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Abrasivewaterjets (AWJs) can be used in extrememining conditions for hard rock destruction, due to their
ability to effectively cut difficult-to-machinematerials with an absence of dust formation. They can also be
used for explosion, intrinsic, and fire safety. Every destructible material can be considered as either ductile
or brittle in terms of its fracture mechanics. Thus, there is a need for a method to predict the efficiency of
cutting with AWJs that is highly accurate irrespective of material. This problem can be solved using the
energy conservation approach, which states the proportionality between the material removal volume
and the kinetic energy of AWJs. This paper describes a method based on this approach, along with
recommendations on reaching the most effective level of destruction. Recommendations are provided
regarding rational ranges of values for the relation of abrasive flow rate to water flow rate, standoff
distance, and size of abrasive particles. I also provide a parameter to establish the threshold conditions
for a material’s destruction initiation based on the temporary-structural approach of fracture mechanics.
� 2017 THE AUTHOR. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher
Education Press Limited Company. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction The effectiveness of these technologies increases sharply with
The need to increase the efficiency of mining machines and
extend the field of their application has come to a head. Special
attention is also required in the creation and development of min-
ing equipment that provides an increase in technical and economic
performance along with secure labor conditions. Waterjet tech-
nologies are one of the most promising solutions to meet these
needs. These technologies are based on the usage of the energy
of high-speed water streams to create stress within a destructed
material that is higher than the strength of that material, leading
to the propagation of cracks and to erosion [1,2]. Waterjet tech-
nologies are currently in broad usage in highly technological indus-
tries [3–5] due to their advantages, which include high machining
versatility, the ability to contour, no thermal distortion, and a small
cutting force. They also provide the possibility to cut difficult-to-
machine materials such as ceramics, marbles, and layered compos-
ites. In mining, waterjet technologies allow an increase in produc-
tivity by permitting advancement to occur several times faster, and
permit the destruction of hard rocks without dust formation but
with explosion, intrinsic, and fire safety [6,7]. For these reasons,
waterjet technologies can be exceptionally useful in extreme min-
ing conditions and for the destruction of hard rocks.
the addition of an abrasive to the water stream [6,8–11]. For rock
destruction, the most common usage of abrasive waterjets (AWJs)
is in the processing of natural stones, especially marbles and gran-
ite [12,13]. Possible ways of applying AWJs in underground mining
have also been considered [6,14–16]. For the purpose of increasing
the efficiency and safety of the working processes in mines, it is
reasonable to use AWJs in the following operations:

� Dismantling works (i.e., cutting metal structures, armored
cable, steel cord conveyor belts, etc.);

� Contouring the face preparatory workings when installing
fasteners;

� Repairing excavations and restoring the area of their cross-
section;

� Weakening hard rock with discharge slots, with further destruc-
tion by mechanical tools;

� Cutting rock and solid materials, including high-strength metals
in extreme conditions (in areas of geological faults, fractured
rock mass, etc.); and

� Drilling gas drainage holes in order to prevent outbursts in coal
mines.

As seen from this list of mining conditions, it is necessary

to effectively cut not only rock, but also metals, concrete, and
other solid materials with different physical and mechanical
properties.
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2. Basic principles of abrasive waterjets

There are two ways in which abrasives are mixed with water to
form AWJs: the direct pumping system and the entrainment sys-
tem. In a direct pumping system, abrasives are pre-mixed with
water to form slurry, which is then pumped and expelled through
a nozzle. In an entrainment system, a high-pressure waterjet is first
formed by an orifice; next, abrasives are entrained into the water-
jet to mix with it and form AWJs. For mining conditions, entrain-
ment systems are more convenient because of their relative
cheapness and compactness, and their lower requirement for a
specific quantity of metal to be cut [17].

To be more precise, AWJs in entrainment systems are formed as
follows: A high-pressure pump compresses water to a high (140–
420 MPa) or ultra-high (over 420 MPa) pressure. A water supply
system then delivers water to a cutting head, where a waterjet
forms. This waterjet goes to a mixing chamber. Abrasive is also
transported to the mixing chamber from a container using a special
delivery system. In the mixing chamber, the waterjet mixes with
abrasive particles to form slurry. The slurry then goes to a conver-
gent section of the mixing chamber and further to a collimator,
where the final forming of the AWJ occurs.

In most of the calculations associated with this technology, it is
possible to neglect the influence of the water, since its main func-
tion is to accelerate the particles within the formed AWJs and then
carry them off the surface of the destructed material. The destruc-
tion of materials with AWJs is caused mainly by the impact of abra-
sive particles in the stream [6]. Thus, this process can be described
as an interaction between the abrasive particles and the material’s
surface. This type of interaction depends on the type of destructed
material—that is, on whether the material is ductile or brittle. This
division is due to a modern conception about the toughness of
materials, which is based on fracture mechanics. In this concep-
tion, destruction is considered to be a form of erosion, which con-
sists of simultaneous deformations, such as elastic and bound
deformations and cracking.

It is now possible to define the type of material under certain
loading and environmental conditions at the atomic level, using
the temporary-structural approach of fracture mechanics [18].
Brittle fracture is related to the rupture of chemical bonds, whereas
ductile fracture is due to the shift of atomic planes along slip
planes. For this reason, most materials with isotropic features,
which are characterized by a random arrangement of atoms,
demonstrate brittle fracture. In contrast, solids with a crystalline
structure, in which jointing is difficult because of the elimination
of local stresses by elastic deformations, mostly demonstrate duc-
tile fracture. Thus, hard rocks under normal conditions are always
brittle, whereas most metals are ductile.
3. Method to predict abrasive waterjet performance

Although the destruction of hard rock is considered to be the
main application for AWJ in mining, this technology can also be
used (as mentioned above) to cut non-rock materials. Therefore,
there is a need for a method to predict the efficiency of cutting
with AWJs that is highly accurate irrespective of material. This
problem can be solved using energy conservation modeling. This
approach is based on the assumption that there is proportionality
between the material removal volume and the kinetic energy of
AWJ. This approach has led to the development of several semi-
empirical methods that allow the depth of cut to be determined
for various materials.

The first of these methods was developed by Blickwedel et al.
[19], and takes into account the exponential character of traverse
speed and its influence on the depth of the cut, d:
d ¼ Cs
P � Pc

uf
ð1Þ

where Cs is the empirical parameter, which depends on the mate-
rial’s properties; f is the empirical parameter, which describes the
energy losses of the jet within a cut slit; u is the traverse speed of
the AWJ; Pc is the minimum water pressure required to initiate
destruction; and P is the current water pressure.

Parameter f is determined by the following equation:

f ¼ 0:86þ 2:09
u

ð2Þ

This approach was developed further by Chen et al. [20] for cut-
ting aluminum ceramic, which is a brittle material. The main fea-
ture of this method is the introduction of the abrasive flow rate,
ma:

d ¼ 0:0101
maP
u0:78 ð3Þ

Subsequent development of this approach was done by extend-
ing the number of parameters included; the approach was then
applied to various materials. For example, Wang [21] added the
jet diameter, dj, and the water density, qw, to this method and used
it to predict the cutting efficiency of polymer matrix composites,
which are ductile materials.

d ¼ 0:6267
m0:407

a P
dju0:637qw

ð4Þ

Although the exponents for traverse speed in Eqs. (3) and (4)
are distinct from those in Eq. (2), the former are more reliable
and can be considered as constants, for a certain type of destructed
material [6]. Thus, for brittle materials, the exponent is approxi-
mately equal to 0.78, whereas for ductile materials, the exponent
is about 0.64.

The constant values before the fractions in both equations are
the coefficients of machinability for a certain material. The follow-
ing formula, which comes from Ref. [4], can be used for the primary
assessment of this coefficient:

Cs ¼ 3:626� 10�8 expð�2:448� 10�8rcÞ ð5Þ
where rc is the uniaxial compressive strength.

Although Eq. (5) is quite useful, it is preferable to detect the
machinability factor for a particular material of interest using the
regression method, which requires experimental studies.

It is known that effective cutting angles depend on the mate-
rial’s type [22–24]. The most effective destruction of a brittle mate-
rial occurs when the cutting angle, u, is 90�, whereas for ductile
materials, the optimum cutting angle is about 20�. In order to take
into consideration the influence of the angle of a waterjet attack on
cutting efficiency, a new coefficient, ku, is enacted, which can have
a value between 0 and 1. Such a coefficient was determined [22] by
approximating functions built on generalized experimental data
[6,22–24].

For brittle materials:

ku ¼ 0:99 exp �0:5
u� 90
28:4

����
����
1:77

 !
ð6Þ

For ductile materials:

ku ¼ 8437 sin
u

68049

� �
exp

�u
20:5

� �
ð7Þ

Eq. (6) operates for values from 0� to 180�, and Eq. (7) operates
for values from 0� to 90�.

The next point that should be discussed is the abrasive flow
rate. Studies on this parameter [25–28] have shown that its
increase leads to an increase in cutting efficiency, until it reaches
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a surplus level, at which point the cutting efficiency decreases. It
was established that the optimum flow rate does not relate to
the material. In fact, the optimum flow rate depends on the
momentum transfer efficiency of the waterjet energy to the abra-
sive particles; that is, the optimum flow rate is a relation of the
abrasive flow rate, ma, to the water flow rate, mw [29]. This opti-
mality means that under the given conditions, the cutting process
provides the deepest depth of cut with the least possible specific
energy [6]. As shown in Ref. [25], the optimum flow rate lies in
the range of ma/mw = 0.1–0.35. The function of the cutting effi-
ciency, which depends on the relation of the abrasive flow rate
to the water flow rate, is quite a flat curve (i.e., it does not increase
sharply to the turning point from both sides of the function), and
has no wide scatter within the range given above. Thus, keeping
the abrasive flow rate on such a level that the relation ma/mw is
within the described range allows the achievement of at least
90% maximal cutting efficiency. Taking into account the fact that
the kinetic energy of the waterjet is effectively transferred to the
abrasive particles, the AWJ speed just after leaving the tool is half
of the waterjet speed at the immediate point of entry of the tool
[25]. Thus, the theoretical maximum efficiency of the transfer of
kinetic energy from the waterjet to the abrasive particles is 25%.
If the relation ma/mw is not maintained within the established
range, the actual kinetic energy of the abrasives is less than 10%
of the total energy of the waterjet in an AWJ system [30].

The waterjet speed, uw, can be calculated by the following
equation:

uw ¼ l

ffiffiffiffiffiffiffi
2P
qw

s
ð8Þ

where l is a coefficient for the velocity loss due to friction between
the water flow and the orifice wall.

The abovementioned developments have led to the following
mode of this method; this mode is based on the energy conserva-
tion approach and can be recommended for practical usage:

d ¼ l2maP
4qwdjuf

Csku ð9Þ
4. Results and discussion

Eq. (9) does not take into account significant parameters such as
type of abrasive, size of abrasive particles, and standoff distance
[31]. However, these parameters can be ‘‘introduced” into the
method by means of recommendations. In mining conditions, it
is impossible to reuse abrasive, so the cost of abrasive should be
kept as low as possible. The most reasonable material for abrasive
is quartz sand. This recommendation is confirmed by the study
described in Ref. [32], in which 52 types of abrasive were examined
with a variety of parameters (cost, effectiveness, grain toughness,
etc.). Unlike garnet, chrysolite, or metal shot, when used as an
abrasive, quartz sand does not provide high-quality contouring of
a worked material; nevertheless, it is still quite effective for
destruction. Regarding the size of abrasive particles, reasonable
values are from 0.1 mm to 0.25 mm [6,33].

In order to provide the most efficient destruction, a standoff dis-
tance of 4–6 mm is recommended [6]. At smaller distances, the
spatter of water with abrasive and destructed material particles
impedes effective cutting by reaching the tool’s output orifice
and causing its soiling. At greater distances, dissipation of the
AWJ occurs, along with a decrease in its velocity due to the inter-
action of abrasive particles with the environment (i.e., energy loss
caused by friction with the mine air).

Note that Eq. (1) contains a parameter for the minimum water
pressure that is required to initiate destruction. Although subse-
quent modes of this approach, including Eq. (9), do not include
the threshold parameters, it is clear that in order to initiate
destruction, certain special conditions are needed. It is known
[34] that dynamic fracture (and rock destruction by AWJs is defi-
nitely a dynamic process) cannot be predicted on the basis of clas-
sical fracture mechanics. Numerous experimental results [35,36]
reveal contradictions with conventional approaches (i.e., critical
stress or critical stress intensity factor concepts) that can only be
explained by the inapplicability of static approaches to dynamic
problems [37]. Fracture on each scale level is a result of compli-
cated kinetic processes such as growth, propagation, and jointing
of microcracks [35,36]; therefore, it should never be considered
as an instantaneous event. It is possible to take these microscale
processes into consideration, and hence to solve the nonlinear
problem of dynamic fracture while remaining within the frame-
work of linear formulation by using the fracture criterion based
on the incubation time, s. This criterion was originally proposed
in order to predict crack initiation under dynamic conditions, as
formulated in Ref. [38]. It can be successfully used to predict frac-
ture initiation in brittle solids [39,40]. The incubation time charac-
terizes the duration of preparation of the medium to the fracture or
phase transition, and is a material constant [41]. A relatively sim-
ple method of measuring the incubation time involves considering
it as the time required for relaxation of the tensile stress at a point
distant from the fracture interface [37].

This criterion makes it possible to obtain the threshold velocity
of a particle that is needed to initiate the growth of cracks in the
destructed material. For a ductile material [41], the threshold
velocity, Vc, can be estimated from the following equation:

Vc ¼ 335:5
R
s

� �5 pqð1� m2Þ
E

ð10Þ

where R is the medium radius of the abrasive particle, q is the par-
ticle density, m is the Poisson ratio of the destructed material, and E
is Young’s modulus of the destructed material.

For brittle materials [42], the threshold velocity can be esti-
mated from the following equation:

Vc ¼ 0:63

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J5cE

2

r5
cs5ð1� m2Þ2q2

9

vuut ð11Þ

where Jc is the critical value of the J integral [43,44].
By doubling the estimated value of the threshold velocity

obtained from Eq. (10) or Eq. (11)—depending on the type of mate-
rial—in order to calculate the waterjet velocity (if the condition
regarding the optimal relation of the abrasive flow rate to the
water flow rate is completed), it is possible to obtain the critical
value of the water pressure that is required to initiate destruction
using Eq. (8).

5. Conclusions

This paper describes a method based on the energy conserva-
tion approach for predicting the depth of the cut when cutting
either ductile or brittle materials with AWJs. A comparison of
experimental data with theoretical values obtained using the rep-
resented method is provided in Table 1. For calculation purposes,
the water density, qw, was taken as 1000 kg m�3; the coefficient
for the velocity loss due to friction between the water flow and
the orifice wall, l, was 0.75; the cutting angle for brittle materials
was 90�; and the cutting angle for ductile materials was 20�.

Although this method includes several restrictions regarding
the relation of the abrasive flow rate to the water flow rate, the
standoff distance, the size of abrasive particles, and the type of
abrasive, these restrictions lead to the most effective destruction.



Table 1
Comparison of experimental and theoretical values of depth of cut for various materials.

Material (type) rc (MPa) P (MPa) dj (mm) U (mm�s�1) ma (kg�s�1) dexp (mm) dth (mm) R2

Marble (brittle) 27.2 50–150 3.5–7.5 0.7–7.0 5–30 6–410 6–405 0.93
Limestone (brittle) 90.1 50–150 3.5–7.5 0.7–7.0 5–30 2–85a 2–86 0.98
Granite (brittle) 115.5 50–150 3.5–7.5 0.7–7.0 5–30 1.2–52a 1.4–50 0.94
Aluminum (ductile) 150.0 175 0.6 0.3–1.7 48–96 40–200 48–210 0.78

dexp: experimental depth of cut; dth: theoretical depth of cut.
a If high traverse speed and low water pressure occurred simultaneously, no destruction occurred.
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Thus, they should be considered as recommendations that do not
limit the usage of the method but rather provide auxiliary informa-
tion to increase the productivity of AWJs. This paper also discusses
a parameter to establish the threshold conditions for the initiation
of a material’s destruction.
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