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CHAPTER CKNE

INTRODUCTION

The increasing rate of industrial and environmental developrent
demands mcre tunnels. It is estimated that the annual rate cf sub-surface
excavation which was 31...8:{:1081113 in 1960 = 1970 will increase to 8.1x1 081113

in 1970 - 1980 and 16.2 x 10811:13 in 1980 -~ 1990(‘l ).

By its nature, tunnelling is a complex and often expensive
undertaking, but the advantages that a tunnel facility cffers make it a
highly desirable method of construction for urban rapid-transit systems,
utility conduits, sewers and acqueducts. Mcst of these turmmels will be
mere suited to machine tunnelling than conventional tunnelling, as a

minimun amcunt of disturbances from subsidence and noise will be

essential under urban areas.

A full-face tunnel boring machine usually promises high advance

rates compared with cyclic excavation methods. There are other numerous

advantages to be gained by tumnnel boring. There is increased safety as
there are no explosives, little danger of collapse, less labour is
required and cverbreak is usually less than 5%. All these advantages

of tunnel bering have attracted the mining industry as well as the civil

engineering field. Recently, Mr. Tregelles, Director of Mining Research

and Development, Ne.CeBe., emphasised this pcint as "...it is appreciated

that the mining roadheader extraction rates are seldom more than 12m3/h
(which is three times the mining national average) compared with the
rates achieved by civil engineering tunnelling machines, which, in

similar sized roadways, have average performances of the order of



30.6Fm3/h. It, therefore, seems clear that work should be carried
cut to transfer civil engineering technology as rapidly as pcssible

so as to be available for use in coal mining(z)".

However, in spite of the advantages of continuous boring as
compared with cyclic blasting, there is still considerable room for
improvement in turmelling machines to make them more cost—effective.
The limiting factors to handling hard rocks are c';ut'ter bearing capacity,
and the ability of cutter edge material to resist high cutter loads
‘and the abrasive grinding actionm. The cutter cost is one of the most
important factors in determining the economic success of a hard rock
tunnel bere. Typical examples for a medium strength and abrasive
gandstone is 3—5£/m3 (3,4) and for a high strength and very abrasive
rock is 57£/qm'3(5). A careful study of the cutting and the wear
performance of cutting tools in abrasive and hard rocks could be a

considerable help in designing more economic tunmnel boring machines.

New exotic methcds of rock machining have been undergoing tests

for several years in different research laboratories. Hydraulic
cutting was used with success in Califormia in 1852 for working an
Auriferous Alluvicn(é), Fig.2. Since then, it has attracted the
attention of different research workers. Recently a project funded
by the National Science Foundation and U.S.B.M. was contracted to the
Cclarado School of Mines, Flaw ﬁesearch, Inc., and the Robbins

Compa.ny(?') . The main cbjective wes to design and field test a high
pressure water—jet—assisted tunnelling machine in hard rock (Fig.1).
The results are promising, since the advance rate of the machine increased

ccnsiderably compered with the advance rate achieved by the machine

without use cf the water jets.



The Department of Mining Engineering of the University of
Newcastle upon Tyne has developed its research interests in the general
field of rock excavation over the last ten years. Initially, the work

was supported by firms such as Austin Hoy Limited, but recently, T.R.R.L

and the Wolfson Foundation have been ma'jor supporters of our research.
This Thesis is concerned with the cutting performance of picks, discs
and gear cutters. A large programme of cutting tests has been carried
out with these cutting tools to determine the influence of changes in

both design and operational variables on efficient cutting.
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CHAPTER TWO

OBJECTIVES OF RESEARCH

Disc cutters are the most commonly used tool for full-face

tunnel bering machines, but their successful application is hindered
by lack of urderstanding of the fundamental breakage phenomena which
govern their efficient use. ILabcratory cutting experiments can give
the basic data to chocse the most suitable cutting tool and to design

a cutting head of a tunnel bcring machine for a given rock mass., In

several countries research workers have investigated the effects of
geometrical and operational variables on disc cutting performance, but
such experiments are mostly time consuming and expensive., Due to this
fact, there are meny advantages of finding some relationship between
rock properties and the performance cf rock cutting tools. Discs with
different gecmetries have been tested in.many'cantras£ing rocks in order

to fulfil these requirements.

A sherp edge on a disc cutter can not resist the high forces to
which it is subjected when cutting hard rock. Henbe, in practice, discs
with different édge radii are used in abrasive and hard formations in
crder to prolong disc life. Although the impcrtance of edge radius to
the effective performance of a disc cutter has been acknowledged by
different research workers, few results are available. One of the

cbjectives of this Thesis is to clarify the laws governing the cutting

perfOrmaﬁce of blunt discs.

Design and metallurgical improvements have jointly centributed

to the development of the present-day toothed roller cutters in use in



blast hole drilling and in the o0il] industry. Such cutters are ncw in
common use on tunnel bering machines, Some cutting tests, using this

type of cutter, have been included in the research programme in order

to compare their efficiency with that of discs and picks.

Picks are the primary excavating tocls in coal mining since
they are widely used in shearers, ploughs, road headers gtc. and
are gaining epplication in the harder and more abrasive rocks. The
cffect cf dosign anc operational variables are investigated in four
high strength rocks., Two further medium strength rocks are also
included in the cutting programme to provide data for the comparison

of tho efficiency of discs and picks.

Picks are more susceptible to wear than any type of roller
cutters since each pcint on the cutting edge is in continuous contact
with rock. There are many factors affecting wear performanée of piék

cutters., Seven rocks with different degrees of abrasiveness and hardness
wero tested with one singkpick. A theoretical approach has been used

to explain the relationship between wear rate and rock physical

properties,



CHAPTER THREE

PREV1OUS RESEARCH IN ROCK CUTTING

3.1 Disc Cutters

Disc Cutters are the most commenly used tool for full=face
tunnel boring machines (Fig.3), since they have several advantages
ccmpared to other types of cutters. They operate as a free rolling
wheel, so that any point on the disc is in contact with the rock only
once per revolution, ensuring that the rate of wear of the cutting edge
is much less than that of a drag pick. They are more efficient than

button cutters, since the rock degradation is more by cutting, rather

than a grinding action.

3.1.1 Disc Cutting Theories

Evans, in an attempt to compare relative efficiency
of picks and discs for cutting rock, suggested that the
force cn a wedge required for penetration is identical in

form with the calculation of passive earth pressure against

a retaining wall in soil mechanics(a). He formulated thrust

force FT, and groove angle X as:

2.c.p. COS 2.5'/'/2 ( 6 + )

el Al P e T A S . s

sin* (- - L S wrs )

FT =

[ - L+ O+Y+@

where IFI' = Thrust Porce

Cohesion

C

$ = Angle of Internal Friction






Disc Penetration

P
G Semi Edge Angle

¥V = 4Angle of Friction between Wedge and Rock
X

= Qroove Angle,

Another theoretical approach to the prediction of disc cutting
performance is that of Roxborough and Phillips(g). They
assumed that thrust force equals the uniaxial compressive
strength of the rock times the disc contact projected area (A),
(Fig.4)s The resultant force is assumed to pass through the

centre of the disc, and to bisect the arc of contact .

77 17177
PI .

- i

Fig.4 Disc Cutting Theory (After Roxborough and Phillips)

The projected area was estimated by Hewitt(10)-and

Phillips(11) to be 50% less than the area originally formulated

by Roxborough and Phillips. Optimum spacing/benetration ratio,

thrust and rolling forces were derived of the following form:



FT = 4.G'¢.tan-§- D.p*— F‘*
IR = 4!G-C4Ip2l tan —%‘

s ST

TF'é‘tsf

where 0 ¢ = Uniaxial compressive strength

GCs = Shear strength.

3.1.2 laboratory Investigations of Disc Cutting Performance

In several countries research workers investigated the
effect of geometrical and operatiomal variables on disc cutting
performance. The first research in this respect was carried
out by Baron et 2_1_:_(12) in Russia in 1962. He used two disc
cutters with 40° edge angle, O.Dmm edge radius at 96, 150mm
diameters. He concluded that increasing penetration causes a
rapid increase in both ‘_I;hrustﬂa.nd rolling forces and a decrease

in specific energy consumption. The thrust force is affected

by disc diameter, but nct rolling force. Cutting speed does
not have any effect on disc forces. His results are in good
agreement with the results given by the research workers in |
the University of Newcastle upon ‘I‘yne(9'1o'“’13), in Japa.n(14’15)

and in the U.S.A.(16’17’18’19).

In Newcastle and at the Colarado School of Mines, cutting

10,11,13) ‘

gpeed(9'10’11’13'19) and disc diameter ©O! showed no

effect on yleld and specific energy. This is contradicted by
Rad(20'21), who suggests that yield increases and specific

energy decreases with increasing diameter and cutting speed.
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All the research workers agree that there is an

(9,10,11,13,19,20,22,23)

optimum spacing and the disc with

the smallest edge angle is more efficient than the
others(9’1o’11’13’14’15’16’17).

The Twin Cities Mining Research Centre of the
U.S. Bureau of Mines attempted to correlate the rock
physical properties with disc cutter performance |
parameters(16'17) . The predictor equations they developed
gave high correlation coefficients, but their major drawback
was the failure to consider the effect of disc geometry on
tool performance. Experiments were only undertaken with one
diameter of disc. The U.S.BM. suggested that the most
significant physical properties for use in empirical equations

WETIC S

1. ohore Scleroscope Hardness
2e Density

3e Tensile Strength

4. Compressive Strength

5e Young's Modulus,

3.1¢e3 Wear of Disc Cutters

"When tunnelling in hard rock, the most important consideration

when comparing the economics of mechanised boring with those of
conventional drilling and blasting techniques is the cost of cutters

for the drive.

Many manufacturers calculate cutter costs by first taking



the sum of radii of travel of all cutters to find mean cutter
radius. The cutter life is defined as it should cut a given
number of linear metres before wearing out. Typical figures

are 120,000m for sandstones and 210,000t0 300,060111 for shale (24) .

It should be noted that the gauge cutters fail more
frequently than the inner cutters(25 ) due to their higher loading

and greater distance of travel (Fig.5).

0.25 0.5 0.75 1.0
d/D

Fig.5 Disc Life versus Disc Position on Head
Expressed as Ratio Disc Path Diameter/
Head Diameter (After Immaurato, Mancini

and-Pelizza).

Different research wcrkers have investigated the effect of
cutting distance and edge radius on the wear performance of

disc cutters,

Baron found that steel discs sharpened themselves and
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‘ the disc performance did not change in an abrasive concrete(12),

but deteriorated quickly in granite and basalt.,

Rad(26) used several blunt discs with different edge
radius and concluded that measuring the diameter of disc cutters

and comparing it with the original diameter provides a very good

tool for determination of bluntness and wear.

Ozdemir showed that (19 ) the inci*ease in the forces with

a 1050 edge angle blunt disc is bigger than the increase of

forces with a 90° edge angle blunt disc if both of them have

the same diameter and the same wear flat.

3.1.4 Correlation of laboratory Cutting Data with Actual
Tunnel Boring Machine Performance '

To achieve cheap and quick results laboratory tests-aré

preferred but they should truly represent the actual situation.

The TeReReLe recently supported rock cutting research in

the University of Newcastle upon Tyne, in order to compare

laboratory results with those of a pilot-scale investigation and
a full face instrumented tunnel boring machine(27'28) e It is

reported that the correlation between predicted and actual

results was reasonably good(28) » Rad suggested that a satisfactory
correlation existed between laboratory cutting results and

(29).

field performance data

Some of the investigations at the Colarado School of
Mines concluded that it was not pessible to predict the performance

of a full face machine by using a small linear cutting rig and
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(19’30’31’32); Wang found an

15cm diameter rock cores
excellent agreement between laboratory results performed

on a large cutting rig and field results at high penetration.
He suggests that a scale factor existed between a small and

a large rock cutting machine(19'33).

3.1.5 Relationships between Tunnelling Machine Performance
and Operational Variables

Investigation into the performance of tunnelling
machines can be carried out at séveral levelsa, The most
accurate but time consuming and expensive method consists
of instrumenting the cutting tools of a tunnelling machine
by strain gauges. Examples of this method are the work
of Gobetz aéd T.R.R.L1(34’35’36). Hustrulid, Rad, Wang
and Mellor prefer to obtain the specification and performance
of machines from shift and manufacturer reports and to

interpret the data for the prediction of the machine

performance(29'31'32'37’38).

This method of predicting machine performance is not
accurate, since the data taken from manufacturers?! catalogues
and contractors' shift reports represents average values for
different goeological strata and states of wear of cutters.

Both these factors are known to have an important effect on

. advance rate.

Nizamoélu(Bg) has refined this technique by systematically
changing the operational variables of a Wirth TBV-580 H tunnel
boring machine., Thrust and rotational speed were varied while
torque and the time necessary to cut a given distance were

measured.

"



The main conclusions of this research are summarised

below.

(a)  Penetration is related to torque in a

linear manner.

(b) Penetration increases with increasing thrust

but the relationship is not quite linear.

(c) The torque generated is proportional to the

applied thrust.

jMellor(37'38) has found, for a range of machines, that
torque is proportional to tummel face diameter raised to a

power of approximately 2.3, i.e.
| 23 : .
T= KD*° (Tin ft.1b, D in ft).

An essential factor for the assessment of boering
machine performance is the specific energy consumption,
i.e, the energy consumed in excavating unit volume of rock.
InFig.6(29’31'32) specific energy is plotted against
advance rate for two tunnels driven in the United States.
It can be seen that lower Se.Ee values can be cbtained with

higher advance rates,



Q
D
100 \
®  Nast Tummel
as nne
S.E. 1‘% ;
m \, 0‘*
50 \
Laurence Av. Tunnel

1.2 2e4

Advance rate  m/h

Fig. 6 Advance Rate versus Specific Energy

(after Wang, Hustrulid and Rad)

Although Gaye(40) showss ad;.rance rate to be a linear
function of thrust force, Nizamoglu has fitted a power law curve

to his data(39).

Rotary speed is a factor in the determination of machine
powere The higher the power the greater the possible head speed
under constant thrust force. Rotary speeds of current turnelling
machines are in the range of 3 to 12 rev/min with 9 rev/min a
oémmon speed for medium size machines(37). Low rotary speeds
are not specially advantageous from a rock cutting point of view
since, as shown in Fig.7, boring rate increases with increasing

rotary speed.



0.8 ‘ |
/
0.6 //

T = 320t 0
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Fig.7 Advance Rate versus Rotary Speed (after NizamoFlu)

3.1.6 Correlation of Rock Physical Properties with Machine

Performance

The physical and structural characteristics of a rock mass
play a major role in determining the requirements of a rock
fregmentation process. It has long been recognised that hardness,
variation in rock strength, joints and bedding planes all contribute
to affect both boring rate and cutter change frequency. Research
has been carried out to determine whether there are statistically
significant correlations between the physical properties of the

rock and machine performance.

If a fair comparison is to be made between machines working

in different types of rock, then the strength of the rock must be



Sells

taken into consideration. Unconfined compressive strength is

the most commonly used because it is easily determined(4o’41).
Fig.8 represents an attempt to correlate specific energy values
to rock herdness in terms of compressive strength and may serve

as a first guide topredictionp42)_

100

"Ag

10

100 200
Compressive Strength MN/m2

F‘ig.B Variation in Specific Energy with Compressive Strength,

(after Hidbbard, Hyman, Murphy)

- The correlations were generally not good betweenf(;, and boring

rate(43’44), which suggests that the other rock properties must

be considered.

Miller(4.5) has used the Schmidt Hammer to estimate uniaxial

compressive strength and found that it was relatively insensitive

to high strength rocks and relatively oversensitive to low strength

rocks,
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It appears that other physical pfﬁperties, such as grain
hardness, interact with compressive strength to effect the
Rebound Number. This might explain why th;a Schmidt Hammer gives
such good correlations with machine performance in some rocks

and a great deal of scatter in others(43'44’46).

Tarkoy(4'3'44) modified a Taber Abrasor to take a rock

sample of 5.54cm diameter and 4cm thickness. He correlated
weight loss of the sample and abrasor disc with boreability of

the rock. He defines the abrasiveness AR, Abrasion hardness HA

and total hardness HT as follows =

Rom 1 : ome— 1
Ave. weight loss (gm) of 4 Av. weight loss of
Abrasor discs 2 rock specimens
HT = HR\}HA HR is Schmidt Rebound Number

Cerchar has defined hardness a8 the time taken in seconds

to drill a hole of 1cm deep under a constant normal load of 20kg
and a rotational speed of 190 rev/min. Abrasivity by definition
is the diameter of wear flat of a mild steel tip (cone angle 900)
which is dragged a distance of 1cm in & rock sample. Normal load
applied against the rock is Tkge. Selected unit of abrasivity

corresponds to O,1mm measured on the diameter of the wear flat,

Combes found a correlation between boring rate of a Wirth

tunnelling machine and the Cerchar hardness and '&Erasivity index(47).

* ¥* ¥*



3,2 Toothed Roller Cutters

Toothed roller cutters have long been used in the oil industry
for cutting larger diameter boreholes to great depths'and now they are

commonly used on tunnel boring machines (Fig.9). These tools are

suitable for soft to medium hard formations such as soft to medium

shale, clay, limestcne, sandstone, etc.

Different research workers have investigated the effect of the
large number of variables which are likely to influence the performance
of toothed roller cutters in any given rock material. The information
obtained from these studies is reported in this section. The studies

offer a start in answering some of the more general questions involved

in the rock cutting process,

3.2.1 Theoretical Studies

The relationship between the different geocmetrical
parameters of this type of cutter has been defined byTeale(48)
and this analysis gives & useful guide to the design criteria
to be employed. The following parameters, as detailed in

Fig.10 are relevant to the analysis.

Fig.10 Geometrical Parameters of Toothed Roller Cutters (after Teale)



Toothed Roller Cutters.

Fig.J/



,2/8 = Wedge Angle
{ = Cutter Radius

N = Number of teeth

m
0<"'ﬁ:

Maximum penetration p is given by the following formula

p = r (cosx = cos 3cx )
which requires that h > p or B< (cot“l’?_sin 20X ) -

Biggs and Cheatham(49) represented the toothed roller cutter

by a simple two-dimensional bit moving across a rock assumed to
behave as a Coulomb Plastic Material. They derived rolling and

thrust forces making the following assumptions:

1. Chipping occurs between the penetrating tool
and the adjacent withdrawing tool if the maximum

bit penetration exceeds both depth of chip and a

parameter which is given in their paper.
2. The rock never t'flows'! above its original surface.

3. At the instant of fracturing the chip is immediately

removed from further pontact with the tooth.

4. Horizontal motion of any point on the tooth in

contact with the rock is small.

Peterson'swork(50) is concerned with the concept of the skew angle,
as defined in Fig.11, and its use as a ﬁethod of reducing the thrust
required for a given boring rate or penetration rate. His

theoretical description of thrust force shows a reasonable agreement

with his experimental results.



Fig.11 Definition of Skew Angle (after Peterson)

3.2,2 Experimental Results

Peterson(50) conducted his experiments in four different
rocks with a range of compressive strengths of 40 - 219 MN/hz.
The low capacity of the dynamometer limited the penetration of
the roller cutter, which varied from O0.5mm to 2mm. He concluded
that the ratio of side to thrust force and rolling to thrust

force is independent of rock type. Skew angle has no effect on

the rolling force and-—the—sideways—foeree but a significant

reduction in thrust force is obtained with increased skew

angle ° -
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The research at the MeReD.Ee of the N-C-B-(48’51) was
designed to measure only the thrust force and yield. For the
12 toothed roller cutter, the thrust force was found to be

directly proportional to the penetration, but for the 30 toothed
roller cutter, the penetration levels off as the thrust force
is increased. [For a given penetration, the yield for the 30

toothed cutter is bigger than the yield for 12 toothed roller

cutter.

"The experiments done in chalk at the University of Newcastle
upon Tyne(sz‘) showed that the 12 toothed roller cutter provided
the lowest specific energy values for all the disc cutters but

debris tended to pack in between adjacent teeth, requiring very

high thrusts to maintain the level of penetration. Thrust to

Rolling force ratios were found to be 5.4 in dry chalk and 2.3

in wet chalk,

3,2,3 Wear Performance of :Toothed Mller Qutters

The ‘results of different research workers are in good

agreement in this respect.

Peterson(so) artificially blunted the teeth of the 30cm

diameter cutter. He found that there is very little increase in
the force required as the wear flat increases, Price and

Spepperd(51) assessed the tooth wear by examining the variation
in penetration per cut with the number 6f cuts made since their

initial sharpening. Quantitatively after a cutting distance of 65m

at a mean thrust of 1.5 ton the efficiency of the cutter is reduced

by Only 10%-



3.3 Tungsten Carbide Studded Roller Cutters

The cutting tools which successfully and econcmically excavate

extremely hard igneous formations such as granite, quartzite and basalt
are tungsten carbide studded roller cutters (button cutters) (Fig.12).
A high penetration force into the rock surface cauwses rock degradation

by crushing rather than cutting and these toocls work on that principle.,

Although laboratory studies proved that button cutters are nct

very efficient(14’19’53), the poor life of the other type of cutters in

hard rocks(54’55 ) means that button cutters are commonly used on tunnel

and raise boring machines.

- 3.3,1 Prediction cf Raise and Tunnel Boring Machine Performance

Dresser O.M.E. have developed & boreability Index(56) by

pressing hydraulically 4 sphero—conical tungsten carbide insert
into a flat rock surface,. The crater depth divided by the ram
load constitutes the boreability index. Handewith, using similar
techniques claims that actual tunnel boring rate can be predictfed

(57,58)

within an accuracy of X2 per cent

A semi-empirical methcd of predicting the boring rate and
cutter life was suggested by Morris(59). He combines button

penetration index with the other factors to predict machine

performance.

Lightfoot found a good correlation between the performance
of security Model 480 Raise Drill and the results of Morris(6o).

Fig.13 shows the relation between button penetration index and

becring rate.



fig.!2 Tungeten Carbide Studded Roller Cutters.



Penetration
Rate

m/h O¢3

0.03 \.—“—ﬁ*
0.056 0. 56 5.6

Button Penetration Index (mm/Ton)

| Fig.13 Pernstration Rate versus Button Penetration Index

(after Lightfoot)

(61)

Calder tried to predict boring rate from drilling studies .

His empirical rotary drilling equation relates boring rate to

uniaxial compressive strength of the rock, thrust force and hole

diameter.

As can be seen from Fig.14, the predicted results are

roughly 50 per cent higher than those actually being achieved.



2ed Rotary Drilling Equation
Penetration
Rate 1,2
m/h Actual
0.6
C
34 69 103 137 171

Rock Compressive Strength MN'/m2

Fig.14 Variation in Penetration Rate with Rock Comi)ressive

Strength (after Calder)



3-4 Pick Cutters

The basic cutting tool used in shearers, trepanners, ploughs,
continuous miners and partial face tunnel boring machines is the pick
cutter. Extensive studies in developing the rationalised use of this

type of cutter have been carried out in England and elsewherea. The following

section is a brief summary of this work.

3.4.1 Theoretical Studies

The most acceptable theory for coal and rock cutting is
that of Evans., His theory is based on the observation that
the penetration of wedges normal to the surface of coal produces
cracks attributed to tensile breakage. Fig.16 illustrates the

assumptions of his breakage theory. The full theory of

symmetrical and asymmetrical attack is given elsewhere (62) 8

Fig.16  Illustrating assumptions of Evans! Theory.
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fig.75 Pick Cutters.



Fig.16 A Illustration of Asymmetrical Attack.

Evans formulates peak cutting force for unit width of tool as

2Gt.d.8in 6 op ME = 25+¢.d.8in SQ +f)

1 ~cin & 1 -gin (9+‘P)

F1C =

where FPF'C Peak cutting force

O+ = Tensile strength of the rock

Depth of cut

= Semi wedge angle

Friction angle between steel and rock.

d
6
Y



- 32 -

However, Evans has shown that the above equation may be adapted

for chisel picks as:

2 bt.d.sin ;é’ (‘E'."'c")"' ‘P]

P-stn [ 3 (F =)+ #]

FtC

where (X 1is rake angle as defined in Fig.16A.

Roxborough has found that cutting experimen’és carried out

in Sandstone, Limestone, Anhydrite and dry chalk gave results of

"~ the same megnitude as values calculated from Evans' theory(63 ) .

However, there was no 'evidence of the tensile arc of failure when
cutting wet chalk and the formula adapted from Merchant Metal

Cutting Theory by Potts and Shuttleworth gave reasonable predicted

value3(64) e The Merchant Theory assumes failure to occur in shear.
This phenomenon is explained by Evans as his cutting theory 1is

based upon the assumption that Ut/c is small and for higher
values of Gt/Gc there is a theoretical possibility that shear
(65)

breakage may take place more easily than tensile breakage
Using the same basgic assumption of shear failure.as Merchant
Theory, Nishimatsu used Mochrt's criterion of failure and obtained

(66),

an expression for the riesultant force He observed

discontinuous cutting in rock and proposed a failure pbrocess which
involved a primary and secondary crushed zone associated with
coarse chip formation. This is a semi empirical approach since

it is necessary to car}'y out a few cutting experiments in order

-

to calculate the angle of friction cf rock cutting, which is

found to be a function of rake angle.



3¢4.2 Laboratory Investigations

The earliest work was carried out at the Research

Establishment of the National Coal Board and mmuch of the work

is described in a monograph published by Evans anchmerqy(62).

The following conclusions were obtained.

- Energy to excavate unit volume of cutting

material is reduced considerably as depth

cf cut increases.

- Cutting efficiency increases with increase

in rake angle.

- There is an optimum spaoing/ﬂepth ratio when

the distance between adjacent cuts is

considered.

- Cutting speed does not significently affect

pick forces and yield.,
- Groove deepening is highly inefficient.

- Simple chisel picks are more efficient than

the other types of picks.

- The back clearance angle should be not less

than 6 degrees

- Simulating overburden stress on coal specimens
during cutting experiments tended to increase
pick forces for the first increment of stress.
Further stress increase caused a peak value

beyond which the cutting forces fell rapidly.



- The most efficient orientation of the cleats

18 45 degrees to the line of attack.

The later investigations of the N.C.B. are reported by Barker(67'68).

. At the University of Newcastle upon Tyne the investigations
were initially concerned with the ploughability of 01:::oa,1(69 1 10,71 ),
but much more of the later work has been carried out in medium
and high strength rocks. Allington carried out tests using various
commercial picks in Sandstone, Limeatone' and. Anllydrite(72).

Rispin tested chisel picks in Quartzites taken from South African
Nines(73). Fowell's main int‘eres’; was percussively activated
cutting tools in high strength and abrasive rocks(74) « A more
comprehensive study'of the smetrical and asymmetrical shaped
picks was done by Roxborough and Phillips(75) in Bunter Sandstone.
Dunn(76) investigated cutting performance of picks in groove
deepening, stressed rock and corner cutting situations. His
major conclusion, confining stress has no significant effect on
tool forces and yield in Bunter Sandstone, contradicts the coal

cutting results reported by Evans and Pomeroy. Research workers
at the Mining Technology lLaboratories, Chamber of Mines of South
Africa, have recently completed a series of tests in cutting a
strong rock with a drag bit assisted by high pressure water jets(77).
Hood reports that high pressure water jets directed immediately

ahead of drag picks reduce the magnitude of the forces on the bits

significantly.
3¢e4¢e3 Wear Perfofmance of Pick Cutters

Picks are more susceptible to wear than any type of roller

-
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cutters since each poiﬁt on the cuttiné edge is in continuous
conté.ct with rock. Any improvement in prolonging pick cutter
life will have a big effect on the economics of mechanical
excavation. Several investigations were carried out in this

respect. Evans extended his cutting theory to blunt wedges and
found good correlation with his theory and the results obtained

by Dalziel and Da.vies(62). Most of the experimental work done

at MeReD.E., Bretby is summarised by Kenny and Johnson in two

technical papers (78'79) . : At the University of Newcastle upcen

Tyne an extensive wear testing programme started by Rispin(73)

and Fowell(M) is being continued by Harle, who is studying the

effect of various pick metallurgical and operational parameters

in different types of rock(ao).

3.4.4 Correlation of rock properties and the cutting performance

of road headers

Long term in-situ and laboratory studies have been recently

completed by Fowell and I»IcF*ea:l:—Sm:l’ch(a‘l ’82). The main approach

has been to represent in-situ conditions of beds by one rock

material property, deformation coefficient, and one rock mass
property, break index. They predict the performance of road

headers in massive beds from a few simple hardness and mineral-

ogical tests.
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CHAPTER FOUR

PLANNING OF THE EXPERIMENTS

Any experiment‘is carried out to determine the variation of
a dependent variable due to changes in one or a number of independent
variébles. For example, we may wish to de¢termine the relationship
between a dependent variable FT, and the independent variables, p,‘ﬁ,
D and S, The incdependent variables here may be such that the magnitude
of the effect of each on FT varies with the magnitude of the others.
This variation, commonly termed interaction, should be investigated.:
throughout the exﬁeriment, 8o that the desired information can be

obtained with sufficient precision.

Conventional factorial experimental designs measure the affect
of a varying single factor while the other factors are kept constant,
80 that any variation in the results of the experiment*can'be'directly
attributed to the factor which is be{ng*altered. such designs are
tlimited in the application by the large'number of tests which the design
requires to be performed. For example, if disc penetration, disc edge
angle, disc diameter and cutting speed are each studied at five levels,
it weculd be necessary to carry out 54tests. When working on rocks, a
measure of replication is essential in order to gain greater statistical

(73)

integrity and four replications of any test is considered a minimum

The factcrial experiment previously discussed wculd require 2500
individual cutting tests and several blocks of experimental rock would
have to be used., Clearly, a more efficient experimental design is
desirable for this type of investigation. The partial factorial method
of Protodyakanov and Teder(83'84) has been used for the design cf some of

the experiments described in this Thesis. By the manipulation of
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orthogonal latin squares, this method reduces the required tests from
2500 to 100, When combined and averaged in the correct manner, the
results of the partial factorial method may be analysed to produce a
mathematical model to describe the effects of the independent variables

on the dependent variable. This method is widely and successfully used

in the UeSeSeRe

4.1 The Design of the Partial Factorial Experiment

Fach combination of the influencing factors occurs once and only
once in the experimental matrix. This can be done graphically or by using
mimerical matrices, The second method, which is basically a manipulation

of orthogonal latin squares, is chosen for the experiments carried out.

Iatin squares have been used a great deal in agricultural

experimental work(85 ) and they have been found to be use‘f.‘ul in other
scientific and industrial experiments. A latin square is defined as a
square consistingrof fiéures in which each number occurs once and only
once in each columm and in each row. Two latin squares of the same size
are orthogonal to each other if they are superimposed, eirery letter of
one square appears once and only once, with every letter of the other.

This is shcwn in Fig.17A belows

1 2 3 4 5 1 3 5 2 4
2 3 4 5 1 2 4 1 3 5
3 4 5 1 2 305 2 4 1
4 5 1 2 3 4 1 3 5 2
5 1 2 3 4 > 2 4 1 3



11 23 35 42 54
22 34 41 53 15
33 45 52 14 21
4 51 13 25 32
20 12 24 13 43

Fig.17A  Orthogonal Latin Squares

The number of columns must be equivalent to the number of levels

of each variable and an odd number of levels is neicessary in order to

maintain the symmetry of the squares.

The orthogonal squares used to generate the experimental combinations
are obtained from one original square by displacement of the columns and

a circular rotation of the numbers (83’84). The five orthogonal squares

generated from one square are givén in Fig.17B.

(a) e Angle + (b) Disc Diameter
11 1 11 .1 2 3 4 5
2 2 2 2 2 2 3 4 5 1
3 3 3 3 3 3 4 5 1 2
4 4 4 4 4 4 5 1 2 3
5 5 5 5 5 5 1 2 3 4
(c) Penetration (4) Cutting Speed
1 3 5 2 4 1 4 2 5 3
2 4 1 3 5 2 5 3 1 4
3 5 2 4 1 3 1 4 2 5
4 1 3 5 2 4 2 5 3 1
5 2 4 1 3 5 3 1 4 2



1 5 4 3 2
2 1 5 4 3
3 2 1 5 4
4 3 2 1 5
5 4 3 2 1

Fig,17B Orthcgonal Latin Squares

These squares are used for the experimental design.



4de2 Analysis of the Experimental Data

The levels of the three disc cutter variables studied are detailed

in Table 1,

Table 1 Independent Variables and their Levels.

actor or Independent Variable  Units

Disc Diameter (D) ' 100 125 150 175

Disc Edge Angle (@) 70 80 90

Penetration (p)

Fach square represents one of three variables. The corresponding number

in each of the 3 squares are the experimental levels of each factor. For
the first test, the first figure in each square is taken as the level of
that factor, i.e. all factors are at level 1 (Fig.17B)s For the ninth test,
the ninth figure in each square is taken, i.e. disc edge angle is set at
level 2, disc diameter at level 5, penetration at level 3. The 25

combinations obtained by working across the rows are given in Table 2.

If these 25 tests are carried out, with suitable replication ,it is
possible to analyse the results in such a manner that the relationship
between the dependent variable, such as ¥T, and the 3 variables, @, D
and p, is fully defined. The experiment undertaken in Gypsum provides

the values of mean thrust force (FT) which are given in the first column

of Table 3 and which will be used in this example,

Initially the mean values of FT for each level of penetration,

disc edge angle and disc diameter are calculated. To obtain the effect
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of penetration alone on the mean thrust force, all the FT results at

each level of penetration are averaged. Because of the unique

experimental design this gix;es the five IT,p values which are independent
of the effects of @ and D. All the averaged values are given in

Table 4 and plotted in Fig.18 against the respective variables.,

The variations in FT with penetration, disc edge angle and

diameter are clearly linear and of the form:

= Ap+B - - (1) FI,f§ = CP+E =~ = = (2)

FD4G = = (3)

d 3

The second stage of the analsyis is designed to combine the partial
equations to produce a single general equation relating FT to the 3

variables, This equation can be stated in general terms as

T = f(p) « £(g) « £(D) -~ ~ (4).

The first part of equation (4) is defined by Fig.18A where FT,p is plotted
against penetration. The best fitting straight line is obtained by normal

regression procedures, thus defining the constants A and B in equation (1).

However, since the effect of penetration is dominant, its affect

must be eliminated from the data set before the true effects of @ and D

may be determined.

Equation (1) may be re-written as:

— B

Flyp = A(P""K)

where B/A is the ratio of intercept/slope from Fig.18A. Consequently,

in order to eliminate the effect of p from the data set, each of the
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25 values of FT in Table 3 must be divided by (p + %). This produces
a new set shown in the next columm. Grouping this new data according
to disc edge angle, gives 5 new values of Im ’ ﬁf which are shown 1in
Table 5, column 2, By regressing these calculated values against disc

edge angle, an equation of the form CZ+E can be calculated, i.e.

fﬁf = ﬂ-l%:. In order to determine the contribution of D to the general

equation it is necessary to eliminate the effect of § from data set.

G

This new set is averaged according to the levels of D and these new mean

iy values are divided by ¢ + = to give a new set (Table 3, Column 3).

S

FT :
values of Tﬁ’ﬁmﬁ)’n (Table 5, Column 3) are regressed against D.

This gives the final constants to define the general equation for this

exanmp le.

From Table 5, the combined equation can be presented as:
T = (p = 0.93)(2 - 20.198)(2.3x10'"4n+0.07) === (5)

The validity of this equation may be checked Ey comparing the measured
values with those predicted by equation (5). This can be presented
'graphically as seen in Fig.19. If the actual and predicted values of -

T are regressed the correlation coefficient obtained is 0.988, indicating

a highly significant predictor equation.
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Table 2. Experimental Conditions

Test Disc Edge Disc Diameter Penetration
No. Angle (P) D (mm) p (mm)
1 100 10

60
2 60 125 6
3 60 150 2
4 60 175 8
5 60 200 4
6 70 125 8
[ 10 150 4
8 70 175 10
9 70 200 6
10 70 100 2
11 80 150 6
12 80 175 2
13 80 200 8
14 80 100 4
15 80 125 10
16 90 175 4
-17 90 200 10
18 90 100 6
19 90 125 2
20 90 150 8
21 100 200 2
22 100 100 8
23 100 125 4
24 100 150 10
25 100 175 6



1
2
3
4
5
6
[
8
9
0

1
11

12
13
14
15
16
17
18

13
20
21

22
23
24
22

Table 3

Test lActual Values FT FT _lf_'_{edict ed (Iéa.)lue(sl.) )
® * A A E FT= * o

35.86
19.49
6.11
34. 21

12.75
30.94

- 14.38

44.75
26.70

6.32
29.43

7.48
45.56
14,25
48.92
21,95
78.76
24,81

10.44
51,31

11.24

47,66
23,61

75.38
46 .89

3.954
3.844
5712
4.839
4.154
4.376
4.685
4.934
5.267

5.908

5.805

6.993

6.444

4.642
5394
T.151
8.684
4.894

9.760
T.258

10,508

6.741
7.691
8,311

2.247

44

Actual and Predicted Values of IT

0.099

0.097

0.144
0.122

0.104
0.088

0.094

0.099
0.106

0.119
0.097
0.117
0.108
0.078
0.090
0.102
0.124
0.070
0.140
0.104
0.132
0.084
0.096
0.104

0.116

33.80
20.08

4.49
31.29
14.30
25.03
16.11
50.23
29455

4.93
31.94

T.11
49.49
17.19
53.96
23.83
74.10
33.14

7.43
51.97

2.99
52.83
24.37
76.25
44.99
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Table 4 Mean Values of FT to Plot Fig.18
Variable Test Variable [Test :-¢ Variable | Test
p (mm) No., kN) (99 No. [kN) D (mm) No.
60 100

70
80
90

100

Table 5 Partial Factorial Equation for FT

p(mm)

O O 52

10

{ (p) =



- Thrust Force FT,D(kN)

N
O

e
o O

N
@

—
O

6mm
150mm

\U1

-
iy o
I |

D
O

Thrust Force FT,@(kN)
N I
O O

b
O

(b)
2 4 6 8 10 60 70 80 90 100
Penetration p (mm) Disc Edge Angle ﬁj (°)

100 125 150 175 200
Disc Diameter D (mm)

Fig.18, Mean Thrust Force versus Disc Penetration, Disc Edge Angle,

Disc Diameter.
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Fig.12 Predicted Values versus Actual Values of -F_'f.



CHAPTER FIVE

EXPERIMENTAL EQUIPMENT

Bel Rock Cutting Rigs

The SkW Butler Shaping Machine (Fig. 20) was used to conduct the
experiments with picks in low strength rocks. This machine has a
maximum stroke cf 660mm, a speed range of 0.13 to 0.63m/sec., and a work
table which could be raised, lowered and traversed horizontally. The

head of the machine had been modified to accept the mounting of a

dynamometer tool holder.

A modified Kelly Shaping Machine (Fig.21) having a stroke of 800mm
was ugsed in disc cutting experiments and in pick cutting experiments for
high strength rocks. A few design changes have been made, such as
including thrust frame to give the rig a high degree of rigidity(74).
This strong steel framewcrk limited the deflection c¢f the tool during
cutting to 10% of the penetration at very high vertical loads. A maximum
in=line thrust force of 10 tons can be provided on the machine. A rock
specimen of 0.5m square by O.3m high can be accommodated by the machine

and lowered and laterally traversed with respect to the cutting tool, so

the required depth of cut could be set up, using a dial gauge. Cutiing

speed can be changed up to 0.2 m/s.

Experimental rocks were fixed to prepared steel plates with

araldite AY103 and allowed to cure for 24 hours, and this was then

bolted onto the machine table.

At deep penetrations the rock specimens tended to split from
the cut to the base plate and so it was necessary to comfine the blocks
using wcod packing and securingi bolts within a large steel frame fixed

to the work table. In order to eliminate the impact action of the disc,



Fig.20 Butler Shaping Machine.
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Fi§.213 Modified Kelly Shaping Machine with Instrumentation.
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the edge of the block was chamberéd‘using a chisel, thus allowing the

tool to smoothly penetrate the rock.

Before taking a cut, the block was trimmed to produce a smooth
surface, The depth of cut was set at the requireJlevel using a dial
gauge. The penetration of the disc was measured after each cut by a
simple depth gauge in order to cbtain the actual depth. The debris
was carefully collected, weighed and sieved to obtain the values of

yield, specific énergy and coarseness index.



562 Instrumentation

The experimental cutting tool is clamped in the tool holder
of a 100 kN capacity steel dynamometer which is designed and
manufactured in the Departmentts laboratory(72) « The output from
the dynamometer is amplified using an S.E.4000 Carrier Amplifier
system and is displayed on an S.E.3006 Ultra Violet Chart Recorder

(Fig.22). A typical U.V. Recording is shown in Fig.23.

- F

The dynamometer resolves the instantaneous force on a cutting
tool into three mutually orthogonal components, each measured by a
strain-gauged bridge circuit. The instrumentation for each of the
three forces consists of an amplifier and integrator, which gives a
measure of the mean force level in any cut. The U.Ve charts showed
the instantaneous and integrated values of two force compcnents during
a cute U.V. trace analysis was carried out using a D-Mac i)igital
Table, which provides a punched card deck for each cut. Further analysis
of the cut data was performed on the Departmentts Wang 720 B Mini-

computer and the Universityt!s Hewlett-Packard Computer 2000 E, using

specially developed data handling programs,
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Fig. 23 Typical U.V. Traces.



Ded Cutting Tools

Initially 25 toolholders for pick experiments were manufactured,
each having different width and rake angle. The carbide tips were
securely clamped in these toolholders. Due to cutting experience in
Anhydrite, it was felt that new, stronger tool shanks shculd be
designed for high strength rocks. A range of negative rake tools were
considex:'ed as most suitable, since these would posses an inherent
strength in their geometry. Some of the to'olholders and carbide
inserts are shown in Figs. 24 and 25. The.ba.sic design for 25 negative

rake angle tools is shown in Fig.26 with the dimensions given in

App endix 1,

Twenty five discs made from high quality tool steel have been
used for disc cutting experiments. Fig.27 shows the variations in

diameter and edge angle which have been incorporated.
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CHAPTER ©SIX

MECHANICAI, AND PHYSICAL PROPERTIES OF THE EXPERIMENTAIL
ROCKS

b

One of the objectives of this Thesis is to try and predict cutter

performance from tool and rock properties. To this end, each rock
which has been tested for its cutting properties has also been subjected
to a wide range of physical tests. In this Chapter, each rock is

described, as is each physical test, and the results are stated for

future correlations with the cutting tests.

6.1 Description of Each Rock

Gmsum

Gypsum 1s widely distributed in the United Kingdom, 'occurring
mainly in rocks of Permian and Triassic age in the East Midlands and
Northern Ehagland(86) . Gypsum (CaSO 4,2H20) is a very important raw
material for the building industry, being used principally in the
manufacture of plaster and as retarder in portland cement. The samples

were obtained from the British Gypsum mine, located at Sherburn in Elmet,

Yorkshire. No quartz occcurs in the rock.

Bunter Sandstone

The rock samples were obtained from Woolton Quarry of Liverpool

Contractors Limited. Iron oxide is the predominant cementing material

and accounts for the deep red colour, Quartz content is 82%. This rock

has been used for one of the major projects for TeReReLs. The mechanical

and physical properties are fully described elsewhere(75 ) .



Dunhocugse Sandstone

Dunhouse Sandstone is a typical coal measures sandstone of a
type that underlies several towns in the North of England. It is
exploited at Dunhouse Quarry, near Bishop Auckland, Co. Durham, for
use in the building industry, It is light yellow in colour, a fact
reflecting the presence of limonite cement., The sphericity, roundness
and the well sorted nature of the grains indicate a water~deposited
marine environment., Quartz grains are 0.2mm in size, the content is

76%. This rock should be classified as a fine—grained sandstone.

Mansfield Sandstone

Samples have been taken from Mansfielld where the rock is known
as Mansfield Whitestone. Very thin, grey clay bands are found in the
material in disoriented directions. It is cemented with a free quartz
content of about 1 4%. Quartz grain size is 0.2mm. This rock would

best be termed a sgiliceous dolomite.

Anhydrite

Anhydrite is used in the manufacture of sulphuric acid. The
anhydrite (CaSO 4) belongs to St. Bees Evaporites of the Upper Permian
in Cumberland and is best described by Arthurton ancj. Hemingway(87) .
The predominanf colour is grey with red and white interstital filling.

Usually termed nodulus Anhydrite, it contains whitish and relatively

opaque nodules, mostly ovate with cccasional pale interstital material.

The samples were obtained from the Whitehaven mine of Laporte Industries.




Weardale Limestone

This is a dark grey chemically deposited Limestone., It does nct
contain any quartz, consists almost totally of calcite~sparite, thin to
mederately bedded, fine to medium christalline bands. samples were

obtained from a commercial quarry situated near Stanhcpe, where the rcck

reaches a thickness of 10m.,
Creetown Granite

This is coarse-grained, igneous rock in which the feldspars are
rather weathered. Apart from quartz and feldspar the other constituents

include biotite, muscovite and opaques - magnetite.. The quartz crystals
have very irregular boundaries and this is typical of the last crystals

to form. The quartz content is 38% with 1mm in grain size.

Gre ma,cke

This 1is & very poorly sorted sediment with quartz, feldspar grains
and rock fragments, cemented by a finer grain matrix. The quartz content

of this rock is 32% with 0.35mm average in size. The samples were obtained

from a commercial quarry located near Peehles.
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6,2 Description of Each Test and Results
Uniaxial ComEressive Strengzh

In order to compare the different rock types and the performance

of the cutters in these rocks, tests must be carried out under standard

=

conditions.,

The cylindrical specimens of 4lmm diameter, having a length
to diameter ratio of 2, were tested under the nominal loading rate of
0.69 MN/m2 per second. The samples were dried and dry steel platens

wefe'used throughout the experiments. The results are given in Table 6.

Table 6 Uniaxial Compressive Strength Values

L

Gypsum 10 45.02 £ 5.9
Dunhouse Sandstone 10 5584 X 0.6
Mansfield Sandstone 10 - T1.30 173.9
Anhydrite 10 112.91 ¥ 7,2
Weardale Limestone 10 127.25 i16.9
Creétown Granite 10 179.10 i'2...,0

10 183.86 ¥19.5

Greywacke

Uniaxial Tensile Strengjh

Measuring the tensile strength of the rocks is of extreme
importance, because values are necessary in order to compare actual cutting

a
results with Evans?! Rock Cutting Theory(é‘). The Brazilian Disc method

was used for dry rocks. This tests consists of compressing a circular solid
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disc to failure across a diameter. .Discs were carefully prepared,
having a diameter of 41mm and thickness of 20mm. A loading rate of

0.69 MN/m2 was applied, using dry steel platens. The results are

tabulated in Table T,

Table 7 Tensile Strength Values

No., of Tests G't(MN/mz) Ie.d.

Gyptum . 10 2.75 = 0,47
Dunhouse Sandstone 10 | 3,12 t 0.10
Mansfield Sandstone 10 de41 0.01
Anhydrite | 10 5.47 ¥ 0.99
Weardale Limestone 10 7.45 £ 1.55
Granite 10 10.77 = 0.67
Greywacke 10 16.45 = 2,18

Triaxial Strenoth

In the triaxial test an axial compressive load is applied by a
testing machine while a lateral hydraulic pressure stresses the specimen
uniformly. The rock specimen is enclosed in a rubber membrane which
protects it from contact with the hydraulic fluid. For Gypsum, Dunhouse
and Mansfield Sandstones a triaxial cell which will accommodate a
cylindrical specimen of 150mm in length and 75mm in diameter was used.
Load was applied to the specimen axially using a 100 ton Avery Testing

Machine. A triaxial Hook Cell was bcught to test the other rocks in crder
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'to minimise the time necessary to complete each test. 4 25 or 100 ton

'testing machine was used and rock specimens were of 30mm diameter and

60mm lengtﬁl.

The results hé.ve been plotted to produce the Mohr Envelopes shown

in Fig.28. The levels of confining pressure and failure stress are

given in Table 8.

Table 8 Triaxial Strength Values

Rock

| Gypsum Dunhouse Mansfield
N . Sandstone Sandstane

(b)

— 53-0

-~ 78,0
b)Cenfining - 101.5
| Pressure |

- 144.7

gtress in
MN/m2




Rock

(a) (b) () ° (b) | (a) (b) | (=) (b)
0 - 113.9 0O = 1273 0 = 179.10 0 - 185.,2

8-3 - 188-2 6-9 - 219.27 6-9 — 218-0

3.4 =~ 137.2
10-3 o 170-4

13,8 13,8 - 289.90{13.8 = 242,2
19,38 = 231.3
31.14 - 287.9
41,52 = 331.0

5536 = 37649

- 22047

a\Confining | 20.69 = 219.2 27.58 = 373.50}20.7 - 270.0

pressure
'b) Failure
stress

41,38 = 417.30]27.58 = 285.0
55016 = 49 .51155.16 = 365.0

27«58 = 250.4

in
MN/b?
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Elastic Propert ies

The elasticity of the material is a measure of the resistance

to deformation. TFor each rock the stress-strain relation in uniaxial.

compressionup to failure load was recorded and the static elastic mcdulus

was determined from the slope of the tangent drawn at 50% failure load.

Dynamic modulvs was also measured for dry rock specimen using the

laboratoryt!s 'Pundit Sonic Testing Equipment?.

4

The elastic modulys values for each rock are calcula.ted using the

following formula. The results are given in Table 2.

where

6

’

ED = (V)ZxDx10

ED is Dynamic Young's Modulus in M[\T/m2
V is wave velocity in m/s

D is Bulk Density of the Rock in Kg/m3

i

Table 9 Elastic Modulvs Values.

f

Static E. Modulvs | Dynamic E. Modulvs
Rock 104 m/m® 104 M/

Gyp sum

Dunhouse Sandstone

Mansfield Sandstone

Anhydrite

Weardale Limestone

Granite

Greywacke




Sliding Friction

In order to understand the basic mechanism of cutting action of
picks made of tungsten carbide and the discs made of hardened steel it
is necessary to know how sliding friction changes from cne rock to the
other., A study has been made of the friction between hardened steel and
tungsten carbide cn the experimental rocks for different normal loads
using elementary equipment. It is interesting to notice that the
coefficient of friction for tungsten carbide is always higher than for

hardened steel. The results are given in Table 10.

Table 10 oliding Friction Values

Rock Tungsten Hardened
Carbide Steel

Gypsum

/

Durhouse Sandstone

Mansfield Sandstone

Anhydrite

Weardale Limestone

Granite

Greywacke

Densitx and Porositx

Bulk Density was calculated using air-dried specimens at 100°¢C

for one week. The same specimens were then immersed in water and placed

in a vacuum pump which displaces all the air from the voids. Apparent



porosity of the rock was calculated by multiplying the moisture content

by the dry bulk density. The results are given in Table 11.

Table 11 Density and Porosity Values

Rock Bulk Density Apparent Porosity

%

Gypsum

Dunhouse Sandstone

Mansfield Sandstone

Anhydrite

Weardale Limestone

Granite

Greywacke

Indirect Rock Testing

Schmidt Rebound Number

The Schmidt Hammer was originally designed to test the compressive
strength of concrete and it is successfully used for measuring rock
strength in sites underground. The Schmidt Hammer is a portable hand

operated device. The measurement is recorded by means of the rebounding

mass and & pointer on a linear scale.

Miller has used the Schmidt Hammer to estimate uniaiialicompressive

strength and. found that it was relatively insensitive to high strength

¥
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rocks and oversensitive to low strength rocks(aa) . 'Type N' inetrument

18 used throughout the tests and the results are illustrated in Table 12.

Table 12 ochmidt Hammer Values

Rock Number of Schmidt Hammer

Tests Rebmimd Number
Seds

Gypsum 30 39.03 I 3,58
Dunhouse Sandstone 30 A7.23 Az 3. 01
Mansfield Sandstone 30 40.43 T 2,86
Anhydrite 30 49.80 I 4.44
Weardale Limestone 30 60.20 £ 1,10
Granite 30 63.05 £ 2.18
Greywacke 30 . 56.43 =+ 3,22

Shore Hardness

The test consists of dropping a diamond-tipped mass on the

surface of the rock specimen., The mass is fitted into a vertical guide
tube and set at a predetermined height; after striking the surface the
mass rebounds and rebound values are measured on a graduated tube.

Since the presence of a large number of hard and non-hard crystals in
the same material contributes highly difference hardness values, it 1s
necessary to take a large number of readings. Local compacting of
material during the test causes the rebound values to increase gradually
and after a certain strike the values stay constant. An average of 30
readings were taken from each test point. The difference between the

first reading and the average value gives the plasticity of the rock which



is calculated as follows(89)=
p = 2228 x 100

p 1is the coefficient of plaéticity'of rock
Hl is first Shore Hardness value

H30 is the average of 30 readings.

Shore Hardness and the plasticity of the experimental rocks are

tabulated in Table 13.

Table 13 Shore Hardness and Plasticity Values

Plasticity

Rock No. of Coefficient
Tests + s.d

Gypsum 33- 90 i 3-80

60,39 = 3,66

Dunhcuse Sandstone

53.54 = 6.57
53.03 = 9.74
76.95 = 7.30
88.14 * 9.30
69,50 = 5.58 |

Mansfield Sandstone

Anhydrite

Weardale Limestone

| Granite

Greywacke

Cone Indenter

The National Coal Board Cone Indenter was designed at M.ReD.E. tO

determine the resistance of the rock to indentation by a tungsten carbide
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60° cone. The incenters can accommodate any small flat specimen up to
25 x 25 x 6mm. A standard load is applied to the tip and the hardness
value is obtained by dividing the force by the amount of penetration
which has occurred during the test. A modified load is applied when
testing hard rock samples to modify cone indenter hardness., Details of
the instrument and its use appear elsewhere(9o). Cone indenter values

are given in Table.14.

Table 1&. Cone Indenter Values

Rock No. of Cone Indentor
Tests Hardness L Sede

Gypsum

Dunhouse Sandstone

Mansfield Sandstone

Anhydrite

Weardale Limestone

Granite

Greywacke

,

Impact Strewh Index !I.S.I.!

The_test is similar to that described by Evans and Pomeroy .

(62)

The apparatus consists of a vertical steel cylinder of 4.45cm internal
diameter. A steel plunger, which weighed 1.8kg fits loosely inside the
hollow cylinder. The rock specimen of 100gm in the 2 — & inch size range

is poured gently into I.SeI. apparatus. The plunger is dropped 20



times into the cylinder from the maximum height of 30.5cm. The dropping
rate must nct be faster than one per second. Finally the rock specimen
is removed from the apparatus and sieved. The mass of rock in grams

remaining on the % inch sieve is the Impact Strength Index of the rock.

The test results obtained for different rocks are tabulated in Table 15,

Table 15 I.S5ele Results

Nunmber of Tesis . TeSele ¥ Sede

Gypsum 5 80.28 * 0.9
Dunhouse Séndstone 5 50.70 x 1.53
Mansfield Sandstone 5 71,04 = 2.87
Anhydrite 5 75.16 T 1,98
Weardale Limestone 5 79.88 =z e 71
Granite 5 82.23 t 1.20
Greywacke 5 87.95 = 2.51
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CHAPTER SEVEN

CUTTING ROCKS WITH DISCS

With ever rising labour costs mining engineers and underground
civil engineers are looking at excavation systems to increase production.
Research is being undertaken in Britain and elsewhere to create novel

systems to improve the performance of the existing generation of

excavation machines., The research described in this Chapter is

concerned with discs for relieved and unrelieved cutting in a wide

range of rocks. Discs are widely used ag the primary excavation tool

on full face tummelling machines, but their application is hindered by
lack of understanding of the fundamental breakage phenomena which

govern their efficient use, This type of research is a logical extension
(52,75) o5

of initial investigations into the efficiency of disc cutters

the type undertaken in the Departiment of Mining Engineering of the

University of Newcastle upon Tyne.

Tel Experimental Programme

A partial factorial experimental technique developed by
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