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Abstract

Steel shots are suitable for abrasive waterjet rock cutting and recycling because of the high hardness and magnetic properties
of steel. This study evaluated the rock-cutting performance and recycling characteristics of steel shot waterjet. The rock-
cutting responses of steel shot and garnet were compared at the same waterjet conditions. The used steel shot was collected
and the particle-size changes were evaluated before reuse, and its cutting performance was re-evaluated. Overall, the steel
shot waterjet yielded improvements in performance in the range of 30-50% compared with the garnet waterjet. Moreover,
the recycled steel shot yielded a 50% reduction in cutting performance. Rust was observed on the surface of the used steel
shot, the used steel shots were partially destroyed, and the debris on the abrasive surface needed to be removed by drying.
The reusable steel shot left on the 80th sieve converged to 60% in each recycling run. The results of this study can be used
to reduce the cost of abrasive waterjet and industrial waste.
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1 Introduction

Abrasive waterjets are extensively used in a variety of
industrial applications for cutting materials, such as met-
als, alloys, rock, and exotic materials. The use of abrasives
in waterjets is a key aspect of the cutting target process
with acceleration-dependent energy (Momber 2004; Oh
and Cho 2013; Zeng and Kim 1996). However, the cost
of abrasives is ~ 60% of the total cost (Hashish 2011).
Increased abrasive consumption and its cost are one of the
limitations of the waterjets. Therefore, the introduction
and use of more economical technologies is a challenge.
Various attempts have been expended to reduce the cost
by improving the use of abrasives. Table 1 summarizes the
literature on abrasive recycling for waterjets. Recycling
abrasives reduce the overall cost and are environmentally
friendly (Babu and Chetty 2003; Chetty and Babu 1999).
As aresult, studies on the effects of particle size on garnet
recycling have led to the conclusion that abrasives with
sizes of 90 pm or less are not suitable for recycling. Fur-
thermore, the larger the abrasive is, the more efficient it is
for recycling (Guo et al. 1992). A study was conducted on
the cutting performance according to the mixing ratio of
the recycled abrasive and the deformation characteristics
of the particles. The mixing ratio of the optimum recycled
abrasive has been suggested to be 40% (Babu and Chetty
2002). Performance degradation owing to repeated abra-
sive recycling has also been investigated. Accordingly, it

Table 1 Literature review of abrasive recycling for waterjet

has been confirmed that the performance is reduced by
~ 20% per recycling run during the final four recycling
runs (Babu and Chetty 2003). In particular, studies on
recycling garnet for rock cutting showed the possibility
of reuse of abrasives for geotechnical purposes. The recy-
cling rate of garnet used for granite cutting decreased by
82%, 28%, 34%, and 18% with increasing recycling runs,
and a limitation of three rounds of recycling was suggested
considering the disintegration of garnet (Aydin 2015).
The cutting results of various types of granite showed
a strong correlation between the recycling rate and the
micro-hardness (Aydin 2014). The black granite cutting
depth of recycled garnet was 48-79% of fresh garnet, but
the surface finish was improved owing to the finer and
improved roundness of the used garnet (Chetty and Babu
1999). Conversely, ductile material cutting performance
of recycled garnet showed higher than fresh garnet. At
this time, the recycling rate was ~ 58% (Pi 2008; Pi et al.
2013). The experiment of abrasive particle disintegration
used in waterjet indicated that almost 50% of the garnet
was reusable (Perec 2017).

For garnets, which are the most common abrasives, the
processes of collection and treatment for recycling are com-
plicated and have high cost. In this regard, steel shots are suit-
able for abrasive recycling. Steel shots are the heavy materials
with high density. Thus, they have low-destruction rates and
dust. Steel is easy to collect based on the magnetic proper-
ties in recycling. High-recycling rates are expected to be more
economical owing to the reduced environmental wastage and

Abrasive type Investigation/observation References

Garnet The cutting efficiency and recovery of recycling garnet was studied; the cutting depth of Chetty and Babu (1999)
recycled garnet ranged from 48 to 79%, and the surface finish was found to have improved
with recycled abrasive

Garnet Changes in reusability of garnets between fresh garnets and those recycled three times on Babu and Chetty (2003)
ductile material cuttings were discussed. Reusable garnet of over 90 pm yielded ranges in
the order of 83%

Garnet The characteristics of abrasive recharging were reported; the optimized abrasive mixing rate ~ Babu and Chetty (2002)
was 40% of recycled garnet on ductile material cutting

Garnet The recycling capacity of the abrasive was discussed as a function of disintegration; the Guo et al. (1992)
particle size of recycled abrasives increased and was affected by the conditions of the focus
diameter

Garnet The cutting performance of recycled garnet for ductile materials was tested; the cutting depth ~ Pi (2008)
of recycled garnet was higher than that of fresh garnet

Garnet Recycle characteristics of the garnet in waterjet machining were investigated; the reusability ~ Pi et al. (2013)

Garnet and corumdum

Garnet

Garnet

of garnet was 58.86%, and the optimum particle size for recycling was higher than 90 pm

Abrasive disintegration and recycling possibility were tested; almost 50% of the garnet and
47-67% of corundum could be reused

Garnet recycling in rock cutting was investigated; the reusability was reduced by 82%, 58%,
34%, and 18% during recycling runs due to disintegration

Recycling was evaluated for different types of granite; a strong correlation between cutting
performance and micro-hardness was observed

Perec (2017)
Aydin (2015)

Aydin (2014)
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reduced environmental costs. The properties of steel shot (used
as abrasives), including size, roundness, density, and sphericity
of steel shot and steel grit, are thus introduced and discussed.
The roundness was used for particle velocity prediction (Hash-
ish 1989). The increased kinetic energy of a single steel shot
is more suitable for cutting brittle materials. Based on these
characteristics, a theoretical consideration of the abrasive
acceleration has been considered (Galecki and Summers 1992;
Summers 2003). The specific energy of the steel ball and other
abrasives, such as tungsten carbide and Ottawa sand, were cal-
culated for Indiana limestone drilling, and their performances
were evaluated (Maurer and Joe 1969). Based on the same
principles, a study on the peening performance and resulting
surface roughness was conducted with steel balls to evaluate
the feasibility of the steel ball abrasive (Daniewicz and Cum-
mings 1999; Fowler et al. 2009; Salko 1984).

As described above, various approaches have been tested on
steel shot for abrasives, but studies on the steel shot waterjet
for rock cutting have been limited. In addition, targeted studies
on steel shot recycling with abrasive waterjets are still lacking.
For economical uses of steel shots in geotechnical purpose, it
is necessary to compare the performance differences between
the steel shot and garnet for rock cutting. Correspondingly,
the practicality of recycling needs to be verified. Therefore,
in this study, experiments were conducted on the rock-cutting
performance and recycling characteristics of steel shot. The
effects of energy (i.e., the water pressure, abrasive flow rate,
and traverse speed), and geometric parameter (i.e., the stand-
off distance) were assessed based on the cutting performance
measurements (depth, width, and volume of cut) of the steel
shot and garnet. To evaluate the recycling characteristics of
the steel shot for rock cutting, used steel shots were collected
after use, and recycling was repeated up to three times. The
steel shot was subjected to a particle distribution analysis
based on their reuse, and the surface condition was observed
by macrophotography. As a result of this study, the rock-cut-
ting performance was evaluated as a function of the various
waterjet parameters. Furthermore, the recycling characteris-
tics of the steel shot, such as the surface conditions, changes
of the particle-size distribution, and reused cutting rate, were
reviewed based on the recycling number. In conclusion, steel
shot exhibited an improved cutting efficiency than the garnet,
and was the best option for recycling abrasive. Conversely, to
prevent deterioration attributed to repeated recycling cycles,
surface treatments of steel shots and size classification after
collection were necessary.

2 Theoretical Background
2.1 Effective Erosion Kinetic Energy

The abrasive serves the main energy source in abrasive
waterjet rock cutting, according to its velocity (v,) and mass
(). (Finnie 1960; Jankovic et al. 2013; Momber 2001).
The abrasive is accelerated by the high-velocity water flow
(Vy.o) produced by the high-pressure water pump (Momber
and Kovacevic 2012). The momentum of the high-velocity
water flow (71, X v,,) is transferred to the momentum of the
abrasive (71, X v,). This transfer continues until the terminal
velocity (v,) of water and abrasive becomes equal (Cha et al.
2020; Momber and Kovacevic 2012):

mwvw,o = mwvw + mava = (mw + ma)vt’ (1)

where 71, is the water flow rate, v,  is the velocity of water
at the pump, v, is the velocity of water during acceleration,
m, is the abrasive flow rate, and v, is the velocity of abrasive
during acceleration. The abrasive acceleration and mixing
efficiency are expressed in terms of a momentum transfer
parameter (7,) that is affected by the abrasive flow rate, and
determines the terminal velocity (Cha et al. 2020; Momber
and Kovacevic 1995; Oh and Cho 2015):

Vw.o

T ()

@
The waterjet abrasive has kinetic energy (E,) depending
on its terminal velocity and mass:

2
E =—-myvit=—nm| nn——— | . 3
P 2 a 2 a( tl +(ma/mw)>

Given that the energy conversion of the accelerated
abrasive depends on the hardness relationship between
the abrasive and the object to be cut, the effective erosion
kinetic energy (E,) is expressed based on the consideration
of the hardness relationship, as follows (Vahedi Tafreshi
and Pourdeyhimi 2003; Zhu et al. 2009):

£ Ep Hir, -t < Vao >2
C L+ [H/H, 2(1 + ,/Ht/Hp> "+ (g
“
where H, and H, represent the hardness of the target rock
and particle, respectively.

Based on the theoretical approach of energy conser-
vation, the effective erosion kinetic energy is expended
to remove materials (Capello and Groppetti 1993; El-
Domiaty and Abdel-Rahman 1997; Zeng and Kim 1992;
Zeng and Kim 1996):
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dv, dE

(S
dt ~ dr’ )

where v, is the removed volume by the single abrasive par-
ticle, and 7 is time.

The eliminated target volume is represented by the relation-
ship between the work expended by the abrasive to the final
depth of the abrasive indentation owing to the material hard-
ness (Cha et al. 2019). The removed volume is proportional
to the diameter (dy), velocity (vy), density (pp), and hardness
(H,) of the abrasive:

d3 -V3 . alS
p t pP

(o))

2.2 Number of particles and erosion volume

Vv, X

T

The number of injected abrasive particles (N,) can be repre-
sented by the mass of the abrasive input per time, the mass of
a single abrasive particle (m,,), and waterjet operating time (7):

_ a
Np=o -t )
p
Itis expressed in terms of the diameter (d,) and density (p,,)
of the single abrasive particle:
— ma

N, = - 1.
p 8
zd3p, ®

By calculating the material removal volume by a single
abrasive and the number of abrasive input, the total cutting
volume (V,) is given as follows:

Vi=v N, 9)

Substituting Eqs. (6) and (8) into Eq. (9), the removal vol-
ume of the input abrasives can be expressed as a function of
abrasive properties and target hardness, as shown below:

05 ;
p M

()

In this case, the cutting performance is determined by the
hardnesses and densities of each abrasive type with the same
input mass of steel shot and garnet. This theoretical result is
discussed in the experimental section.

3.
6vpp

Npoc

Il
<
5
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Table 2 Steel ball properties

Rock type Steel shot Garnet
Hardness
(Hv) 1500 1350
(Mohs) 8.2 6.5
Weight density (g/cm?) 7.78 3.93
Mean diameter (mm) 0.18 0.18
Young’s modulus (GPa) 100.2 68
Component C,Mn, Si, S, P Mg;Al(5i0,);
Steel shot Garnet

Fig.1 Abrasives for experiment: steel shot and garnet

3 Experimental Program
3.1 Abrasives and Rock Properties

The rock-cutting performances of the steel shot and garnet
were evaluated at the same waterjet parameter conditions,
such as the pump pressure, traverse speed, abrasive flow
rate, and standoff distance (SOD). The steel shot used after
the experiment was collected to test reusability.

Table 2 lists a summary of the abrasive properties.
The chemical analysis revealed that the steel shots con-
tained 0.8—1.2 of carbon, 0.35 manganese, 0.4 of silicon,
0.05 sulfur, and 0.05 phosphorus [all values expressed in
the percentage by mass (WT %)]. The steel shot had a
higher hardness than that of the garnet of [i.e., 8.2 of the
Mohs’ hardness (HM)], and had a specific gravity that was
approximately twice as that of the garnet (i.e., 7.78). The
intensifier waterjet system was supplied with the commer-
cial mesh size grade in the range of 60—80 (diameter of
0.18-0.22 mm) steel shot and garnet (Fig. 1). The size
of the abrasives were prepared in a similar manner in a
comparative study on the garnet recycling characteristics
based on the mesh size of 80 (Babu and Chetty 2003). The
steel shot used in experiments was mostly steel ball mixed
with a small amount of angled-steel grit.
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Table 3 Specimen properties

Rock type Granite
Weight density (g/cm?) 2.58
Porosity (%) 0.68
Compressive strength (MPa) 208.5
Tensile strength (MPa) 10.2
Young’s modulus (GPa) 30.2
P-wave velocity (m/s) 3394

International Society for Rock Mechanics Clas-
sification

Very strong rock

The rock specimen chosen was of granite, consider-
ing the practical applications of geotechnical abrasive
waterjets. In Korea, granite is the most typical rock
that is encountered in construction sites. The size of the
specimens was 200 mm X 200 mm X 300 mm, and all the
specimens were from the same depth and from the same
location in the Hwangdeung region for property unifica-
tion. The specimens had a density of 2.58 g/cm?, porosity
of 0.68%, and uniaxial compressive and tensile strengths
of 208.5 MPa and 10.2 MPa, respectively, and a P-wave
velocity of 3394 m/s. The properties of rock specimens
were estimated based on the guidelines of the Interna-
tional Society for Rock Mechanics [ISRM; (ASTM 2014;
Brown 1981)]. The relevant details of the rock specimens
are listed in Table 3.

3.2 Test Parameters for Rock Cutting

Experiments were conducted by varying the energy param-
eters (i.e., water pressure, abrasive flow rate, and traverse
speed), and the geometric parameter (i.e., the standoff dis-
tance) for performance comparisons with the system and
operational conditions. The effects of the energy parameters
were evaluated based on the application of water pressure
at 157, 235, and 314 MPa, the use of traverse speeds of 1.9,
8.4, and 14.1 mm/s, and the variation of the abrasive flow
rate from O (plain waterjet) to 44.75 g/s. To assess the effects
of the geometric parameter, the standoff distances were set to
10, 100, and 200 mm. The steel shot reusability were tested
at a water pressure of 235 MPa and the traverse speed was
set to 8.4 mm/s, while all the other experimental conditions
were maintained the same. Test cases for fresh steel shot are
listed in Table 4, and test cases for recycled steel shot are
listed in Table 5.

3.3 Test Setup and Experimental Testing Procedures

A typical abrasive waterjet system is shown in Fig. 2. The
force of the water stream accelerates the abrasives, and the ori-
fice diameter and pump pressure are among the most important
factors responsible for the water flow rate. For the experiment,
a 50 hydraulic power intensifier pump was used. This pump
can produce a maximum pressure of 420 MPa and a maxi-
mum water flow rate of 6 /m. The abrasive injection waterjet
type (AWIJ, conventional abrasive jetting) was used. The noz-
zle head system consisted of the sapphire orifice (diameter:
0.254 mm), and a tungsten carbide focus (diameter: 0.76 mm,

Table 4 Test cases for fresh

steel shot S
Abrasive type Fresh steel ball (S;) and garnet
Water pressure (MPa) 314 235 157
Water flow rate (ml/s)  28.3 24.5 20.0
Abrasive flow rate (g/s) 7.36-44.75 10.35-21.13 11.5-19.85
Standoff distance (mm) 10 100 200 10 100 200 10 100 200
Traverse speed (mm/s) 1.9 19 19 19 1.9 19 19 19 19
8.4 84 84 84 84 84 84 84 84
14.1 14.1 141 14.1 14.1 14.1 14.1 14.1 14.1
Table 5 Test cases for recycled S, S,
steel shot
Abrasive type Steel ball used once before (S,;) Steel ball used twice before (S,,)
Water pressure (MPa) 235 235
Water flow rate (ml/s) 28.3 24.5
Abrasive flow rate (g/s) 7.22-27.96 8.89-12.19
Standoff distance (mm) 10 100 200 10 100 200
Traverse speed (mm/s) 8.4 8.4 8.4 8.4 8.4 8.4
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ater pipe

Accumulator
Intensifier
Hydraulic pump

Water supplier

Fig.2 Diagram of the waterjet system used in the experiment

length: 76.2 mm). The jetting moved once in one direction, and
the performance was evaluated based on the measurements of
the cutting depth and volume. These were measured at least
three times, and the average value was obtained. The cutting
volume was measured by pouring water in the cutting space.
These cutting results were compared with those of the garnet.

After cutting the rock with fresh steel shot, used abrasives
were collected and dried to test the performance of the recy-
cled steel shot. Furthermore, the steel shot particle-size dis-
tribution was evaluated with fresh steel shot (S;), and with
recycled steel shot that was recycled once (Sg;), twice (Sg,),
and three times (Sg;) during the abrasive waterjet rock-cut-
ting process. Dry sieve tests for particle-size distribution were
based on the American Society for Testing Materials (ASTM)
standard test method D422-63 (ASTM 2007) and D6913-04
(ASTM 2009). To determine the reusable steel shot rate for
recycling, the same size as that collected for fresh steel shot
was collected with the mesh sizes between 60 and 80. To
prevent rusting, the used steel shots were dried in an oven
at 70 °C. Some of the used abrasives were naturally dried at
21 °C (room temperature) to evaluate the effect of the drying
conditions. The surfaces of recycled particles were observed
with an optical microscope (Mitutoyo, 10 XM plan Apo) and
a personal computer (PC) camera (Moticam 2300) in each
recycling process.

@ Springer
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4 Steel Shot and Garnet Waterjet Granite
Cutting Performances

4.1 Water Pressure Effects

The rock-cutting outcomes of an abrasive waterjet depend
on the abrasive type and waterjet parameters. As shown
in Fig. 3, the cutting path on the rock specimens space out
without affecting each other. Figure 4 shows the cutting
depth that depended on the water pressure at a standoff
distance of 10 mm. At the tested conditions, the cutting
depths of steel shot were ~ 30-40% deeper than those of
the garnet. For each traverse speed, the cutting depth lin-
early increased as a function of pressure. The increase in
the pressure increased the velocity of the high-pressurized
water that yielded a higher abrasive energy that led to an
improved cutting performance. The threshold pressure
(p., minimum critical pressure) was required to cut the
granite (Evans et al. 1978; Oh and Cho 2013), and ranged
from 80 to 100 MPa regardless of the abrasive type. This
threshold pressure depended on the properties of the cut-
ting material.

Figure 5 shows the cutting results owing to the water
pressure at various traverse speeds. This parameter
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Fig.3 Results of an abrasive
waterjet rock cutting with
abrasive type and waterjet
parameters

60

B A ¢ Steel shot
50 L |OAO Garnet

Traverse speed

40
1.9 mm/s

30

20

Cutting depth, D [mm]

10t =
Threshold pressure (pc)

0 50 100 150 200 250 300 350
Water pressure, Pw [MPa]

Fig.4 Effects of the water pressure on the cutting depth using a steel
ball

70

Garnet Steel shot
60 |---- 157MPa ---- ---- 235MPa ---- --- 314MPa ----

50

40

30

Cutting depth, D [mm]

20

,______________________________
g iy g ppipuiys My
! iyt B

1.9 8.4 14.1 1.9 8.4 14.1 1.9 8.4 14.1
Traverse speed [mmy/s]

Fig.5 Effects of the traverse speed on the cutting depth

indicates the exposure time of the waterjet energy that was
intended to be cut (Ay et al. 2010; Hascalik et al. 2007).
As observed, the cutting depth increased owing to the
accumulated energy at slow traverse speeds. In the cases
of the garnet and the steel shots, the higher the exposure

)

Abrasive

@ Steel shot
O Garnet

.

50% energy loss

Normalized cutting depth, D/Dyyqx
=3
[=2)

(4

0.4 N
]
02 Mia(op) i
Steel ball = 11.91 g/s |
Garnet =10.33 g/s i
0 I I 1 1 1L Y

0 0.5 1 1.5 2 2.5 3

Normalized abrasive flow rate, Mg/’ Ma(op)

Fig.6 Abrasive flow rate and rock-cutting depth using steel ball and
garnet

time of jet energy (i.e., slower traverse speeds), the greater
the effects of the water pressure.

4.2 Abrasive Flow Rate Effects

Given that the momentum of the water was converted to the
momentum of the abrasive during mixing and acceleration,
the abrasive flow rate in an AWJ determined the velocity
and energy of the abrasive (Eq. 3). As the abrasive flow rate
increased, the cutting performance increased as the number
of abrasive particles (e.g., impact frequency) increases as a
function of energy. However, beyond a specific abrasive flow
rate (i.e., optimum abrasive flow rate, ma(op)), the cutting
performance decreased owing to the reduction of the mix-
ing efficiency and terminal velocity (Eq. 2). Figure 6 shows
the cutting depth (D) and abrasive flow rate (ri1,) of the steel
shot and garnet in the same waterjet system configuration.
Each result was normalized based on the maximum cutting
depth (D,,,,) and optimum abrasive flow rate (7i,(,). The
maximum cutting depth with the steel shot was achieved at
the abrasive flow rate of 11.91 g/s, that is, at the optimum
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Fig. 7 Effects of the standoft 70
distance on the cutting depth Garnet Steel shot
60 [;--- 157 MPa ---7 [--- 235MPa ---7 --- 314 MPa --—
1
- | L o :
E 50 |1 Do P |
Al : 1 : 1 : 1
Q i P | H i
= 40 || Do P |
o ! 1 ! ! 1
O 1 [ ! |
- 1 T 1 : |
o 30 |! = L !
.8 I [ ! |
= ! [ [ |
3 20 |1 - Lo :
1 1 I I ! 1
1 1 I I ! 1
: P o |
10 | Lo P |
1 1 I I ! 1
I [ [ |
1 1 I I \ 1
O 1 1 1 1
10 100 200 10 100 200 10 100 200
Standoft distance, SOD [mm]
600 60
Garnet Steel shot
' 500 |70 I57MPa --=p po-0 235MPa --mp -o=- 314MPa oo 50 |
£ B B 1
§ 400 i i i i E E g 40 Traverse speed
N : b P i Q —m— 1.9 mms
g 300 |1 —) P : 2
E ' P P | g% —A—8.4 mm/s
S i b [ i o
w 200 . . i g 20 —o—14.1 mm/s
g : Do P : E A-A\‘
S o i P P i 0} ’\‘\0
o L L L ' . . . . .
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Standoff distance, SOD [mm]

Fig. 8 Effects of the standoff distance on the cutting volume

abrasive flow rate of the steel shot, and at the flow rate of
10.33 g/s in the case of the garnet, which was 40.3% of
the mass ratio of the water flow rate (711,,). Owing to the
fact that the energy transfer of the high-velocity water to
the abrasives depends on the input mass regardless of the
abrasive density and the number of particles, the normalized
depth of cut and abrasive flow rate by steel shot and garnet
are similar.

4.3 Standoff Distance Effects

The waterjet cutting for geotechnical purposes requires
greater depths and widths than roughness and quality.
Therefore, the standoff distance becomes one of the main
variables. Geotechnical use of waterjets is necessary to set a
high-standoff distance to obtain the greater cutting volume.
The cutting results shown in Figs. 7 and 8 indicate that as
the standoff distance increases, the cutting depth decreases
as the concentrated energy decreases. However, the cutting
volume increases owing to the cutting width increments.

@ Springer

Standoff distance, SOD [mm]

Fig.9 Effects of the traversal speed and SOD on the cutting depth of
the steel shot

These results demonstrate that the larger the standoff dis-
tance is, the better the performance is in terms of the mate-
rial volume removal. However, in the case of the waterjetting
method that assisted mechanical excavation, small standoff
distances are suitable for deeper cutting depths. The results
indicate the increased cutting performance with the use of
steel shot compared with garnets, the steel shot led to better
volume cutting performances than those of the garnet by
approximately 40-50%. The volume removal ratio for each
abrasive can be expressed from Eq. (10) as a function of the
abrasive density, hardness, and the removal material hard-
ness as follows:

1.5

1+ /H/H,
Vi Vig & /0051005 ——=1 . an
‘ 1+ +/H,/H,
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0

Cutting volume, ¥ [mm?/mm]
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Fig. 10 Effects of the traversal speed and SOD on the cutting volume
of the steel shot

According to the density and hardness of the steel shot
and the garnet used in experiment (Table 1 ie., with den-
sities of 7.78 and 3.93 g/cm3, and hardnesses of 8.2 and
6.5 Hv), the volume removal ratio is 1.402. Based on this
theoretical approach, the steel shot has a 40.2% higher
cutting performance than that of the garnet has.

Figures 9 and 10 show the effects of the standoff dis-
tance as a function of the traverse speed. The difference
in the cutting depth could explain the fact that the slow
traverse speed was affected considerably by the standoff
distance. The traverse speed was a function of the time the
rock specimen was exposed to the abrasive energy, and
the standoff distance was a function of the density of the
energy. Therefore, these results are the general relationship
between cutting efficiency as a function of energy density
and exposure time.

£

Q -

) 20 —+— Recycled once
o

L

en 15 —>— Recycled twice
£

310

0 50 100 150 200 250 300
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Fig. 11 Effects of the recycling times on the cutting depth using fresh
steel and recycled steel shot
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Fig. 12 Effects of the recycling times on the cutting volume using
fresh and recycled steel shot

5 Recycle Characteristics of Steel Shot
Waterjet

5.1 Cutting Performance of Recycled Steel Shot

Figures 11 and 12 show the cutting performances of fresh
steel shot after one or two recycle runs as a function of the
SOD. The cutting performance of the steel shot that was
recycled once was ~ 50% of that of fresh steel shot. The
results obtained from steel shots that were recycled twice
were similar with those of the steel shots that were recycled
once but their values were slightly lower.

5.2 Particle-Size Characteristics of Recycled Steel
Shots

On the surface of the steel shot before drying, a lot of debris
of the broken steel shot was observed. However, after oven
drying, the surface debris was removed naturally, as shown
in Fig. 13. To use recycled steel shot for the injection water-
jet system as well as the suspension waterjet, the recycled
steel shot needed to be dried. Therefore, the collected steel
shot was observed after drying.

Figure 14 shows the -ize distribution of fresh and recycled
steel shot obtained by sieve analysis. Using these results,
to evaluate the changes in particle sizes, the effective size
(D,o: diameter corresponding to 10% finer), mean particle
size (Ds: diameter corresponding to 50% finer), uniformity
coefficient (C,: D¢,/D,), and coefficient of gradation (C,:
Dgo / [Dso X DIO]) were determined, as shown in Fig. 15.

After a single use of the fresh steel shot for rock cut-
ting, the steel shot particles were destroyed and disinte-
grated (i.e., D5y and D, were reduced, and C, increased).
As shown in Fig. 16, broken particles were observed at the
mesh size 100. A slight rust was observed on the surface of
the used steel shot which maintained the spherical shape.
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Fig. 13 Used steel ball before
and after drying
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10 —O—Recycled three times
0
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Fig. 14 Particle-size distribution

The recycled steel shot (after two runs) yielded a smaller
decrease of the effective size (D,,) and an increase of the
coefficient of gradation (C,.) compared with the recycled
steel shot. This can be explained by the relatively strong
steel shot left after the first recycling run. Defective or
weak steel shot had already been destroyed during the
primary recycling run. The recycled steel shot (after two
runs) showed more rust on the particle surface. In this
case, a larger amount of broken particles was observed
at the mesh size 100 and 140. As a result of sieve analy-
sis following three times of recycling of steel shots, the
effective size decreased (D;,). The change in the coef-
ficient of gradation (C,) was smaller than that of the twice
recycled steel shot. This can be also explained by the fact
that stronger, intact particles were left. On the surfaces of
these particles, more rust was found than the case of steel
shot that was recycled twice. Regardless of the number
of recycling runs, used steel shot retained on the mesh
size 80 has its original spherical shape. In the case where
three recycling times were used, the original values of the
size parameters (i.e., effective and mean particle sizes)
and coefficient (i.e., uniformity coefficient and coefficient
of gradation) were recovered.

Figure 17 shows the cutting performance according to
the drying type of the collected steel shot. As a result of the
cutting experiment, the cutting performance of rapidly dried
recycled steel shot (oven day) was relatively higher than that
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Fig. 15 Steel ball particle-size changes as a function of the recycling
times

of natural day, although no visible difference between oven
dry (1 day) and natural dry (1 month) was observed.

As shown in Fig. 18, it is expected that approximately
60% of the steel shot can be recycled based on particle-
size distribution and the retention of the particle shape. This
result shows a higher reusability of the particles that were
recycled two and three times compared with the garnet [i.e.,
83%, 55%, and 31%, for one, two, and three recycling runs
for garnet, respectively (Babu and Chetty 2003). Owing to
the types of mineral composition, the steel shot maintained
its original conditions compared with the garnet. Through
the comprehensive analysis of these experimental results, the
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Mesh size 100

Mesh size 140 :

Fresh

Fig. 16 Dried steel shot images at different recycling steps

following characteristics can be observed. Given that a high-
hardness steel shot is more resistant to collisions, and given
that it cracked compared to a low-hardness steel shot, the
hardness of an abrasive is inversely proportional to its reus-
ability. Thus, the medium hardness steel shot is suitable for
recycling. Like natural garnet, the produced steel shot can
also have blowhole, crack, and dendritic voids. Therefore, a
more intact steel shot is suitable for recycling.

6 Conclusions

The purpose of this study was the evaluation of the perfor-
mance and recycling characteristics of steel shot for rock
cutting with abrasive waterjets. The cutting performance
of the steel shot and the garnet depended on the abrasive
waterjet parameters, such as water pressure, abrasive flow
rate, traverse speed, and standoff distance, were evaluated
experimentally, and the results were compared. In addition,
this study aimed to identify the characteristics of steel shot
recycling (up to three times) based on the analysis of the
surface condition and particle-size distribution of the reused
steel shot for the cutting of strong rock. The following are
the major findings of this study.

e The steel shot was typically cut by 40-50% deeper
than the garnet at the same input mass. The depth of
rock cutting with steel shot waterjet exhibited a general

Recycled
three-times

trend, such that the cutting depth was deeper when a
higher pressure, longer exposure time (slower traverse
speed), and a shorter standoff distance were used. The
threshold pressure (p.) was determined based on the
properties of the rock that was intended to be cut and
was in the range of 80-100 MPa in both of steel shot
and garnet.

Subject to the experimental conditions, the optimum
abrasive flow rate of the steel shot was approximately
12 g/s, and the normalized abrasive cutting depth
changes were very similar to the results of the garnet.
This result can be demonstrated as the acceleration and
input energy of the abrasive as that was determined by
the abrasive input mass.

The steel shots are partially destroyed after rock cut-
ting and most of them retained their original shape, and
recycled steel shot reduced the cutting performance by
50%. This led to a cutting performance that was similar
to that of the primary recycling in secondary recycling
but slightly lower, owing to the increased ratio of large
and intact steel shots after previous recycling.

Steel shots had a high recycling rate of ~ 60%. Rust
was observed on the recycled steel shot, and the steel
shot that maintained perfect spherical shape decreased
in repeated recycling runs. It is expected that the recy-
cling rate will be increased with rapid drying and heat
treatment to prevent rust and reductions in particle
destruction.
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Fig. 17 Effect of the drying type on the recycled steel shot waterjet
rock cutting
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