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Abstract: Microwave precondition has been highlighted as a promising technology for softening the rock mass prior to 
rock breakage by machine to reduce drill bit/cutter wear as well as inverse production rate. To numerically explore the 
effect of numerical parameters on rock static strength simulation, and determine the numerical mechanical parameters 
of microwave-treated basalts for future drilling and cutting simulations, numerical models of uniaxial compression 
strength (UCS) and Brazilian tensile strength (BTS) were established with the coupling of smoothed particle 
hydrodynamics and finite element method (SPH−FEM). To eliminate the large rock strength errors caused by 
microwave-induced damage, the cohesion and internal friction angle of microwave-treated basalt specimens with the 
same microwave treatment parameters were calibrated based on a linear Mohr−Coulomb theory. Based on parametric 
sensitivity analysis of SPH simulation of UCS and BTS, experimental UCS and BTS values were simultaneously 
captured according to the same set of calibrated cohesion and internal friction angle data, and the UCS modeling results 
are in good agreement with experimental tests. Furthermore, the effect of microwave irradiation parameter on the basalt 
mechanical behaviors was evaluated. 
Key words: microwave irradiation; microwave-assisted rock breakage; rock mechanics; smoothed particle 
hydrodynamics (SPH); parametric sensitivity analysis 
                                                                                                             
 
 
1 Introduction 
 

Rock breakage strongly affects the efficiency 
and safety of geotechnical engineering operations. 
Microwave heating is a promising method to soften 
hard rocks prior to breakage (Fig. 1). Static strength 
tests show that microwaves can weaken specimens 
of rock containing microwave-absorbing minerals 
(to varying degrees, depending on the mineral types, 
content, and spatial distribution in the rock) [1,2]. 
In the field, the rock mass may subject dynamic 

impacts [3], and dynamic tests (e.g., drop-weight 
impact and split Hopkinson pressure bar tests) 
indicate that microwaves can also greatly weaken 
rock dynamic strength [4−6]. Given that hard rock 
promotes serious drill bit/cutter wear on rock 
breakage machines, microwave-assisted rock 
breakage could be combined with tunnel boring or 
other rock excavation machines to improve rock 
cutting/drilling efficiency and decrease wear, thus 
extending machine service life [7,8]. 

Bit performance can be empirically assessed in 
the laboratory using scratch tests, Schmidt hammer 
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Fig. 1 Concept of microwave-assisted mechanical rock 
breakage 
 
tests, or drilling tests with small rock specimens. 
However, the applicability of bench-scale results to 
the field is limited: the microwave power of 
laboratory microwave equipment is relatively low, 
which limits the microwave penetration into the 
rock specimen, and the microwave cavity is small, 
which means that the microwave-treated rocks 
would not meet the dimensional requirements for 
linear cutting tests [9]. To overcome this limitation, 
microwave irradiation system with an open-ended 
waveguide is used to perform irradiation test. 
Microwave irradiating multiple spots at the rock 
block surface induced a large-scaled network of 
cracks, which makes it feasible to conduct linear 
cutting test for the microwave-treated rock    
block [10]. However, large scale rock experimental 
test involves tedious preparation procedure, and it is 
unrepeatable due to the randomly distributed  
cracks [11]. 

As a highly efficient and low-cost approach, 
numerical simulation could provide new insights on 
disc cutter performance on a microwave-treated 
rock mass. The explicit dynamic analysis software, 
LS-DYNA, has been widely used for rock 
simulation [12]. In LS-DYNA code, the smoothed 
particle hydrodynamics (SPH) approach can 
simulate large deformation such as rock debris 
motion caused by cutting or drilling [13,14]. Thus, 
the SPH model of microwave-treated rock is 
presented in this study. The first step is to determine 
the appropriate mechanical parameters of the 
microwave-treated rock and numerical model. 
During microwave-assisted rock breakage, rock 
damage is induced by the uneven distribution of 
thermal stress, which is governed by the dielectric 
properties of minerals in the rock [15]. Because 

rock is heterogeneous, microwave-induced cracks 
propagate randomly, enhancing the inhomogeneity 
of rock [16]. Although the digital rock technique 
can generate a detailed model with cracks in 
numerical simulation, model dimensions may not 
meet the needs for cutting or drilling modeling [17]. 
Furthermore, the relative position of the cutter/bit 
and the rock specimen with cracks affects cutting 
performance, and thus it is not possible to compare 
numerical results among experimental groups [18]. 
It is known that rock strength strongly influences 
rock fracturing behavior; in particular, tensile 
strength governs most rock failures [19−21]. 
Therefore, a compromise is to match experimental 
uniaxial compression (UCS) and Brazilian tensile 
strength (BTS) with a homogeneous numerical 
model and make the numerical parameters 
governing rock deformation consistent with 
empirical results. 

The focus of this study is to numerically 
explore the effect of SPH parameters on rock static 
strength simulation, and determine the numerical 
mechanical parameters of microwave-treated 
basalts. The parametric study results are expected to 
lay the foundation for numerically exploring the 
mechanical breaking behavior of microwave- 
damaged rock in geotechnics, such as future cutting 
and drilling modeling of microwave-treated basalt. 
This work uses detailed published experimental 
data from LU et al [22,23] on UCS, BTS, and 
conventional triaxial compressive strength (CTCS) 
of microwave-treated basalts. A hybrid algorithm 
SPH-FEM is employed to simulate the UCS and 
BTS of microwave-treated basalt with LS-DYNA 
code. Furthermore, the effect of microwave 
irradiation parameter on the basalt mechanical 
behaviors is evaluated. 
 
2 Principles of SPH method 
 
2.1 SPH formulation 

SPH algorithm was proposed by GINGOLD 
and MONAGHAN [24] and LUCY [25] in 1977, 
primarily for astrophysics applications. Subsequent 
improvements by various researchers have made 
SPH an efficient mesh-free particle method that is 
widely applied to simulating the mechanics of 
continuum media, such as solid mechanics and fluid 
flows [26,27]. As a Lagrangian method, the SPH 
method is based on the hypothesis that the problem 
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domain can be divided into a set of discrete moving 
particles with independent quality and space 
(Fig. 2). Therefore, unlike the finite element method 
(FEM), no element distortion occurs in a SPH 
model [28]. Parameters such as density, stress 
distribution, strain, temperature history, velocity, 
and deformation are estimated from the weighted 
mean size of the mathematical nodes over 
neighboring nodes through interpolation functions 
known as kernels (Fig. 2). 
 

 
Fig. 2 Particle interactions in SPH within influence 
domain governed by kernel functions 
 

The scalar function f (x) is continuous over the 
whole support domain, and can be written as  

( ) ( ) ( )df f δ′ ′ ′= −x x x x x                  (1) 
 
where x is the position vector, and δ(x–x′) is the 
Dirac delta function, given as  

+ ,
( )

0,
δ
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x x
x x

x x
                   (2) 

 
Dirac delta function must have a property that 

its integral over the entire volume equals unity. 
If the Dirac delta function is replaced by 

smoothing (kernel) function W(x–x', h), the kernel 
approximation is expressed as  

( ) ( ) ( , ) df f W h′ ′ ′= −x x x x x             (3) 
 
where h is smoothing length. 

The kernel function should satisfy the Dirac 
delta function as smoothing length approaches zero. 
Among the four kernel functions (cubic spline, 
quartic, quadratic spline, and quintic spline) 
available in LS-DYNA code, the default cubic 
spline kernel function is applicable to most 
simulations. It is expressed as 
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where q is the ratio of particle spacing (r) to 
smoothing length (h); αD equals 1/(πh3) in a 
three-dimensional domain. 

If the volume, ΔVj, of particle j is introduced 
into Eq. (3), the computational domain can be 
discretized into a finite number of particles based 
on the following equation:  

( ) ( ) (| |, )j
i j i j

j j

m
f x f x W x x h

ρ
≈ −           (5) 

 
where ρj and mj denote the density and mass of 
particle j, respectively; j = 1, 2, …, N, and N is the 
number of particles in the support domain of 
particle i; xi and xj represent the positions of 
particles i and j, respectively. 
 
2.2 Governing equations 

The conservation laws of mass, momentum, 
and energy are given by Eqs. (6), (7), and (8), 
respectively [29]:  
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where α and β are both space vectors; ρi and ρj are 
the densities of particles i and j, respectively; ixβ  is 
the coordinate component of x along β; Wij 
indicates the smoothing function between particles i 
and j; ijvα  and ijvβ  represent the velocities for 
particle i relative to particle j along α and β, 
respectively; mj is the mass of particle j; ivα  and 

jvα  denote the velocity components of particles i 
and j along α, respectively; i

αβσ  and j
αβσ  are the 

total stress tensors of particles i and j, respectively; 
ei is the internal energy of particle i; t is time. 

Many numerical solutions of the continuum 
equations exhibit large unphysical oscillations near 
shocks due to the omission of dissipative terms [30]. 
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To deal with this, artificial viscosity is introduced to 
SPH governing equations, which is able to not only 
eliminate the unphysical oscillation, but also 
prevent the penetration of SPH particles [31]. In 
LS-DYNA code, the Monaghan-type artificial 
viscosity is used (Eq. (9)): 
 

2
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0,  0

ij ij ij
ij ij

ijij

ij ij

α c β
v x

v x
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            (9) 

 
where α1 and β1 are input constants and c is the 
speed of sound in the material and 
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The parametric study indicated that numerical 

results are more sensitive to the value of α1 than β1. 
Thus, it is recommended that the user set both α1 
and β1 to be 1 on *CONTROL_BULK_VISCOSITY. 
Fluid material simulation generally needs a much 
small value for β1. 

Therefore, Eqs. (7) and (8) can be rewritten as 
Eqs. (10) and (11), respectively: 
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2.3 Solution procedures 

The SPH calculation cycle in LS-DYNA 
(Fig. 3) is similar to that for computation in FEM 
except some steps involve use of kernel 
approximations as discussed above. A specific 
particle searches for neighbors within a support 
domain. In each time step, kernel approximations 
are used to estimate (1) the density and strain rates 
of each particle using the spatial derivatives of 
velocities and (2) forces of each particle from the 
spatial derivatives of stresses [32]. 

 

 
Fig. 3 SPH calculation cycle in LS-DYNA 
 
3 Numerical calibration 
 
3.1 Rock physical parameter calibration 

Generally, multimode cavity is more efficient 
to process products in bulk than single-mode cavity 
in terms of heating efficiency and uniformity. Thus, 
a CM-06S multimode cavity at 2.45 GHz was used 
in microwave heating test. The effect of water 
content on basalt microwave response is not 
considered in the experimental tests. Preliminary 
experiments are conducted to determine the proper 
microwave treatment parameters, which showed 
that at applied powers of 1, 3 and 5 kW, the 
standard cylindrical basalt specimens were broken 
and damaged after about 320, 110, and 50 s, 
respectively. Thus, in order to ensure that the 
microwave-treated basalt specimens meet the  
needs for mechanical behavior test, the microwave 
treatment duration should be less than afore- 
mentioned time. Microwave heating tests were 
conducted on triplicate basalt specimens and 
microwave was at three power levels for various 
treatment time (Table 1). The control group did not 
receive microwave treatment. All specimens were 
subjected to UCS and BTS tests following the 
procedures recommended by International Society 
for Rock Mechanics and Rock Engineering [33].  
In addition, cylindrical specimens of the 5 kW 
treatment group were prepared for CTCS tests 
under three confining pressures to determine the 
friction angle and cohesion (Table 1). Linear 
regression analysis was used to determine 
relationships between basalt strength and micro- 
wave treatment time at the three power levels 
(Table 2). 

It is evident from Table 2 that there was a 
strong negative relationship between basalt static 
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Table 1 Experimental design for microwave treatment and strength testing of basalt specimens 
Test Specimen shape Specimen size Microwave power/kW Exposure time/s Confining pressure/MPa

UCS Cylinder d50 mm × 100 mm 

1 60, 180, 300 0 

3 30, 60, 90 0 

5 10, 20, 30 0 

BTS Disc 50 mm × 50 mm 

1 60, 180, 300 0 

3 30, 60, 90 0 

5 10, 20, 30 0 

CTCS Cylinder 50 mm × 100 mm 

5 10, 20, 30 10 

5 10, 20, 30 30 

5 10, 20, 30 50 
 
Table 2 Relationships between deformation parameters 
and microwave irradiation time 
Deformation 

parameter 
Microwave 
power/kW 

Regression equation R2

UCS 

1 UCS = 278.18−0.26t 0.92

3 UCS = 282.18−0.97t 0.94

5 UCS = 280.80−2.49t 0.99

BTS 

1 BTS = 15.60−0.02t 0.94

3 BTS = 15.43−0.06t 0.93

5 BTS = 15.49−0.25t 0.96

Poisson’s  
ratio 

1 υ = 0.28−0.00009t 0.62

3 υ = 0.28−0.0006t 0.98

5 υ = 0.28−0.002t 0.89

Elastic  
modulus 

1 E = 95.64−0.06t 0.96

3 E = 97.07−0.26t 0.97

5 E = 92.43−0.58t 0.88
Friction 
 angle 

5 ϕ =50.38−0.06t 0.73

Cohesion 5 c = 53.07−0.39t 0.79
 
strength (UCS and BTS) and microwave treatment 
time. Further, the magnitude of the negative slope 
increased with microwave power level. The same 
pattern was observed for the rock deformation 
indicators (Poisson’s ratio and elastic modulus). At 
the highest microwave power level, the cohesion 
and friction angle were also negatively related to 
treatment time. The fitted physical and mechanical 
parameters based on the regression equations in 
Table 2 are listed in Table 3. 
 
3.2 Numerical parameter calibration 

Several material models in LS-DYNA code are 

available for modeling rock and concrete materials 
deforming under different loading conditions, such 
as *MAT_MOHR_COULOMB, *MAT_PLASTIC_ 
KINEMATIC, *MAT_BRITTLE_DAMAGE, *MAT_ 
JOHNSON_HOLMQUIST_CONCRETE, *MAT_ 
CSCM, and *MAT_RHT [34]. However, numerical 
parameters for some material models involve 
dozens of physical parameters, which need to be 
determined by numerous experimental tests. Thus, 
it is very cumbersome to validate the numerical 
parameters. In geotechnical engineering, the 
Mohr-Coulomb model is the most common model 
in the context of geomaterials. It postulates a linear 
relationship between shear strength on a plane and 
the normal stress acting on it. This can be 
represented by plotting Mohr’s circle for states of 
stress at failure in terms of the maximum and 
minimum principal stresses (Fig. 4). The linear 
Mohr−Coulomb model can be written as  
τ=c+σtan φ                                                    (12) 
 
where τ is the shear stress, σ is the normal stress, c 
is the cohesion of the material, and ϕ is internal 
friction angle. 

The linear Mohr−Coulomb model is included 
in LS-DYNA code. All basalt parameters obtained 
above matched very well with the requirements for 
the inputting numerical parameters for the 
Mohr−Coulomb model. Therefore, *MAT_MOHR_ 
COULOMB material model was implemented in 
this numerical investigation. 

Rock material is anisotropic because it 
contains natural flaws, such as joints, pores, and 
cracks [35]. In the numerical model, rock was 
simplified as a homogeneous material. Microwave 
treatment damaged rock specimens (e.g., formation 
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Table 3 Fitted basalt physical and mechanical parameters 

Group 
Microwave  
power/kW 

Exposure  
time/s 

Elastic  
modulus/GPa 

Poisson’s 
ratio 

Cohesion/
MPa 

Internal friction 
 angle/(°) 

UCS/ 
MPa 

BTS/ 
MPa 

M1 0 0 97.07 0.28 – – 282.18 15.43 

M2 1 60 94.04 0.27 – – 262.58 14.40 

M3 1 180 86.84 0.26 – – 231.38 12.00 

M4 1 300 79.64 0.25 – – 200.18 9.60 

M5 3 30 89.27 0.26 – – 253.08 13.63 

M6 3 60 81.47 0.24 – – 223.98 11.83 

M7 3 90 73.67 0.23 – – 194.88 10.03 

M8 5 10 86.54 0.26 49.17 49.78 255.90 12.99 

M9 5 20 80.65 0.24 45.27 49.18 231.00 10.49 

M10 5 30 74.76 0.22 41.37 48.58 206.10 7.99 
 

 

Fig. 4 Linear Mohr−Coulomb model 
 
of irregular cracks in cylindrical specimens; Fig. 5), 
which would likely enhance the variation in 
experimental results. Given that the physical 
parameters from each testing group can only 
represent the physical and mechanical properties of 
the corresponding test specimen, before inputting 
the experimental results into the modeling software, 
calibration was required. 

Compression is assumed to be positive in the 
following discussion. In the triaxial stress state, 
Mohr-Coulomb failure surface can be expressed as 
 

1 3 1 3+= sin cos
2 2

σ σ σ σ cφ φ− +
  

            (13) 
 
where σ1 and σ3 denote the major and minor 
principal stress, respectively. 

In a pure compression stress state, σ1=UCS and 
σ3=0, and thus we have  

2 cosUCS
1 sin

c φ
φ

=
−

                         (14) 
 

In pure tension stress state, σ1=0 and −σ3=BTS 
(BTS denotes tensile strength in the following 

discussion), and thus we have  
2 cosBTS
1 sin

c φ
φ

=
+

                         (15) 
 

Therefore, for a linear Mohr−Coulomb failure 
criterion, the UCS and BTS can be predicted by 
Eqs. (14) and (15) when the cohesion and internal 
friction angle are known. For the 5 kW testing 
group, the cohesion and internal friction angle were 
determined by CTCS tests. When the fitted 
experimental cohesion and internal friction angle of 
Group M8 (Table 3) are brought into Eqs. (14) and 
(15), the predicted UCS and BTS are 268.58 and 
36.01 MPa, respectively, which differs from the 
fitted experimental UCS and BTS (255.90 and 
12.99 MPa, respectively). This discrepancy has a 
large impact on the shear stress value predicted by 
the linear Mohr−Coulomb model. It should be 
noted that most rock engineering failure is governed 
by tensile strength. In order to make the 
experimental UCS and BTS valid in numerical 
simulations, the cohesion and internal friction 
angles were calibrated based on Eqs. (14) and (15) 
via back-calculation (Table 4). 
 
4 UCS modeling and results 
 
4.1 Numerical boundary conditions 

The numerical UCS model consisting of an 
upper platen, a lower platen and a rock cylinder 
(d50 mm × 100 mm) was simulated in LS-DYNA 
by SPH particles (Fig. 6). Because the 
implementation of boundary conditions and 
computational efficiency are poor in SPH relative to 
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Fig. 5 Crack patterns on surfaces of cylindrical microwave-treated basalt specimens [22] 
 
Table 4 Calibrated basalt physical parameters 

Group Cohesion/MPa Internal friction angle/(°)

M1 32.99 63.68 

M2 30.75 63.64 

M3 26.35 64.34 

M4 21.92 65.30 

M5 29.37 63.87 

M6 25.74 64.11 

M7 22.11 64.44 

M8 28.83 64.61 

M9 24.61 65.94 

M10 20.29 67.72 
 

 
Fig. 6 Numerical UCS model 
 
FEM, the two platens were modeled by a finite 
element rigid body: the upper platen is prescribed at 
a constant vertical velocity, and the lower platen is 
constrained. In order to get the real section area of 

the cylindrical model, the SPH particle model was 
converted from finite element in LS-PREPOST 
software. The average axial stress was calculated by 
dividing the contact forces on the interface between 
the upper platen and rock by the real cross-sectional 
area of the rock cylinder. 

To couple FEM and SPH, it is crucial to 
calculate the forces exchanged between elements 
and particles near the coupling interfaces. In the 
interface between the SPH particles and FEM 
model, finite element nodes are regarded as 
background particles that have the same attributions 
as SPH particles (Fig. 7). The mass, position, 
velocity, and stress of the background particles are 
in accordance with finite element nodes. The 
interaction between platens and SPH cylinder is 
defined with the contact algorithm *CONTACT_ 
AUTOMATIC_NODES_TO_SURFACE, where the 
two platens are treated as the “master” and the SPH 
particles of rock are treated the “slave” [37,38]. 
 

 
Fig. 7 Attachment algorithm for coupled SPH−FEM 
method [36] 
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4.2 Effect of loading speed 
LS-DYNA is a multi-physics solver 

comprising an implicit solver and explicit solver. 
The implicit solver provides both linear and 
nonlinear analysis options, including the choice of 
static or various dynamic solution schemes, 
especially the long-term mechanical response. 
Static rock strength tests are relatively time- 
consuming due to the low loading speed; thus, the 
implicit solution might be most suitable. However, 
LS-DYNA implicit analysis requires many implicit 
numerical parameters to reach convergence, and it 
takes a great deal of time to determine optimal 
parameters. The explicit solver is intended to 
quickly simulate highly dynamic problems. 
Quasi-static loading in explicit analysis enhances 
the loading speed to save simulation time. This 
study uses numerical simulation of static rock 
experiments with a quasi-static loading technique in 
the explicit solver in LS-DYNA. 

Rock is a rate-dependent material: its 
mechanical properties change with loading rate. 
However, it is shown that the loading rate only 
influences the mechanical properties of rock above 
a threshold loading rate [39]. A series of 
preliminary simulations were conducted to 
determine the optimum loading speed for UCS 
modeling. The physical and mechanical parameters 
of Group M1 (untreated control) were used for the 
parametric sensitivity analysis. Five nominal strain 
rates were applied for each model. The normal 
contact force increases with loading speed (Fig. 8). 
At nominal strain rates from 0.001 to 0.01 s−1, the 
force−displacement curves are similar, but at 
nominal strain rates above 0.01 s−1, the 
displacement is clearly higher for a given force. 
Further, oscillations are evident, which are caused 
by high-speed impacts. The force−displacement 
curves indicate that a nominal strain rate below 
0.01 s−1 is acceptable for UCS modeling with a 
quasi-static loading simulation. Given that lower 
nominal strain rates require a longer simulation 
time, a constant nominal strain rate of 0.01 s−1 was 
selected for UCS modeling. 
 
4.3 Effect of particle spacing 

The normal peak stress was calculated to 
assess the effect of particle spacing since it 
influences the accuracy of the numerical results and 

thus requires careful examination and consideration 
to balance accuracy and simulation time. Five 
numerical models with SPH particle spacings of 5, 
4, 3, 2, and 1 mm were used to evaluate particle 
spacing sensitivity (Fig. 9), with corresponding  
real section areas of the SPH cylinder of 14.25, 
15.28, 16.00, 17.48, and 18.57 cm2, respectively. 
According to SPH theory, the optimal distribution 
of particles is even. 
 

 
Fig. 8 Curves of normal contact force versus 
displacement with different strain rates 
 

The peak stress was slightly higher with a 
larger particle spacing (Fig. 10). The section shape 
of the rock model is an approximate circle when the 
particle spacing is fine and an octagon when the 
particle spacing is coarse (Fig. 9). Consequently, 
stress concentrates at the sharp corners of the coarse 
particle model, causing higher normal stress. At  
the particle spacing of 1 mm, the modeled UCS 
(281.44 MPa; Fig. 10) is only 0.26% lower than the 
fitted UCS for Group M1 (282.18 MPa; Table 3). 
Thus, an SPH cylinder with the particle spacing of 
1 mm was selected for UCS modeling. 

 
4.4 Effect of time-step 

The computational time-step strongly affects 
model accuracy and performance. Smaller steps 
generally improve accuracy but take longer to 
compute because there are more steps. Therefore, it 
is necessary to find the balance between simulation 
efficiency and accuracy. For a numerical model 
coupled with SPH and FEM, the time-step is 
governed by SPH rather than FEM. The SPH 
time-step, δt, varies according to the following 
equation:
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Fig. 9 SPH particle models with five particle spacings 
  

 
Fig. 10 Effect of particle spacing on peak stress 
 

CFLδ min i
i

i i

ht C
c v

 
=  + 

                  (16) 

 
where CCFL is a numerical constant and hi, ci, and vi 
denote the smoothing length, adiabatic speed of 
sound, and velocity of particle i. 

In LS-DYNA, the scale factor TSSFAC (β′) for 
computed time-step is introduced, which equals 
CCFL. For a specific SPH model, β′ is the only 
time-step parameter that can be defined by the user 
(without mass scaling). Except for the model 
time-step, the contact time-step also affects 
numerical results, which can be adjusted by 
changing contact stiffness and β′. The reasonable 
model time-step should not be greater than the 
minimum contact time-step. It is not recommended 
that β′ is greater than 0.9 for stable calculation. 
Hence, β′ was set to be 0.7, 0.8, and 0.9 to study the 

effect of time-step. The three resulting curves were 
virtually identical (Fig. 11). The normal contact 
forces of the three models were 522629, 522650, 
and 522637 N for β′ of 0.7, 0.8, and 0.9, 
respectively. Given that time-step had almost no 
effect on UCS modeling results and taking 
computing time into consideration, the optimal 
time-step scale factor was determined to be 0.9. 
 

 
Fig. 11 Effect of three time-step scale factors on axial 
stress 
 
4.5 Effect of particle approximation theory 

The particle approximation theory is defined 
by the FORM value in the *CONTROL_SPH 
keyword. Among the 11 approximation theories in 
LS-DYNA R10, four are available for solid 
structures (0, 1, 7, and 8). In most solid structure 
applications, FORM 1 yields more accurate results 
around the boundary area. FORM 7 and FORM 8 
provide the total Lagrangian formulation without 
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and with renormalization, respectively, which can 
help to avoid the tensile instability, but they are not 
applicable to large deformation analysis [40]. 

Approximation theories with renormalization 
(FORM 1 and FORM 8) yielded higher normal 
stress than FORM 0 and FORM 7 (Fig. 12). For 
FORM 0 or FORM 7, the numerical elastic 
modulus caused a large deviation when compared 
with the experimental elastic modulus, which 
indicated that the accuracy around the boundary 
area significantly affected the overall accuracy of 
the UCS model. In addition, approximation theories 
with renormalization have a longer computing time 
than those without renormalization. However, 
considering the accuracy of numerical results, 
employing the rock static strength simulation using 
SPH approximation theories with renormalization is 
suggested. Although FORM 8 can be used to avoid 
possible tensile instability, it cannot endure very 
larger deformations. Thus, FORM 1 was selected 
for UCS modeling. 
 

 
Fig. 12 Effect of particle approximation theory on 
normal stress 
 
4.6 Effect of smoothing length 

SPH elements consist of single node, and all 
element properties are centered on the single node. 
The initial smoothing length is constant for each 
part and is calculated as maximum value of all the 
minimum distance for each particle. Every SPH 
particle has its own smoothing length which varies 
in time based on Eq. (17):  
d ( ) ( )
d

h t h t
t

= ∇ ⋅ v                        (17) 
 
where h(t) is the smoothing length and ∇ ⋅ v  
denotes the divergence of velocity vector. 

The smoothing length is lower at high particle 
concentration than at low particle concentration: 
smoothing length varies to keep the same number 
of particles within its support domain. The 
smoothing length governed by Eq. (17) is scaled by 
CSLH in LS-DYNA code. It is recommended that 
the radius of the support domain governed by 
smoothing length covers more than two layers of 
SPH particles along each direction. SAKAKIBARA 
et al [41] tested CSLH values using the 
MAT_PLASTIC_KINEMATIC material model and 
concluded that a CSLH of 1.05 is most accurate. A 
CSLH >1.3 dramatically increases computing time. 
Thus, CSLH values between 1.05 and 1.3 are 
acceptable, and the default CSLH value is 1.2, 
which is applicable to most problems. CSLH values 
of 1.05, 1.2, and 1.3 were tested to assess the effect 
of smoothing length on UCS modeling. 

CSLH values of 1.2 and 1.3 yielded similar 
peak stresses, whereas a CSLH of 1.05 yielded a 
lower peak stress (Fig. 13). Therefore, a CSLH 
value of 1.2 was chosen for UCS modeling. 
 

 
Fig. 13 Effect of smoothing length 
 

In summary, based on parametric analysis, a 
nominal strain rate of 0.01 s−1, time-step scaling 
factor of 0.9, particle approximation theory with 
FORM 1, smoothing length scaling factor of 1.2, 
and particle spacing of 1 mm were applied for all 
UCS modeling. 
 
4.7 UCS modeling results 

In experimental strength tests, microcracks 
induced by microwave exposure play significant 
roles in the rock failure mode. As mentioned before, 
the numerical modeling was based on the 
assumption that microwave-induced damage evenly 
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distributed in rock. Therefore, there is no 
comparability in the failure mode between 
numerical and experimental results. Figure 14 
shows that the mechanical response differences of 
those specimens under different testing conditions 
are obvious. However, the rock failure modes are 
 

 

Fig. 14 Numerical stress versus strain curves and failure 
modes (distribution of effective plastic strain) of UCS 
modeling of basalt cylinders treated with microwaves at 
different power levels: (a) 1 kW; (b) 3 kW; (c) 5 kW 

quite similar, and most specimens failed with 
X-shaped conjugate or multiple shear failure mode. 
In the UCS model of microwave-treated basalt, the 
post-peak stress curves decline dramatically and 
several cracks appear in a very short time, 
indicating that the model captures the brittle failure 
behavior of hard rock [42,43]. The maximum axial 
strains vary around 0.3%, which agrees with the 
experimental result of the study by LU et al [23]. 
This demonstrated that using experimental elastic 
modulus and Poisson’s ratio ensured the 
deformation accuracy in the numerical results. 
Numerical results also indicated that elastic 
modulus and Poisson’s ratio are consistent with 
experimental results. In addition, it is observed that 
the influences of microwave exposure time and 
power level on the rock strength and deformation 
characteristics in numerical simulation are 
consistent with experimental results. That is to say, 
the longer the microwave exposure time or the 
higher the microwave power level is, the more the 
reduction in rock strength is. The mean relative 
error between the modeled and fitted experimental 
UCS (Table 5) is 0.37%, indicating that selected 
SPH parameters work well for UCS modeling of 
microwave-treated basalt. 
 
Table 5 Relative error between numerical and fitted 
experimental UCS data 

Group
Fitted experimental 

 UCS/MPa 
Numerical 
 UCS/MPa 

Relative
 error/%

M1 282.18 281.44 0.26 

M2 262.58 261.77 0.31 

M3 231.38 230.54 0.36 

M4 200.18 199.42 0.38 

M5 253.08 252.23 0.34 

M6 223.98 223.32 0.29 

M7 194.88 194.45 0.22 

M8 255.90 254.82 0.42 

M9 231.00 229.87 0.49 

M10 206.10 204.77 0.65 
 
5 BTS modeling 
 
5.1 Numerical boundary conditions 

The BTS model is more sensitive to loading 
speed than the UCS model because the contact zone 
and specimen size differ. In order to eliminate the 
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oscillation in BTS modeling, the nominal strain rate 
was reduced to 0.001 s−1, resulting in a longer 
computing time. Thus, based on the understanding 
that material mechanical behavior does not depend 
on model geometry, the rock model was created 
with a disc. It comprises two finite platens and one 
SPH disc (Fig. 15). The upper platen is applied at a 
constant vertical velocity and the lower platen is 
fixed. 
 

 
Fig. 15 Numerical model of BTS 
 
5.2 Crack initiation and evolution 

According to the plane elasticity theory and 
Griffith criterion, during BTS testing, a tensile 
crack should initiate at the center of the disc and 
then propagate along the compressive diametral line 
for homogeneous rock materials. The central crack 
initiation is captured by the SPH model (Fig. 16). 
The rock model is not a perfect circle in cross- 
section; therefore, the contact area between upper 

platen and rock specimen is rectangular, similar to 
the flattened Brazilian disc testing condition. In a 
flattened Brazilian disc test, the loading angle 
should not exceed 20° [44]. In this numerical model, 
the loading angle is 20°. Moreover, the flattened 
contact area contributes a larger compressive zone 
near the interface of platen and rock model than 
does the regular BTS test. Therefore, shear cracks 
occur at the two ends of the central crack and 
propagate to the edge of contact area. In addition, 
although stress concentrates slightly at the edge on 
the contact zone, it does not affect the central crack 
initiation. 

 
5.3 BTS modeling results 

The relative errors between numerical and 
fitted experimental BTS data are larger than those 
in the UCS model (Table 6). Even so, the largest 
difference between fitted experimental and 
numerical BTS is only 0.76 MPa (relative error is 
4.88%). 

Although the final crack distribution differed 
among BTS model, all cracks initiated along the 
loading diameter (Fig. 17). The initial compaction 
phase of stress versus displacement could not be 
captured by a homogeneous model. Therefore, the 
numerical displacement along the loading direction 
is less than the experimental value. The maximum 
vertical displacement of BTS numerical results 
ranges from 0.0142 to 0.0200 mm, whereas the  

 

 
Fig. 16 Crack initiation and evolution during rock specimen failure in BTS testing (Group M1) 
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Table 6 Relative errors between numerical and fitted 
experimental BTS data 

Group 
Fitted experimental 

 BTS/MPa 
Numerical 
 BTS/MPa 

Relative 
error/% 

M1 15.60 14.84 4.88 

M2 14.40 13.86 3.77 

M3 12.00 11.65 2.91 

M4 9.60 9.42 1.83 

M5 13.63 13.17 3.40 

M6 11.83 11.48 2.97 

M7 10.03 9.79 2.37 

M8 12.99 12.64 2.67 

M9 10.49 10.37 1.11 

M10 7.99 8.07 1.02 
 
maximum vertical displacement in experimental 
tests was 0.0800 mm, indicating that if the strain 
failure criterion is used for rock failure process 
simulation in LS-DYNA with a homogeneous 
model, it is necessary to calibrate the input data 
with experimental strain data. 
 
6 Recommendations for future work 
 

Since many challenges exist in measuring rock 
tensile strength using direct tensile strength (DTS) 
testing, indirect tests like BTS are widely used, 
though they tend to overestimate BTS relative to 
DTS results. Based on numerous experimental 
results, the relationship between DTS and BTS is 
given as DTS = fBTS, where f is approximately 0.9 
for metamorphic, 0.8 for igneous, and 0.7 for 
sedimentary rocks [45]. Several BTS loading platen 
designs have been proposed to estimate the tensile 
strength of rock (e.g., flat platens with cushion, flat 
platens with small-diameter rods, or curved loading 
jaw), and the contact condition between the 
specimen and the steel platen could also influence 
BTS results. Except for rock breakage, the 
microwave treatment of rock is also assessed as a 
potential technology for rockburst prevention in 
deep hard rock engineering. The parametric study 
results presented in this work could provide an 
efficient approach for future numerical modeling on 
aforementioned technologies. However, to ensure 
the reliability of the rock mechanical parameters in 
subsequent research, the further calibration for the 
rock tensile strength is necessary. 

 

 
Fig. 17 Numerical stress versus displacement curves and 
failure modes of BTS modeling of basalt discs treated 
with microwaves at different power levels: (a) 1 kW;   
(b) 3 kW; (c) 5 kW  
 
7 Conclusions 
 

(1) A coupled SPH−FEM method is developed 
to simulate the UCS and BTS of microwave-treated 
basalt specimens. The mechanical parameters of 
cohesion and internal friction angle for microwave- 
treated basalt were calibrated according to linear 
Mohr−Coulomb theory. On the basis of parametric 
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sensitivity analysis of SPH simulation for UCS and 
BTS models, both UCS and BTS are captured 
simultaneously according to the same set of 
calibrated parameters. 

(2) The attribution of evenly distributed SPH 
particles played a significant role in numerical 
results of a simulation involving cylinder- and 
disc-shaped model. In UCS modeling, coarse 
particle spacing generated sharp corner in the rock 
model, which led to stress concentration in the 
sharp corner and contributed to a higher UCS than 
expected. Due to the evenly distributed SPH 
particles, the numerical loading condition of BTS 
model was similar to a flattened Brazilian disc 
testing condition, which contributed to a larger 
compressive zone than a regular BTS model. The 
SPH particle spacing of the BTS model should be 
fine enough to make the loading angle less than 
20°. 

(3) The findings in this study lay the 
foundation for subsequent research such as 
numerical investigation of cutting or drilling 
performance for microwave-treated basalt. However, 
the rock mechanical parameters should be further 
calibrated based on experimental cutting and 
drilling results due to the difference between BTS 
and DTS. This is the focus of ongoing research. 
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摘  要：微波预处理弱化岩体强度，进而降低机械破岩过程中的钻头/刀具磨损、提升凿岩效率已经成为一项极具

前景的技术。为探究数值模拟参数对岩石静强度模拟结果的影响，并为后续钻凿或岩石切割模拟确定合理的微波

处理玄武岩数值力学参数，采用光滑粒子流体动力学与有限元耦合算法(SPH−FEM)构建岩石单轴压缩与巴西拉伸

数值模型。为减小微波损伤对岩石强度测试误差的影响，采用线性莫尔−库仑理论对相同微波参数下微波处理玄

武岩试样的黏聚力和内摩擦角进行标定。在单轴抗压与巴西拉伸模拟过程中开展 SPH 关键控制参数的敏感性分 

析，并根据同一组校核后的黏聚力和内摩擦角数据，在数值实验中同时捕获目标抗压强度与巴西拉伸强度，单轴

抗压强度数值模拟结果与试验结果吻合较好。此外，结合数值模拟结果评估微波辐照参数对玄武岩力学行为的  

影响。 

关键词：微波照射；微波辅助破岩；岩石力学；光滑粒子流体动力学(SPH)；参数敏感性分析 
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