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A simulation approach was utilized to investigate the mechanics of cutting rock using the diamond circular saw blade in this
paper. Te smoothed particle Galerkin (SPG) method was used to numerically simulate three factors, including the dynamic
mechanical behavior of the circular saw blade, the damage law of the circular saw blade, and the cutting force of the saw blade.Te
experimental comparison indicated that the SPG approach is feasible and accurate in the analysis and simulation of the rock
cutting mechanism. Te rock cutting is a process of material cyclic removal. Te wear parts of the saw blade are most obviously
manifested at the end of the saw segments. Te water groove is also readily damaged in the alternating action, which has a
signifcant impact on the service life of the saw blade. Te efects of speed, cutting depth, and feed speed on the cutting force are
discussed. Te results reveal that these mentioned factors are important to the quality of rock cutting.

1. Introduction

Te diamond circular saw blade is widely used in cutting and
processing natural stones, which is an important industrial
processing tool. Te mechanical processing mechanism of
rock difers from that of metal materials, and the stone
cutting process is more sophisticated owing to the impact of
the rock’s brittleness [1]. Te rock cutting process involves a
wealth of the cutting mechanism, including rock frag-
mentation, crack generation, and material removal mech-
anism, as well as the nonlinear vibration response of the saw
blade, stress distribution, dynamic cutting force, and the
wear state of saw segments. As a result, predicting and
analyzing the nonlinear structural response of the rock
cutting process and its failure mode are critical for revealing
the rock fracture mechanism, as well as playing an important
role in the structural design of cutting tools. Te dynamic
response of rock cutting process encompasses a wide range
of disciplines, including dynamics, mechanics, and acous-
tics. However, the damage, deformation, strain, and stress of
the rock are difcult to acquire using experimental or
theoretical models. CAE techniques provide a powerful
means of explaining the damage, fracture, and fracture

behavior of the brittle and hard rock under high-speed
impact and penetration. With the fast development of CAE
technology [2], many three-dimensional numerical models
have been developed for the study of the rock cutting process
[3].

A Nonlinear Finite Element Method (FEM), which
combines damage constitutive and erosion failure, was
employed in Ref. [4] to study the rock cutting process.
Wicaksana et al. examined the optimal rock cutting con-
dition of disc cutters using the FEM-based ANSYS and
AUTODYN models [4, 5]. With the creation of a three-
dimensional rock cutting numerical model, the cutting
performance of cutters by FEM for granitic rock was studied
[6]. Gao et al. examined the rock cutting process considering
the damage theory using FEM-based software [7]. Te re-
search fnds normal load act was the most important
component while cutting rock mass. Te FEM-based
commercial software such as LS-DYNA, ANSYS, Nastran,
and ABAQUS has been extensively employed in the sim-
ulation process of rock cutting systems [4–7]. A variety of
situations have proved the usefulness of numerical analysis
as an option for the prediction of rock cutting performance.
However, based on the following factors, the predictability
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and accuracy of the three-dimensional fnite element dy-
namic model may need to be improved:

(1) Rock fragmentation, material separation, and saw
kerf extension are all considerably diferent from the
traditional FEM compared to reality. When fnite
element analysis is used to forecast rock damage and
failure, the fnite element mesh may become dis-
torted and the calculation may be interrupted. As a
result, a reasonably efective element removal
method must be developed. Te ERSION failure
technique is used to prevent negative values of the
Jacobian matrix determinant caused by fnite ele-
ment mesh deformation. When the solid elements
reach the failure requirements, the deformed mesh is
eliminated, but it creates an artifcial vacuum in
material physics, resulting in unstable values. Al-
though the mesh rescaling strategy could mitigate
the problem of negative volume, repetitive mesh
rescaling tends to generate cumulative errors.

(2) It does not preserve the mass and energy of the FEM
cutting system in physics owing to the loss of a part
of the mass and energy from the deleted element [8].

(3) Te erosion criteria in CAE software are based on the
size of the elementmesh, rockmaterial model, and so
on and are often determined by trial-and-error,
resulting in a lack of predictability, reliability, and
convenience [9].

Smoothed particle hydrodynamics (SPH) is a commonly
used approach that does not depend on fnite element grids
[10]. Te meshless method based on the Lagrange particle
concept discretizes the computational domain into particles
of fxed mass. It does not require element meshing or re-
construction techniques and it is suitable for analyzing
material deformation and fracture damage under high
pressure and high kinetic energy impact. It has been used in
the simulation of bullet penetration into ceramic target
plates and glass impact fragmentation. However, the
meshless approach requires modifcations according to the
following considerations:

(1) Although the SPH method is more accurate in de-
scribing large deformation problems than the FEM
method, it needs to search for the mechanical in-
formation of the target particle and its surrounding
particles at all times in the numerical calculation
thereof. Tus, the calculation process of the SPH
method is more complicated than that of FEM [11].

(2) When dealing with the large deformation of mate-
rials, the SPH approach does not afect the space of
the infuence domain [8] and the size of the infuence
domain does not vary with material deformation. In
the event of material stress, this approach can
probably induce material fracture in numerical
simulation, instability in the numerical calculation,
and loss in computational accuracy.

To ease the aforementioned SPH situations, the sta-
bilized conforming nodal integration (SCNI) algorithm

was raised by Chen et al. to improve the situation of the
low-energy modes in the direct nodal integration (DNI)
scheme [12, 13]. To improve the integration accuracy, the
arbitrary-order Galerkin exactness for the SCNI method
was presented under the framework of variational con-
sistency in Ref. [14]. However, it is difcult to construct the
conforming integration cells in fracture failure analysis due
to the formation of a new interface. Tus, the SCNI
technique was simplifed to the stabilized nonconforming
nodal integration (SNNI) method [15], which can be used
to solve the problems of severe deformation with the
variation of material damage. It has improved the SNNI
scheme in Ref. [16], which provides greater simplicity for
domain integration in material failure and separation
analysis. Despite their efectiveness in impact and collision
problems, the SCNI/SNNI integrated mesh-free ap-
proaches have low numerical accuracy and numerical
difusion.

To alleviate the situation, Wu et al. introduced the
smoothed particle Galerkin approach [17], which is a
meshless method based on a smoothed displacement feld
inside the Galerkin variational framework. Te weak form
of SPG formulation is integrated using the DNI algorithm
to enhance computational efciency [18]. A strain oper-
ator is used in the SPG formulation to stabilize the DNI
technology. By changing the impact domain of the node
and continuously updating the infuence points sur-
rounding the node, the SPG method tackles the problems
of numerical fracture and distortion of the infuence
domain. Compared with FEM and SPH, the SPG method
can not only obtain stable numerical results but also
ensure that the time step of explicit analysis does not
decrease obviously in the whole process. Te SPG algo-
rithm has been employed in impact and cutting pro-
cessing [19], such as the extreme thread forming in the
fow drill screw driving process and the penetration of
bullets impacting the target plate. Te characteristics of
rock cutting processes include high stresses and enormous
strain rates, substantial damage and separation of hard
and brittle materials, complicated boundary conditions,
and high frequency stress waves. Tese characteristics set
obstacles to calculating the dynamic properties of hard
and brittle materials via simulation. Terefore, several
factors were not studied well, such as the material removal
mechanism, rock fragmentation, and fracture of brittle
materials during high-speed cutting of the diamond cir-
cular saw blade. Te smoothed particle Galerkin (SPG)
method is utilized in this paper to quantitatively examine
the cutting reaction and damage distribution of hard
brittle rock. Meanwhile, an adaptive anisotropic La-
grangian kernel is employed in the mesh-free approxi-
mation to deal with massive deformations, dynamic
response, and contact-impact problems. A strain-based
bond failure mechanism is presented to allow material
damage and separation while avoiding numerical oscil-
lation and artifcial factors in the numerical failure
analysis of the rock cutting process. Te simulation results
confrmed the efectiveness of the mesh-free approach
SPG in high-speed rock cutting analysis.
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2. Numerical Modeling

2.1. Te Smoothed Particle Galerkin Method. Te SPG
method was developed for modeling material separation and
failure under large deformation. SPG is a residual-based
Galerkin element-free method. Te SPG weak form is inte-
grated using the direct nodal integration (DNI) technique [17].

Generally, the explicit dynamic formulation is given as
follows:

M
lump €

U
⌢

� F
ext

−F
int

, (1)

where Mlump is the lumped mass matrix; €U is the vector of
nodal accelerations; Fext is the corresponding external force
matrix; and Fint is the corresponding internal force matrix.

Using the DNI scheme to calculate Fint, it would produce
low-energy modes. To improve the computational efciency
of the SPG method, the following approach may be applied.
A strain operator derived from displacement smoothing
theory is used to stabilize the DNI method.

Te explicit dynamic version of the SPG formulation is
given as follows:
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where Fstb
l is the stabilization force which is derived from

smooth displacement, B is the displacement smooth gradient
matrix which contains the strain gradient, σ is the stabilization
stress, and V0

N is an initial nodal volume of the node N.

2.2. Te Bond-Based Failure Model. A discontinuity in the
displacement feld is considered in SPG [18] to model the
material separation and failure in three-dimensional cutting
or impacting analysis for hard and brittle materials. In this
method, preventing numerical breakdown or numerical
artifact is also considered. A strain-based bond failure
mechanism is used in the numerical treatment. Each
meshless particle in the SPG method has its own domain of
infuence [19], and the connection between particles in the
domain is considered a connection bond. Te bond re-
sembles a chemical molecular bond [19]. Te bond-based
failure mechanism in material cutting or impacting analysis
considers two neighboring particles that become discon-
nected whenever their averaged relative stretching and ef-
fective plastic strain reach their set values, respectively,
which results in material fracture. Accordingly, the three-
dimensional ellipsoidal cubic kernel function for neighbor
particles, i.e., M and N, can be defned as follows:
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where εP
MN is the averaged efective plastic strain at particle

M and particle N; εP
MN is the relative stretch between nodes

M and N; εP
crit is critical efective plastic strain; ||XM − XN||

is the length of the bond for neighbor particles M and N
during the initial period; a is the support size in the kernel
function; and ecrit is critical relative stretch.

Te bond-based failure mechanism is depicted in
Figure 1. Each particle in SPG has a certain infuence
domain. Te supports of the neighbor particles M and N
are represented by the two large circles separately. Seven
bonds are connected to particle M in the initial confgu-
ration, i.e., bonds M-N, M-I, K-L, K-J, K-Q, K-T, and K-P.
Six bonds are connected to particle N. Te bond M-N
between a pair of particles M and N is disconnected or
broken whenever reaches their failure criteria, i.e.,
eMN > ecrit and εP

MN > εP
crit, that is, ϕa

M(XN) � 0 and
ϕa

N(XM) � 0. Terefore, the shape function of particleM is
set to zero at particle N, which causes material failure, as
shown in Figure 1(b). However, ϕa

M(XL)≠ 0 and
ϕa

N(XE)≠ 0, which means the rest bonds except bond M-N
are valid. Tis indicates that the state variables at nodes M
and N will still evolve regularly according to the defor-
mation and material law. Te only change is that their
contiguous particles have one less node. As a result, the
criterion for destructive separation of the material is de-
termined by the connection between the particles. Tis
difers from the FEM failure mechanism, which eliminates
the elements directly (loss of mass) and physically violates
the energy conservation equation (loss of momentum). It
is shown that the bond-based failure mechanism guar-
antees mass and momentum, achieving energy
conservation.

3. Establishing a Numerical Model

Te cutting process of rock is modeled by the SPG method
and compared with the experimental test data. Convergence
and sensitivity studies were performed on the main SPG
parameters to check the stability and reliability of the
nonlinear analysis in the rock cutting process.

3.1. Geometry Conditions and Boundaries. Te diamond
circular saw blade and the cuboid rock are modeled, as
shown in Figure 2.Te diameter of the diamond circular saw
blade was 350mm. Te diameter of the chuck was 120mm.
Te thickness of the saw blade substrate was 2mm, and the
thickness of the diamond segment was 3mm. To improve
the computational efciency, only the vicinity of the contact
areas in the workpiece (the cuboid workpiece that may be
undergoing severe deformation) was divided into the SPG
system, whereas other parts with less deformation occurred
in the remaining majority including the rest of the
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workpiece, collar, spindle, and circular saw blade which were
modeled by the FEM formulation. In addition, the cuboid
workpiece, which may be undergoing severe deformation,
was modeled with a length of 170mm, a width of 32mm,
and a height of 10mm, as shown in Figure 2. Specifcally, the
feasibility of coupling FEM with SPG has proven efective
[13, 17].

Te SPG analysis begins with the classical FEM. Te
3D FE meshes can be converted into SPG forms using the
∗SECTION_SOLID_SPG in LS-DYNA commands. It
should be noted that for the SPG analysis, “FORM” on the
∗SECTION_SOLID_SPG should be set to 47. “KERNEL”
on the present keyword should be set to Semipseudo
Lagrangian kernel. Te crucial relative stretch is 1.005
unless otherwise indicated, and the normalized support
size of 1.5 is utilized for the SPG kernel function in X, Y,
and Z direction. It should be noted that for the coupled
FEM-SPG simulation, the wave can pass nicely through
the interface from the FEM zone to the SPG zone (or
through the SPG region to the FEM region), with no
signifcant refection observed at the FEM-SPG interface
[18]. As a result, in the rock cutting model, the coupled
FEM-SPG discretization can be used to simulate a dy-
namic event.

Te boundary conditions of the cutting system were the
following: (a) both the left surface and right surface element
groups of the workpiece were constrained in the y-direction;
(b) the bottom element group of the cuboid except for SPG
particles was constrained at six degrees of freedom (6 DOF);
(c) the back surface of the workpiece was constrained in the
x-direction; and (d) the ∗NON-REFLECTING BOUNDARY
was adopted in the abovementioned area except for the front
to eliminate the infuence of strain and stress wave refection
on rock fracture and damage. Te circular saw blade rotated
around the z-axis at a constant peripheral speed
w � 230 rad/s and traversed in the x-direction at a speed of
vf � 10mm/s.

Te ∗AUTOMATIC_NODE_TO_SURFACE contact
algorithmwas applied between the segments of the saw blade
and the workpiece in the cutting process. Meanwhile, the
dynamic friction factor was set to 0.25 and the static friction
factor was set to 0.20.Te slave part is defned by the node set
(SPG particles) in the present contact algorithm. Te master
parts are defned by the saw blade segments and the sub-
strate. After the dynamic numerical model was structured
and simulated, the following assumptions were made: (a) the
wear of the segment is negligible during the process; (b) the
cutting chips do not interact with the saw blade after
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Figure 1: Illustration of SPG bond failure mechanism: (a) forming of the SPG bond; (b) breaking of the SPG bond.
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Figure 2: Te diamond circular saw blade-rock cutting model.
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separating from the rock; (c) the rock is a homogeneous
material without initial damage or fracture; and (d) no liquid
coolant was used in the experiment. Terefore, dry surfaces
are assumed in the numerical simulation.

3.2.MaterialModel. Te deformation mechanism of granite
is complex and its fracture mode is mainly brittle fracture,
accompanied by compression and shear failure under high
pressure. In the numerical simulation, the material consti-
tutive model has a direct impact on the accuracy of the
calculation consequences of the dynamic statistics of the
cutting process.

Te Karagozian and Case Concrete (KCC) model can
accurately simulate the dynamic mechanical properties of
brittle materials, describe the nonlinear behavior of mate-
rials subjected to dynamic impact loading, and reproduce
the mechanical behavior of rocks and other fragile materials
under high-speed impacts [20, 21]. Terefore, the KCC
damage model is used to simulate the dynamic damage
behavior of rock or concrete, which describes the strength
development and damage evolution of hard and brittle
materials based on three pressure-related shear failure
surfaces, as shown in Figure 3.

Te main characteristic of the yielding of rock materials
is its dependence on the average pressure. Te failure sur-
faces of rock materials are curved and have smooth me-
ridians. As a result, the surfaces can be more conveniently
described in the Haigh–Westergaard stress space. Te fol-
lowing equation is the principal that stresses in the
Haigh–Westergaard system:
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where ρ, θ, and ξ are the Haigh–Westergaard coordinates,
which can be expressed as follows:
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where I1 is the frst principal invariant of the Cauchy stress;
J2 is the second principal invariant of the deviatoric part of
the Cauchy stress; J3 is the third principal invariant of the
deviatoric part of the Cauchy stress; p is the hydrostatic
pressure; and σeq is the equivalent stress, which is equal to q.

Te failure surface function of KCC Φ(ρ, θ, ξ, λ) is de-
scribed by the following in terms of the Haigh–Westergaard
stress invariants:

Φ(ρ, θ, ξ, λ) �

�
3
2



ρ − φ(θ, ξ, λ), (8)

where function φ(θ, ξ, λ) is the failure surface of the KCC
model and λ is the damage parameter.

Te function φ(θ, ξ, λ) is calculated using the linear
interpolation functions with a pair of fxed-strength and
independent-strength surfaces. Tese interpolation func-
tions are diferent for softening and hardening. Te function
φ(θ, ξ, λ) can be described by the following equation:

φ(θ, ξ, λ) �

rf
r(θ)

rc
σy(p) ; λ≤ λ0( ,

rf
r(θ)

rc
η(λ) σm(p) − σy(p)  + σy(p) ; λ0 ≤ λ≤ λm( ,
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r(θ)

rc
η(λ) σm(p) − σr(p)  + σr(p) ; λm ≤ λ( ,
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(9)

where λm and λ0 correspond to the points at which the
softening and hardening regimes start, respectively; the yield-
maximum and maximum-residual strength surfaces are the
pairs for hardening and softening, respectively; σy(p), σm(p),
and σr(p) are shear failure surfaces, corresponding to the
ultimate strength surface, yield strength surface, and

residual strength surface, respectively, when the Lode angle
θ is equal to 60°; λ is the damage parameter of the inter-
polation damage function η(λ); the term r[Ψ(p), θ] (equal
to r(θ)/rc) is the nondimensional function determined
between radius parameter r(θ) and distance parameter rc
(see Figure 3(b)); and λ is damage parameter, which is
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defned separately for compression and tension according
to the following equation:

λ �


εP

0

dεP

rf 1 + p/rfT 
b1



p≥ 0,
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where b1 is the compression damage coefcient, b2 is the
uniaxial tensile damage coefcient, rf is the dynamic in-
crease parameter, T is the tensile strength, and
εP �

����������
(2/3)dεp

ijdε
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ij


is the efective plastic strain.

In equation (9), r(θ) is the current radius of the failure
surface (see Figure 3(b)) which is computed using the fol-
lowing equation:
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where rc and rt correspond to, respectively, the distance of
the failure surface from the hydrostatic axis at the com-
pressive meridian and the distance of the failure surface
from the hydrostatic axis at the tensile meridian.

r[Ψ(p), θ] is the shape of the failure criterion in the
deviatoric plane. Te function was originally derived from
equation (11), which can be described as the following
equation:
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Figure 3: Failure surfaces of the KCC model in (a) compression/tension meridian; (b) deviatoric plane.
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where Ψ(p) is a strength index and θ is the Lode angle,
where rc and rt correspond to, respectively, the distance of
the failure surface from the hydrostatic axis at the com-
pressive meridian and the distance of the failure surface
from the hydrostatic axis at the tensile meridian.
Ψ(p) is a linear piecewise function on the full range of

pressure, which is calculated by
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1
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3
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, (13)

where ft is the principal tensile strength, fc
′ is the uniaxial

compressive strength, α1, α2, and α0 are the user-defned
input parameters, and α is a parameter related to the
compression test.

As shown in Figure 3(a), the KCC model has three
independent failure surfaces in the compressive meridian,
i.e., Δσy is the yield strength surface, Δσm is the maximum
strength surface, andΔσr is the residual strength surface, and
the intensity surface functions are denoted as follows:

Δσm � a0 +
p

a1 + a2p
,

Δσr �
p

a1y + a2yp
,

Δσy � σ0y +
p

a1y + a2yp
,

(14)

where Δσy controls the initiation of plastic deformation of
the rock, Δσm is dependent on loading conditions, and Δσr

determines the post-failure stifness of the material.Te state
of stress is determined by linear interpolation between Δσy,
Δσm, and Δσr surfaces, as shown in Figure 3.Te response of
the rock material to the initial loading is modeled as a
linearly elastic deformation before reaching Δσy surface. A
hardening plasticity response occurs after yielding and be-
fore reaching the Δσm surface. A softening response occurs
after reaching the maximum strength and before reaching
the Δσr surface.

Te KCC model must be combined with an equation of
state (EOS) to describe the volumetric response of the
concrete or rock material. Te Tabulated Compaction
model is used as EOS in the KCC model [22, 23], which is
based on a piecewise nonlinear relationship between
pressure p and volumetric strain V. Te form of the EOS is
given by

p � C εV(  + cH εV( E, (15)

where εV is volumetric strain; C(εV) is the volumetric
pressure value corresponding to εV; H is an additional
unitless tabulated function; and E is initial internal energy.

Te main material parameters of the rock are plotted in
Table 1.

PR is Poisson’s ratio; UCF and RSIZE are unit con-
version factors; NOUT is the output selector for efective
plastic strain; A0 is unconfned compressive strength; A1
and A2 are the maximum shear failure surface parameters,
respectively; and NPTS is the number of points in versus
damage relation.

3.3. Teoretical Study of the Cutting Force. Te cutting force
is an important parameter to consider during the cutting
process. It may not only fully refect the mechanism and tool
wear of the cutting process, but it can also have a direct
impact on saw blade life and cutting efciency. Te cutting
force of the tool in the process of cutting hard and brittle
rock with diamond saw blade is complex, as shown in
Figure 4, due to the normal force, tangential force, and axial
force composition.

Te normal force Fn is attributable to the impact of the
cutting tool on the rock and the tangential force Ft is the
friction between the workpiece and the tool. Te normal
tangential forces are not easily obtained, but horizontal and
vertical forces are relatively easy to obtain in the cutting
process.

Te formula for the cutting force is as follows:

F �

�������

F
2
x + F

2
y



�

�������

F
2
n + F

2
t



. (16)

Te relationship of cutting forces is shown in Figure 4,
which can be expressed as follows:

β � cos− 1 1 −
2ap

d
 ,

δ � tan− 1 Fx

Fy

 ,

(17)

where d is the saw blade diameter.
Te force Fn and force Ft in Figure 4 can be indicated as

follows:

Ft � F sin (α − δ) � Fx sin α − Fy cos α,

Fn � F cos (α − δ) � Fx cos α − Fy sin α,

α � ε + δ � kβ,

k �
ε + δ
β

,

(18)

where k is determined by the contact position between
workpiece and cutting tool.

Te saw segments being cut are subjected to the cor-
responding tangential and normal forces, with the force
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locations being the top and sides of the segments, and the
area of each segment is An and At, separately. Te uniform
load on a single side is Pt � Ft/(At/2), and the uniform load
on the top surface of a single tooth is Pn � Fn/(An/2),
showing that there is a concentrated load around the saw
teeth during the sawing process.

4. Numerical Results and Discussion

4.1. Calibration and Verifcation. Generally, when the dia-
mond circular saw blade rotates at high speeds, it causes
lateral vibration, which can accelerate cutting tool wear and
failure. Moreover, increasing lateral vibration has a neg-
ative impact on machining quality and cutting efciency.
Furthermore, increased transverse vibration might en-
hance the cutting noise. As a result, the lateral vibration
velocity of the saw blade is a key parameter of the cutting
simulation. To verify the simulation algorithm’s depend-
ability, the OFV505 laser noncontact vibration measure-
ment device is utilized to obtain lateral vibration data from
measuring locations on the saw blade during processing.
Te measurement positions were chosen to be 70mm
(0.4 R) and 140mm (0.8 R) from the rotating shaft’s center,
as illustrated in Figure 5. Te lateral vibration responses of
the test spots were derived by simulations using the SPG
and the FEM, respectively, and the experimental results are
displayed in Figure 6.

Te results are as follows:

(1) Because the rock is a nonhomogeneous material with
hard spots, the saw blade’s lateral vibration speed
might vary dramatically throughout the cutting
process.

(2) Te small transverse vibration amplitude in the
numerical calculation is due to the simulation pro-
cess, which defnes the stone as a material with
uniform texture and does not take into account the
feedback efect of other saw machine structures and
external interference factors in the actual cutting
process.

(3) Te diference between the fnite element calculation
results and the experimental fndings is signifcant,
with an error of 10% to 25% caused by mesh dis-
tortion during the calculation process. Te mesh
failure technique is used to avoid the phenomenon of
negative determinant values of the accord ratio
matrix caused by element distortion. In another
words, when the workpiece elements reach the
failure criterion, they will be deleted directly, causing
artifcial vacancies in the material and resulting in
the loss of momentum and mass. Tere was sig-
nifcant agreement between the SPG estimated
values and test results, with errors between 5% and
11%, indicating that the SPGmethod is more suitable
for stone cutting process simulation.

(4) Te vibration response of the saw blade becomes
more focused and noticeable as one moves away
from the central hole. After being subjected to dis-
continuous alternate pressures, the segments vibrate
violently during the cutting process, causing the
substrate surrounding them to vibrate continuously.
However, the closer to the center of the saw blade,
the more obvious the action of the saw blade
clamping disc on the saw blade, so the better the
stability of the structure, the lower the vibration
speed.

4.2. SPG Parameter Sensitivity. Te cutting forces were
calculated using the boundary conditions described in
Section 3.2. Table 2 shows the results of the fnite element
analysis for the bond fracture criteria with varied parame-
ters. When the efective plastic strain for element erosion
was reduced from 0.4 to 0.2, the diference between the
numerical and experimental results increased from 18.4% to
28.7%, indicating that the FEM solutions are clearly de-
pendent on the failure criterion and are not similar to the
SPG solutions.

Te variation regularities of the average lateral vibration
velocity of the circular saw blade with varied SPG parameters
are plotted in Tables 3 and 4. It is illustrated in Table 3 that
the SPG simulation is not sensitive to the diferent bond
fracture criteria (efective plastic strain): εP

crit � 0.05, εP
crit

� 0.2, εP
crit � 0.4, εP

crit � 1.6, and εP
crit � 1.98. Te diferences

among the numerical solutions were marginal, and the

Table 1: Te main parameters of KCC provided for the full input mode.

Density (ton/mm3) PR A0 (MPa) NOUT A1
2.77E− 9 0.20 40.2 2.0 0.4463
A2 (MPa−1) UFC (psi/MPa) RSIZE (in/mm) NPTS
5.282E− 4 145.0 0.03937 13.0

F

ω

θ α

Fy

Ft

ap

Fn

Fx

V

δ

Figure 4: Te model for cutting system. F: cutting force, V: feed
speed, w: rotation speed, Fx: horizontal force, Fy: vertical force
tangential force, Fn: normal force, Ft: tangential force, and ap:
cutting depth.
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maximum error with the experimental value is controlled
within 10%. Although there are signifcant diferences in the
failure criterion, which is notably diferent from FEM using
the erosion technique, the numerical answers derived using
the SPG method are still probably close. Tis insensitivity to
bond failure criteria might be the problem that is driven by
momentum [17], which mitigates the solution dependence
on material strength. Table 4 displays the lateral vibration
velocity obtained with three diferent normalized SPG
support sizes with the same values in the X, Y, and Z di-
rections: 1.4, 1.5, 1.6, 1.7, and 1.8, respectively. Te

sensitivity to the normalized SPG support size is negligible,
and the maximum error with the experimental value is
controlled within 6%.

Compared with the FEM, the SPG algorithm has the
following advantages in simulating the rock cutting process:
(1) Modeling is simple. Tere is no need to discretize the
large deformation region into fne fnite element meshes and
add the element failure keyword. If the calculation model is
more complicated, the SPG approach has more visible ad-
vantages in modeling; to enhance the computation per-
formance, only the large deformation region needs to be
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Figure 6: Te lateral vibration speed of saw blade: (a) the vibration velocity of SPG simulation and experiment; (b) the vibration velocity of
FEM simulation and experiment.
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Figure 5: Vibration speed measurement: (a) laser vibrometer OFV505; (b) measurement points.
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discretized into SPG particles; (2) Te calculation is highly
accurate. Te SPG approach can more correctly explain
physical phenomena such as rock material separation and the
splash process of rock chips under high-speed impact; (3) It has
good adaptability. Te SPG approach can adapt to a dynamic
environment with little reliance on element (particle) density,
failure criterion, kernel update frequency, and support size.

4.3. Te Cutting Process between the Circular Saw Blade and
the Rock. Te simulation model was dynamically analyzed
to study the rock damage and damage patterns in diferent
periods, including the dynamic damage of the diamond
circular saw blade. Te numerical simulation results of the
cutting process, including the distribution of the von Mises
stress of each part, are shown in Figures 7 and 8.

Te von Mises stress is equivalent stress based on shear
strain energy that uses stress contours to represent the stress
distribution within the model, enabling the most dangerous
areas of themodel to be quickly identifed. Obviously, the higher
the stress value is, the more vulnerable the region is to damage.
Te following formula is used to calculate the von Mises stress:

σs �

��������������������������������
1
2

σ1 − σ2( 
2

+ σ2 − σ3( 
2

+ σ3 − σ3( 
2

 



, (19)

where σ1, σ2, and σ3 refer to the frst principal stress, second
principal stress, and third principal stresses, respectively.

4.3.1. Te von Mises Stress of the Rock in the Cutting Process.
As shown in Figure 7(a), at the initial stage of cutting, a
concentrated force was exerted on the rock by the arc
segments. As a result, some SPG particles in front of the
blade segment were subjected to the combined action of
impact pressure and shear stress in Figures 7(a)-I. Te

particles were reserved and did not fail primarily due to
elastic deformation, local plastic deformation, and com-
pressive press. Tus, during sequential cutting, the zone in
the contact area between the rock and saw blade causes
further compression and shear deformation, and the dis-
placement of the rock particles in the area changes to reach
a new equilibrium in Figure 7(a)-II. As shown in
Figure 7(a)-III, around the diamond saw segment, the SPG
particles failure and separation in the contact region were
clearly observed due to the compressive stress and shear
stress, and a small quantity of SPG particles (fragments)
was separated from the base rock. Te rock was in the
small-scale extrusion stage, and the crushed zone is ex-
panded in Figure 7(b). As shown in Figure 7(c), the
workpiece forms an obvious fracture area. Te rock around
the saw segments is subjected to the combined action of
tensile stress and shear stress, which aggravates the damage.
Te internal material was damaged and broken, and debris
chips were also observed. Meanwhile, with the distance of
the saw blade cutting into the rock increasing, the initial
saw kerf was formed. As shown in Figure 7(d), with in-
creasing cutting distance, the damaged and broken regions
of the rock expanded rapidly and a considerable number of
chips were separated from the workpiece, at which point
the cutting process was at the stage of large-scale fracture,
gradually expanding to form an obvious saw kerf. With the
rotating circular saw blade linearly feeding, the large-scale
fracture of brittle rock occurs repeatedly. Terefore, it was
concluded that brittle disintegration is the main spalling
mode during damage and destruction of the material.
Specifcally, the compressive and shear stresses on the rock
during cutting are the main cause of brittle damage to the
rock, which is due to various defects and concentration
stress in the rock that cause fracture damage and expansion
under shear and compressive.

Table 2: Comparison of FEM simulation results and experimental results.

Efective plastic strains Simulation velocity (m/s) Experiment velocity (m/s) Errors (%)
0.2 1.03 0.87 18.4
0.4 1.12 0.87 28.7

Table 3: Comparison of SPG simulation with diferent efective plastic strain values and experimental results.

Efective plastic strains Simulation velocity (m/s) Experiment velocity (m/s) Errors (%)
0.05 0.81 0.87 6.89
0.20 0.93 0.87 −6.89
0.40 0.91 0.87 −4.59
1.60 0.89 0.87 −2.29
1.98 0.95 0.87 −9.19

Table 4: Comparison of SPG simulation results with diferent support sizes and experimental results.

Support sizes Simulation velocity (m/s) Experiment velocity (m/s) Errors (%)
0.05 0.85 0.87 −2.29
0.20 0.88 0.87 −1.14
0.40 0.91 0.87 −4.59
1.60 0.92 0.87 −5.74
1.98 0.89 0.87 −2.29
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Figure 8: Te cutting model simulation process based on FEM.

Von-Mises Stress (pa)

I II III

1.674e+08

1.395e+08

1.116e+08

8.369e+07

5.579e+07

2.790e+07

0.000e+00

(a)

Von-Mises Stress (pa)

(b) (c) (d)

1.157e+08

9.640e+07

7.714e+07

5.787e+07

3.861e+07

1.934e+07

7.938e+04

Figure 7: Te cutting model simulation process based on SPG: (a) elastic deformation and local plastic deformation; (b) small-scale
extrusion; (c) small-scale fracture; (d) large-scale fracture.
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It is shown that the SPGmodel can simulate the dynamic
damage process of rocks under the impact of diamond saw
blade at high speed from a microscopic perspective. It is
found that the process of the indentation of a cutting tool
into the rock starts with the development of concentrated
stress under the saw blade. Moreover, the damage process of
rocks under the circular saw blade is a cycle of elastic de-
formation, local plastic deformation, small-scale extrusion,
and large-scale fracture.

Te high-speed rotating tool comes into contact with the
workpiece during the cutting process, causing the rock to fail
due to the high-speed impact, resulting in rock fragmen-
tation and damage. To study the failure forms, the shear and
pressure forces should be extracted. As shown in Figure 9,
two test points were set up on the cutting path to investigate
the failure mode of the cutting system. It should be noted
that negative pressure means the press is tensile stress;
positive press denotes compressive stress. For test particles
in the damage zone, the tensile stress, compressive stress,
and shear force versus time are shown in Figure 10. For test
particle 1, the maximum shear force reached 12.26MPa, and
the maximum compressive force reached 13.4MPa with
particle splash. As a result, particle 1 is compressive failure.
As shown in Figure 10(a), the compressive force of the
particle 2 reached 2.25MPa, while the shear force reached
4.21MPa at 0.6ms (Figure 10(b)) followed by the rock
particle damage and separation, indicating that the rock is in
shear failure. Terefore, the damage to the rock is a com-
bination of one or more of shear damage, tensile damage,
and compression damage in the cutting process.

In Figure 8, the rock fragments, material separation, and
saw kerf extension during cutting are not obvious in the
fnite element model. Te workpiece is prone to mesh
distortion (negative volume) and other phenomena in the
fnite element method to simulate the rock cutting process.
In addition, when the stress value in the contact region
reaches a specifc level, the deformed mesh may be deleted
immediately, causing an artifcial vacancy in the physical
material, and the sudden decrease in pressure may generate
an inaccuracy that is difcult to estimate. However, the SPG
technique and cutting test results agree well, the saw kerfs
are generally regular, and the width variance is between 3%
and 10% relative to the experiment, as shown in Figure 11,
with width deviations ranging from 9% to 26% compared to
the experiment.

4.3.2. Te von Mises Stress of the Circular Saw Blade in the
Cutting Process. Te easy-wear and frst-wear components
of the tool can be identifed using the stress distribution law
of the circular saw blade, which ofers a foundation for
design and processing. Figure 12 depicts the vonMises stress
cloud diagram of the circular saw blade at multiple moments
throughout the cutting process. It can be deduced that the
stress concentration is most likely to occur during the
cutting process at the front end of the saw tooth touching the
rock. During the cutting process, the contact area between
the saw blade and the stone is subjected to a combination of
strong compression and friction, resulting in obvious local

stress concentration and a larger stress gradient, as well as
evidence that the area was severely worn. Te maximum
stress of the saw tooth reaches 280MPa at the front and
bottom edges, and the von Mises stress in the circumfer-
ential direction gradually declines. It can be attributed to the
cutting process in this cutting mode that begins with the
maximum chip thickness, resulting in high-velocity impact
stresses on the segments, as illustrated in Figure 12(a). In
addition, since the rapid changes in impact and load during
the cutting process, the substrate of the diamond circular
saw blade is easily damaged, especially the segment or the
bottom of the substrate water groove, which easily produces
cracks and other problems. Consequently, a signifcant se-
curity risk is created in addition to shortening useful life of
the circular saw blade. For this reason, the radius and
structure of the water groove should be reasonably designed
in engineering practice.

With the rotating tool linearly feeding, the stress is
concentrated around the center hole of the tool and the
impact zone of the segment with a maximum stress of
231MPa, as shown in Figure 12(b). Te crushing resistance
of the spindle delivering power grows as the contact area
between the saw blade and the rock increases, which then
feeds back to the saw blade, resulting in stress concentration
around the center hole. As the cutting process proceeds, the
cutting kerf becomes longer and the restraint on the cutting
tool is strengthened, which results in reduced transverse
vibration of the saw blade and a lower stress value, as shown
in Figures 12(c) and 12(d).

Clearly, the saw tooth segments in the arc region are
subjected to alternating stress, and their von Mises stress
changes accordingly. Excessive stress causes heat accumu-
lation at the tool/workpiece contact zone, which aggravates
tool wear and failure. Terefore, it is necessary to choose a
reasonable cutting process and put forward higher criteria
for saw blade material and segment structure. According to
Figure 12, the von Mises stress of the saw blade varies from
small to large throughout the cutting operation and then
declines and stabilizes. It indicates that as the rock crushing
area expands, the energy consumption of the disc cutter
gradually decreases. At the same time, if the tool is subjected
to excessive concentrated compressive stress during the
cutting process, the saw blade is readily deformed, resulting
in uneven stone saw roads, which not only generates severe
vibration and noise but also aggravates wear and damage to
the saw blade. As a result, before using the saw blade, it must
be prestressed to compensate for the compressive stress
created during the cutting operation.

4.4. Analysis of Cutting Force. Te cutting forces of the
circular saw blade are obtained through simulation and
experimentation (Figure 13), and the cutting parameters are
discussed in Section 3.1. Te results with the average values
of the vertical force and horizontal force at the stable stage in
the experiments are 138.5N and 201.0N.Te SPG numerical
simulation results are 126.8N and 180.3N, and the FEM
numerical simulation results are 159.3N and 235.8N, re-
spectively, as shown in Figure 14. Te numerical simulation
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Figure 11: Te width of saw kerf: (a) experimental result; (b) SPG simulation result; (c) FEM simulation result.
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did not account for stone hardness or cutting heat, resulting
in lower SPG numerical simulation results than experi-
mental values, with the tangential cutting force and normal
cutting force being 8% and 10% smaller than the

experimental results, respectively. However, the experi-
mental and numerical results of SPG remain consistent. Te
tangential and normal cutting forces in the FEM simulation,
on the other hand, were 15% and 17% higher than the
experimental values, respectively, and their fuctuations were
large. As a result, the SPG model is superior to the FEM
model in the simulating rock cutting system.

Te cutting force F is a comprehensive force, which is the
resistance of the tool against the workpiece material. It can
not only describe the cutting mechanism and analyze the
cutting quality of the stone but also directly determine the
service life of the saw blade. As a result, this section in-
vestigates the cutting force under various cutting
parameters.

When the tool makes contact with the workpiece, the
impact action causes the cutting force to increase instan-
taneously. With the advancement in cutting movement, the
cutting force shows a downward trend since the contact area
between the saw blade and the rock reaches a threshold value
and the saw kerf of the rock has a certain restriction on the
saw blade. Subsequently, the cutting force fuctuates between
200N and 240N, indicating that the contact between the saw
blade and the rock is discontinuous, nonlinear, and non-
periodic and exhibits typical brittle material cutting char-
acteristics, as illustrated in Figure 15(a). At various periods,
the cutting force computed by the two methods is generally

water groove
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Von-Mises Stress (pa)
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Figure 12: Te von Mises stress nephogram at various cutting moments of circular saw blade: (a) 30th time step; (b) 200th time step; (c)
400th time step; (d) 600th time step.
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Figure 13: Te cutting force measurement system Kistler 9257B.
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consistent. However, the numerical fuctuations of the
cutting force are obvious at several points in the fnite el-
ement algorithm calculation results. Because the mesh de-
forms after the rock element is stressed, when the mesh is
deformed to a certain extent and removed under the failure
condition, it causes abrupt changes in the cutting force, as
illustrated in Figure 15(b). In addition, as the sudden failure
of the element may lead to material vacancy, substantial
mistakes will arise at certain moments. Terefore, the SPG
model can more correctly describe rock cutting under high
pressure and high-speed impact of the diamond saw blade.

Figure 16(a) depicts the cutting force curves when the
circular cutting tool cut the rock at a rotation speed of
300 rad/s, a feed speed of 10mm/s, and cutting depths of 7, 9,
11, and 13mm. It is clear that increasing the cutting depth
results in a large increase in cutting force. As the cutting
depth increases, the overlapping area between the saw blade
and the hard workpiece increases, and as the volume of stone
removal per unit of time increases, the cutting force in-
creases and converges to a stable value. In other words, with
the increase in cutting depth, the number of rock fragments
generated and acting on the interaction surface increases,
leading to an increase in the cutting force. In addition, the
same conclusions are available for diferent feed speeds of
0.12, 0.14, 0.16, and 0.20mm/s. According to Figure 16(a),
the relational expression between the cutting force and the
cutting depth at diferent feed speeds was y � Ax2 + Bx + C.
It is apparent that these polynomial curves are ftted with
high accuracy. In addition, the fuctuation of instantaneous
cutting forces was more drastic at higher cutting depths and
feed speeds, and when the cutting depth is 13mm and the
feed speed is 0.2mm/s, the cutting force is 1280N.

To investigate the relationship between saw blade feed
speed and cutting force, the circular cutting tool was used to
cut the rock with a rotation speed of 300 rad/s, a feed speed
of 10mm/s, and rotate speeds of 200, 240, 260, 280, and
300 rad/s, as shown in Figure 16(b). It is obvious that the

force increases with increasing feed speed. Such an increase
of cutting forces has also been reported in FDEM simulation
[24] and experimental analysis [25] for rock cutting. It could
be attributed to the feed speed increasing and the volume of
stone removal per unit time. To prevent saw blade wear and
tear and extend tool life, the actual cutting operation should
restrict the feed rate with the presumption that it would
fulfll the requirements for cutting efciency. Furthermore,
when the cutting depth grows, the cutting force will be
increased by comparing the force values. Te relational
expression between the cutting force and feed speed depth at
diferent rotation speeds was y � Ax2 + Bx + C. Te cor-
relation coefcient of diferent curves is presented in
Figure 16(b). Te fracture behavior and mechanical prop-
erties of the heterogeneous brittle rock are strain rate sen-
sitive. Te results of numerous studies have shown that the
strength of rock materials increased as the strain rate in-
creased [24]. It was believed that the enhancement of dy-
namic strength was primarily caused by the materials
inhomogeneity and inertia efects. Because the rock material
was assumed to be homogeneous and the material properties
were constant in our simulation, the efect of cutting speed
on cutting forces was mainly driven by inertia efects.

As shown in Figure 16(c), as the circular saw blade
rotation speed increases, the cutting force reduces. Te main
reason for this is that as the rotation speed increases, the
cutting force of the saw blade in contact with the rock in-
creases relatively in the unit time, and thus the unit cutting
force of each cutting-edge decreases resulting in the circular
saw blade cutting force decreasing. Note that the removal
volume of rock will be reduced by a circle of the cutting tool
cutting rock with the rotation speed increasing, causing the
discharge efciency of rock fragments to increase and the
cutting force to decrease. As a result, in engineering practice,
increasing the rotation speed can be ofered to reduce the
cutting force. Te relational expression between the cutting
force and the rotation speed at diferent cutting depths was
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Figure 15: Time domain diagram of cutting force: (a) cutting force of SPG; (b) cutting force of FEM.
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y � Ax + B. For instance, when the cutting depth is
0.13mm, the parameters of the equation are A� −1.47 and
B� 1557.43, and its correlation coefcient R is 0.97.

5. Conclusion

Te process of cutting rock with the diamond circular saw
blade is studied by the SPG simulation method in this paper.
Four conclusions are drawn as follows:

(1) Te SPG approach can accurately characterize the
processes by which hard and brittle materials are
broken and destroyed, such as rock cutting with a
circular saw blade. Meanwhile, the SPG method has
low sensitivity to failure criteria when describing the
damage of the rock, whichmakes the numerical robust
and reliable since the major criteria for bond failure do
not need to be tuned, which contrasts substantially
with the element erosion type FEA. Te simulation
results are consistent with the experimental results for
the time course of cutting force and saw blade vi-
bration speed obtained by the SPG method. Te ac-
curacy of algorithm is demonstrated by the fact that
the average values of sawing force and saw blade vi-
bration speed from SPG numerical simulation do not
exceed 11% of the experimental values.

(2) During the cutting process, the saw blade segment is
strongly squeezed and rubbed, resulting in saw blade
wear primarily on the top and side of the saw tooth
segment. Furthermore, the water groove of the cir-
cular saw blade is vulnerable to the damage from
alternating stresses.

(3) Te damage to the rock in the cutting process is an
intermittent and cyclic process separated into four
stages: elastic deformation, local plastic deformation,
small-scale extrusion, and large-scale fracture.

(4) Tere is a signifcant correlation between cutting
force and cutting parameters. Te cutting force in-
creases with the increase in the cutting depth and
feed speed and decreases with the increase in the
rotation speed. Within the range of the proposed test
parameters, priority parameters can be given in
engineering practice to reduce cutting depth, in-
creasing rotation speed, and decreasing feeding rate
to minimize the cutting force.

Te economic cost can be reduced by simulating and
analyzing the rock cutting process. In the simulation
analysis, the microscopic mechanism of the rock cutting
process by diamond saw blade can be further analyzed, and it
can also perform the thermodynamic coupling analysis of
the cutting process.
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