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ABSTRACT: The benefit of assisting a mechanical tool withghtvelocity waterjet has been already
demonstrated by the results of the ongoing resdazeity carried out at the DIGITA’s Laboratoriesibot
on drag picks and on disk cutters. It has been shhat specific material removal and excavatioe rat
can be increased by the synergetic action of thegailting also in a slow-down of tool wear and a
significant reduction of mechanical specific ener@hough total energy is considerably higher ttue
the hydraulic power demanded for the generatich®fet.

In order to clarify the mechanisms involved in tbek-tool-waterjet interaction aiming at achieviag
better knowledge useful for the development oftémtinology up to a commercial scale, further tests
have been made aiming at putting into evidencediné¢ribution of the jet both as a way to weaken the
rock and to increase the stress leading to scedeation.

A discussion follows and some preliminary conclasiare drawn about the prospects of industrial
application of the technology.

1 INTRODUCTION

At present, the technological development concerttie mechanical excavation of rocks aims at:
1. Increasing the performance of the tools in termeofdime removed per unit length of travel;
2. Extending the field of application of mechanisedaation also to hard and abrasive rocks.
The strategies followed for achieving the two gaaasist in the use of new materials for the préidac
of more resistant and efficient tools, as wellrathe development of suitable systems for thestasce
of mechanical instruments, allowing improved operatreduced wear rate (with consequent extension
of the technical life) and superior capability oéaking tougher materials.
For these purposes, one of the most promising wagists in the combined action of a mechanical tool
assisted by high-velocity waterjet.
The most interesting findings reported in the difienliterature produced during the last yearsrtitg
from the early nineties can be summarized as falow
- with the jet in front and behind the pick, a comsable reduction (at least 30%) of the applied
forces can be obtained at low displacement velpgityereas it becomes insignificant for the
highest values typical of industrial practice (Ba5);
- the amplitude of oscillations of the forces arotimel average value is reduced, resulting in a lower
chance of ruptures of the picks;
- less mechanical energy is consumed, although tted &mergy (mechanical plus hydraulic)
employed in the excavation can be considerablydrigh
- wear rate is substantially lowered entailing a Emduration of the technical life of the tool;
- reduction of the sparkling is observed enablingrsaperations in coal mining.



Within this frame is the intensive research beiagied out at the DIGITA’s Waterjet Laboratory sitag
from 1997, involving the University of Cagliari, thteNR and the Academy of Sciences of the Czech
Republic.

Among the different research lines, one of the gapkirsued concerns the development of non
conventional high performance tools, the industidisation of which could be rendered economigcall
advantageous through the concept of waterjet assist

In particular, the tool under investigation corsist a tough pick, whose flat tip is coated by ia thyer

of polycrystalline diamond (PCD) having a very higksistance to wear, making it suitable for the
excavation of abrasive rocks. However, the matésidtagile and thence it is exposed to local rvgsu
from incurred impacts and may suffer the high terapges such as those generated at the tool-rock
contact point.

The assistance provided by a high-velocity jet afex appears to be a decisive factor for the agipility

of this kind of tool in the excavation of hard aalatasive rocks as well as for improving the perfamoe

in weaker rocks compared with that attainable witlditional instruments.

2 EXPERIMENAL SYSTEM

2.1 Equipment

The rock cutting tests have been carried out usimgapparatus installed at the DIGITA’s laboraterie
reproducing the tool/rock interaction in the caséuanel boring machines, where a continuous cantac
with constant penetration takes place under a gteadmal force along circular paths with variable
radius.

However instead of moving the tool (either a piakdisc or a roller) against a fixed workpiece, the
relative motion is obtained by rotating a cylinatisample of rock and pushing the tool onto itsarpp
planar surface. The drag force is determined bydtwie applied to the shaft of the supportingfptat.

The rotation power is supplied by means of an eeahotor provided with an adjustable mechanical
gearbox, while the vertical load applied by meaha dydraulic piston actuated by a pump through an
accurate control system (oil pressure and flow)rate

The variation of the vertical load and of the dfarce around the average values set by the oikspres
through an arrangement of electronically controllatles (10) and by the torque applied to the imgat
platform are directly measured by means of twogméctric transducers.

2.2 Tool

The tool employed in the tests is a drag bit hatiregshape of a conventional conical tool but \aitthat

tip so that its cutting edge is semicircular witHiameter of 12 mm, entirely covered with a 0.8 thiok
layer of polycrystalline diamond (Figure 1). On tké& side a new (upper) and a worn (lower) PCD pick
are shown, while the corresponding excavation geeoare reported in the right side. Cutting
performance of the new tool is clearly better, utidieg the importance to keep the tools at theigioal
geometry by reducing the wear rate, especiallydnyehsing the thermal stresses.

In the cross section through the tool’s axis, thevature at the attack point is very sharp, proxdgda high
penetration capability into the rock for a givenmal load.

On the other side, since the singularity in thdifgroepresents a mechanical weakness point, dheoar

of the tool’s rim is roughly rounded by a chippimpgocess, resulting in a gradual loss in performanc

2.3 Test material

The material used for the experiments is a volcanik classified as rhyolite or dacite outcropping

Sardinia near the village of Serrenti from whictaites the name. It is a medium-hard rock charaeg:r
by: unit weight 22,7 kN/ffy uniaxial compressive strength 37 up to about $aMensile strength: 6.7
MPa, cohesion: 11.5 MPa, friction angle: 56°.
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Figure 2. Excavated volume per unit length for aing waterjet-assisted tests as a function
of the path radius. (Normal load: 3.2 kN - Rotatipreed:42.42 rpm)



3 AVAILABLE KNOWLEDGE

3.1 Previousresults

The results of a first series of tests carriediol004 are in part summarised in the diagram gfifé 2
where the excavated volume for unit length is gisera function of the radius of circular travetiod tool
against the rock in the case of dry and jet-asbiststs.

The positive effect of the waterjet in increasingd@ol performance is clear: in fact the specifidune
removed per unit length (and thence the excavatie), is 20-25 % higher in the case of waterjet
assistance for all trajectories.

Concerning the temperature, waterjet applicatiorvigesl a significant reduction in the thermal level
reached during the test.

However, the above results did not fully clarify ether any reduction in the oscillation of the raokit
interaction forces was determined by waterjet tesi®.

3.2 New developments of the research

Starting form these results, a new series of teatsrealised aimed at verifying the effects ofwlager jet

on mean value and oscillation of rock-tool intei@ttforces and at better understanding the mecimanis
by which mechanical tool performance is improvediager jet assistance.

Two simultaneous but distinct mechanisms can benasg to apply in the assistance of a water jet in
rock excavation when the “front-of-peak” configuoat in adopted: the first consists in the reducidn
the rock strength in the zone around the impaattpaiead of the tool; the second is connectedéo th
composition of the stress induced by the watewjtt that produced by the mechanical tool, resgliim

a greater damage potential to the rock material.

According to the available knowledge, the reductidrihe rock strength depends upon the permanence
time of the jet on a given point of the rock sugfaas the cutting velocity increases the rock weige
effect is likely to become less and less important.

As a consequence of the strength reduction, thavialr of the material can be expected to become
more plastic and the excavation mode to shift framextremely discontinuous process with great
variation of the cutting forces, due to chip forimat to a smoother process characterized by smaller
oscillations of the forces as well as by a regalad basically constant geometry of the groove. This
should ultimately provide a larger excavated volyraeunit length of cut.

The effect of stress increase due to waterjettassis is clearly independent of the cutting velobitt its
importance is connected to the relationship betwden depth of cut and the distance of the jet
impingement point from the pick.

The effect of a more severe state of stress indble material should result in smaller size of dthéps
and thence in a smoothening of the forces behaviour

Accordingly, a more regular excavation procesibé expected independently of the velocity of the
tool.

4 EXPERIMENTAL TESTS

4.1 Experimental plan

Three series of tests have been included in th& plan:
- afirst series using a PCD tool without waterjeisiaace;
- asecond series where the PCD tool was assistedhigi aelocity waterjet directed in front of the
tool (contemporaneous or synergetic action);
- athird series (in two steps) where the tool wased to travel along the groove previously made
by the jet (non contemporaneous action).
In both cases of waterjet assistance the standistance, the peripheral velocity and all the other
parameters were the same.
All the tests have been made on rock samples, theacteristics of which have been described earlier
having a cylindrical shape, 80 cm in diameter aharh thick.
Each series consisted of grooving tests on threelar trajectories having different radius (arourD,
250, 350 mm).



Figure 3. Details of the diamond tipped cutting too

The results of the first series have been assureettheareference levels for evaluating the effect of
waterjet assistance.

The outcome of the second series (synergetic gcpots into evidence the combined effect of the
additional stress and the weakening action indumedhe jet, while the third series, because of the
delayed passage of the tool, elucidates only trekering effect of the jet on the rock.

All the tests have been carried out under the samditions described below.

The bit attack angle was 98 degrees and the toslsgtin the holder as shown in Figure 3 so that th
rake and the clearance angles were 20 and 12 degespectively.

The pick was assisted by a water jet positioneftant of the tool. The water jet was generated at a
pressure of 150 MPa through a 0.4 mm nozzle, theltneg flow rate being 2.5 I/min. The stand-off
distance was 40 mm. The jet was directed so aspinge on the rock sample with a forward angle of
70° at a point 2 cm away from the tip, correspogdinthe mean size of the scales detached by thénto
the “dry” tests.

A test begins with 6 idle rotations of the circusample until reaching a constant value of thetimta
speed equal to 42.42 rpm. Then the pick is pusbathst the sample with a vertical load of 3 kN.ehfa
complete rotation the pick is automatically raisBdiring each the test, normal and cutting forcks, t
vertical position of the pick and the angular vépevere measured with an acquisition frequency of
kHz.

In order to evaluate the benefits of waterjet &asie on the excavation results of the mechanazd) t
the depth of cut and the excavated volume have ees&inated. The depth of cut was measured every 15°
along the trajectory. The excavated volume wasuatell for the entire trajectory using a fine granul
material with known specific gravity poured intetgroove until filling it completely and then wetghl.

4.2 Results

A total of 31 tests have been made following theouss trajectories: outer (9 tests), intermedidt® (
tests) and inner (again 9 tests) according to lineet experimental conditions: dry and with waterjet
assistance (synergetic or non contemporaneous).

Results are represented in terms of depth of grome@sured along the path, volume removed per unit
length and rock-tool interaction force.
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Figure 4. Depth of groove along the trajectoriesdsure points every 15° at the centre of the
sample)



A - Depth of groove and excavation rate.

The values of depth of groove have been groupedrdiog to the position of the trajectory and to the
kind of waterjet assistance (dry tests or watagstisted tests, either synergetic or non contempotss).
Figure 4 shows the depth of groove measured alumguter trajectories. The curves allow to evalitate
variation along the path and to compare the resghgeved with or without waterjet assistance.

Of the 9 graphs in figure 4, four represent thastegthout waterjet, three the tests with synermeti
assistance and two with non contemporaneous assista

It can be clearly observed that for each trajectbeyvalues oscillate within a rather ample range t
the local variation of the rock characteristicsthwa period probably linked to the stiffness of tasting
machine and of the system used for the applicaticghe normal load (a hydraulic piston).

The results of the tests conducted in similar cioos range between 0.5 and 4 mm in the case of dry
tests, between 1.5 and 4.5 mm in the case of noe@@oraneous waterjet assistance and between 2 and
4.5 mm in the case of synergetic waterjet assistéxcluding the final part of the curve of the E€X-
NCWJ2 which is evidently anomalous).

Table 1. Average values and corresponding incresnaithe depth of cut for different experimentahdidions for the
outer trajectories

Outer trajectories Average depth of cut Increment
Kind of experiment [mm] [%]
Dry Tests 1.8
NC-WJ Tests 3.1 77
S-WJ Tests 3.3 88

For the outer trajectories, the average valueti®fdepth of the groove with the corresponding perce
increment are reported in Table 1. The analysishobe data clearly shows the benefit of waterjet
assistance on the excavated depth, with a smédirdifce between the two configurations: synergeiit
non contemporaneous. The last observation leattgetoonclusion that the main effect of waterjetnsee
to be related to the induced rock weakening.

The results of the second set of 13 tests arestkbtatthe intermediate trajectories again for dmyditions
and for synergetic or non contemporaneous watasgstance. The influence of the waterjet assistanc
confirmed also in this case with a significant eroent of the depth of groove for both synergetit aon
contemporaneous configurations, as reported ineTAbl

Table 2. Average values and corresponding incresnaithe depth of cut for different experimentahdidions for the
intermediate trajectories

Intermediate trajectories Average depth of cut Increment
Kind of experiment [mm] [%]
Dry Tests 2.0
NC-WJ Tests 3.7 82
SWJ Tests 3.6 80

The results obtained in the third set of 9 tedeted to the inner trajectories are reported orlelabThe
data analysis confirm the achievements for therdthe trajectories.

Table 3. Average values and corresponding incresnafithe depth of cut for different experimentahdidions for the
inner trajectories

Inner trajectories Aver age depth of cut Increment
Kind of experiment [mm] [%]
Dry Tests 2.4
NC-WJ Tests 4.8 103

SWJ Tests 4.6 97




Table 4. Average volume per unit length obtainediff¢rent trajectories

Average volume per unit length [cm®cm]

Kind of experiment Trafj):ctt?)rrim I?:Z;g]cteg;iag Traljr(;gtec:ri%
Dry Tests 0.11 0.12 0.33
NC-WJ Tests 0.28 (157%) 0.33 (167%) 0.63 (90%)
SWJ Tests 0.28 (162%) 0.38 (210%) 0.65 (95%)

The average values confirm that the excavationhdapireases with the decrease of the radius of the
trajectory, irrespective of the presence and thd kif waterjet assistance.

As reported in Table 4, the measurements of thewerted volume per unit length lead to the same
conclusions achieved in the analysis of the depigra@ove. In case of waterjet assistance the exedva
volume per unit length increases approximatelyh®sydame amount for both non contemporaneous and
synergetic configurations except for the intermedi@ajectories for which better results are aohiev
with the synergetic action. The influence of theiua of the trajectory is again confirmed.

B - Forces

For each test, the cutting and normal forces haenbmeasured and recorded in order to evaluate the
influence of waterjet assistance on the frequemelamplitude of the peaks of force and to quartisy
differences between the synergetic and non conteampous assistance configurations.

As an example, the graphs of Figure 5 show the@ypiend of normal (top) and cutting forces (botio

The information contained in the acquired datasffias been elaborated for obtaining suitable paeame
describing the value and the variability of thec&s during the test. The ratio between the cuttimdjthe
normal force (CF/NF), the ratio between standardadien and average value of cutting force (SD/M)
and the number of peak values exceeding 1.5 tilmesaterage cutting force (N1.5) are of particular
interest.
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Figure 5. Typical trend of normal (higher graphgl @uitting (lower graph) forces.

It is trivial to observe that, although these pastars provide a synthetic picture of the resutisytdo
not completely define all the significant aspedtthe process.

The ratio between the cutting and the normal fascproportional to the resistance encountered by th
tool during its movement, which is related to thess section area of the excavation groove. Theréfo



enables to evaluate the increment of depth of graod thence the gain in efficiency obtained wlih t
assistance of the waterjet at equal normal force.

The ratio between the standard deviation and tbeage value of the cutting force represents theagee
value of the amplitude of oscillation, while thennioer of values exceeding 1.5 times the average\afiu
the cutting force is an indication of the frequemdythe force peaks responsible of fatigue stréshe
tool.

The results reported in Table 5 show that the mgttorce is lower in dry tests than in waterjetistesl
tests for both synergetic and non contemporaneonditions of waterjet action. The data also confirm
the increase in cutting force when the radius eftthjectory decreases. The results are in agreenitn
the findings ensuing from the analysis of the deytgroove and specific removed volume.

The ratio between the standard deviation and tkeeage value of the cutting force is higher in water
assisted than in dry tests, meaning that the effexduction of the force peaks expected in that fiase

is not always encountered, thus deserving furtimnezstigation.

The influence of the radius of the trajectory isfooned: higher average value and standard deviaifo
the cutting force are obtained for the inner trgees.

These achievements are also corroborated by thdewaf force peaks represented by the parameter
N1.5, which is higher in case of waterjet-assisests.

The wider oscillation of cutting force obtained dase of waterjet-assisted tests and for the inner
trajectories can be explained considering that gékeavation mechanism shifts from a predominant
shearing action of the tool tip for shallower greswto a prevalent “wedging” effect of the tool side
leading to the formation of larger scales in casgegper grooves. In fact, the interaction prdfis@ween
the tool and the rock increases with the depthrobge, determining the number and the size of tipgsc
produced. While the groove excavated by meanseoPtBD tool is more regular when the depth is lower
than 2-3 mm, for deeper grooves the geometryégidar as a result of the higher lateral extenefathe
chips produced. In the last conditions, besideshtgker oscillation of the of cutting force, thesteady
excavation process implies an higher average ofdu@ameter.

Table 5. Values of CF/NF, SD/M and N1.5 parametétained for different experimental conditions.

Outer Interm. Inner
Trajectories Trajectories Trajectories
CFINF
Dry Tests 0.24 0.38 0.38
NC-WJ Tests 0.52 0.50 0.78
SWJ Tests 0.33 0.55 0.77
SD/M
Dry Tests 0.37 0.38 0.41
NC-WJ Tests 0.48 0.48 0.92
SWJ Tests 0.36 0.57 0.74
N1.5
Dry Tests 32.33 17.33 30.00
NC-WJ Tests 44.00 32.00 48.00
SWJ Tests 30.33 34.00 39.00

5 CONCLUSIONS

The results of the experimental tests basicallyfioorthe findings achieved in previous researchkaam
waterjet-assisted mechanical tools, although witines discrepancies concerning the forces. The main
aspects regarding the positive influence of watenjetool performance have been fully clarified.

When using PCD picks, the volume excavated per lanigth increases with decreasing radius of the
circular trajectory in both cases of dry and wjateassisted tests.



The depth of groove and the volume removed per lemigth increase in case of waterjet-assisted
mechanical tool. The increase in depth ranges leetB8% and 100%, according to the trajectory radius
while the increase in the excavated volume rangésden 90% and 200%.

Results of force measurement show an increase iawbege value and the oscillation of the cutting
force in case of waterjet-assisted tests. The reabthis result is most probably related to therément

of the depth of cut which produces a discontinuouting mechanism generated by the particular
geometrical interaction between the pick tip arel thck, characterised by the formation of lardeps.
Under the experimental conditions, the results inbth suggest that the reduction of the forces pick
values is not achievable through the action of fetteConsequently the increase of PCD tool technical
life due to the reduction of forces picks and frexgies is not realistically to be expected wherevet is
combined with those kind of tools.

A negligible difference is being outlined betweée tesults obtained in the tests with waterjetngctt

the same time and in advance respect to the piclt €xperimental achievement indicates that the
increase of pick performance induced by waterjehanly due to the rock weakening rather than & th
stresses combination.

However, the results of the experiments confirnt ti@ combination of the two technologies has a
positive effect on tool performance even under &tidal velocities conditions.
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