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ABSTRACT: In this paper, after a discussion of the mairuéssregarding the assistance of
mechanical excavation with water jet, the resultaroexperimental work carried out at the Universit

of Cagliari are illustrated and discussed. Theaedewas aimed both at studying the processes by
which mechanical excavation can be improved bygusiater jets and at quantifying the increase in
excavation performance parameters.

In particular, the mechanisms involved in the romét-waterjet interaction have been studied aiming
at putting into evidence the contribution of thellaulic power both as a way to weaken the rock and
to increase the stress leading to scale formalfiba.better knowledge achieved will be useful f& th
development of the technology up to a commercialesc
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1. INTRODUCTION

The possibility of increasing the performance ofchranical tools with the assistance provided by
high-velocity water jets has been explored in tst twenty years. The results of past research have
often been controversial and found to vary withinwade range, mainly due to the different
experimental conditions adopted. A number of hyps#s have been advanced to explain the
variability of the results as well as to disclose thechanism of water jet assistance.
The research concerning the mechanical excavatiorchks is mainly addressed at:
- Improving the performance of mechanical tools inmi® of material removal rate (i.e.
increasing the excavated volume per unit lengtbicK trajectory);
- Extending the mechanical excavation to hard andsie rocks.
The “water jet assisted excavation” appears tortgead the most promising method for achieving both
the stated objectives. It consists in integratimg mechanical tool action, that remains the prenale
one, with that of a high velocity water jet.
Since the years 70s the studies aimed at the gewelnt of a commercially feasible “water jet
assisted” concept have been firstly addressedseatdering whether and under what conditions the jet
is capable of producing an effective incrementhaf overall performance of the mechanical tool. At
the same time, efforts have been aimed at clagfyire mechanism underlying the contribution of
water jet to the improvement of the mechanical pmformance.
The outcome of the investigations and the conchssidrawn by the various Authors appear often
controversial due to the great variability of thgerimental conditions involving a large number of
parameters, often difficult-to-control [1], [2].
A first aspect stands in the type of equipment dsedhe tests, with particular reference to thecéo
application system. Another important feature af #xperimental apparatus is represented by the
geometric configurations of the assistance system:
- jetdirected just ahead of the mechanical tool tip;
- jetimpinging in the clearance zone of the tool
- jet through a nozzle located near the tool's tightr where the scale forming fracture should
originate



- jetimpacting at the mechanical tool side, as endase of disc cutters.

A further element of distinction related to the esimental conditions, concerns the velocity of the

tool along the cutting trajectory: many experimesdagied out in the years 80s have put into evidenc

that the benefits of waterjet assistance (incréagbe rock volume removed, reduction of applied

interaction forces, cooling effects etc.) fade awaggressively as long as the tool is moved faster

along the path, until becoming negligible at a e#joaround 2 — 3 m/s. [4].

It is reasonable to assume that the contributiowater jet may become again significant even at

higher velocities provided that the power of theigeincreased so that the energy per unit length

remains constant.

Based on the results of the research carried oet the last 30 years concerning the assistance

provided by water jets to mechanical tools, théofwing benefits can be claimed (Ropchan et al.

1980, Dubugnon 1981, Ciccu et al. 1999, Ciccu.2@G04):

- reduced tool-rock interaction forces;

- less thermal stress of the bits (Ciccu et al. 2004)

- slower wear rate and rarer rupture occurrencelefrtechanical tools, whose technical life is thus
substantially increased,;

- asmaller amount of dust generated during the digiktegration process;

- increased depth and width of the grooves produgethé traversing tool, resulting in a larger
removed volume per unit length of the tool's patioas the rock face (Ciccu and Grosso, 2009).

- Reduced sparks generation during excavation raguiti safer working conditions especially in
coal mining

Parallel to the progress of the experimental refeaimed at quantifying the expected benefits effer
by water jet assistance, a broad discussion has teeeloped among the scientific community
concerning the mechanisms of water jet assistandeltee models able to describe the tool-jet-rock
interaction [7], [8].

Among the different research lines, one concerres diavelopment of non conventional high
performance picks, the industrial utilisation ofiahhcould be rendered economically advantageous
through the concept of water jet assistance withrtbzzle ahead of the pick [10], [11]; the other
relates to the assessment of the excavation peafaenof waterjet assisted disc cutters.

Both the research lines have been developed wiénemce to a medium hard rock with the aim of
evaluating the increment of the excavation velo@lgpth of cut and volume removed per unit length)
rather than testing the possibility of extending thechanical excavation to the very hard and alwasi
rocks.

Further experiments have been devoted to the stidgome particular aspects of the excavation
mechanisms both for transversal and rotating to#ler the firsts the importance of the
contemporaneity of the tool and the jet actionslieen investigated, for the seconds the results hav
been critically analysed with reference to the tgek position.

1 GENERAL EQUIPMENT

The experimental apparatus (Figure 1) was desigoexs to replicate the typical tool/rock interagtio
mechanism of tunnel boring machines, where a cootia contact takes place under a steady normal
force along circular paths with variable radius.

It substantially consists of a robust steel frarosting the cylindrical rock sample, about 15 cneckhi
and 80 cm in diameter, placed onto a circular ptatfrotating around a vertical axis. The tool is
pushed against the upper planar surface of théngtsample where a circular groove is created.

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



During the tests, vertical and drag foreee measured by means of two piezoelectric tramsduwsmnd
their values are stored in the hard disk of a cdempthrough a data acquisition system working at

1000 Hz of frequency.
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Figurel: Experimental apparat

The material used for the experiments is a localiom-hard volcanic rock classified as rhyolite or
dacite. Its texture is characterised by a fine rgrdi matrix which embeds plagioclase, biotite and
amphigene phenocrysts. Its unit weight is 22.7 KIN/m
The following Mohr-Coulomb strength parameters héeen obtained by interpreting a series of

triaxial tests:

- uniaxial compressive strength; 44 MPa;
- tensile strength: 6.7 MPa; cohesion: 11.5 MPa,;

- friction angle: 56°..

2 TESTSWITH DRAG BITS

The tool used for the tests is a conical drag &itifg a flat tip entirely covered with a 0.8 mmcthi

layer of polycrystalline diamond (PCD). The veragh cutting edge has a semicircular profile with a
diameter of 12 mm, resulting in a high penetratapability of the tool.
On the other side, since the sharp profile corteta mechanical weakness point, the contour of the
tool’s rim is progressively modified by the localptures caused by incurred impacts and by the high
temperatures, resulting in a gradual loss in teolggmance.
The upper and the lower picture of the figure Zesepnt a new and a worn pick respectively, whereas
on the right side of the grooves excavated bywtegicks are shown to highlight the decrease of the
depth of cut related to the wear process. The itapoe of keeping the tool at its original geomégry

clearly evident.

The assistance provided by the high-velocity wpteappears to be a decisive factor for reducimg th
number and the intensity of the impacts as welthestemperature of the tool’s tip allowing the

utilization of this kind of tool in the excavatiari hard and abrasive rocks.



Figure 2. Grooves with new (top) and worn bit (bot}

The mechanical tool is assisted by a jet of watsued at high velocity placed in front of the pacid
fastened to the pick holder sleeve through a suimgoarm.
The configuration of the excavation system is scitarally represented in Figure 3. The rake and the

Figure 3: Assistance system geometry

2.1 Experimental Tests

clearance angles are 20 and 12 degrees,
respectively. The water jet is generated at a
pressure of 150 MPa through a 0.4 mm nozzle.
The flow rate and the hydraulic power of the
jet are 2.5 I/min and 6250 W, respectively. The
stand-off distance is 40 mm.

The jet is directed so as to impinge on the rock
sample with a forward angle of 70° at a point 2
cm away from the tip. This distance has been
chosen since it roughly corresponds to the
average length of the scales generated during
the cutting process without waterjet assistance.

Three series of tests have been performed: inrgteohe the mechanical tool operated without water
jet assistance (dry tests); in the second seliedpbl was assisted by a jet issued from a nqaked
ahead of the tip; In the third series the mechdmicd worked along trajectories previously trailegl

the jet

Three circular trajectories were explored with uadl50, 250 e 350 mm, respectively and each test
was repeated at least three times. At the enddépeh of cut was measured every 15° along the



circular trajectory while the excavated volume veasluated for the entire trajectory by filling the
groove with a fine granular material of known agpairdensity and then weighting it.

2.2 Resaults

The improvement of the cutting performance has laestysed by comparing the depth of groove and
the removed volume per unit length of travel achikin case of water jet assistance (second sdries o
tests) with those obtained in the “dry excavatiffirst series of tests).

The experimental plan included 9 valid dry testsal@g inner trajectories, 3 along intermediate
trajectories and 4 along outer trajectories) andl®l waterjet assisted tests (2 along inner ttajies,

4 along intermediate trajectories and 2 alongraudgectories).

As an example of the results achieved, the valtidsecdepth of groove measured every 15° along the
circular path, are reported in figure 4 (dry temtsl waterjet assisted tests) for the outer trajesto
giving a total of 24 points.

Although the depth of cut appears considerablyatédei along the trajectories in both the two sevies
tests, it can be observed that it falls within thege 0.5 — 3.5 mm for the dry tests, and with#d5

mm for the waterjet assisted tests.

Similar conclusions can be drawn analysing the lgamgarding the intermediate and the inner
trajectories: a shift towards higher limits of tariability range is always observed in case ofewat
assistance.

To carry out a quantitative analysis of the experital data, they have been grouped according to the
radius of the trajectory. The mean value of degtgroove has been then calculated over the entire
population of data for the inner, intermediate anter trajectories separately for the cases obdd/
water jet assisted tests (Table 1.)
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Figure 4. Depth of groove along the trajectorieegsurement points every 15° at the centre of tmpled

Table 1. Mean values of the depth of cut

Experimental conditions Aver age depth of cut I ncrement
[mm] [%]

Dry Tests 1.8

Outer trajectories S-WJ Tests 3.3 88
Dry Tests 2.0

Intermediate trajectories S-WJ Tests 3.6 80
Dry Tests 2.4

Inner trajectories S-WJ Tests 4.6 97

The results shown in Table 1 clearly highlight tkia¢ water jet assistance produces a substantial
increase (always higher than 80%) in the mean waflilee depth of groove even for the less favoured
trajectories (the outer ones along which the jetesdaster).



To complete the analysis of the tests resultseioavated volume per unit length of groove (average
area of the groove’s cross section) has been esdclilover the entire length of the trajectories of
similar radius and it is given in Table 2 (ratiotbé overall volume removed to the total lengthhef
trajectories of similar radius).

Table 2. Average volume per unit length obtainediff&rent trajectories

Experimental conditions Averlagevolumgz per unit Increment [%]
ength [cm“/cm]

Dry Tests 0.11

Outer trajectories S-WJ Tests 0.28 162
Dry Tests 0.12

Intermediate trajectories | S-WJ Tests 0.38 210
Dry Tests 0.33

Inner trajectories S-WJ Tests 0.65 95

These data confirm what was already observed coimgethe depth of groove: the benefit of water jet
assistance is substantiated by a relevant increfaiee specific volume of removed rock by 95% -
210%, according to the radius of the circular gmahe higher values holding for the intermediate
trajectories.

This outcome can be explained taking into constderathat the volume removed in the dry tests
increases considerably as the radius of the t@jeaecreases, as mentioned before, and thus the
relative contribution of water jet appears, in ttese, less evident.

Normal and cutting forces were recorded during tésts, with a sampling rate of 1000 Hz. Their
typical behavior is illustrated in figure 5. Someaningful indexes have been used to synthesize the
recorded data:

CF/NF: ratio between mean value of the cutting force mean value of the normal force;
SDce/M g ratio of cutting force standard deviation to meatue;
N5 number of values higher than 1.5Mit quantifies the occurrence of force peaks the

tool undergoes during the trajectory causing faigtiessing.
The analysis of the above parameters, reportealeT3, highlights that:

1. the mean values of the cutting force, measurechéinwj assisted tests, are higher than those
obtained in the dry tests regardless of the traj&s.

2. the ratio between standard deviation and mean \&ldlee cutting force (SE/Mcg) is higher in
water jet assisted than in dry tests.

3. the number of force peaks, synthesized by paramgigincreases in case of water jet assistance.

Table 3: Interaction forces analysis

CFINF SD/M N1.5
Dry Tests 0.24 0.37 32.33
Outer trajectories | S-WJ Tests 0.33 0.36 30.33
Dry Tests 0.38 0.38 17.33
Intermediate S-WJ Tests 0.55 0.57 34.00
trajectories
Dry Tests 0.38 0.41 30.00
Inner trajectories |S-WJ Tests 0.77 0.74 39.00




The increment of the cutting force is in accordawié the results obtained for the depth of cut and
the excavation rate. In fact, for the same valuthefnormal force, water jet assistance deternines
deeper penetration of the tool and thence a lamgess section of the groove which is associated an
increase in the cutting force. The increment of tepth of cut is also the cause of the higher
oscillation amplitude of the cutting force and treater number of force peaks.
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Figure 5. Typical trend of normal (lower graph) anudting (higher graph) forces.

Concerning the energy spent to disintegrate thevahime of rock, the results shown in Table 4 poin

out that waterjet assistance reduces consideralelynmechanical energy involved in the tool-rock

interaction with the consequence that fewer tomsexpected to be replaced per unit volume of rock,
in spite of a slightly higher fatigue stress.

Table 4. Specific mechanical energy (J/cm3) comglwith and without waterjet assistance
Outer Trajectories | Intermed. Trajectories | Inner Trajectories

Dry Tests 65,45 95,00 34,55
SWJ Tests 35,36 43,42 35,54
NC-WJ Tests 55,71 45,45 37,14

2.3 Analysis of water jet assistance mechanism

The research has been completed with a third sefidgl tests (5 along inner trajectories, 6 along
intermediate trajectories and 3 along outer trajges) carried out in two separated and non
contemporaneous phases: in the first one, a cir@alth was completely described by the jet; in the
second, the mechanical tool was forced to folloevgame path.

Here, due to the non contemporaneity of the twimast no interaction takes place between the stress
induced by the mechanical tool and that appliethbywater jet on the rock surface. On the othedhan
the reduction of the rock strength is obviously shene as that induced in the contemporaneous tests
where the jet acts ahead of the tool.

In Table 5, the mean value of the depth of cubimpared with the corresponding figures calculated i
the previous two series of tests, for the innderinediate and outer trajectories.

The data clarify that, for all the trajectoriese tincrement of the depth of cut obtained in non-
contemporaneous tests is substantially equal todtiieved in case of contemporaneous water jet
assistance. The same can be said with regard extavated volume per unit length (Table 6).



Table 5. Mean values of the depth of cut

Experimental conditions Aver age depth of cut I ncrement
[mm] [%]
Dry Tests 1.8
Outer trajectories S-WJ Tests 3.3 88
NC-WJ Tests 3.1 77
Dry Tests 2.0
Intermediate trajectories | S-WJ Tests 3.6 80
NC-WJ Tests 3.7 82
Dry Tests 2.4
Inner trajectories S-WJ Tests 4.6 97
NC-WJ Tests 4.8 103

Table 6. Average volume per unit length obtainedifé¢rent trajectories

Experimental conditions Averlage volumge per unit Increment [%]
ength [cm~/cm]

Dry Tests 0.11

Outer trajectories S-WJ Tests 0.28 162
NC-WJ Tests 0.28 162
Dry Tests 0.12

Intermediate S-WJ Tests 0.38 210

trajectories NC-WJ Tests 0.33 167
Dry Tests 0.33

Inner trajectories S-WJ Tests 0.65 95
NC-WJ Tests 0.63 90

The correspondence between the results obtainedatoe with non contemporaneous and
contemporaneous water jet application, suggests ttiea improvement in tool performance with

respect to “dry” tests, has to be attributed maiolythe reduction of the rock strength operated by
water jet; the stress effect, if actually takesplashould be considered negligible.

3 TESTSWITH ROLLING TOOLS

3.1 Apparatus

The experimental apparatus is sketched in Fign@his case the disc cutting is pushed against the
rock by means of a hydraulic cylinder and the n@ig$uing a waterjet located at one side of the dis
as shown in Fig. 7.

The disc cutter has a diameter of 100 mm and angudhgle of 40°. The axis of the nozzle, 0.4 mm in
diameter, has an inclination of 70°. The vertidatahce the nozzle from the rock is 25 mm.

During the tests both the disc and the nozzle area ifixed position (except for the vertical
displacements), while the rock sample is rotateourad the shaft of the supporting platform.
Consequently, the tool’'s travel on the rock sangpigiper surface is a uniform circular motion with
trajectories variable from 500 to 700 mm in diamatecording to setting.
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Fig. 6: Experimental apparatus at the DICAAR Watiekjaboratories

The adopted experimental conditions are given bel@aw:

- Normal load applied to the tool: 10 kN;

- Nozzle diameter: 0,4 mm;

- Jet-forming pressure: 150 MPa,;

- Jet inclination from the vertical line: 20°;

- Stand-off distance of the nozzle along the jétngn.

- Distance of the jet impingement point from thekdiip: 8,5 mm;
- Peripheral velocity: 1 — 2 m/s

b amert
S V|

Fig. 7: . Detail of the cutting head with three gibke nozzle locations as seen from below

3.2 Experimental Plan

The experimental plan comprises 12 excavation:t8sperformed by the sole mechanical tool and 4
by the waterjet assisted tool. The radius of thetests trajectories was in the range 260 — 340 mm
while that of the wate jet assisted tests was 280 m

3.3 Results
Experimental results have been evaluated with eafsr to the depth of cut and the volume of rock
removed per unit length of groove [&m].



3.3.1 Depth of grove

The depth of the grooves has been measured alerqgath at sampling points every 30° angular steps
(12 points for each path). The measured valuethfotwo series of tests (with and without waterjet
assistance) are reported in Fig. 8. The experirheotats are connected with a curved lines fordyett
evidence.

Both diagrams put into light a significant varidtyilof the groove depth that can be attributedhi t
heterogeneity of the rock and in particular to pnesence of fenocrysts. In spite of this, it chkearl
appears that the grooves obtained in the tests watlerjet assistance are significantly deeper that
those obtained in “dry” tests.

For the sake of a comprehensive evaluation of ffecteof waterjet assistance the data of groove
depth have been grouped together independent ofefgective trajectories into the two broader
classes of “dry” and “wet” tests, the first inclandi96 measurement points and the second one 48.
The calculated mean values and the correspondapgidiion parameter of the distribution of groove
depth for each class of tests are reported inalh@afing 7.
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Fig. 8: Depth of the grooves

Table 7. Statistical reference parameters for tpgtdof groove in “dry” and “wet” tests

Depth of grooves
Mean values Standard deviation Ratio
(mm) (mm) st. dev./mean value
Dry tests 1.42 0.56 0.40
Waterjet-assisted tests 2.90 0.45 0.16

The comparison of the mean values puts into evigethe significant contribution of waterjet
assistance to the excavation results. Concerniegdibpersion parameter, a lower value of the
standard deviation is observed for waterjet-assitsts, albeit with poor significance. Howevethié
ratio of the standard deviation to the mean vadueonsidered, the difference becomes much clearer,
witnessing that considerably deeper and more regub@ves are obtained with waterjet assistance.

3.3.2 Volume removed per unit length

The removed volume of complete circular groovesshaaen measured by filling them with a strictly
classified sand and the average volume per ungtheNu [cn/m] calculated as the ratio of the
volume to the groove’s length (Gom).

The set of data so obtained, consisting of 8 elésnfem dry tests and 4 elements for wet tests with
waterjet assistance, are represented in Fig. 9.

It turned out that the parameter Vu varies fronb3@76.75 crifm (mean value is 4.84 ¢fm) in case

of dry tests and from 13.26 to 22.51%m (mean value is 16.61 éfm) for the wet tests. Therefore
the unit volume removed per unit length is incréldsg a factor of 3.8 by waterjet assistance.
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Fig. 9: Volume removed per unit length

The specific mechanical energy (Jfrimvolved in the excavation has been calculateddipbining

the data of peripheral velocity of the disc cuttbe measured drag force and the removed volume.
The average value for the dry tests resulted ta1b& J/cm, compared to a much lower value of 8.8
J/cn? for waterjet-assisted tests.

This outcome can be attributed to two factors: fifet is the considerable increase of the removed
volume from 4.84 ciifm to 16.6 cniYm; the second is a substantial reduction of tlag) dorce whose
mean value decreased from 161 kN to 95 kN.

However, an additional energy of more than 300 Jfsntonsumed for the generation of the high-
velocity waterijet, raising the total to about J1&nT.

4 ANALYSISOF THE EXCAVATION MECHANISM

4.1 Geometric characteristics of the grooves

The visual inspection of the samples put into evigethe presence of markedly different features
between the grooves made with or without wateigsistance (Fig. 10). For a quantification of such
differences, in addition to depth, also the latepdakent of the groove was measured on either dide o
the ideal disk trajectory, again every 30° of aagstep. The length of the two segments (interndl a
external span) were summed up for obtaining theowgrs width, while their difference (either
positive or negative) represented the degree ohamtry of the groove.

The groove’s width is bound to the correspondingtildy the mechanism governing the formation of
the scales during the excavation process but alsieet mechanical characteristics of the rock, @tur
or modified, at either side of the tool.

The measured values are reported in the diagrams of

Fig. 1 for the cases of dry or wet tests.

It was found that, similarly to what happened foe groove’s depth that doubles with the application
of a waterjet, also the groove’s width considerabbtreases from an average value of 8 mm up to 13
mm.

11



Fig. 10: Typical geometry of the grooves excavatét (D16) and without (D13) waterjet assistance
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Fig. 1: Width of the groove

Concerning the regularity of the groove, it carsh@l that the average size of the scales produged b
conventional tools at both sides is almost the samnthat the resulting grooves are rather regudar a
shown in

Fig. 2, where the inwards and outwards extent typaal groove from the trajectory of the tool'p ti

is reported with a positive or negative sign, resipely. In this case the symmetry is withessedHsy
balanced scattering of the points representingatiegage value of the groove’s extent at either, side
equal to 4.2 mm.

Quite different outcome is observed in the caseaierjet assistance. In fact, the groove’s geonistry
markedly asymmetric since the inner extent of iheutar groove is considerably larger than the pute
span, at the same side of the waterjet kerf. (E&). Moreover, the outer boundary of the groove
appears less erratic and more regular than the ome

Groove's span (mm) - Dry tests Groove's span (mm) - Water jet assisted tests

200

~Inner span
- -Outer span

Groove's span (mm)
Semilarghezza solco (mm)

100
Measure number Measure number

Fig. 2: Groove’s span at the inner and outer ttajgcside

The distribution of the groove’s span at eitheegjhe outer taken with positive sign and vice-agrs
shown in the diagram of

Fig. 2, confirms the observation of the visual gs&l the average value of the inner span of the
grooves approaches 9 mm whereas that of the opéer s about 4 mm and generally terminates
before the waterjet kerf.

The standard deviation is 4.3 mm for the inner spad 2 mm for the outer one, confirming the
narrower dispersion of the distribution.

This experimental outcome is contrary to what etgubcsince the presence of the waterjet kerf
representing a free surface should have favouredatmation of the scales, in compliance with the
already discussed excavation model.
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For better understanding, the typical cross seatiothe grooves obtained with or without waterjet
assistance is depicted in Fig. 3, showing alsoawerage values of depth and width of removed
volume. In the case of waterjet assistance, thevgrappears deeper, wider and asymmetric due to the
fact that larger scales are produced at the inider;, svhile much smaller particles are formed at the
waterjet side.

8.5 mm

\
I
Fig. 3: Typical geometry of the groove for dry {Jeind WJ assisted (right) excavation

The scales produced by the mechanical tool alometzaracterised by a detachment aMgjlequal to
18, whereas those obtained in the case of waterjeftarse show different features according to the
side of the groove considered: at the waterjet @déer band) the scales are formed Witk 35°; at
opposite side with¥ = 24°.

4.2 Interpretation of the experimental results
The main geometric features of the grooves obtainéth the experimental tests have been
summarized in the following Fig. 4:

Fig. 4: Schematic geometry of the scales detaainéukidry (left) and WJ assisted (right) tests
Groove made with the disc cutter alone:

- Average depth: 1.4 mm

- Span at each side: 4.2 mm

- Angle of scale formatio: 18
Groove made with waterjet assistance:

- Average depth: 2.8 mm

- Groove's span: 4.0 mm at the waterjet side; 9.0ahthe inner side

- Angle of scale formatio: 35° at the waterjet side; 24° at the inner side

- Tool's angle:8=20°
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Using the 2D modified model developed by Miller aBikarskie, the angl@representing the shear
strength of the rock, can be obtained once theeaofjlscale formationp has been experimentally
determined.

For the groove created by the mechanical tool alone

P=18° 0+@=55° @=35° at both sides
For the groove created by the waterjet assistance:
Y=24° 0+@=41° @=21° at the “dry”side
P=35° 0+@=20° @=0° at the waterjet kerf side

The above analysis clearly discloses that a samfi reduction in the shear strength of the ragk (
occurs mainly at the waterjet side of the tool picidg an increment of the scale formation angle
and a corresponding reduction of the potential geosidth. The difference between the values of the
span at the inner and at the outer part of thewgra® caused by the greater reduction of the rock
internal friction near the waterjet impingementrisi(outer side). The reduction of the groove width
has a detrimental effect on the volume excavatedipélength.

On the other hand, the rock weakening extendsaadme of the disk wedge action, resulting in the
increase of the groove depphwhose magnitude compensates the highlighted dettaheffect and
finally results in the overall increase of the vokiexcavated per unit length of path.

5 CONCLUSIONS

The research concerning the assistance of drag bydhigh velocity water jet, was addressed both at
quantifying the improvement of the excavation perfance and at clarifying the mechanism of tool
assistance.

The main outcomes can be summarised as follows:

- The values of the depth of cut recorded along thiedtories trailed by the water jet assisted tool
are always higher than those obtained in case roplei mechanical excavation; the average
increment has been found in the range 80% - 100&arding to the radius of the circular path.

- The increment of the volume excavated per unittleind groove obtained with the introduction of
the water jet assistance has proved to fall betv@@ét and 200%.

- The analysis of the forces involved revealed anemse of the average value of the cutting force
and a corresponding increase of its oscillatiocaise of water jet assisted tests.

- A negligible difference is being outlined betweba tesults obtained in the tests in which water jet
and mechanical tool actions were contemporanegugi@etic) and those in which the two actions
were non contemporaneous (non synergetic). Thisererpntal outcome indicates that the
improvement of tool performance induced by watdr gesistance is mainly due to the rock
weakening rather than to stresses combination.

In synthesis, then, under the specific experimertalditions, the results obtained suggest thatrwate

jet assistance is effective in improving the pearfance of the mechanical tools and this effect is

mainly due to the reduction of the rock strengtkraped by the jet impacting the rock ahead the tool

Furthermore, in the specific experimental conditittre reduction of the force peaks is not achieabl

through the action of water jet and consequently iticrease of PCD tool technical life is not

realistically to be expected when water jet assistas applied to this kind of tools although tlffee
cannot be quantified.

The reason of this fact is related to the increnoénibe depth of cut which enhances a discontisuou

cutting mechanism characterised by the formatiobigger chips.

However when the average number of tools to beacepl per unit volume of rock is considered

instead of the mere time duration the advantagssiofy water jet assistance can be considerable.

Concerning the tests with the disc cutter, the amaipre analysis of the results with or without

waterjet assistance evidences an increase bolie igroove depth and in the volume removed per unit
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length respectively by a factor of 2 and 3.8. Thesi leave no doubts about the contribution of the
waterjet to the excavation process effectiveness.

The reliability of these results is corroboratedtbg fact that, in all the tests, the tool-roclatizie
velocity was kept between 1 and 2 m/s, i.e. conipardo that typical of the rolling tools in
conventional fullfacers. This aspect deserves @ddr mention since most tests described in the
literature have been carried out at much loweraités (0.1 — 0.5 m/s), beyond which the benefit of
waterjet assistance gradually decreases until §aalivay near 1 m/s (the damage induced by waterjet
is strongly time-dependent).

The energy consumed for the generation of the gebyi far higher than that necessary for the
functioning of the mechanical tool to the exterdttthe total energy involved is increased by adiact
of 10 confirming that energy consumption is the mabstacle to the diffusion of the waterjet
assistance technology. However it must be congidé¢nat the excavation rate and thence the
completion time is, in most practical cases, arfiyi@ften justifying an increase in energy cost.

As a result of the study of groove’s features msuout that the volume removed by the waterjet
assisted tool is deeper, wider and with steepemgitls compared to the one obtained in the drgtest
Moreover, the geometry is characterized by a madsytnmetry with respect to the disc’s plane and
in particular by a shorter span and an almost éeeder at the waterjet side.

The interpretation of the excavation mechanism atog to the model developed by Miller and
Sikarskie suggests that the steeper inclinatioth@fgroove’s walls is the consequence of a reductio
of the shear strength of the rock resulting from délation of the jet, especially in the surroundionfjs
the impact points. Such a negative effect impliesi@ower groove thus impairing the achievement of
a larger excavation volume after each revolutiotheftool.

On the other side deeper grooves are made in th&emed rock resulting in a positive effect on the
specific volume removed, up to 3,8 times higheexgdained earlier.

Finally it is worth mentioning that, at least orcke of medium strength, the nozzle configuration in
lateral position, at one or both sides of the tmohot fully beneficial since it determines thenm@tion

of smaller scales at the waterjet side. Maybe éeatter results can be achieved by placing theght r

in front of the tool in order to make a rock weakegnkerf with the advantage of increasing the
groove’s depth without limiting the size of the lssa

Furthermore, the results of the experiments confiivat the waterjet assistance has a positive effect
tools performance even at peripheral velocitiegchipf industrial operations.
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