed, as shown in Figures 29, 31, 36.

At moderate spacing (S/d ratios between & and 6) the groove
profile was formed approximately along a line radiating from the tip
of the pick towards the cut positions of the tools of the preceding
sequence (Figure 29a). These straight profiles were, however,
observed to change to a 'curved' shape at the higher spacing values
(Figure 29¢). This condition might be due to the increase of the
spacing distance causing an upward breakout, creation of grooves
with higher cross-sectional area, and low breakout angle, hence the
successive tool may become more confined and so higher forces could
be generated. Specific energy, regarding this phenomenon, tended
to show a slow decrease somewhere between the spacings of 24 and 36mm
(Fig3,31,36)and after this spacing, the groove shape became more curved

and the pick encountered larger sectional cut areas (Figure 29¢).
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From the above discussion, it is not beneficial to increase
the spacing between the tools (in this case, wider than 36mm) since
no significant decrease in specific energy occurs, and the forces
at these levels are high and may be detrimental to the tools and

machine components.

The tool spacing on a cutting drum physically determines the
total number of tools that can fit on a given drum. Obviously, the
wider the tool spacing the less number of tools that can be positioned
on the drum., Impoatant practical considerations are that for a wider
tool spacing the greater the torque fluctuations and the magnitude

of the torque changes.

In order to establish the relationship between the tool spacing
torque and torque fluctuations, the experimental results may be
applied to a simple shearer drum with arbitrarily chosen dimensions.
The amount of material excavated per drum revolution was kept constant
irrespective of tool spacing. The total number of tools was simply
determined from dividing the drum width by tool spacing. The total
number of tools calculated for an §/d of 10 (S = 6cm) was in the
form of a fractional number for all drum widths chosen; hence this

value of spacing was not considered. The results are presented in

Table 10.

As can be seen from the table, specific energy decreases with
increased S/d ratio, but the fluctuation in torque shown by the
standard deviation for a complete revolution of the head increases

with increased S/d ratio,
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o (kN) Fluctuation (m?) (MJ/m™) (NM) Fluctu- (m”) (MJ/m™)
NM) ation (NM)
2 48 2.509 + 0.087 0.0010368 15.20 4.997 + 0.003 0.0020736 15.14
4 24 1.387 * 0.103 " 8.40 2.750 4+ 0.007 " 8.33
6 16 1.263 + 0.140 " 7.65 2.522 + 0.014 " 7.64
8 12 1.162 + 0.174 " 7.04 ~ 2.303 * 0.024 " 6.98
Drum dimensions = 0.30m W=20.288m
Advance per revolution = 0.012m, Frequency = sec.

TABLE 10

Evaluation of the linear cutting results on a simple shearer

drum for kinematic and energetic purposes

(WA
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Conclusions
(1) The measured parameters were dependent
on spacing up to a certain level where no interaction

between the adjacent grooves occurred; after this level a

constant state was found to exist.

Groove deepening cuts were significantly affected by
the absence of interaction on trimmed surface, whereas
relief cuts showed no such dependencies for the measurable

levels.

(2) Designing the tools on a cutting head with one tool
per line is more beneficial and'provides a wider range of

efficient spacing values than that with two tools per line,

(3) Specific energy tends to show a slow decrease approximately

after S = 2d tan® and in practice, an efficient excavation
may not be obtained at a spacing wider than this value

due to high fluctuations in torque and axle forces.
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9. LABORATORY SIMULATION OF ROADHEADER CUTTING HEADS

9.1 Introduction

The use of a full-scale boom tunnelling machine is
preferable to laboratory trials in an effort to develop the
performance of roadheader cutting heads. However, when a specific
aspect of a head design is to be investigated, laboratory simulation
experiments may present certain advantages. For instance, there is
no need to design a number of cutting heads with varying geometries
and tool tilt angles. Furthermore, it may require less expensive
cutting equipment and rock specimens. Finally, by establishing
reasonable assumptions and relationships, data collected from the
action of an individual pick may be used to provide an insight into

the performance of the head investigated.

A detailed review of roadheaders and their corresponding
cutting head design was given in Chapter Three. As mentioned, in
practice, roadheader cutting heads can have a geometry which is
conical, gpherical and a combination of these two geometries. The
cutting position of tools fitted on a head with one of these geometries
may vary and this could possibly affect the duty of each cutter.

The tool axis is also orientated according to the mode of operation

of the roadheader.

All these explanations indicate that, in practice, roadheader

cutting heads have standard design features.
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As it was obviously impossible to simulate every different

head design, the following considerations were borne in mind:

(1) The cutting head should bear some standard design
features and provide investigations of their associated

practical difficulties.

(2) ‘As much data as possible should be obtained from
experiments carried out due to the fact that this sort
of laboratory experiment is time-consuming and very

lasborious.

Under these considerations the general specification of a

head to be investigated may be determined.

9.2

9.2.1

Selection of a roadheader cutting head for laboratory

simulation experiments

Determination of operational parameters

The effects of operational variables such as depth of cut

taken by each tool and the lateral tool spacing have been studied

in both the laboratory and field (Roxborough 1982; Hurt, McAndrew,

1981),

whereas parameters such as head geometry, gauge tools and

corner cutting tools have not yet been fully investigated. It was

for this reason that experiments were concentrated particularly on

the effects of changing the tilt of the tools and the cutting head

geometry in the performance of roadheaders.

Advance/rev. and tool spacing were kept constant throughout

the simulation experiments.

/
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Due to the limitations of the experimental machine, the
advance per revolution of the head was set at 12mm for small cutting

heads. This would be, in practice, around 20mm (Hurt, 1980).

The value of SL relied upon the results of previous experiments
and it was decided that values of between SL/d of 2 and 3 would be

suitable.

The smaller SL/d values would result in higher tool numbers
and this is undesirable since more laboratory experiments would be
required. The highest possible value of SL/d of 3 (18mm) had to be
chosen and it was thought that the differences between SL/d of 2 and

3 would not substantially affect the scope of this investigation.

9.2.2 Disposition and cut positions of picks

A two-start array of tools was arranged in helical configuration
on the head and an overlapping design was adopted with one tool per
line. In each sequence, the cut starts from the machine side and
prégressively continues towards the nose. In prac;ice, however, many
cutting heads are designed to start from the nose towards the machine

side, probably to satisfy the requirements for loading.

The tool axis was assumed to be perpendicular to the cone
surface (for conical heads) or perpendicular to the tangent of the

point where the tool is positioned (for spherical heads).

To avoid some complex cutting patterns, the angle of skew

for the tool was taken to be zero.
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9.2.3 Selection of the head geometry

As it was essential to obtain as much data as possible
from a small number of simulation experiments, the geometry of the

cutting head emerges as extremely important.

On a conical head, each tool is lecated at - the_ game:
tilt angle equal to the cone angle of the cutting head; thus there
are a number of cuts under the same conditions (i.e. successive

cuts with a constant tilt angle).

A head with spherical geometry is more likely to be selected
for a laboratory simulation roadheader cutting head trial. The
experiments with the spherical head might possibly yield some results
which can be related to aspects of cutting heads with conical and

combined geometries.

9.2.4 The dimensions of the head

In practice there are numerous sizes of roadheader cutting
heads available; the smallest head has a diameter of approximately
50cm (measured from the tip of the picks, for a Dosco MK2A type)

(29).

The instrumented shaping machine allowed a maximum diameter
of 44cm and beyond this size it was not possible to rotate the
cutting head of the shaping machine to simulate tilt angles greater
than 20°. As the experiments were aimed at investigating tilt angles
much greater than 20° a maximum diameter of cutting head of 44cm had

to be used.
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9.2.5 Determination of total number of traversing and gauge picks

This was also one of the significant parameters to be considered
since tool numbers influence the level of torque and torque fluctuations.
Although the effect of pick numbers was investigated under a specific
condition, in later chapters of this work, for the majority of the
simulation experiments, the number of tools were kept constant in

order to study various head models with the same number of tools.

The total number of picks fitted on a small head (for example,on
a Dosco MK2A type head is around 21 and 27 (Hurt,. 29 ) including the

number of sumping tools).

A head fitted with a total of 16 traversing and gauge tools
of the point attack type was found to be suitable for the purposes

of these investigations.

9.2.6 Aspects of sumping and loading

Sumping and loading duties which are an integral part of a
cutting head's function could not be investigated within the scope
of this experimental programme. A cutting head with helical tool
arrays does provide a loading action by arranging the tool holders in

spiral arrays around the head.

9,2.7 Mode of operation of the cutting head

The cutting head was assumed to traverse the face of the

rock following a straight path normal to the axis of rotation, as
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illustrated in Figure 37. Laboratory simulation of roadheader
cutting heads in the arcing mode of operation was found to be
difficult to simulate since the roadheader cuts an arc of a circle
which differs from a purely traversing action. Howéver, this will

be studied in further chapters.

9.3 Specification of the cutting heads for the simulation

experiments

A total number of 9 cutting heads with different tilt angles
were planned to be simulated and design characteristics were based on

the principles explained so far.

Details of tool layouts are illustrated in Figure 38 and

general specifications are also set out in Appendix 6Al.
Some common aspects may be as follows:

(a) Each head is fitted with a total of 16 point
attack picks and the value of tilt angle of the last

tool, together with the others, varies for each head.

(b) The line spacing which is half of the cut spacing (S)
was kept constant around the cutting head periphery and

corresponded to a sector area of 4.63° for each head.

(¢) The distance around the cutting head periphery
between the first tool at the maéhine side and the last

tool at the nose was assumed to be constant for all the
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heads and this was thought to provide the investigations
of torque fluctuations at various levels, since the

diameter of a given tool changes with the tilt angle.

9.4 Description of experimental procedure

The laboratory experiments simulated the actual cutting
action of the roadheader cutting heads at the point where the tool
is at its maximum depth of cut. This situation occurs in the direction
of traversing in the plane containing the rotational (boom) axis of

the cutting head and the line of advance (Figures no. 39a and 39b).

As a result of some initial tentative observations towards
the higher tilt angles, it was noticed that the dynamometer tended
to hit the rock specimen together with the cutting tool. In order to
avoid this problem two different simulation procedures were adopted,
in such a way that the advance direction of the head was changed

relative to the machine table.

Experiments with tilting angles of up to 50.90° were carried
out in a manner as illustrated in Figure 39a. In this procedure, the
head is simulated as it advancedon a vertical plane relative to the
table. Simulations of cutting heads at higher tilting angles were
carried out such that the direction of advance took place on a
horizontal plane (Figure 39b). In this way the experimental éonditions
were safe and the possibility of damage to either dynamometer or
shaping machine was unlikely. From the head i11ustratipns, it can

be seen that each cutting head includes some tools at the same
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positions when the tilt angles are considered in order of cutting
action of corresponding tools. This point may be exemplified by

comparing two cutting heads of successive orders.

As shown in Figures 38b,¢the tools5, 7 and 9 of head 1
operate in the same sector areas as the tools 7,9, and 11 of head 2.
This may mean that measured values obtained from the tools 5, 7
and 9 of head 1 could give the same value as tools 7, 9, and 11 of
head 2 (Figure 38b,c). It would be realistic, therefore, to simulate
only a number of tools in a certain sequence, as the remaining
tools being common to other heads will have already been dealt with,

In this way, the total number of experiments was significantly reduced.

The radius resulting from the rotation of the entire dynamometer
was exactly equal to that of the simulated heads and this was kept

constant throughout the tests.

For simulated cuts, the dynamometer was initially brought to
a desired angular position and advance of the head was provided by
lateral or horizontal movement of the table in accordance with the
direction required. The table was, then, clamped with the intention

of preventing any possible slip and instrumented cutting was carried

out.

Production of the stabilised cutting surface required a high
number of preparatory cuts. As illustrated in Figure 39, instrumented
cuts were commenced after completing at least two cutting sequences

which required all gauge and corner tools.
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9.5 Experimental plan

The predominant variable between different cutting heads
was the tilt angle. This alone may cause variation in the level of
forces on each tool, thus changing the diameter of the heads which,

in turn, influences the torque and torque fluctuations.

In order to differentiate between tool positions, the last
pick at the nose will be referred to as 'corner cutting tool' (since
it always operates in the corner) and the remainder of the tilted

picks termed as 'gauge tools' for convenience.

‘The planned experimental variables are as follows:

Variable Level Description

Gauge tool 5 The last five tools at

position (degree) ' the nose for each cutting
head.

Corner cutting 9 23.142, 37.022, 50.902,

tool positions 55.530, 60.160, 64.790,

(degree) 69.42 , 78.68 , 87.94 .

Replications 4

The actual number of gauge tools on each head is 16, but due to
some common tool positions for all the heads at least eight tools
. were actively included in cutting experiments and only six of these
were instrumented. The details of each pick position included in

the heads are presented in Appendix 6Al.



187

It should be noted that hundreds of unrecorded preparatory

cuts were required for these experiments.

9.6 Results of the experiments (tabulated in Appendices 5A1 5A2,5B1)

9.6.1 Effects of tilt angles on forces

Forces decreased as the tilt angle increased in both gauge

and corner cutting tools (Figures 40-43).

The forces tended to diminish first slowly and later showed

a rapid decrease.

The influence of tilting was small up to 40° then a rapid
decrease in forces was noted (due to the smaller amount of rock

removed).

The trend for corner cutting conditions was different. The
sharp decrease in forces at low tilt angles continued and the value
of gauge tools at an angle between 60° and 70° coincided and, after

this point, it tended to behave as a gauge tool.

9.6.2 Effects of the tilt angles on yield

The yield values decreased with the tilt angles in a manner

as shown in Figure 44.

‘With a similar trend to the forces, the yield diminished slowly
at first and towards higher tilt angle values they decreased rapidly.
In corner cutting the yield initially increased and then decreased in

a similar manner to the gauge tools.
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9.6.3 Effect of tilting angle on specific energy

Specific energy showed a very slow increase for the majorify
of tilt angles changing, however towards the nose when a sudden

rise was observed (Figure 45).

For corner cutting tools, specific energy dropped rapidly
for the angles between 60° and 70° and then showed a marked increase

(Figure 45).

9.7 Discussion

9.7.1 Gauge picks

One must consider the position of each tool in a cutting

sequence.

A cutting head in practice sweéps a given volume of rock
during each revolution. For a spherical head the swept area observed
at mid-head level tends>to have a slender shape towards the nose;
tﬁus less area is excavated around the nose, as illustrated in
Figure 37. This, then, indicates that cut area per tool is not

uni formly distributed around the cutting head periphery.

The cutting action of a pick on the head varies with angular

and spatial positions of picks and mode of cut.

The duty of each tool may be defined by illustrating the
order of cutting action within the cutting pattern adopted, as
shown in Figure 46. From this figure, it may be seen that the
perimeter formed by a cutting sequence no longer concurs with the

. ;
profile of the head geometry, i.e. the curve passing through the tip
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of the picks in a sequence, diverges from the cutting head profile

to the nose.

The original cut spacing which was measured around the cutting
head periphery is also different from that which was called 'effective
spacing'. Furthermore the tapering manner of the perimeter towards
the nose implies a change in 'effective depth' taken by each tool.

The position of a tool axis relative to the perimeter should be
taken into account as this phenomenon is important for toolholder

clearance.

The variations of these parameters with the tilt angles can
be analytically defined in a simplified manner. Thus a position
of a given tool, together with a preceding tool existing in the same
cutting sequence, is considered and this is given in Figure 47.
The curves were shown as straight liﬁes and hence the following

relations may then be developed:

s = \/ks-d sin (a-y»z + (d_ cos (a-y))2 ceees (9.1)
e r r
— 4 cos  (a-y) (9.2)
B § - d_sin (a-y) Tt A
de = dcos ((a-y) - B) ceess (9.3)
where S_ = Effective cut spacing

d = depth taken by each tool

S = original cut spacing.
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d = original depth taken by each tool

« = tilt angle (degree)

g = angle between the perimeter of the cutting
surface and cutting head profile (degree)

d_ = relative depth of adjacent tools given by:

r
4 =2 (Advance/rev)
T Total number of tools

y = angle between the tangent of corresponding

tool and line joining the tip of the picks,

given by:
180 . .
=5, TR R = diameter of the cutting head.

(For the untilted picks of a spherical head, and all
tools of a conical head, as in Chapter Ten, the

value of Y is equal to zero.)

From Figures 48 to 50, it may be concluded that de and 8B
vary significantly with tilt angle, while Se shows only a slight

variation.

From the equations above, the parameters are mainly affected
by the tilt angle as dr’ S, d and Y are constant for a given head
and, in fact, Y is likely to be neglected in the most cases. The
main variable affecting the force and yield may now be discussed.
The main variable may not be de as its effect is in combination with
spacing ratio; therefore, both Se and de need to be considered

together. Variation in Se/de,values does not occur under a constant
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tool position, since 8 which determines the tool position relative

to the cutting perimeter, also varies with tilt angle.

As previously mentioned, de’ Se and B are functions of the
tilt angle for a given dr value., Hence a definition of a common
factor including the effect of all these parameters would provide an
insight into this aspect and a cross-sectional area cut by each pick

may be considered.

As illustrated in Figure 51, the tool shown operates within a
certain area which is the sum of ABCD/2 and BEDF/2. As the difference
between the values of ABCD and BEDF is not significant and may be
assumed to bé negligible, the sectional area is then expressed as

follows:

A = BEDF

SL.Zd. cos (a -g) veene (9.4)

where Aa = the cross-sectional area cut by a pick of given

tilt angle, due to the fact that g is very small the expression

can be reduced to:

A =5_.2d cos (a) cee.. (9.5)
a L
=S xd vee.. (9.6)
e e
Furthermore, the equations(8.2)(8.3) for yield may be

developed as follows:

Aa
Qp =T e (9.7)
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Figures 52 and 53 show that a linear relationship exists
between the measured force values and calculated sectional cut
areas. AS’ SL and d are constant for a given cutting head. It may

be said that the forces vary linearly with cosx.
Furthermore, measured yield values presented a good agreement

with those predicted (Figure 45) thus confirming the phenomenon of

the cross-sectional cut area per pick.

The reason for the gradual rise of specific energy around the
nose region may be attributed to the decreasing values of the effective
depth. At such shallow depths the point attack tool mostly rubs the

surface, rather than presenting efficient cuts.

Accordingly, the performance of the gauge cutters were
significantly affected by the tilt angle and this effect may be
indirectly be expressed by the definition of a sectional area cut

by the corresponding pick.

9.7.2 Corner cutting tools

Experimental results showed that the tilt angle played a

significant role in the appect of corner cutting.

The observed cutting action of the corner pick at various
tilt angles is illustratéd in Figure 54 and it seems that the angle
between the corner wall and the cutting perimeter is the prime factor
which is closely associated with the performance of the corner pick since
the confinement of the pick is predominantly controlled by the value of

this angle.
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In relieved cutting gondition, the point attack tool, as
explained previously, usually tends to break rock by forming a V
section of a certain breakout angle when viewed on a plane perpend-
icular to the cutting direction. In corner cutting, the pick may be

expected to cut in a similar manner without regard to its position.

At small values of the tilt angle the corner ;ool is
particularly confined at the wall side being unable to remove the
-area from the corner wall (Figure 54a), Although the pick tries
to cut more area at the expense of high forces, to some extent, the
corner pick seems to be forced to operate within the area remaining
between the cutting perimeter and the corner wall. The observations
of this situation are presented in Plate 27 and it can be seen that
the gap which limits the cutting area of the corner pick becomes larger

as the tilt angle increases (Figure 54b,c).

Another important factor which may possibly affect the action
of the corner pick is that of the effective depth of cut at a given
tilt angle. As the picks tend to take deeper cuts at lower values
of tilt angle, the existence of high forces at these values may also
be attributable to deep values of the ;ffective depth. The rapid
decrease in measured forces is probably due to the combined effect;
of the increasing angle between the corner tool and thewall and the
decreasing values of de’ as the angle of tilt increases. In this way,
the tool gains more area from the wall to cut by generating lower
forces. 1t is for this reason also that specific energy diminishes

until a certain value is reached.
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The force values become similar to those of the gauge tools
and continue to decrease with a similar trend at values between
60° and 70° tilt angle. This may indicate that the corner pick
is no longer cutting in semi-isolated conditions in low angles of
tilt. It is also interesting to note here that the value of tilt
angle is approximately equal to that of breakout angle for an
unrelieved groove cut using the point attack pick which, when
- measured, was found to be around 66° under flat surface cutting

conditions.

As can be seen From Plate 26, when this value of tilt angle
was used, the surface of the corner wall presented serrated reliefs,
whereas a:smooth shape existed below this value. This situation may
be attributed to the value of the corner angle exceeding that of
breakout angle of the pick, since the tool tends only to cut the

area within the boundary of this breakout angle.
9.8 Conclusions

In accordance with the cutting heads and their design and
operational features which have been described, the following

conclusions may be drawn:

(1) Effective depth taken by each tool at a given angular
position, continuélly decreases with increased value of
tilt angle, whilst the effective spacing shows a slight

decrease. The tool position is also continuously changed.
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(2) Forces and yield in gauge cutting tools continuously
decrease with tilt angle and the cuts become less efficient

around the nose area.

(3) Corner cutting tools were greatly affected by the
increasing values of tilt angle and the corner pick
starts to behave as a gauge pick at a value of tilt angle
approximately equal to the breakout angle of the pick

under a normal relieved cutting condition, i.e. 65°,

(4) A linear relationship exists between the forces on

each gauge tool and its corresponding cross-sectional

cut area.
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10. INFLUENCE OF CUTTING HEAD GEOMETRY ON THE PERFORMANCE OF
ROADHEADERS OPERATING IN TRAVERSING MODE

10.1 Introduction

The results from the previous chapter show that tilt position
of cutting tools on a cutting head significantly affects the
individual tool forces and hence the performance of the machine. The
geometry of a cutting head appears to reflecg the tool position and,
therefore, different head geometries could result in variation of
some cutting parameters, i.e. level of torque and torque fluctuations,

slewing force and volumetric rate of excavated material.

In tunnelling practice, a smooth roof and wall surface is
desirable to provide good support and to avoid the need to fill the
voids behind the lining which may increase the cost of tunnelling
operations. The geometry of cutting heads emerges to play an important

role in producing a smooth surface.

There is no detailed information available either from field
or laboratory investigations on the selection of cutting head geometry,

though there are many variations of spherical and conical geometries

found in practice.

In this chapter, the effects of cutting head geometry on the
‘performance of roadheaders are investigated in terms of their relative
kinematic and energetic characteristics. The torque and slewing force
values were calculated by a computer program and the required input

data was obtained from the results presented in the previous chapter.
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10.2 Designing of Cutting Heads with Different Geometries

Although the geometry of roadheader cutting heads vary, in
practice the most common types are of spherical, conical or a
combination of these two geometries. The picks positions can vary

on these heads.

As emphasised earlier, in order to study a particular cutting
.head, a certain number of laboratory tests is required to generate
the necessary data and this is a time-consuming and tedious procedure.
With the intention of utilising the data from previous trials, the
spherical heads which have already been investigated were assumed to
be the prototype heads. The conical and combined heads were, therefore,

derived from these spherical heads.

The cutting heads were classified into three groups with
respect to their geometries; namely, spherical, conical and combined
(a cutting head consists of spherical and conical shapes). The tilt
angles were the main criterion for the comparisons made throughout

this chapter.

10.2.1 Cutting heads with spherical geometry

In this type all the picks appear to have different tilt angles
and thus different force values and cutting radii. These heads have

already been mentioned previously.

Since the main objective was the cutting head geometry and
the geometry of such spherical heads would be influenced by varying
the tool positions, the only variable was, therefore, the tilt angles

!

and tool numbers, advance per revolution, and the head dimensions were

kept constant.
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The variables for the investigation of spherical heads

are shown as follows:

Tilt angle of first tool Tilt angle of corner tool

(at the machine side) (last tool)
0° 64.82°
0° 69.45°

4.63° ‘ 74.08°
9.25° 78.711°
13.88° 83.84°
18.21° 87.97°

The reason for choosing the corner tool starting from the
o . .
angle of 64.82 1is that the forces acting on the corner tool become
small, which is desirable and the corner tool acts as a gauge tool

from this value, as was shown in Figures 40 to 43.

10.2.2 Conical Heads

Being different from the spherical heads, all the tools‘are
disposed on a conical surface and thus, the tilt angles were the
same for the gauge and corner cutting tools. Although such conical
heads are not very common in practice, it is worthwhile to take

them into account when comparing cutting head geometries.

As in Figure 55, a tangent line passing through a given pick
position, forms the cone angle and the tools are arranged along this
line at a constant distance of 1.8cm apart. Thus a conical head is

derived in such a way that the cone angle is equal to the tilt angle



214
of a given tool on a corresponding spherical head. This is the main
principle of conical or combined head derivations from that for

spherical heads.

In Figure 55 a line being perpendicular to the axis of tool 11
can be drawn and the adjacent picks may be arranged along this slope
in a way such that their axis is perpendicular to the line which

also represents the profile of the conical head.

The cutting position of pick 2 relative to pick 11 is slightly
altered on the new conical surface and tends to act at a point below
its former position at a distance depending upon the valu; for y. The
deflection from the original point on the spherical head Qould
increase with the higher values for y; the pick position therefore
becomes different. The value for y which was calculated had to be
of 4.63° for spherical conditions and may be small when equations
(9.1),(9.2), (9.3) are considered. Furthermore, the value for vy
may be lower than 4.63° in the most practical conditions, since
changes with the variation of R at a constant line spacing (SL) and
the diameter of cutting heads in practice appears to be higher than
that considered in this work. Hence the y may be neglected for the
sake of convenience. Under these circumstances it might bé reasonable
to assume that tool 2 removes approximately the same area at the same

cutting position when it could cut on a spherical head, in relation to

pick 11.

It is also important to note that no change takes place in
the positions of tools located after pick 4 to the nose side. Finally,
it may be said that cutting condition of a tool on a spherical head
is approximately the same as on a conical surface, with angle being

equal to the tilt angle of the tool.
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The force values for a conical head thus remain approximately
the same as in the corresponding spherical heads since, according
to the equations (9.2) and (9.5) the area cut and the tool position

would give the same values, with the exception of y which may be

negligible.

One of the most imﬁortant features of these conical heads
would be the equal force distributions throughout the tools; in
other words, each gauge tool on a conical head experiences the same
force values in consequence of the same cutting conditions.
Furthermore, the state of corner cutting tools also remains the
same if the value for yis not considered as in gauge tools. As
previously mentioned, the corner tools behave as a gauge tool at
about the tilt angle of 64.08° and this means that after this value

the force distribution is the same on gauge and corner cutting tools.

The conical heads were derived from the spherical heads by
starting from the tilt anglg of 64.08° (Figure 56). This was due
to the provision of equal force distributions and the sensitivity of
the corner cutting tools which usually requires careful consideration.
The selecte& tool position on the spherical head also corresponds to

the corner tool on the conical head.

The only dependent variable thus appears to be the cone

angle and these are as follows:
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Cone angle of the Tilt angle of the cornmer tool
conical head on spherical head
64.16 64.16
69.45 69.45
74.08 74.08
78.03 78.03
83.32 83.32
87.94 87.94

10.2.3 Cutting heads with combined geometry

These types of cutting head geometry are formed by the
combination of spherical and conical heads and, therefore, bear the
specification of both geometries. Thus tools arranged on the
spherical side behave exactly as they do on a spherical head and
the picks on the conical surface also operate in the same way as
for conical heads. These heads are the most common goemetry which
are seen in roadheading practice and the heads usually start with

a conical surface and end with a spherical shape towards the nose.

>

Combined heads are derived from spherical heads in such a
way that the desired tool position represents the last pick on the
conical side and the first tool spherical surface, as shown in .
Figure 57. The picks on the conical surface have the same values for
the desired pick, whereas the picks on spherical surface maintain

their original positions.
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Unlike the other two geometries, there are two independent
variables; namely, the corner tools and the cone angles; many
possible configurations can be constructed by varying one of these

two variables, while keeping the other constant.

The specifications of the combined heads investigated in
this work are given in Appendix 6A3, and the values for the

tilt and cone angles are as follows:

Tilt angle of the corner Cone angle
cutting tool
64.08 4.63, 9.25, 13.88, 18.51,

23.14, 27.77, 32.39, 37.02,
41.65, 46.28, 50.90, 55.55,
60.16.

69.42 4.63, 9.25, 13.88, 18.55, 23.14
27.77, 32.39, 41.65, 46.28, 50.90,
55.55, 60.16, 64.08,

74.05 9.25, 13.88, 18.51, 23.14,
27.77, 32.39,41.65, 46.28,50.90,

55.55, 60.16, 64.08, 69.41,

78.71 13.88, 18.51, 23.14, 27.77, 32.39,
41.65, 46.28, 50.90, 55.55, 60.16,
64.08, 69.41, 74.05,

83.84 18.51, 23.14, 27.77, 32.39, 37.02,
41.65, 46.28, 50.90, S55.55, 60.16,
64.08, 69.41, 74.05, 78.71,

87.94 23.14, 27.77, 32.39, 37.02 , 41.65,
46.28, 50.90, 55.55, 60.16 , 64.08,
69.41, 74.08, 78.71, 83.84,

Total cutting heads 6 x 14
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10.3 Parameters considered for comparison of cutting heads

with different geometries

In view of the definitions of the cutting heads it is
apparent that the level of forces will change by varying the head
geometries and the dependent variables such as cutting torque,
slewing force, volume of material swept per advance/revolution,

are also expected to vary for a particular head.

10.3.1 Cutting torque

Details of cutting torque and the method for calculations
were explained earlier. Torque and torque fluctuations are of
importance in cutting head design since the level of fluctuations
affects the balance of the head and the high fluctuations are

detrimental to the cutting picks, gears and other mechanical

components.

10.3.2 Slewing force (horizontal thrust)

Forces acting on the boom axis are of very great importance
since the advance rate of the roadheaders is also affected by the

magnitude of horizontal thrust, depending on the mode of cutting.

In climb-milling cutting, the vertical:thrust is generally
higher than that in horizontal direction, thus a higher advance rate
may be achieved, provided the boom has an adequate resistance to the
vertical reactions. However, as the picks tend to take the maximum
depth of cut when entering the rock in 90° cut sector, severe

vibrations and rapid tool wear are likely to occur. This is not

/



thé case in upmilling mode where the tool does not necessarily

take the full depth and, therefore, the upmilling cutting mode

seems to be more practical as outlined in Chapter Three.

For the cutting heads in this discussion, the upmilling

cutting mode was adopted and vertical thrust was not calculated

as in this mode they are usually of small magnitude.

10.3.3 Volume of material swept per advance/revolution

This is worth consideration when determining the cutting

efficiency.

The volume swept is expressed in terms of the cutting head

geometry, as shown in Figure 58a,b,c.

The amount of rock material swept per advance/revolution of

the cutting heads with different geometries are as follows:

(a)

(b)

(c)

Sphericdl heads:

u - - ’ - 3
v =g 2 n( S 0(1) N sin 20( - 8in2%
(] a 360 4
..... (10.1)
Conical heads:
S sina
Vc = da S cosX RL + R e (10.2)
Combined heads:
vc = vs + vc ..... (10.3)
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where d = Advance per revolution (m)
R = Maximum diameter of spherical head (m)
o, = Tilt angle of the last tool on spherical head (°)
x; = Tilt angle of the first tool on spherical head (°)
= Cone angle of conical head (°)
S = Length of conical head (distance between tip of

first and last tool)(m)

Cutting radius of last tool on conical head.

R

10.4 Computer aided method for the calculations of the cutting

head parameters

The parameters which were involved in this discussion were
calculated by using a computer program which was written by the author
in FORTRAN 1IV. The program specifically carried out the calculations
for a cutting head fitted with 16 picks; this was because the comparisons
were made between head geometries ;n the basis of 16 taols per head.

Methods for the calculations are similar to those described by Hurt (33).

A number of assumptions were necessary in order to simplify
the analysis. The mean cutting force for each tool waé related to the
depth of penetration of the tool at any point (p) by the formula
Fc= Fmp/p,where Fm is the cutting force value measured in the laboratory
for a particular tool at the maximum depth of penetration and the value
of P was determined from p = Dsin®, where D = Advance/revolution of the
cutting head and © = Angular cutting position from point of entry into
cut. This approximation is justified on the understanding that D is much

smaller than the radius of cutting.
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Only mean force components are gsed in the analysis. The
large force variations experienced by each tool when cutting were
ignored since the object of the analysis is to compare the cutting
heads rather than to construct a complete mathematical model of their

cutting action.

The torque was the summation of the product of Fc and the

corresponding radius of cutting for all the active tools within a

specified cut sector.

As in Figure 59, for tilted tools on a given head the normal
force component no longer acts within the plane of horizontal reaction.
For the calculations the effective normal force component is expressed

as FN X cos oL .

The volume of the material swept per advance/revolution is
also included amongst these calculations in order to déetermine the

values for specific energy.

Accordingly, the program calculates the torque, slewing force
for a given cutting head, at one degree increment of a rotation;
also, it gives the mean values and standard deviations of these
parameters and prints out the volume swept and specific energy values

for one revolution of the head.

The computer program is given in Appendix 8A in detail.
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10.5 Results and Discussion

All the cutting heads presented here were designed using the
same principles and werespecified by the position of corner tools
and/or the head cone angles. In this section, the computer program
has calculated the parameters concerned for each head geometry

investigated.

The results pertaining to this section are presented in

Appendices 6A and 6B.

10.5.1 Influence of the cutting head geometry on cutting torque

105 .1.1Spherical and conical heads

Cutting torque shows a continual decrease as the tilt angles
of the corner tools are increased. The calculated torque for conical

heads appear to be lower than those for the spherical heads (Figure 60).

For spherical heads, the reason for the decrease in the cutting
torque was attributed to the values for force and cutting radius, ail
of which diminish with the increasing tilt angles. In conical heads
the cutting radii are, in general, larger than those of spherical
heads, whereas the overall pick forces appear to be much lower, due
to the fact that each pick of conical head takes the force value for
the corner tool of the corresponding spherical head. It should also
be borne in mind that the corner tool has the lowest force for the

spherical heads investigated in this section.
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10.5.1.2 Combined heads

For a given spherical head the torque decreases with cone
angle; in other words, as the conical part of a combined head
dominates the entire geometry the torque diminishes. Also, torque
values become lower with decreasing tilt angles of corner cutting

tools (Figure 61).

All these trends may be ascribed to the combined effects of
both conical and spherical geometry and the variations in pick

forces and cutting radius as described in 10.6.1.1.

10.5.2 Effects of head geometry on slewing force

10.5.2.1 Spherical and conical heads

Horizontal reactions decreased with the increasing values
for corner cutting tools and the degree of reduction seems to be

more rapid in the case of conical heads (Figure 62).

The variations of slewing forces may only be related to the
individual pick forces, since on a given cutting head, the slewing
forces are affected by the tool forces. The rapid falls in the case
of conical heads is probably due to the force levels being lower than

those of spherical heads.

10.5.2.2 Combined Heads

The slewing force reduces with the increase of cone angle

and the tilt angles of corner cutting tools, being the quotient of
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the combined effects of the two head geometries, as expained above

(Figure 63).

10.5.3 Fluctuations in torque and slewing force

10.5.3.1 Spherical heads

(a) Fluctuations in slewing force

As outlined in Chapter Three, force or torque fluctuationms
are due to the presence of gross disparities between the tool duties,
i.e. when magnitude of the forces and torque experienced by each tool
becomes different. If the standard deviations of slewing force or
torque for a revolution of a cutting head is assumed to be the criterion
for comparing a number of cutting heads, the fluctuations would then
be influenced by the magnitude of overall tool forces; in other words,
the higher the tool forces, the largef the standard deviation or
fluctuations. This situation may be seen from the figures which are
given in Appendix 6Bl and showing the torque and force fluctuation

per advance/revolution.

In Figure 64 the fluctuations in slewing force present a

steady decrease, with the tilt angles of the corner tools.

As the tilt angles increased the number of tools in the nose
region would rise and thus the tool duties changed, due to the rapid
decrease of forces in this region. If Figures 40 and 42 are considered,

it may be seen that the variations in tool forces are slow up to the



180 DEG. CUT SECTOR

1

TILT ANGLE OF CORNER TOOL : 2 g 5
u

14

11t
v

+ 4O+
O <4+ 4o+

49O+

44O+

» 64.16°
+ 69-45
¢ 74-08°
v 78-03°
4 83-32
0187~9+' ‘

t
o]

10 20 30 40 50 60 70 80 90
CONE ANGLE (DEGREE)

90 DEG. CUT SECTOR

i

258
Y

+ 4O+

O4<4ot+#

<4<t

2;53

t
o]

14
e
AL
= 12
O
o 10
©
8
&)
=
— é
=
=
Tk oyl i
0
2 7.5
¥ 7.0 +
6.5 |
6.0 +
O L
v 5.5
O 5-0 ~
L 4.5 ¢
(&) 4,0 +
Z 3.5 'S
—i
3 3.0 P
L.l_.' 2‘5 ™
=1
wn 2.0 +
1.5
0

1089 200 307 409 50 60, 700 80 190

CONE ANGLE (DEGREE)

FIG. 63 VARIATIONS OF SLEWING FORCE VALUES WITH CONE

ANGLE OF THE CUTTING HEADS WITH DIFFERENT
CORNER CUTTING TOOL POSITIONS .

235



0.9
w 0.8
.« 0.7
1
v 0.6
.
O 0.5
. 0.4
o1 0.3
0

0.2
— 0.1
e}

0.0

0.8
w o7
1 0.6
73]

0.5
L
O 0.4
>~ 0.3
18
O 0.2
— 0.1
72

0.0

—+— CONICAL HEADS
—e—— SPHERICAL HEADS

180 DEGREECUT SECTOR

65 70 75 80 85 90

ANGLE  (BEGREE)

90 DEGREE CUT SECTOR

& 70 7 80 8 %

ANGLE  (DEGREE)

FIG. 64 VARIATION IN ST. DEV. OF SLEWING FORCE VALUES

WITH THE TILT ANGLE OF THE CORNER CUTTING TOOL ,
SPHERICAL AND CONICAL HEADS WITH 16 PICKS

236



237

tilt angle (about 50°) and below this value forces remain constant

compared with the forces at tilt angles higher than 50°.

The majority of the tools are usually situated below this
value for many cutting  heads and this may mean the overall tool
forces do not change significantly when the corner tools have the
higher values of tilt angle. Therefore, the steady rise in slewing
force is probably due to the different tool duties in the nose region.
Fluctuations in the slewing force are, however, not significant when

compared with those for conical heads.

(b) Torque fluctuations

As shown in Figure 65 fluctuations in torque first show
a steady increase and, having reached a minimum value, tend to fall

towards the higher tilt angles.

At low tilt angles, fluctuations in torque seem to follow a..
similar trend to that explained in the previous section. However,the
decreasing manner at higher tilt angles may be attributed to the
effect of cutting radius of the picks which causes the torque values to

become smaller towards the nose regionm.

Torque fluctuations for spherical heads did not show a
significant variation compared with those for conical heads, and

these are given in Appendix 6Bl.
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10.5.3.2 Conical heads

Fluctuations in slewing forces and torque show a rapid
decrease with tilt or cone angles and the magnitudes are much smaller

than those of spherical heads, due to the low pick forces (Figures

64 and 65).

Being different from spherical heads, the pick forces on a
conical head are constant and at the higher cone angles the
differences in these forces are generally high and, therefore, this
results in a rapid decrease of fluctuations in torque and slewing

force.

Fluctuations in torque and slewing force values per advance/

revolution are shown in Appendix 6B2.

10.5.3.3 Combined heads

Being the quotient of spherical and conical heads, the
fluctuations in torque and slewing force significantly reduce as
the cone angle and the tilt angle of corner cutting tools become

higher (Figures 66 and 67).

Fluctuations in torque and slewing force values per advance/

revolution are shown in Appendix 6B3.

10.5.4 Volume of the material swept per advance/revolution of a

cutting head

The volume of material excavated per advance/revolution of a

given head decreases with the increasing tilt or cone angle. It would

!
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seem that spherical heads sweep more material than the conical

heads (Figure 68).

For combined heads this drops sharply towards the higher

values for tilt angle (Figure 69a).

10.5.5 Specific Energy

For spherical heads, specific energy shows no significant
variations, while a drastic increase exists for conical heads. This
may possibly be due to the presence of rapid decrease in the volume

of the material swept per advance/revolution of the heads (Figure 70).

Specific energy also tends to increase with cone angle of .

the combined heads (Figure 69b).

10.9.6 Discussion and Conclusions

In view of the results described in this section, when a
spherical head is modified to be a conical head or a combination of
the two, the possible consequences resulting from these conversions

may be as described below.

In practice, it is claimed that machines fail to penetrate because
of the magnitude of slewing force, rather than cutting torque and
specific energy is not a significant factor in the consideration . of
machine design but is, however, of value for machine operations.

The magnitude of the pick forces on a cutting head are shown to be
of importance, since the parameters affecting the performance of a

tunnelling machine are also greatly controlled by individual tool

forces.
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To some extent for the above reasons the conical heads
seem to be better than spherical heads. But there appear to be
some disadvantages to conical heads over the spherical heads with
regard to dust generation and the durability of the cutting tools.

This may be explained as below:

(a) As the tilt angles decrease or the spherical
heads become conical, the sectional area cut by each
tool is decreased and the tool forces reduce. With the
smaller cut area, the depth taken by each tool appears

to be more shallow.

Many rock cutting trials have, so far, shown that the
amount of dust is likely to increase at shallow depths,

and hence the cutting action becomes less efficient.

(b) Large cutting radius renders the corresponding pick
liable to travelling a long dis;ance and cutting radius
usually increased with cone angle and tilt angle of corner
tools. The picks particularly at the machine sides gain
more distance duty from the boom axis and, therefore, have
the largest cutting radius on a given head. It should be
borne in mind, in conical heads, as the cone angle increases
the pick forces will become lower and this means that the
pick is travelling long distances whereas it has lower

forces.



Although tool wear is influenced by deeper cuts,
investigations have emphasised that the tool wear mainly increases

with travelling distance.(90, 91).

Accordingly, the extreme values for cone and tilt angles
may not bring many advantages and from the results and explanations,
it would seem that benefits might be gained through the selection of
moderate cone and tilt angles for all of the cutting heads

investigated in this section.

It should be noted that the variation in force and torque
fluctuations referred to in this chapter apply only to the head

conditions used. Normally torque fluctuations are dominated by the

lacing pattern employed.
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11. ASPECTS OF CUTTING HEAD DESIGN

11.1 Introduction

For each roadheader there are a number of geometries and
sizes of cutting head available. For a given head, the total
number of picks can be changed by varying the tool spacing between
adjacent tools keeping the other dimensions constant. This situation
was discussed in Chapter Eight, and it was shown that the measured

parameters presented a significant variation with changing spacing.

In Chapter Nine it was shown that tool duties for a given
cutting head were affected by tilt angle, advance/revolution and
total number of picks fitted on the head, and the tilt angle was
the only variable studied. The effect of total number of picks

at a constant advance/revolution will be investigated in this

chapter. —

In practice, on most cutting heads, the cutting sequences
start from the nose and progress towards the machine side of the
head. It has been shown that (Pomeroy and Robinson, 28 ) the tool
forces become higher when cutting in this mode; the aspects of corner

cutting tools in this mode of operation has also been included in

this chapter.

11.2 Cutting heads with different numbers of tools

In order to avoid a large number of cutting experiments,

only one cutting head type has been considered for these investigations.
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A cutting head with spherical geometry was chosen due to the
applicability of the measured parameters to the other type of

geometry, as detailed in Chapter Nine.

A typical cutting head design for this investigation is
shown in Figure 71. As can be seen from the figure, the length of
cutting head is extended without altering the spacing between
adjacent tools. Cutting head 1 has a total of eight picks which are
disposed around a periphery from A to B. The next cutting head is
derived from the former one in such a way that the additional picks
are arranged from the Point B to C at the same spacing. Cutting

heads 3 and 4 are obtained in a similar way (Figure 71).

11.3 Experimental Design

In view of the explanations given in the previous section,
four cutting heads were planned for the experiments. All cutting
heads were simulated under identical conditions and thus the only

variable was the total pick number on each head.

The cutting heads are illustrated in Figure 71 and

they are described as follows:

(a) Cutting Head 1 : has a total of 8 tools and the

corner cutting tool has a tilt angle of 50-90°. The

tilt angle of the first gauge tool is 18-51°.

(b) Cutting Head 2 : Total pick number 16. This head

already includes eight tools of cutting head 1. The



Fig. T Notation of cutt ing heads with different tool numbers.
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remaining 8 tools are, therefore, arranged from the

first tool of the head 1 towards the machine side.

(c) Cutting Head 3 : There are 24 tools arranged

on this cutting head and thus heads 1 and 2 are

included in this head.

(d) Cutting Head 4 : This head has the largest tool

number and covers the tool positions of the cutting

heads 1, 2 and 3.

Corner cutting tools were investigated at only one level

of cutting position, since such simulation experiments are laborious
and time-consuming. The tilt angle of the corner cutting tool for
all the cutting heads was taken at 50.91°. As previously shown, at
higher tilt angles, because of the reduced cross-sectional cut area,
the tool forces were usually of low magnitude and, therefore, any
possible differences in force values for all the cutting heads may
not be sensitive and distinguishable. It was for this reason that

tilt angles were taken at low values.

The experimental variables for this investigation are as

follows:
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Factor Level Description

Tilt angle of

corner cutting 1 50-93°

tools

Tilt angle of 7 46.30, 42.67, 37.04

gauge tools 32.41, 27.78, 23.15
18.52

Number of cutting 4 Head 1 : with 32 tools

heads Head 2 : with 24 tools
Head 3 : with 16 tools
Head 4 : with 8 tools

Replications 3

Total: 112 instrumented cuts (including

all tilt angles of cutting
head 4.

All the experiments were carried out in the same way as

that described in Chapter Nine.

11.4 Results and Discussion

11.4.1 Effects of Tool Numbers

The results for these experiments are tabulated in

Appendices 5A3, 5A4 and 5B2.

11.4.1.1 Forces

As can be seen in Figure 72a,b,c,d,e, and f, the number of

tools has no significant influence on the gauge tools within the

measured levels. However, with respect to corner cutting tools, the
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trend was different where the tool forces tended to show a decrease

with total pick numbers (Figure 73).

11.4.1.2Yield

The yield values for individual picks were measured at a
tilt angle of 32.41° and are shown in Figure 74. The yield values

did not present any variation and tended to be constant with the

tool numbers.

11.4.1.3 Specific Energy

Specific energy values did not show any significant change

with the tool numbers, as given in Figure 74.

11.4.2 Discussion

If the cutting action of the-heads is considered in general,
it can be seen that each head sweeps a certain volume of material
with respect to its size (as illustrated in Figure 75). Furthermore,
all cutting heads have a number of common tools (including the corner
cutting tools) at the nose side; in other words, the last eight tools
at the nose side are common to all cutting heads with regard to the
tilt angles. The cross-sectional area cut by each tool was calculated
from 'Se X de' and remained approximately constant for all cutting
heads. But values for Se, and de respectively became different, as

shown in Table 12 and Figures 76, 77 and 78.

Experimental results have revealed no significant differences
in force values for the gauge cutters of the cutting heads. Further,

/
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experiments on all tilt angles of the cutting head with eight
tools have also given the tool forces of similar value to those
previously obtained for the head with sixteen tools (Figures 79

to 84).

Although the cross-sectional areas remain constant, variation
in values for Se’ de and may suggest that the cutting position at
a given tool varies with the total tool numbers. From Table 1l
it can be seen that at a given tilt angle as the tool numbers become
smaller, the values for S, reduce and those for de and B tend to rise.
The variation in cutting position of a tool is 1llustrated in
Figure 85. It is seen that with increasing tool numbers the cut
profile at side A of the cutting tool tends to rise, while at side B,
the profile of the rock surface shows a downward trend. In this way,
the tool becomes more confined at one side, whereas at the other side,
the tool is more unconfined, and hence the cutting position is balanced.

This situation might be attributed to the force values which tended

to be constant with the measured tool numbers.

The corner cutting tools séem to be influenced to a greater
extent by the changes in the tool cutting positions and this situation
is illustrated in Figure 86. At lower tool numbers, the profile of
the rock surface moves upward, away from the corner cutting tool and,
as a consequence, the tool becomes more confined. As the Qngle between
the tool axis and the corner wall is unchanged, the cutting position
is not balanced as it is in gauge cutting tools. Thus higher tool

forces are likely to be generated as tool number decreases.
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Fig. 85 Changes in the cutting position of a tool with respect to the rock
surface when cutting with heads having different tool numbers.
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276

11.5 Cutting from the nose towards the machine side

In practice, many roadheader cutting heads have a pick
lacing pattern in which the cutting sequence starts to cut
progressively from the nose side towards the machine side. As

previously mentioned, this may be ascribed to the ease of loading

action.

In this cutting mode, the cutting action is started by the
corner cutting tool and thus preceding tools take the benefit from
relief provided by corner tools and in this way the cutting action

is carried out towards the machine side.

11.5.1 Experimental Plan

All the variables were kept constant in order to‘compare
this cutting mode with the converse méde. The cutting head with
sixteen tools was simulated since a large amount of experimental data
was available from this head. Also, in view of previous work
(28 ) indicating the generation of high tool forces in this cutting
mode, the level of variables had to be limited due to thé shaping

machine capacity. Thus experiments at lower tilt angle values could

not be carried out.

The programme for this experiment is as follows:
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Variable Level Description
Gauge tools 4 (1) 87.97, 83.34, 78.71

(2) 74.08, 69.45, 64.82
(3) 60.19, 55.56, 50.93
(4) 46.30, 41.67, 37.04

Corner cutting tools 5 87.91, 78.71, 69.45
: 60.19, 50.93

Replications 4

Total 80 instrumented cuts

11.5.2 Results and Discussion

The results for this section are presented in Appendices 5AS5,5A6.

11.5.2.1 Forces

In this cutting mode, forces exhibited higher values than
those of cutting in converse mode and this may be attributed to the
confinement of the tool. Variation in force values for both gauge

and corner cutting picks are shown in Figures 87 to 92.

The main factor causing a rise in tool forces would be the
fact that the cutting sequences start from the unrelieved side. The
increase in tool forces is not high at higher tilt angles on account
of the smaller cross-sectional areas. Therefore, at low tilt angles,

an appreciable increase can be seen.

Furthermore the cutting position of a pick at a given tilt

angle appears to differ from the previous cutting mode. The cutting

/



278

3.5 ¢
SPHERICAL HEAD WITH 16 PICKS
3.0 ¢

2.5 -

2.0 ™

(KN)

1-5 P

1.0 ~

MCE

— 4+ —— CUTTING FROM NOSE SIDE
0.5 } —— ¥ —— CUTTING FROM MACHINE SIDE

0‘0 1 A 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

TILT ANGEE  (DEG.)

FIG.87 VARIATION OF MCF VALUES WITH TILT ANGLES
TWO DIFFERENT MODE OF CUTTING



279

8ir SPHERICAL HEAD WITH 16 PICKS

(KN)

MRER

oh e + — CUTTING FROM NOSE SIDE

-~ ¥ —— CUTIING FROM MACHINE SIDE \

0 10 20 30 40 50 60 70 80 90

TTLETHANGUEE S (DEGS)

FIG.88 VARIATION OF MPCF VALUES WITH TILT
ANGLES; TWO DIFFERENT MODE OF CUTTING.



3'0

2-5 I~

(KN)

1‘5 P

MNF

0.5

oIo

2.0

1-0 B

5

280

SPHERICAL HEAD WITH 16 PICKS

— -+ —— CUTTING FROM NOSE SIDE

+
—-— % —— CUTTING FROM MACHINE SIDE el

0

10 20 30 40 50 60 70 80 90

TILT ANGLE (DEG.)

FIG.89 VARIATION OF MNF VALUES WITH TILT
ANGLES,; TWO DIFFERENT MODE OF CUTTING.



281

SPHERICAL HEAD WITH 16 PICKS

(KN)

MPNF

- —— 4+ — CUTTING FROM NOSE SIDE

—— X —— CUTTIN6 FROM MACHINE SIDE

0 10 20 30 40 50 60 70 80 90

IESTESANGIEESHDEGS)

FIG.90 VARIATION OF MPNF VALUES WITH TILT
ANGLES; TWO DIFFERENT MODE OF CUTTING.



282

3.0

2.5 P \

2-0 Iy

(KN)

1.5

1 - O o \\
~— sk =— CUTTING FROM NOSE SIDE AN

MCF

0.5 | —+— CUTTING FROM MACHINE SIDE

30 35 40 45 50 55 60 65 7?0 7S éO 65 90

TILT ANGLE (DEG.)

000

(KN)

MPCF

0 s s 3 s " s 3 " 1 : . -
30 35 40 45 50 55 60 65 70 75 80 85 90

SPACING / DEPTH

FIG.91 VARIATION OF CUTTING FORCES WITH TILT ANGLES,
TWO DIFFERENT CUTTING MODE, CORNER CUTTING TOOL



283

3.0 |
2.5 | o

2.0 t+

(KN)

1.5 ¥

1.0 | ——%—— CUITING FROM NOSE SIDE
—+ — CUTTING FROM MACHINE SIDE

MNF

0;5 P

0.0

30 35 40 45 50 55 60 6 70 75 80 685 90
TILT ANGLE (DEG.)

6.5
6.0
5.5
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

(KN)

MPNF

L T L) T T T 1] ) T T T T 1

W
o

35 &0 451 50L:55..°60 6570, 75 80 65 : ;0

SPACING / DEPTH

FIG.92 VARIATION OF NORMAL FORCES WITH TILT ANGLES,
TWO DIFFERENT CUTTING MODE, CORNER CUTTING TOOL



284

position of a tool is illustrated in Figure 93 and the tool positions
were constructed in a similar way to that previously defined in

Chapter Nine.

The successive tools in a sequence are located at the line
segment of AD instead of CB and thus the effective spacing emerges as
longer than that in the converse mode, whereas the effective depth
appears to be more shallow. Hence the Se, de and may be expressed

as follows:

s, = \/(s + dtsin(ot-‘l))z +(d_ cos «-m? (11.1)
_ .| 4, cos (=¥

tan (g7% d sin x-v T 1.2

a =(Advamzze/ReV) cos ((x-¥) +B) ..., (11.3)

Gauge cutters experienced the same difficulties as the corner

cutting tools.

Since the cutting action is started in the unrelieved cutting
mode by the corner cutting tools, the main cutting difficulties seem
to be imposed on the corner tools. Thus at low tilt angles these

tools may be easily destroyed.
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11.5.2.2Yield

The measured yield values remain approximately the same for
both cutting modes (Figures 94 and 96). This is also justified by

the theoretical values given by 'Se x de'.

11.5.2.3 Specific Energy

Higher values of specific energy were obtained when the
cutting sequence started from the nose of the head due to the higher

cutting force components generated (Figures 95 and 96).

11.5.3 Conclusions

From these cutting experiments the following conclusions have

been drawn:

(1) For a given cutting head, increasing the total
number of picks affects the pick positions and results
in slightly lower pick forces for the case of corner

cutting tools (Figure 73).

(2) Higher forces are generated when the cutting
sequences start to cut progressively from the nose

side (Figures 87 and 92).
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12. ANALYSIS OF CUTTING HEAD ACTION : ARCING MODE

12.1 Introduction

The previous chapters have investigated the case where the
boom axis moves perpendicular to the advance direction. This mode
of operation is seen in shearer drums and continuous miners. But
boom-type roadheaders particularly those having a longitudinal-type
cutting head, operate in the'arcing mode' in which the boom axis is
not parallel to the direction of advance; hence, with respect to the
pick cutting positions, arcing mode may appear to be different from

the 'traversing mode'.

In this chapter, the cutting heads described in previous
chapters will be investigated in 'arcing mode' of operation. Due
to its complicated nature, simulation of the cutting heads in this
mode of operation could not be included in the experimental programme.
Therefore, investigations were made theoretically by considering the

results obtained from previous simulation experiments.

12.2 Pick cutting positions in 'arcing' mode of operation

12.2.1 Gauge picks

In order to provide an insight into arcing mode, it seems

worthwhile to compare it with 'traversing' cutting mode.

The pick positions on a cutting head operating in both

modes of operation is simply illustrated in Figure 97. When a cutting
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head traverses, all the tools achieve the same distance for a given
advance per revolution of the cutting head, i.e. as in Figure 97a,
from point A to point B, the nominal distance 'a' would be the same
at any pick position. If the same cutting is considered in arcing
mode, as in Figure 97b, it may then be seen that each pick would no
longer advance at distance 'a' but the first pick only. Furthermore,
the picks travel along concentric cyclic paths and the rate of
nominal advance per revolution appears to be influenced by the radii
of these cycles, which are measured from the point where the boom

is connected to the main machine body. Thus the length of boom

seems to have an influence on the duty of the cutting tools.

It has been shown in Chapter Nine that the level of pick
forces is related to the cross-sectional area cut by each pick, and

this relationship may also be applicable to the aspect of arcing mode.

The cross-sectional areas may be analytically calculated
by considering the relative pick positions, as shown in Figure 98.
By taking the equation (§.5) into account, the corresponding
crqss-sectional area may be defined as the area of ABDC and also
ABDC equals the area of AEFC. Thus the cross-ectional area cut

by a pick may be expressed as follows:

A= ==

« 360 °

adv (Waz -, - s cosa)?) eeene (12.1)

where A_ = cross-sectional area cut by tool at a given
2
angle of a (m“)

W = effective boom length measured up to a given

cutting tool (m).
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S, = line spacing between adjacent tools (m)
a = tilt angle of the given tool (degrees)
6 = relative tool advance, given by:

adv

- (adv./rev)

e 180 |

W = effective boom length at which the
the nominal adv/rev is taken

(y is neglected for convenience)

12.2.2 Cornmer Cutting Picks

The position of a cornmer cutting tool in both traversing

and arcing modes of operation is illustrated in Figure 99.

In traversing mode, the corﬁer cutting tool advances from
point A to B after an advance per revolution of the cutting head,
while in arcing mode, the corner tool advances from A to point B at
the same advance per revolution. As can be seen from the figure,
the angle between the tool axis ana the corner wall is changed in
arcing mode, becoming smaller than that of the traversing mode. The

difference between these angles may be expressed as:

8, =0, . = (Qadv) /2 : ceees (12.3)

where 6_ = the angle between corner wall and tool
axis in traversing mode
earc = &ngle between corner wall and tool axis in

arcing mode,
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Furthermore, in arcing mode, the angle between the
cutting perimeter and the head profile (equivalent of 8) may
become higher due to the increasing relative tool advance which

corresponds to dr in traversing mode.
12.3 Discussion

The eqﬁ#tion(lZ.l) shows that, for a given cutting head
as described in previous chapters, the cross-sectional cut areas
are mainly affected by the effective boom lengths W and wa when advance
per revolution is constant. Under these circumstances, the cross-
sectional cut areas increase with decrease in boom length. Thus the
tools, particularly those at the nose side, appear to have more
difficult cutting duties in arcing mode. This problem may be over-
come by increasing the effective boom length. But in practice,
stability and machine performance may‘be adversely affected by long
and unsupported booms (Kogelmann 1982). There should, therefore, be

a compromise between boom length and machine stability,

Like gauge cutters, the performance of corner cutting tools
is also affected when operating in arcing mode. The angle between
the corner wall and the axis of the corner tool becomes small and
the gap between cutting head profile and cutting perimeter tends to
have higher values in arcing mode. Hence, the corner cutting tool
appears to be more confined and has a more difficult cutting duty.
The duty of corner cutting tools may be eased or relieved if the

corresponding tilt angle is increased.



297

12.4 Conclusion

The cutting heads which were earlier described and
simulated in the previous chapters, were theoretically considered
in arcing mode of operation and the following conclusions can be

drawn; though the following conclusions are valid, their practical
significance is very small:

(1) Cutting duties of the tools are influenced by

a change in the boom length;

(2) 1Increasing boom length, the duty of the cutting
tools may be eased, providing this is matched with

stability of the machine;

(3) Under identical conditions the tools may, in
arcing mode, have more difficult cutting duties than

in the traversing mode of operation; and

(4) 1In arcing mode, corner cutting tools are more
confined and by increasing tilt angle at a rate
depending upon values of W and adv/rev, corner cutting

conditions may be relieved.
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13. LABORATORY DISC CUTTING CHARACTERISTICS OF ROCK SALT

13.1 Introduction

Disc cutters have found application in the excavation'of‘
hard rock formations because of their high resistance to wear.
Like drag tools, laboratory experiments on the performance of disc
cutters have been based mainly on cutting on a flat rock surface.
However, the number of studies aimed at simulation of the practical
cutting action of the discs have recently increased.
All these research works have expressed the view that groove deepening
mode of cutting is the most representative method for simulating the

cutting action of disc cutters under field conditions.

Results of such simulation experiments have revealed that
the specific energy decreases with spacing and depth, and so a

pronounced minimum value does not exist at a given spacing-penetration

(S/p). ratio.

It has also been shown (49) in groove deepening cutting,
a complete breakthrough between the adjacent grooves is not consistent
after the critical S/p value which is determined on a flat surface
cutting condition. The occurrence of the complete breakout has further
been reported to be in the form of a 'cyclic deepening' when the
adjacent grooves are progressivelycut (53).However, the results associated
with this phenomenon are limited to only one type of disc and detailed
information whichcovers several disc and operational parameters are

not yet available.
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In this chapter, the disc cutting characteristics of
rock salt are described and the results are related to the performance
of tunnel boring machines. The experiments were carried out in
groove deepending cutting mode and two discs with different edge
angles were used. Skewed cutting was also conducted in an attempt
to simulate the disc performance near the centre of a full-face

tunnelling machine.

13.2 Experimental Procedure

13.2.1 Groove Deepening Cutting

In this type of cutting experiment, the preparation of the
rock surface is essential in order to attain a stable cutting

condition where ins;rumented cuts are recorded.

A stable cutting regime is reached when the yield obtained
from a particular groove has become equal to the calculated value
(i.e. all the rock removed from the two adjacent grooves). For
this reason, the rock surface was initially coated with paint and
only after all the painted surface had been removed were the desired
cutting conditions attained. After this stage, the measures value

for yield was found to be approximately equal to that of calculated

value.

Each cutting pass consisted of several cuts across the rock at
the desired spacing. The successive passes were made at a constant
depth increment along the path of an existing groove generated by a

previous cut.
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To avoid breaking away the sides of the experimental block,
a number of relieved cuts at an equal spacing of 10mm were taken at
the sides of the rock. The procedure for groove deepening mode of

cutting is illustrated in Figure 1C0.

It is important also to note that in groove deepening cuts
the number of uninstrumented cuts was much larger than that of
instrumented cuts, as a consequence of preparation of rock surface.

This may be clearly seen from Figure 105.

13.2.2 Skew Cutting Experiments

In these experiments, the cutter was skewed to the direction
of cutting by a 2.5° angle. In Figure 101, it is illustrated that
the disc is skewed to the right of travel, as was the case in the

experiments.

The skew angle was achieved by-rotating the entire
dynamometer. These tests were carried out on the flat surface of
the rock specimen. The disc was set to the desired depth and

position, and the unrelieved cuts were followed by relieved cuts.

Due to the fact that the entire dynamometer was rotated the
measured rolling and sideway force component no longer corrrespond
to their initial specification. As a consequence, the instantaneous

values of the actual force components (designated fr and fo; cf. FR

and F, for measured values) associated with a skew angle ¢S are given

S
by (49):
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£ = FR cos ¢S - F

r sin ¢S

S

fs = FS cos ¢S - FR sin ¢s
Since the skew angle for the experiment is only 2-5° and

the force components are of similar magnitude, it may be shown that

the amount of error associated with the phenomenon is typically very

small. The results presented are those measured,then, rather than

corrected.

13.3 Experimental Plan

The groove deepening experiments were the main part of this
investigation since they provided the means by which the practical
action of disc cutters was simulated. As previously mentioned,
these types 6f experiments are time-cbnsuming and require a large

number of suitable blocks. As a consequence, the number of variables

had to be limited.

The experimental design for the disc cutter experiments

is as follows:
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(a) Groove Deepening Cutting Experiments

Variable Level Description

. o o
Disc edge angle 2 60" and 40
Penetration 2 10mm; 1l4mm
Spacing to penetration 6 3,5,7,9,11,13
ratio
Number of successive . 3 -
passes
Replications 3

(b) Skew Cut Experiments

Disc edge angle 2 60° and 40°

Penetration 1 10mm

Spacing 6 30mm, 50mm, 70mm,
110mm, 130mm

Replications }

Total: 252 instrumented cuts
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13.4 Results of the Experiments

The rock salt which was the experimental rock showed a
heterogeneous structure since scattered marl and various sizes of
rock salt crystals were observed in the rock specimen. It was,
therefore, thought at first that a wide range of scattered results
was likely to be produced. However, the results obtained were

reasonably consistent.

A

The mean value for each cutting parameter was plotted
against the corresponding spacing-penetraion (S/p) values. The
results of disc cutting experiments were further tabulated in

Appendices 7A and 7B.

13.4.1 Groove Deepening Experiments

13.4.1.1 60° Edge Angle Disc

13.4.1.1.1 Forces : In all cases the forces increased
gradually and at higher S/p ratios tended to show a
steady rise. No significant differences exist between
‘mean and mean peak forces. However, for thrust forces
the maximum peak forces were found to be higher

(Figures 102 to 105).

13.4.1.1.2 Yield : In Figures 106. and 107_ the straight
dotted lines radiating from the origin indicate the

predicted yield and this was obtained as follows:

-
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Volume broken out =Y (m3)
Length of cutter travel L(km)

Qp (m3/km) -

veee. (13.1)

where V = spacing x penetration x L

As can be seen from the figure, the measured values are
in good agreement with those of predicted values up to S/p of
9-11, particularly at a penetration of 10mm. The deviation at this
point means a failure in producing a consistent breakout between
each successive pass of the cutter. Furthermore, greater yields are
produced at the expense of the higher forces, and this was evident

at the higher S/p values, as shown in Figure 107.

13.4.1.1.3 Specific Energy : Being quotient of yield and

mean rolling force, the specific energy decreased at measured S/p

values (Figures 106 and 107).

No pronounced 'minimum value' was seen, as occurs when

complete breakout ceases during cutting on a flat rock surface.

13.4.1.2 40° Edge Angle Disc

13.4.1.2.1 Forces : The gradual increase of forces was
followed by a steady rise for the higher S/p values that were
measured. Significant differences were not observed between the

mean and peak forces measured (Figures 102 to 105).
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13.4.1.2.2 Yield : At lower S/p values, the measured
values presented a reasonable agreement with those calculated from
equation (13.1)asillustrated in Figures 106: and 107.. At higher
S/p values, the yield measured showed a much greater variation due

to the variable breakout between cutter paths.

13.4.1.2.3 Specific Energy : Specific energy gradually

increased at lower S/p ratios and tended to level out at higher

values of spacing-penetration ratio (Figures 106 and 107).

13.4.2 Skew Cut Experiments

The results are plotted for both types of disc cutter and

these are also presented in tabular form in Appendix 8B .

13.4.2.1 Forces

The forces showed a gradual increase at lower S/p ratios
and thend tended to 1level out at higher values of S/p. T,

(Figures-108, 109).

The magnitude of the forces measured for the disc with

60° edge angle was higher than those for the disc of 40° edge angle.

13.4.2.2 Yield

Yield values for the two discs increase gradually up to an

S/p of 7 and fall rapidly at a constant value, as shown in Figure 110,.
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There was no significant differences in yield values

for the two discs.

13.4.2.3 Specific Energy

In Figure 110 . it is shown that the specific energy

values for the discs tend to present a minimum value at S/p of 7.

The disc with 40° edge angle gave lower specific energy

values than the 60° edge angle disc under identical cutting conditioms.

13.5  Discussion

Since the discs were of similar dimensions, the only
difference was associated with the disc geometry being the disc

edge angle.

13.5.1 Groove Deepening mode of cutting

The forces increased at first, and then at higher S/p
values, tended to show a steady rise. The force vaiues presented
Qere the mean value of all the cuts, including the adjacent and
subsequent cut values. In this respect, there exists no significant
difference between mean and peak forces, either in magnitude or

trends.

Measured thrust force values for the disc with 60° edge
angle were approximately 301 higher than those of the 40° edge angle
disc, whilst the rolling force values ﬁere found to be about 20%

higher.



318

For the two discs, the force values obtained from each
successive pass of the cutters were not consistent at higher S/p

ratios.

The yield values which were averaged over the total cuts
at a particular S/p value tended to show a random character at

higher values of spacing.

The state of breakout and coarseness of the product which
are shown in Table 12 and Plate 28 for each disc respectively may

provide an insight into this trend.

In Table 12 it may be significant that the standard
deviations also rise with increasing yield values as the S/p ratios
increase; however, a wide range of randomised values for standard
deviations was expected due to non-uniform nature of rock salt. From
the table and the plate it can be clearly seen that non-consistent
breakouts exist between subsequent passes of the discs. It was
further observed that a groove exhibiting a poor breakout and low
yield, can produce complete breakout after the successive passes, due
to the removal of ridges formed by the previous pass. This was
found to be the situation when cutting with the disc of 40° edge angle
as shown in Plate 28, Among the debris obtained after the second
pass of this cutter, no fragment coarser than 50mm was obtained,
whereas after the third pass the total debris gave about 70X of
product being coarser than 50mm and this clearly accounts for the

non-consistent breakout between the successive passes.



TABLE 12

EDGE ANGLE = 60°

EDGE ANGLE = 40°

s/p (Q + s.d.) (Q + s.d4.)
5 1.023 + 0.054 0.989 + 0.112
7 1.528 + 0.270 1.895 + 0.189
9 2.020 + 0.776 1.979 + 0.572

11 1.763 + 0.495 2.527 + 1.746

Variation of Yield with S/p ratios for the two discs.
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1st. PASS

3rd. PASS

WITH 40’ EDGE ANGLE WITH 60" EDGE ANGLE
PENETRATION : 14mm. SPACING / PENETRATION : 11

Plate 28
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Accordingly, the initial passes of the disc cutter caused
the creation of high ridges between adjacent grooves at higher S/p
values and these ridges were remvoed after further passes of the
cutter. Hence a cyclic deepening of grooves was indicated.
Experimental results have shown that this process of cyclic deepening
requires more subsequent passes for the disc having a 40° edge angle
in order to produce a complete breakout. This phenomenon is illustrated

in Figure 111.

It is reported that in such a cyclic groove deepening mode
of cutting, the cutters will wear more quickly than a corresponding
tool cutting in an optimally relieved situation (53). This is because
of increased rubbing area between tool and rock and the increased
forces on the cutter. However, in some practical conditions the disc
cutters may not operate at the nominal spacing; for instance, when
cutting a very abrasive or an extremely strong rock, and a reduced
advance per revolution of the cutter head may be taken (54). Under
these circumstances, the effective S/p ratios would increase and, as
a consequence, the process of a cyclic deepening of the groove may

come into action.

The experimental results in this work have also indicated
that in such a groove deepening situation, a larger contact area
exists between the rock and the disc with 40° edge angle. This
implies that the disc cutters with acute edge angle may become more

susceptible to wear under the above mentioned conditions.



Disc with 40" edge angle Disc with 60 edge angle

N\
Section of breakout after first pass W Section of breagkout after second pass &\
Stisiy

Section of breakout after third pass ~.:.w

Fig.111  Illustration of complete breakouts between adjacent grooves
for two different discs.

(A4S
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13.5.2 Cutting with Skewed Disc

These experiments were conducted on the flat surface of
the rock specimen and results have shown that the disc with a 40°

edge angle is more efficient than that with a 60° edge angle.

Previous work carried out at the University of Newcastle
upon Tyne has shown that cutting with a skewed disc is inefficient
and rolling forces were higher than that with non-skewed cutter
(47). The skewed cutting conditions may occur at the face cutters
which are located at a radius on the cutterhead of about one disc
cutter diameter. In order to minimise the adverse effect of skew
cut condition, the cutter, it is suggested, to be slightly skewed

when mounted on the cutter head (47).

Since a wide range of laboratory findings are available,

these experiments were not continued in this part of the work.

13.6 Conclusions

On the basis of the experimental results presented in

this chapter, the following conclusions have been drawn:

(1) In groove deepening cutting mode:
(a) Complete breakout between adjacent grooves
occurred intermittently at higher values of S/p
- ratios (approximately after an S/p ratio of 7)

without regard to the disc edge angle.
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(b) For complete breakout the 40° disc
required more successive passes of the disc

cutter than the 60° disc.

(c) Intermittency in complete breakouts
indicated the formation of high ridges between

adjacent grooves with the disc of 40° edge angle.

(2) In skew cut, optimum cutting conditions tended to
occur at a spacing-penetration of 7 and the disc with
40° edge angle exhibited lower forces and specific

energy values.
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14. CONCLUSIONS AND RECOMMENDATIONS

In this chapter a summary of the main findings from this
work is given together with a presentation of their practical

significance for cutting head design of rock excavation systems.

14.1 Use of saltcrete as a medium for rock cutting experiments

Both cutting experiments and material property tests have
shown that saltcrete did not perfectly present the same material
properties and cutting characteristics as those of the natural rock
salt, due mainly to the presence of cement which bonds the rock
salt aggregates together. However, the discrepancies between saltcrete
and rock salt are not highly significant since results obtained from

both materials are reasonably similar.

Saltcrete may, therefore, be used for large scale cutting
trials of evaporite rocks where the rock supply is costly, providing

that the saltcrete is adequately cured.

14.2 Effect of lateral tool spacing and tool type

The experiments were carried out in such a way that the
practical cutting action of a tool was simulated. The variables

considered were tool spacing, number of tools per line and tool type.
The findings for this section are as follows:

(1) Simulation of a cutting pattern at various tool

spacings on a simple shearer drum has revealed that,
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with increasing line spacings, specific energy
decreases and tool forces show a continual increase.
After a certain spacing where the adjacent grooves
no longef interact with each other a constant level
is likely to be reached. This was evident when
cutting with the two tools per line mode of cutting
when the constant level was reached with no breakout
interaction between grooves. Specific energy values
tend to decrease steadily approximately after a
spacing equal to d tan (8/2) (where 6 is unrelieved
breakout angle when cutting on a flat rock surface).
Machine stability may be improved if the line spacing

does not exceed this value.

(2) To employ a cutting pattern with two tools per
line in which the tools successively deepen a groove
was found to be an inefficient tool arrangement. The
cutting pattern with one tool per line at which a tool
cuts midway between the adjacent tools of previous
sequences (relief cut) was shown to be the best method

for a tool lacing pattern.

It should be noted also that a 'relief cutting' mode may
not be seen on a three-start cutting head with one tool
per line, although this phenomenon was not substantiated

with any cutting experimental data.
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(3) Higher tool forces were generated when cutting
with point attack tools, compared with radial tools.
The decreasing specific energy trend with spacing was
similar for both tool types, within the measured
spacing values investigated in the relief cutting mode.
The relationship for force component against spacing
was of an exponential form for the point attack tools

and of linear form for the radial tools.

It should be borne in mind that these relationships were
found only within the measured spacing levels and they

were not investigated up to a spacing value where the
interaction between the adjacent grooves had ceased in

the relief cutting mode. This was evident in the groove
deepening cutting mode, where the force-spacing relationship

is no longer in a linear form when cutting with radial tools.

Effect of tilt angle when operating a traversing mode

The findings for this section are as follows:

(1) If the line spacing is kept constant on a given

cutting head:

(a) tool forces and tool duties become different

with tilt angle; and

(b) effective tool spacing, depth of cut and tool

cutting positions continuously vary with tilt angle.
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(2) 1Increasing the tilt angle of the corner cutting
tool significantly decreases the tool forces and the
corner cutting tool behaves as a gauge tool after the
value wherevthe tilt angle is approximately equal to
the breakout angle of the rock when cutting on a flat
rock surface (6). Furthermore, the possibility of dust

make increases with increased tilt angles of gauge tools.

(3) Tool forces were found to be linearly related to
the cross-sectional area cut by a pick. This may
suggest that tool duties are compatible with the cross-
sectional areas rather than evenly equal line spacing

at a given operational parameter.

(4) By analogy from the corner cutting experiments,
the tool axis should be perpencicular to the cutting

head surface rather than parallel to the direction of

advance.

14.4 Effect of cutting head geometry when operating in

traversing mode

In this section, the only variables were the tilt angle of
gauge and corner cutting tools. Thus operational parameters and tool

lacing pattern were constant for all the cutting heads investigated.
The findings for this section are as follows:

(1) On a spherical head each tool cut a different

cross-sectional area, while on a conical head the same

/
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cross-section is cut by all tools, provided the tilt
angle of the corner cutting tool is greater than or equal

to 0.

(2) On a conical cutting head, by increasing the cone
angle tool forces decrease and specific energy increases.
Furthermore, travelling distance taken by the tools
located at the machine side becomes highgr and the cross-
sectional areas for all tools diminish with increasing
cone angle and thus problems of dust make and tool wear

are likely to arise.

(3) As a compromise, using a combined cutting head with
a moderate cone angle and a corner cutting tool with a
tilt angle slightly greater than 6, may provide an

efficient excavation.

14.5 Effects of the total number of tools when cutting in

traversing mode

The only variable was the total number of cutting tools and

all other parameters were kept constant.
The findings for this section are as follows:

(1) Variation in the total number of picks on a head
results in changes to effective depths, effective

spacing and the tools' cutting positioms.



330

. (2) 1Increasing the number of tools slightly:reduced the
forces on the corner cutting tools while it had
no pronounced influence on the gauge tools within

the measured levels.

14.6 Influence of cutting sequence starting point

The cutting heads were investigated in traversing mode of
operation and all the operational and design parameters were kept
constant. It was found that cutting towards the nose side of the
head is more beneficial than cutting away from it. However, it seems
that to cut in either mode does not change the duty of gauge tools

with zero tilt angle.

14.7 Effect of arcing mode of operation

The findings for this section are based on the theoretical

investigations though they are valid, their practical significance
will be very small:

(1) Length of cutting boom affects the level of
tool . forces in such a way -that for a given cutting
head the forces tend to decrease with increasing boom
length. However, with a longer, unsupported boom,

stability of a cutting machine is likely to be reduced.

(2) Corner cutting tools and the gauge tools on a
cutting head operating in an arcing mode have more
difficult cutting duties than when operating in the
traversing mode when all other parameters are kept

constant.
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14.8 Influence of disc edge angle on the performance of

disc cutters

In this section the performance of two disc cutters was
studied in accordance with their actual cutting conditions and the

only important variable was the disc edge angle.
The findings for this section are:

(1) A cyclic deepening of the adjacent grooves was
found to exist when the successive passes of the disc

cutter takes place.
~

(2) 1In order to provide complete breakout between
the adjacent grooves, the disc with a 40° edge angle
required more successive passes than the one with a

60° edge angle.

14.9 Recommendations

The results detailed in this work were obtained only from
laboratory trials; however, the findings may be related to the design

and operational aspects of rock excavation machines.

The trend in the development of current roadheaders is to
produce more robust and heavier machines in order to excavate the
higher strength rock materials. Along with increased power and weight,
the design of cutting heads should also be taken into account so that
the available power on the cutting head is efficiently utilised. A
proper cutting head desién is mainly compatible with an equal
distribution of cutting duties on each pick, e.g. compromise between

the level of individual pick forces, fluctuations in torque and
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axle forces, and tool wear. Equal force distributions on each

cutting tool can reduce the force fluctuations but it is unlikely

to completely eliminate them as the major factor influencing the torque
fluctuations is the lacing pattern.The relative influence of these
fluctuations on the performance of roadheader cutting heads should

be investigated through the wuse of an instrumented machine. The
equations which were developed in this work for the defimition of
cross-sectional areas may prove to be useful in the prediction of

relative tool forces on a roadheader cutting head.

The total number of tools on a roadheader cutting head is
considered to be an imporéant parameter which has been shown to
have an influence on the performance of cormer cutting tools.
Although no significant effect was observed on the gauge tools, it
may be of interest to invesigate this aspect in more detail
since the number of variables considered in this work was small.
Simplified laboratory trials which involve a large number of variables

and less costly and laborious experiments may be undertaken for this

investigation.

Further research on the instrumented roadheader cutting rig
in the University of Newcastle upon Tyne should also be undertaken
with a view to validating the conclusions from the simulated linear
cutting experiments and to investigate other relevant practical

aspects of cutting head design.
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Recent developments in rock cutting technology indicate
that in the near future roadheaders may incorporate high pressure
water jets, which has been proved to be an effective excavation
method. Along with some field trials, there has been a number of
1abor§tory research programmes on several aspects of the hybrid-
cutting method. It is recommended that these experiments be carried

out on a pre-cut rock surface as was used during this programme of

work.

Furthermore, during the disc cutting experiments, the number
of variables was limited and simulation experiments were carried out
only in groove deepending mode of cutting. Simulation trials with
disc cutters in relief cutting mode may also provide an insight

into cutting head design of tunnel boring machines.

It is hoped that this work has contributed to.the science

of rock cutting technology.



REFERENCES




10.

11.

12.

334

REFERENCES

Mellor, M. 'Mechanics of Cutting and Boring, Part IV:
Dynamics and Energetics of Parallel Motion
Tools",
CRREL Report 77-7.

Muirhead, I.R. and Glossop, L.G. '"Hard Rock Tunnelling Machines",
Trans. Inst. of Min. and Metall., Vol.77,
Section A, 1968, pp. Al - A48.

Barker, J.S., Pomeroy, C.D. and Whittaker, D. '"The M.R.E.
Large-pick Shearer Drum",
The Mining Engineer, Feb. 1966.

Brooker, C.M. "Theoretical and Practical Aspects of Cutting
and Loading by Shearer Druma",
Colliery Guardian Coal International,
Jan. and April 1979.

Weber, H. '"New Roadheading Equipment Spawns New Development
Methods",
World Coal, Oct. 1983, pp.42-5.

Chadwick, J.R. '"Continuous Miner and Roadheader Use Grows'",
World Coal, Oct. 1983, pp. 31-40.

Merchant, M.E. "Basic Mechanics of the Metal Cutting Process',
J. Applied Mechs, 11, 1945, p.Al68.

Nishimatsu, Y. ''The Mechanics of Rock Cutting",
Int. J. Rock Mech & Min.Sci., 9, 1972, pp.261-70.

Nishimatsu, Y. '"On the Effect of Tool Velocity in the
Rock Cutting",
Int. Conf. on Mining and Machinery, July 1979,
Brisbane.

Evans, 1. "A Theory of the Basic Mechanics of Coal Ploughing',
Int. Symp. of Mining Research, Vol.2,
Permagon, 1962, p. 76l.

Evans, 1. "Energy Requirements for Impact Breakage",
Conf. on Fluid Power Equipment in Mining,
Quarrying and Tunnelling, Feb. 1974, pp. 1-8.

Roxborough, F.F. "Cutting Rock with Picks",
The Mining Engineer, June 1973, pp.445-55




13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

335

Phillips, H.R. '"Rock Cutting Mechanics Related to the
Design of Primary Excavation Systems",
Ph.D. Thesis, Univ. of Newcastle upon Tyne,
Oct. 1975.

Bilgin, N. "Investigations into the Mechanical Cutting
Characteristics of Some Medium and High Strength
Rocks",
Ph.D. Thesis, Univ. of Newcastle upon Tyne,
June, 1977.

Hurt, K.G. and Evans, 1. 'Suggested Explanation for the
Angle of Lateral Breakout with Pencil-Point Picks",
NCB, MRDE Laboratory Note, Sept. 1979.

Fowell, R.J. and Tecen, O. '"Studies in Water Jet Assisted
: Drag Tool Rock Excavation',
Fifth Rock Mech. Congr. Int. Rock Mech.
S. Melbourne, April 1983.

Evans, I. and Pomeroy, C.D. '"The Strength, Fracture and
Workability of Coal",
.Pergamon, London, 1973.

Barker, J.S. "A laboratory investigation of Rock Cutting
using Large Picks",
Int. J. Rock Mech & Min.Sci.,Vol.l, pp.519-34, 1964.

Pomeroy, C.D. and Brown, J.H. "Laboratory Investigations of
Cutting Processes Applied to Coal-Winning Machines",
Journal of Strain Analysis, Vol.3, No.3., 1968.

Allington, A.V. '"The Machining of Rock Materials",
Ph.D. Thesis, Univ. of Newcastle upon Tyne, Sept. 1969.

Fowell, R.J. '"Studies on the Application of Percussively
Activated Tools to Relief Slotting in Some
South African Quartzites",
Ph.D. Thesis, Univ. of Newcastle upon Tyne, 1973.

Roxborough, F.F. and Rispin, A. "A Laboratory Investigation into
the Application of Picks for Mechanised Tunnel
Boring in Lower Chalk",

The Mining Engineer, Vol.133, Oct. 1973,pp.1-13.

Roxborough, F.F. and Rispin, A. "The Mechanical Cutting
Characteristics of the Lower Chalk",
Tunnels and Tunnelling, Jan. 1973.

Roxborough, F.F. and Rispin, A. "The Mechanical Cutting Character-
istics of the Lower Chalk'",
Report to TRRL, May 1972, Dept. Mining Eng., Univ.
of Newcastle upon Tyne.

1



25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

336

McFeat-Smith, I. 'The Machineability of Coal Measures
Strata with particular reference to the
- Application of Ripping and Heading Machines",
Ph.D. Thesis, University of Newcastle upon
Tyne, 1975.

Dunn, P. "An Investigation into the Mechanical Cutting of
Hard Rock Materials in relation to the Design
of Effective Tunnelling Systems",

Ph.D. Thesis, University of Newcastle upon
Tyne, Feb. 1975.

Hewitt, K. '"Aspects of the Design and Application of Cutting
Systems for Rock Excavation',
Ph.D. Thesis, University of Newcastle upon
Tyne, 1976.

Pomeroy, C.D. and Robinson, D.J. "Laboratory Investigations
of some Rock and Coal Cutting Problems, including
Corner Cutting",
MRDE, Report No. 4.

Hurt, K.G. '"Roadheader Cutting Heads : A Study of the Layout
of Cutting Tools and a Rational Procedure for
Design",
MRDE, Report No. 90, 1980.

Hurt, K.G. and MacAndrew, K. '"Designing Roadheader Cutting Heads",
The Mining Engineer, Vol.l41, No.240,
pp. 167-70, 1981.

Hurt, K.G., Morris, C.J. and MacAndrew, K. "The Design and
Operation of Boom Tunnelling Machine Cutting Heads",
14th Canadian Rock Mechanics Conf., May 1982.

Holt, C.J., Morris, C.J. and Owen, R.J. 'Desk-top Computers
for Design Work", '
The Mining Engineer, April 1984, pp. 485-89.

Hignet, H.J. and O'Reilly, M.P. "Rock Cutting Tools - Their
Arrangement on Full Face Tunnel Boring Machines",
The Chartered Mechanical Engineer, March 1977.

Evans, I. '"Relative Efficiency of Picks and Discs for Cutting
Rocks",
Advance in Rock Mechanics, Reports of Current Research,
National Academy of Sciences, Washington,Vol.II,
Part B, pp. 1407-12, 1974.

Roxborough, F.F. and Phillips, H.R. "Rock Excavation by Disc
Cutter",
Int.-J. Rock Mech & Min. Sci., Vol.12, pp.36-36,1975.




36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Ozdemir, L.,

Takaoka, S.,

Takaoka, S.,

Morrel, R.J.,

Ross, N. and

Morrel, R.J.

Ozdemir, L.

Rad, P.F. and Schmidt, R.L.

Rad, P.F. and Olson, R.C.

Miller, R. and Wang, F. ''Mechanical Tunnel
Boring Prediction and Machine Design'',
Annual Report to National Science Foudnation,

‘Colorado School of Mines, Apr.73-07776-A03.

Hayamizu, H. and Misawa, S. '"Rock Cutting by
Disc Cutters",
Tunnel and Tunnelling, pp. 181-85,March, 1973.

Hayamizu, H., Misawa, S. and Kuriyagawa, M.
"Mechanical Fracture Characteristics of Rock
with a Cutter Bit and a Disc Cutter",
Advances in Rock Mechanics, National Academy
of Sciences, Washington, pp. 1723-79, 1974.

Bruce, W.E. and Larson, D.A. "Disc Cutter
Experiments in Sedimentary and Metamorfic
Rocks",

USBM, RI7410, p.32, 1970.

Hustrulid, W.A. '"Development of a Tunnel
Boreability Index",

Colorado School of Mines, Dept. of Mining,
p.-378, Feb. 1972.

and Larson, D.A. '"Disc Cutter Experiments in
Metamorfic and Igneous Rocks",
USBM, R17961, p.50, 1974.

337

“"A Laboratory and Field Investigation of Tunnel

Boreability",
Colorado School of Mines, Dept. of Mining,
p.201, May 1975.

Full Scale Cutting Device'",
USBM, IR7787, p.18, 1973.

Grooves in Rocks",
USBM, RI7881, p.21, 1974.

Rad, P.F. '"Muck Evaluates Machines",

Farmer, I1.W.

Fauvel, O.R.

Tunnels and Tunnelling, pp.30-3, Jan., 1975.

and Glossop, N.H. '"Mechanics of Disc Cutter
Penetration',
Tunnels and Tunnelling, July 1980.

"Implications of Laboratory Rock Cutting for

“"Interaction between Disc-Cutter

"Development of an Experimental

the Design of a Tunnel Boring Machine Cutter Head",
Ph.D. Thesis, University of Newcastle upon Tyne,

July 1981.



48,

49.

50.

51.

52.

53.

54.

55.

56.

Potts, E.L.J.

Potts, E.L.J.

Potts, E.L.J.

Potts, E.L.J.

Kutter, H.K.

Howarth, D.F.

Snowdon, R.A.

Snowdon, R.A.

338

,» Ryall, J.T., Fauvel, O.R. and Hanke, P.
"Third Progress Report to CIRIA Working Party
on Selection and Application of Rotary Rock
Cutting Tools Project RP260",

Univ. of Newcastle upon Tyne, Jan. 1978.

, Fauvel, O.R., Fowell, R.J., Hanke, P.and
Ryall, J.T. "Effect of Disc Tip Radius on Rock
Cutting Performance in Sandstone",

Special Report to the CIRIA Working Party

on Selection and Application of Rotary Rock
Cutting Tools",

Univ. of Newcastle upon Tyne, June 1978.

, Fauvel, O.R., Fowell, R.J., Hanke, P. and
Ryall, J.T. '"Fourth Progress Report to CIRIA
Working Party on Selection and Application of
Rotary Rock Cutting Tools Projecg RP260",
Univ. of Newcastle upon Tyne, July 1978.

, Fauvel, O.R., Fowell, R.J., Hanke P. and
J.T. Ryall. "Seventh Progress Report to CIRIA
Working Party on Selection and Application of
Rotary Rock Cutting Tools Project RP260",
Univ. of Newcastle upon Tyne, Nov. 1978.

and Sanio, H.P. ‘“Comparative Study of Performance
of new and .worn Disc Cutters on a Full-Face
Tunnelling Machine",

Proc. Int. Symp. on Tunnelling '82, Brighton,

pp. 127-33, IMM, London 1982.

and Roxborough, F.F. ''Some Fundamental Aspects

of the use of Disc Cutters in Hard-rock Excavation",
Journal of So. African Inst. of Mining & Metallurgy,
Nov. 1982.

and Ryley, M.D. "Single and Multiple Pass Disc
Cutting in Shap Granite",
Tunnels and Tunnelling, Nov. 1983,

Ryley, M.D. and Temporal, J. "A Study of Disc
Cutting in Selected British Rock",

Int. J. Rock Mech., Min.Sci. and Geomech.Abstr.
Vol.19, pp.107-21, 1982.

"Seminar on Water Jet Assisted Roadheaders for Rock
Excavation",
Pittsburgh, PA, May 1982.



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

339

Menzel, W. and Frenyo, P. '"Selective Cut Roadheading
Machines with Longitudinal and Transverse
Cutting Heads",
Gluckauf + Translation, 117 (1981), Nr. 5.

Kleinert, H.W. ''New Test-bed results for Cutting Heads
on Selective-cut Heading Machines",
Gluckauf + Translation, 118 (1982) Nr.9.

Kogelmann, W.J. 'Application of Boom-Type Excavators",
Rapid Excavation and Tunnelling Conference,
San Francisco, California, June 1974.

Kogelmann, W.J. '"Increased Productivity through Boom-Type
Continuous Miners',
S.A. Mining World, August 1982.

Fife, W.E. '"Mining Hard Rock Ores with a Fixed Drum
Continuous Miner",
Rapid Excavation and Tunnelling Conf., San
Francisco, California, June 1984.

McFeat-Smith, I. and Fowell, R.J. '"The Selection and Application

of Roadheaders for Rock Tunnelling",
Rapid Excavation and Tunnelling Conf., Atlanta,
Georgia, 1979.

Evans, I. "Line Spacing of Picks for Effective Cutting",
Int. J. Rock Mech & Min. Sci., V.9, pp.355-61,
1972.

Evans, 1. "Optimum Line Spacing for Cutting Picks",
The Mining Engineer, Jan. 1982.

Mellor, M. '"Mechanics of Cutting and Boring, Part I : Kinematics
of Transverse Rotation Machines',
CRREL, Special Report 226, May 1975.

Hurt, K.G. '"Laboratory Studies of Rock Cutting : A Comparison

of the Performance in Sandstone of Various Rock and

Coal Cutting Tools, Part 2 : Relieved Cutting",:
MRDE Report No. 91, Sept. 1980.

Hurt, K.G. and Evans, I. '"Point Attack Tools : an Evaluation
of Function and Use for Rock Cutting",
The Mining Engineer, March 1981.

Ranman, K.E. '"Pick Forces on Roadheaders",

Div. of Mining and Rock Excavation, Technical Report,

1983 : 54T, Lulea University, Sweden.



340

69. Roxborough, F.F. and Pedroncelli, E.J. "A Practical Evaluation
of Some Coal Cutting Theories using a Continuous
Miner", ’

North of England Inst. of Min. and Me;h.Engineers,
Meeting at Neville Hall, Newcastle upon Tyne,
Feb. 1982.

70. Hurt, K.G. and Laidlaw, D.D. '"Laboratory Comparison of Three
Rock Cutting Tools",
Tunnels and Tunnelling, May 1979.

71. Hurt, K.G. and Jones, J.P. "Effect of Presentation Angles on
the Performance of a Point Attack Tool",
MRDE, Report No.86.

72. Mellor, M. 'Mechanics of Cutting and Boring, Part VI :
Dynamics and Energetics of Transverse Rotation
Machines",
CRREL Report 77-19, August 1977.

73. Mellor, M. '"Mechanics of Cutting and Boring, Part II : Kinematics
of Axial Rotation Machines",
CRREL Report 76-16, June 1976.

74. Rispin, A. "An Investigation into the Application of Linear
Cutting Tools to Machining of Strong and Abrasive
Rock Materials",
Ph.D. Thesis, Univ. of Newcastle upon Tyne,
Oct. 1970.

75. Dalziel, J.A., Jordan, D.W. and Whittaker, D. " Force Dynamometers
for Coal and Rock Cutting Research",
J. Strain Analysis, Vol.3., No.2, 1968.

76. 0'Dogherty, M.J. and Whittaker, D. "An Examination of the
Characteristics of a Solid Plate Dynamometer Designed
for Triaxial Force Measurements",

NCB, MRDE Technical Memorandum No.197, 1965.

77. O'Reilly, M.P., Roxborough, F.F. and Hignett, H.J. "Programme
of Laboratory, Pilot and Full-Scale Experiments
in Tunnel Boring",

Tunnelling '76, Inst. Min. and Met. 1976.

78. . "suggested Methods for Determining the Uniaxial Compressive
Strength and Deformability of Rock Materials",
Int.J. Rock Mech. Min.Sci & Geomech. Abstr.1979,
pp. 137-40, Pergamon Press.

79. Hawkes, I. and Mellor, M. "Uniaxial Testing in Rock Mechanics
Laboratories",

Eng. Ceology, 4, 1970, pp.177-285.



80.

81.

82.

83.

85.

86.

87.

88.

89.

90.

91.

341

Jaeger, J.C. and Cook, N.G.W. 'Fundamentals of Rock
Mechanics",
Chapman and Hall, London, 1971.

CNS Instruments Ltd. "Pundit Manual"
London.

Suwannapinij, S. 'The Mechanical and Cutting Properties
of Rocks Related to the Applications of
Tunnel Boring Machines",
Ph.D. Thesis, Univ. of Newcastle upon Tyne,
Sept. 1975.

McFeat-Smith, I. '"Rock Property Testing for the Assessment
of Tunnelling Machine Performance",
Tunnels and Tunnelling, March 1977, p.29.

Gaye, F. 'Method of Assessing Rock Cuttability",
NCB/CEE Report No. 65(1) Dec. 1964.

NCB "NCB Cone Indenter"
NCB, MRDE Handbook No.5, 1977.

Speight, H. '"Studies in Boom-Type Tunnelling Machine Performance
using a Full Scale Laboratory Research Rig",
Ph.D. Thesis, Univ. of Newcastle upon Tyne,
July 1983.

Forster, J. "Stability Investigations applied to the Mining
of Evaporites",
Ph.D. Thesis, Univ. of Newcastle upon Tyne,
June 1967.

Phillips, H.R. '"The Mechanical Cutting Characteristics and
Properties of Selected Rock Formations',
Report to TRRL, Dept. of Mining Engineering,
Univ. of Newcastle upon Tyne, Dec. 1975.

King, P., Roxborough, F.F., Pedroncelli, E.J. and Boardman, P.A.
"Investigations into Coal Cutting using a Continuous
Miner",
Research Report 23/79, Chambe of Mines of S.A.,
Research Organisation, June 1979,

Altinoluk, S. '"Investigations into the effects of Tungsten
Carbide Composition and Géometry on the Durability
of Rock Excavation Tools",

Ph.D. Thesis, Univ. of Newcastle upon Tyne,
April 1981.

Kenny, P. and Johnson, S.N. "The Effect of Wear on the
Performance of Mineral-Cutting Tools",
Colliery Guardian, June 1976, p.246.

/



92.

93.

94,

95.

96.

97.

98.

342

Gaye, F. "Efficient Excavation with Particular Reference
to Cutting Head Design of Hard Rock Tunnelling
Machines",
Tunnels and Tunnelling, March 1972.

Walker, S.C.A. '"The Design and Development of Dosco MKIIA,
IIB and III Roadheaders',
Mining Technology, July 1983.

British Standard Institution "Methods of Sampling and Testing
of Mineral Aggregates, Sands and Fillers",
British Standard 812, 1960. '

Szeki, A. Private Communications.

Fowell, R.J. and Hekimoglu, 0.2Z. "First Progress Report to
Robert L. Priestley Ltd. and ICI (Mond Divison)
on Disc Cutting of Winsford Rock Salt",

Univ. of Newcastle upon Tyne, Nov. 1981.

Mirza, U.A. "Investigation into the Design Criteria for
Underground Openings in Rocks which Exhibit
Rheological Behaviour",
Ph.D. Thesis, Univ. of Newcastle upon Tyne,
Feb. 1978.

Fowell, R. J. and Hekimoglu, 0.Z. "Second Progress Report
to Robert L. Priestley Ltd. and ICI (Mond Division)
on Disc Csutting of Winsford Rock Salt",
Univ. of Newcastle upon Tyne, May 1983.



APPENDICES




LIST OF APPENDICES

Appendix 1

Disc Cutter specification.

Appendix 2

Mechanical and physical properties of Springwell Sandstone.

Aggendix 3

Relieved cutting results for rock salt and saltcrete
experiments with point attack tools on flat rock surface.

Appendix 4Al

Cutting Results : Cutting on the flat rock surface with

radial tools.

Appendix 4A2

Cutting Results : Relief cuts (SL = S§/2 condition) with

radial tools.

Appendix 4A3

Cutting Results : Groove deepening (SL = § condition)
witlr radial tools.

Appendix 4A4

Cutting Results : Cutting on the flat rock surface with
point attack tools.

Appendix 4A5

Cutting_;esults : Relief cuts-(SL = S/2 condition) with
point attack tools.

Appendix 4Bl

Least squares curve fitting analysis : initial experiment

with radial tools, simulated, SL = 5/2.



Appendix

4B2

Least squares curve fitting analysis : groove deepening

cuts with radial tools.

Appendix 4B3J
lLeast squares curve fitting analysis : initial experiments
with point attack tools, simulated, SL = 5/2.

Appendix 5Al
Cutting results for gauge tools ; simulation of roadheader
cutting heads with 8 and 16 tools, cutting from machine
side.

Appendix 5A2
Cutting results for cormer cutting tools : simulation of
roadheader cutting heads with 8 and 16 tools, cutting from
machine side.

Appendix 5A3 )
Cutting-results for gauge tools : simulation of roadheader
cutting head with 24 and 32 tools, cutting from machine side.

Appendix 5A4
Cutting results for cornmer cﬁtting tools : simulation of
roadheader cutting heads with 8, 16, 24, 32 tools, cutting
from machine side.

Appendix 5Bl
Least squares curve fitting analysis : simulation of cutting
heads with spherical geometry; total number of picks 16.

Appendix 5B2

’

Least squares curve fitting analysis : cormer cutting tools
cutting from macine side. Simulation of roadheader cutting

heads with 8, 16, 24 and 32 tools.



Appendix

5A5

Appendix

Cutting results for gauge tools

: simulation of roadheader

cutting heads with 16 tools. Comparison of cutting from

nose and machine side.

5A6

Appendix

Cutting results for corner cutting tools : simulation of

roadheader cutting heads with 16 tools. Comparison of

cutting from nose and machine side.

6Al

Appendix

Details of spherical heads.

6A2

Appendix

Details of conical heads.

6A3

Appendix

Details of combined heads.

6B1

Appendix

Fluctuations in torque and slewing force : spherical heads.

6B2

Appendix

Fluctuations in torque and slewing force : conical heads.

6B3

Fluctuations in torque and slewing force : combined heads.

7Al

Appendix

Appendix

Results for disc cutting experiments : groove deepening

cuts

7A2

: penetration 10.0mm.

Results for disc cutting experiments : groove deepening

cuts

: penetration 14.0mm.



Appendix 7Bl

Results for disc cutting experiments : skew cuts :
penetration = 10.0mm.

Appendix 8A
The computer program for the calculation of cutting

head parameters.



The material used is\F.M. Parkin (Sheffield) Ltd.

type FMP 338 tool steel. The discs were fabricated and then

heat treated prior to finish grinding of the bore dimension.

The heat treatment was as follows:

a)
b)
c)

d)

Preheat to 350°C
Heat for 15 minutes in salt bath at 960°C
Quench in oil

Temper 1 hr at 200°¢

The hardness measurements indicated a hardness of

. Rockwell C59 - 62.

APPENDIX 1

Disc Cutter Specification (47)




Location : Springwell, Gateshead, Tyne & Wear.

Mineralogy

Sphericity : Poor to moderate
Rounding : Poor

Mineralogical content (500 number of points counted)

x
Quartz 63
Rock fragments 17
Ferromagnesian 3
Feldspar : 1
Iron Oxide 2
Matrix 14
Uniaxial Compressive Strength . 43.21 + 1.51 MpPa
Indirect Tensile Strength : 2.99 + 0.22 MPa
Triaxial Strength
Confining Pressure Failure Stress
MPa (MPa)
0.00 43.21
3.45 63.62
6.20 81.05
10.34 95.44
13.79 113.23
17.24 127.25
20.69 132.55
24.14 144 .67
27.58 157.17
APPENDIX 2 : PHYSICALV AND MECHANICAL PROPERTIES OF

SPRINGWELL SANDSTONE (90)
/



Dynamic Elastic Moduli : 1.79 x 10 My/m?

Bulk Density : 2.21 gm/cc

Shore Hardness : 36.70 +6.29

Schmidt Hammer Rebound
Number : 52.03 + 1.07

Cone Indenter Hardness : 1.98 + 0.41

Appendix 2(contd)



3.1

Parameters Measured
Spacing Material
to Depth Type , -1
Ratio MCF MPCF MNF MPNF QX%O S.E. 3
(s/d) (kN) (kN) (kN) (kN) m>/km (MJ/m™)
+s.d. +s.d. +s.d. +s.d. +s.d. +s8.d.
3 R* 0.86+0.36 | 1.47+0.25 0.7840.35 1.10+0.37 0.548+0.050 15.69
S% 0.79%0.06 | 1.25%¥0.05 | 1.17+0.06 | 1.54%¥0.02 | 0.474%0.042 | 16.67
4 R 1.07+0.07 1.60+0.14 1.2440.11 1.544+0.1 0.97740.052 10.95+2.51
S 1.15+0.14 1.80+0.15 1.51+0.23 1.87+0.22 0.826+0.042 14.30+1.18
5 R 1.58+0.32 2.49+0.29 1.6840.51 2.12+0.40 0.995+0.027 15.87+2.04
S 1.44+0.34 2.31+40.39 1.63+0.52 2.10+0.49 0.995+0.127 14.47+1.12
6' R 1.78+0.28 2.69+40.31 1.7440.40 2.38+40.39 1.79+0.12 21.78+3.11
S 1.55+0.10 2.35+40.09 1.57+0.20 2.00+0.14 1.97+40.14 16.76+2.45
7 R 2.05+40.16 3.01+40.27 2.48+40.19 2.95+0.17 0.804+40.082 25.50+2.15
S 1.84+0.18 2.5140.21 1.94+0.41 2.48+0.21 0.845+0.066 21.77+2.07
R* = Rock salt, S* = Saltcrete
APPENDIX 3 Relieved cutting results for rock salt and saltcrete,

Experiments with point attack tools on flat rock surface




Parameters Measured

Spacing Material
;ztgzpth Type MCF MPCF MNF MPNF Qx10~! S.E.,
(s/d) (kN) (kN) (kN) (kN) m3/km (MI/m”)
+s.d. +s.d. +s8.d. +s.d. +s.d. +s.d.
g . R 1.84+40.14 | 2.80+0.19 | 1.69+0.19 | 2.2240.19 | 0.817+0.119 | 22.52+3.10
S 1.68+%0.23 | 2.52%0.22 | 1.99%0.23 | 2.45%0.32 | 0.667+0.108 | 25.19+1.03
9 R 2.01+0.18 | 3.04+0.29 | 2.01+0.32 | 2.54+0.31 | 0.598+0.087 | 34.12+3.12
S 1.71%0.20 | 2.61%0.31 | 1.53%¥0.30 | 2.01%0.41 | 0.742%0.084 | 23.04%4.01
Unrelieved R 1.91+0.39 | 3.01+0.24 | 1.83+0.55 | 2.30+0.52 | 0.680+0.041 | 27.94+5.61
nrelieve s 1.75+0.03 | 2.76+0.08 | 1.61%0.15 | 1.98%0.16 | 0.667+0.023 | 26.24%0.93

(Appendix 3 continued)




Parameters SPACING/PENETRATION (s/d) RATIO
Measured
+ 8.d. 2 4 6 10
MCF (kN) 0.57 + 0.04 0.77 + 0.04 0.82 + 0.01 0.87 + 0.03 0.83 + 0.02
MPCF (kN) 2.11 + 0.16 2.79 + 0.05 2.78 + 0.05 3.00 + 0.08 2.80 + 0.05
MNF (kN) 0.46 + 0.04 0.64 + 0.02 0.65 + 0.01 0.74 + 0.02 0.67 + 0.01
MPNF (kN) 1.21 + 0.06 1.46 + 0.02 1.50 + 0.02 1.68 0.07 1.60 + 0.02
Q(mB/km)xIO- 0.62 + 0.06 0.80 + 0.01 0.80 + 0.05 0.77 + 0.05 0.83 + 0.04
S.E.(MJ/m’) 9.27 + 0.66 9.54 + 0.58 10.21 + 0.76 11.20 + 1.28 11.06 + 0.45
APPENDIX : 4Al Cutting Results
Cutting on the flat rock surface with radial tools




Parameters SPACING/DEPTH (s/d) RATIO
Measured
2 4 6 8 10
MCF (kN) 0.61 + 0.04 0.94 + 0.04 1.26 + 0.06 1.50 + 0.10 2.17 + 0.01
r{PQF (kN) 2.30 + 0.05 2.53 + 1.89 4.57 + 0.18 5.46 + 0.31 7.04 + 0.33
.| MNF (kN) 0.52 + 0.03 0.76 + 0.04 0.90 + 0.04 1.11 + 0.07 1.37 + 0.15
. MPNF (kN) 1.32 + 0.03 1.87 + 0.05 2.16 + 0.05 2.60 + 0.13 3.21 +1.97
Qu(m> /km)x10 " 0.69 + 0.05 1.48 + 0.04 2.16 + 0.14 2.46 + 0.23 3.74 + 0.32
Qe*(u’ /lm(x10 "} 0.72 1.44 2.16 2.88 3.6
S.E.(MJ/m>) 8.81 + 1.04 6.37 + 0.15 5.87 + 0.52 5.69 + 0.22 5.60 + 0.55

*Qm : Measured Yield,

APPENDIX : 4A2

Relief cuts (SL =

Qc = Calculated Yield

Cutting Results

S/2 condition) with Radial Tools




Parameters SPACING/PENETRATION (s/d) RATIO

Measured

 s:d. 2 4 6 8

MCF (kN) 0.67 + 0.04 1.27 + 0.07 2.06 + 0.10 7.4 +1.82

mi;r (kN) 2.54 + 0.12 4.26 + 0.09 5.92 + 0.13 11.8 + 1.22

MNF (kN) 0.57 + 0.03 0.94 + 0.03 1.31 + 0.03 3.25 + 1.08

MPNF (kN) 1.45 + 0.03 2.10 + 0.10 2.66 + 0.05 4.62 + 1.31

Qu(m>/km)x 10! 0.73 + 0.04 1.39 + 0.07 1.99 + 0.09 0.22 + 0.01

S.E. (MJ/m>) 9.15 + 0.97 9.14 + 0.45 10.36 + 0.80 74.2 + 2.62
APPENDIX : 4A3 Cutting Results

Groove Deepening Cuts (SL = § condition) with Radial Tools




Parameters

SPACING/DEPTH (s/d) RATIO

Measured 1
2 4 6 8 10
MCF (kN) 0.95 + 0.13 1.18 + 0.12 1.30 + 0.24 1.24 + 0.15 1.28 + 0.18
MP?F (kN) 3.05 + 0.20 4.16 + 0.19 4.32 +0.18 4.47 + 0.23 4.42 + 0.21
MNF (kN) 1.26 + 0.21 1.42 + 0.13 1.58 + 0.32 1.51 +0.21 1.84 + 0.28
MPNF (kN) 2.66 + 0.18 3.92 + 0.23 4.25 + 0.35 4.28 + 0.40 4.32 + 0.31
Qm(m3/km)x 107! 0.62 + 0.05 0.90 + 0.04 1.01 + 0.06 0.88 + 0.03 0.88 + 0.05
S.E.(MJ/m3) 17.17+ 2.79 13.11 + 1.07 12.94 + 3.16 14.17 + 1.91 14.51 + 2.41
APPENDIX : 4A4 Cutting Results

Cutting on the flat rock surface with Point Attack

Tools




Parameters SPACING/DEPTH (s/d) RATIO
Measured

2 ' 4 6 8 10
MCF (kN) 1.09 + 0.12 | 1.20 +0.22 1.65 + 0.09 2.01 +0.19 | 2.35 + 0.27
MPCF (kN) | 3.52 +0.24 4.35 + 0.32 5.61 + 0.45 7.12 + 0.68 7.75 + 0.11
MNF (kN)‘ 1.35 + 0.19 1.49 + 0.29 1.76 + 0.14 2.38 + 0.34 2.81 + 0.31
MPNF (KkN) 3.12 + 0.42 4.16 + 0.45 5.04 + 0.38 6.32 + 0.32 7.06 + 0.27
Qut(m>/km) x 10°F | 0.74 + 0.01 1.45 + 0.09 2.30 + 0.09 2.75 + 0.03 3.62 + 0.10
Qe*(m>/km)x 1071 | 0.72 1.44 2.16 . 2.88 3.60
S.E. (MI/m> ) 14.62 + 1.68 8.25 + 2.26 7.10 + 0.96 7.31 + 0.77 6.50 + 0.07

*Qm = Measured Values, *Qc = Calculated values

APPENDIX : 4AS Cutting Results

Relief cuts (SL = 5f2condition) with Point Attack Tools




Curve Type

Variable Parameter Value of Value of Index of
A B Determination

MCF Y = A+B*X 0.1920 0.1840 0.9645

: MPCF Y = A+B*X 0.6570 0.6205 0.9609

SPACING MNF Y = A4B¥*X 0.3170 0.1025 0.9914
TO

DEPTH MPNF Y = A*B*X 0.8790 0.2255 0.9874

O 0180
Qm Y = A+B*X -0.180 0.3540 0.9649
S.E. Y = X/(A+B*X) -0.1648 0.1967 0.9976

APPENDIX : 4Bl

Least Squares Curve Fitting Analysis

Initial Experiments with Radial Tools
Simulated, SL = §/2




Variable Parameter Curve Type Value of 'A' Value of 'B' Index of
Determination
MCF Y = A x exp(BxX) 0.27737 0.38467 0.95239
{

SPACING/ MPCF Y = A x exp(BxX) 1.52228 0.2476 0.98140

DEPTH

RATIO MNF Y = A x exp(BxX) 0.31592 0.26867 0.96411
MPNF Y = A x exp(BxX) 0.98834 0.18236 0.97718

APPENDIX : 4B2

Least Square Curve Fitting Analysis

Groove Deepening Cuts with Radial Tools




Variable Parameter Curve Type Value of Value of Index of
A B Determination

MCF Y = A*exp(B*X) 0.8596 0.1026 0.9779
MPCF Y = A*exp(B*X) 2.9194 0.1035 0.9791

SPACING

TO MNF Y = A*exp(B*X) 1.0539 0.0967 0.9715

DEPTH
MPNF Y = A*exp(B*X) 2.6654 0.1026 0.9803
Qm Y = A+B*X 0.0540 0.3530 0.9931
S.E. Y = X/(A+B*X) -0.2030 0.1706 0.9769

APPENDIX :

Least Squares Curve Fitting Analysis

Initial Experiments

Simulated, SL =8/2

with Point Attack Tools




Tilt Parameters Measured

Angle —

(Degree) | 1..a1 | McF | MPcF | MNF | MPNF Qg Qg S.E.,
Number | (kN) | (kN) | (kN) | (kN) (n”/km) | (m™/km){ (MI/m™)
of 45.d | +s8.d.] +s.d | +s8.d. | +s8.d. +s8.d.
Picks - -

16 2.29 6.23] 2.14] 5.48 2.159 2.153 10.61
40.49 | +0.57| +0.37[+0.24 |[+0.09 +3.09
4.63 B
8 - - - - - - -
16 2.05 6.66] 2.06| 5.50 2.218 2.132 9.70
+0.20 | +0.32] +0.251+40.18 -|+0.03 +1.92

9.25

8 6.95; 2.51] 6.27 - - -
16 2.11 6.19] 2.01] 5.14 2.182 2,096 9.67
+0.18 | +0.12} +0.15|+0.18 |+0.04 +2.01

13.88

8 - 6.92| 2.45| 6.21 - - -
16 2.17 6.60] 1.98]{ 5.60 1.761 2.048 12.40
+0.15] +0.18| +0.11}+0.27 |[+0.06 +2.18

18.51

8 2.22 6.99] 2.48] 6.23 - - -
+0.30 | +0.57| +0.34[+0.56 - - -

16 2.12 6.14] 1.84] 4.95 2.054 1.986 10.32
40.17| +0.22| +0.25/+0.31 |[+0.10 42.10

23.14

8 2.12 6.67] 2.53] 5.25 - - -
+0.26| +0.30{ +0.18]+0.28 - - -

16 2.15 6.22 1.93] 5.26 1.736 1.911 12.38
40.35| +0.29| +0.22| +0.42 | +0.04 +3.12

27.1

8 1.97 6.94] 2.40| 6.03 - - -
40.25( +0.17| +0.11|+0.15 - - -
APPENDIX : 5Al CUTTING RﬁSULTS FOR GAUGE TOOLS
Cutting

Simulation of Roadheader Cutting Heads with 16 and 8 tools :

from machine side.




Tilt Parameters Measured
Angle
(Degree) | 1,cq1 | McF MPCF | MNF MPNF | Qg Qg S.E.
Number | () | (o) | G | () [(eP/km) | @ /km) | (3/md)
of +s.d. | +s.d. | +s.d. } +s.d. |+s.d. + s8.d.
Picks -
16 1.99 | 6.11 | 1.95| 5.18 | 1.686 1.824 11.80
+0.11 | +0.19 | +0.27 | +0.32 [+0.080 +2.01
32.39 -
8 1.86 | 6.03 | 2.14 | 5.38 | 1.704 1.824 10.92
+0.10 | +0.18 | +0.21 | +0.25 |+0.050 +3.11
16 1,95 | 5.68 | 1.92 | 4.95 | 1.609 1.724 12.61
+0.17 | +0.18 | +0.15 | +0.17 |+0.077 +1.92
37.02 B
1.89 | 5.69 | 1.78| 5.03 | - - 1.724 -
8 +0.21 | +0.19 | +0.12 | +0.29 | - A
L6 1.83 | 5.14 | 1.72| 4.47 | 1.607 1.614 11.39
+0.13 | +0.18 | +0.11 | +0.19 [+0.068 - +2.02
41.65 -
o 1.69 | 5.66 | 1.97| 4.93 | - 1.614 -
+0.12 [ +0.29 [ +0.14 | s0.21 | - - -
16 1.56 | 4.78 | 1.59 | 3.80 | 1.482 1.493 10.53
+0.21 | +#0.26 | +0.15 | +0.22 [+0.017 - +1.87
46.28
1.51 | 5.15 | 1.15| 4.32 | - - -
8 +0.17 | +0.21 | +0,18 | +0.16 | - - ]
16 1.57 | 5.70 [ 1.65| 4.30 | 1.323 1.362 11.87
40.12 | +0.28 | +0.18 | +0.21 }{+0.021 +2.18
50.90
8 - - - - - - -
1.47 | 4.98 | 1.56 | 4.37 | 1.150 12.78
16 +0.12 | +0.21 | +0.11 [ +0.30 [+0.028 +2.18
55.53 - 1.222 -
1.5 | 5.48 | 1.71| 5.08 | 1.223 12.65
8 +0.20 | +0.40 | #0.23 | +0.36 [+0.172 +0.71

APPENDIX 5A1 (contd)




Tilt Parameters Measured
Angle
(Degree) } wova1 | McF | mpcr | mvF | venF oy Qg S.E.
Number | (k) | ) | ) | ) | 0skm) | @3em) | 003/ed)
of +s.d. +8.d. +s.d. +s8.d. +s.d. +s8.d.
Picks -
16 1.47 | 4.98 | 1.56 | 4.37 | 1.150 12.78
+0.12 +0.21 +0.11 | +0.30 | +0.028 +2.18
55.53 1.222 -
8 1.54 | s5.48 | 1.71| 5.08 | 1.223 12.56
+0.20 | +0.40 | +0.23 | 0.36 | o0.172 +0.71
6 1.36 | 4.86 | 1.54 | 4.06 [ 1.032 12.59
+0.14 | +0.19 | +0.14 | +0.17 | o0.038 +1.98
60.16 1.075 -
1.12 | 4.21 ] 1.27] 3.69 | 1.091 9.85
8 +0.12 | +0.15 | +0.14 | +0.20 | +0.91 +0.84
16 1.15 | 4.26 | 1.41 | 3.78 | 0.952 12.08
+0.22 | +0.45 | +0.18 | +0.31 | +0.077 +1.90
64.79 0.920 -
8 1.16 | 4.24 | 1.29 | 3.76 | 0.882 13.19
+0.03 | +0.47 | +0.13 | +0.28 | +0.064 +1.50
16 0.96 | 3.79 | 1.13 | 3.35 | 0.773 12.42
, +0.08 | +0.14 [ +0.09 | +0.05 | +0.071 +2.05
69.42 0.760
0.87 | 3.62 | 1.20 | 3.18 | 0.714 12.18
8 +0.17 | +0.18 | +0.15 | +0.22 | +0.059 +0.52
0.87 | 3.62 | 1.20 | 3.18 | 0.714 12.18
16 +0.17 | +0.18 | +0.15 | +0.22 | +0.059 +0.52
74 .05 B 0.593 -
0.71 | 2.81 | 0.97 | 2.92 | o.554 12.81
8 +0.09 | +0.32 { +0.17 | +0.42 | +0.027 1.29
0.77 | 2.87 | 0.98 | 2.62 | o0.462 16.67
16 +0.11 | +0.14 | +0.09 | +0.16 | +0.041 +1.18
78.68 - 0.424
g 0.65 | 2.52 | 0.89 | 2.35 | o.454 14.32
+0.12 | 40.09 | #0.14 | +0.11 | +0.36 +0.87

J

APPENDIX 5Al1 contd




Tilt Parameters Measured
Angle -
(Degree) MCF MPCF MNF MPNF Qm Qc S.E
T 1 e
votal | | Gy [ [ G | @) | @) | (/)
of +s.d. } +s.d. +s.d. +s.d. :s.d. +s8.d.
Picks
16 0.53 2.25 0.68 2.05 0.286 18.53
+0.09 | +0.12 +0.14 | +0.16 | +0.206 +3.17
83.31 0.252 -
8 0.48 1.99 0.61 1.86 0.275 17.45
+0.12 | +0.21 +0.08 | +0.13 | +0.198 +2.34
* 16 0.39 1.42 0.54 1.45 0.100 39.00
+0.09 | +0.10 | +0.10 | +0.13 | +0.082 +1.26
87.94 0.078 -
8 0.41 1.47 0.59 1.86 0.109 37.61
+0.06 +0.08 +0.08 | +0.09 | +0.027 +0.82

*These values were obtained from corner cutting trials which at
this tilt angle exhibited the same results.

APPENDIX 5Al contd.




Parameters Measured
Tilt
(pokle ) | Total | MCF MPCF | MNF MPNF 07 | s.E.,
Degree) | Number | (1N) (kN) (kN) (kN) (w”/km) | (MI/m”)
of +s.d. +s.d. +s.d. +s.d. +s.d. +s.d.
Picks
L6 6.25 | 8.70 | 4.22]| 817 1.614 26.33
+0.98 | +1.10 | +1.01 | +0.82 | +0.049 | -+3.89
23.14
8 - - - - - -
3.32 | 7.8 | 3.28| 7.12| 1.245 26.67
16 +0.41 | +0.23 | +0.52 | +0.64 | +0.009 +3.13
27.02
8 - - - - - -
2.210| 5.80| 2.9 s5.07| 1.086 20.35
16 +0.37 | +0.24 | +0.21| +0.30 | +0.018 +2.18
50.90
8 2.18 | 6.44 | 2.58| 5.68 | 0.782 26.98
+0.02 | +0.44 | +0.21 | +0.08 | +0.009 +1.02
1.82 | s5.41| 2.62| 4.96| 1.086 | 16.76
16 +0.28 | +0.32 | +0.27 | +0.19 | #0.012 +1.21
55.53
| 8 . . . . ] .
1.59 | 5.96 | 2.04| 4.48 | 0.986 16.16
16 +0.10 | +0.18 | -+0.20 | +0.23 | =+0.050 +1.81
60.16
1.31 | 4.73| 1.58| 4.26 | 1.000 18.27
8 +0.02 | +0.25 | +0.06 | +0.15 | +0.168 +2.67
1.21| 4.28| 1.62| 3.90 | o0.864 14.00
16 +0.01 | +0.52 | +0.18 | +0.32 [ +0.018 +0.25
67.79
8 - - - - - -
APPENDIX : 542
Cutting Results for Cornmer Cutting Tools;
Simultation of Roadheader Cutting Heads with 8 and 16 tools;

Cutting from Machine Side.




Tilt Parameters Measured
Angle
(Degree) | 4 1a1 MCF MPCF MNF MPNF Qux10”) | s.E.
Number | (kM) | (N) | () | (x®) | (md/km) | (ui/md)
of +s.d. +s.d. +s.d. +s8.d. +s8.d. +s.d.
Picks - - - -
16 0.97 3.76 1.19 3.22 0.761 13.3
+0.12 +0.23 +0.16 +0.26 +0.091 +1.51
69.42 B
8 0.92 3.42 1.04 2.93 0.814 11.29
+0.10 +0.15 +0.20 +0.23 +0.032 +0.84
16 0.67 2.51 0.82 2.24 0.454 14.76
+0.07 | +0.01 | +0.09 | +0.13 | +0.009 +0.42
78.68 -
8 0.75 2.85 0.83 2.59 0.473 15.86
40.02 | #0.02 | +0.10 | +0.03 | +0.023 +1.15
16 0.39 1.42 0.54 1.45 0.100 39.00
+0.09 | +0.10 | +0.20 | +0.13 | +0.082 +1.26
87.94 ' -
8 0.41 1.47 0.59 1.51 0.109 37.61
+0.06 | +0.08 | +0.09 | +0.09 | +0.027 +0.82

APPENDIX 5A2 Contd.




Parameters Measured

Tilt
Angle Total | MCF MPCF | MNF MPNF 10" qex107] s.E.
(Degree) k| 3
Number | (kN) (kN) (kN) (kN) (™ /km) | (m”/km)| (MI/m”)
of +s.d. | +8.d. | +s8.d. | +s8.d. | +s.d. +s.d.
Picks -
” 1.81 | 6.78| 2.10| 5.67 - -
40.26 | +0.14 | +0.19 | +0.21 - -
23.14 -
32 1.57 ] 6.17] 1.79 | 5.41 - -
+0.11 | +0.14 | +0.17 | +0.16 - -
2 ‘1.46 | 5.83| 1.59 | s5.14 - -
40.11 | +0.28 | +0.13 | +0.48 - -
27.77 : -
22 1.68 | 6.49 ]| 2.01 ] 5.92 - -
+0.05 | 40.10 | +0.04 | +0.17 - -
” 1.70 | s5.76 | 1.71 | s.04 | 1.818 9.35
40.06 | +0.73 | +0.58 | +1.02 | +0.008 +2.11
32.39 1.824 -
32 1.42 | 6.27] 1.56 | 5.47 | 1.848 7.68
+0.09 | +0.17 | +0.13 |+0.04 | +0.010 +2.42
24 1.52 | 6.03| 1.76 | 5.14 - -
40.12 | +0.54 | +0.20 | +0.25 - -
37.02 -
32 1.65 | 6.06 | 1.82 | 5.37 - -
40.05 | +0.10 | +0.17 | +0.22 - -
" 1.37 | 5.48| 1.46 | 4.75 - -
40.21 | +0.28 | +0.28 | +0.29 - -
41.65 -
2 1.27 ] s5.40| 1.46 | 4.83 - -
40.22 | 40.17 | +0.50 | +0.56 - -
4 1.30 | 5.20 | 1.48 | 4.45 - -
2 +0.19 | +0.61 | +0.26 | +0.78
46.28 -
22 1.14 | 4.78| 1.23 | 3.95 - -
40.19 | +0.76 | +0.20 | +0.59 - -
APPENDIX : 5A3

Cutting Results for Gauge Tools; Simulation of Roadheader
Cutting Heads with 24 and 32 tools; Cutting from Machine Side.




Tilt Parameters Measured
Angle
(Degree)
‘Total MCF MPCF MNF MPNF
Number (kN) T (kN) (kN) (kN)
of +s8.d. +s.d. +s.d. *s.d.
Picks
8 2.18 6.44 2.58 5.68
+0.02 +0.44 +0.21 +0.08
16 2.21 5.80 2.19 5.07
+0.37 +0.24 +0.21 +0.30
50.93
2 1.67 5.58 2.00 4.88
+0.01 +0.03 +0.03 +0.17
32 1.62 5.51 1.94 4.78
+0.13 $0.14 +0.26 +0.39

APPENDIX : 5A4

Cutting Results for corner cutting tools; simulation

of roadheader cutting heads with 8, 16, 24 and 32 tools;

cutting from machine side.




Parameters Measured
Tilt -
aEe °5l mcr | wpcr | vk | weNF 1070 | gexto™! | sk,
cgreel toa| (kN) | (kN) 1 (kN) | (kM) | (@/km) | (m”/km) | (MI/m’)
X O| +s.d.| +s.d.| +s.d. :a.d.1 +s8.d. +s8.d.
w | 199 61| rosf s.a8f 1.686 | 1.824 11.80
+0.11{ +0.19| +0.27| +0.32 | +0.080 +2.01
82.39
2.73| e.51| 2.34] s.64| 1.9 15.91
FN | 40.09| +0.52| +0.21| +0.57[ +0.005 | !-82% +0.26
1.95| s.68] 1.92] 4.95] 1.609 12.61
™ | ,0.21] +0.18) +0.15| +0.17| +0.077 | 1-724 +1.92
37.02
2.49] 6.16| 2.14| s5.09| 1.782 | 13.99
BN | 4+0.09| +0.19 +0.11| 20.06 | +0.027 | 1-724 +0.56
1.83) s5.14| 1.72) 4.47] 1.607 11.39
™ | 40.13] +0.18| +0.11| +0.19| +0.068 | 1-61% +0.02
41.65 . N .
2.55| 6.07| 2.24| s5.20] 1.41 18.48
FN | 40.13f +0.26] +0.10| +0.20] +0.050 | 1-614 +1.01
1.56] 4.78| 1.59| 3.80| 1.482 10.53
™ | 40.21] +0.26| +0.15| +0.22 | s0.017 | 1493 +1.87
#6.28 04| 2.05| 5.04| 1.186 19
2.29| 6. : : : 2
FN | 40.25] +0.38| +0.32| +0.39 | +0.49 1.493 +4.67
o | 157 s5.70 1.es| oas0) 133 | oo 11.87
+0.12| +0.28 | +0.18| +0.21| +0.021 +1.18
%0-99 85| 5.26| 2.12{ 5.02( 1.273 14.53
1.85[ s. : : . ,
FN | 40.17] +0.61| +0.44 | +0.81 [ +0.032 | 1-362 +0.94
1.47] 4.98| 1.56] 4.37| 1.150 12.78
™ | 40.12| +0.21| +0.11 +0.30| s0.028 | 1-222 +2.18
55.53
1.81] 5.17| 1.86| 4.65| 1.227 | 14.75
PN | 40.36| +0.34| +0.34] +0.30 | +0.009 ' +0.89

APPENDIX : 5AS

/
Cutting Results for gauge tools, simulation of Roadheader
cutting heads with 16 tools; comparison of cutting from
nose and machine side




Tilt Parameters Measured
Angle
(Degree) |5 & -1 -1
oD [McF | wec | wvF | MNP | Qux10”" | gexto”l |s.E.
38 |G | w0 | kM) | (kM) | (w3/km) | (w3/km) | (MI/m”)
=© | +5.d.| +s.d.| +s.d.] +s.d.| +s.d. +s.d.
1.36| 4.86] 1.54] 4.06] 1.032 12.59
™ | 40.14] +0.19] s0.14] s0.17| o0.038 | 075 | 4198
60.16
m | 144 s.s9| 1.86]  4.18] 0.919 Lors | 15-67
+0.44) +0.34| +0.27| +0.67] +0.023 ) 3.18
1.15| 4.26] 1.41] 3.78] o0.952 12.08
™ | 40.22| 40.45| +0.18] 0.31| s0.077 | 9920 | 41 90
6479 8| 3.61] 0.930
1.39  3.91] 1.2 61| o. 14.94
PN | 40.05| s+0.10| s+0.12| s0.21| +0.068 | 0920 | .iles
0.96] 3.79] 1.13] 3.35] 0.773 12.42
™ | 40.08] +0.14| +0.09[ +0.05| +0.0710 | ©-760 | 45765
6942 771 1.09] 3.21] o.810
1.04] 3. : : : 12.84
FN | 40.02| +0.30] +0.15| +0.14| s0.100 | ©-7%0 | L300
0.89] 3.32] 1.09] 3.03] 0.568 15.67
™ | 4011 +0.15] +0.14] +0.19] s0.098 | 927 | 4.3
7407 5 8| 0.668 11.83
0.79] 3.20] 1.05] 2.7 : .
FN | .0.06| +0.10] +0.26| s0.19| s0.045 | 0393 | 4349
0.77 2.87| 0.98] 2.62| 0.462 16.67
T | 40.11] +0.14| +0.03| +0.16] s0.041 | ©-42% | 4y 48
78.68
0.76| 2.43| o0.85] 2.19] 0.463 | .| 16.41
+0.15| +0.16| +0.20| +0.35| +0.068 : 42,02
*TN : Cutting towards the nose from the machine side.
*FN : Cutting away from the nose. towards the machine side.

APPENDIX ’SAS contd,




Parameters Measured

i &0 - -
Tilt os& MCF .| MPCF MNF | MPNF Qmx10 1 Qex10 1 S.E.. 4
Angle g kM) | ) | )| (k@) | (03/km) | (0 /km) | (MI/m)
(Degree) |2 3 +s.d.| +s.d.| +s.d.| +s.d. +8.d. +s5.d.
0.53| 2.25| o0.68] 2.05| o0.286
™ | 40.09| +0.12] +0.14| +0.16 | +0.206 | ©-2°2
83.31
0.59| 2.12| o0.70| 1.89 | o0.282 21.22
FN | 40.09| +0.20| +0.08| +0.11 | +0.45 0.252 +0.04
0.39| 1.42| 0.54] 1.45 | 0.100 39.00
™ | 40.09| +0.10| +0.10 +0.13 | +0.082 | ©-078 +1.26
8734 2| 1.58] 0.68] 1.53 | 0.109
| 0.52] 1. : : : 47.71
FN | 40.02 +0.04| +0.03| +0.10 | +0.009 | ©-078 +4.72

*These values were obtained from the corner cutting trials,
which, at this tilt angle exhibited the similar results.

APPENDIX 5A5 contd.




Parameters Measured
Tilt -1
Angle e & | MCF .| MPCF .| MNF .|MPNF 10 S.E.,
(Degree) | v O (xN) | (kN) (kN) | (kN) (m” /km) (MJ/m™)
85 | +s.d.] +s.d. | +s.d.|+s.d. +8.d. +8.d.
=0 | - = - - = -
. 2.21[ 5.80 | 2.19] 5.07 1.086 20.35
+0.37| +0.24 | +0.21}+0.30 +0.018 +2.18
50.90
. 2.78] 6.28 | 2.45| 5.25 1.036 26.78
+0.28| +0.37 | +0.95] +0.27 +0.04 +2.28
™ 0.97] 3.76 | 1.19] 3.22 0.761 13.3°
+0.12| +0.23 | +0.16]+0.26 +0.091 +1.51
69.42 1.01 3.56 | 1.10| 3.17 0.714 14.14
N 1 +0.09 +0.37 | +0.24}+0.20 +0.018 +0.88
0.67) 2.51| 0.82] 2.24 0.454 14.76
™ | +0.07] +0.01 | +0.09(+0.13 40.009 +0.42
78.68
0.74] 2.69 | 0.79] 2.41 0.532 17.16
FN 1 40.08] +0.14 | +0.09]+0.10 40.15 +2.18
0.39] 1.42 | 0.54f 1.45 0.100 39.00
™ 1 40.09] +0.10 | +0.10]+0.13 +0.092 +1.26
87.94
0.52| 1.58 | o0.68 1.53 0.109 47.71
N 1 +0.02| +0.04 [ +0.03]+0.10 +0.009 +4.72
APPENDIX : 5A6

Cutting results for cornmer cutting tools, simulation of
Roadheader cutting heads with 16 tools; comparison

of cutting from nose and machine side.




Variable Parameter Curve Type Value of Value of Index of
A B Determination
MCF Y = A + B¥X 0.3512 0.8819 0.9860
AREA CUT MPCF Y = A + B*X 1.9323 2.2006 0.9437
PER (GAUGE)
TOOL MNF Y = A + B*X 0.6395 0.6844 0.9604
MPNF Y = A+ B*¥X - 1.8374 1.7308 0..9409

APPENDIX : 5Bl

Least Squares Curve Fitting Analysis;

Simulation of Cutting Heads with Spherical Geometry

Total number of Picks : 16




Variable Parameter Curve Type Value of Value of Index of
A B Determination

TOTAL MCF Y=A+BxX 2.47500 -0.02775 0.810059
NUMBER
OF MPCF Y=A+BxX 6.58500 -0.03762 0.84221
CUTTING
TOOLS MNF. Y=A+BxX 2.70500 -0.02637 0.89015

MPNF Y=A+BxX 5.82500 -0.03612 0.85562

APPENDIX : 5B2
Least Square Fitting Analysis:
Comner Cutting Tools; Cutting from machine side:

Simultation of Roadheader Cutting Heads with 8, 16, 24 and 32 tools.




DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY s SPHERICAL

APPENDIX 6Al : 1

TILT ANGLE OF THE FIRST TOOL : 0.0 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

64 .82 DEGREE

H
H

. TOOL NO. : TILT ANGLE : CUTTING RADIUS i MCF  : MNF .
: : (DEGREE) : (M) : (KN) :  (KN)
S 1t e4.82  : 0.0948  : 1.16 1 1.27 1
T T Teee ¢ o.1108 : 1.30 1 1.37
Ty T Tssse t o.1261 t 1.43 & 1.48 1
T T Tse.es + o.l40s : 1.55 & 1.57
P N R T : 1.67 1 1.66
© e i al.e7  : o.16e5 : 1.77 1 1.74 1
e Y T T T . 1.87 i1 1.82 1
e i T2+ o.issz . 1.96 ¢ 1.89 1
P R T T . 2.04 :  1.95
Tl asas i o.z20s0 P 2.10 :  2.00 i
T T1e.s2 + o.2114 : 2.16 +  2.08 1
T 13.89 + o.21e4 P 2.20 & 2.07
T i Te26 + 0.2200  : 2.23 : 2.10 i
T 5 des+ o.z222 P 2.25 :  2.11, 1
T s 0.0+ o.2220 : 2.26 +  2.12
e & 0.0+ 0.2229 i 2.26 i 2.12 i
R EEE RN R R A R N A S SRR RIS SRS TITE R M . S §
: CALCULATED : CUT SECTOR
: PARAMETERS R et e L T T
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE
RN CORCEEIrrESTCIRAS | EESTEEAEEAIIISESEEAE (| RIZRATARNRT DTSR RERERE
: TORQUE + S.D. (KNM) : 1.80390 + 0.11167 : 0.90603 + 0.16251
i GLEWING FORCE + S.D. (KN):12.13471 + 0.34096 : 6.08803 + 0.64741
STUOLUME SWEPT (CUBM)  :  0.0009994 : 0.0004997
ITOPECIFIC ENERGY (MJ/CUBM):  11.3405 o

$

!



6A1 : 2

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : SPHERICAL
TILT ANGLE OF THE FIRST TOOL : 0.0 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69 .45 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE ; CUTTING RADIUS ; MCF : MNF :
H : (DEGREE) : (M) : (KN) (KN)
1+ es.as  + o.0782 i 1.02 & 1.16
T Teasz ¢ o.0948 : 116 : 1.27
Ty e ¢ o.108 130+ 137
S : 55.56 ¢  0.1261  : 1.43 : 1.48 i
TS i s0.e3 ¢ 0.1a0s : 1.ss L7
© 6 i 4e.30 i 0.1540  : 1.67 :  1.66 i
T T e oees 2 177+ L s
e 3o+ o . 1.87 & 1.82
e T T ooiee2 1.9+ 189
T s oaen2 . 2.00 :  1.95 :
T 231 ¢ o.20s0 : 2.10 : 2.00
T ies2 2 o2 : 216 ¢ 2.00
C s 138 ¢ o216+ 2.20 & 2.0 :
P+ 926+ o220 t 2.23 : 2.10 :
T e oizzaz i 2.25 2.1
T+ o0 & o.2229 & 2.26 1 2012
AR R RS S S R S R R R R R R M R R RS XSACEARNSEESERTEE ]
CALCULATED : CUT SECTOR :
PARAMETERS e it bt e et e Dl DL L :

180 DEGREE : - 90 DEGREE

R E TS EREITIINRACTEIRNRNT | TEI SRS NN BRI

1.66922 + 0.12000 0.83841 + 0.16561
-4

(ADV. / REV.)

TORQUE + S.D. (KNM)

6 S8 S0 ¢ 80 00

© an - = - - o S D G D D D D D D W D D UL D g T S D DD L S e e D Y T 0 e el D D Akl ke ko Kl H
: SLEWING FORCE + S.D. (KN):11.69809 + 0.37847 : 5.86909 + 0.66149 :
P N D S D e D D O G D o S g TR D D e G S - - - - ST e 20 2 o = - - - - - H
: VOLUME SWEPT (CUBM) 0.0009177 : 030004588 :
O e e - > D > Y R RIS D S LRILER TSI @ T I AN RIS IR IR TR R R e e - - o e é ------------- H
:+ SPECIFIC ENERGY (MJ/CUBM): 11.4290 \ H 11.4809 :



6A1:3

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY H SPHERICAL
TILT ANGLE OF THE FIRST TOOL : 4.63 DEGREE

TILT ANGLE OF TRHE

CORNER CUTTING TOOL

74.08 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

¢ TOOL NO. ; TILT ANGLE : CUTTING RADIUS : MCF

s ¢ (DEGREE) : (M) s (KN)

1 i 74.08 i 0.0611  : o0.87
2+ e9.45 i o.0182 ;102
©S T eas2 i o.0048 ;1.6
Ty e01e i o.1108 ;1,30

TS i Tes.se : oazel ;143
e i s0.93 i o.1405 : 1.55
T T a6 oaisa0 L 1.67
C e Taer+ o.lees L 177
Ty T e T o . 1.87

e : 3.1+ o.ise2 . 1.96
T T e ez . 2.00
T 23as ¢ o.20s0 . 2.10
T T Tles2 s .21 . 2.16
T 1a.es + .21 . 2.20
T U ez + 0.2200 ;223
16+ 4.63 & 0.2222 : 2,25

CALCULATED s
PARAMETERS :
(ADV. / REV.)

TORQUE + S.D. (KNM)

SLEWING FORCE + S.D. (KN)

SPECIFIC ENERGY (MJ/CUBM):

0.87 : 1.05

cuT SECTOR

180 DEGREE

0.76657 + 0.16711

5.62426 + 0.67650

1.52615 + 0.12638

11.20985 + 0.41615

11.5392

e 00 60 oo 00 oo

90 DEGREE

11.5919

1



6Al:4

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : SPHERICAL
TILT ANGLE OF THE FIRST TOOL : 9.26 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

; ' CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE ; CUTTING RADIUS ; MCF ; MNF s
: ¢ (DEGREE) : (M) ¢ (KN) (KN)
1 b 78.71 : 0.0436 & 0.72 1 0.93 i
e Y T : 0.87 1 1.05
Ty T Teeias ¢ o.0m82 : 1.0z : 1.16
A Y : 1.16 1 1.27
s ¢ e0.19  :  o.108 :1.30 : 1.37
e i ss.se i o.2e1 ;1.3 ¢ 1.48
Ty T Tso.es ¢ o.ua0s L 1.85 : 1.57
e i w30+ o.1sa0 : 1.67 : 1.66
Ty i Taler + o.iees : 1.77 : 1.4
S Nt L 1.87 ¢ .82
T T3 2 olies2 . 1.96 :  1.89
T 2re i eaen . 2.08 & 1.95
L Y 23as ¢ w2080 : 2.10 :  2.00
T T1ees2 ¢ oe211e P 2.16 :  2.04
s 13.89 + o.2164 : 2.20 : 2.07 1
TTTle i 9.6+ o0.2200 ;2,23 1 2.10
et Gaicuarep |+ cor secror .
PARAMETERS e ————— R e G LR :
(ADV. / REV.) 180 DEGREE H 90 DEGREE

TORQUE + S.D. (KNM)

s oo oo

1.37710 + 0.12987 0.69172 + 0.16632

S0 00 S8 90 90 es O

: SLEWING FORCE + S.D. (KN):10.67098 + 0.45176 : 5.35404 + 0.69129 :
: ---------------------------------------------- : --------------------- :
: VOLUME SWEPT (CUBM) 0.0007415 : 0.0003708 :
L L L L Ll ld e de it bt ? -------------------- o e s e D D e e H
s SPECIFIC ENERGY (MJ/CUBM): 11.6689 s 11.7227 :




6Al1:5

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY : SPHERICAL
TILT ANGLE OF THE FIRST TOOL : 13.89 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

e 00
..

: TOOL NO. ; TILT ANGLE : CUTTING RADIUS : MCF : MNF :
. : (DEGREE) : (M) - : (KN) : (KN)
{EEoESEESsSs=X | SSsr=sasssas (SESECESSSSISIATIIE ( SEATVIERS ( EIRTXRSIS |
: 1 : 83.34 3 0.0259 s 0.57 0.81
2 & 1811+ o.0436 . 0.72 : 0.93
: 3 : 74.08  :  o.oe1 . 0.87 : 1.05 i
N . 1.02 ¢ 1.16
TS T Teds2 1 o.00as ;1.6 : L.27
e T eos i oaates L 1.30 : 1.7
T T Tesse o2l . 1.4 ¢ 1.a8
e T Ts0.e3 : o.ua0s L 1.s5 ¢ 1.57
Ty T e+ oase0 . 1.67 : 1.66
T i aler i o.aess . 1.7 ¢ 1.7
T T e 2 o ;187 : 1.82 s
T i a1 i o.iss . 1.96 : 1.89
T e+ oaenz : 2.00 :  1.95 :
A M : 2.10 : 2.00 1
s f 1s.s2 s oo i 2.16 :  2.08 ;
©T 16 ¢ 13.89 : 0.2164  : 2.20 :  2.07 i

: CALCULATED : CUT SECTOR .
: PARAMETERS R Sttt R et L e T L e :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE '
. TORQUE + S.D. (KNM) : 1,22556 + 0.13041 : 0.61562 + 0.16304 :
(e mememmmeE S S e ———— T D e T e o - > o o H
: SLEWING FORCE + S.D. (KN):10.08499 + 0.48492 : 5.06019 + 0.70540 :
. VOLUME SWEPT (CUBM) : 0.0006515 : 0.0003258 :
{mr—emm—————ee————————————— R e L e L R e :
. SPECIFIC ENERGY (MJ/CUBM): 11.8195 " 11.8743 :

/



" se o0

6A2:6

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : SPHERICAL
TILT ANGLE OF THE FIRST TOOL : 18.52 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE

s CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

:--;aai-aaj-:-;;;;-REEEE-: CUTTING RADIUS ; MCF ; MNF :
: ¢ (DEGREE) : (M) : (KN) (KN) :
L § e7.97  + 0.0019 i 0.42 & 0.69
F 2 ;8334 : o.0259 ;0.7 1 0.81
Ty e oloase . 0.72 + 0.93
S N T : 0.87 : 1.05
TS T Teeas ¢ .02 : 1.02 1 1.16 :
e eas2 i o.om8 116 : 1.27
T T Tees ¢ o.tes ;130 : 1,37
;e i ss.se : o.izel : 1.43 & 1.8 s
e i s0.e3  : o0.1405  : 1.55 :  1.57
e : se.30 : o.se0 : 1.67 :  1.66
T T ale T Toitess : 177+ 1.4
T Nt . 1.87 :  l.e2
T a2 o.assz : 1.96 :  1.89
M R N ;204 : 1.95
T 235+ o.2080 ;210 + 2.00
TTTTle ¢ 1s.s2 ;02114 2,16 5 2.08

CALCULATED s CUT SECTOR :
PARAM ETERS -------------------- : ----------- - - - .- :
(ADV. / REV.) 180 DEGREE : - 90 DEGREE :

TORQUE + S.D. (KNM) 1.07506 + 0.12799 : 0.54004 + 0.15717
-------------------------------------------------------------------- :
9.45571 + 0.51533 : 4.74462 + 0.71840 :
-------------------- R et DL L
0.0005633 : 0.0002817 :

SPECIFIC ENERGY (MJ/CUBM): 11.9906 : 12.0466 H

-



APPENDIX 6A2 : 1

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : CONICAL
HEAD CONE ANGLE : 64.82 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. TILT ANGLE CUTTING RADIUS MCF : MNF
: ¢+ (DEGREE) : (M) ¢t (KN) : (KN)
L i 6.8 ¢ 0.0948 4 1.16 & 1.27
.2 : ea.82  :  o.1111 . 1.16 ¢ 1.27
Ty T Teee2 ¢ o.12ma L 1.6 ¢ 1.27
T T Tede 1 o.uam L 1.6 ¢ 1.27 s
s easz ¢ o.1e00 ;1.6 : 1.2
e ea.s2 1 o0.1763 L 116+ 1.27
T T Tease ¢ o.1926 116 1 1.2
T i Tea.s2 : o0.2080 L 1.6 ¢ 1.27
Ty T Teaez ¢ o.22s2 . 116+ 1.27
Tl Tea.e2 : o.2a14 : 1.6 ¢ 1.27
T Teaeez : 0.2s11 L 1.6 ¢ 1.27
T ez i 0.2740 . 1.16 ¢ 1.27 s
13 ¢ ea.s2 ¢ 0.2003 P 1.6 ¢ 1.27
Tl Tea.s2 : o.3086 P 1.16 @ 1.27 ¢
s i ea.s2 i o0.3220 ;1.1 1.27 s
16 ¢ 682+ 03392+ 116 1 1.27
IR R R R S R I S RS ERIENERATTEITIXITITERECSECRRARE
: CALCULATED : CUT SECTOR :
: PARAMETERS R R T e :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
(EAEERAIECETILSVRICTSEXILZIRS | EEXCSXRTECASIACTIRIIDN ( ATSICI[CIRITIIIDEDIDRE §
: TORQUE + S.D. (KNM) : 1.28381 + 0.08139 : 0.64481 + 0.11485 :
\ SLEWING FORCE + 5.D. (KN): 8.03196 + 0.06928 : 4.03007 + 0.36912
. VOLUWE SWEPT (CUBM)  :  0.0005983 . 0.0002091 :
i SPECIFIC ENERGY (MJ/CUBM):  13.4825 . 13.s435 i

I



6A2:2

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H CONICAL
HEAD CONE ANGLE : 69.45 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

. TooL No. : TILT ANGLE : CUTTING RADIUS : MCF i MNP
e O A e SR AL .o B S oL
:======?====:===E;T;5 ; 0.0782 ; 1.02 ; 1.16 ;
T T Tesias ¢ o.oes1 : 1.02 : 1.16
TS T Tesaas ¢ oaaz0 . 1.02 : 1.16
T Tes.as : o.1288 : 1.02 : 1.16
s i e9.45 :  0.1457  : 1.02 : 1.16
et e9.as : o.1e25 : 1.02 : 1.16
Y T Teeas 1 oaamea : 1.02 :  1.16 :
e i ee.as i o.1062 : 1.02 : 1.16 1
T T e+ o . 102+ 1.16
0 ¢ e9.as : o0.2209 . 1.02 : 1.16
T es.as : o.2ae8 : 1.02 1 1.16
12 i 69.45  : 0.2636 P 1.02 : 1.16
T ee.as : o.2808 : 1.02 i 1.16
T ee.as i o.29:4 : 1,02+ 1.16 1
T S . 1.02 : 1.16
t 16 : 69.45 1 0331 : 1.02 1 1.16 :

ERERE T R R N R S R R I s I T E ST ETET R TR BI H
CALCULATED H CUT SECTOR :
PARAMETERS

(ADV. / REV.)

: TORQUE + S.D. (KNM)

180 DEGREE : 90 DEGREE :

1.06292 + 0.07388 0.53387 + 0.10072 :
--------------------- :

*
i
1
\
[
|
|
|
|
i
t
|
{
|
1
|
|
|
|
|
I
|
|
i
[
|
: t
00 @0 990 00 @5 o0 O 00
a9 0% ae

. SLEWING FORCE + S.D. (KN): 7.23066 + 0.06082 : 3.62820 + 0.33709 :
: VOLUME SWEPT (CUBM) 0.0004655 : 0.0002328 :
---------------------------------------------- e
: 14.4118 :

; SPECIFIC ENERGY (MJ/CUBM): 14.3466



6A3:3

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : CONICAL
HEAD CONE ANGLE : 74.08 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

H R R S R ES RIS CETEAR TR ETEIRNERNTEARNRREI AN RNIBITIMEN $

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :

: TTOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF i

e ¢ (DEGREE) : (M) :  (KN) H (KN) :

D1 i 74.08 : 0.0611 i 0.87 1 1.05 :

T T T s o.omed . 0.87 : 1l.0s i

Ty T e s o.09s8 : 0.87 1 1.05

T T s 2 ooum : 0.87 : 1.05

Ty T e ¢ o.13oe : 0.87 : 1.05 :

e i 7a0s 2 o.uam1 . 0.87 : 1.05 :

T T s i o.teso : 0.87 : 1.05 :

e i 7a0s i o.1e23 . 0.87 : 1.05

e i 7408 01998 : 0.87 : 1.05 :

T i 7aes + o.21e9 . 0.87 : 1.05

T s s oamz . 0.87 : 1.05

© 12 i 7a.08 : o.2515 : 0.87 : 1.05

©TTTIs i 7a.08 ¢ 0.2689 : 0.87 : 1.05 :

CTTTh i 7408 ¢ o.282 : 0.87 :  1.05 :

T TT1sf 4.0 : o0.3035 . 0.87 : 1.05

T TTle : 7a.08 : o0.3208 . 0.87 : 1.05 1
(EER R R R S R R L S AT I A AT R RTACATZRXISIIDEARNET T T W W §
: CALCULATED 3 CUT SECTOR :
: PARAMETERS ettty I ————— :
: (ADV. / REV.) 3 180 DEGREE : 90 DEGREE :
{EEEEEEEAEIITSSIARRATTISICT | EIATICITAXILIATIITZLCN (AR TATITSTINIREWEWEBE §
: TORQUE + S.D. (KNM) : 0.84966 + 0.06496 : 0.42677 + 0.08580 :
| SLEWING FORCE + S.D. (KN): 6.40470 + 0.05210 : 3.21396 + 0.30407 1
i TVOLOME SWEPT (CUBM)  :  0.0003394 : 0.0001697 :
i SPECIFIC ENERGY (MI/CUBM):  15.7283 : 1s.8001 :

AERrENEISCEIILEITTTILIRITECT | ATAABEXTRSEIRNRE WD § 000D 0 I I W
/



6A2:4

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s CONICAL
HEAD CONE ANGLE : 78.71 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :
. TT00L No. : TILT ANGLE : CUTTING RADIUS : MCF ¢ MNF 3
: : (DEGREE) : (M) ¢ (KN) : (KN)
T 7ea1 & 0.0836  : 0.2 i 0.95 i
T T e Teoes . 0.72 :  0.93 i
A N . 0.72 + 0.93
N N T . 0.72 : 0.95
{5 i 781 & 0.l2 ¢ 0.72 : 0.93
e 7 f eaaswe : 0.72 ¢ 0.93
A A : 072 1 0.93 i
8+ 7811+ 0.1672 & 0.72 :  0.93
Ty T e ) osas 0,72 & 0.93
10+ 7811+ 0.2025 1 0.72 : 0.93
L1 . 7.1+ 0.2202 1 0.72 1+ 0.93
2 7e.n : 0.2378 ¢ o072 1 0.93
T i e ¢ 0.2885 : 0.72 5 0.93
DT e i 0.2731 : 0,72 & 0.93 ;
T i 781 0.2908 i 0.72 : 0.93
e i e ¢ 0.0 0.12 i 0.93
{mmm - frm—mmm e bbbt fm—m - fommmm——— :
AR FE S S R S I I R I I A RSN EE SIS SEEARIBSREAISILIRRTI BN T DREE §
CALCULATED : CUT SECTOR s
PARAMETERS e e T :

180 DEGREE

0.64910 + 0.05487 0.32604 + 0.07039

(ADV. / REV.) 90 DEGREE

TORQUE + S.D. (KNM)

- 8 08 08 88 e o0
e o9 e

L]
!
\
!
!
]
|
1
|
]
L]
1
i
'
|
1
1
!
|
i
|
!
1
!
t
|
|
90 09 00 ¢ 90 99 S8 o0
Ll

: SLEWING FORCE + S.D. (KN): 5.55947 + 0.04318 : 2.79006 + 0.27030 :
S oo T T s EEEeSSSnEee- H adeabdedad  l e bl L Dol H
:+ VOLUME SWEPT (CUBM) 0.0002233 H 0.0001117 H
I Lo o Llked ettt Stk ettt ettt 00 ittty ST - = - 3
: SPECIFIC ENERGY (MJ/CUBM): 18.2635 H 18.3472 H



s o0 o0

6A2:5

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s CONICAL
HEAD CONE ANGLE : 83.34 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

H CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

:+ TOOL NO. : TILT ANGLE ; CUTTING RADIUS ; MCF : MNF :
: ¢ (DEGREE) : (M) : (KN) (KN)
1 1 83.34 : 0.0259 & 0.57 1 0.81 i
T T T a3+ 0.0a37 . 0.57 : o0.81 :
Ty T Tea3e + o.oe16 . 0.57 : o0.81
CTTTy T Teaae + 0.0195 . 0.57 : 0.81 1
s ¢ s3.34 : 0.0074 . 0.57 : 0.81 i
e i esaa + o.is2 . 0.57 : 0.8l
T T e o3 . 0.57 1 0.8l
e i e+ o.sw0 . 0.57 1 0.81 ;
e T Teaaa i o.tes . 0.57 1 0.81 i
e i Tesaa : o.1ses . 0.57 &  0.81
T T Tesae i o.z088 . 0.57 : 0.8l
T2 i ea.aa i o.2225 . 0.57 : 0.81 :
TSt s34 i o.2e08 : 0.57 & 0.81
L s34+ o.2583 . 0.57 1 o.81
s ea.ae : o.2762 . 0.57 :  o0.81
e & ea.aa : o0.2000 : 0.57 1 0.81

CALCULATED : CUT SECTOR .
PARAMETERS S S e m e ——————— .
(ADV. / REV.) : 180 DEGREE : 90 DEGREE :
TORQUE + S.D. (KNM) : 0.46596 + 0.04389 : 0.23405 + 0.05481
———————————————————————— e e e e e e e s § - 0 2 0 o - - - - - ]
SLEWING FORCE + S.D. (KN): 4.70049 + 0.03412 : 2.35925 + 0.23599
"VOLUME SWEPT (CUBM) : 0.0001202 : 0.0000601 :
------------------------- Hidadedadedadded il d el L e D Y ettt ettt etk ettt
SPECIFIC ENERGY (MJ/CUBM): 24.3569 : 24 .4692 :

Ll o L3
-285888888’3’8882888'8'-88 (g 2 2 1 1 32 3 3 2 4 3 3 £ b & 3-3 3 3 (I EZXEUREAENEN NN WMIDRIETR



DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY

6A2:6

H CONICAL

HEAD CONE ANGLE : 87.97 DEGREE
87.97 DEGREE

TILT ANGLE OF THE

CORNER CUTTING TOOL

MCF : MNF 1
LA LL
T 0.42 : 0.69 i
TT0.42 : 0.69
0.4z : 0.6
T0.42 + o.69 .
0.42 :  0.69
0.2+ 0.69
.42+ 0.69 1
0.42 : 0.69 1
0.42 :  0.69 :
.42+ 0.69
0.4z 0.69
T0.42 : o0.69 i
0.42 : 0.69 1
T0.42 ¢ 0.69
0.42 1  0.69
T0.42 : 0.69

: TOOL NO. ; TILT ANGLE : CUTTING RADIUS ;
: : : (DEGREE) : (M) :
D1 87.97  : o0.0019
T T e o.02s8 :
TS T Terer : o.oa38 :
T e+ o.oe10 :
S N T :
e U w797 0.0078 :
T T e oaaiss i
e ener i o0.1338 . 0.42 i 0.69
Ty T Terer ¢ oasie . 0.42 :  0.69
Tl i e7.97 : o0.1e98 :
T i Terer i o.1e18 :
T U 797+ o.208 :
T i Ter.er ¢ o.2238 :
T Terer ¢ o.2a17 :
15 : 87.97 :  0.2597 :
e i erer + o.2mnr :

CUT SECTOR

CALCULATED | s
PARAMETERS
(ADV. / REV.)

TORQUE + S.D. (KNM)

w0
o
o]
b- 4
-
-4
@
e
(o]
o
e
tg
+
0n
(w)
=
z
9 00 o0 :.. o0 o0 oo

SPECIFIC ENERGY (MJ/CUBM):

180 DEGREE

0.15293 + 0.03934

0.30444 + 0.03230
3.83336 + 0.02496

58.3536

90 DEGREE

58.6243

/
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DETAILS OF THE CUTTING HEADS INVESTIGATED

APPENDIX 3.1

HEAD GEOMETRY : COMBINED
ANGLE : 4.63 DEGREE
64 .82 DEGREE

HEAD CONE
TILT ANGLE OF THE

CORNER CUTTING TOOL

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL s
. TTOOL No. : TILT ANGLE : CUTTING RADIUS : MCF ¢ MNP i
: ¢ (DEGREE) : (M) : (KN) : (KN)
T L ed.ez : 0.0948 i 1.16 i 1.27
T Te01s + o.ites L 1.30 1 1.37 i
TS T Tss.se + o.12e1 D 1.43 & 1.48
T4 i Tse.es i o.1a08 L 1.ss i 1.57
t 5 ¢ 46.30 i 0.1540 P 167+ 1.66 1
6 i al.e7 i o.1e65 1,77 1 L.74 s
T T s oaame ;1.7 : 1.82 1
8 : 32.41 ¢  o0.1882 : 1.9 : 1.89 :
© s i 2178+ o972 ;200 i 1.95 i
10 ¢ 235+ o.2080 . 2.10 & 2.00
;11 ¢ 18.52 ¢ o0.2114 t 2.6 ¢ 2.04
1z & 13.89 + o.2164 : 2.20 : 2.07
T i e+ o.z200 : 2.23 @ 2.10
D1 f aes i o.2222 ;2,25 : 2.11 i
s e s 0.2236 : 2.25 : 2,11
16 : .63 s 0.2281 i 2.25 ¢ 2.11
SRR R R A R R R AR S T RS RI AT ARIMERS §

CALCULATED s CUT SECTOR

PARAMETERS = = =  f==—-=-—ccccceae—ee—- e

(ADV. / REV.) 180 DEGREE e 90 DEGREE

TORQUE + S.D. (KNM)

: SPECIFIC ENERGY (MJ/CUBM):

.

1.80509 + 0.11257

11.3458

/

4
I EEEERSTESEREEZRATTETICIEEEIET { FEAXTTEARINEEEIZTERE | AT RNERB RN BV BIWTWIE $

0.90663 + 0.16296

11.3971



3.2

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY g COMBINED
HEAD CONE ANGLE : 9.26 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

¢ TOOL NO. : TILT ANGLE : CUTTING RADIUS ; MCF : MNF ;
: : (DEGREE) : (M) : (KN) : (KN)
T 6.2 1 o0.0048 i .16 & 1.27 s
T T e+ o.1t08 ;1,30 + 1.37
- T Tesse ¢ o.1zel 143 2 1.48 1
Ty Ts0es i o.1405 . 1.5+ 1.57
© s i ae.30 : o.asa0 : 1.67 : 1.66
e i Taer : o.1ees L 1.77 : 1.7
T T e e ;187 l.e2
e i 32.al + o.1eer : 1.96 : 1.89
N N : 2.08 :  1.95
0 f 235+ o0.2050 : 2.0 ¢ 2.00
T Thees2 ¢ o.2iie : 2.16 :  2.08
{1z ¢ 13.89 ¢ o.2164 P 2.20 i1 2.07 ;
: 13 i 9.26  :  0.2200  : 2.23 i 2.10
T Tee + .20 : 2.23 1 2.10
s & s.26 + o.2258 ;2,23 : 2.10 :
i 16+ 9.26 1 0.2287 ;2,23 + 2.10 .

: CALCULATED H CUT SECTOR :
: PARAMETERS fomm o me e fmmm e m e X
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE .
 EEEEEREEEES AT CEEaEECCIIZ A R AEEEEERXRERET ECRCECSTSIRSATRREEEERS §
: TORQUE + S.D. (KNM) : 1.80573 + 0.11294 : 0.90695 + 0.16317 :
o e e S eE eSS e- (e e, —,——————— 3
| SLEWING FORCE + S.D. (KN):112.11061 + 0.33306 : 6.07593 + 0.64161
e eemme—eamEmemoeSessssses et kbt bl bl it Ll S e e  0n o e = S o 3
: VOLUME SWEPT (CUBM) K 0.0009992 : 0.0004996 .
[l Lol ool e deddd ettt it Hidedad S stnindadbadadadadoded ool b S s e o - s > > = - s
: SPECIFIC ENERGY (MJ/CUBM): 11.3550 : 11.4064 :

/



LL N 1]

s > - - - -

Oy AD P WS TS e -

CALCULATED
PARAMETERS
(ADV. / REV.)

TORQUE + S.D.

nwn

(KNM)

PECIFIC ENERGY (MJ/CUBM):

1.80488 + 0.11337

(I AR 1)

3.3

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 13.89 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

TILT ANGLE : CUTTING RADIUS : MCF : MNF :
(DEGREE) : (M) : (KN) (KN) :
Tea.s2  : 0.0948 i 1.16 & 1.27 1
Te0.19 : o.u0s : 1,30+ 1.37
Tss.se  : o.1261 ;143 : 1.48
T 5093 : o0.1405 : 155+ 1.57
" 46.30 & 0.1540 P 1.67 :  1.66
TTal.er  : o.1e65 C 1.77 : 1.4 s
TTaes s oams . 1.87 :  l.82
T i o.ies2 ;196 :  1.89
s i o2 : 2.04 : 1.95
“T23aas ;0 o0.2050 : 2.10 : 2.00
TTles2 : o.2tia . 2.16 : 2.08 i
i 13.89  : o.2164 . 2.20 : 2.07
TT13.89 . 0.2207 & 2.20 : 2.07
TT13ee : 0.220 : 2.20 5 2.07 i
Tles : o.2293 : 2.20 : 2.07
138 ¢ 0.2337 : 2.20 : 2,07

CUT SECTOR

180 DEGREE 90 DEGREE

11.3708

11.4222

0.90653 + 0.16313

-3 2 2 2 2 2 3 3 P 43+ 242 2 23+ 2 ¢ 3 F f+ 3P E 3R ETTOT T H



3.4

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY COMBINED
HEAD CONE ANGLE : 18.52 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

s CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF i
: : (DEGREE) : (M) : (KN) : (KN)
T ea.s2 i 0.008 i 1.16 & L.27 i
T T Te0s ¢ o.1108 P 1.30 & 1.37 i
Ty T Tssise + o.12e1 P 1.43 & 1.48 1
. 4 ¢ s0.93 : o0.1405 e 1.55 : 1.57 1
Ty T 4630 ¢ o.1se0 . 1.67 1 1.66 1
e i Tater ¢ o.1ees t 1.7+ 1.74
e T T . 1.87 : 1.82 :
T T 2.1 & o.sez e 1.96 & 1.89
Y : 2.00 + 1.95 i
0+ 2315+ o.2050 : 2.10 &+ 2.00 1
T 1s.s2 : 0.2 : 2.16 :  2.04 i
©T 12+ 18.52 ¢ o.21m : 2.16 ¢ 2.00
T T  Yes2 ¢ o.2228 : 2.16 :  2.04
T i T1e.s2 : o.2288 P 2.16 : 2.0
s i le.s2 : o.2342 : 2.16 :  2.04
16 : 18.52  :  0.2399 : 2.16 1 2.04 1
R R S R S A T I S IR ST AT IECEERBTIITS SR CASBTRERRTE
: CALCULATED CUT SECTOR :
: PARAMETERS = g===—-——cmcemcmceeeeo T :
. (ADV. / REV.) 180 DEGREE : 90 DEGREE

TORQUE + S.D. (KNM) 1.80146 + 0.11438 0.90481 + 0.16309

. SLEWING FORCE + S.D. (KN):11.99114 + 0.30922 : 6.01599 + 0.61895
: ‘VOLUME SWEPT (CUBM) 0.0009933 : 0.0004966 .
: SPECIFIC ENERGY (MJ/CUBM): 11.3955 : 11.4471 .

I EEERERBEEERNBNEEBXEINREVRBRE (EEEENEREREESESETEEANE  TENNWEERACR BTN T RMKEME 3
.
7



3.5

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 23.15 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

3 AR I E TSRS E AN EERESREESTENIEERIESIEIE 2 R 3 SN IR 22 1 IS I 3L IE 38 ORI M D B 4

: CUTTENG RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

O e Y D S D TS T D G D R G S G I D A . - -

s TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF :
: : (DEGREE) : (M) : (RN) : (KN)
T easz s 0.0948 i 116 i L.27 i
T T Teo1s 01108 130+ 1.37
s i Tss.se : o.1zel : 1.43 1 l.as
a4 ¢ s0.e3 ¢ o.ua08 ;155 1 1.57
: s i 46.30 : o0.1540 : 1.67 :  1.66 :
e i Taiier : o.1ees L 177+ 1.7a s
T T sd S o . 1.67 :  1.82
e i a.a1 : o.1ee2 . 1.96 : 1.89
Ty T s - oaenz . 2.00 : 1.5 ;
Tl i 235+ o.200 . 2.10 :  2.00
T 2aas : o220 ;210 &, 2.00
T i 23as ¢ 0.1 . 2.10 :  2.00
13 i 23.15  : o.2262 : 2.10 : 2.00 ;
T i T2aas s o.233 . 210+ 2.00
15 i 2315 . o.2403 : 2.10 ¢ 2.00
© 16+ 23.5 + 0.2474 i 2.10 & 2.00 :
T capcuLaTEs  : cur secror
: PARAMETERS R tmm e :
. (ADV. / REV.) : 180 DEGREE : 90 DEGREE s
. "TORQUE + S.D. (KNM)  : 1.79421 + 0.11478 + 0.90117 + 0.16332 1

11.87515 + 0.28843

5.95782 + 0.60458

e ee o
L]
.o

SPECIFIC ENERGY (MJ/CUBM): 11.4322 11.4840

EEEENESESNE=SEICETTTEICSRDER { CESERAEESSRETITRAACTNRL EERTAURCTETERRR TR DDRE
/
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3.6

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 27.78 DEGREE

TILT ANGLE OF THE

CORNER CUTTING TOOL

64.82 DEGREE

s CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF & MNP 1
: : (DEGREE) : (M) : (KN) (KN)
L i ea.e2 : 00048 i 116 1 L.27
T T e0e i o.ites : 130 1.37
S . ss.56 i o.1261 L 1.4 1 1.48
& : 50.93 : o0.1405 : 155 ¢ 1.57
TS T he0 ¢ o.isa0 : 1.67 : 1.6
e al.e7 : o.tees 1.7 2 La
T T T whed T s ;1.7 ¢ 1.82
e 3.1+ o.ieez : 1.96 : 1.89
Ty T e 2 eaen2 . 2.00 : 1.95
T i 219s i o.2088 : 2.00 : 1.95
T i 27+ 02140 2.0 i 1.9
N R : 2.00 +  1.95
: 13 ¢ 27.78  :  0.2308 i 2.04 : 1.95 ;
: 14 i 27.78  +  0.232 P 2.04 + 1.95 .
s 8 27.78 + o.2475 . 2.00 : 1.95
t 16 ¢ 27.78 & 0.2559  : 2.04 : 1.95 :

CALCULATED : CUT SECTOR
PARAMETERS e e e e ———— e e e e, ———
(ADV. / REV.) s 180 DEGREE : 90 DEGREE

TORQUE + S.D. (KNM) :

SLEWING FORCE + S.D. (KN):

SPECIFIC ENERGY (MJ/CUBM):

1.78168 + 0.11843 -

11.71157 + 0.28333

11.4841

0.89487 + 0.16457

11.5361

/



te @8 88 o8 oo we

3.7

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY s COMBINED
ANGLE : 32.41 DEGREE

HEAD CONE
TILT ANGLE OF THE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

CORNER CUTTING TOOL

64.82 DEGREE

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF i MNP &
: s+ (DEGREE) : - (M) t (KN) (KN)
Ly ed.s2 i o0.0048  : L6 i+ l.a1 .
T T T Tee1s ¢+ o.itos : 1,30 & 1.37
Gy T Tesse 1 o.1261 & 1.43 1 1.4 1
ST T T 09+ o.1a08 : 1.55 +  1.57 .
TS T 4630+ o.1540 E-OITE;-_Q---ITZE--:
T e i Tal.er + o.1ee5 : 1.77 : 1.74 1
T T e o1 : 1.87 : 1.82
e i 32.a1 o188z : 1.96 1 1.89
Ty T s f o.iere : 1.96 1+ 1.8 .
T T e o201 : 1.96 1 1.89 .
T T s ¢ e : 1.96 1 1.89 .
T2 i 3241+ o.2268 : 1.96 1 1.89 .
© 13 i 32.41 : 0.2364 i 1.96 : 1.89 :
T e i T32.ar i o.281 : 1.96 :  1.89 1
s i 32.a1 1 o.2851 : 1.96 :  1.89
16 ¢ 32.41 i 0.2654 : 1.96 :  1.89
T eALcuLATED  :  cur sEcTorR
PARAMETERS  f-===—==—m—cocmmocmee fmmmmmmmmmmm—m————————

(ADV. / REV.) 180 DEGREE : 90 DEGREE

EREEEESC2AiSSERNERITSEIZZRIREE

TORQUE + S.D. (KNM)

8 00 068 086 0% o8 €8 00 6

SPECIFIC ENERGY (MJ/CUBM).

1.76221 + 0.11873

11.5551

0 00 00 S0 e o0

0.88510 + 0.16457

11.6075

/



3.8

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 37.04 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

i TTOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF i MNE &
= T N L0
11 64.82 i 0.0948 i Lo16 i ol.a1
: 2 . s0.19  :  o.i108 . 1.30 1.3 .
STy i Tssse i o.1261 : 1.43 & 1.48
Ty T Ts0.es + o.1408 E--ITEE-_:-‘-ITE;--.
TS T Tae0 ¢ o.1se0 t 1.67 :  1.66 1
T e Taler + o.1e8s ©1.77 : 174
Ty T T e Toae : 1.87 1 1.82 .
e i 37.06 : o.1888 : 1.87 1 1.82
STy T 30 o.1ee : 1.87 1 1.82
T i 370+ o.210s : 1.87 + 1.82 1
T T e Te.ea1s : 1.87 1 1.82
T T e+ .23 : 1.87 & 1.8
T T 30 o.2a30 : 1.87 : 1.82 1
T T T30 i o.zsae . 1.87 : 1.82 1
e : 1.87 : 1.82 :
e+ 37.06 i 0.2785 : 1.87 :  1.82
T ancutaTED  :  cur sEctor i
: PARAMETERS e e e e e e e e e e et ———— :
: (ADV. / REV.) 180 DEGREE 90 DEGREE
D e e A § O R R S § S N R N R M Bt e

1.73402 + 0.12103 0.87094 + 0.16405

5.62659 + 0.56414 :

TORQUE + S.D. (KNM)

e &6 00 o0

: SLEWING FORCE + S.D. (KN): 11 21489 + 0.25628

<
(=}
2
=
0
X
]
9
-3
a
(=
w
g
o
=
o
o
1)
w
wn
N

SPECIFIC ENERGY (MJ/CUBM). 11.6504 11.7032, .

EEETNEEERZBIRBERDEDN DRI 3 XEBEXIITRAIXAMENXRRNCSNRE  ENCNETEERN TR T NN IMBREBIEE 2
/
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3.9

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 41.67 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :
: TT0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF i MNF i
s : (DEGREE) : - (M) ¢ (KN) : (KN)
1 1 sa.82 + 0.0948 i 1.16 : 1.27
Ty T e1e ¢ o.1108 130 1 137 s
Ty T Tss.se : v.i2e1 D 1.3 ¢ 1.4 s
Ty i Tso.es i o.1408 : 1.5 i 1.57 ;
;5 : 46.30 i 0.1540 i 1.67 1 1.66 :
e i ar.er i o.1e65 P 1.77 ¢ 1.74
T T T e oaames L 1.7+ 1.74
e i at.er : o.1008 L1717 : 1.74
Ty T T ler T Toa202e : 1.77 ¢ 1.74
Tl i at.er : o.21a4 L 1.77 ¢ 1.74
T T aer i o.22e3 ;1.7 : 1.74 s
T2 at.er i o.2383 : 1.77 : 1.74
LT T Taier : e.2503 o 177 2 1.4 s
©T 1 ¢ al.er : o.2622 1,77 : 1.4
T aner s o.amz P 1.77 ¢ 1.74 3
16 ¢ al.e7  : 0.2862 & 1.77 : 1.74 s
BRI TR I XS EREESIERS STV [[NRDWT R §
: CALCULATED : CUT SECTOR :
: PARAMETERS et L T E :
: (ADV. / REV.) : 180 DEGREE 90 DEGREE
EEC s EEIr SRRl IR RS SS SRR ( IR TESERRIESRARTSTRRT

0 08 o0 oo

TORQUE + S.D. (KNM) : 1.69527 + 0.11750 : 0.85148 + 0.16016
;"SLEWING FORCE + S.D. (KN):10.87023 + 0.22485 : 5.45374 + 0.53866
{VOLOWE SWEPT (CUBM) i 0.0009044 . o.o004522 ;
. SPECIFIC ENERGY (MJ/CUBM):  11.7771 . 11.8308 :

!



3.10

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 46.30 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

. "TT00L NO. : TILT ANGLE : CUTTING RADIUS : MCF i MNF &
: ¢ (DEGREE) : (M) : (KN) (KN)
T ea.s2 i 0.0048 & 1.16 ¢ 1.27 s
T T e0s & o.ies P 1.30 1 1.37
Ty T Tssise + o.i2er D 1.3 ¢ 1.48
T T Tse.e3 : o.uaes : 1.55 : 1.57 1
TS T w0+ o.sa0 : 1.67 :  1.66
e i a6 i oaen0 P 1.67 +  1.66
e P : 1.67 : 1.66 :
S T R T : 1.67 :  1.66 :
e T Tee30 : o.20e1 : 1.67 :  1.66 :
0 i s.s0 : o201 : 1.67 :  1.66
T w630+ o2z © 1.67 1 1.66 1
Tt w630+ oc.oasy . 1.67 :  1.66 1
s § w630+ o.2sel : 1.67 & 1.66 1
T f aes0 + o.ama : 1.67 1+ 1.66
TS ee.s0 s o.2841 . 1.67 :  1.66
e i aes0 : 0.9 : 1.67 & 1.66

RS E e I E E  ES E A E R REEEEE R ERNENBEIENVENEE ARSI DR DN RE
CALCULATED : CUT SECTOR
PARAMETERS

(ADV. / REV.)

TORQUE + S.D. (KNM)

180 DEGREE -8 90 DEGREE

1.64407 + 0.11331 0.82576 + 0.15376

180 00 63 e 98 00 S0 00

. SLEWING FORCE + S.D. (KN):10.45503 + 0.19719 : 5.24545 + 0.50628 :
. VOLUME SWEPT (CUEM) 0.0008648 s 0.0004324 .
——-——————-—-“------"‘"’---;: -------------------- ST o - - - H
SPECIFIC ENERGY (MJ/CUBM) 11.9449 : 11.9990 :



3.11

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 50.93 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

2 s e i o e e = § ot o e e e e e $ e e e e e e e e . $ e e e $ = ——— -

; TOOL NO. : TILT ANGLE ; CUTTING RADIUS : MCF ; MNF :
s : (DEGREE) : (M) ' t (KN) (KN)
T ¢ 4.8+ 0.0948 i 1.6 & 1.27 s
Ty T Teo1s & o.ites . 1.30 : 1.37 1
TS T Tssse 1 o126l t 143 ¢ 1.48
T w sees : o.uaes t 1.5 : 1.57
© 5+ 50.93 0545 1 155 1 1.57
e i 093+ o.1e8a : 1.55 :  1.57
T T T Tsees .12 155 1 1.57
e i Ts0.e3 + o.t9e4 : 1.55 : 1.57
T T s0es 2 .21 ;155 : 1.57
Tl ¢ 093+ o0.2243 P 1.ss ¢ 1.57
T 093 i o.2383 ©1.55 1 1.57
T se.es : o.2s23 : 1.85 & 1.57
: 13 : 50.93  :  0.2663 1 1.55 : 1.57
T T Tse.es : o.2802 . 1.5 ¢ 1.57 i
15 i 50.93 i 0.2042 P 1.55 1 1.57
16 ¢ s0.93  :  o0.3082 P 1.85 & 1.57
B EOEEREE s T A A R R S R S ISR SRS TS RRTRITT R BT
: CALCULATED : CUT SECTOR 3
: PARAMETERS e r—eeee—cee—n——— R e EE e R :
: (ADV. / REV.) : 180 DEGREE s 90 DEGREE :
SR AN EECERTESIRISES (| IEATTNEIXTTEITXIESIL [ ITXITRTSISIITITIIRNTIET §
¢ TORQUE + S.D. (KNM) : 1.57867 + 0.10627 : 0.79292 + 0.14521 :
I SLEWING FORCE + S.D. (KN): 9.96568 + 0.16056 : 5.00002 + 0.46961
I VOLOME SWEPT (CUBM) i 0.0008152 . 0.000a076 :
TSPECIFIC ENERGY (MJ/CUBM):  12.1683 c o 12.2238 :

/



3.12

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 55.56 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE
R N S T S S S S S S S S I I S S S S SN EENT oSS S St e :

; CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

i TT0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF  + MNE .
. : (DEGREE) : (M) : (KN) :  (KN)
L e4.s2 ¢ 0.0048 i 1.16 & L.27 .
T T Te0e + o.1108 : 1.30 : 1.37
Ty T Tssise + o.1zel : 1.43 & 1.48
Ty T ssuse :+ o.1a00 : 1.43 : 1.48 1
. s . ss.s6 & 0.1557 P 1.43 & 1.48 1
e i ss.se :+ o.1106 P 1.3 1.48
T T T Tssise ¢ o.1ese . 1.43 1 1.48
e i ss.se : o0.2003 : 1.43 : 1.48 :
T T T Tesse ¢ o.21s1 : 1.43 :  1.48 .
0+ ss.se s o.2300 P 1.43 1 1.48 s
I Tssase : o.2648 t 1.43 & 1.48
T T Tssise 1 o.2s97 t 1.43 : 1.48
T Tssse : o.2mas : 1.43 :  1.48
Tl Tss.se i o.2808 P 1.43 ¢ 1.48 s
s i Tss.se : o.30a2 : 1.43 :  1.48
16+ 5556 : . 148

mr R R N S R R I I R R I S S TSRS E IS NN N TS UE N TR IR TS :
CALCULATED : CUT SECTOR :
PARAMETERS R fmmmem—mmmcmm e ———— :
(ADV. / REV.) 180 DEGREE : 90 DEGREE

.

.
! P NSNS ESNERNT S EINIESSEEER ) SUTANTINSUBARNZIAATRIIRNE | XD TRARBED RV WIIINI H
.

[

.

¢+ TORQUE + S.D. (KNM) 1.49754 + 0.09757 0.75216 + 0.13555

4.71604 + 0.43334 :

L]
00 80 06 ¢ 98 S0 00 W8

: SPECIFIC ENERGY (MJ/CUBM): 12.4697 12.5262 s



3.13

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY - : COMBINED
HEAD CONE ANGLE : 60.19 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 64.82 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL 3
. T0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP i
: : (DEGREE) : (M) t (KN) : - (KN) :
(BEESSEZSESSS | ESSSSISSSS3T (SSSSSSSSIITINEAR (EXSET=as (InaSsXwmE
: 1 3 64.82 : 0.0948 : l.16 : 1.27
T T e f olmies L 1,30 1 1.7 i
Ty T T Teos i ou1zes :1.30 : 1.37
e e0as : o.u420 : 1.30 ¢ 1.37
s i e0.19 : 01577 : 1.30 : 1.37 1
e e0.1s i o7 P 1,30+ 1.37
T T T Te01s+ o.1see : 1.30 : 1.37 1
e i e0.19 i o.2088 : 1.30 : 1.37
Ty T T e i e.z2el © 130 1 1.37
o0t 019 ¢ o.2358 L 1,30+ 1.37 i
T Te0s i o.zsia : 1.30 1 1.37
N : 1.30 : 1.37
T T Teolws : o.2826 P 1.30 ¢ 1.37
T i Teolts : .28z © 1,30 1 1.37 1
s e01s : o.sim : 1.30 ¢ 1.37
e eo.1e + 0.2 ;1,30 1.3
T R R S R e S R R R R R R I RS SR ETTTEREDITITRNIBRIBEER
CALCULATED H CUT SECTOR :

PARAMETERS R fmmmmmmmm—cm———————— :

(ADV. / REV.) 180 DEGREE : 90 DEGREE

.
.
— o o— - - - .
R s R N S R S R A R R I R RN S RS SR | SIS S EEEEREET R NN TR IR H
[
.

TORQUE + S.D. (KNM) 1.39948 + 0.09101 0.70292 + 0.12572

4.39285 + 0.40071

SPECIFIC ENERGY (MJ/CUBM): 12.8860 H 12.9444 :

R SR S S INEIE (| I S NS R ENEER | AT TSRS TR RRTRIEERITIERE
7



3.14

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 4.63 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

H CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF  :

: :  (DEGREE) & (M) : (KN) :  (KN)

. 1 : 69.45 :  0.0782 ¢ 1.02 :  1.16

: 2 : 64.82 i  0.0948 : 1.16 :  1.27 s

: 3 : 60.19 :  0.1108 : 1.30 :  1.37 s

: 4 : 55.56 :  0.1261 : 1.43 :  1.48 1

: 5 : 50.93 :  0.1405 : 1.55 : 1.57 i

: 6 : 46.30 :  0.1540 : 1.67 : 1.66 :

: 7 : 41.67 :  0.1665 : 1,77+ 1.74 s

. 8 : 37.04 :  0.1779 : 1.87 : 1.82 1

: 9 : 32.41 :  0.1882 : 1.96 : 1.89 :

: 10 :  27.78 :  0.1972 : 2.04 : 1.95

: 11 : 23.15 i  0.2050 : 2.10 : 2.00 :

. 12 : 18.52 :  0.2114 : 2,16 : 2.04 1

: 13  : 13.89 :  0.2164 : 2.20 :  2.07

. 14 : 9.26 :  0.2200 : 2.23 3 2.10

: 15 :  4.63 1  0.2222 : 2.25 :  2.11

e ————— e e e ———— imm—————— i —————— :

: 16 : 4.63 :  0.2236 : 2.25 & 2.11
: CALCULATED : CUT SECTOR :
: PARAMETERS L g et :
: (ADV. / REV.) 180 DEGREE : 90 DEGREE - :
{ETEEETEEIBISEIXS=SIARIIZI EERSIETrECTIXETICTEST TR EETETTFIBRIB DT EETRE
: TORQUE + S.D. (KNM) 1.66930 + 0.12006 : 0.83845 + 0.16564 :

: SLEWING FORCE + S.D. (KN)

5.86798 + 0.66080
--------------------- :
0.0004588 :
----------------------------------------- :
11.4308 11.4828 :

/

<
S
2
g
o
0
S
&
g
"3
0
G
&
=

; SPECIFIC ENERGY (MJ/CUBM
H EEEESESTATTIRIRTTTTRTILIZEIZ

[
o0 eo 00’00 00 20 0 o0 s se



3.13

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE 9.26 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

.0

. T00L NO. : TILT ANGLE : CUTTING RADIUS : MCF & MNP i
: ¢ (DEGREE) : (M) : (KN) (KN)
L+ ev.4s : 0.0m82 4 1.0z 4 L6
T Teaer ¢ o.0me s 1.16 1 1.27
T T Teoats i olites i 1.30 : 1.7 s
T4 i ss.se : 0.1261 1 1.43 1.8
DTS s0.93 i 0.1405 & 1.5 & 1.57
e i 630+ 01540 1.67 : 1.66
T T T ke T Toaaess ;177 : 1.4
N R T T N T
TS T T s elisez . 1.96 ¢ 1.89 s
0 s 2118+ .97z 2,08 ¢ 1.5
TR s s 02050 2.10 + 2,00 s
T hees2 ¢ o.ema : 2.16 1 2.00
T T Tl o2t 2.20 2,07
T T Teze 2 0.2200 ¢ 2.23 + 2410
T Teize ¢ 0.2220 : 2.23 + 2.10
e i 9.6+ 0.228  : 2.23 :  2.10
T Gaconateo  + Ut sector i
PARAMETERS gmmmmme—————e—— oo Immmmmm e :
(ADV. / REV.) 180 DEGREE : 90 DEGREE

20 06 o0 88 se 0 e oo
0 eoe¢ oo

TORQUE + S.D. (KNM) . 1.66871 + 0.12048 : 0.83815 + 0.16555
T SLEWING FORCE + S.D. (KN):11.68275 + 0.37361 1 5.86139 + 0.65760 &
i VOLUME SWEPT (CUBM)  :  0.0009168 : 0.0004584 :
{TGPECIFIC ENERGY (MJ/CUBM): 11.4360 : 1i.4s80 :
NS EEXESEIATRCTRSIN AT RARCEEITITED (| FACRCACRR TSRS TR BB E SRS $

/



3.16

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY : COMBINED
ANGLE : 13.89 DEGREE

HEAD CONE
TILT ANGLE OF THE

CORNER CUTTING TOOL

69.45 DEGREE

-
.

*
H
H
H

H

0 00 o0 oo

H CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL 5
. I0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF i1 MNP i
: ~ : (DEGREE) : (M) : (KN) : (KN)
Tt 6945 ¢ 0.0782  : 1.02 & 1.16 i
T2 i Teas2 ¢ o.0048 L 1.16 i L.27
Ty T Teea1s + o.1108 : 1.30 i 1.37
e Tssse : o0.12e1 P 143 : l.as
s ¢ 50.93  :  0.1405  : 1.55 : 1.57 i
e i 4630+ ouisen : 1.67 :  1.66 i
Ty T T aler Ty oaiees : 1.77 : 1.74 1
e N T . 1.87 ¢ 1.82
T T s f o.iss2 . 1.96 & 1.89
P N T P . 2.00 : 1.95
T 23+ o.zes0 . 2.10 1 2.00 i
T 1es2 + o.2iua : 2.16 & 2.04
© 13 i 13.89 : 0.2164 & 2.20 i 2.07 s
T i 138 ¢ o.2200 . 2.20 :  2.07 i
s i 1388+ o.22s0 P 2.20 +  2.07 1
16+ 13.89 & 0.2203  : 2.20 :  2.07
EEEEm RSN N R R R R R R N O ANSAREErIEsEERESEEE
H CALCULATED s CUT SECTOR
: PARAMETERS m— e r— e ———— e e —————— .
: (ADV. / REV.) : 180 DEGREE : ‘ 90 DEGREE
R EEEEEErEETARSIINSEESIZ ] SRS EEREITINSSSSTLE | RIS TRCER TR TS
: TORQUE + S.D. (KNM) : 1.66662 + 0.11969 : 0.83710 + 0.16481
| SLEWING FORCE + S.D. (KN):111.65004 + 0.36197 : 5.84497 + 0.64894
i VOLUME SWEPT . (CUBM)  :  0.0009148 e o.000a574
{TSPECIFIC ENERGY (MJ/CUBM):  11.4472 e 1l.4993

!

[ .---ESII‘ﬂ'338383-88=8’888 IREEEREESSIERNESESRZEIREE | EXZNERRMIE NN DB MBI



3.17

DETAILS OF THE CUTTING HEADS INVESTIGATED

s oo o

e oo oo

HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 18.52 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL

s CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

69 .45 DEGREE

. TOOL NO. . TILT ANGLE : CUTTING RADIUS : MCF i MNE 1
: : (DEGREE) : (M) : (KN) :  (KN)
L F es.45 i o.o782 i 1.02 & 1.16 i
Ty T Tea.ez : o.0sa8 t 1.16 + 1.27 s
Ty T T Teea1s i e.1108 : 1.30 t 1.37 i
Ty T Tssse o121 t 1.43 ¢ 1.48 3
A N R Y : 1.55 :  1.57 i
e T 4e.30 + o.1sa0 : 1.67 1 1.66 1
T T ey To.1ees : 1.77 1 1.74 1
Ty T s f eame : 1.87 1 1.82 :
Ty T 2 Y oaiee2 : 1.96 :  1.89 i
T e+ 27018+ o.1srz . 2.04 ¢ 1.95 1
T T 231+ o.2os0 t 2.10 : 2.00 1
T2 i 1e.s2 : o.2114 : 2.16 1 2.04 1
T T1es2 :+ oaim t 2,16 :  2.04 1
Tl i T 1s.s2 + o.2228 : 2,16 1 2.08 1
s+ 1s.s2 : o.2285 : 2.16 1 2.04
le  : 18.52  :  o0.2342 : 2.16 : 2.08

SSS““SSSS====SSBBSS8388B.888838:33:83888:‘88.‘-38""'88883:83.”" H

CALCULATED H CUT SECTOR s
PARAMETERS R mm—e—c e —c————————— :
(ADV. / REV.) 180 DEGREE : 90 DEGREE :

TORQUE + S.D. (KNM)

%00 08 00 oo 0 e oo

1.

66208 + 0.11890

0.83482 + 0.16361

SLEWING FORCE + S.D. (KN):11.58936 + 0.34635 : 5.81454 + 0.63463 :
---------------------------------------------- e e
VOLUME SWEPT = (CUBM) 0.0009107 : 0.0004553 :
---------------------------------------------- R ettt D L L
SPECIFIC ENERGY (MJ/CUBM) : 11.4673 3 11.5195 H

/



3.18

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 23.15 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

B o S = v -

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF :
: : (DEGREE) : (M) : (KN) : (KN)
D1t 6945 1 0.0782 i 1.0z 1 1.16 &
Y T Teaisz ¢ o.0048 L 106 1 1.27
Ty T Tees + o.ates ;130 : 1.37
e T Tssse : o.12e1 t 143 1 l.4s s
s s0.93  : 01408 : 1.55 @ 1.57
e i w30+ o.as40 . 1.67 1 1.66
Ty T T T aler T Toiises ;1.7 : 1.74 i
T T Ty oame . 1.87 & 1.82 i
A S S . 1.96 1 1.89 1
T i 2778 1 oaez . 2.00 : 1.95
T : 2.10 1 2.00
T 2mas i o120 i 2.10 :  2.00
T 23as ¢ o21e1 . 2.10 ¢ 2.00 :
T s o.aze . 2.10 1 2.00
st 2315+ o.2333 . 2.10 1 2.00
e i 2315+ o.2a03 . 2.10 1 2.00

-3388==8===8888=======:t=s==.883888288:883888-8883388888..38’8888-8-- z
CALCULATED : CUT SECTOR - :
PARAMETERS lmmemme— e ———— femmm e ——— :

(ADV. / REV.) 180 DEGREE : 90 DEGREE :

TORQUE + S.D. (KNM) 1.65402 + 0.11882 : 0.83077 + 0.16237

!

*

<
O
g
(o]
wn
X
=
]
-3
O
c
™
b 4

0 00 00 S0 0 se o¢ oo

00 08 o8 00 o8 oo
]
]
[}
i
i
l
I
)
]
[}
i
1
|
1
'
]
[}
1
1
'
!
*0

SPECIFIC ENERGY (MJ/CUBM): 11.4990 3 11.5513 :



3.19

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 27.78 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

; CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

. T700L NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP 1
: : : (DEGREE) : (M) : (KN) : (KN)
1 i 69.45  : 0.0782 i 1.02 1 1.16 1
T T Teds2 : o.oss : 1.16 1 1.27 s
Ty Teos : o.1tes : 1.30 ¢ 1.37
T Tss.se : o.12e1 . 1.43 ¢ 1.48
s T 0+ o.ua0s . 1.55 : 1.57
e i 4630+ o.1se0 . 1.67 : 1.66 i
T T T T aler T oliees L 1.7 ¢ 1.74 s
T T s 2 oars . 1.7 : 1.82
Ty T 2 Tolaese . 1.96 1 1.89 :
T Mt . 2.00 ¢ 1.95 i
T i 2.8 o.2086 : 2.08 ¢ 1.95 i
T 2178+ o.2140 : 2.08 :  1.95
TV 2778+ .28 ;2.0 & 1.95 i
T i 21 i .23 : 2.08 : 1.95
s 4 27.18 1 o.2302 . 2.08 1 1.95
e+ 2718+ .41 . 2.04 1 1.95 i
TTTTteatcuraTeb  : cur sectom
: PARAMETERS R R et P L e P Pt :
: (ADV. / REV.,) : 180 DEGREE : 90 DEGREE :
iTIORQUE + S.D. (KNM) i 1.64116 + 0.11796 : 0.82432 + 0.16144
| SLEWING FORCE + S.D. (KN):11.35249 + 0.30446 : 5.69571 + 0.59859 1
i VOLUME SWEPT (CUBM)  :  0.0008931 . o0.0004466 :
i SPECIFIC ENERGY (MJ/CUBM):  11.5458 . 11.s98a :

/



3.20

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE 32.41 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

s AN S EEEEEEETETRNCERCERNDELET RN N DI TR 3

s CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

.
*e

:TT00L NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP
: : (DEGREE) : (M) ¢ (KN) (KN) :
T esas 4 o.0m82 1.0z & 1.16 i
2 . 61.82  :  o0.0048 . 116 ¢ 1.27 1
Ty T Teots s o.iee P 1.30 1 1.37
L4 ¢ 5556+ 0.1261 t 143+ 1.48
TS i 093 i o0.1408 : 1.55 : 1.57
e i ee.30 : 0.1sa0 P 1.67 1 1.66 1
T T e s etess D 1.7 1.4
M Rt . 1.87 :  1.82 :
T T T o.iee2 . 1.96 1 1.89 :
Tt ;1.9 : 1.8 :
T Al 0.a0m . 1.96 1 1.89
T waa s e . 1.96 :  1.89
TG T T o226 1.96 ¢ 1.89
T 3l ¢ o.236 P 1.96 & 1.89
s i ) o.aeel . 1.96 : 1.89 .
Tl i 3241+ 0.2s57 . 1.96 :  1.89
EmSesSs=saITSSSTECSSST=ZSS R ER RSN E SN AERETSIARE IR TEDIE
: CALCULATED : CUT SECTOR :
: PARAMETERS R Sty lmm e e ————— :
s (ADV. / REV.) -8 180 DEGREE s 90 DEGREE :
{TTORQUE + 5.D. (KNM) i 1.62210 + 0.12079 : 0.81474 + 0.16170
| SLEWING FORCE + S.D. (KN):11.16171 + 0.29856 : 5.59999 + 0.58572
:TVOLUME SWEPT (CUBM) i 0.0008777 . o0.0004389 ;
| SPECIFIC ENERGY (MI/CUBM): u.e117 . 1l.e6as i

!



.21
DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 37.04 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

e 80

. T00L NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF ¢
: : (DEGREE) : (M) : (KN) : (KN)
T i e9.45 : o.0782 i 1.0z & 1.16 1
T T Teas2 i o.00a8 16 : 1.27
T T T e+ ouaios : 1,30+ 1.37
T T Tssase : o.izer : 1.43 : 1.48 1
.5 i 50.93 :  0.1405 & 1.55 : 1.57 1
e T Twea0 : oase0 : 1,67+ 1.66 1
DT T T aler s Toltess 1.77 5 1.78 %
T8 a4+ oame . 1.87 : 1.82
T T e T Tolees x 1.e7 ;1.8 s
Tl i 3r0e i o.1ess . 1.87 1 1.82
T a2 ol2ies ;187 : 1.82
© 12 ¢ .08 & o.2213 . 1.87 1 1.82
13+ 37.04 1 o0.2320 . 1.87 1 1.82 1
T f Ta.e i 0.2430 & 1.87 : 1.82
s i 370h + o.2s3 . 1.87 :  1.82
© 16+ 37.04 1 0.2647 . 1.87 : 1.82
mrEe SO e S R R R R T T A S ISR TTTEICIT RTINS
CALCULATED : CUT SECTOR :
PARAMETERS D T U R .

180 DEGREE

1.59528 + 0.11989

90 DEGREE

0.80128 + 0.16051

(ADV. / REV.)

TORQUE + S.D. (KNM)

5.47577 + 0.56851 :

P e G D AN D @R R D W G YD S G G T W S " e - - D SN Gl G GED SR GUD GHN GNP WIS GNP W GEh WS G I D S W

e 08 0¢ 00 00 0% o0

. SPECIFIC ENERGY (MJ/CUBM): 11.7017 : 11.7551 :

s EESEITSErITMREXTTRTRMTIBRREV|E (EEEATATNUREBVIBERTEDR | PR 2o RS TR RN MBMBMIBEE 3
’

e 80 00 08 06 o0 o0, S0 08
i
|
1
|
|
)
[
1
1
|
|
|
1
{
I
[
i
|
[
I
!
*0



3.22

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 41.67 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

*e

. T00L NO. : TILT ANGLE : COTTING RADIUS : MWCF  : MWNE i
= LSO NN S M L
:======:====:===:;f:§==-=; 0.0782 : 1.02 :B 1.16 :
T T Teaez : 0.0948 : 116+ 1.27 i
Ty T Teoas i eaates s 1.30 s 1.37
© 4 s 5556 i 0.1261 : 1.43 :  1.48
s i s0.93 : 0.1405 5 155 & 1.57
© 6 ¢ 46.30 & 0.1540 1 1.67 : 1.66
T T aler s oliees : 117 s 1.7a
TV T Taler f oaaes 2 1.77 ¢ 1.74
o i ale7 i 01904+ 1.77 & 1.74
T T aler s ez024 : 1.77 5 Ll.7a
T T e s o2l L 1,77 ¢ 1.74
TR e ¢ o263k 1.77 1.4
T2 al.er o+ 02383 1 1.77 ¢ L4 s
P 1a : al.e7 = 0.2503 & 197 : 1.74
T aer : 02622 1.7 1.74
T aler i o2z s L7 & 1.4 s
{Exzasz=ss=smes S RIS aN NS ARSI ASE SRS SRS R REE.
: CALCULATED : CUT SECTOR :
: PARAMETERS e ittt e e e ——— :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
eSS TIATSSSTSTILS [ EXTTTTTZZTSILTCAZIIILS | IXEADETIXIZATITAZ RIS 3
: TORQUE + S.D. (KNM) : 1.55906 + 0.12107 : 0.78308 + 0.15873 :
| SLEWING FORCE + S.D. (KN):10.60383 + 0.26758 : 5.32015 + 0.55154 1
VOLUME SWEPT (CUBM)  :  0.0008286 :  0.0004143
TSPECIFIC ENERGY (MJ/CUBM):  11.8227 . 11.8766 :

H o~



3.23

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 46.30 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL s
T T00L No. : TILT ANGLE : CURTING RADIUS i WGP i WP .
: s (DEGREE) : (M) : (KN) (KN)
T ee.as : o.0782  : 1.0z 1 1.16
N N T C 116 1 1.27 1
Ty T Teoas  o.1tes : 1.30 : 1.37
ST ssse : ollzel : 1.43 : 1.48
s i s0.93 i 0.1405  : 1.55 ¢ 1.57 i
e i as.30 : o.aase0 : 1.67 1 1.66
N Y T : 1.67 1 1.66 1
e i 4630+ o.1800 . 1,67 1 1.66
e M T T . 1.67 : 1.6
0 as.30 : o.20e1 L 1.67 : 1.66
TR T T e eaner : 1.67 +  1.66 :
TR e+ e.azm . 1.67 :  1.66
13+ 46.30 1 0.2451 :1.67 & 1.66 1
T eees0 i o.zsel P 1.67 1 1.66 1
s ae.s0 ool L 1.67 ¢ 1.66
16 : 46.30 :  o.2841 : 1.67 :  1.66 1

: CALCULATED : CUT SECTOR :
. PARAMETERS e T — :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
: TORQUE + S.D. (KNM) : 1.51178 + 0.11622 : 0.75933 + 0.15336 :
. SLEWING FORCE + S.D. (KN):10.22638 + 0.23256 : 5.13084 + 0.52255 :
mmwmmmmmm e m@mmEammRmeSSeee - faddded el itk adb kbt bt d g QS e > e O o e - H
: VOLUME SWEPT - (CUBM) 0.0007926 : 0.0003963 :
{mmmm—r——c—e——————e—————all e b LD bt T T e L L e :
: SPECIFIC ENERGY (MJ/CUBM): 11.9843 : 12.0390 :

[

/



3.24

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 50.93 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :
i TIOOL No. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF %
: : (DEGREE) : (M) f--iffl.,f.g-iffl. f
T i 6945+ o0.0782  : 1.02 & 1.16
T T Teas2 ¢ o.0a8 e 1.16 :  1.27
Ty T Teea1s ¢ o.1108 : 1.30 1 1.37 i
ST T ssse + o.ieel e 1.43 :  1.48
TS T Ts0.e3 : 0.1405 : 155 :  1.57 1
T i Tse.es : o.isas : 1.55 & 1.57 s
T T Tse.es ¢ o.1e8s : 1.55 1 1.57
e i Ts0.e3 i o0.1824  : 1.55 & 1.57
TS T s0.e ¢ 0.1964 : 1.55 t  1.57 1
T le i Tse.es : o.2108 : 1.55 :  1.57 1
T T Ts0.es : 0.22a3 : 1.55 & 1.57
T2 i Tso.es : o.2383 : 1.55 & 1.57
T i Tse.es : o.2s23 e 1.55 ¢ 1.57 i
Tl i Tso.es : o.2663 t 1.55 : 1.57
Tl i so.es : o.2802 : 1.55 & 1.57 1
e i Tso.e3 ¢ o0.20a2 . : 1.55 :  1.57
(BERCRsES ST SRR ISR IR S ACEREEINIAEETATREEIITAESCATIRERRIRSII=Z L
: CALCULATED : CUT SECTOR :
. PARAMETERS e fmmmmmmmmm oo :
: (ADV. / REV.) : . 180 DEGREE : 90 DEGREE :
{EBECEIAVREEDI=SVWESTBIIZLITZLDE ESISETATARDIRTZFEZNEES  TTTSBXESTIXISLRANXTRERST
: TORQUE + S.D. (KNM) : 1.45185 + 0.11070 : 0.72923 + 0.14542
H e EwING FORCE + S.D. (KN): 9.77781 + 0.20209 : 4.90581 + 0.48603
o OLME SWEPT (CUBM)  :  0.0007477 . 0.0003738 :
" PECIFIC ENERGY (WI/CUBMI: | 12.2005 : 1z.2561 :

H '.8’8'.3.====888=8-8-==“= I MESNEATNEZERTTNENENE  ENVVWERVVESESEEEXIVRNaRBE
L
J



3.25

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 55.56 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

e o8

CUTTING RADIUS : MCF

: TOOL NO. : TILT ANGLE : : MNF .
: : (DEGREE) : (M) : (KN) (KN) :
T 6945+ o0.0m82 s 1.02 i 1.16 1
T Teasz : o.00a8 L 1.6+ 1.27 s
Ty T Teea1e i o.iee . 130 1.37
T T Tssase : o.12e1 . 143 ¢ 148
TS T Tssase : o.1408 P 1.43 @ 1.48
e ss.se i 0.1s57 . 143 1 l.as
T T Tesiss + o0.1708 D143 1.48
;T8 i ss.se : o0.1854 ;143 1 1.8
T T Tesise + 0.2003 : 1.43 ¢ l.48 s
o+ ss.se : o.a1s1 . 1.43 : 1.48 s
I Tss.se : 0.2300 : 1.43 1 1.48 1
Tz ss.se i 0.2448 P 143+ 1.48 1
13 ¢ 5.5+ 0.2597 : 1.43 : 1.48
T T Tssse s o.ams : 1.43 1 Ll.ag
st ss.se s o.2894 : 143 ¢ l.a8
e i ss.se : 0.30a2 ;143 1 1.48
fm————————oo (e n=—= [ utatebateribedatnteadedadedesihed oS wmm————- (v mccam—- 3
AR TR E R R R N R R A AR A RS SRR RN TR
CALCULATED : CUT SECTOR
PARAMETERS R e b Dl S emcmc e cm e ———

180 DEGREE : 90 DEGREE

1.37787 + 0.10240 0.69208 + 0.13534

(ADV. / REV.)

TORQUE + S.D. (KNM)

o0 oo o8 o0 eo o
s 00 00 08 e¢ 08 oo

. o0 o8 oo

: SLEWING FORCE + S.D. (KN): 9.25524 + 0.16197 : 4.64373 + 0.44512 :
O P femecccdc e cc e ———— e :
: VOLUME SWEPT (CUBM) 1 0.0006930 : 0.0003465 :
0 o — o - - T W D S - e Qo - — S - - - - - - M
: SPECIFIC ENERGY (MJ/CUBM): 12.4930 : 12.5500 :

H 3’-'8"8==8'==‘=’8383"‘-88.’ I EETEETNTRNIETTERTERNR: I TEXEIREMIVEEN RN N N VBN IX H
H
/



3.26

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 60.19 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 69.45 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE : CUITING RADIUS : MCF  : MNP  :
s : (DEGREE) : (M) ¢t (KN) (KN)
L 9.4+ o.0782 & 1.02 & 1.16
T T ez o.osas . 1.16 ¢ 1.27 s
Ty T Tees 2 ouies L 1.30 ¢ 1.37
T en1s i o.zes : 130 1 1.37 ;
s i Teo1s i o.u420 P 1.30 1 1.37 s
ST i eos 1 easmr ;1,30 : 1.37 i
N S R e L 1.30 i 1.37 i
e i eo1s i o.ises L 130+ 1.37
Ty T T Tee1s & o.zoas 130 ¢ 1.7
o i 0.1 i o220 P 1.30 ¢ 1.37
I i Te01s : o.23s8 : 1.30 ¢ 1.37
TR T T Teos : o258 : 1.30 1 1.37 3
T eoa1s : o.2610 P 1.30 ¢ 1.37
Tl i ee.1s ¢ o.2826 P 130+ 1.37
s i e0.19 : o0.2982 : 1.30 : 1.37 i
e e0.1s : o0.a138 P 1.30 : 1.37 s
I Ea RS AS RS R S R AR L AR ISR AR A TR R EEEE §
CALCULATED : CUT SECTOR :
PARAMETERS = = = t=====--ccecce-cecoca-o e e DL LT L :

180 DEGREE : 90 DEGREE

1.28875 + 0.09251 : 0.64730 + 0.12420

(ADV. / REV.)

ERCENREESRNEZNEESRITI_ETSIRBRE

TORQUE + S.D. (KNM)

s oo o8 ee o8 oo
e oo oo

---------------------------------------------- R it L L
. SLEWING FORCE + S.D. (KN): 8.65685 + 0.11486 : 4.34355 + 0.40525
: VOLUME SWEPT (CUBM) 0.0006278 : 0.0003139 :
e rerammemmm @ smmmeSee - o = e op o e e - - - e - = - - - -— H
: SPECIFIC ENERGY (MJ/CUBM): 12.8971 : 12.9558 :

H 8883888=8-8838.8=-8’.8.=.8 IEESXTAITEINERNTTCACTARER | RETEEEBETRERVNIBBENE WE R §



3.27

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 64.82 DEGREE

TILT ANGLE OF THE

CORNER CUTTING TOOL

69.45 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

; TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF H
: ‘s  (DEGREE) : (M) : (KN) (KN)
T es.as i o0.0782  + 1.02 1 1.6
T T Teas i o.00a8 106 : 1.27
TS T Teer & eenin : 116+ 1.27
A R e P 116+ 1.27
TS T e oomam C 1.6 : 1.27
e 1 ea.s2z i o.1600 D 106+ 1.27 1
A M Rt : 106+ 1.27
et ea.s2 : 0.1926 P 106 ¢ 1.27 :
TS T Teae ¢ .20 . 106+ 1.27
Tl ede2 : o0.222 D 116+ 1.27
DT ea.s2 + 0.4 : 1.6+ 1.27
T2 f eas2 1 o.2s11 P 1.6 ¢ 1.27
C T i eas2 + o.2140 D 106+ 1.27
T T eae ¢ o.2003 ;106 ¢ 1.27
s ee.e2 + o.3086 1.6 : 1.27
e ¢ ea.s2 & 0.3229 : 1.16 + 1.27 :

3 ISR E R IR S S S R R R T N e R I I AR I A CEAIMETERIIDRATTXSEE

: CALCULATED H
: PARAMETERS s
: (ADV. / REV.,) :
g "3:8”:88:'.==:.883“388' :
: TORQUE + S.D. (KNM) :
: SLEWING FORCE + S.D. (KN):
: VOLUME SWEPT (CUBM) :

SPECIFIC ENERGY (MJ/CUBM):

CUT SECTOR
180 DEGREE  : 90 DEGREE
"1.18380 + 0.08457 : 0.59460 + 0.11293
77.98187 + 0.09078 : 4.00503 + 0.37026
" o.o00s520 . 0.0002760
T e ;. 13.5363

: 3
saszzszgssusssssssasssazsa IZEXEUBEEIRNXRRTEINMETEN | EXARERNEVNBVRIDE N VIR EREE 3
s



3.28

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 9.26 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF :

: ¢ (DEGREE) : (M) ¢ (KN) (KN)

UL 7ai08 s 0.0811 5 0.87 i 1.05 i

T Teeias f e.0782 i 1.02 : 1.16

TS Teaisz : o.0s48 i 1.16 :+ 1.27 s

Y T Teo1s : o.ites : 1.30 :  1.37

. s+ s5.56 :  0.1261 ¢ 1.43 : 1.8 :

e i 5093 & 0.1405 i 1.55 & 1.57

T T T Te0 2 oasa0 : 1.67 :  1.66

T e i Taier  : o.lses : 1.7 ¢ 1.74

T T e e : 187 : l.e2 s

1o i 3241 ¢ o.le2 : 1.96 @ 1.89 :

T T e T eenz : 2.04 1 1.95

© 12 i 23as ¢ 0.2050 : 2.10 :  2.00

DT i dees2 + 0.2114 i 2.16 : 2.08

DT 13iey ¢ o.a1e4  : 2.20 ;2,07 :

T 1s i .26 & 0.2200  : 2.23 i 2.10

e+ 9.26 : 0.2220 i 2.23 i 2.10 :
T TeALcumaTeo ¢ cur sector
: PARAMETERS fmmmm——cemen——c—enee— R et e PR PR :
: (ADV. / REV.) : 180 - DEGREE : 90 DEGREE :
. TORQUE + S.D. (KWM)  : 1.52535 + 0.12570 : 0.76616 + 0.16675
. SLEWING PORCE + S.D. (KN):11.20328 + 0.41068 : 5.62096 + 0.67423
| VOLUME SWEPT (CuBM)  :  0.0008306 . o.0004153 :
TSPECIFIC ENERGY (MI/CUBM): | 11.5388 o a.seis :



3.29

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : -13.89 DEGREE :
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :
:ToOL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF  :
: : (DEGREE) : (M) : (KN) (KN)
1 i 7a.08 : 0.0611 i 0.87 & 1.0 :
T T Teeas ¢ o082 : 1.02 :  1.16 1
Ty T Teaiez ¢ o098 : 1.16 : 1.27 i
A R P 130+ 1.37
TS T Tesase ¢ 0.1261 : 1.43 1.4
e i s0.93 : 0.1405 ;1.5 i 1.57 1
T T T e o.isa0 L 1.67 : 1.66 1
TR T e s ooiess D 177 1 1.74
T T e o 187 ¢ 1.8z
T T . 1.96 : 1l.89
T T e e : 2.04 ¢ 1.95
T2 i 23as : o.20s0 : 2.10 + 2.00
T a2 2 02114 i 216 ¢ 2.08
T 1aiee 1 ozied P 2,20+ 2.07
TS T isies 2 0.2200 5 2.20 1 2.07
e 13.e ¢ 02250 2.20 ¢ 2.07
RS TR E TR e S T R R R A S R A S R R ARSI RIS IIT AT R R RS §
CALCULATED : CUT SECTOR :
PARAMETERS ImmmTees s sse e~ e ettt it :

180 DEGREE : 90 DEGREE

1.52298 + 0.12559 0.76498 + 0.16604

(ADV. / REV.)

TORQUE + S.D. (KNM)

\
o0 oe 00 e 00 ee oo oo

: SLEWING FORCE + S.D., (KN):11.18147 + 0.40550 : 5.61002 + 0.66851 :
(L Ll L bttt bttt ittt St b e Cm S - - H
: VOLUME SWEPT (CUBM) 0.0008289 : 0.0004145 :
[t e tatad et ettt it bt et @ T e 0 L o e e e o :
: SPECIFIC ENERGY (MJ/CUBM): 11.5440 : 11.5968 :

/



e 08 se o8 oo oo

3.30

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY : COMBINED

HEAD CONE ANGLE : 18.52 DEGREE

TILT ANGLE OF THE CORNER CUTTING TOOL :

74 .08 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

. TI0OL No. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF  :
: : (DEGREE) : (M) : (KN) (KN)
1 ¢ 74.08 ¢ 0.0611  : 0.87 : 1.05
T T Teeias i o.ome2 . 1.02 ¢ 1.16
Ty T T Teas2 + o.osas : 1.6+ 1.27
T T T Teoe ¢ o1l P 130+ 1.37
s i ss.se : o 0.1261 t 143 1 1.48 :
e i s0.e3 : o.1405 P 155 : 1.57
T T T w0 2 oase0 L 1.67 + 1.66
Ty T Taer s ooiess ;D 1.77 : 1.4
Ty T T e e . 1.87 : 1.82 1
e i w2 o.ies2 . 1.96 : 1.89
A R e P : 2.00 :  1.95 i
;T2 i 235+ o.20s0 : 2.10 1 2.00 i
T T e+ oo . 2.16 : 2.04
T 1es2 ¢ el : 2.16 1 2.04
s i ies2: o.2228 ;216 ¢ 2.08
TTle ¢ 18.52  : 0.2285 1 2.16 :  2.04 :

amsszs:::zz::s=======a=s=a====s=s:==asl:===a===ssa=s=====8==8-=s===- H

CALCULATED : CUT SECTOR

180 DEGREE :

PARAMETERS
(ADV. / REV.)

SRR EERSE SR EERERS

TORQUE + S.D. (KNM)

1.51824 + 0.12366

0 @0 o0 00 o0

SPECIFIC ENERGY (MJ/CUBM): 11.5579 3

90 DEGREE

0.76259 + 0.16430

11.6108

. .
888888882838-888888888838: I MDA EXEVERRRTTREN ; BEVEEREXRTRRISENRBERIER



3.31

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY COMBINED
HEAD CONE ANGLE : 23.15 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

; CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE CUTTING RADIUS MCF MNF
: : (DEGREE) : (M) : (KN) : (KN)
L L a0+ 0.0611  : 0.87 + 1.05 1
T T Tesas i o.0182 : 1.02 : 1.16 1
T T T Tesez + o.osas : 1.16 : 1.27
Ty T Tees ¢ o.aites : 1.30 i 1.37
TS T Tssuse : o0.1260 P 1.43 1 1.48
e i se.e3 i o.1405 : 1.55 : 1.57
T T T30 ¢ o.1sa0 : 1.67 : 1.6 1
T i Taler & o.tess t1.77 ¢ 1.74 1
TS T T e ¢ 01118 1.87 & 1.8z
0 32.41 ¢ o.ie2 : 1.6 1 1.89 1
Y T : 2.08 :  1.95 1
T2 2315+ o.2050 : 2.10 1 2.00 i
T i 2315 ¢ 0.2120 : 2.10 & 2.00 s
T i T23as 0 0.1 : 2.10 i 2.00
T 231s : o.2262 : 2.10 & 2.00 i
e+ 2315+ 02333 : 2.10 :  2.00 i
tTaALcuatEb  +  cur sector
PARAMETERS e —e—reecrr——e——- {mmmecccccccc e ———————
(ADV. / REV.) 180 DEGREE : 90 DEGREE

TORQUE + S.D. (KNM) ; 1.51016 + 0.12168 : 0.75854 + 0.16190
SLEWING FORCE + 5.D. (KN):11.05864 + 0.36902 : 5.54839 + 0.63625 1
I VoLoME swEPT (cuBM) _ :  0.0008191 . 0.0004096 :
TSPECIFIC ENERGY (MJ/CUBM):  11.5835 . 1l.e38s :

/



3.32

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 27.78 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

;—-——CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL ;

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF i

: : (DEGREE) : (M) : (KN) (KN)

: 1 : 74.08 :  0.0611 : 0.87 : 1.05

: 2 : 69.45 :  0.0782 : 1.02 :_ 1.16

: 3 : 64.82 :  0.0948 : 1.16 :  1.27

: 4 : 60.19 :  0.1108 : 1.30 :  1.37

: 5 : 55.56 :  0.126l : 1.43 : 1.48

: 6 : 50.93 :  0.1405 : 1.55 : 1.57

. 7 : 46.30 :  0.1540 : 1.67 : 1.66 1

: 8 : 41.67 :  0.1665 : 1,77 : 1.74

: 9 : 37.04 :  0.1779 : 1.87 : 1.82

. 10 : 32.41 :  0.1882 : 1.96 : 1.89

: 11 : 27.78 :  0.1972 : 2.04 : 1.95

: 12 : 27.78 :  0.2056 : 2.04 : 1.95

: 13 : 27.78 :  0.2140 : 2.04 : 1.95

: 14 : 27.78  :  0.2224 : 2.04 : 1.95

. 15 ¢ 27.78 :  0.2308 : 2.04 : 1.95

: 16 : 27.78 :  0.2392 : 2,04 : 1.95
: CALCULATED : CUT SECTOR :
. PARAMETERS fmmmmmmmmmmmmm——mmmee T e :
; (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
: TORQUE + S.D. (KNM) : 1.49770 + 0.12052 : 0.75227 + 0.15943 s
D e bbbttt e hedndedd bbbkt e rm e crncne s - ———-—- H
: SLEWING FORCE + S.D. (KN):10.94179 + 0.34897 : 5.48975 + 0.61359 1
: VOLUME SWEPT (CUBM) : 0.0008095 : 0.0004048 :
: SPECIFIC ENERGY (MJ/CUBM): 11.6243 : 11.6774 :



DETAILS OF THE CUTTING HEADS INVESTIGATED

D . - - - D - - — — - VI G D D =) S W G W =

HEAD GEOMETRY

HEAD CONE
TILT ANGLE OF THE

s COMBINED

3.33

ANGLE : 32.41 DEGREE
74 .08 DEGREE

H R S N T N N N I N e R I S S N R T R S S S NI A M

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

CORNER CUTTING TOOL

-
.

-
.

e

. TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF & uNF
: : (DEGREE) : (M) : (KN) : (KN)
L i 7a.08 ¢ 0.0811  : .87 4 1.0
T T T Teeas i o.0782 : 1.02 :  1.16 i
Ty T T Teaez f o.0sas : 1.16 ¢ 1.27 1
Ty T Teee & o.110 : 1,30 & 1.37 1
TS T Tssse + o.1260 P 1.43 :  1.48 s
e i se.e3 i o.1405 : 1.55 1 1.57 1
A N R T t 1.67 :  1.66 1
T Ty Taler : o.ises P 177 1 1.74
. o+ 37.04 i  0.1779 : 1.87 :  1l.82
T i 32.a1 ¢ o.1ss2 : 1.96 :  1.89 1
T T a2.ar ¢ o.1e78 . 1.96 : 1.89
v T : 1.96 : 1.89
T s+ coaam : 1.96 :  1.89
T T 2y olazes : 1.96 ¢ 1.89 1
s i a2+ o.2iee : 1.96 ¢ 1.89
16+ 3z.a1 : o.2e61 t 1.96 : 1.89

SEs I R R R R AT EEATAIRAJAXIBRENAIT [N IMM TR MME

: CALCULATED : CUT SECTOR

: PARAMETERS = §=====—=mmmcemmeeeeo fmmmm e cc—————————

: (ADV. / REV.) 180 DEGREE : 90 DEGREE

: "TORQUE + S.D. (KNM) T1.47962 + 0.11844 : 0.74320 + 0.15733

: SPECIFIC ENERGY (MJ/CUBM):

10.77827 + 0.31901

e o - A - - — - -

0.0007957

11.6842

e o0 S8 90 o

T D D T WS S D S G D W T B W D W -

11.7377

e o0 ev e

e o0

H
H



s s oo

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY s COMBINED

HEAD CONE ANGLE : 37.04 DEGREE
74.08 DEGREE

TILT ANGLE OF THE CORNER CUTTING TOOL

3.34

; CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. ; TILT ANGLE ; CUTTING RADIUS ; MCF : MNF :
: : (DEGREE) : (M) : (KN) (KN)
L 7a.08 : 0.0611  : 0.87 : 1.05
T T esas i o.0182 : 1.02 : 1.16 s
Ty T T Teasz + o.00a8 ;1.6 : 1.27 s
T T T Teoe ¢ o.1les P 130 ¢ 1.7
TS T Tesase : 0.1261 : 1.43 i 1.48
e i s0e3 : o.1a05 . 155 i 1.57
T T T 630 2 oaase0 ;1.7 ¢ 1.66 i
T i aler i o.tess L 1.77 ¢ 1.74
A . 1.87 : 1.82 1
o i 308 ¢ o.1sss . 1.87 : 1.82 :
T 3 i o.1eee . 1.87 @ 1.82
T  Tar0a 2 o.at0s . 1.87 : 1.8z
13+ 37.08  :  0.2213 . 1.87 :  1.82
T s : e . 1.87 :  1.82
TS i 370 i o.2a30 P 1.87 1 1.82
i 16 : 37.04 & o0.2538 . 1.87 : 1.82
s NS T AR SRR I TN DR TIZADAZIRT DTN D W RDIWMIMD §
CALCULATED : CUT SECTOR
PARAMETERS $m==ms———————————meeo R e L L L :

(ADV. / REV.) 180 DEGREE : 90 DEGREE

TORQUE + S.D. (KNM)

1.45460 + 0.12039

SPECIFIC ENERGY (MJ/CUBM): 11.7683

L

11.8221

0.73063 + 0.15655

Iy



3.35

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 41.67 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

I S T R R S S S NS SIS SN SIS IS TSI IR H

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE ; CUTTING RADIUS ° MCF : MNF f
: ¢ (DEGREE) : (M) : (KN) (KN)
UL 7.0 ;i 0.0811  : 0.87 : 1.05 i
T Tesas ¢ 0.0m82 ¢ 1.02 5 1.16
TS T Teaez ¢ o.0sa8 : 1.16 1 L.27
DT T eo1s ¢ ollles : 1.30 : 1.37
TS T Tssuse o121 ¢ 1.43 148
e i Tsoes i o.w0s s 1.5 1.57
T T e olasa0 . 1.67 1 1.66
T T Taler 2 olees D 1.7 ¢ 174
TS T T e eares 4 177 s 1.7a
T i Taer : o.sod i L7 i 174 s
T T P T : 1.7 ¢ 1.4
TR Tl et 197 s 174
132 al.er s 0.2263  : 1.7 ¢ 1.74
{14 : al.e7  : 0.2383 1.7 i 1.74
s alier s 02503 i 1.77 s 1.74
e i al.er : o0.2622 s 1.77  1.74
S ECSSSaEE R I A AT AT IRERNARITISIIITTIAIZTATIIIAATRATIRIIIRE §
CALCULATED : CUT SECTOR :
: PARAMETERS R ettt R :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
ISV TSTITITTVTIRATSS ( TTIXITTITLETAZIZIVERT AN IVARB R TBBWRE
: TORQUE + S.D. (KNM) : 1.42121 + 0.11833 : 0.71386 + 0.15416 :
. SLEWING FORCE + S.D. (KN):110.28581 + 0.28460 : 5.16072 + 0.55664 1
. VOLUME SWEPT (CUBM) 1 0.0007514 . 0.0003757 :
| SPECIFIC ENERGY (MI/CUBM):  11.8835 . 1.e3ne :



3.36

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 46.30 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

R S I N N I R S I T S S AT E R EE TR NI E TR W R MR H

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE ; CUTTING RADIUS : MCF ; MNF :
s : (DEGREE) : (M) : (KN) (KN)
L 7a.08 + 0.0611  : 0.87 & 1.05 s
A . 1.02 1 1.16 1
TS T Teae2 :+ 0.00a8 . 1.6+ 1.27 1
S R T t 130 : 1.37
s i ss.se : o0.1261 i 1.43 @ 1.48
e i so.es ¢ o.1408 . 1,55+ 1.57 1
Y T T Tewe0 + o.isa0 : 167 : l.es
P M : 1.67 :- 1.66 :
Ty Y T30 ¢+ o.1s00 : 1.67 : 1.6 1
T i aes0 : o.1930 ;167 : 1.6
T Twes0 i o.z0e1 : 1.67 & 1l.66
T ae.s0 i o.2101 : 1.67 1 1.66
TG T e s owzsan i 1.67 :  1.66 i
T i ek : o.2es1 P 1.67 1 1.66
s i w630+ o.2sel i 1.67 + 1.66
P N P 1.67 & 1.66

==zaa::ss:a:a-aassasaa=z---asz:asaa:::3838:88238:88883 AMIRUIN IR D IE IR TN AR NI =
CALCULATED H CUT SECTOR :
PARAMETERS = f=—=—==co———meeemoee tmcmmmemm—e————————— :

(ADV. / REV.) 180 DEGREE : 90 DEGREE s

H
TORQUE + S.D. (KNM) . 1.37799 + 0.11839 : 0.69215 + 0.15113
i SLEWING FORCE + S.D. (KN): 9.94610 + 0.27768 : 4.99029 + 0.53773 1
i VOLUME SWEPT (CUBM) & 0.0007192 §"""'6TBSESESE"""§
ITSPECIFIC ENERGY (MJ/CUBM): 12,0391 . 12.0081 :

(FATTFTESETITTIITTSUIITAXACTASR  INIMCVAFVXACTITTILLIDEAN { IVIIVBACE B TR XA W B



DETAILS OF THE CUTTING

3.37

HEADS INVESTIGATED

HEAD GEOMETRY s COMBINED
ANGLE : 50.93 DEGREE

HEAD CONE
TILT ANGLE OF THE

CORNER CUTTING TOOL

74.08 DEGREE

I I S I T S S S S S EREE NN I NSNS I WIS BRI BB ST 4

H CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :
i TToOL No. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP  :
: : (DEGREE) : (M) t (KN) (KN}
T i 7a.08 ¢ 0.06l1  : 0.87 & 1.05 :
Ty T Tesas + o.om82 : 1.02 ¢ 1.16
Y T T Teae2 00088 ;1.6 : L.27
e Teoas : o.1108 1.0 ¢ 1.37
s i ss.s6 i 0.1261 143 ¢ L8
e i Ts0.e3 ¢ o.1405 . 155 ¢ L.87
T T T Ts0es ¢ o.1sas : 1.55 : 1.57
e i so.e3 : o.1esa ;155 : 1.57
Ty T Tsees ¢ o.1s2a L 1.ss : 1.57
Tl i Ts0.es ¢ o.10ea : 1.55 1 1.57
T i Ts0.es + o.2108 :1.ss + 1.57
T2 se.en i o.2243 . 1.55 & 1.57 i
T f s0.93 : o0.2383 : 1.55 : .57
P S e : 1.55 ¢ 1.57
T i s0.e3 : o.2663 : 1.55 : 1.57 1
16+ s0.93 : o0.2802 : 1.55 ¢ L.57
T CazcoratEo |+ cur sector
: PARAMETERS mm e ———— et $
: (ADV. / REV.) 180 DEGREE : 90 DEGREE 3

TORQUE + S.D. (KRNM)

w
2
z
-
z
7]
=
o]
n
0
=
+
w0
o
.
=
z

0 96 00 00 00 08 0

]
<
1 O
:l."
[ =]
<
:m
(I )]
| &
i
| T
(]
[}
[
{ ~
(o]
(=
|
[
| ~
]
t
]
[}
]

SPECIFIC ENERGY (MJ/CUBM):

1.32353 + 0.11236

12.2488

o8 60 20 00 o0

0.66480 + 0.14441 :
--------------------- :
4.78577 + 0.50527 :

-------------- LT rry :
0.0003395 3
--------------------- 8
12.3049 s



3.38

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED ,
HEAD CONE ANGLE : 55.56 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

s s R N I R IS ESEE SIS EREI NS S II N II TR DT DRI s

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE ; CUTTING RADIUS : MCF : MNF :
: : (DEGREE) : (M) : (KN) (KN) :
T T 7a0s : o.oell s 0,87 : 1.0
M . 1.02 : 1.16
Y T e ¢ o.osas . 116+ 1.27 :
e U Teoas : o.ite : 1.30 : 1.37
TS T Tss.se : 0.1261  : 1.43 ¢ 1.48
e i Tss.se : o.ua08 : 1.43 ¢ l.48
YT T Tesse + 01881 : 1.43 : 1.48
T i Tssise : o.1706 P 143+ l.48
i 9 : ss.56 :  o0.1854 P 1.43 ¢ 1.48
Tl i ss.se : o.2003 : 1.43 : l.4s
T ss.se : o.2ts P 143+ l.as
12+ ss.56  :  0.2300 P 143t 148
i 13 : s5.56 :  0.2448 : 1.43 ¢ l.48
Tl  es.se : o.2s97 . 1.43 1 l.4s
: 1s  : 55.56 :  0.2745 t 143 1 lds
i 16 : 55.56 :  0.2094 : 1.43 : l.as
(e ——————— jmmmmmmm—e——— = ———— = ————— - —————— :
TGALcunatEd .+ cur sectoR
PARAMETERS = =  f~==-=——cceccc—cwoa—=ac eccrccnn e r e ———— :

180 DEGREE s 90 DEGREE :

1.25656 + 0.10567 0.63115 + 0.13513 ;

(ADV. / REV.)

TORQUE + S.D. (KNM)

a8 00 68 00 00 S0 0 o0

H
: SLEWING FORCE + S.D. (KN): 9.05930 + 0.20626 : 4.54546 + 0.46463 :
S = e e e T ESme eSS me= Hi e el ek Xl ol ekl H
: VOLUME SWEPT (CUBM) 0.0006299 : 0.0003150 :
-------------------------------------------- et ettt Lot
. SPECIFIC ENERGY (MJ/CUBM) : 12.5338 : 12.5911 :



e 66

3.39

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 60.19 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

"

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF :
: ¢ (DEGREE) (M s (KN) : (KN)
L i 7408+ o.o61l  : 0.87 : l.0s
T T Tesaas i o.0me2 : 1.02 ¢ 1.16
P M P : 1.16 1 1.27
Ty T Teoa & oaites ;130 ¢ 1.37
TS T eos ¢+ o.ize P 130 137
e i Teoas i o.ua20 ;1,30 : 1.37
C 1 : e0.19  :  o0.1s17 . 1.30 1 1.3
T Teoa1s : 01733 1.30 + 1.7
T T eoe+ oiises : 1.30 : 1.37
0 e0.1s ¢ o.2085 ;130 1 1.37
M T 130+ 1.3
T i ee1s : o.23s8 . 1.30 1 1.3
T s0s : o.zsua P 1.30 ¢ 1.37
T eol1s i o.2em0 ;130 137
TS e0.1s : o.2826 :1.30 ¢ 1.37
i 16 : e0.19 : o0.2982 £ 1,30+ 1.37

CALCULATED . : CUT SECTOR :
PARAMETERS D S —— fmmmemm——me—me—e——m———— .
(ADV. / REV.) 180 DEGREE : 90 DEGREE

TORQUE + S.D. (KNM) : 1.17607 + 0.09633 : 0.59072 + 0.12379
TSLEWING FORCE + S.D. (KN): 8.50694 + 0.16297 : 4.26844 + 0.41946
“VOLGME SWEPT (CUBM) i 0.0005716 . o.o002858 ;
TSPECIFIC ENERGY (MJ/CUBM):  12.9285 . 12.9876 :
EFRSITIATITTTATTATAITTATAIAE IR ALCRTXTXATTAARATADR | ITAXRATAXTIAADWRRTBIS §



EJPEI T[N

DETAILS OF THE CUTTING

HEADS INVESTIGATED

s COMBINED
s 64.82 DEGREE
: 74.08 DEGREE

HEAD GEOMETRY
HEAD CONE ANGLE
TILT ANGLE OF THE CORNER

TS EESERESESR SNSRI ST T TIITIINTIT IS IR MW@ IMT oS

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE
H : (DEGREE)
1 : 74.08
T T Teenas
Ty T T Teae
T T Teae
TS T eae
L6 i 64.82

© 7 ¢ 64.82
e ee.s2
© 9 i 64.82

: 10 :  64.82
fmm———— Cmmmm e ———
: 11 H 64.82
T ea.s2
T
.14 i 64.82
st ea.e2
e+ ea.e2

e e ey I T S R S e AR EESI IO AUI AN NN ANTINIINIIRNV AR NI

CALCULATED
PARAMETERS
(ADV. / REV.)

TORQUE + S.D.

VOLUME SWEPT

=S

(KNM)

SLEWING FORCE + S.D.

(CUBM)

e 89 S8 ¢ oo o0

SPECIFIC ENERGY (MJ/CUBM):

CUTTING RADIUS

(M)

STEITIINTTE=TEESTIIDR

0.0611

13.4928

CUTTING TOOL

.

06 99 €0 90 00 06 €0 69 80 s ¢ e

(KN)

0.87

O e o i A > D e s G wn O - . - - - —— e an P - - - —-— - o

B s e En w wn En e P D D W D WP G D D G D - — S S S -—— o O

CUT SECTOR

180 DEGREE

- —— w0 = S — ———— —

3.9540

8 ¢¢ 0¢ 88 80 o8 00

3.40

MNF
(KN)

l1.08

P o - D W e D A e wD D P G I A W D A WS EE e A S s o an an O o W e W e e - - - Sw o = -

TEZSoSTZ ==

H

o8 o0 oo

3+ 0.3

0.54318 + 0.11148

7599

13.5544

I IERAITEEIARIISI IS ITIRNST ] AXTAWE XD SINMBIANBRRARRE $ T DN R N DRI MDD } 4

L3
-

-------------------- (e — e —————————
: 90 DEGREE

1.08141 + 0.08552



3.41

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 69.45 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 74.08 DEGREE

(¥ 3+ttt + -+t + 2+ e+ 2+ P P FFEEF ] H

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. ; TILT ANGLE ; CUTTING RADIUS : MCF : MNF :
: : (DEGREE) : (M) : (KN) (KN)
T i 7408+ 0.0611 : o0.87 i 1.05
Y Tesias : o.ome2 : 1.02 1 1.16 :
Ty T T e+ o.oes1 L 1,02+ 1.6 ¢
T T Teeas otz ;1,02 : 1.16
s T Tesas ¢ o.1288 ;1.2 : 1.1
e i e9.45 ¢ o.uas1 . 1oz ¢ 1.16 i
T T Tesas : o.1e2s . 1.02 ¢ 1.16
e i Tes.as i o.1798 : 1.02 1 1.16
Ty T T e ¢ o.tee2 . 1.02 : 1.16
T es.as o213 . 1.02 ¢ 1.6 i
T i Tes.as + e.2298 : 1.02 1 1.16 i
T es.as : o.2e88 . 1.02 1 1.16 :
T i es.as  : o.2636 ;102 : 1.16
Tl i es.as : o.2805 P 1.02 ¢ 1.16
s ev.as : o.29m4 :1.02 1 1.16 s
e i es.as : o.31a2 ;102 ¢ 1.16
(e ———— e it it em—————— (= ————— 3
mmammmEsssssssSEsESESESEEEEEEESEEEEEEEAEEEEESEESIIEsassssSsssssssses
CALCULATED s CUT SECTOR :
PARAMETERS D e fm—mmmmmmm——cm—m————— :

180 DEGREE : 90 DEGREE :

(ADV. / REV.)

o9 60 o0 o6 s o0

H
TORQUE + S.D. (KNM) : 0.97246 + 0.07643 : 0.48845 + 0.09905 :
. SLEWING FORCE + S.D. (KN): 7.17903 + 0.08583 : 3.60239 + 0.33869 1
I TVOLUME SWEPT (CUBM) | & 0.0004260 . o.0002130 1
| SPECIFIC ENERGY (M/CUBM):  14.3420 ;. le.a07s :



DETAILS OF THE CUTTING

3.42

HEADS INVESTIGATED

HEAD GEOMETRY s COMBINED
ANGLE : 13.89 DEGREE

HEAD CONE
TILT ANGLE OF THE

CORNER CUTTING TOOL

78.71 DEGREE

s TN I RIS ESE RSN SINAS TR S RIIDUNNDB BRI RN BRI

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

.TTT00L No. : TILT ANGLE : CUITING RADIUS : MCF  : MNP i
: : (DEGREE) : (M) : (KN) (KN) H
T Y 781 ¢ o0.0a36  : 0.72 : 0.93
A Tt . 0.87 : 1.05 1
Y T Tes.as : o.0m82 . 1.02 :  1.16
Y T Teas2 .+ o.048 . 1.16 : 127 s
Ty T e ¢ oautos L 1.30 ¢ 137 s
e i ss.se : o.1261 . 1.43 :  1.48 &
T T T T Ts0ies 0 o.ta0s . 1.5 & 1.57 1.
e f 4e.30 : o.1sa0 . 1.67 : 1.66 1
Ty T aer 1 o.tees P 1.77 ¢ 1.74
T Mt . 1.87 :  1.82 1
T i 32.a1 : o.isez . 1.96 : 1.8 1
T 27.8 ¢ oaem2 . 2.08 :  1.95
T 2315 ¢ 0.2050 210 ¢ 2.00 s
L i Ties2 1 o.2114 ;2016 : 2.08 g
TTTTIs b 13.89 : 0.2l P 2,20t 2.07
Tl i 13.89 ¢ o0.2200 : 2.20 & 2.07 1

id
s oo

CUT SECTOR :
-------------------- R e DL EE S LT L

H

CALCULATED H
PARAMETERS
(ADV. / REV.)
TORQUE + S.D. (KNM)
- i A o S o -
SLEWING FORCE + S.D. (KN)

¢ 60 00 00 S0 08 00 o8

SPECIFIC ENERGY (MJ/CUBM):

180 DEGREE

90 DEGREE :

1.37543 + 0.12846

11.6659

e 69 oo o

0.69088 + 0.16554 :
--------------------- :
5.34855 + 0.68724 :
--------------------- =
0.0003704 :

11.7196 e



3.43

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 18.52 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

H T R I R S I S S S S S E S RNEXAINETEECN TN I DE SN I T I I 3

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL H
. T00L NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP  :
: :+ (DEGREE) : (M) s (KN) : {KN) :
1 78.71 : 0.0436  : 0.72 & 0.93
2+ a0+ o.oem1 . 0.87 :  1.05 i
Ty T T Teeas ¢ o.0m82 i 1.0z + l.16
e Teas2 ;. o.0048 116+ 1.27
TS T Teos ¢ o.it0 L 1.30 ¢ 1.37
e i ss.se i o.i2e1 . 1.43 ¢ 1.48
T T Tseies ¢ o.1s0s L 1.5+ 1.57
T i es.30 i o140 . 1.67 : 1.66 1
T T T Taer .+ o.1ees ;1.7 : 1.7a
T Mt ;1.7 ¢ 1.82
T T 2 o.isez ;1.6 1 1.89
TR e o2 . 2.00 ¢ 1.95
;13 ¢ 2315 & 0.200 P 2.10 : 2.00
T 1eesz : o211 : 2.16 :  2.04 1
T M P : 2.16 ¢ 2.08
T TTTle i 1s.s2 : . 0.2228 1 2.16 1 2.0 :

BVMNVRECATTBETEIRSRTERATTISTITIBEENATENT DR T IR DI NUIE 0EW RTEI I S8 I TN I A 2B NI IR H

CALCULATED : CUT SECTOR :
PARAMETERS  =========-———ee—aeaae S :
(ADV. / REV.) 180 DEGREE : 90 DEGREE :

TORQUE + S.D. (KNM)

SLEWING FORCE + S.D. (KN)

1.37137 + 0.12782 0.68884 + 0.16417
------------------------------- --------—-:
5.33334 + 0.67878

0 90 98 €0 o0 08 oo

. VOLUME SWEPT (CUBM) 0.0007383 0.0003691 :
0 o e B T ™™ 10 0 = = 0 40 1 0 b o 0 0 0 o> w2 0 H
. SPECIFIC ENERGY (MJ/CUBM): 11.6715 11.7252 :

H :”Bﬂ”’.””:’I’SBSSH":. {DEMTBXVWETTREDE DR NMIT § I ITM 23 33 2885 20 20 30 08 W0 WWIN NI 0 H



oe Se oo 00 oo e

3.44

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY 3 COMBINED
HEAD CONE ANGLE : 23.15 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL :

78.71 DEGREE

TOOL NO. ; TILT ANGLE ; CUTTING RADIUS : MCF ; MNF ;

: (DEGREE) : (M) : (KN) (KN)

T e+ 0.0436 i 0,72 4 0.3
T T T s o.oem . 0.87 : 1.05 i
Ty T T Teeas i o.ome2 . 1.02 : 1.16
TV T T Teas2 2 o.00a : 1.6 ¢ 1.27
TS Tenas : o.ilos : 1,30+ 1.37
e i ss.se i o.1ze1 P 1.43 ¢ 148
T T T sees ¢ o105 185 2 1.57
T T Tee.s0 : o.ise0 :1.67 1 1.66
T e oatess : 1.77 1 1.74
T i Twed oo : 1.87 1 1.82 1
T T s i o.iser : 1.96 ¢ 1.89
T i 278 o.1e72 i 2.08 ¢ 1.95
T 23as ¢ o.2050 : 2.10 ¢ 2.00
T 2aas : o.2120 : 2.10 1 2.00
IS 2aas + o.aten : 2.10 1 2.00 :
e ¢ 2315+ o.2282 : 2.10 :  2.00

CALCULATED
PARAMETERS
(ADV. / REV.)

: VOLUME SWEPT (CUBM)

CUT SECTOR :

: 180 DEGREE :

TORQUE + S.D. (KNM)

: 1.36410 + O

10.57174 + 0

SPECIFIC ENERGY (MJ/CUBM): 11.6891

.12478

.41423

00 88 00 00 0% e 0 W0

90 DEGREE :

0.68518 + 0.16142

5.30422 + 0.66140 :

0.0003666

11.7428 :



3.45

DETAILé OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 27.78 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

===y = N ENRNESSNNSE AT ATIIBIAT IR S

; CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

. T00L NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP i
: : (DEGREE) : (M) : (KN) (KN)
1+ 78.711 ¢ 0.0436 ¢ 0.72 : 0.93 :
T T e o.oel . 0.87 & 1.05 i
M : 1.02 ¢ 1.16
N N TV : 1.6+ 1.27
s T Teos ¢ oaates ;130 ;1,37
S i ss.se  :  o.1261 : 1.43 ¢ 1.48
T T T Tsees 1 o105 . 1.55 1 1.57 :
Ty T w630 ¢ o.isa0 . 1.67 : 1.66
T T e Toatess P 1.77 : 1.74
T S . 1.87 :  1.82
N . 1.96 1 1.89
A R R T . 2.08 1 1.95
T T e elaoss ;2,08 ¢ 1.95
T T e .20 i 2.0 ¢ 1.95
s 27.18 : 0.2 ;204 : 1.95
e i 27.78 i o.2308 : 2.00 :  1.95

. — s R R R R R I I I R S NSRRI TRARNTTR BRI BRI N WIS H
CALCULATED : CUT SECTOR :

PARAMETERS = $========c—emeee—eeoo fmmmmmmm————————————— :
180 DEGREE : 90 DEGREE :

1.35272 + 0.12166 0.67947 + 0.15783
--------------------- :

(ADV. / REV.)

TORQUE + S.D. (KNM)

o0
0 60 00 00 o3 60 0s o0

. SLEWING FORCE + S.D. (KN):10.47826 + 0.38974 : 5.25734 + 0.63672 1
$ o e e e e 8 e e e TS SESE N - e - - H
: VOLUME SWEPT (CUBM) 0.0007251 : 0.0003625 :
. SPECIFIC ENERGY (MJ/CUBM): 11.7221 : 11.7761 :



3.46

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE 32.41 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL 2

:"T200L NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF  :
: : (DEGREE) : (M) 2 (KN) @ (KN)
L e+ 0.0a3 & 072+ 0.93
T T s ooenn : 0.87 & 1.05
T T Teeas + o.omer : 1.02 : 1.16
T T Teas2 oo : 116 : 1.27
s i 6019 ¢ 0.1108 ¢ 1.30 : 1.37
e i ssise s 01261 5 1.43 : loas
T T Ts0ey s olue0s 5 1.ss i 1.7
T T w0 oasan : 1.67 : 1.66
T T e oawees : 1.77 ;1.4
T T e o : 1.87 & 1.82
T T e : 1.96 : 1.8
T T e oaweme : 1.96 :  1.89
TG T ¢ e20i5 ¢ 196 ¢ l.89
T T e a2 196 : 1.es
s i3 ) e.a2e8 5 1.96 : l.es
P16+ 32.41 o 0.2364  : 1.96 :  1.89
Taicutates  t ot sector
: PARAMETERS R RO e :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
\"TORQUE + S.D. (KNM) 1 1.3362L + 0.11946 : 0.67118 + 0.15417
. SLEWING FORCE + S.D. (KN):10.34199 + 0.36620 : 5.18896 + 0.60899
VOLUME SWEPT (CUBM)  :  0.0007130 : 0.0003565 :
| SPECIFIC ENERGY (MI/CUBM):  11.7747 . 1l.e288 :



DETAILS OF THE CUTTING

HEAD GEOMETRY : COMBINED
ANGLE : 37.04 DEGREE
78.71 DEGREE

HEAD CONE
TILT ANGLE OF THE

CORNER CUTTING TOOL

HEADS INVESTIGATED

3.47

. TTTTCUTTING RADIUS AND FORCE LEVELS AT BACH CUTTING TOOL  :
. TTOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP  :
: ¢ (DEGREE) : (M) t (KN) (KN)
L T e o.0436  : 0.7z : 0493
T T e oloell | 0.87 & 1.05
TS T Teeas ¢ o.ome2 : 1.0z ¢ 1.1s s
S N R ;1.1 ¢ 1.27
TS T o ¢ oaalos i 1.30 & 1.37 s
e T Tssise + oaazel s 1.43 1 1.48 s
T T Tsees ¢ o.1408 ;1.5 1 1.57
e Tes0 ¢ oasso : 1.67 :  1l.66 :
T T T ater s ooiess 177 s 14
T s s eams ; 1.87 ¢ Ll.82
T 3 s ooises : 1.87 :  1.82
T 3a 2 oaasss : 1.87 ¢ 1.82
T T e 2 oaates 1.7 ¢ l.ez
L aies s o.2213 ;1.7 & l.ez s
s i aiea s o.zsal ;1.7 ¢ 1.82
Tl i 3r.oa s 0.2430 s 1.87 i 1.82 s
D ity e ittt e e R b fmmm—————— :
s csEEsTSESSSE RS2 IS E I SIS SSARITATRATERNISITIAIATIITARIR RIS
CALCULATED : CUT SECTOR
PARAMETERS fmmmmmm—mm—m— e fmmmmmmm—emm—eec oo

(ADV. / REV.) 180 DEGREE s 90 DEGREE

TORQUE + S.D. (KNM)

0 58 90 90 00

<
S
2
g
t
0
x
o
g
"
)
=
o
x

SPECIFIC ENERGY (MJ/CUBM):

0.65974 + 0.15091

1.31344 + 0.11624

10.15623 + 0.33193

11.8519

e

0 00 @0 00 00 00 00

11.9065

H
3
4
¢
H
H
H
H



L)

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY

HEAD CONE
TILT ANGLE OF THE

s COMBINED

ANGLE 41.65 DEGREE
78 .71 DEGREE

CORNER CUTTING TOOL

3.48

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

H

: TOOL NO. . TILT ANGLE : CUTTING RADIUS T :
: : (DEGREE) : (M) : (KN) : (KN)
L i 7.1+ o.0a36  : 0,72+ 0.93
N : 0.87 : 1.05 i
c s . e9.45  :  o.0782 : 1.02 & 1.16
Ty T Teasz ¢ o.0sa8 P 1.16 ¢ 1.27
TS T Tee1s : .18 r 1.30 ¢ 1.37
e i Tss.se : o261 P 1.43 1 1.48
T T s+ olwaes P 1.55 : 1.57 1
R : 1.67 :  1.66 i
TS T Tater ¢ o.ees : 1,77+ 1.74 s
Tl i al.es : o.1e66 P 1.77 ¢ 1.74
T Tales : o.i1es : 1.77 & 1.74 &
T Tales f olses t 177+ 1.74
T ¢ alies ¢ 0.2024 P 1.77 : 1.4
T i Tal.es : o.2maa : 1.77 : 1.74 1
TTTIs i al.es : o0.2264 b 1.77 1 1.74
TT1s ¢ al.es & o0.2383 177t L.74 s
R rEsnms s ESESE R R RR E N  aIAIAN N RIATATINCRLNTT RN BB MANE
CALCULATED : CUT SECTOR
PARAMETERS R e LT L D :
(ADV. / REV.) 180 DEGREE : 90 DEGREE
SazssamszEmwmEs S e AEETATTEATIABTTAATSE ( AARCABACWART R EN R REEE

TORQUE + S.D. (KNM)

SLENING FORCE + S.D. (KN)

SPECIFIC ENERGY (MJ/CUBM):

1.23622 + 0.11632

11.5210

0.62094 + 0.14462

11.5737

H 3””33382SS:S’:’:S’SSSSS: I ATEMEATTUNWBERN XTI R IHEABTAURARRANBURNRNVEEBEN H



DETAILS OF THE CUTTING

HEAD GEOMETRY

s COMBINED

HEADS INVESTIGATED

HEAD CONE ANGLE : 46.30 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL

3.49

78.71 DEGREE

;""" CUTTING RADIUS AND FORCE LEVELS AT EACH COTTING TOOL  :
;"TT0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP  :
: ¢ (DEGREE) : (M) : (KN) (KN)
YT 7si . 00436 x 0072+ 0.93
T T s s o.0el . 0.87 :  1.05
Y T Teeas : o.ome2 L 1.02 ¢ 1.16
Y T T Teais2 ¢ o098 1.6+ .27
;s i e0.19 : o.ul08 D130+ 1.37
e i ss.se + o.l2el P 1.43 ¢ 1.48
Ty T Ts0e3 2 o.la0s . 1.ss : 1.57
N N . 1.67 :  1.66 1
A N . 1.67 :  1.66
0+ 4e30  : om0 . 1.67 : 1.66
T a0+ o.1930 . 1.67 :  1.66
T2 ae30 + o.20e0 :1.67 ¢ 1.66
13 ¢ 6.3  : 0.0 P 1.67 @ 1.66 :
P S . 1.67 1 1.66 :
s i ae30 : o.aast : 1.67 :  1.66
TTTle ;4630 : 02581+ 167 : l.ee
EzzosssssRsssSs s R N A RARIATRATAIIAIIIIISIDIITIITRRITARS
CALCULATED : CUT SECTOR
PARAMETERS R ittt L g -

(ADV. / REV.) 180 DEGREE s 90 DEGREE

TORQUE + S.D. (KNM)

(KN

n
g
[ ]
4
(3
g
o
x
0
b
+
0
o

<
o
&
K+
(o]
)]
=
=
L]
3
0
=
z

: SPECIFIC ENERGY (MJ/CUBM

)

S0 08 80 00 90 00 89 a9 00 W

1.24417 + 0.11413

12.1098

a8 60 o0 98 se 00 o

0.62495 + 0.14555

12.1655

e 09 oo

e e¢

:
4



3.50

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 50.93 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

TR EEs R I S S S I I S S R T AN RIS RIS ST T TR I T DR WA

. CUTTING RADIUS AND FORCE LEVELS AT EACH CUTITING TOOL

. TToOL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF  :
: : (DEGREE) : (M) : (KN) : (KN)
1 i 7871+ 0.0836 i 0.72 : 0.93 :
A T . 0.87 : 1.05 :
A N e . 1.02 :  1.16 i
T T Teae2  o.osas : 1.16 :  1.27
s T Teol1s i 0.1108 : 130 ¢ 1.37
e i ssse i o.izel . 143 ¢ 1.48
T T T Ts0aes s olua0s ;1.85 + 1.57
e Tse.es i o.ises . 1.55 : 1.57
e T T Ts0ies ¢ o.tems : 1.55 : 1.57
e se.e3 : o.lsa . 1.55 : 1.57
T Ts0es : o.ves : 1.55 & 1.57 i
T Tsees + o.ate4 : 1.55 1 1.57
13 i s0.93 : o0.2a3 : 1.55 :  1.57 i
Tl Tsees ¢ 02383 : 1.55 1 1.57
T 1s ¢ s0.93 & o0.2523 : 1.55 ¢ 1.57
CTTTe i se.93 : o.2663 P 1.55 & 1.57

; CALCULATED H CUT SECTOR :
: PARAMETERS e e S o o o o o et o e 2 e 0 e :
: (ADV. / REV.) H 180 DEGREE H 90 DEGREE H
ISTWBI=VEISVEIII X FIFTTITTTTATTITSTTITVER | TRTVATABTST AR NN N BMVBE
: TORQUE + S.D. (KNM) : 1,19517 + 0.11308 : 0.60033 + 0.14134
;-;;EQING FORCE + S.D. (KN); 9.24599 + 0.28643 : 4.63917 + 0.52281 ;
3 e o e e e S $ e o e S e o e s
: VOLUME SWEPT (CUBM) H 0.0006099 H 0.0003049 ]
3 = o o e e D e = T s v o e = e e o s - 3
: SPECIFIC ENERGY (MJ/CUBM) : 12.3133 H 12.3698 H

14 .
::"==.=B======8=8=’===’=’= PEEABTIIDVNERBIT VM I NMIT § 5820 I 3020 TN ST IR IN IR 0 IN I T WA MW H



3.51

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY COMBINED
HEAD CONE ANGLE : 55.56 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

P T S S RS SIS SRS NSNS ISV IS IITII S IR DR

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

* o0

- TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF & MNF
: : (DEGREE) : (M) : (KN) : (KN)
T U e o.0836 0.7zt 0.93
T T T e o.oe1l . 0.87 : 1.05
M : 1.02 : 1.16 i
T T Teasz ¢ o.00a8 . 1.16 :  1.27
TS T Teo1s ¢ o.1108 P 1.30 ¢ 1.37 i
e i ss.se : o.12e1 : 1.43 : 1.48 1
T Ty Tssse : o.1a08 : 1.43 & 1.48
e T ss.se : o.1ss7 : 1.43 & 1.a8 i
T T Tss.se ¢ o.1706 : 1.43 1 1.48
o & ss.s6 : o.1854 . 1.43 : 1.8 1
T Tss.se : o.2003 b 143t 1.48 ;
Tl i ss.se s o.21s1 P 1.43 ¢ 1.48
T i Tssese : o.2300 : 1.43 1 1.48
T i Tss.se + o.2ea8 P 1.43 1 1.48 1
T4 ss.se : o.2s97 : 1.43 ¢ l.48
1 ¢ ss.s6  : 0.2145 : 1.43 1 1.48
i =zmssssssaIEssssssasSEassEassssssssssssssssssIsasITIIARISTIRITTRRATES |
: CALCULATED : CUT SECTOR :
: PARAMETERS T O .
. (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
ITIORQUE + S.D. (KNM) . : 1.13505 + 0.10604 : 0.57014 + 0.13343 :
S SLEWING FORCE + S.D. (KN): 8.81052 + 0.24501 : 4.42077 + 0.48696
I VOLME SWEPT (CUBM)  :  0.0005664 : o.0002832 :
i'EEEEIEIE”EBEREQ’?QE;&BE@?2'-""15'5515 """" :””"IE'EZSE """""" :



3.52

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 60.19 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

:T CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL  :
. TT00L NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF  :
: : (DEGREE) : (M) ¢t (KN) (KN) :
Y i 7811+ 0.0836 & 0.72 & 0.93
A M T T . 0.87 : 1.05
TS T Tesas 2 o.o7e2 : 1.0z : l.16
Y easz : 0.0048 s 1.6 : 1.27
S Rt P 1.30 ¢ 1.37
e i e0.19 i o.1zea : 1.30 : 1.37
T T Tee1s T o.ra20 :1.30 ¢ 1.37
e U Teos + oasm D 1.30 : 1.37 i
A S M :1.30 : 1.37
T S T T P 1.30 ¢ 1.37
T i Teo.1e : o.20es :1.30 : 1.37 :
T2 i e01s + o.2200 : 1.30 : 1.37
T i et : o.23se P 1,30 : 1.37 .
A M T P 1.30 : 1.37 :
15+ eo.1s : o.2610 D 1.30 ¢ 1.37
e ¢ e0.10 ¢ 0.2826 130 ¢ 137

H a:a::s::===asz:a:z::zaaas:azaaa::s::aaaaazs FEITBEEZERNNBSIZIART RN BRI IB IR :
CALCULATED : CUT SECTOR :
PARAMETERS

(ADV. / REV.)

TORQUE + S.D. (KNM)

180 DEGREE : 90 DEGREE

1.06289 + 0.09836 0.53389 + 0.12306

0 o0 o0 o0 00 oo
0 o0 66 oo

: SLEWING FORCE + S.D. (KN): 8.30419 + 0.20963 : 4.16676 + 0.44228 :
® o - - - - - - T D D " TS D D WS M D > D D - - - - S I - - - - - > " - ]
: VOLUME SWEPT (CUBM) 0.0005145 H 0.0002573 s
-;;;CIFIC ENERGY (MJ/CUBM) : 12.9793 H 13.0389 H



DETAILS OF THE CUTTING

3.53

HEADS INVESTIGATED

HEAD GEOMETRY : COMBINED
ANGLE : 64.82 DEGREE

HEAD CONE
TILT ANGLE OF THE

. TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF  :  MNF
: : (DEGREE) : (M) : (KN) : (KN)
1 i 78.71  : 0.0436 : 0.72 & 0.93
STy T qeee f o.oeil . 0.87 & 1.05 i
Ty T Tesas ¢ o.ome2 : 1.02 :  1.16 i
T T Teasz i o.0948 : 1.16 ¢ 1.27
TS T Tese2 s oauml P 1.16 : l.27 s
e i ea.sz : o127 : 1.16 & 1.27
T T T Teae2 ¢ 0.1a37 : 1.16 i 1.27 1
e i ea.sz i 0.1600  : 1.16 +  1.27
T : 1.16 :  1.27 i
Tl i es.s2 i o.1926 b 1.6+ 1.27
T i eas2 : o.208 : 1.16 & 1.27
12 i ee.s2 i o0.2252 : 1.16 ¢ 1.27 i
T i ee.82 : 0.2414 : 1.16 :  l.27 i
T la i e4.82 : 0.277 : 1.16 :  l.27 1
s i ea.s2 : o.2740 e 1.16 :  1.27 i
16+ ea.82  :  0.2903 P 1.6+ 1.27
ALCULATED ot cur sEcTor
PARAMETERS e fmm—mmmmee——ceea—m——cae
(ADV. / REV.) 180 DEGREE : 90 DEGREE

TORQUE + S.D. (KNM)

SLEWING FORCE + S.D. (KN)

SPECIFIC ENERGY (MJ/CUBM):

CORNER CUTTING TOOL

78.71 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

0.97811 + 0.08824

13.5345

0.49130 + 0.11077

13.5967



3.54

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 69.45 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

ST EEEEd S T S e I I R S IR ST IS IS TSR AT IITARIVSIII I IR ]

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

- ———— — e e D > - e e e D . . e e e D o =t O - . -~

. TT0OL NO. : TILT ANGLE : CUTTING RADLUS : MCE i MNP &
: ¢ (DEGREE) : (M) (KN) (KN)
L f e . o0-0436  : 0.72 i 0.3
T T 74l + o.oell : .87 & 1.05 :
DT T Tesias i o.0m82  : 1.0z i 1.16 i
4 i 6945z 0.0951 i 1.02 : 1.16 .
s : e9.45 & 0.1120 1 1.02 : 1.16 1
e i e9.as : o.1288 : l.02 : 1.16
T T Teeas 0 ouas7 s 1.02 : 1.16

[ -]
W ee o0 s e
[+))
e
.
-
wn

: 9 69.45  :  0.1794 X

: 10 : 69.45 :  0.1962 1.02 1.16 :

: 11 : 69.45 :  0.2131 1.02 1.16

: 12 : 69.45 i 0.2299 1.02 1.16

: 13 : 69.45 :  0.2468 1.02 : 1.16 :

: 14 : 69.45 :  0.2636 1.02 : 1.16

: 15 : 69.45 :  0.2805 1.02 : 1.16 :

: 16 : 69.45 i  0.2974 1.02 : 1.16 :

H e Sttt o e i Dndd e {mwm—————— H
’g EAEsSESE T EE SRS SIS IIRITETRARNIRETTRRRTR = TR MW §
: CALCULATED : CUT SECTOR .
: PARAMETERS femmmmm—mmm—m—m—————— S e mmmmmmmmmm—mmem ;
. (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
: TORQUE + S.D. (KNM) : 0.88052 + 0.0768l : 0.44228 + 0.09761 1
@ - - - - " - =5 WD WD = D e - - - - - H A L T T L T P s
"“SLEWING FORCE + S.D. (KN): 7.07458 + 0.10897 : 3.55001 + 0.34578 1
PREPRPS T L el daindatndabateh bbb S D e e - ML D L e e Y L F
: VOLUME SWEPT (CUBM) : 0.0003850 : 0.0001925 .
ST SPECIFIC ENERGY (MJ/CUBM): 14.3696 . 14.4355 X
:’g’sﬂasxsla-aaaasaaasa:-as (EARSEABTAAAATRAXAVTIN { ETIRTTRETXRNITIXTXWR DTS ¢



3.55

DETAILS OF THE CUTTING HEADS INVESTIGATED
.................... fmmccmm e m e c————
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 74.08 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 78.71 DEGREE

’ CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL s

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF i

s : (DEGREE) H (M) H (KN) : (KN) 3

: 1 : 78.71 :  0.0436 : 0.72 : 0.93

. 2  : 74.08 :  0.0611 : 0.87 : 1.05 i

. 3 : 74.08 :  0.0784 : 0.87 : 1.05

fm————————— temmm———————— R (e m————— LT :

: 5 : 74.08 :  0.1131 : 0.87 : 1.05 :

. 6 : 74.08 :  0.1304 : 0.87 : 1.05 :

. 7 i 74.08 :  0.1477 : 0.87 : 1.05 ;i

§ o o e P ndeshand e b it kg I ——— e - ——- H

: 8 : 74.08 :  0.1650 : 0.87 : 1.05 ;:

X 9 : 74.08  :  0.1823 : 0.87 : 1.05

T L L Db ddd HE ke o T D D A ikttt bt Hinbatadade bl H

: 10 ¢ 74.08 : 0.1996 : 0.87 l1.05

g o o o o Hindekeddad e tnadad it i ittt S - - Haadstdab bt H

: 11 : 74.08 : 0.2169 : 0.87 1.05 :

. 12 : 74.08 :  0.2342 : 0.87 : 1.05

: 13 : 74.08 :  0.2515 : 0.87 : 1.05

. 14 : 74.08 :  0.2689 : 0.87 : 1.05 1

§ e 0 s o > s oo o Hipdadedadedadad et - Sadbainsndadadadedaiad e i tm e ——— Hindedel kbl :

. 15 : 74.08 :  0.2862 : 0.87 : 1.05 i

. 16 : 74.08 :  0.3035 : 0.87 : 1.05

LT S S o v o o e o ittt kb bbb kd S ——— Ml indndad H
: CALCULATED : CUT SECTOR :
X PARAMETERS | P Bt :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
: TORQUE + S.D. (KNM) : 0.77051 + 0.0668l : 0.38702 + 0.08435
---------------------------------------------- e e e
P TWING FORCE + 8.D. (KN): 6.35187 + 0.08104 : 3.18755 + 0.30623
2 o s 2P > D W WD D B8 B L SR Em Hadede S ikt L el L L L T T L Dl R L T P e s
: VOLUE SWEPT _(CUBN) : 0.0003078 : 0.0001539 '
------------------------- § o e e e e e e
t TSPECIFIC ENERGY (43/CUBM) 1 15.7290 : 15.8013 X



3.56

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 18.52 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

© CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL s
;" TT00L NO. : TILT ANGLE : CUTTING RADIUS : MCF i MNP+
: : (DEGREE) : (M) t (KN) (KN)
Y T N T
S N T . 0.7z ¢ 0.93 i
A N : 0.87 : 1l.05
© 4 i ee.as i o.0m82 ;102 ¢ 1.16
TS T Teae + o.0sas P 1.6+ 1.27 1
T 130 1 1.7
Y T Tesase : o.l2e P 143+ 1.48
et s0.es + 0.0 L 1oss 1 l.sr s
T T aes0 i o.1sa0 ;1,67 : L.cs s
o i avier i o.tess 1,77+ 174
T Mt : 1.87 : 1.82
;T 12+ 2.4 : o.1882 ;196 :  1.89
T e o : 2,04+ 1.95
Tl i a3as s o.a0s0 . 2.10 & 2.00
15 : 18.52 :  o0.2114 P 2.16 1 2.04
e 1e.s2 + o.aim ;2,16 : 2.08 1
RN R N R R R A A AN S AR AR I AT ARARTR R B R R TR ?
s CALCULATED : ’ CUT SECTOR :
3 PARAMETERS = 2 (====—=eerecccccccscc-- e D e D bt :
) (ADV. / REV.) 180 DEGREE 2 90 DEGREE :

1.22308 + 0.12828 0.61437 + 0.16182 ;

5.05256 + 0.69943 :
--------------------- z

H EESSEBEEEEERFATIITITESEBRES

:+ TORQUE + S.D. (KNM)

o0 ea 00 o0 @0

s+ VOLUME SWEPT (CUBM) 0.0006505 0.0003253 :
- - D T D = S D D e D W " e T e T D D b G e A W D R D U Ml e S R A G5 S R D e e e e = - - o - - 3
: SPECIFIC ENERGY (MJ/CUBM): 11.8134 H 11.8680 2



DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY

HEAD CONE
TILT ANGLE OF THE

COMBINED

3.

57

ANGLE : 23.15 DEGREE
83.34 DEGREE

CORNER CUTTING TOOL

.
.

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE ; CUTTING RADIUS : MCPF : MNF :
: :+ (DEGREE) : (M) s (KN) (KN)
D1+ 8334+ 0,025 & 0.57 : 0.81 i
S M N YT . 072+ 0.9
Y T Taes ¢ olosll . 0.87 : 1.05
e T Teeaas . o.0me2 : 102 : 1.6
TS T Teas2 : o.00as D 1.6 1 1.27
e 0.9 ¢ o.itos 130+ 137
T T Tesse 2 cli2er ;143 1 l.as
et s0.e3 : o.u05 . l.ss : 1.s7
e i 430+ o.1se0 . 1.67 : 1.66
T i aler s o.ises 177+ L7s
T Mt ;1.7 1 l.e2
T ;s oz : 1.96 : 1.8
T R ;2.0 1 1.95
Tl 235+ o0.2050 . 2.10 : 2.00
s a3as s o.a20 © 210 5 2.00
i 16 ¢ 23.15 & o0.2190 ;210 2.00
S EER AR A R R R A AR T IR I AN SRS AN R TR RRE N §
: CALCULATED : CUT SECTOR :
: PARAMETERS = $==--=====co—=—oocm-o- Pmmmmmmm e :
s (ADV. / REV.) 180 DEGREE : 90 DEGREE :

: TORQUE + S.D. (KNM)

: --------------------------
s SLEWING PORCE + S.D. (KN)

s
s SPECIPIC ENERGY (MJ/CUBM):

1.21742 + 0.12710

11.8198

.o

0.61153 + 0.15980 :

0.0003236
——————————————— ,
11.8745 3



3.58

DETAILS OF THE CUTTING HEADS INVESTIGATED

: TOOL NO. : TILT ANGLE
-3 : (DEGREE)
L1 i 834
P2 i s
e 3+ 74.08
P4+ e9.4s
FT s eeez
6+ e0.19
T Tssase
i 8+ s0.93
© e i as.30
e aer
T T s
2w
T
P 1a i 21.18
15+ 21.18
16+ 21.18

Ll ]

HEAD GEOMETRY
HEAD CONE ANGLE
TILT ANGLE OF THE CORNER

AR A T I T S T I R I S S SN SN EN NS ARARNERNEN BB RN EITNME H

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

COMBINED
27.78 DEGREE
CUTTING TOOL 83.34 DEGREE

; CUTTING RADIUS : MCF : MNF :
: (M) : (KN) : (KN)
(ST TTRATINTNITN  ARINOEMN AT RN
: 0.0259 : 0.57 0.81
. 0.0436 . 0.72 1 0.93 1
. o.0811 . 0.87 @ 1.05
"~ o.0m82 : 1.02 : 1.16
" To.0vs 1.6+ 1.27
“Toires :1.30 ¢ 1.37
T ouizel D143 ¢ 1.48 s
" o.na0s . 155 1 1.57
" o.se0 : 1.67 : 1.66 1
. o.1e65 P 1.77 1 174 s
. o719 1.7 1 l.e2
Do eee : 1.96 1 1.89
. o0.9712 . 2.00 1 1.95
. 0.2056 ;2,08 1 1.95
. o.2140 ;206 1 1.95
. o.2224 . 2.00 1 1.95 1
: s s

: CALCULATED : CUT SECTOR :
: PARAMETERS (e mer e —————— fmmmemcc e cm——— :
(ADV. / REV.) : 180 DEGREE : 90 DEGREE :

$ TORQUE + S.D. (KNM) : 1.20784 + 0.12304 : 0.60671 + 0.15606 :
:'EZEQIB&’EBEEE'I'E’BT’IRB?:’3’32163’1”6?23?62'i’ZfSS?S?’I”BTEEEES”:
PTVOLUME SWEPT (cuBM)  :  0.0006408 . a.c003204 ,
'"SPECIFIC ENERGY (MI/CUBM): 11.8424 C e :



3.59

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY COMBINED
| HEAD CONE ANGLE : 32.41 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

I XA _CSRNCSCCSSSBEWMTAD RN RN NI BT N IR IR IR IR N IR R O N SR IX TR S8 IR AR SR ST IR AR TR S BRI an

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

ST I0OL NO. : TILT ANGLE : CUTTING RADIUS : MCP 1  MNE .

: :  (DEGREE) : (M) s (KN) :  (KN)

: 1 : 83.34 s 0.0259 : 0.57 0.81 :

o ——————— e - = = e e e e e ca- e :

: 2 . 78.71 s 0.0436 : 0.72 : 0.93 g

: 3  : 74.08 :  0.06ll : 0.87 : 1.05

fmmm R et R e C L L E e R fmmm———— :

: 4 :  69.45 0.0782 : 1.02 : 1.16

: 5 . 64.82 : 0.0948 : 1.16 : 1.27

: 6 : 60.19 :' 0.1108 ¢ 1.30 :  1.37

7 . 55.5 :  0.1261 : 1.43 :  1.48 :

e ———— i iaindaba bt itk ded ke e ——— H e D T H

: 8 :  50.93 :  0.1405 : 1.55 :  1.57

: 9 : 46.30  :  0.1540 : 1.67 : 1.66

e R e T R e e R i fmmm————— :

: 10 : 41.67 : 0.1665 : 1.77 1.74

e - -—--- Hiadedef it b bt Hindeteded S inddd et H it bl Hihed e Lot T :

. 11 . 37.04 : 0.1779 : 1.87 : 1.82

o —————— Hd e thd Stk kil bddded b Hadeb Dol bt HE L St LT s

: 12 : 32.41 s 0.1882 : 1.96 : 1.89

{mmm———————— e ——————— N ettt e S L Y {mm—m————— :

: 13 : 32.41 : 0.1978 : 1.96 1.89

e fm———mm e e R R :

: 14 . 32.41 : 0.2075 : 1.96 : 1.89

o et o e ittt St e mE - - - - e e ———ccaccn- s

: 15 . 32.41 : 0.2171 : 1.96 : 1.89

: 16 : 32.41 :  0.2268 : 1.96 : 1.89

jmmmemm————— D et jommmm e ———— e jmm—————— :
: CALCULATED : CUT SECTOR :
. PARAMETERS fmmmm————————————— f o ————————— :
. (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
z "-"'.’.”a”.=="===’=8’ (¥ £+ 2+ + 1 ¢+ £+ -2 3 £ 1P B3 O 3 : ’--’.'..---"'-----'. 8
: TORQUE + S.D. (KNM) 1 1.19347 + 0.11887 : 0.59950 + 0.15135

s SLEWING FORCE + S.D. (KN): 9.85203 + 0.40829

0 00 890 00 o

- . D T — - D D — — - D > — - - — - - - — - - " ———
- an

s SPECIFIC ENERGY (MJ/CUBM). 11.8854 : 11.9404 :



:
H
:
]

H
4

3.60

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED

HEAD CONE ANGLE : 37.04 DEGREE

TILT ANGLE OF THE CORNER CUTTING TOOL

s CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

83.34 DEGREE

IR T S T T ST SRS RN EESSESESENIETTTREN| MO RNMEM BRI NIBIS I SN I I IR WA e H4

¢ TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF :
: : (DEGREE) : (M) : .(KN) : (KN)
ST T eaaa ¢ .0259 i 0.57 4 0.8l
A Y T ;072 3 0.93
ST T e Thenn . 0.87 : 1.05 1
Ty T T Teeas + o.ome2 : 1.02 : 116
TS T Teae ¢ o.00a8 & 1.1s + 1.27
e i eo.1s + o.ates D130+ 1.3
T T Tesse + olzel ;143 ;148
e i s0.93 : o.u405 P 1.55 1 1.57
P I e : 1.67 1 1.66 1
Tl i Taiier i o.iees DL s Le
T Yt : 1.87 :  1.82 i
T wros+ o.tses P 1.87 ¢ 1.82
T T Ttee 2 o.1996 x 1.87 ¢ l.ez
Tl 3704 2 o.2t08 : 187 1 1.82
CTTTs i woa s o.e213 187+ 1.82
T TTTTTe i 3708+ o.2321 : 1.87 : l.ez

CUT SECTOR
------------------- o““"““""""“":

CALCULATED
PARAMETERS
(ADV. / REV.)

: TORQUE + S.D. (KNM)

SLEWING FORCE + S.D. (KN)

SPECIFIC ENERGY (MJ/CUBM):

90 60 S0 00 3% 00 8% 00

180 DEGREE

90 DEGREE

1.17339 + 0.11570

11.9539

0.58940 + 0. 14657

12.0091



3.61

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY 2 COMBINED
HEAD CONE ANGLE : 41.65 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

; EUTTI&E-RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL ;

;_-TBOL NO. ; TILT ANGLE ; CUTTING RADIUS : MCF ; MNF ;

: : (DEGREE) H (M) H (KN) H (KN) H

: 1 : 83.34 : 0.0259 : 0.57 0.81

. 2 : 78.71 :  0.0436 : 0.72 : 0.93

¢ 3 : 74.08 :  0.06ll : 0.87 : 1.05

g = eI e —— Hidaked S bbb daddb et e —— e cm- H

: 4 : 69.45 :  0.0782 s 1.02 :  1.16 :

. 5 : 64.82 :  0.0948 : 1.16 : 1.27

: 6 : 60.19 :  0.1108 ¢ 1.30 :  1.37

. 7 : 55.5 :  0.1261 : 1.43 :  1.48

e m—m— e ————- S o o Hindadadbkedrhaddadad Y Mkl iy t el bbbl H

: 8 : 50.93 : 0.1405 : 1.55 1.57 3

: 9 : 46.30  :  0.1540 : 1.67 : 1.66

. 10 : 41.67 :  0.1665 : 1.77 & 1.74

: 11 : 41.65 :  0.1666 : 1.77 @ 1.74

fmmm e mm—m - e ————————— jmmm—mmm e ————— R fmm—————— :

: 12 3 41.65 : 0.1785 : 1.77 1.74

S o e e o o o s 3 e o o (e - - Hialed ot Satalad L Ll L s

s 13 : 41.65 : 0.1905 : 1.77 1.74

: 14 : 4l.65 :  0.2024 : 1,77 ¢ 1.74 s

. 15 : 4l.65 :  0.2144 : 1.77 ¢+ 1.74

O et fommmmmmm——————— R fmmm—mmm—— :

H 16 : 41.65 : 0.2264 s 1.77 1.74

jem————————— Hinbadebadedebe bbbt e b aded b o ————— (v —————— H
: CALCULATED : CUT SECTOR .
: PARAMETERS O —— R e —— :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
(S SESErEETTIITTSIVTIIRATS | IS AAICCATIEITIICAS | AR B ARAT T ST AR T AW §
: TORQUE + S.D. (KNM) : 1.10631 + 0.10427 : 0.55572 + 0.13498
-------------------------- D e DT L
'"SLEWING FORCE + S.D. (KN): 9.49137 + 0.34323 : 4.76237 + 0.57262
---------------------- R ntinbdddndetddtd et e D D D L L D D e e |
 VOLUE SWEPT _(CUBM) ' 0.0005977 : 0.0002989 :
---------------------- T T R e e e e E st r e ——— - §
: SPECIFIC ENERGY (u3/CuBM) : 11.6295 . 11.6834 .



3.62

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 46.30 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

. CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL .

. T0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP  :

: : (DEGREE) : (M) : (KN) :  (KN)

SR . saloai, i \oRbaso) R hEHONGIE v ¢ /iets

G R R (0272 1 0,93 s

W i o Soleh s L5 ;

W soas o Moo 02l ¢ 1.06) s

W e 8 0N Tl o D2yl :

R TR S R P Rita0b, Lar s

TR e L G 5 e

WG S0l oo sl e - 1esT s

Tl e s Gy R

T o) e el oo

3. PR TR T S ileTl 0 Vel :

W 0 G L oRon0) e BEikcTk il dieoh s

W ho D G R

c R R TR e L G e

S R e el

C G e e R S 0y G
ST oA 0 o conlsectoRi. . . L i
. PARAMETERS fommmmmmmm————m——aoee S :
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
{TIORQUE + S.D. (KNM)  : 1.11190 + 0.11155 : 0.55852 + 0.13940
i SLEWING FORCE + S.D. (KN): 9.22622 + 0.33511 : 4.62933 + 0.55363

. VOLUME SWEPT (CUBM) 0.0005728 : 0.0002864 :
. SPECIFIC ENERGY (MJ/CUBM) 12.1965 . 12.2528 :
e e T T b e e e e e e Y L L gy



DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY

HEAD CONE
TILT ANGLE OF THE

COMBINED

ANGLE : 50.93 DEGREE
83.34 DEGREE

CORNER CUTTING TOOL

3.63

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF : MNF :
s : (DEGREE) : (M) s (KN) (KN)
L 3.3 10,0259 & 0.57 : 0.81
T T e o.oas : 0.72 1 0.93
N N P . 0.87 : 1.05 1
T T Teeas 1 o.ome2 . 1.02 1 1.16
s T Teasz : o.o%as . 1.6+ 1.27
e i eo1s i o.1les e 1.30 : 1.37 s
T T T Tesse : o.dzel D143 1 1.48
e i Ts0.es + o.laes :1.85 1 1.s7
T T T s0en i ouasas : 1.55 1 1.57
o i s0.e3 : o.ess i 1.55 + 1.57
T Ts0.es s o.isaa 185 1 1.s7
T Tse.en : o.1ses L 155+ 157
Tt s0.e3 + o.2106 :1.55 @ 1.57
I se.es s o.2243 L 155 : 1.57
I i s0.es : o0.2383 t 155 ¢ 157
e i Tse.en i o.2s23 b 1.55 : 1.7 1
: : :

s CALCULATED : CUT SECTOR :
: PARAMETERS R et e LR L St R T T R :
s (ADV. / REV.) H 180 DEGREE s 90 DEGREE :
3 SESESETSHEEESERRNBTEIITREVE § ZVEECEETTEEENECNSAXNEN { XSSV ETESARR BN TWMWMEE 3

¢t TORQUE + S.D. (KNM) s
jemmm—eme—mem - — - :
s SLEWING FORCE + S.D. (KN):

g
g
o]
2
:
]
:

- D D WD W S - - = - e - - > S

: SPECIFIC ENERGY (MJ/CUBM):

1.06836 + 0.10742

8.89998 + 0.30180

12.3934

: 0.53665 + 0.13478 :

--------------- H

4.46571 + 0.52930 :

0.0002708 s
——————————————— :
12.4507 :



3.64

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY
HEAD CONE ANGLE :
TILT ANGLE OF THE CORNER

: COMBINED
: 55.56 DEGREE
CUTTING TOOL : 83.34 DEGREE

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :

: TooL NO. : TILT ANGLE : CUTTING RADIUS : MCE 1 MNP 1

: ¢ (DEGREE) : (M) ' : (KN) (KN)

1+ 8338 & 0.0259 i 0.57 :  0.81 i

T T e T Toloass ;072 & 0.93

N P T T . 087 i 1.05

4 i e9.45  :  o0.0782  : 1l.02 : 1.16

s i Teaiez i o.0948 i 116 1 1.27

i & : e0.19 . o.i108 130 ;137

T T Tesse ¢ o.126l  : 1.43 ¢ l.48 4

e Tss.se : o.1409 © 143+ 1.48

e i ss.se : o o.asst P 143 ¢ l.48

0 i ss.se + o.1706 : 143 l.as

CTTTTI Tss.se s o.less ;143 1.4 s

i 12 : ss.s6 & 0.2003 : 1.43 1 1.8

DT i Tss.se s 02181 3 1.43 ¢ 1.48

T2 ss.se : 0.2300  : 1.43 i 1.48 s

s ss.se : o.24a8 : 143 1 148 s

C T TTe i s5.56  + 0.2597 1 1.43 1 1.48

g ——————— jmmemm e jmmmmm———e——————— jmmm———— fommm————— :
T catcomaTeo . cur sEctor
: PARAMETERS -ommemessssessscoos—- e Stttk de bt Dl s
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :

: TORQUE + S.D. (KNM)

: SLEWING FORCE + S.D. (KN)

. SPECIFIC ENERGY (MJ/CUBM)

: 1.01494 + 0.10529 : 0.50981 + 0.12948

H " ¢TI T n W e R R w - ]
s 8.50806 + 0.29374 :

4.26909 + 0.50688
jemmm e c e — e ——————— e it e e L L D L L :
: 0.0005035 : 0.0002517 T
jemm—m e — e Bem e —————— o :
H 12.6658 H 12.7243 :



DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY
HEAD CONE ANGLE :

H COMBINED

TILT ANGLE OF THE CORNER CUTTING TOOL

*

3.65

60.19 DEGREE

83.34

D

EGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE ; CUTTING RADIUS : MCF ; MNF :
: : (DEGREE) : (M) : (KN) : (KN) :
T e3.aa i 0.0259 i 0.57 : 0.81
S T . 0.72 t 0.93
Ty T a2 owoel : 0.87 1 1.05 1
T Teeas i o.0m82 : 1.02 : 1.16
s i Tea.s2 i 0.0048 1 1.6 & 1.27
e i Tev.s : o.tos 1,30+ 1.37
T T T Te01s 1 o.12e : 1,30+ 1.37
e e0a1s . o.la20 . 1.30 1 137
e T Te0a1e + oaasmr ;1,30 1 1.37
Tt e0.19 i a3 © 1,30+ 1.37
T Te0.19 ¢ o.lses ;1,30 1 1.37 4
T e0.19 ¢ o.2085 ;1,30 ¢ 1.37
T T eel1s i o.z201 130+ 1.37
Tl Teo.10 + o.2358 P 1,30 ¢ 1.37
s ¢ 6019 ¢ o.2s18 t 130 & 1.37
e i e0.1s i o.2e10 130 1,37
e ———— e ————— e ————— = ————— o m————— :
BEEEsE AR Ed A T R R R NN EA RS ARIA RS WARTRRRRE §
CALCULATED s CUT SECTOR
PARAMETERS R e ol mmmm e c e ———— :

(ADV. / REV.) 180 DEGREE : 90 DEGREE

H
H

-.----s:--aa’assas-sassa:-
TORQUE + S.D. (KNM)

s
SPECIFIC ENERGY (MJ/CUBM)

SRNENTEIRITTTEITJITCE ; TTRAXNVITITLITDBIRTERR H T30 3R 5 30 N I8 28 T 3% 55 20 5N AR 0N W 38 0 2 2N s

0.95083 + 0.09744

8.04776 + 0.24957

13.0474

oS o0 08 00 20 o0

4.03823 + 0.46780

0.

0002289

13

.1077

H



3.66

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 64.82 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

: CUITING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL s
. TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP s
: e monmtan ) smmmmmeeam e m———
D1 ¢ 83.38 : 0.0259 : 0.57 : 0.81 s
N N P 0.72 t 0.93 1
Y T T e oo . 0.87 1 1.05 1
T T Tesas i o082 : 1.02 + 1.16 1
st 64.82  :  0.0048 P 1.6 ¢ 1.27 3
C e i Tea.ez i e.mmn : 1.16 : 1.27
A N R T L P 1.16 i 1.2
T T Teaez : o.ua1 . 1.16 1 l.27
S . 1.6+ l.27 1
T Tl0f ea.s2 i o.1763 t 1.6t .27 3
T Teasz : o.1926 : 1.16 ¢ 1.27 4
12 ea.s2 : o0.2080 16 ;127
T i Teasz ¢ o.22s2 P 1.16 : L.27 s
Tl i es.ez ¢ o.2414 P16 : L27
st ea.e2 : o.2s77 116 1 127 s
16 ¢ e4.82 1 o.2140 ;1.6 : 1.27 4
femm femmmm——————— R e el e {omm—————— 3
RN R A A T AR AT IRAZAAARTRARINTIIZINENARLT R RGN m-
: CALCULATED : CUT SECTOR :
s PARAMETERS (e e e e ———— Ry S, -
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE s
S TIORQUE + S.D. (KNM)  : 0.87547 + 0.08899 : 0.43375 + 0.10941 4
. SLEWING PORCE + S.D. (KN): 7.51742 + 0.21214 1 3.77218 + 0.41915
I VOLUME SWEPT (CUBM)  :  0.0004086 i 0.0002023 :
t"SPECIFIC ENERGY (MJ/CUBM):  13.5963 : 13.es80 :
(EERTIATBITVITAIITZZIITAIRZE  TXTTAITIAIITIZMAITTLIN ! ANTAXATAXSRAT LIV RTSmE " |



3.67

DETAILS OF THE CUTTI?G HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 69.45 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

s CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF 1 MNF |
: : (DEGREE) : (M) : (KN) = (KN)
1+ 83.34 : 0.0259  : 0.57 & 0.81 1
N T : 0.72 :  0.93
Ty T 30 i o.oer : 0.87 : 1.05
Ty T Tesaas i o.0782 : 102 : 1.6
TS T Teeas + o.09s1 P 1.02 :  1.16
© e i e9.45 & o.1120 : 1.02 : 1.16
STy T Tesas & o.1288 i 1.02 & 1.16 i
e Tes.as i o.1as1 : 1.02 :  1.16 .
e T Tes.as i+ o.1625 : 1.02 ¢ 1.16 1
0 i Tes.as : o.i1es : 1.02 ¢ 1.16 1
I i Tes.as ¢ o.1ss2 : 1.0z 1 1.18
T Tesas+ o.aim : 1.02 & 1.16
T Tes.as: 0.2209 P 1.02 1 1.16
Tl es.as : o.2a68 : 1.02 :  1.16 1
c T T1s i es.as: o0.2636 i 1.02 1 1.16
TTTle i e9.4s  : o.2805 i 1.02 : 116
gy T P Pt S P LR RS L EL L LD DL DL P Pl L L el T e DL L D E T T PR Py
CALCULATED : CUT SECTOR :
PARAMETERS femmmme—meeecee—————— e — :

180 DEGREE : 90 DEGREE :

0.78870 + 0.07836 : 0.39617 + 0.09650 :

-------------------- R L L e |
3.47078 + 0.36561 :

(ADV. / REV.)

TORQUE + S.D. (KNM)

@6 00 60 0¢ 00 o0 00 oo

: SLEWING FORCE + S.D. (KN): 6.91645 + 0.16360 :
---------------------------------------------- foem e cmccc e c———————
. VOLUME SWEPT - (CUBM) 0.0003436 : 0.0001718 :
PO P Y ettt deddddedadskededbdaglt Snhenbbeadesieshadentei s e dd et s ercnc e m e raccccn-- H
: SPECIFIC ENERGY (MJ/CUBM): 14.4238 : 14.4905 :



3.68

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 74.08 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 83.34 DEGREE

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

13 -ttt -+ + -ttt -ttt :

: TD0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF

: : (DEGREE) : (M) : (KN) : (KN)

B . a5 0, orocsopRREONe R Todal

R e T 0. 0593

F s s | ol Loloeinin oo

Wy Twoe. ooy at g iR ahni thos

S CTEE PO G TR : 0.87 & 1.05 :

RO T T e R

R e s

o 08 oa e : 0.87 : 1.05-

T A R S, 0 N, 1705 v

MR R TR e e Hi0ei. 1005

N0 o8, i 0sTooel T 000 O o

B o aioer o aTe : 0.87 : 1.05

SR e e e H0te7 s, iosit

WEeG S b O D

e s 0GR hg0Nay il ilo0s)

T G HEET T R o R0%8T ik 1i080
ety 0 b COLERTOR,
PARAMETERS i ey i e e s e :
(ADV. / REV.) : 180 DEGREE : 90 DEGREE :
:"TORQUE + S.D. (KNM)  : 0.69082 + 0.06661 : 0.34700 + 0.08285
\TSLEWING FORCE + S.D. (KN): 6.24536 + 0.10601 : 3.13413 + 0.31488
“VOLUME SWEPT (CUBM)  :  0.0002752 : 0.0001376 :
TSPECIFIC ENERGY (MJ/CUBM):  15.7708 i iaTeRaaas :



3.69

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY : COMBINED
ANGLE : 78.71 DEGREE

HEAD CONE
TILT ANGLE OF THE

CORNER CUTTING TOOL

-

83.34 DEGREE

= EESSEESSCESNNSSESISTEIITINSESSS NSO M BN DI ITIN NI I NN TS IR IR e
= =

; CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

..

: TOOL NO. . TILT ANGLE : CUTTING RADIUS : MCF i MNF

: : (DEGREE) : (M) : (KN) : (KN)

L 83.34 i 0.0259 i 0.57 + 0.1

N T T : 0.72 : 0.93 i

N N T T : 0.72 i 0.93 i

A T ;”8??5”’;”’6?53"1

TS T e+ 0.0966 . 0.72 :  0.93 :

e i 7e.1 i o.1142 : 0.72 : 0.93 1

e e R T : 0.72 + 0.93 1

N R T T T : 0.72 +  0.93 i

. s i 78.71 :  o.1672 . 0.72 +  0.93 1

T T7e.m f o.1sas : 0.2+ 0.93 i

T T7s.m1 + o.zezs : 0.72 +  0.93 i

T+ 7.1+ o.2202 : 0.72 ¢ 0.93 .

T T Y T : 0.72 :  0.93 1

Tl T7e11+ o.zsss : 0.72 +  0.93 i

s 7e.m1 + o.2ra g”Bf?E"i”’EfSS’”:

v T1e i 78.71 + o0.2908 : 072+ 0.93
AN AR RS R A AN I I AT RSN ATRITARAIARARM BT SR W Mm-S §
: CALCULATED CUT SECTOR :
: PARAMETERS = t-—=======ce—eccaea-- R T T——— :
: (ADV. / REV.) 180 DEGREE : 90 DEGREE :

s SESREESEIREEERRIRITITRINETVNRE
s TORQUE + S.D. (KNM)

: SLEWING FORCE + S.D. (KN)

. VOLUME SWEPT (CUBM)

- " D GO P D P NS W W W S D W D W D WD LD MR 4D e e g

s+ SPECIFIC ENERGY (MJ/CUBM):

0.58273 + 0.05598

5.50578 + 0.07651

18.2749

0.29

271 + 0.06911 :

----------- - aw e - - !

2.76321 + 0.27312

---------------- g
0.0001002 :

---------------- :
18.3593 :



3.70

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY : COMBINED
ANGLE : 23.15 DEGREE

HEAD CONE
TILT ANGLE OF THE

CORNER CUTTING TOOL

: 87.97 DEGREE

IS T T S SIS S SIS SIS I I ISIIIBINAT I IR H

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

¢ TOOL NO. : TILT ANGLE : CUTTING RADIUS :
: : (DEGREE) : (M) H
L ere7 .00
T T esae . o.02s9 :
Y T e ooans :
T T a0 ool ,
s : 69.45 i 0.0782
e i eas2z i o.0048 :
T T e 2 o110 :
e i ss.se : o.12e1 :
T i s0.e3 -+ o.ls0s i
1o & as.30  : o.1s40 ;
T Taer .+ o.lees :
T T P St :
T 32l ¢ o.ise2
T i 2 o.wem2 :
T T1s ¢ 2315 ¢ o.200 :
e ¢ 23as s o.2120 :

L ]
L4

MCF : MNF s

(KN) (KN)
T0.42 + 0.69 i
o7+ o.e1
072+ 0,93
087+ 1.05 i
102 1.6
116 127
130 s 137
W IR
T1ss ;.87 s
167+ 1.66
RN
187+ l.ez i
196 : L.89
204+ l.es
210+ 2,00
210 2.00
-------- jmmmmmm———

CUT SECTOR :

CALCULATED :
PARAMETERS
(ADV. / REV.)

TORQUE + S.D. (KNM)

: SPECIFIC ENERGY (MJ/CUBM):

180 DEGREE

1.07182 + 0.12519

9.43638 + 0.49882

11.9808

90 DEGREE :

0.53841 + 0.15552 :

4.73489 + 0.71040 :

0.0002811 :

12.0365 :

e 00 00 08 00 00 s W oo



3.71

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 27.78 DEGREE

TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97

DEGREE

T s s R S T I I R S RNES TSI ENTNRAENNTDIRNM BT M BT IN NN B DTN }H

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: T0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNE 1
: : (DEGREE) : (M) : (KN) : (KN)
T 1 ¢ 87.97 1 0.0079 i 0.42 : 0.69 s
: 2+ 83.34 :  0.025 . 0.57 1 0.8l
Y T e oloass ;0.2 0.93 1
Ty T e : oloeil . 0.87 : 1.0
TS T T Teeas r 0.0782 i 1.02 : 1.16 s
e i ea.s2 ¢ o.00a8 ;116 1 1.27
T T T Teeae ¢ ouites :1.30 1 1.37 4
e i ss.se : o.izel . 1.43 1 l.4o
T i s+ o405 ;1.5 1 1.57
e f w630+ o.1se0 . 1.67 :  1.66
T aller : o.ises 1.7+ L4
N Yt . 1.87 1 1.82 1
T S M T . 196 i 1.89
A R T . . 200+ 1.95
T TTTIs§ 27.738 @ 0.20% P24 1 195
e i 21.78 i o.2140 ;2,04 : 1.95
D jommmmm—————- jmmm~em——eee————- R R :
TTToaicuateo  : cur sEcmoR
: PARAMETERS St I ————— :
(ADV. / REV,) H 180 DEGREE : 90 DEGREE s

: SPECIFIC ENERGY (MJ/CUBM): 11.9886

: TORQUE + S.D. (KNM) x 1.06473 + 0.12350

0.534

85 + 0.15286 :
--------------- H

4.71145 + 0.69604 :

——————————————— :
0.0002790 3

|
)
|
1
|
1
i
[
|
i
|
i
i
1
]
Lo d

12.0445 :



3
H
4
t
:

3.72

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 32.41 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE

;""" CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL 3
. TT00L No. : TILT ANGLE : CUTTING RADIUS : MCF  : MNP
: : (DEGREE) : (M) s (KN) (KN)
T 197+ 0.0079  + 0.42 ¢ 0.6
CTTTY T T T e Tolozse : 0.57 ¢ 0.81
T T e oo : 072 ¢ 0.93 i
CTTTT T T e s olosn . 0.87 1 1.05 ;
TS T s s o.otez ;102 ¢ 1.16
e i ea.s2 i o.0048 116+ L.27
T T e ¢ oates :1.30 : 1.37
;e i ss.se : oazer : 1.43 : 1.48
e T s0.e3 : o.a05 : 1.55 1 1.57
e we.30 + oasa0 : 1.67 ¢+ 1.66 1
N M R P 1.7+ 1.74 )
P Mt ;187 1 1.82 4
T i R o.sez : 1.96 : 1.89
Y T . 1.96 : 1.89
s sl 02005 ¢ 1.96 ¢ 1.89
T w2 eamn P 1.96 :  1.89
EEEEmEE T A R I S S A E SRS IR IR AT IIAITIEINARNRR N D MR
CALCULATED s CUT  SECTOR :
PARAMETERS = =  $-==-—==-—cs=cccao=--o lememmcca e ———.— .
(ADV. / REV.) 180 DEGREE s 90 DEGREE :

SERXMVTAITVIBRIABIRTARDMWE § W AW DI D DN WR IS I A -

1.05309 + 0.11851 : 0.52899 + 0.14821 :
---------------------------------- - - - :
4.67041 + 0.66925

————————————————————— x
0.0002753 :

————————————————————————————————————————— :
SPECIFIC ENERGY (MJ/CUBM): 12.0183 12.0742 :

TORQUE + S.D. (KNM)

- O P WD D D D T - D - S A -

- T > = - - - - - > S P WD § D D G D D W >
-

o8 00 00 06 05 00 0% G0 o0
e @9 ass &



3.73

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE 37.04 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE

H T R I R T E S SN ESSISESUTT IS ETTTTIII BT RAAXIET I ANR RN DRI IN N H

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :
. "TToOL No. : TILT ANGLE : CUTTING RADIUS : MCF  : MNE i
: : (DEGREE) : (M) t (KN) (KN)
L i 8797+ 00079 & 0.42 + 0.69
T T Tesiae 2 elozse : 0.57 : 0.8 :
Ty T e ooase P 0.2 & 0.3
© 4 i 74.08 ¢ o.0811 : 0.87 :  1.05
TS T T eeas+ o.0782 ¢ 1.02 ¢ 1.6 s
e i eas2 : o.0048 : 116 ¢ 1.27
ST T e 2 olites : 1,30+ 1.37
Ty i ss.se : o.izel P 143 1 148
Ty T seen ¢ o.ua0s : 1.55 : 1.57
e a0+ o.is0 ©1.67 + 1.66 1
T Taer  : o.tees : 1.77 s 1.7a s
T T e oame : 1.87 ¢ 1.82
TG T s 2 ooisss : 1.87 & l.e2 s
T a8 oaises : 1.87 :  1.82
T A T : 1.87 1 1.82
16§ 37.04 02213 1 1.87 & 1.82 4

: CALCULATED H CUT SECTOR :
H PAMETERS e St bttt (o rmmmmem oo oo - s
: (ADV. / REV.) 180 DEGREE H 90 DEGREE $

1.03614 + 0.11340

H 8.””8’8’:.’8:S:S:as::’::

: TORQUE + S.D. (KNM)

0.52048 + 0.14249
4.60830 + 0.63370

0 60 60 o9 o8 o0
]
]
]
]
|
!
1
i
]
)
1
]
!
]
]
L]
!
[}
[
[}
]
*e

: SPECIFIC ENERGY (MJ/CUBM). 12.0749 : 12.1311 :



3.74

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 41.65 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREEf

I S R S N S S S S S S S S S S S SIS N AT EE RN T AN T T DWW SR H

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

e

: TOOL NO. : TILT ANGLE ; CUTTING RADIUS : MCF ; MNF :
: ¢ (DEGREE) : (M) ¢ (KN) (KN)
1 & 8797+ 0.0079  : 0.42 i 0.69 i
T2 e+ .05 s 0.57 : o.81 s
T T T e eloas 072 0,93 s
© 41 7008 i 00611  : 0.87 i 1.05 ;
.5 i 69.45 : 0.0782 1 1.02 : 1.16
6+ e4.82  :  0.0948  : 1.16 : 1.27
C 7 i e0u1s : 0.1l08 s 1.30 1 1.37 s
TS T Tssise + 0.1261 x 143 ¢ 1.8
T T Tsoues ¢ ou1a0s 4 1.ss i 1.s7 s
1o+ 4630+ 0.1540 .67 i 1.66 1
T Taer & o.dees s 1,77 i 1.7a
T ares : o.less 5 1.7+ 1.14
DT alees + o.umes : 177 5 1.7 s
T Tales : 0905 : 177 4 1.74
15+ 4l.es  : 02004z 177 1 L4
1+ al.es  : 0.2l 1 177 i 1.74
e ———— fmmmm—mmm— e fommm e —— e e jemmm————- jrme——————— :
RN R R A AT EEAITIRANAB AR RNR R BB §
: CALCULATED : CUT SECTOR 3
: PARAMETERS Rt bttt R ittt T IS '
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
(ARBCTTETXXITITATAIRSZIIII  TAAITITTITIXRARIWARRARD | ANT IRV WD B NN NN .=
¢ TORQUE + S.D. (KNM) : 0.97950 + 0.10287 : 0.49201 + 0.12806
. SLEWING FORCE + 5.D. (KN): 9.01249 + 0.39461 : 4.52221 + 0.59588 1
| VOLIME SWEPT (CUBM)  :  0.0005233 1 0.0002617 :
--------------------- i iiataidieiaint st EL DD L LR e

: - e aw . o

. SPECIFIC ENERGY (MJ/CUBM): 11.7605 : 11.8148 :



3.7

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY

HEAD CONE ANGLE

TILT ANGLE OF THE CORNER

: TooL NO. : TILT ANGLE :
s : (DEGREE) :
N
:-_----;-_--; 83.34 ;
Ty T e
P4 i 74.08
D s i e9.45
e i edez
T T e
T T sslse
T T T e
0 ¢ 4630
TR T e
T e300
T e300
T 4630
© 15 ¢ 4630
e+ 4630

CALCULATED
PARAMETERS
(ADV. / REV.)

TORQUE + S.D.

% 06 8% o0 0 o0 Se

(KNM)

SPECIFIC ENERGY (MJ/CUBM):

(KN)

: COMBINED

: 46.30 DEGREE
: 87.97 DEGREE

CUTTING TOOL

I NSNS SEESESRSROECT TR ST STESS SNSRI NRTWRIN AL TN I DI N IR IR H

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

(M)

0.0079

- - . . - - -

- D S VI WD S D D - - - -

CUTTING RADIUS

(KN)

0.42

- W s an T D e P W -

(KN)

0.69

— " - - - -

— e . -

— - ol > - an

0 e . — - - - - - ——p o am D - . —— O -~ - v o

o8 o8 S8 69 S5 oo

(1]

=s:z========================a=======aaa-a==:=aa==:a=-assaasaasaaa-s-s }H

CUT SECTOR

180 DEGREE

: 90 DEGREE

0.98288 + 0.10418

R S D - W G G D S R W WD W
T D D D P TD W WD WD P WD W G . - S -

1

2.2977

0.49373 + 0.13140
4.40823 + 0.56112
--------------------- :

0.0002511

————————————————————— 4
12.3549



3.76

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY COMBINED
HEAD CONE ANGLE 50.93 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE

. CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL 1
. TT0OL NO. : TILT ANGLE : CUTTING RADIUS : MCF 1 MNP s
: : (DEGREE) : (M) : (KN) :  (KN)
L i 8797+ 0.0079 i 0.42 i 0.69 i
Ty T Tesaa i o.0259 : 0.57 0.8l .
Y T e oloass : 0.7z 1 0.93
Ty T a0 ¢ 0.6l : 0.87 : 1.05
TS T Teeas + o.0m82 : 1.02 : 1.16
Y : 1.16 1 1.27 1
T T T Te0s f o.atos : 1.30 :  1.37
T i ss.se : 0.zl : 1.43 +  1.48 1
T T T Tsees + o.ue0s f1.85 1 1.57
70 i s0.e3 ¢ oases t 155 1 1.57
© 1 ¢ s0.93  : o0.1684 : 1.55 1 1.57
T i Ts0.es : o.ie2a t 1.55 1 1.7 .
T Ts0es : o.19e4 t 155 1 1.57
Tl i s0.es i+ o.2108 P 1.55 & 1.57 1
TS i Ts0.e3 : o0.22a3 : 1.55 + 1.57 1
TTThe i s0.93  : 0.2383 1 15 i 1.57

: CALCULATED : CUT SECTOR .
: PARAMETERS R T —— fmmmmmm—————————————— .
: (ADV. / REV.) 180 DEGREE : 90 DEGREE .

: TORQUE + S.D. (KNM) : 0.94480 + 0.10339 : 0.47459 + 0.12761 s
' "GLEWING FORCE + S.D. (KN): 8.49978 + 0.34379 1 4.26501 + 0.54046 s
VOLME SWEPT (CUBM)  :  0.0004734 i 0.0002377 :
"TSPECIFIC ENERGY (MJ/CUBM):  12.4864  :  12.5443 :



3.77

DETAILS OF THE CUTTING HEADS INVESTIGATED
——————————————————— - o - - —— —_— - - - - " o - -
HEAD GEOMETRY H COMBINED
HEAD CONE ANGLE : 55.56 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE

4 R s T S S e S S E NS S S S EERRESS BN TR IT R B DB R .

: CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :
i 10O NO. : TILT ANGLE : CUTTING RADIUS : MCF 1  MNF i
: : (DEGREE) : (M) : (KN) t  (KN)
T T T a7+ o.0079  t 0.42 & 0.69 i
Ty T Tesaa + o.o2ss : 0.57 1 0.81 i
Ty T e+ oloase : 0.72 : 0.93
A Y T : 0.87 :  1.05 1
TS T T Teeas ¢ o.0782 : 1.02 1 1.16 1
e i ea.sz : o.0988 : 1.16 1 1.27 1
Rt e 1.30 1 1.37 1
e i Tss.se : oazel 143 ;148
. s i ss.s6 : 0.1400 f 143 1 1.48
Tl i Tss.se s o.1ss7 f 1.43 1 1.48
T Tssise :+ o.708 : 1.43 :  1.48 1
T2 i Tss.se : o.1sa t 143+ 1.48
T Tss.se : 0.2008 : 1.43 :  1.48
Tl T Tss.se ¢ o.alsl : 1.43 1 1.48 1
s i ss.se : o0.2300 : 1.43 :+ 1.48 1
TTTTTle i ss.se : o0.288 : 1.43 & 1.48 4

: CALCULATED : CUT SECTOR ‘ .
s PARAMETERS fmmmmmmmm——m e me e {mmmmmmmm——— - ——————— .
: (ADV. / REV.) : 180 DEGREE : 90 DEGREE :
H .'....”"8"8:3388888—8’3 } 4 TEVEEIADBTRINRENBEXE BRI § 3500 OE N TS I I I TE 3N NI 90 IS A 4
: TORQUE + S.D. (KNM) t 0.89792 + 0.09839 : 0.45105 + 0. 12204

D tatatindededtdede bt tdiedt St ettt S e o o e - . - . - - . s
: SLEWING FORCE + S.D. (KM: 8.15140 + 0.30805 : 4.09029 + 0.51401 1
--------------------- :

VOLUME SWEPT (CUBM) H 0.0004424 - 0.0002212 3
:-;;EEIFIC ENERGY (MJ/CUBM) : 12.7517 : 12.8110 .
3;g.s::sassss:szssaaaszzaas3::8:::::::8::8::888:gaa---a-.-aanusu--:---;



DETAILS OF THE CUTTING HEADS INVESTIGATED

3.7

8

T THEAD GEOWETRY ¢ coMsINgD
HEAD CONE ANGLE : 60.19 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE
. CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL 1
;T TI00L NO. : TILT ANGLE : CUTTING RADIUS : MCF  : MNE i
: : (DEGREE) : (M) : (KN) : (KN)
T T er.e7 t 0.0079 i 0.42 & 0.69
N T . 0.57 : 0.81 1
A Y T . 0.72 1 0.93 1
T T e f oleelr : 0.87 : 1.05
TS T Tes.as : o.0182 ;1,02 ¢ 1.16 s
e i Tea.s2z i o.00e8 ;116 5 1.27
T T T ees & oo . 1.30 ¢ 1.37
T T Teoa1e : ooi2ea P 1.30 1 1.37 1
P N : 1.30 :  1.37 4
710+ e0.19 ;01577 P 130+ 1.37
T e0.19 & 01733 ;1,30 ¢ 1.37 1
T2 e0.1s : o.1889 : 1,30 1.37 1
T Te01s : o.2045 130 ;137
T i Teo.1 + o.2201 : 1.30 & 1.37
s i eo.1s + o0.2358 : 1.30 & 1.37 1
;16 ¢ 019 : 0.2514 E"IfSB"Z"’ITS?”i
BB E R EERs s AR N R S AR ARSI ARSI RTINS RA R SR A EE §
CALCULATED : CUT SECTOR
PARAMETERS fm=mmm—mce—ccmmo oo R e L T LR

e 00 e oe o0 e

(ADV. / REV.)

TORQUE + S.D. (KNM)

SLEWING FORCE + S.D. (KN)

SPECIFIC ENERGY (MJ/CUBM):

180 = DEGREE

*
*

90 DEGREE

0.42273 + 0.11577

0.84156 + 0.09527

13.1271

e es o0 oo o0 oo

3.88245 + 0.49007

13.1879



H

3.79

DETAILS OF THE CUTTING HEADS INVESTIGATED

HEAD GEOMETRY s COMBINED
ANGLE : 64.82 DEGREE

HEAD CONE
TILT ANGLE OF THE

CORNER CUTTING TOOL

87.97 DEGREE

¥+t 1+ 2+ -ttt + -+ 4+ + 2+ 3+ 33t -+ FF T F T M

CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

- S - - - —— > > - - s O - - " ——— P —" > v —————

: MCF : MNF :
: (KN) :  (KN) i
: 0.42 i 0.69
: 0.57 1 0.81
: 0.72 : 0.93 .
. 0.87 : 1.05 .
: 1.02 :  1.16
P 1.16 + 1.27 .1
: 1.16 1 1.27
: 1.16 +  1.27 :
: 1.16 & 1.27 :
: 116 ¢ 1.27 3
f1.16 ¢ 1.27
: 1.16 :  1.27 1
: 116+ 1.27 1
: 1.16 1. 1.27
: 1.16 & 1.27
t 1.16 : 1.27

CUT SECTOR

: TOOL NO. : TILT ANGLE : CUTTING RADIUS
: ¢ (DEGREE) : (M)
1 e7.97 : o.007
C 2 e+ o.ozse
A N T
S
s Tesaas i o.ome2
e ¢ ea.s2 . o.048
:_-----;--_-:--_;:j;;-- ; 0.1111
T easz : o.i21a
e T Teae 1 oluasr
o ¢ ea.s2 ¢ o.e00
T i easz s oazes
T2 f ea.s2: o126
© 13 . e4.82 ¢ 0.2089
N T
s ehe2 : o.2aa
16 e4.82 1 0.2577
S ——
CALCULATED :
PARAMETERS :

(ADV. / REV.)

TORQUE + S.D. (KNM)

SLEWING FORCE + S.D. (KN)

SPECIFIC ENERGY (MJ/CUBM):

"~ 180 DEGREE

EEEITITADTSIRNEAREXRTTIN | IVTEEERTTETINDRNVRNDWMEBE S

0.77520 + 0.08681

13.6708

90 DEGREE
0.38940 + 0.10614

13.7343

4
4



3.80

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY : COMBINED
HEAD CONE ANGLE : 69 .45 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE

; CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

. IOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF &+  MNF ;
: : (DEGREE) : (M) : (KN) & (KN)
L e1.97 ¢ 0.0079 t 0.42 i 0,69
T T : 0.57 : 0.8l
T Y T : 0.72 1 0.93 1
N T Y . 0.87 : 1.0
s T es.as i o.0182 P o1.02 : 1.16
T e i es.as : o.0es1 : 1.02 : 1.16 i
T T Tesas ¢ o120 : 1.02 t  1.16
e i es.as 1 o.1288 : 1.02 & 1.16 .
T T Tesas .+ ooasr : 1.02 : 1.16 .
0 i es.as : o0.1e25 : 1.02 1 1.16 1
I es.as : o.ire . 1.02 : 1.16
© 12 i e9.4s i o.1962 : 102+ 1.16
T i Tes.as i o2t : 1.02 : 1.16 1
Tl es.as : o.2200 : 1.02 1 1.16 1
s ev.as i o0.2e68 : 1.02 t  1.16 i
TTTTle i 69.45  : 0.2636 b 1.02 1 1.16
jmmm————————— jemm———————— el (mm—————— jmm——————— :
SRR A R R A R A R N AN AR A S S S AR A RN RN nm §
: CALCULATED : CUT SECTOR .
: PARAMETERS fememmmmm—— e e R T —— :
: (ADV. / REV.) 180 DEGREE : 90 DEGREE :

0.69870 + O. 07782

: TORQUE + S.D. (KNM)

0.35097 + 0.09445
--------------------- :
3.36429 + 0. 39561 :

-------------------- ,
0.0001514 :

¥ VOLUME SWEPT (CUBM)

. SPECIFIC ENERGY (MJ/CUBM): 14.4938 ' 14.5610 X

0 00 0 o8 o0 oo



3.81

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 74 .08 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE

I T R S S S E s NS E S S A ES SN OIS N EREMENENSE R R WIR I H

; CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL

: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF s MNF :
: s (DEGREE) (M) s+ (KN) (KN)
L i 8797+ 0.0079 i 0.42 i 0.6 i
N . 0.57 i 0.8l
Y T T T o.oaze . 0.72 : 0.93 1
Ty T s ) ooel . 0.87 1 1.05
TS T a0 1 o.0784 . 0.87 & 1.05 i
e i 7408+ o.0958 . 0.87 : 1.05
Ty T T e e . 0.87 : 1.05 1
e i 7408+ o.1304 . 0.87 i 1.05 i
Ty T s o.uam . 0.87 : 1.05 i
TTTTl0 i a8 ¢ o.1es0 . 0.87 : 1.05 1
T T7a0s ¢ o.s23 . 0.87 : 1.05 1
T a0 ¢ o0.1996 . 0.87 1 1.05 1
T i T7a.08 ¢ o.2169 . 0.87 1 1.05 1
L T T7a0 1 0.2 . 0.87 1 1.05
I i 7a.08 ¢ o.2s1s : 0.87 : 1.05
TTTle i 7408 i o.2689 . 0.87 1 1.05 1
fommmm - tmmmmm——————— jm=—mee—ecccccaes (mm—————— je——m————— :
(SEA R SR A A I IR AAA AR IRRIANITARSR SRR TR RS §
H CALCULATED H CUT SECTOR s
: PARAMETERS fomemmme e m——m——emae fmeemmmmemccm——c—————— .
H (ADV. / REV.) H 180 DEGREE H 90 DEGREE ¢
i'ZSESEE’I’Z’ET”?ZZST”"’L’Z'ZiZZE'I"E’EZZS?'i'E'ES?E?'I"S'ESISZ"i

'“SLEWING PORCE + 5.D. (KN): 6.08465 + 0.16317
----------------------- . ——-——-——--—----______‘
: VOLUME SWEPT (CUBM) : 0.0002429 0.0001215 :

; SPECIFIC ENERGY (MJ/CUBM)' 15.8365 2 15.9101 :

3.05361 + 0.33796 :



3.82

| DETAILS OF THE CUTTING HEADS INVESTIGATED

- - - - — - — — ——— - - - - — " = . - - - > W W - = > = = -

HEAD GEOMETRY s COMBINED
HEAD CONE ANGLE : 78.71 DEG
TILT ANGLE OF THE CORNER CUTTING TOOL

REE
: 87.97 DEGREE

EmEEEaRsS S E S E EEE T R S AN TATATALABITAISI DR MBS

s CUTTING RADIUS AND FORCE LEVELS AT EACH CUTTING TOOL :
: TOOL NO. : TILT ANGLE : CUTTING RADIUS : MCF i MNP s
: : (DEGREE) : (M) ¢ (KN) (KN)
1 i 87.97 1 0.0079 & 0.42 & 0.69 &
T Teaiaa ¢ o.o2s0 . 0.57 : 0.8l i
Y T e oloase . 0.72 1 0.93
Y T e o061 : 0.72 : 0.93
e Y :0.72 ¢ 0.93
e i 7+ o.09e6 D072+ 0.93
e M N T VY S ;072 : 0.93
e e : o P 0.72 + 0.93 i
T T e ¢ o.uaes 072+ 0.93
T N R : 072+ 0.93 i
T e oless ;072 1 0.93 1
T T7e.m1 + o.202 . 0.72 + 0.93 1
© 13 ¢ 1.1+ 0.2200 :0.72 & 0.93
T f 8.1+ o.23me : 0.2+ 0.93 i
s i 7e.m : o.2sss ;0.2 1 0.93
e F 7+ o.2m3 : 0.2 1 0.93
e ———————— H it bddesiid it immmm————- el L H
R A R A IO AN RSN IR RN R R §
g CALCULATED : CUT SECTOR :
: PARAMETERS R ettt D bbb b b R e e —— :
: (ADV. / REV.) 180 DEGREE : 90 DEGREE :
JERTRITTIABXISTITAIBLIIITIALS { TAIXAXIXAAAXSXAIXREE | ANARTWEE DD DE BB " wm= g
: TORQUE + S.D. (KNM) 0.51677 + 0.05521 : 0.25958 + 0.06751 :

O o o e A e e o D P = D S St w0 ki D P P U D W R D > D

s SLEWING FORCE + S.D. (KN)

tH
s SPECIFIC ENERGY (MJ/CUBM

("R

L]
®
*
.
[
*
-
.
-
°
o
*
4
.
-
[ 3
.
>
L]

18.3344

{m—————— b DL DL TP LT :
: 2.70911 + 0.28359 :
:

0.0000885 s

e e L TP, :
1 18.4193 3



3.83

DETAILS OF THE CUTTING HEADS INVESTIGATED
HEAD GEOMETRY COMBINED
HEAD CONE ANGLE 83.34 DEGREE
TILT ANGLE OF THE CORNER CUTTING TOOL : 87.97 DEGREE

;""" CUTTING RADIUS AND FORCE LEVELS AT EACH COTTING T00L 1
. TT00L No. : TILT ANGLE : CUTTING RADIUS : MCF  : MNF  :
: : (DEGREE) (M) : (KN) (KN)
LU w797+ 0,009+ 0.4z 0.69 i
N . 0.57 : 0.81
Ty T e i o.oant . 0.57 ¢ 0.8l i
T T e o.ose : 0.57 & 0.8 i
TS T e 0.0795  : 0.57 & 0.8 .
T . 0.57 : 0.8l
T T e T s : 0.57 & 0.81
e T Tesae : oama . 0.57 i 0.8l
TS T e 2 oaaswo : 0.57 :  o0.81
Tl i Tesaa: o.ise . 0.57 : 0.81
T e o.ises : 0.57 & 0.81 :
T2 i Tes.sa : o.2008 . 0.57 : 0.81
T es.aa: o.2228 : 0.57 :  0.81
T ea.aa i o.2408 : 0.57 & 0.81 ;
T i e+ o.2s83 : 0.57 : 0.81 .
TTTTTle i es.:a : o.2162 : 0.57 :  0.81

S eADcuLATED | ¢ cUT SECTOR i

: PARAMETERS fomm-s=mee———————ooo- R St :

: (ADV. / REV.) 180 DEGREE : 90 DEGREE :

: TORQUE + S.D. (X : 0.41347 + 0.04422 : 0.20770 + 0.05363 1
:_EEEQEEE-;SEEE-:_QTBT_?RE;:-:?E;EES-;--ETB;;SS-é-ETSQEIE';"gf;;;;;":
:-GEEBQE-EGEEE--?EBEQ;--_--g---'-STESEIEEE__----g---‘_-ETEEEEESS ..... :
ITOECIFIC ENERGY (MJ/CUBM):  24.3909 1 24.5042 :

[ [
[ -”’,-883838383338382338-8 4 EVEREIDVVIRNEDRTIN TR $ I I 0 TN 5 I 00 I8 3 W W I I8 02 W W H
°



APPENDIX 6B1
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50 100 150 200 250 300 350
ANGLE (DEGREE)

FLUCTUATIONS IN TORQUE AND SLEVING FORCE,
TILT ANGLE OF THE CORNER CUT. TOOL: 69.45 DEG.

TILT ANGLE OF THE FIRST TOOL + 00.00 DEG.
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TILT ANGLE OF THE CORNER CUT. TOOL: 74.08 DEG.

TILT ANGLE OF THE FIRST TOOL « 04.63 DEG.
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FLUCTUATIONS IN TORQUE AND SLEVING FORCE,
TILT ANGLE OF THE CORNER CUT. TOOL. 87.97 DEG.

TILT ANGLE OF THE FIRST TOOL « 18.52 DEG.
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| FLUCTUATIONS IN TORQUE AND SLEWING FORCE,
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FLUCTUATIONS IN TORQUE AND SLEWING FORCE,
TILT ANGLE OF THE CORNER CUT. TOOLs 69.45 DEG.

CONE ANGLE OF THE CUT. HEAD « 69.45 DEG.
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CONE ANGLE OF THE CUT. HEAD . 74.08 DEG.
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FLUCTUATIONS IN TORQUE AND SLEVWING FORCE,
TILT ANGLE OF THE CORNER CUT. TOOL« 78.71 DEG.

CONE ANGLE OF THE CUT. HEAD . 78.71 DEG.
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FLUCTUATIONS IN TORQUE AND SLEWING FORCE,
TILT ANGLE OF THE CORNER CUT. TOOL. 83.31 DEG.

CONE ANGLE OF THE CUT. HEAD « 83.31 DEG.
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FLUCTUATIONS IN TORQUE AND SLEWING FORCE,
TILT ANGLE OF THE CORNER CUT. TOOL. 87.97 DEG.

CONE ANGLE OF THE CUT. HEAD « 87.97 DEG.
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Spacing Disc Parameters Measured
to Pene- Edge
tration Angle Qc S.E
ratios (Degree) MRF MPRF MTF MPTF Qm3 3 ' é
(kN) (kN) (kN) | (kN) (m”/km) } (m™ /km){(MI /m™)
+s8.d +s8.d.| +s.d.|+s.d. | +8.d. +s8.d. | +8.d.
40 8.00 | 9.5 | 47.3| 48.2| 0.298 | 0.300( 26.8
. +0.80 [ +1.1 | +4.3 | +4.9 | +0.028 +2.3
60 8.97 | 10.75| 62.25| 67.25 0.253 | 0.300| 35.75
+0.69 | +0.96[ +3.95| +3.59( +0.029 +6.18
40 10.0 11.5 | 48.2 | 53.1] o0.478 | 0.500| 20.9
+0.40 | +0.06[ +0.9 | +1.5 | +0.023 +1.6
5
: 6o 16.4 18.5 | 89.4 | 91.6 | 0.535 { 0.500| 30.8
_ - +1.6 ¥1.7 | #5.6 | +6.4 | +0.031 +4.2
40 12.6 13.5 | 57.5 | 61.8| 0.653 | 0.700( 19.5
+0.7 +0.5 2.4 | +2.4 | 40.070 +3.1
7
6o 16.5 18.2 | 92.6 | 98.3| 0.721 | 0.700| 23.5
+1.45 | +1.2 | +7.6 | +3.6 [ +0.138 4.1
. 14.4 | 15.8 | 63.6 | 69.5| 0.994 | 0.900| 15.7
0 0.5 | #1.1 | +2.9 | +1.9 | +0.296 +5.7
9
6 17.23 | 19.1 | 90.3 | 94.0| 0.921 | 0.900]| 19.8
0 +0.7 | +0.4 | +7.13] +9.2 | +0.266 +5.6
13.8 15.5 | 62.3 | 67.9| 1.043 | 1.100]| 13.7
. 40 +1.8 | +#1.9 | +5.2 | +4.8] +0.297 +2.3
20.4 | 22.0 |105.5 [108.4| 0.988 | 1.100| 23.0
60 +1.1 | +0.9 | +7.1 | +7.3 | +0.407 +7.84
15.6 17.4 | 73.5 | 79.8 | 1.544 | 1.300] 11.1
40 +0.5 | +0.5 | #4.1 | +6.5[+0.514 +4.6
13
o .20.0 | 23.3 {109.33]125.0] 1.079 | 1.300| 19.67
6 +0.36 | +2.31] +9.27[ +9.64f +0.281 +5.69

APPENDIX 7Al

Results for disc
groove deepening

cuts,

cutting experiments,
penetration = 10.0mm



Parameters Measured

Spacing Disc
to Pene- Edge
tration Angle MRF MPRF MTF MPTF th Qc, S.E,
ratios (Degree) (kN) (kN) (kN) (kN) (n?/koal(m”/km){( MI/u
+s.d ¥s.d. +s8.d. +s.d. |} +s.d. | +s.d +8.d
40 15.1 17.4 68.7 76.0 0.593] 0.588 | 25.3
+2.6 +1.7 +6.4 +3.9 | +0.063 1.4
3 _
60
40 21.2 24.1 81.3 92.5 0.9891] 0.980 ] 21.6
+0.4 +0.3 +4.0 1.7 [#0.112 +1.7
5
60 23.7 27.0 113.3 121.5 1.023] 0.980 | 23.2
+1.4 +0.7 +1.4 +7.7 [+0.054 +0.1
40 24.7 27.0 101.5 112.4 1.895} 1.2372 ] 13.1.
+2.4 +1.9 +2.7 +2.1 |+0.189 +1.1
7
60 26.0 29.5 116.3 132.8 1.528 | 1.372 ] 17.4
+1.1 +0.5 +5.3 +3.91]+0.270 +3.5
40 24.4 27.3 98.6 110.7 1.979 1 1 764 | 13.3
41.2 +1.4 +10.4 | +12.9 | 0.572 +4.6
9
60 26.8 30.2 124.3 140.5 2.020] 1.764 | 15.0
+0.4 +0.6 +9.4 +11.3 0.776 +6.8
40 21.7 24.5 85.3 95.3 2.527} 2.156 | 11.5
+1.4 *l.4 $6.1 6.4 | +1.746 +6.7
11
0 27.3 30.6 126.1 143.4 1.763] 2.156 | 16.1
60 +3.5 | #3.8 | +15.7 | +16.9 |+0.495 +4.2

APPENDIX 7A2

Results for disc cutting experiments,

groove deepening cuts, penetration = 14.0mm



Parameters Measured

Spacing Disc
to Pene- Edge
tration Angle Qm
ratios (Degree) | MRF MPRF MTF MPTF 3 S.E,
(kN) (kN) (kN) (kN) (n"/km) | (MJ/m”)
+s.d.} +s.d +s8.d +s.d. +s8.d. ¥s.d
40 9.2 f 12.1 45.3 52.4 0.308 30.1
+0.6 +0.7 +2.4 +2.1 +0.003 +2.3
3
60 11.8 14. 68.9 80.6 0.293 40.0
+0.8°| 10.9 +2.5 +2.2 +0.028 +3.1
40 14.1 16.0 56.4 62.5 0.514 27.4
+0.7 +0.4 +1.2 +1.7 +0.010 +1.9
5
60 16.4 18.9 85.3 94.2 0.482 34.3
+0.6 +1.0 +5.2 *3.2 +0.030 +3.0
0 13.5 15.6 53.0 59.7 0.621 21.7
4 +1.0 | #1.0 | #3.1 | +3.1 | +0.016 | +2.1
7
60 19.1 20.1 88.0 94.6 0.613 31.3
+0.1 0.7 +0.3 *4.2 +0.069 3.7
14.5 15.9 57.1 63.0 0.516 29.0
40 +1.2 | +1.3 | +4.2 | 5.5 | +0.132 | 5.2
9
18.3 19.8 88.0 95.7 0.621 31.2
- 60 +1.2 | +0.7 | #0.7 | +3.7 | =+0.008 | #1.2
15.2 16.5 61.1 66.7 0.403 37.8
40 +0.6 | +0.5 | +1.9] +0.5 | +0.008 | +1.7
11
60 18.5 20.1 84.9 96.0 0.394 46.9
+0.5 +0.3 +0.6 +5.8 +0.014 0.7
15.3 16.8 57.1 62.0 0.391 38.8
| 40 +1.7 | +2.3 | 5.2 | 6.9 | s0.032 | +3.2
Unrelieved
60 17.8 18.7 79.3 88.1 0.405 43.9
+0.4 +0.8 +1.2 *6.8 +0.030 2.2

APPENDIX 7Bf

Results for disc cutting
skew cuts, penetration =

experiments,
10.0mm
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APPENDIX 8Al

*%%k%%k % PROGRAM HEAD * kkkkx

* " THIS PROGRAM IS CONCERNED WITH THE K INEMATICS AND
* ENERGETICS OF ROADHEADERS WITH LONGITUDINAL TYPE

* CUTTING HEADS.

* THE PROGRAM CARRIES OUT THE CALCULATIONS FOR THE

* CUTTING HEAD TORQUE, SLEWING FORCE, VOLUME SWEPT AND

t 2 3 SPECIFIC ENERGY VALUES FOR AN ADVANCE PER REVOLUTION

* OF THE HEAD, THE CUTTING HEAD CAN BE OF SPHERICAL,

ek CCNICAL OR COMBINATION OF THESE TWO GEOMETRIES AND

& EMPLOYS A TOTAL OF 16 TOCLS EXCLUDING THE SUMPING PICKS,

* 1T FURTHER PRINTS QUT THE DETAILS OF THE INDIVIDUAL PICK

L FORCES AND THEIR CORRESPONDING TILT ANGLES AND CUTTING

* RADII.

* THE OATAS FOR THE INDIVIDUAL PICK FORCES VERE OBTAINED

* FROM LABORATUARY SIMULATION EXPERIMENTS. THE METHODS FOR

* THE CALCULAT ION OF THE ABOVE PARAMETERS ARE RELEVANT ONLY

:'“ TO THE SPECIFICATION OF THE CUTTING HEAOS GIVEN IN THIS
WORK « .

= .

t*******t#****#***#***t*#*****************t*###*t*###****#*t***‘

IMPLICIT REAL*8 (A—H.C-Z)
DIMENSION A(l6)oRPR(l6).FCAA(lﬁ)nFNAA(l6).M(lé)vAC!(l6)

TA=0,00

SA=0 .DO

T8=0.D0

. €8=0 «DO

'THA=°.DO

EHA= 0,00

THB=0.00

€HB=0,00 '

D=0.0120

Ft=4.DO¢DATAN(1.DO)

C=P1/180.D0
%k INPUT FORMATS ok darikokak ok ko skok skokok sk okok ok ok ok

FORMAT (2(FS5.2+1X)) :
2%%% QUTPUT FORMATS ¥ 93k skakakok dakokokok ok ok ko % kokok

FORMAT (1 H1 o/7)

FORMAT (21X 'DETAILSE CF THE CUTTING HEAOS INVESTIGATED )
FORMAT (21X ¢V mmr e mr e e —a - ——)
FORMAT (25X » YHEADC GEQOMETRY ¢ SPHEPICAL')_

FORMAT (20X * TILT ANGLE OF THE FIRST TOOL : '.FS5.2,' DEGREE')
FORMAT (1 7X+*'TILT ANGLE OF THE CORNER CUTTING TOOL : ' ,F5,2,!
#E') :

-FORMAT (25X » YHEAD GEOMETRY CONICAL ')

FORMAT (25X "HEAD CCNE ANGLE Y'wF5.2¢' DEGREE')
FORMAT (25X + *HEAD GEQMETRY " COMBINED ')

DEGRE

(o Pk kR kR kR Rk gk ok kk ko k kR KRRk kR kR kR dk gk ok ke ok kR ok
110 FQRMAT(lzx'l'================:=====-==========:==-=====a==ggg=g=:=
)

L4
ﬂ-======. .



8A2

111 FORMAT(IZXo R CUTTING RADIUS, AND FORCE LEVELS AT EACH CUTTING T
#COL ') ' B

112 FoRMAT(lef- f-mmmmmmeme— it L bty --

113 ;ORMAT(i?Xo H TOOL NOe. : TILT ANGLE : CUTTING RADIUS MCF H
# MNF HILE) :

114 FORMAT (12X ,': H (DEGREE) tH (M) S (KN) H
2 (KN) 2 ')

115 FORMAT(1%§' s ST IS S=S= === T | SSS SIS ST =SS ==s==m s

116 Faﬁﬁi?fienzx. : 12,0 T V,FS.2,! : "oF6e8, "

eFAg 2, : "eF4q,2,! H I D B~ R R L L R L R
ATt - A S A $1,7))

117 FORMAT(7X,'!=====3===s=co=s=cSo==SS=SSsSSSsssSsS==s=zISSSsS=ss=zz==s
ﬂ===============:')

118 FORMAT(7 X, ' CALCULATED : CUT SECTOR
» Ve /e TXe 2 , PARAMETERS HE D
Hormmnon e rm e ——— - —- - ———-————— )

119 FORMAT (7X,': (ADV. / REV.,) H 180 OEGREE :

#90 DEGREE 21 /e,y ! === co o= E R TR T EZSSS SRS ST =TS =TS
. #zz==s=sizs==co========s=======11)
120 FORMAT(7X." TOROUF + SeDo (KNM) $'9F8eS5,' + oFBoSo tV,F8
' P Se' + V,F8.5,! "c/'7Xo'3----T; -------------------- HET L —

121 FOPMAT(7XQ'. SLEWING FORCE + SeDe (KN) ', FB8.Ss"' + ' ,F8.5,' :',F8.,
# Syt + ' ,FB8,5,! :'./'7X"=---—:; ------ - o e e e e § e e e o o e
'----——.—. P o > e o - — -

122 FORMAT(TX.': VOLUME SWEPT {cuam) H VT oFQ .7, ! R | U
#eFQe7,? HANY NS TR :"“'-"' “““““““““““““““ - e cane—— -
Mo e e — e ——————————

123 FORNAT(7X. ¢ SPECIFIC ENERGY (MJ/CUBM) 3FT7e8,! H
» .F7.4' AW AN S R e L T T L R T T T T T
A==z asnz te=m=s=mss=osamz=ss==z==$ V)

. READ(5,9) AL1,AL2
%xk%k% READS THE TILT ANGLES OF THE FIRST TOOL AT THE MACHINE SIDE (AL1)
kkk* AND THE LAST TOOQL AT THE NOSE S;DE (AL2, BEING CORNER ZUTTING TOOCL)

IF(AL2 .EQ.0.D00) GO TO 2001

RR=0.,2229D0

§=0e27D0-(2.D0%PI*RR*(AL2-AL1)/360.D0)

SL=0.,018D0*DSIN(ALI1*C)
kkkkkEk THIS SECTION DEALS WITH THE CALCULATION OF INDIVIDUAL
«*% PICK. FORCES. IN ORDER TO AVOID TEDIOUS PROCEDURES THE PICK
#»%% FORCES ARE OBTAINED FROM REGRESSED VALUES (FROM COS ( AL1)
#%% - FORCE RELATIONSHIP).

AAAC=0,3511D0

EBBC=1 .9050D0

AAAN=0 639500

EBBN =] .4 784D0

ALF=AL 2+ 4,63D0

Z=0.,00
c ttt#*ttt*tttt#tt*tt*##t#**t***************#****ttt**t#t******
DO 501 I=1,16 . . .
ALF=ALF-4,63D0
IF(ALF ,LE.ALY) GO TO S02
FRP( 1) =RR*DCOS(ALF*C) ’
FCAA(T )= AAAC+(BEBBC*DCOS(ALF%C))
FNAA(I)'AAAN+(BEBN*DCOS(ALF*C))
ACI( 1) =ALF
v(1)=t

"noo

annon

GO T0 501
8502 FRR(I)=RR*DCO$(AL1#C)+SL*Z
FCAA(I )=AAAC+(BEBC*0COS{ AL1%C))
FNAA (1 )=AAAN+(BBBN*DCOS(ALL1*C))
., ACI(I)=AL1
M I1)=1
Z=Z+!.DO
‘Ol CONT INUE .
C #xxsx CALCULATION o¢ TPE CUTTING RADII SR AR Rk kR okkkokk ok



f1 =RRR (
c FRE AR KRS K
FCAB8=FCAA

khkrkbkkkkhkhhkkkhkbhkh Rk Rk kb kkk Rk kkkkRr 7 ek
FCALlS=FCA )
FCA6=FCAA

FCAl 3=FCA )
FCAA=FCAA
FCA11=FCA
FCA2=FCAA
FCA9=FCAA
FCAl1E=FCA
FCA7=FCAA
FCAl4=FCA

)
)
1
)
3
)
s
)
*
{
A
(3
A
(
A
(
(
A
(
A
FCAS=FCAAl(
A
(
A
{
*
(
A
(
A
(
A
(
(
A
(
A
(
A
(

)
7

)
)
1)
)
FCAl 2=FCA 3)
)
S)
)
%

ok ok ok o ok ek ok ok ke ok ok 3K ok ok 3K e sk ok ok ok ok k. sk koK ok ok ok ok ok ok aeokook o ok

8
FCAI‘FCAA 1
%
7
FNA1 6=FN
FNA7 =F NA
FNA14=FNA
FNAS =FNAA
FNA] 2=FNA
FNA3=FNAA
FNA1 O=FNAA

FNAL =FNAA( 1
C #*%%sk%%x CALC

A
FNA9=FNAA(S

A

A

) .
}
)

1
(
(
S
(
(
1
(
1
(
1
(
1
{
2
(
S
(
(
1
(
1
(
1
(

x
)
2
)
4
)
6
)
)
9
0
1
2
1
4
1
6
*
)
2
)
a
)
6
)’
)
9
0
1
2
1
a
1
6
U

)
)
1
)
3
)
s
)
L

ATION OF THE VCLUME SWEPT #ksssssshhs s

" VOLSP=D* (RR* %2 ,00 ) #(PI % (AL2~AL1)7/360.D0+{DOSIN(2,D0*AL2*C) ~DSIN
d(2.00AL 1%C) ) /4,00) :

VOLCO=D*S*x (RR*DCOS(ALLI*C)*DCOS{AL1«C) +S*DSIN(2.00%AL1*C)/4,D0)
JF (ALY eEQeQeD0e ANDeAL2+EQe¢50.19D0) VOLSPa=VOLSP+(0.00009629)
IF(AL]Y ¢€EQe0+D0AND ¢AL2 EQ.64.8200) VOLSP=VOLSP+(0.00004815)
vVOL=VOLSP+VOLCO

C ***tt#*ttt*t**#tt*ttttw0*#**************t*t*tt*tt*ttttt*tt*tttttt**t**
: T=0.00

200 T=T+1.00

!F(T.GT.BGO.DO) GO TO 202

CHxhksTHE REAL VALUE OF FC AT A DEPTH OF CUT *x%xsskia
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FC9=CABS(FCA9*DS!
FCB=DABS(FCAB*DES]
FC7=DABS(FCA7*DSI
FC6=DABS (FCA6%DS1
FCE=DABS(F CAS*DSI
FCA=DABS(FCA4*DS]
FC3=DABS (FCA3*DSI
FC2=DABS (FCA2*DS!I
FC1=DABS(FCA1*DS1
FC16=DABS(FCA16*0S
FC15=DABS(FCA15*%DS
FC14=DABS(FCA14%*DS
FC13=DABS(FCA13*DS
FC12=DABS(FCA12%DS
FC11=DABS(FCA11*DS T+315.00
FC10=DABS(FCAIO0*DS IN((T+337.5D0
C *»%x%x*k THE REAL VALUE OF FN AT A DE
FNO=DABS ( FNAQXDSIN(T=%C))
FNB=DABS (FNAB*DSIN((T+22.5D0) *C
FN7=DABS (FNA7*DSIN{{(T+45.00)%C)
FNS=DABS(FNAG*DSIN({T+67.5D0) *
FNS=DABS (FNAS*DSIN({(T+90.D0)%C
FNAa=DABS (FNA4*DSIN((T+112.5D00)
*
)

N
N
N
N
N
N
N
N
N

T+202.50
T+225.D0
T+247,50
T+270.0D

(
(
(
(
(
(
(
(
(
I
1
1
1
; T+292.5D

OO0~ o N#NR~-NO~N

Py S gy N gy, N
QO ww -

F CUT %ok ko sk skt ik s dkok sk ok ook sfeak ok o skakok of

FN3=DABS (FNA3*DSIN((T+135.D0)
FN2=DABS (FNA2*DSIN(
FN1=DABS (FNA1%DSIN{(
FN16=DABS(FNA16%*DS1
FNI1S=DABS(FNA15*DS1

1 T+247.SDO

% T+270.0D0

FN1A=DABS{FNA1l4%DS
FNI13=DABS(FNA13%*DS
FN12=DABS(FNA12*DS T+292.5D0
FNI11=DABS{FNA11%DS! (T+315.000
FNIO=DABS(FNA10*DSIN((T+337.8D0
Cc ***‘*CALCULATION OF TORQUE *%kkkk%x
AS=DABS{FCA9*XRI*DS IN(T*C))

AB=DABS( FCAB*RB*IDSIN((T+22.5D0)
A7=DABS{FCA7XR7*DSIN{(T+45.D0) %
AR =DABS(FCAG6 *REXDS IN((T+67.5D0)
AS=DABS{FCAS®RS*¥DSIN((T+90.D0)%
" AA=DABS(FCAAXRAFXDSIN({T+112.5D0
A3=DABS(FCA3XR3I*DSIN((T+135.D00)
A2=DABS(FCA2%2R2*DS IN((T+157.5D0
" M =DABS(FCA1*RI*DSIN({T+180.00)%

A16=DABS(FCA1E*xR1E6*DSIN((
ALSDABS(FCA1S5%kR) EXDSIN{(T+225.,00
N((T+247.50D

N

N((

NC(C

3
T+
T+
({T+202.5D
«
((
(
(
(

(
(
(
N
N
N
N
N
N

W e
E XK X

Wk Aok ok ok ok ok ok ok ok K ook ok ok ok ok ok Kok ok 3k

+

+

(

A14=DABS(FCA14%R143DSIN(
A13=DABS(FCA13%*RI132*DSIN({(T+270.0D
A12=DABS(FCA12%R12*0DSIN((T+292,5D
Al1=DABS(FCA11*R11%DSIN((T+315,0D

. A1 0=CABS(FCA10%R10*DSIN((T+327.5D0)*C))
Chk%k%x CALCULATION OF THE SLEWING FORCE ¥ % ks skokokok ok s okok ok ok ook ok ok ok ok ok ook ok ok ook 8
HO=DAB S( FCO*DCOS(T#C)) +DABS(FNO*DSIN(T*C) )
H8=D ABS( FCB8*DCOS( (T+22.5D0)*C) ) +DABS(FNB*DSIN( (T+22 «500 ) *C) )
H7=DABS(FC7*DCOS{{T+45.D0)*C) ) +DABS (FN7*DSIN((T+45,.D0)*C) )

H6=DABS(FC6*DCOS((T+67.SDO)*C))+DABS(FN6*DSIN((T+67.500)*C))
HE=DABS(FC5%DCOS{(T+90.,D0)%*C) ) +DABSIFNS*DSIN((T+90.,00)%C))
H4=DABS(FC4*DCOS((T+l!2.500)t€))+DABS(FN4*DSIN((T+!l2.SDO)*C))
H3=DABS(FC3I*DCOS((T+135.D0)*%C))+DABS(FN3I*DSINI(T+135.D0)%C))
Hz:DABS(FCZ#DCDS((T+157o500)*£))+OABS(FN2*DSIN((T*lS?.SDO)*C))
HK1=DABS({FC1%xDCOS((T+180.00)%C))+DABS(FNI*DSIN((T+180.D0)%C))
Hl?ioABS(FCletDCDS((1+202.500)1C))+DABS(FN16*DS!N((T+202.500)
#3C :

H1S5=DABS(FC15%DCOS((T4225,D0)%C) )+DABS(FNIS*DSIN((T+225,20)%C))
Hga:DABS(FCIA*DCDS((T+2¢7.500)#C))+DABS(FN14*DSIN((T+247.SDO)*C
#) ) .

H13=DABS(FC13*%DCOS{(T+270.D0)*C) )+DABS(FNII*OSINI{(T+270.D0) *C))
?%2—DAB (FCIZ*DCOS((T+292.SDO)#C,)+DABS(FN12*DSIN((T+292oSDO)0C
1 ] , . .

H11=DABS (FCI!*DCOS((T+3IS-DO)*C))+DABS(FN!l#DS!N((T+315.DO)tC))
H1 0=DABS(FC10%DCOS((T+33745D00)*C))+DABS(FNIO*DSINI(T+337.5)%C))

c *E %k gk kE ok tt##ttttttgtggttttt**m**tt*tttttttttt#ttt*tt#t#ttttt#ttt##ttﬁ
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/
IF(TeGTos0eDO0ANDTLEL22.,500) GO TO 60
IF(T eGTe 22500 AND+TsLEL45.00) GO TO 61
. IF(TeGTedS5 «DOANDT.LE.67.5D0)- GO TO 62
IF(T GTe 67500, AND+T.LE.90.00) GO TO 63
IF(TeGTa9000,AND T .LEL112.,5D0) GO TQ 64
IF(TeGTe112:5D0ANC:ToLEL135.00) GO TO 65
IF(TeGTe135.D0.AND T JLE157.500) GO TO 66
IF(T eGT.157.5SD0ANC«T.LEL180.D00) GO TO 67
IF(TeGTe180.D0AND T .LE,.202,500) GO TO 68
IF(T eGT+202¢ SD0«ANC.T.LEL225.D0) GO TA 69
IF(T eGTe225sD0AND T L.E247.500) GO TO 70
IF(T GCTe2847:SDO0¢ANC s TeLE«270.,D0) GO TO 71
IF(T GTe270D0.AND o T oLE+292.5D00) GO TO 72
IF{T oGTe 292¢ SDO«ANC+T.LE.315.D0) GO TO 73
IF(TGTe315.00.AND T LE337.500) GO TO 74
IF(T «GT+337.5D0) GO TO 75
C *********************#*************************************
. 60 ‘A=A9#AB+A7+A6+A5+#4+A3+A2
BB=AG+ AB+AT+AS
FA= H9§H8+H7+H6+H5+H4+H3+H2
HB=HO+HB+H 7+HE -
CO TO 76
61 AA=A!O+A9+A8+A7+A6+A‘+A4+A3
EB=A10+A0+AB+A7
PASH10+HO+ HB+H7 +HO6+HE+HA+H3
HB=H10+HO+HB+H7
. GO TQO 76
62 AA=A11+A10+A9+AR+ATH+ALH+ASHAS
EB=A11 $4A10+A9+A8
FA=H11 +410+HO+HB+HT7+HE+HS+HE
HB=H11 +H1 04+HO+HS8
¢O TQO 76
63 AA‘AIZ*All+A10+A9+ﬁ8ﬁA7+A6+A=
EB=A12+A11+A10+A9 .
HA=HI2+H 11 +H1 O+ HO+HE+HT+HOE+HS
"B=H124‘H11+H10+H9
GO TQ 76
64 AA=A13+A124+A11+A104+ACH+ARHATHAS

~

BB=A13+A12+A114+A10
HA=HI3 +H12 +H11 +H]1 O+HGS+HB +HT7 +HS
HB=H13+H12+H11+H10
GO TO 76
685 AA=A14+A13+A12+A114+A10%A9+A8+A7
EB8=A14+A13+A12+A11
FAZHIA+H1I3+HI2+H1 1 +H10+HOI+HB+H?
HB=H14+H13+H12+H1 1}
GO TO 76
66 A=A15+A14+Al’+A12+AlI+A10+A9+A8
eB8=A15+A14 +A13¢+A12
A=H15+H14+H13+Hl2+H11+H10+H9+H8
+B8=HI1S+H14+H13+H1 2 .
GO TO 76
67 AA=AL16+A15+A18+A134A12+A11 +A104A9"
EB=A168 +A1S+A14+A1 3
HA=H16+HH154+H144+H1 I +H12+H1 1 +H] O+H9
- HB=H16 +HIS +H14+H1 3
¢CQ TC 76
.. ) AA:A!+A16+A15+Al4+Al'+A12+A!l+A10
EB=A1+A16+A15+A 14
HA=HI+HI6+H15+H14+P!’+H12+H11+H1O
+BxHI+HIO+HIS+H14
oo "GO TO 76
‘ 69 AA=A2+A]l +A16H+A1S5+A144+A13FA12+A11
' eB=A2+ A1 +A16+A1 &
HA=H2+HL +HI16 +H]1 S+H14 +H1 3+HI 2+H1 2
HB=H2+HI +H16+H1 S
GO TC 76
70 AA=AIFA2H+AL +AL64A1SH+A144+A134A12
88=A2¢+A2+A1+A16
pA=H3+H2+Hl+H16+H!5+H14+H13+H!2
Ha=H30H2+Hl+H!6 '
GO TO 76
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71 AA=AGFAZFA2+4ALI+ALICH+ALISH+ALL44+ A3

- EB=A4+A3+A2+A1 :
FASHA+ M3 +H2+HI +HI 6 4H1S5+H14+H13
HB=HA+H3+H2+H]1 -
GO TO 76

72 AA=ASH+HAL+ATHA2HAI+A1E+AL15+A1
EB=AS+ AL +A3+A2
HA= H5+H4+H3+H2+H1+H16+H15+H14
FBzHS+HA+H3+H2 .
¢O0 TO 76

732 AA= A6+A5+AA+A3+A2+A1+A16+A15
BR=A6+ AS +A4+A3
PA=H6+H5+H4#H’+H2+HI+H1G#Hl5
HB=H64+HS +HA +H3
GO TO 76

74 AA~A7+A6+A5+A4+A3+A2+A1+A16
EB=AT7+ A6+AS+AL
HASH7+HO+HS+HA+HI+F2+HI +H1 6
HB=H7+H6 +HS+H4
GO TO 76

75 AA=ABF AT +A6+ASH+AATAZ+A2+AL
BB=A8+ A7 +A6+AS -
HA SHB+H7 +HO +H5 +HA + F3 +H2 +H1
FrB=HB8+ H7 +H6+ HS

C sk 3K ok ok ok ok ok ok bk ko Rk ok ok ok ok ks ok kol ko o ko ko kR k ok ok
76 TA=AA+TA '

AR=AAX %2 ,00 - ’
SA=S A+ AR -
T8=T8+88B .
ER=BB%x*2,D00
€8=S8+8BR
THA=THA+ HA
HAR=HA X% 2,D0
SHA=SHA+HAR
THB=THB+HB
FBR=HB **2, D0
SHB=SHB+ HBR
gk hk IN THIS SECTION THE INSTANTANEOUS VALUES OF TORQUE AND
kkk%k AND SLEWING FORCE VALUES AGAINST THE CUTTING HEAD REVOLUTION
**tz* CANzgg LISTED OUT FOR SOME PLOTTING PURPOSES. :
0 TO
***4*#*#*##t*t***#*****it**##t#*#*t*t*********#*
202 TAM=TA/360.D0 .
T8M=TB /360 .DO
THAM=THA /360,00
THBM=THB /360 D0
DA=DSQRT((SA~- (350-00*(TAM**2),)
DB=D SQRT((SB~-(350.D03(TBM%%2)))
DHA=DSORT{ (SHA~(3€C. DO ( THAME%2
DHB=NSORT( (SHB= (360.00*{ THBM*¥2
VOLA=VOL%22,D0 )
voLBs=vOoL _
SEA= (2 DO*PI*TAM)/(VCLA%X1000,.D0)
. SEB=(2 00%PI%TBM) /{VOLB%x1000.D0)
C OVB=DSQRT ((SVB-(3 €0 L0%({TVBM&%2
WRITE(6,101)
WRITE(6,102)
WRITE(6,103)
IF(AL2 sEQ+64 .8200 ¢«ANC.AL1,EQ.0.0D0) Go TO0 1449
IF(AL] EQ.AL2) GO TOQO 1500
IF((AL2~AL1) +NE .69.,45D0) GO TO 1510
14489 WRITE( G, 104)
WRITE(E,105) AL1
WRITE( &, 106) AL2
— GO 70O 1520

0 onn

7359.D00)
/7359.00)
)))/359.00)
}))/7359,00)

1)1/359.00)

-
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' C Skkpekkr¥ #***t#*‘#ﬁt###‘#tttt*t#*ttt*#

1 €00

1510

1520

. WRITE( 641

2001

WRITE( 6, 107)

‘WRITE(6,108)

WRITE( 6y 106)
GO TO 1520 -
WRITE(6+109)
WRITE( 6, 108)
hRITE(6.106)
WRITE(64110)
URITE(G.!]I)
WRITE( 6, 112)
hRITE(6o113)
WRITE( 6, 114)
WRITE(6,115)
WRITE( 6. 116)
hRITE(é.ll?)
WRITE(6,118)
hRITE(6o119)
WRITE( 6+ 120)
WRITE(E,121)
22)
WRITE(6,123)
GO TO 2000
£TOP
END

AL1

AL 2

AL 1
AL 2

(M(I)ACI(I)+RRRII)IFCAACI)+FNAA(I)1I=1,16)

TAM, DA, TBM, DB

THAM s CHA « THBM , DHB
VOLA,. VCLB

SEA+SEB .



