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ABSTRACT

ﬁaterﬁjet assiétance has shown many promising benefits to
drag tool rock cutting. However, the baéic failure mechanism.of
hybrid cuttinghis not well un&erstood. In addition, most pfefious
laboratory investigéiions have ﬁeen‘carried out with cutting speeds
of less than 0.25 m/s, whilstfypical t;ol speeds for a production
boom-type tunnélling machine cuttiﬁg hard rock is over 1.0 m/s.
Potentially erroneous concluéions may be obtained unless laboratory

cutting speeds are comparable with those used in the practical

situation. :

Based on the research work carried out under a three-year
contract sponsored jointiy by the Science and Engineering Research
Council and the European Coal and Steel Community, this thesis

examines the cutting mechanisms when a water jet and a drag tool

are acting together.

Over one thousand cuts have been carried out in five rock
types which cover a wide range of strength and abrasivity. A linear
cutting rig was modified to enable cutting speeds up to 1.10 m/s

to be obtained. Jet pressures up to 70 MPa were provided by a

75-kW water pump.

Based on the cutting mechanisms of the drag tool and the
effect of the water jet action, a hybrid cutting model is proposed.
To obtain significant tool force reductions, the jet power must be

greater_than either the threshold jet power for slotting, or a critical

jet power for hydraulic fracturing. Depending on the jet power,
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rocks can be separated into two groups, one with significant jet
penetration and the other without. For rocks with significant jet
penetration, the force reductions with’water jet assistance can be
estimated from the jet penetration characteristic. An optimum jet
penetration was found to exist which provided the maximum force
reductions. For rocks without jet penetration, the force reduction

1s marginal except when the jet power exceeds the critical jet

power for hydraulic fracturing.

An expression is given which characterises the functional
relationship between force reduction and jet penetration. When the
jJet penetration for the rock is insignificant, an equation is

proposed to estimate the critical jet power required.
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CHAPTER ONE

INTRODUCTION

Currently about 60Z of underground roadways in Britain
are driven by boom-type roadheaders and coal heading machines
equipped with drag tools. Whilst light and medium size road-
headers are still enjoying success in most types of Coal Measures
strata, an extension of their application to harder and more
abrasive rocks has revealed the shortcomings of these machines
due to lack of stability and power in the cutting head. The
trend has been to increase the rock cutting ability of roadheaders
by building even heavier machines of greater stability and power.
As a result, a caterpillar-tracked machine can weigh from 25t
to 120t with cutter head motor power from 25 to 150 kW. A summary
of roadheaders used for tunnel drivage in National Coal Board
(NCB) mines 1is tabulated in Table l1.l1. The trend of increased

roadheader power on a chronological scale is shown in Figure 1l.l.

While the heavier and stiffer machines can ensure the

transmission of power to the tool/rock interface, these suffer

from two main drawbacks:

(1) 1loss of 0perationél flexibility and

manoeuvrability due to the wider and larger

machine body; and

(2) high tool consumption rates due to

excessive pick force causing tool destruction

and/or rapid wear.



Type of Weight Installed Cutting Head
Machine (tonne) Power (kW) Power (kW)

Dosco
SL120 33 164 82
MK2A 27 150 67
MK2B 41 194 82
MK3 83 254 142
LH1300 48 335 141
TB60O 81 625-750 2 @ 93-225
TB2000 75 426 2 @ 120

Anderson Strathclyde

RH22 40 180/224 90
RH1-3 50 180 90
RH1-4 66 224 113
Anglo-Soviet 85 300 150
Thyssen

E169 30-50 165 83
E134 65 290 195
Eimco

NCB/Eimco 110 300 150

Table 1.1 A summary of roadheaders used for tunnel

drivage in NCB (UK) mines.
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Figure 1.1 The trend of Power Increase in
Roadheaders (after Barnes 1981).

In order to extend the ability of the roadheader to cut
harder rock without paying the penalty of an excessive tool
consumption rate and bulky machine body, a means of applying
significant extra energy at the cutting head without increasing
machine weight and size is sought. A very promising approach

1s to provide high pressure water jet assistance to the drag

tools on the cutting head which generates no significant reactive

force.



Following earlier research conducted by the South African
Chamber of Mines (Hood 1976), there has been a surge of research

interest on a worldwide scale in investigating the effects of

using high pressure water jets together with conventional rock
cutting tools. So faé, all results indicate unanimous approval

of this novel technique and have recommended further research in
this field. The encouraging South African findings resulted in an
in-situ trial of a light duty roadheader (Dosco MK2A) using jet
pressures up to 70 MPa (Plumpton and Tomlin 1982). The trial
showed improvement, not only in excavation rate, but also in dust
suppression and cutting tool consumption. However, the basic
failure mechanism of hybrid cutting is not well understood.
Laboratory results with nozzle diameter ranging from 0.2mm to
l.2mm and jet preésure from 15 MPa to 300 MPa have been undertaken
and the results claimed as successful. Confusing results have
delayed rapid commercialisation of the roadheader equipped with
high pressure jets as the roadheader manufacturers experienced
difficulty in determining the optimum selection with respect to
variables such as nozzle diameter, jet pressure, flow rate and

jet position. The situation was not improved when most of the
laboratory experiments were carried out at a slow traverse

speed (in the range 0.1 to 0.25 m/s), whilst almost all boom-type

tunnelling machines have tool traverse speeds exceeding 1.0 m/s
(Table 1.2). Direct extrapolation and application of this

experimental data is doubtful and may lead to erroneous results.
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Previous valuable experience and expertise gained by the
Department of Mining Engineering in the University of Newcastle
upon Tyne on this subject led to a research contract to further
investigate hybrid cutting on a much larger scale. This contract
1s sponsored jointly by the Science and Engineering Research
Council (SERC) and the European Coal and Steel Community (ECSC),

with a contract through the National Coal Board (NCB).

This work will describe the research which has been
carried out during the last three years. The aim of the project

is to investigate the cutting mechanism of high pressure water

jet assisted drag tools cutting in rock materials.

A large 50-tonne linear cutting rig, previously used for
disc cutting research (Fauvel 1981) has been extensively modified
to provide cutting speeds of up to l.1 m/s. A 75-kW pump with
double~acting intensifier is used to provide a water Jjet at

pressures up to 70 MPa and a flow rate of 45 litre/min.

The research programme was divided into two phases:

The primary experimental programme was designed to investigate
three major variables which were identified as jet pressure, mechanical
depth of cut and traverse speed. The latter variable'is of particular
importance. The main thrust of this project was to carry out
laboratory tests at traverse speeds over 1 m/s, which is a typical
practical tool speed used on production machines in hard rock.

Cuts of 0.27 m/s tool speed are also included with the aim of
Providing an explanation for the difference, if any, between water

jet assisted cutting at fast and slow traverse speeds.



Five rock types were examined, which covered a wide
range of strengths and abrasivities. A factorial experiment
was applied to all five rocks in order to obtain a general picture

of the effect of water jet assistance in different rocks in the

same conditions. Possible interactions between variables were

also investigated.

In the secondary experimental programme, other variables

important to the application of water jet assistance in a tunnelling

machine were Investigated. The size of the research design was
reduced in order to allow more variables to be studied in the
limited time scale. The typical traverse speed is 1.10 m/s and
the typical depth of cut 10mm, representing field conditions for
a production tunnellng machine cutting at an economical rate in
hard rock. The variables included nozzle diameter, nozzle

position, tool bluntness, wear rate, mode of cutting and the

effect of slot depth.

Based on careful observations of drag tool cutting and
a study of jet action, a phenomenological model of hybrid cutting
mechanisms was proposed. The validity of the proposed model was

examined by comparing the model with the experimental results.



CHAPTER TWO




CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction

Since water jet assisted drag tool rock cutting is
essentially drag tool cutting with a superimposed water jet,
it is logical to review the studies on the drag tools and

water jet rock cutting individually before their combined

effects are investigated.

Mechanical rock cutting involves the use of roller cutters
or drag toq}s. For water jet cutting the spectrum is even wider,
including steady jets, unsteady jets, pulsed jets and cavitational
jets. The jet pressure can be more than 400 MPa in an ultra-
high pressure system. To limit the scale of this reviéw, only
studies relevant to the laboratory conditions for this project
are covered. Only wedge-tipped drag tools and continuous steady

jets were used during the project, with jet pressures up to

70 MPa.

For drag tool rock cutting, three theories are examined.
For water jet rock cutting, priority is given to those theories
predicting the jet penetration by a travelling continuous steady
Jet. Finally, published works on water jet assisted drag tool
rock cutting are reviewed. The review includes both laboratory

investigations and in-situ trials using full size machines.



2.2 Drag Tool Rock Cutting

There are three theories commonly quoted relating

the performance of drag picks to the strength of the material

to be excavated.

2.2.1 Merchant's Theory

Merchant (1945) derived an expression predicting the tool
force required to cut a continuous strip from the plane surface

of a block of metal. The geometry of Merchant's model is

1llustrated in Figure 2.1.

The theory 1s based on two assumptions:

(a) the depth of cut is small compared with
the width of tool to ensure the condition of

plane strain; and

(b) shear failure takes place over a straight

line making an angle,9, with the direction of

cut.

Considering the equilibrium of the chip and applying

the hypothesis of minimum work, the value of cutting force at

chip failure is given by:

Fe = 2.d.S.tan (—B%‘rll

where d = depth of cut

¢ = angle of friction between tool and chip

angle between wedge front face and direction

of cut



Figure 2.1 Tllustration of Merchant’s Theory
Metal Cutting.

~ ¢ { >

B'ZF N

Ficure 2.2 1Illustration of Nishimatsu's Theory of
Rock Cutting,

10




S = sghear strength of the material.

2.2.2 Nishimatsu's Theory

Nishimatsu (1972) observed a recompacted crushed zone
which sticks to the rake face of the cutting tool during the
rock cutting. The crushed zone acts as a built-up edge in rock
cutting, and initiates a macroscopic failure crack which leads

to the formation of a coarse cutting chip at the peak value of

cutting force (Figure 2.2).

Based on this observation and assuming:

(a) the failure surface is plane;

(b) the stress varies along the
plane according to a specified
function; and

(c) Mohr's failure criterion is

valid,

the resultant cutting force, F, is given by:

2 5. d Cos k
n+l ° 777 l-sin(k-a+d)

where ¢ = angle between resultant force and

normal plane of the wedge front face

n = stress distribution factor

S = shear strength of rock

.
|

depth of cut

k = angle of internal friction

& = rake angle of cutting tool.

11
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2.2.3 Evans' Theory

Based on his observations of the penetration of wedges into
rock, Evans (1962) concluded that the rock is failed in tension,

and proposed the most widely accepted rock cutting theory. The
basic theory for the penetration of a buttock of rock by a simple

symmetrical wedge, and an asymmetric wedge, is shown in Figure 2.3.

Assuming:

(a) the failure surface is a circular

arcy and

(b) depth of cut is small compared

with the width of tool,

the cutting force, Fc, was derived.
For symmetrical wedge:

2.t.d sin (et+¢)

re = l-sin26&¢)

For asymmetrical wedge:

1,9
2.t.d.sin L 3(3 ~€) *+ ¢]

1
l-sin[-f (% -e) ¢]

Fc =

where: d = depth of cut
t = tenslle strength of rock
¢ = angle of friction between wedge and rock
© = half angle of the wedge
n = angle bet#een the wedge centre and

line and the rock surface

E = 90 - n <0



Rl

Symmetric Wedge

Asymmefric Wedge

Figure 2.3 TIllustration of Evans' Tensile Breakage Theory.

13
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2.2.4 Discussion

Merchant's theory is generally only applicable to
situations where a wedge~shaped chisel tool is cutting a plastic
material. However, this theory 1s considered inadequate for rock
cutting as most rocks behave in a brittle manner. Nishimatsu's
theory 1s based mainly on the metal cutting theory of Merchant.
However, whereas Merchant used a single value for the shear

strength of the material, Nishimatsu invoked Mohr's failure

envelope to define the strength of the rock. Evans' theory
pointed out the fact that most rocks have a much lower tensile
strength than shear strength (hence the rock fails in tension
before failing in shear). However, he did suggest that some
indication of whether the rock will fail in tension or shear can-
be obtained from triaxial test results. If the angle of internal

friction is high, tensile strength is low relative to the shear

strength in which case tensile failure is more likely.

Recent additions to the field of rock fragmentation models
include Lebrun (1978) and Ranman (1985). The former model takes
a three-dimensional shear approach, whilst the latter concentrates
on the action of conical-shaped picks (point attack tools), using

an energy approach based on empirical laboratory studies of the

chipping process.

Amongst the above theories, Evans' theory is most widely
accepted in the field of rock and coal cutting. Practical

application of this theory can be found elsewhere (Roxborough 1973;
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Roxborough and Rispin 1973). The theory was later extended
to cover the action of point attack tool cutting and the effect

of bluntness on tool force (Evans 1965, 1984; Hurt and Evans 1981).

2.3 Water Jet Rock Cutting

2.3.1 Introduction

The water jet cutting theory involves the interaction
between the jet and the material being cut and the problem is
extremely complex in itself. No single theory can claim to solve

it. Basically, there are two types of water jet loadings in the

jet-material interface:

(1) a continuous, steady jet load, which cuts

by shearing out a slot; and

(2) an interrupted jet impact which exposes the

material to a series of blows.

All the works described in this thesis have used a continuous
steady jet. Hence only the steady jet cutting theory will be
considered here in depth. A detailed reference on drop impact

and pulsating jets has been summarised by Brown (1981).

Laboratory continuous jet test results on various rocks
have been reported (Brook and Summers 1969; Brook and Page 1972;

Harris and Mellor 1974; Labus 1976). However, the vast number

of variables and unknowns render the theoretical approach an

extremely difficult task.  As an example, the 'general'water jet
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cutting equation proposed by Hashish (1981) includes the following

parameters:

(a) Jet Parameters
- nozzle diameter
- jet pressure
- spreading coefficient

- nozzle friction losses.

(b) Operational Parameters
- stand-off distance
- traverse speed

- number of passes.

(¢c) Material Properties

- compressive strength

- yield strength

- material rheological property
- hydrodynamic coefficient of

friction between jet and solid

target.

Extra parameters are included, based on different cutting

mechanisms which depend on the traverse rate.

Basically, three water jet cutting theories have been
proposed which are derived based on different cutting mechanisms
of rock under the loading of a water jet. Empirical formulae

are also suggested by correlating result data with several major

parameters.



17

2.3.2 Crow's Theory

Crow (1973, 1974, 1975) considered the mechanics of
hydraulic rock cutting when a continuous high speed water jet
1s traversing across a rock. It is suggested that the jet
curves against the granular surface of the rock and induces
a high average surface pressure on the upstream faces of the
exposed grains. The state. of flow is such that cavitation
bubbles form behind the grains causing the downstream faces
to generally experience the vapour pressure of the water. The
surface erodes under a combination of Coulomb friction between
the jet stream and the granular cutting surface, and internal
pore pressure resulting from sub-surface permeation. The basic

mechanisms are best illustrated in Figure 2.4.

Assuming jet diameter is large compared with the grain
size of the rock, Crow proposed a theory that predicted the

depth of jet slot:

00  uw(0-0, )
h = 2uw dOPO[ _L__‘Tf_ﬂl‘__(?_ 40
T -
0O 0 1 + o Sine
where o = intrinsic speed = nfkTo
urg

Po = initial total pressure of jet
Oo = 1instantaneous angle between direction
of jet stream and direction of rock motion
Mw =  coefficient of Coulomb friction between
water and rock under cavitation conditions
o = 1inherent shear strength of rock

k = permeability of rock
do = . jet diameter



£f = porosity

ur coefficient of internal friction
of rock
g = typical grain diameter

n = coefficient of viscosity of

cutting fluid

NOZZLE

o

—_ -

JET ROCK

Cutting by a Steady High Speed (l;l;e; ﬁlr;griré ::f:.:::nation Stess on a
Water Jet

Balance of Forces on a Grain

Figure 2.4 Illustration of Crow's Jet Cutting
Theory (after Crow et al. 1974).

18
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The accuracy of this theoretical model was examined by
Crow et al. (1975), who compared the measured slot depths and
predicted slot depths on four rocks. It was found that the
major effect of permeability on the theoretically predicted depth

of slot was not reflected by the experimental results in all four

rocks except one.

A modified model is tentatively proposed by Crow et al.:

do (Po - Pc) F(-Y—)

n =
To ce

where F = universal function of V/ce
Ce = effective intrinsic speed of
hydraulic rock cutting that does
not depend so strongly on permeability

as does the original definition.

No further work has been published to substantiate or prove this

modified model.

2.3.3 Rehbinder's Theory .

Rehbinder (1976, 1977, 1978, 1980) investigated the
parameters of the rock that controlled the cuttability of the

rock during the continuous, steady jet slottipg tests. It was
claimed that the jet slotting process is essentially an erosion

by drag force rather than 'stress and fracture' action, and a
simple model of erosion of rock based on flow of water in a porous

medium is proposed. Depending on the relative magnitude of jet



h
d
0
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pressure and threshold pressure, two different cases are
distinguished. In the first case, the stagnation pressure of
fhe jet, Po, is less than the threshold pressure of the rock,
Pth, which resulted in no damage to the rock (Figure 2.5(a)).
In the second case, the stagnaﬁion pressure of the jet is
greater than the threshold pressure of the rock; the grains
are spalled at a rate equal to the mean rate at which the water

passes a grain (Figure 2.5(b)). Based on several assumptions,

the depth of slot was expressed as:

D RkpPo 2D Po
D Po EED Po
o8 10 51 T > To TkpPo (Pt'h ) - 1)

where: D = width of slot (D = 2.5d) (mm)

do = diameter of jet (mm)
h = slot depth (mm)
2 = average grain size of rock (mm)

Po = stagnation pressure qf .jet (Pa)
Pth = threshold pressure of rock (Pa)
T = time of explosure 40/v (s)

To = critical time of exposure (s)

v = traversing speed of jet (m/s)
B = coefficient of pressure drop
in a slot
kp = modified permeability referring
to average pore velocity (m?)

u = viscosity of water (Ns/m?)
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This equation is valid so long as the pressure at the bottom of
the slot p(h) exceeds threshold pressure of rock, Pth, and the

rock 1s not coarse grained, 1i.e. d/E >>1.,

(a) ﬂf?;iy

I |

Figure 2.5 TIllustration of Rehbinder's Jet
Cutting Theory (after Rehbinder 1980).

It was found that the rock is characterised by its

threshold pressure, Pth, and its erosion resistance,;{/kp. The

threshold pressure is a measure of 'microscale' tensile strength

of the rock and is thus a lower limit of the pressure of a jet
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at which erosion occurs. The erosion resistance, however, is

a measure of how rapidly a slot grows if the pressure of the jet

exceeds threshold pressure.

From an application viewpoint, the fundamental idea 1is

to determine the unknown quantities, Pth and EE, by a reference
HE
experiment and then the slotting depth can be predicted by the

theory for any choice of parameters.

2.3.4 Hashish - du Plessis' Theory

Hashish and du Plessis (1978, 1979, 1980) proposed a
general water jet cutting equation to predict depth of cut, width
of cut, volume removal and specific energy. The theory is based
on a control volume analysis to determine the hydrodynamic forces
acting on the solid boundary of the cutting slot (Figure 2.6) and

an assumption that the compressive failure of the material is the

dominant cutting mechanism. A Bingham model is used to describe
the time-dependent stress/strain relationship of the solid

material as it flows under the high normal stress of the jét.

The non-dimensional cutting equation for depth of cut prediction

was expressed as:

2Cf, ,PVo., ,Vo
: - & & @
_l_-_l_ _ ] - (%2) ‘/‘“ n V
P (EEE) [1 -e ]

1
where: h =  jet penetration
do = nozzle diameter
Vo = jet speed

V = traverse speed
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p = fluid density
oy = compressive yileld strength
CfE = total skin friction coefficient

n = damping coefficient.

The equation is open to greater accuracy by choosing the optimum

rheological model for the material to be cut.

WALL
FRICTION

MATERIAL
RESISTANCE

Control Volume of Jet Péenetration

Figure 2.6 Illustration of Hashish - du Plessis'
Jet Cutting Theory (after Hashish 1981).
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2.3.5 Empirical Equations

Due to the dificulties in manipulating the wvast number
of jet parameters, operation parameters and rock properties in order

to form a theoretically sound water jet cutting theory, empirical

equations are proposed as an alternative.

Nikonov (1971) and Nikonov and Golden (1972) summarised
the Soviet data on slotting cutting of coal by continuous jets

and suggested they could be correlated by a dimensionless equation

in the form:

. — 0-5
h Po vV

where h = slot depth
do = nozzle diameter
Po = jet pressure
Oc = unconfined compressive strength of rock
V = traverse speed

Vo = Jjet speed.

Later Kuzmich et al. (1982) extended the prediction euqation to

water jet rock cutting and found it can be used with slight

modification:

Po.9.75 yo. 0.5

h
5 - 0.11 (3;) (17)

Based on a summary of published data by other researchers,
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Cooley (1974) found that the slot cutting of metals, plastics,

rocks and coal by continuous jets can be correlated approximately

by an equation of the form proposed by Nikonov:

h .5 e vy,
P B (O'C 0.2) (Vo

where: B = constant for each material

m = constant, equal to 0.5 for coal and

generally between 0.5 and 1.0 for

other materials.

2.3.6 Discussion

There is no simple theory that can predict the slot depth
by water jet cutting with reasonable accuracy using independent

parameter inputs without resorting to an actual jet cutting

experiment. Three parameters must be determined experimentally

to solve the Hashish-du Plesses model, which 1s regarded as the

most comprehensive model so far. Crow (1975) found his model was

not a success when compared with theoretical predictions and

experimental results. Rehbinder's model can only predict the

slot depth to the 'right order of magnitude' and this could be the
reason why determination of some of the parameters using a

'reference experiment' has been suggested,

The tendency is regarded as highly reasonable and

acceptable. So many parameters and effects are either extremely

dificult or impossible to quantify. Using experimentally-determined
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values can improve the accuracy of predictions by incorporating

the theoretical prediction with interpolation and/or extrapolation.
Improved predictions have significant implications in engineering
applications as the capital investments on high pressure pumps

and high traverse speed rigs are very high.

2.4 High Pressure Water Jet Assisted Cutting

2.4.1 Laboratory Investigation

In an attempt to economically excavate the South African
gold-bearing rocks with tungsten carbide tipped drag tools, Hood
(1976, 1978) carried out laboratory cutting studies with water
jet assistance (10-50 MPa) in strong and abrasive norite and
quartzite (200-300 MPa). It was reported that the force on the
tool was reduced to the extent that depth of cut of the tool could
be at least doubled (Figure 2.7). The optimum configuratioen was
suggested to be with two jets, one directed towards each corner
of the tool and impinging on the rock approximately 2mm ahead

of the leading edge of the tool.

The highly encouraging reports from Hood have promoted

much interest worldwide in high pressure water jet assisted rock

cutting.

Plumpton and Tomlin (1982) of MRDE/NCB, UK, conducted
an investigation on high pressure water jet assisted cutting
with the tool cutting a spiral groove in Darley Dale Sandstone.
The jet pressure used was up to 70 MPa and the linear cutting

speed was 1.27 m/s. Average reductions of 30% and 50% in the
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cutting and normal forces respectively were recorded. The
results are shown in Figure 2.8. The optimum impingement of

the jet was 2mm ahead of the tool tip.

Wang and Wolgamott (1978) of the Colorado School of
Mines, USA, examined the possibility of using high pressure
water jets to assist rock cutting. A sandstone of uniaxial
compressive strength of 50 MPa had been cut using a jJet pressure

of 25 MPa. Compared with non-assisted cutting, a reduction of

30Z in cutting force and up to 752 in normal force was obtained
(Figure 2.9). Further studies have been carried out by Ropchan
et al. (1980) using a jet pressure of up to 70 MPa and the rock
types used included hard to soft sandstone, shale and limestone.
The general findings were that this technique was more effective
with sandstone than with shale or limestone. For the sandstone,
the reductions were about 307 to cutting force and 60Z to normal
force. A typical result is shown in Figuré 2.10. The most
effective location for the jet was found to be behind the tool.
A simple economic analysis revealed that the use of water jets
could reduce cost per foot of advance up to 40Z with respect to
sandstone cutting. Ozdemir et al. (1984) furthered the research
by using a large drag tool with higher jet pressures on the

same test rig. The best result obtained was 50Z force reduction

in both cutting and normal directions.

Evans et al. (1984) of the US Bureau of Mines designed
and fabricated a water jet assisted in-seam tester for the purpose

of design and development of a water jet assisted rotary drﬁm
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cutting system. Four types of material had undergone cutting
trials, including sandstone, limestone, coalcrete and coal.
The best result was obtained for sandstone cutting where a

532 reduction in cutting force was achieved.

Dubugnon (1981) of CERAC, Switzerland, investigated water
jet assisted cutting in granite, sandstone and limestone. The
cutting and normal forces are progressively reduced down to 35%
of the dry value at 65 MPa jet pressure (Figure 2.11). After
observation of the rock surface after tests carried out at higher
pressures, Dubugnon suggested that water jet assistance 1s

attributed to three processes:

(1) the erosion of the crushed zone underneath

the bit;

(2) the hydraulic fracturing; and

(3) pore pressurisation.

Tecen (1982) carried out research on the water jet assisted
cutting of two sandstones in the University of Newcastle upon Tyne.
The results suggested that the addition of a high pressure water
Jjet to precede the cutting tool significantly reduced the cutting
and normal forces on the tool provided a theshold jet pressure was
exceeded. Rapid diminishing returns were obtained if jet penetration

levels were greater than the mechanical depth of cut. Some results

are reproduced in Figure 2.12.
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Hood (1983, 1984) furthered his research in water jet
assisted cutting at the University of California, Berkeley, USA.
The results suggested that a threshold jet power level existed
which had to be exceeded in order to achileve satisfactory results.
In addition, the jet power must not exceed an optimum pressure
or a reduced force reduction would result. The most important
effect of the jet was observed to be the ability to flush out

rock fragments from the tool front as soon as these were formed.

A brief summary of the laboratory findings in the field

of water jet assisted rock cutting is tabulated in Table 2.1.

2.4.2 In-Situ Trials

The Alpine Miner F6-A was possibly the first roadheader
fitted with high pressure water jets. McNary et al.(1976)
described the augmentation. A 112 kW triplex pump was used
which was capable of delivering 80 litre/min at 69 MPa. This

system doubled the rate of production and produced a 70%Z reduction

of respirable dust level to less than .2 mg/m°>.

In 1978, a collaboration agreement between the US Department
of Energy and the Mining Research and Development Establishment
(MRDE) of the National Coal Board (NCB) was signed to produce a

prototype water jet assisted system suitable for a standard boom-

type roadheader. A standard Dosco MK2A roadheader was retrofitted
with a 70 MPa water jet assisted system, with a flow rate of
4 litre/min per tool (Plate 2.1). The machine succeeded in cutting

Middleton Limestone (UCS = 108-137 MPa), which is normally outside
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the cutting ability of this type of machine (Figure 2.13). Extra

benefits included much reduced machine vibration, prolonged pick

life, suppressed dust level and elimination of frictional sparking.

Hood (1976) applied his laboratory findings to underground
trials using the slotting machine to cut Witwatersrand Quartzite.
With the water jet assisted cutting, the machine demonstrated an

average fivefold gain in depth of cut and pick life was improved

twofold.

Baumann et al. (1982) described the results of a high

pressure water Jjet assisted roadway profile cutting machine

cutting sandstone in a colliery. At a water pressure of approximately

100 MPa, the cutting forces and penetrating forces were reduced by

502 (Figure 2.14).

Based on these successful underground trials, several
Europen manufacturers commenced the manufacture of water jet assisted
roadheaders. In the UK, Dosco Overseas Engineering updated 1its
popular MK2A roadheader, and the pre=production model completed its
surface trials (Anon 1984). Straughan (1985) highlighted the
technical development (water jet assisted roadheader) and described
the experience of underground trials of both the MKZA and the MK2B
in two‘collieries. Clark (1984) reported the field trials of an
Anderson Strathclyde RH22 roadheader equipped with high pressure
water jets and claimed that specific energy was reduced by approximately
302 and the cutting rate increased by approximately 50%. Similar

developments were in progress in West Germany by Eickhoff and

Paurat.
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without jets, using Dosco MK2A Roadheader
(after Plumpton and Tomlin 1982).
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Other applications of high pressure water jet technology
in related fields include ploughs, shearers and continuous miners.
The jet assisted plough has been investigated by Summers et al.
(1978) and by Henkel (1980). Adam (1985) discussed the retro-
fitting of high pressure water jet systems to shearers and continuous

miners to aid in coal production while Kovscek et al. (1985)

reported on in-situ tests of longwall shearer retrofitted with

water jets.

2.4.3 Empirical Equation

Kuzmich et al. (1982) are possibly the only workers so
far who have proposed an expression that can be used to predict
force reductions in the mode of hybrid cutting compared with
the purely mechanical tool cutting. Based on the analysis of
experimental data, a general formula was proposed to characterise

the cutting force reduction which was dependent on the mode of cut

(Figure 2.15).

(1) Unrelieved Cutting

Fe_(h-m) 0.3

h
Fo (m) - l1 - 0.4 (a)

(2) Relieved Cutting

Fc (h-m) _ t _h
m 0.18 3 + 0.3 (1 d)

where: h = depth of slot (mm)
d = depth of cut (mm)
Fc(m) = cutting force for mechanical

breakage (kN)



a)

b)

1 - tool
2 - rock
3~ jet

jet - tool along the same cutting line

jet-tool along different cutting lines

Figure 2.15 Schemes of Hydromechanical Rock Breakage

(Kuzmich et al. 1982).
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Fc(h-m) = cutting force for hydro-mechanical
cutting (kN)

t = mechanical cutting pitch (mm)

Both of the above equations are based on experiments carried

out on rocks with uniaxial compressive strength = 20-25 MPa.

2.4.4 Discussion

A common denominator throughout the various laboratory
hybrid cutting studies is a cutting traverse speed of generally
less than 0.25 m/s. The effect of traverse speed on dry rock cutting
is always a point of argument, although it is generally agreed
that the speed effect is insignificant with respect to the cutting

force component within laboratory conditions which is in the range
0.15 to 0.46 m/s (Roxborough et al. 1975). Nishimatsu (1979)
concluded that tool speed has no practical effect on cutting

force, based on consideration of crack propagation speed and rate

of strain, without proof from laboratory experiments. There is

a scarcity of literature on this aspect and even less work has
been published on normal force. However, in water jet assisted
cutting, the impact of the water jet is highly dependent on
exposure time (i.e. jet diameter/traverse speed) which is
dependent on traverse speed. Hence there arises a previous doubt
about the direct interpretation of laboratory findings to

practical application in roadheaders which have a tool speed greater

than 1 m/s (Table 1.2)
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CHAPTER THREE

OBJECTIVE OF THE RESEARCH AND EXPERIMENTAL DESIGN

3.1 Object of the Reseach

The research project entitled, 'The Effect of High
Pressure Water Jets on the Performance of Boom-Type Tunnelling
Machines' is jointly sponsored by the European Coal and Steel
Community (ECSC) and the Science and Enginéering Research
Council (SERC) for a period of three years. As part of the
project, the Department of Mining Engineering of the University

of Newcastle engaged in the research with the following terms

of reference:

"To investigaie, through laboratory experiment,
the fundamental mechanics of water jet action on
rock surfaces, and the way in which such action

affects the reaction of rock surfaces in pick
cutting."”

In line with the agreement with the Project Engineer,
who 1s represented by the Mining Research and Development
Establishment (MRDE) of the National Coal Board (NCB), the
subject was studied in two phases. The first phase involved
a quantitative approach to investigate the effect of jet
pressure, depth of cut and traverse speed on the performance

of water jets in hybrid cutting in five rock types. The

secondary phase furthered the investigation by including other

parameters, such as nozzle diameter, tool bluntness, wear rate,

Jet position and cutting mode in selected rock types.
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The main theme of the project was to carry out laboratory

rock cutting tests at traverse speeds over 1.0 m/s to simulate
actual production machines in rock tunnelling. It is anticipated
that the research results will provide a rational basis to

predict pick force reduction under the assistance of high pressure

water jets. This work summarises the research findings during

the three-year life of the project.

As part of the same research contract, a research programme
was carried out at MRDE to investigate the effects of high pressure
water jet assistance on the wear rate of tungsten carbide tipped
tools. This investigation ran parallel with the research carried

out at Newcastle, with the main variables being jet pressure and

traverse speed.

3.2 Scope of Work and Experimental Design
3.2.1 Experimental Variables

3.2.1.1 Independent Variables

There i1s a considerable number of parameter combinations
that can be varied during a laboratory hybrid cutting test.
Table 3.1 shows some possible independent parameters that can
Influence the assistance of the water jet in rock cutting.
Depending on the interests of investigation, different parameters
will be tested at different levels. For those parameters not

covered in the present investigation, a brief description is

provided in Section 3.3.
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(a) Jet
(1) Jet Pressure 4 0,18,44,70 MPa
(2) Nozzle Diamet?r 4 0.6, 0.9, 1.2, 1.5 mm
(3) Nozzle Design 2 MRDE/Newcastle Nozzle
(4) Nozzle Material 2 Tungsten Carbide/Brass
(5) Additive 1 No additive
(6) Jet Type 1 Continuous, steady
(7) Jet Fluid 1 Water

(b) Operational

(8) Depth of Cut 3 5, 10, 15 mm
(9) Traverse Speed 2 0.27, 1.10 m/s
(10) Tool Type 1 Wimet Swiftsure
SS41/2HW
(11) Tool Bluntness 2 Sharp, Blunt
(12) Cutting Mode 2 Unrelieved, Relieved
(13) Stand-off Distance 1 64/80 mm
(14) Lead-on Distance 1 ]-2 mm
(15) Jet Position 2 Jet Before/Jet Behind
(c) Rock
(16) Rock Type 5 Sandstone
Dumfries
Grindleford
Penrith —
Pennant
Limestone
Middleton.

Table 3.1 Independent Variables.
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3.2.1.2 Dependent Variables

The parameters of performance fall into two categories,
referred to as 'Primary' and 'Secondary'. The primary parameters
can be measured directly, while the secondary parameters involve

calculations based on the primary parameter values. The following

list sets out the general parameters measured in the rock cutting

tests:

Primary

- Mean Cutting Force
- Mean Peak Cutting Force
- Mean Normal Force

- Mean Peak Normal Force

Secondary

— Mean Cutting Force Reduction
- Mean Normal Force Reduction
- Mean Peak Cutting Force Reduction

- Mean Peak Normal Force Reduction

Mean force is defined as the arithmatic mean of the

digitally logged data (Section 4.3.1.3):

|
P
H

Mean Force F =

Mean peak force is defined as the 95 percentiles of the

total digital force data. This definition is preferred as a fair



417

estimation of chipping force can be made which is relatively

unaffected by the choice of sampling time on cutting length.

The proposal to base the definition on the normal

distribution was dropped as the data distribution is heavily

skewed and cannot be adjusted using normalisation.

Mean cutting and normal forces are the main factors
affecting the roadheader's performance in terms of power, arcing
force and advance rate. The mean peak cutting and normal forces
measure the mean chipping forces which are usually related to
pick strength and pick box design. To evaluate the water jet

assistance, force reductions are calculated with respect to the
corresponding unassisted rock cutting. Because of the importance
of the mean forces to the performance of the roadheader, the results

are mostly expressed with mean cutting and mean normal force

reductions plotted aéainst jet pressure.

Rock yield is not normally measured, as specific energy
is no longer an important criterion in hybrid cutting. The
calculation of coarseness index was not attempted because of

difficulties Incollecting the debris, especially for hybrid cutting,

as well as its irrelevance to cutting efficiency (Hurt and

Laidlaw 1979).

3.2.2. Full Factorial versus Partial Factorial Eerrimental

Design

A full factorial design is always preferred so long as

the experiment size is manageable. A factorial experiment can



48

estimate not only the main effects of variables, but also their
interactions. However, a major disadvantage of a factorial
approach is the great number of experiments involved. Even
when all 16 variables are tested at two levels, one replication

in a full factorial coverage requires:

2(16) . 65536 tests.

Obviously the size of this test is too large, without taking into
account the replications required in order to provide meaningful

results.

One method of reducing the number of tests required is
by use of a partial factorial design. Protodyakonov et al.
(1971) described a rational planning method by systematic variation
of all factors. Using this method, the effect of levels of each
factor can be obtained with a much smaller test size. Roxborough
(1973), Roxborough et al. (1973) and Rispin et al. (1977)

successfully applied this technique in rock cutting research.

Although the effect of levels of each factor can be
estimated, the estimation is based on the mean effects of other

variables. While it may be acceptable for variables without too
much interaction, or for the magnitude estimation, it is surely
not suitable for this project's purpose to investigate the cutting
mechanism of hybrid cutting, as so many variables are potentially
interacting. Tecen (1982) used this popular approach and found

his results too insensitive for the detailed interpretation

required.
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The experimental programme in this project is divided
into (a) a primary programme and (b) a secondary programme.
A full factorial design is applied to a reduced number of
variables in order to reduce the number of tests without
jeopardising the full information on several important variables.
Jet pressure 1s the principal parameter to be investigated in

both the primary and secondary experimental programmes.

3.2.3 Primary Experimental Programme

This programme 1s designed to provide a full factorial

investigation into the effects of jet préssure, depth of cut,
and traverse speed on the measured tool forces. The same
experimental design is applied to all five rock types so that
comparable results are obtained. Other parameters are held

constant for the benefit of smaller experiment size. The value

of parameters chosen are shown in Table 3.2.

As an exception, the factorial experiment in Pennant
Sandstone has been modified. Due to the rapid wear rate, separate
tools are used for different traverse speeds. One tool is used

for the slow traverse speed, and two tools for the fast traverse

speed at 5mm and 10mm depths of cut. No test is carried out at

1>mm depth of cut at 1.10 m/s traverse speed because of excessively

high force components expected.

All the cuts carried out, both water jet assisted and

unassisted, are unrelieved and independent of each other. This mode

of cutting has the advantage of being unaffected by the spacing
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effect, even when the water jet is operating. Thus the asistance
from the water jet can be evaluated under fair and equal conditions.
Moreover, the effect of jet penetration on tool force reduction

can be identified and estimated. Before cutting commenced, the
rock was trimmed flat using a large chisel tool. For the cuts

to be independent, the spacing between successive cuts must be

wide enough. A spacing of 5cm, 8cm and 12 cm were observed to be

sufficient for mechanical depths of cut of 5mm, 10mm and 15mm

respectively.

3.2.4 Secondary Experimental Programme

After the primary experimental programme, a general picture
of water jet assisted cutting is obtained. The secondary experimental
programme aimed at using smaller and discrete experiment designs to

investigate the effects of other important parameters in selected

rock types.

Mostly the effects of other parameters on water jet
assistance are investigated with a depth of cut set equal to 10mm,
which 1is based on the recommended minimum advance/start in hard
rock tunnelling (Hurt and MacAndrew 1985). Also, the fast traverse
speed 1s preferred, as the cutting results at fast speeds simulate
more accurately the pick cutting in a real production tunnelling
machine. However, except in the study of the effect of wear rate,
all the cuts in Pennant Sandstone were carried out at slow traverse
speed (0.27 m/s). This was because, at high traverse speed,
wearflat generation is so rapid that the wear effect will dominate
the tool force masking the effects of other parameters. Nevertheless,

Jet pressure is the most important parameter in the present study

and appears in all experiments.
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From the results of the primary experimental programme,
it 1s clear with respect to water jet assistance that rocks can be
divided into two groups; one group with significant jet penetration,
and the other with no significant jet penetration. In order to
study the effects of different parameters in both groups, it is
desirable to cut the selected rock types from each group. Usually
Grindleford Sandstone is chosen to represent the group with
significant jet penetration, and Middleton Limestone and/or Pennant

Sandstone to represent the group without significant jet penetration.

The experimental design to investigate the effects of

different parameters is described in the following sections.

3.2.4.1 Effect of Nozzle Diameter

The effect of nozzle diameter was mainly investigated in
Grindleford Sandstone. The study was carried out in the usual
unrelieved cutting mode as well as relieved cutting mode.

Table 3.3 gives details of variables employed during testing.

A limited study was also carried out in Pennant

Sandstone in relieved cutting mode. Table 3.4 provides the

detalls.
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3.2.4.2 Effect of Tool Bluntness

The effect of tool bluntness on water jet assistance

was mainly investigated in both Grindleford Sandstone and
Middleton Limestone. The cuts were carried out in the unrelieved

mode, with the jet positioned either before or behind the tool

(Table 3.5).

A smaller programme was also undertaken to investigate the
effect in the relieved cutting mode on Pennant Sandstone. Only

the jet before the tool configuration was used. This 1is set out

in Table 3.6.

3.2.4.3 Effect of Jet Position

The Jet positions studied are either before the tool or
behind the tool, with detailed configurations shown in Section
4.2.5. The effect of jet position was investigated in Grindleford

Sandstone and Middleton Limestone, together with a study of the

effect of tool bluntness (see Table 3.5).

3,2,4,4 Effect of Wear Rate

The effect of wear rate on water jet assisted cutting

was studied in Pennant Sandstone at a fast traverse speed. The

high strength and abrasivity of this rock provides an opportunity

to iInvestigate wear rate for a relatively short cutting distance.

Around 16m was cut by a new tool in each combination of variables

(Table 3.7).
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3.2.4.5 Effect of Cutting Mode

The cutting modes used in this study were either
unrelieved or a single.relieved cutting. The unrelieved cutting
is previously described (Section 3.2.3) and details of the
relieved cutting can be found in Section 8.6. Other parameters
investigated together include nozzle diameter and tool bluntness.
The experimental designs for both Grindleford Sandstone and

Pennant Sandstone are set out in Tables 3.8 and 3.9 respectively.

3.2.4.6 Effect of Slot Depth

The effect of slot depth to the drag tool cutting was
studied in Grindleford Sandstone. A 0.9mm water jet of 70MPa
at different traverse speeds was used to cut slots of various
depth in trimmed rock surface. The tool was then positined
carefully in the same line with the slot and cutting was taken
without water jet assistance. The results are interpreted together

with those for hybrid cutting (Table 3.10).
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1. Depth of Cut 10mm

Traverse Speed 1.10 m/s

Tool Bluntness Sharp

Cutting Mode Unrelieved

Rock Type Grindleford Sandstone

Slot depth

0, 3.7, 5.9, 7.4,
10.9 mm

Table 3.10 Experimental Design : Effect of
Slot Depth (Grindleford Sandstone).

6la
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3.3 Parameters not Investigated

3.3.1 Stand-0ff Distance

The stand-off distance, measured to the tool tip was
either 64 mm for the jet before tool configuration, or 80 mm

for the jet behind the tool configuration.

Shorter stand-~off distance 1s always preferred as more
efficient energy transfer is possible. However, if the stand-off
distance 1is too short, the nozzle is vulnerable to damage by the
debris during cutting. Hence the stand=off distance chosen
represents a realistic compromise between nozzle safety and energy

transfer efficiency. Leach and Walker (1966) showed that a

good design nozzle can transfer 90Z of the jet energy to targgt
material when the stand-off distance 1s less than 100 times nozzle
diameter. The nozzle mostly used during the present study was

of 0.9 mm diameter. Hence the stand-off distance of 64 mm

represents about 70 times nozzle diameter and a high energy

transfer efficiency is expected.
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Jet penetration is the dominant parameter in water
jet assisted cutting. The effect of stand-off distance, if

any, will be reflected in jet penetration obtained.

For the jet behind the tool configuration, a stand-off

distance of 80 mm is required to provide clearance between rock

and nozzle.

3.3.2 Additives

Polymer-type additives are always suggested to improve
coherence and hence cutting ability of water jets. However,
these are not inexpensive. Furthermore, the nature of rock

tunnelling makes it impossible to collect and re-~use the fluid,

as 1s the practice in manufacturing industries.

The additive used in the present study was the general

purpose soluble cutting oil with the sole purpose of protecting

the water pump from rusting.

3.3.3 Nozzle Design

As jet penetration is the most important factor affecting
water jet assistance (to be detailed later) the effect of nozzle

design can be estimated by jet penetration, which was measured

for each rock cut.

3.3.4 Jet Type

Only a continuous steady jet was used throughout the

project.
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Bresee et al. (1972) reviewed the comparative benefits
of using continuous and pulsed jets for excavation. While a
pulsed jet can produce very great pressure impact, the average
delivery rate is slow. An example is as quoted. A continuous
jet of 5.6 mm nozzle diameter at 70 MPa has an energy delivery
rate of around 1875 kW. An Exoteds water cannon delivering
5 shots per second, with 16.4 ml water 'bullets' through a
5.6 mm nozzle at 490 MPa will have an average energy delivery

rate of only 20 kW. 1In the light of the continuous nature of

the tunnelling machine, a continuous jet is more desirable.

A cavitation jet can sometimes claim superiority over
the continuous steady jet (Johnson et al. 1972), but its delicacy
does not gain the approval of those who intend to use it in the
hostile environment of underground tunnelling. Many cavitation

jets have their applications in submerged operations.

4

3.3.5 Tool Type

A wedge-shaped, tipped tool 1s the most popular type of
drag tool used in the mining industry of the United Kingdom.
Fear of frictional sparking causing firedamp ignition means
that point attack tools are not normally used except in the heavy
and powerful roadheader. Throughout the present study, only
the Wimet Swiftsure SS412 HW tool was used, which is a large,

heavy-duty, radial tool. Details and specification can be

found in Appendix A.
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3.3.6 Lead-0On Distance

The lead-on distance was l=-2mm, either before the tool
tip for the jet-before-~tool configuration or below the tool

tip for the jet-behind-the-tool configuration.

For rocks that the jet cannot penetrate, the purpose of

the jet 1s to ald debris clearance. As all the cracks are

initiated by the tool tip, the jet should be as near to the

tool tip in order to provide maximum efficiency.

For rocks that the jet can penetrate significantly, the
iet can relieve the tool tip from inefficient crushing. Maximum
efficiency is obtained when the jet can utilise the post-chip,
curvilinear rock surface and penetrate and relieve the tool tip
at minimal jet power. Positioning the jet aé near as possible to

the tool tip can provide optimal benefit. Section 8.7 provides

more detail.

Experimental results evidencing the benefits of reduced
lead-on distance have been reported elsewhere (Hood 1976;

Dubugnon 1981; Plumpton and Tomlin 1982; Tecen 1982).

3.4 Replication and Randomisation of Experiments

3.4.1 Replication

Since every type of rock exhibits some heterogeneity

to some extent, several replications of a test are required in

order to provide a statistically significant value. The minimum
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number of tests required can be related to the coefficient of

variance in the following fashion:

Coefficient of Variance (Z) Minimum Number of Tests

30 9
25 6
20 4
15 3

The previous cutting results for Bunter Sandstone obtained
in the Department of Mining Engineering of this University (Roxborough
et al. 1975) showed that the coefficient of variance for both
cutting and normal forces was normally around 107 to 154Z. Hence
it was decided that four replications of each test should be

carried out and presented as a mean value.

. 3.4.2 Randomisation

Most of the cutting experiments in this project were
carried out in the unrelieved cutting mode on a trimmed surface.
Trimming the rock surface is a tedious and time-consuming process.
As a result it was decided to have cuts of the same depth of cut
in one surface in order to reduce the trimming work. As the cutting
characteristics of the rock may vary from surface to surface, the

assignment of different depths of cut to different surfaces was

randomised.

Within each repetition of the same depth of cut the sequence

of cutting for different jet pressures and different traverse speeds

were completely randomised.



Randomisation, together with repetition, is capable
of evening up errors likely to exist in experimental results.
These errors may be due to drift in the instrumentation system,

gradually changing cutting characteristics within the rock and

the wear rate of the tool.
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CHAPTER FOUR

EXPERIMENTAL EQUIPMENT AND MEASURING SYSTEMS

4.1 Introduction

This chapter is intended to provide a description and
basic details of the equipment and measuring techniques used

throughout this project. Further information and details may

be obtained by reference to Appendix A.

4.2 Experimental Equipment

The experimental hardware, excluding the instrumentation,
consisted of a 50-tonne linear cutting rig and a 75-kW high

pressure pump. The diagrammetic representation of the cutting

rig facilities is shown in Figure 4.1. Details of nozzles and

the cutting tool used are also included in this section.

4.2.1 Linear Cutting Rig

The linear cutting rig used during this project was an
existing 50-tonne rock planing machine previously used for roller
disc cutting studies (Fauvel 1981; Hekimoglu 1984). The major
modification involved the replacement of a large diameter, double-
acting ram, with a small diameter double—-acting ram to increase
the traverse speed capability from 0.25 m/s to 1.0 m/s. As a
smaller diameter ram was used the new force limit in the cutting

direction was 5-tonne. An overall view of the rig is given in

Plate 4.1.
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Only the essential features of the rig will be described

here, as mechanical details are obtainable elsewhere (Fauvel 1981)

4,2.1.1 Frame Structure

The main structure of the rig consists of a rectangular

base frame and four columns.

The base frame is constructed of four large, rectangular
sections bolted together at the corners. The rear columns are
rigidly fixed to the base frame and served as support and guides
to the cutter slide assembly. The two columns are laterally

restrained witha large circular beam fixed at the top. The front
columns are bolted to the base frame mainly to improve vertical
stiffness when used together with the clamps. Two guides are
fixed on the base frame where a specimen table can slide over.
The whole structure is freely supported at the four corners by

the concrete floor, and self-stabilised by its own weight.

4,2,1.2 Cutter Slide Assembly

The main structure is a large-diameter tube which acts as
a rigid beam. A thick metal plate is welded to it which is, in
turn, bolted with the cutter slide. The cutter slide is of a

trapezoidal section to enable the tool slider to hang on and

slide along it.

The slide assembly is attached to the mainframe by four

pairs of shoes which slide along vertical guide plates on the

rear columns. The vertical positioning of the assembly is carried
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out by four screw jacks which are powered by an electric motor
via drive shafts and gearboxes. A potentiometer is fixed so that
the vertical position of the assembly is shown on a digital

volt meter (DVM) on the control panel.

The four screw jacks, because of their long length and
small diameter, provide insufficient vertical stiffness to the
assembly. A clamping system was designed (Fauvel 1981) to
improve this situation. Two large clamps with eight shoes are
placed on the top of the cutter slide assembly. The clamps are
hydraulically powered and are capable of providing a gripping
force of approximately 25 tonne for each shoe. Cutter deflection

was 0.6mm at a vertical thrust of 10 tonnes, after modification.

The slider is basically a large block of steel with
the top side machined to provide a matching trapezoidal slot
for the slides. A large clevis is bolted at the back of the

slider which allows the attachment of the cutting ram. At the

front end of the slider, a vertical plate is bolt-fixed at the

top and supported by a short, but large, metal prop at the bottom.
The other end of the short prop is connected to the clevis to
provide the horizontal rigidity of the vertical plate. The

vertical plate provides the base and the support or the jet/

tool/dynamometer assembly.

Movement of the ram is controlled by limiting switches
on the cutter slide assembly, for both foward and reverse motion.

It is important to have these switches well located in suitable
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positions, particularly during the cutting at 1.10 m/s traverse
speed, in order to prevent the jet/tool/dynamometer assembly

from running into the stop and sustaining damage.

4.2.1.3 Hydraulic System

Iwo independent hydraulic systems are operated. The

main system provides the power for the cutting tool and the

clamping system serves to improve the stiffness of the rig.

(a) Main Hydraulic System : The main hydraulic

system 1s illustrated schematically in Figure 4.1.
The desired power output is provi&ed by a battery

of accumulators which are charged using a high
pressure, low delivery volume pump. Anéther

system utilising a low pressure, high volume pump

1s not used because of its slow speed. The traverse
speed of the ram can be changed continuously up to
1.10 m/s by operating the flow control valve. The
hydraulic panel, together with accumulators, is

shown in Plate 4.2, while some details about the

hydraulics of the ram can be found in Plate 4.3

(b) Clamping Hydraulic System : The clamping

hydraulic system consists of a small motor and pump
assembly mounted at the top of the left-hand rear
column. When actuated, this system can provide a

clamping pressure of 21 MPa.

The clamping hydraulic system is controlled by

a switch on the control panel. When the clamps are
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operating, the cutter positioning switches are
automatically isolated in order to prevent damage

to the vertical drive system.

4.2.1.4 Jet/Tool/Dynamometer Assembly

A steel dynamometer (Allington 1969) 1is fixed to a
back plate which, in turn, is fixed to the vertical base plate.

The attachment of the vertical base plate to the cutter slider

and to the ram has been described earlier (Section 4.2.1.2).

The: cutting tool is fixed to a matching tool holder which,
in turn, is firmly held to the dynamometer. More details about

the dynamometer can be found in Appendix A. ‘

The water jet is fixed in position by attachment to the
back plate and the cutter slider, which are independent of the
tool/dynamometer arrangement. Accurate positioning of the jet
is made possible by fine adjustment of the fastening screws when

the pump is running at low p