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Abstract: In the process of rock breaking, the conical pick bears great cutting force and wear, as a result, high-pressure water jet 

technology is used to assist with cutting. However, the effect of the water jet position has not been studied for rock breaking using a pick. 

Therefore, the models of rock breaking with different configuration modes of the water jet are established based on SPH combined with 

FEM. The effect of the water jet pressure, distance between the jet and the pick bit, and cutting depth on the rock breaking performance 

as well as a comparison of the tension and compression stress are studied via simulation; the simulation results are verified by 

experiments. The numerical and experimental results indicate that the decrease in the rates of the pick force obviously increases from 25 

MPa to 40 MPa, but slowly after 40 MPa, and the optimal distance between the jet and the pick bit is 2 mm under the JFP and JSP 

modes. The JCP mode is proved the best, followed by the modes of JRP and JFP, and the worst mode is JSP. The decrease in the rates of 

the pick force of the JCP, JRP, JFP, and JSP modes are up to 30.96%, 28.96%, 33.46%, 28.17%, and 25.42%, respectively, in experiment. 

Moreover, the JSP mode can be regarded as a special JFP model when the distance between the pick-tip and the jet impact point is 0 mm. 

This paper has a dominant capability in introducing new numerical and experimental method for the study of rock breaking assisted by 

water jet and electing the best water jet position from four different configuration modes. 
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1  Introduction 
 

Conical picks are essential cutting tools that are widely 
used in engineering machinery. The pick that directly 
impacts rocks is in a harsh cutting environment. The low 
cutting efficiency and high cost of picks arise because the 
conical picks bear a great amount of the cutting force and 
wear quickly in the process of hard rock breaking[1]. To 
solve these problems, a great deal of research was 
performed by both scholars and engineers. One method that 
was presented involves changing the pick material and 
modifying the pick structural parameters. Carburization 
was performed on a 30CrMnMo alloy to synthesize a new 
cutting pick material with improved mechanical properties 
and high wear resistance[2]. Focusing on the structural 
characteristics of the cutting pick body and the material 
properties of 42CrMo high-strength steel, the power 
balance principle was used to obtain an approximation of 
the deforming force, and an approximate calculation 
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formula of the warm extrusion force for the cutting pick 
body was derived. The result indicated that the method can 
refine the microstructure grain and improve the material 
performance[3–4]. The composite material WpC of a pick 
was studied to improve the hardness of the cutter tooth 
material[5]. Different pick structures were investigated to 
obtain the optimal structure; the results indicated that the 
pick structure had a great influence on rock breaking[6–8].  

However, the methods described above are not effective 
for decreasing the cutting force and improving the cutting 
efficiency of picks. Picks are still easy to wear, resulting in 
a large consumption of picks and low economic benefits 
during rock breaking. Thus, foreign scholars proposed a 
new method, rock breaking via a conical pick assisted by a 
high-pressure water jet[9]. There are two main types of rock 
fragmentation via a water-jet assisted pick, the cutting 
effect and extrusion effect, as shown in Fig. 1. From Fig. 
1(a), the rock is initially cut by the water-jet, which results 
in a certain depth of slotting and the formation of a 
free-surface on the rock surface, followed by fragmentation 
via machine tools. This approach can improve the rock 
fragmentation efficiency and reduce the cutting force of the 
machine tools. From Fig. 1(b), the water jet acted via an 
extrusion effect. In this approach, under the action of 
cutting via machine tools, cracks are generated, which 
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extend and propagate via the water-jet, leading to rock 
breaking. 

 

 

Fig. 1  Different rock fragmentation types  
via a pick assisted by water jet 

 
The mechanism of rock breaking via a pick assisted by a 

high-pressure water jet was studied and found to be divided 
into three processes[10]: 1) the hydraulic erosion process, 
when the water jet erodes the rock breaking zone; 2) the 
hydraulic fracturing process, when the expansion of micro 
cracks is accelerated by a water jet; and 3) the pore 
pressure process, when a pressurized water jet produces 
expansion, thus accelerating crack initiation and propagation. 
A research program at the Colorado School of Mines 
investigated the application of low-to-moderate pressure 
water jets to assist the cutting performance of drag-type 
cutter bits commonly used on coal mine cutting machinery. 
The results indicated that a water jet directed to impinge the 
rock in the immediate vicinity of the cutter tip can provide 
significant benefits in terms of reduced cutting forces, 
prolonged bit life, and reduced airborne dust as well as a 
reduced tendency for sparking during cutting[11]. 

The research on this method has shown that rock 
breaking via a pick assisted by a high-pressure water jet can 
reduce the load of the pick and improve the cutting 
efficiency of the pick. Thus, much research has been 
conducted on rock breaking via a pick assisted by a 
high-pressure water jet.  

LI X B, et al[12], performed experiments on the 
performance of PDC cutters resisting different combined 
loads of static thrust, impact, cutting and a water jet on 
Missouri red granite and Halston limestone to verify the 
feasibility and efficiency of drilling assisted by a water jet 

in hard rock when the water jet pressure was 42 MPa–49 
MPa; the results indicated that the combined mode of 
cutting-impact was effective in hard rock. KOTWICA K[13] 
presented the results for the investigations conducted on a 
test stand involving cutting artificial samples of rock with 
an ultimate compressive strength of up to 105 MPa, both 
with and without the high-pressure water jet supply. 
CICCU R, et al[14], conducted an experiment on the mining 
performance of a PDC tool assisted by a 150 MPa water jet. 
The results indicated that the water jet helped to improve 
the speed of mining and reduce tool wear; in addition, the 
mining depth of the trench was found to be increased by 
80%. OZCELIK Y, et al[15–16], focused on the stone surface 
treatment using water jets and concluded that the 
application of water jets to the surface treatment enabled 
the development of a surface with the required roughness 
while preserving the aesthetic appearance of the stone. The 
experiments were also conducted using a pure water jet on 
Italian granite samples to determine the effects of different 
operational parameters (traverse velocity, standoff distance 
and pump pressure) on the performance parameters (cutting 
depth and cutting width)[17]. YANG, et al[18], studied the 
wear characteristics of the cemented carbide blades when 
drilling limestone with a water jet and concluded that the 
wear rates decrease with the increase of the nozzle diameter 
in the drill bit. LU Y, et al[19], conducted experiments using 
a water jet and compared the results with the results of the 
conventional technique; the comparison indicated that with 
the assistance of an abrasive water jet, the drilling depth 
increased by approximately 63%, while the thrust force and 
torque reduced by approximately 15% and 20%, 
respectively. PENG G Y, et al[20], discussed the properties 
of existing cavitations models and introduced a 
compressible mixture flow method for the numerical 
simulation of high-speed water jets accompanied by 
intensive cavitations. DEHKHODA S, et al[21–22], 
investigated the capacity of pulsed water jets for creating 
the internal breakdown and relative contributions of the 
pulse length and pulsation frequency on the surface and 
sub-surface damage caused by a pulsed water-jet on the 
rock targets. With the development of the water jet 
technique, a new method, called the abrasive water jet 
(AWJ) assisted method, was developed for use in hard rock 
mechanical cutting and drilling[23]. AYDIN G, et al[24], 
investigated the significant rock properties affecting the 
recycling of abrasives in the AWJ cutting of granites. 
CICCU R, et al[25], studied disc cutters assisted by means of 
high-velocity jets of water, with the aim of increasing the 
excavation rate while improving the working conditions 
(with particular reference to wear). The results indicated 
that a higher removal rate was achieved due to the 
weakening action of a jet directed on one side of the disc, 
causing deeper penetration. LIU S Y, et al[26–27], established 
the damage models of rock breaking with a conical pick 
assisted by a water jet based on SPH combined with the 
finite element method, the results of which were compared 



 
 
 

CHINESE JOURNAL OF MECHANICAL ENGINEERING 

 

·609·

with experiments. SONG D Z, et al[28], analysed the 
possibility and reasonableness of water jet cutting 
technology(WJCT) application to rock burst relief and 
prevention, simulated the distributive characteristics of 
stress and energy fields suffered by hard coal roadway wall 
rock and the internal relationships of the fields to the 
instability, and conducted field tests of WJCT using 
electromagnetic radiation(EMR) measurement technology. 

The above works provided reference materials for our 
research; however, very little machinery equipment for 
rock breaking via a pick assisted by a water jet has been put 
into production. Some researchers have conducted 
semi-industrial and industrial tests, but such studies were 
ultimately discontinued. The reasons for this lack of 
progress were that the position between the water jet and 
the bit was not appropriate; as a result, rock breaking via a 
pick assisted by a water jet was not effective. The research 
paid more attention to the rock breaking using a pick 
assisted by a water jet placed in front of the pick(JFP) and 
behind the pick(JRP), as shown in Fig. 2(a) and Fig. 2(b), 
respectively. A jet through the centre of the pick(JCP) and a 
jet placed at the side of the pick(JSP), as shown in Fig. 2(c) 
and Fig. 2(d), respectively, have received little attention.  

 

 

Fig. 2.  Model of rock breaking via a pick assisted by water jet 

 
It is necessary to study the rock breaking performance 

and configuration mode of a pick assisted with a 
high-pressure water jet to solve the difficult problem of 
hard rock excavation. The method of SPH combined with 
the finite element method was proposed in this paper, and 
the rock breaking models of a pick assisted by a water jet 
were built for four modes(JCP, JFP, JSP, and JRP). The 
dynamic process of rock breaking and the force of the pick 
were analysed in the four configuration modes. In addition, 
the effects of the water jet pressure, the distance between 

the jet and the pick tip, and the cutting depth were studied. 
Moreover, numerical simulations and experiments were 
conducted to determine the optimal configuration mode. 
This research is aimed at improving the efficiency of rock 
breaking, slowing down pick wear, and providing a 
reference for further research studies on rock breaking via a 
conical pick assisted by a water jet. 

 
2  Numerical Model 

 

2.1  SPH method 
SPH is a new class of mesh-free method that has been 

developed to efficiently solve large deformation problems 
by constructing an approximation completely based on the 
nodes instead of the meshes. SPH was first applied to solve 
astrophysical problems and has been extensively applied in 
various fields, such as fluid dynamics, molecular dynamics, 
and solid mechanics. Because of its mesh-free features, 
SPH can be applied to solve discontinuous problems 
through continuum mechanics. SPH was successfully 

demonstrated to be applicable for the simulation of fluid 
impacts[29].  

The SPH method is a completely mesh-free technique, 
enabling the modelling of fluid particle trajectories 
accordingly to the Navier–Stokes equations and is written 
using SPH formalism based on the theory of interpolation 
integrals, which uses interpolation kernels. The Lagrangian 
approach of the SPH method consists of following the fluid 
particles in a determined time interval to obtain its 
trajectories, velocities and pressures as a function of the 
initial position and time[30]. 

The theoretical basis of SPH is interpolation theory. By 
introducing an interpolation function(kernel function W) 
that provides the ‘kernel estimate’ of the field variables at a 
point, the properties of each particle are evaluated via the 
integrals or the sums over the values of its neighbouring 
particles. Here, we consider a problem domain Ω that is 
discretised by a group of particles, as shown in Fig. 3. 

 

 

Fig. 3.  Kernel function for theoretical basis of SPH 

 

Assuming that there is a compact supporting domain 
with a radius of h, the approximations of a function f (x) 
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and its differential form < f (x) > at point i can be expressed 
by the discretised particles as follows[31]: 
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where the summation is over all of the particles with a total 
number of N, including particle i within the supporting 
domain of the given particle i; the label j are the influenced 
particles that are the neighbouring particles of particle i; mj 
is the mass of particle j; h is the smoothing length, which 
defines the supporting domain of the particle; and 

( ),
ix i jW x x h-  is the smoothing kernel function. 
To build the numerical models of rock breaking using a 

pick assisted by a water jet, the model of the rock was 
established using the finite element method; the model of 
the water jet was established using the SPH method, in 
which the water jet was discretised into SPH particles. If 
the coordinate of the particle  was xi at the initial time, 
then it would be xj at time t. Thus, the position of particle 

 is a function of the initial coordinate xi, namely, 
( , )j j ix x x t= . In hydromechanics, the following equations 

are often used to describe the motion and status of the fluid 
when the hydrodynamics problems are solved using the 
SPH method[32–34].  

The position equation of the particle is 
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The mass conservation equation of the particle is 
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The momentum conservation equation of the particle is 
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The energy conservation equation of the particle is 
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where ( )ix

 
is the density of particle i; jm is the mass of 

the particle j (kg);  is the stress tensor (Pa); ( )iv x is the 

velocity of particle i (m/s); ( )iE x is the internal energy per 
unit mass of particle  (J);   is the artificial viscosity 
force (N); H is the artificial heat flux (J/s); and W is the 
kernel function of the particle. 

 
2.2  Failure criterion of the rock 

Rock breaking can be expressed by the rock failure 
criterion. In LS-DYNA, the nonlinear material Drucker_ 
Prager[35] was used to imitate the rock based on the 
following algebraic expression: 

 

1 2 0,I J + - =                 (7) 

 
where 2J is invariant of the stress deviator,   and   

are the correlative coefficients. 
Parameters   and   in Eq. (7) are determined 

according to the Eq. (8) and Eq. (9): 
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where c is the cohesive force, and   is the internal 
friction angle of rock. 

To realize the failure criterion of the rock, the parameters 
of the rock were set by adding the Erosion Keyword 
“Mat_Add_Erosion” in LS-DYNA. 

 
2.3  Finite element model 

The parameters of the rock and the conical pick in the 
numerical models are presented in Table 1. 

 
Table 1.  Mechanical parameters of the rock and pick 

Material
Density 

ρ/(kg • m–3)

Elastic 
modulus 
E/GPa 

Poisson 
ratio  
ν 

Compressive 
strength  
σ/MPa 

Rock 2456 29.57 0.26 37.48 

Pick 14 600 600 0.22  

 
To compare the efficiencies of the four modes(JCP, JFP, 

JBP, and JSP), simulations were performed under the 
conditions of different cutting depths(5 mm, 10 mm, 15 
mm, and 20 mm). The size of the rock was 580 mm´400 
mm´200 mm, and the material of the rock was 
Drucker_Prager. The cutting speed of the pick was 2 
m/min in the simulations. The simulation models are 
shown in Fig. 4. 

The theoretical speed of the high pressure water jet is  

 

44.67v P= .                   (10) 



i
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Fig. 4.  Numerical models of the different 
 configuration modes 

 
In the simulations, only the jet velocity can be defined in 

LS-DYNA; according to Eq. (10), when converted to the 
jet impact velocity, the jet pressure was set to 25 MPa, 40 
MPa, 50 MPa, and 60 MPa; the radius r of the water jet 
was 1 mm; and the advance speed v1 of the water jet was 2 
m/min. In the LS-DYNA code, the MAT-NULL has no 
shear stiffness, and the GRUNEISEN equation of state 
(EOS) for the pressure response can be used to describe the 
behaviour of water: the density is 1000 kg/m3, the dynamic 
viscosity is 0.001 Pa·s, and the Poisson ratio is 0.5. 
Additionally, the EOS_GRUNEISEN is given by Eq. (11) 
to describe the relationship between pressure and 
volumetric strain: 
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where E, the internal energy of unit volume, is set to 
2.86e–6 J; C, the intercept of the curve sp (relationship 
between wave velocity and particle velocity), is set to 1647; 
S1, S2 and S3, the slopes of the curve sp, are set to 1.921, 
0.096 and 0, respectively; 0, the EOS_ GRUNEISEN 
coefficient, is set to 0.35; , the correction coefficient about 
the relationship between the EOS_ GRUNEISEN 
coefficient and volume, is set to 0. The main research 
parameters were shown in Table 2. 

 
Table 2.  Simulation parameters of water jet and pick 

Parameter Value 

Jet pressure p/MPa 0 25 40 50 60

Distance between pick-tip and jet 
impact point l/mm 

2 5 10 15  

Cutting depth d/mm 5 10 15 20  

Cutting tool JCP JFP JSP JRP  

 
3  Numerical Results  

 

3.1  Influence of the jet pressure and the cutting depth  
To study the rock breaking effect assisted with a 

high-pressure water jet under different configuration modes, 
a contrastive analysis of the force distribution of a pick was 
conducted. When the pressure of water jet was 25 MPa, 40 
MPa, 50 MPa, and 60 MPa and the cutting depth was 10 
mm, the force of the JCP and a pick are shown in Fig. 5. 

 

 

Fig. 5.  Comparison of cutting force of a JCP and a single pick 

 
Fig. 5 shows that the assistance of the water jet is not 

effective for rock breaking when the pressure of the water 
jet is 25 MPa, but it becomes effective when the pressure of 
the water jet exceeds 25 MPa(i.e., 40 MPa, 50 MPa, and 60 
MPa in this study). Compared with a pick, the force curve 
of the JCP moves down and the peak force declines. 
Initially, the cutting force of a pick increases rapidly due to 
the elastic deformation occurring on the rock surface. Next, 
the cutting force will decrease to the minimum until the 
rock unit reaches fracture strength. 

The probability of decreasing the cutting force to zero 
reduces with the water jet pressure in the simulations. The 
reason for this observation is that the energy of the cracks 
gained in the rock breaking process is uneven, which will 
lead to the remnant of a rock ridge on the bottom of the 
grooving. The remaining rock ridge is low when the water 
jet pressure is small and the required cutting force is small, 
that is, the probability of the cutting force dropping to zero 
is high. Conversely, when the required cutting force is high, 
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the probability of the cutting force dropping to zero is low. 
The average force extracted from the force curve was 

used to quantitatively analyse the simulation results. When 
the distance between the jet and the pick-tip was 5 mm, the 

rates of the pick force under different water jet pressures(25 
MPa, 40 MPa, 50 MPa and 60 MPa) and different cutting 
depths(5 mm, 10 mm, 15 mm and 20 mm) decreased, as 
shown in Fig. 6.  

 

 

Fig. 6.  Force decrease rate of the different configuration modes in simulation 

 

Fig. 6 shows that the rates of the decrease of the pick 
force increase with the pressure of the water jet. Because 
the energy loss of the water jet will be increased if the 
pressure of the water jet is raised, the impact and wedge 
action of the water jet are affected; as a result, the peak 
cutting force decreases.The rates of the decrease of the pick 
force increases over the pressure range of 25 MPa to 40 
MPa, but slowly from 40 MPa to 60 MPa. The decreased 
rate of a pick force, such as the JCP, is 11.35%, 28.57%, 
31.79% and 33.46% with the pressure of the water jet of 25 
MPa, 40 MPa, 50 MPa and 60 MPa, respectively, when the 
cutting depth is 5 mm.  

A specific critical point(rock compressive strength) was 
found for the effect of the water jet pressure on the pick 
force under different configuration modes. When the jet 
pressure is lower than the compressive strength of rock, the 
increase of the jet pressure has a small influence on the 
decrease rates of the pick force. In other words, the 
efficiency of rock breaking is improved with the assistance 
of a water jet when the pressure of the water jet is higher 
than the compressive strength of the rock. In addition, the 
rates of reduction of the pick force reduce with the increase 
of the cutting depth. The deeper the cutting depth is, the 
worse the effect of water jet is. The result indicates that the 
assistance effect of JCP is best, followed by JRP, while JSP 

is the worst. 
The main reason for why the cutting force of the JCP 

model is minimized is that rock is easy to break via a pick 
assisted by a centre water jet. The better the breakage of 
rock, the fewer the number of obstacles for the pick 
advancing and the smaller the cutting force. 

 
3.2  Influence of distance between jet impact point  

and pick-tip 
 
3.2.1  JFP 

The distance from impact point of the water jet to the 
pick tip is a critical factor in the combined effect of the 
water jet and the pick. The equivalent stress distribution of 
the rock is shown in Fig. 7 for distances of 2 mm, 5 mm, 10 
mm, 15 mm when the jet pressure is 40 MPa and the 
cutting depth is 10 mm. 

Fig. 7 indicates that stacking stress of the rock interior 
reaches its maximum when the distance between the water 
jet and the pick tip is 2 mm. In addition, rock breaking 
becomes easier. However, there are clear limits for the 
stress wave when the distance is too small. The scope of the 
stacking stress wave is too small to widely break the rock. 
When the distance reaches 5 mm, the scope of the stacking 
stress wave significantly increases, reaching a maximum 
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stress of 21.87 MPa. When the distance reaches 10 mm, the 
maximum valve of the superimposed stress wave decreases, 
but the red area greatly increases. When the distance is 15 
mm, the stress wave is obviously greatly limited due the 
excessively large distances. The rapid attenuation causes 
the poor effect of stress wave superposition and rock 
breaking. As a result, to break rock more easily and 
effectively, the optimal distance between the impact point 
of the water jet and the pick tip is 2 mm according to the 
simulation results. However, in theory, the scope of the 
stacking stress wave is wider and the pieces of rock 
breaking are larger when the distance is 5 mm. 

 

 

Fig. 7.  Equivalent stress of different distance  
between the water jet impact point and pick-bit 

 
3.2.2  JSP 

The equivalent stress distribution of the numerical model 
under the same condition as the JSP is shown in Fig. 8. 

 

 
Fig. 8.  Equivalent stress of different distance  

between the water jet impact points and pick-bit 

 
Fig. 8 indicates that the farther the distance between the 

impact point of the water jet and the pick tip, the smaller 
the maximum stress of the rock. The maximum stress of the 
rock under the combination of a pick with a water jet is 
5.268 MPa, 4.854 MPa, 4.275 MPa, and 4.257 MPa for the 
distance of 2 mm, 5 mm, 10 mm, and 15 mm, respectively. 
When the distance is greater than 15 mm, the effects of 
stress from the water jet and the cutting stress are mostly 
separated, which leads to a poor stress superposition effect. 
In contrast, a preferable crushing effect is observed for the 
distance of 2 mm. 

 

3.3  Comparison of tension and compression stress 

The tension and compression stress distribution at 0.04 s 
under a pick, the JCP, the JFP, the JSP and the JRP are 
shown in Fig. 9. To clearly observe the stress distribution, 
the SPH jet was hidden in the post-processing and the rock 
was divided along cutting direction. 

 

 
Fig. 9.  Comparisons of the rock compressive stress 

 
Fig. 9 shows that the maximum compression stress of the 

pick, JCP, JFP, JSP and JRP is 21.78 MPa, 26.95 MPa, 
24.28 MPa, 22.41 MPa, and 24.39 MPa, respectively. The 
rock breaking effect of the JCP is the best, based on the 
analysis of the crushing destruction. The maximum tension 
stress of the rock breaking of the pick, JCP, JFP, JSP, and 
JRP is 1.786 MPa, 1.902 MPa, 1.884 MPa, 1.834 MPa, and 
1.849 MPa, respectively. The test rock specimen is taken as 
a brittle material, the tension stress of which is far lower 
than the compression stress, that is, tensile fracture is much 
more apt to occur in rock specimen. Thus, considering 
tensile fracture and crushing fracture, the effect of the rock 
breaking of the JCP is the best, followed by the JRP, the 
JFP and the JSP in sequence. 

Moreover, the compression stress of the jet impact point 
and pick impact point cannot be superposed effectively 
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when the action point of the water jet and the pick were not 
the same. Fig. 9(b) shows that the rock was compressed at 
the beginning of rock cutting under the JCP. The 
compression stress in the impact centre is highest, with a 
maximum of 26.95 MPa. The compression stress decreases 
and gradually turns into tension stress with the increase of 
the radial distance. The maximum tension stress appears 
around the jet impact point, with a value of 1.902 MPa. The 
tension crack forms at the edge of the impact centre. 

 
4  Experiment Research 

 
To obtain the optimal pick and jet arrangement and 

verify the correctness of the numerical models, experiments 
of rock breaking with the assistance of a water jet for 
different configuration modes(JCP, JFP, JSP, JRP) were 
performed. The cutting forces of different pick and jet 
arrangements were measured and recorded. The test bed for 
rock breaking with the assistance of a high-pressure water 
jet is shown in Fig. 10. 

 

 

Fig. 10.  Rock & coal cutting test-bed and different 
configuration modes 

 
Fig. 10 shows that the rock sample was clamped on the 

test bench by clamping cylinder 14. Rock slide 11 can 
reduce the friction between the rock samples and the test 
platform, which can conveniently load and move the rock. 
Pushing cylinder 15 can realize a linear reciprocated cutting 
action propelling along rail 10. The cutting depth can be 
regulated by changing the thickness of the steel plate under 
the rock samples. The propulsion force of the pick can be 
measured using pressure sensor 16 JNBP-10. 

The experimental parameters used, which are similar to 
those of the simulation, are presented in Table 3 for the 
rock sample size of 580 mm´400 mm´200 mm. 

 

Table 3.  Experimental parameters 

Parameter Value 

Jet pressure p/MPa 0 25 40 50 60

Distance between pick-tip 
and jet impact point l/mm 

2 5 10 15  

Cutting depth d/mm  5 10 15 20  

Cutting tool JCP JFP JSP JRP  

 
The pressure sensor measured different pressures of the 

centre jet and bit load when the cutting depth was 5 mm, as 
shown in Fig. 11. 

 

 

Fig. 11.  Cutting force of rock breaking under different  
pressures at a cutting depth of 5 mm 

 
Fig. 11 shows that the force wave curve decreases 

significantly with the increase of the water pressure and 
that the stress decreases with the water jet pressure when 
the cutting depth is 5 mm. In addition, the force was 
observed to greatly fluctuate without the water jet, while 
the stress wave slowly changed with the water jet.  

To illustrate the rock breaking effect of the water jet 
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more clearly, the average value and the rate of decrease of 
the pick load under the different configuration modes were 

calculated according to the stress wave, as shown in    
Fig. 12. 

 

 

Fig. 12.  Force decrease rate of different configuration mode in experiments 

 

From Fig. 12, the rate of decrease of the cutting force 
increases with the water jet pressure. When the water jet 
pressure is lower than the compressive strength of the rock, 
the rock breaking effect assisted by the water jet is poor; 
otherwise, the rock breaking effect assisted by the jet is 
high. With the increase of the cutting depth, the rate of 
decrease of the force due to the jet decreases, and the larger 
the cutting depth, the worse the rock breaking effect 
assisted by the jet. From the rate of the force decrease, the 
rate of decrease of the cutting force of the JCP has a 
maximum of 30.96%, followed by the JRP at 28.96%, the 
JFP at 28.17%, and the JSP at 25.42% under the same 
conditions. The simulation results are consistent with the 
numerical results, thus verifying the correctness of the 
numerical models. 

Compared with the numerical simulation results, the 
force decease rates in the experiment are slightly less than 
those of the results of the numerical simulation. From the 
analysis, some friction exists between the propulsion device 
and the guide rail, and internal friction is found in the 
cylinder in the experimental cutting process, which leads to 
the increase of the cutting force. 

The cutting depth was set to 10 mm, and the distance 
between the pick tip and the jet impact point was set to 2 
mm, 5 mm, 10 mm, and 15 mm. The force decrease rate is 
shown in Fig. 13 for different distances between the pick 

tip and the jet impact point for water jet pressures of 25 
MPa, 40 MPa, 50 MPa, and 60 MPa. 

From Fig. 13, the decrease rate of cutting force decreases 
with the increase of the distance between the pick tip and 
the jet impact point. Within the scope of this study, the 
distance between the pick tip and the jet impact point 
should be as small as possible; thus, the best distance is 2 
mm. Comparing the JFP with the JSP, the cutting force 
decrease rate of the JFP is flat, while that of the JSP 
decreases greatly. Moreover, there is little effect of the 
distance between pick tip and the jet impact point on the 
JFP, while a great effect is found on the JSP. Analysis of the 
data indicates that the water jet of the JFP can still form 
grooves with the increase of the distance between the pick 
tip and the jet impact point in the cutting direction, but the 
JSP cannot. Thus, when the jet was arranged in front of the 
pick, the change rate of the cutting force decreased slightly 
and the overall trend variation was minor. 

However, for the JSP, the grooves were not in the cutting 
direction; thus, the jet assisted effect decreased with 
increasing distance, which can be inferred from Fig. 14. 

Fig. 14 shows that the farther the distance between the 
pick tip and the jet impact point, the worse the effect of the 
water jet for rock breaking, which means that there is no 
combined effect of the jet and the pick for rock breaking. 
Therefore, when the distance is 15 mm, the groove formed 
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by the pick is completely separate from that formed by the 
jet. When the distance is 2 mm, the two grooves formed by 
the pick and the jet are combined. When the distance is 5 
mm, the combined groove is observed to be greater than 
that for the distance of 2 mm. Thus, the optimal distance is 
approximately 2-5 mm. From the analysis of the decrease 
of the rate of the pick force, it was at a maximum when the 
distance was 2 mm, which was accepted as the best value. 

 

 

Fig. 13  Force decrease rate in different distance  
between pick bit and jet impact point 

 
Moreover, the JSP model can be regarded as a special 

JFP model when the distance between the pick-tip and the 
jet impact point is 0. It can be speculated from the analysis 
that the longer the distance, the less effective the water jet. 

 
5  Conclusions 

 

(1) The rates of decrease of the pick force increase in the 
range from 25 MPa to 40 MPa, but only slowly increase in 
the range from 40 MPa to 60 MPa; the distance between 
the pick tip and the jet impact point is found to be optimal 
at 2 mm for the JFP and JSP in the rock breaking process. 

(2) The JCP is proved the best to decreasing cutting force, 
followed by the JRP and the JFP, and the worst is the JSP. 
For a cutting depth of 5 mm and for a water jet pressure of 
60 MPa, the rate of decrease of the pick force of the pick, 
the JCP, the JRP, the JFP and the JSP are 33.46%, 30.84%, 
33.46%, 29.53%, and 26.16%, respectively, in the 
simulations, while 30.96%, 28.96%, 33.46%, 28.17%, 

25.42%, respectively, in experiments. 
(3) The JSP model can be regarded as a special JFP 

model when the distance between the pick tip and the jet 
impact point is 0 mm. And the longer the distance between 
the pick tip and the jet is, the less effective the water jet is. 

 

 

Fig.14  Grooves at different distance between 
 the pick-tip and jet impact point 
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