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Abstract: Micro-parameter calibration is essential in constructing an accurate and reliable numerical
model of particle discrete element PFC3D 6.0 software. Micro-parameter calibration is mainly
accomplished according to the macro-parameters obtained from static or quasi-static laboratory
tests such as UCS. However, there is little current research concerning the calibration method under
impact load. An SJM micro-parameter calibration method, based on the SHPB rock test and the
FLAC3D/PFC3D coupling method, is proposed to solve this problem. Firstly, UCS, SHPB, and
other laboratory rock tests were carried out to determine the rock sample’s macroscopic physical
and mechanical parameters. Secondly, the FLAC3D/PFC3D numerical coupling model of the SHPB
test was established, and the single-factor and double-factor orthogonal numerical simulation was
carried out. Then, the main micro-parameters that affect the macroscopic physical and mechanical
parameters of the SJM particle discrete element model were proposed. Finally, the quantitative
relationship between the model’s macro-parameters and micro-parameters was established through
multiple linear regression. A set of PFC3D micro-parameter calibration processes under impact load
was established. The relative errors of the macro-parameters obtained from laboratory and numerical
tests totaled less than 5%, which further verifies the rationality of the calibration method. This method
provides some reference values for PFC3D micro-parameter calibration under impact load.

Keywords: impact load; SJM micro-parameters; SHPB rock tests; FLAC3D/PFC3D coupling method

1. Introduction

Particle discrete element PFC3D software uses many contacting particles to describe
the mechanical properties of real material media. This description differs from the existing
testing and specification methods. It is difficult to directly obtain the particles’ micro-
parameters. Therefore, it is necessary to calibrate the micro-mechanical parameters, such
as particle and contact properties, through three typical numerical rock mechanics tests:
triaxial compression, Brazilian splitting, and tensile testing.

Castro-Filgueira et al. evaluated the influence of the micro-mechanical parameters of
the PFC model on its macro-mechanical parameters through sensitivity analysis [1]. Xu
et al. proposed a new linear parallel bond model (CM-LPBM) calibration method for the
PFC micro-mechanical parameters [2]. Li et al. established the calculation formulas for the
microscopic and macroscopic parameters of rock materials through regression analysis and
quantitatively analyzed the micro-parameters of PFC3D [3]. Ajamzadeh et al. studied the
influence of PFC micro-parameters on UCS and Brazilian splitting test results [4]. Xu et al.
proposed a set of standardized micro-parameter calibration procedures for LPBM and the
smooth joint model (SJM) [5]. Su et al. used MATLAB and a genetic algorithm to write the
micro-parameter calibration program of the concrete model and the inversion of its macro-
parameters [6]. Shi et al. used the cellular automata method to establish a discrete element
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model of clustered particles and proposed a fast and effective calibration method for rock
micro-parameters [7]. Yoon estimated the nonlinear relationship between the microscopic
and macroscopic parameters of the PFC model using the statistical center composite design
(CCD) method [8]. Wu et al. proposed an optimization method combining Box–Behnken
experimental design and expectation function to quickly calibrate micro-parameters [9].
Zou et al. proposed a combinatorial optimization method (GT-RSM-MD) to effectively
calibrate micro-parameters [10]. In addition to the PFC software, other discrete element
methods also need to calibrate micro-parameters. Tatone et al. developed the y-Geo FDEM
code to obtain the model parameters for the bonded-particle DEM and FDEM method [11].
Cheng et al. proposed a calibration method to calibrate DEM parameters, considering the
coupling effect of micro-parameters [12].

However, the microscopic parameters calibrated using static mechanical properties of
rocks are often unsuitable for high strain-rate numerical tests. Therefore, this problem must
be solved according to the dynamic mechanical properties of rock. The primary test method
used to obtain the dynamic mechanical properties of rock is the split Hopkinson pressure
bar test (SHPB). The SHPB test has been used to study the dynamic mechanical properties
of rock. Zhao et al. used the SHPB test to conduct the dynamic indirect tensile test on
coal samples. They studied the influence of the bedding structure in coal seams on their
dynamic indirect tensile strength [13]. Ai et al. used the SHPB system to study the dynamic
mechanical properties of horizontal and vertical bedding coal samples [14]. Kong et al. used
SHPB to conduct dynamic impact tests on gas-bearing coal [15]. In addition, many scholars
have used the SHPB test to study materials such as coal, granite, limestone, marble, and
concrete [16–21]. Qiu et al. used SHPB to carry out impact compression tests on laminated
sandstone with different bedding inclination angles and used a high-speed camera to
capture the fracture process of samples [22]. Wang et al. used the SHPB device to conduct
cyclic impact tests on soil with different axial compression and impact velocities [23]. Yang
et al. used the SHPB test to study the strength and microstructure of coal samples under an
impact compression load [24].

Therefore, based on the SHPB rock test and the FLAC3D/PFC3D coupling method, a
new calibration method for the SJM model of particle discrete element PFC3D software
is proposed. Firstly, according to the in situ rock samples, the parallel bond model (PBM)
and smooth joint model (SJM) in PFC3D were used to construct numerical specimens with
bedded surfaces. The linear elastic model of FLAC3D was used to construct the incident
bar and transmission bar of the SHPB experimental device. The bridging domain method
was used to conduct the impact load between the PFC particles and the FLAC element.
Then, several micro-parameters of SJM affecting the macro-mechanical parameters were
determined using single-factor and double-factor orthogonal SHPB numerical tests.

Furthermore, through multiple linear regression analysis, the quantitative relationship
between the micro-parameters of SJM and the macro-parameters of the rock sample was
obtained. A set of the calibration processes for the micro-parameters of SJM under impact
load was determined. Finally, the reliability of the proposed calibration method was
verified by comparing it with the macro-parameters obtained from laboratory tests. A more
accurate and reliable calibration method is proposed to determine the micro-parameters of
the SJM model under impact load.

2. Laboratory Rock Test
2.1. Rock Sample Preparation

Limestone with good integrity is selected from an open pit site. The samples re-
quired for the indoor rock test are created by core drilling, cutting, grinding, and other
processes. For the UCS (Uniaxial compression specimen) sample, the size of the specimen
is φ 50 mm × 100 mm, and the non-parallelism of the two end faces of the specimen is
within 0.05 mm. The flatness of the end faces is within 0.02 mm. Some UCS specimens are
shown in Figure 1.
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Figure 1. Limestone UCS specimen.

In order to meet the one-dimensional stress wave propagation characteristics for
the SHPB test and reduce the end friction and inertia effect, the slenderness ratio of the
specimen is controlled at about 0.5. The size of the specimen is φ 50 mm × 25 mm, the
non-parallelism of the two end faces of the specimen is within 0.05 mm, and the flatness of
the end faces is within 0.02 mm. Some SHPB specimens are shown in Figure 2.
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2.2. Static Physical and Mechanical Tests and Results

The basic physical properties of the rock samples, such as mass density and mineral
composition, are essential parts of subsequent mechanical tests and micro-parameter
calibration, so they are necessary in order to obtain the physical properties of the rock
samples. The size and mass of the SHPB and UCS rock samples were determined, and
the average density was 2.72 g/cm3. Then, three pieces of rock were randomly selected,
ground to a particle size less than 40 µm, and placed in a drying box. A total of 0.2 g of
dried limestone powder was used for X-ray diffraction analysis, performed using a Rigaku
Ulima IV device. The diffraction angle was selected as 5◦~80◦, the tube voltage was 40 kV,
the tube current was 40 mA, the test temperature was 25 ◦C, and the test humidity was 50%.
The XRD test results are shown in Figure 3. The results of the quantitative composition
measurement of limestone are shown in Table 1.
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Table 1. Measurement results of limestone quantitative composition.

Main
Ingredients Quartz Potassium

Feldspar Dolomite Calcite Illite Other Clay
Minerals

% 0.4 0 7.8 89.5 1.2 1.1

The TAW-1000 pressure servo testing system produced by Jilin Jinli Testing Technology
Co., Ltd. (Jilin, China) can be used for uniaxial compression testing of limestone, as
shown in Figure 4. The maximum axial test force during the test was 1000 kN. The axial
displacement was 0.08 mm/min. The deviatoric stress–axial and radial strain curves
obtained by the UCS are shown in Figure 5. The static peak strength of the limestone
sample is 81.21 MPa. The elastic modulus is 22.69 GPa, and the Poisson’s ratio is 0.235.
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2.3. SHPB Test and Results

A uniaxial impact compression test was conducted on limestone samples using the
SHPB testing system from Shaanxi Coal Chemical Group Co., Ltd. in Xi’an, China. The
shock wave of the limestone samples was loaded at a driving pressure of 0.2 MPa. The test
system and limestone samples in the clamping state are shown in Figures 6 and 7.
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Figure 7. A sample of limestone in a clamped state.

The length of the absorption bar is 1.5 m, the length of the incident bar and transmis-
sion bar is 3.0 m, and the diameter is 50 mm. The bars are made of high-strength alloy steel,
48CrMoA, with a density of 7.8 g/cm3, an elastic modulus of 206 GPa, a yield strength of
835 MPa, and a P-wave velocity of 5172 m/s. The three-wave method was used to process
the test data. In the SHPB test, incident energy Wi, transmitted energy Wt, and reflected
energy Wr received by the specimen can be calculated as follows [25]:

Wi(t) = AEC0

∫ t

0
ε2

i (t)dt (1)

Wr(t) = AEC0

∫ t

0
ε2

r(t)dt (2)

Wt(t) = AEC0

∫ t

0
ε2

t (t)dt (3)

where A is the cross-sectional area of the bar, m2; E is the elastic modulus of the bar material;
C0 is the longitudinal wave velocity of the bar, m/s; εi(t), εr(t), and εt(t) are the strain of
the incident wave, reflected wave, and transmitted wave on the pressure bar at time,
t respectively. Figure 8 shows the original waveform of three waves at the impact pressure
of 0.2 MPa.
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Figure 8. Typical three-wave original waveform.

According to the one-dimensional stress wave theory and the assumption of uniformity
introduced into the specimen, the average strain rate, average strain, and average stress on
the two end faces of the specimen in the testing process are as follows [26]:

•
ε(t) = C0

ls (εi(t)− εr(t)− εt(t))
ε(t) = C0

ls

∫ t
0 [εi(t)− εr(t)− εt(t)]dt

σ(t) = AE
2As

(εi(t) + εr(t) + εt(t))
(4)

where ls and As are the length and cross-sectional area of the rock specimen.
Figure 9 shows the deviatoric stress–strain curve when the impact pressure is 0.2 MPa,

after calculation by the three-wave method. The dynamic peak strength and dynamic
elastic modulus of the limestone sample are 84.29 MPa and 34.14 GPa, respectively.



Appl. Sci. 2024, 14, 3020 6 of 17

Appl. Sci. 2024, 14, x FOR PEER REVIEW 6 of 18 
 

( ) ( ) ( ) ( )( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )( )

0
i

0
i

0

i
2

r t
s

t

r t
s

r t
s

C
t t t t

l

C
t t t t dt

l

AE
t t t t

A

   

   

   

•
= − −




= − −   



= + +


  (4) 

where sl  and sA  are the length and cross-sectional area of the rock specimen. 

Figure 9 shows the deviatoric stress–strain curve when the impact pressure is 0.2 

MPa, after calculation by the three-wave method. The dynamic peak strength and dy-

namic elastic modulus of the limestone sample are 84.29 MPa and 34.14 GPa, respectively. 

 

Figure 9. Deviatoric stress–strain curve when the impact pressure is 0.2 MPa. 

The failure pattern of the limestone sample when the impact pressure is 0.2 MPa is 

shown in Figure 10. After impact damage occurred, the limestone samples were screened 

and weighed using a set of sizing screens and an electronic balance [27]. A set of sizing 

screens selected for the test is shown in Figure 11. The pore sizes, from small to large, are 

1.0 mm, 2.0 mm, 5.0 mm, 10.0 mm, and 15.0 mm. Six groups of limestone fragments, with 

particle sizes ranging from 15.0~50.0 mm, 10.0~15.0 mm, 5.0~10.0 mm, 2.0~5.0 mm, 1.0~2.0 

mm, and 0.0~1.0 mm, were obtained through screening, as shown in Figure 12. In order 

of particles sizes, the range obtained was i = 1, 2, 3…6. After the screening, the percentage 

of the mass of fragments in each group and the total mass of the sample was counted. The 

method of obtaining these results is as follows: firstly, a set of sizing screens was used to 

screen the broken fragments; secondly, an electronic balance was used to obtain the mass 

mi of each group of particle sizes; finally, the mass percentage mpi of each group of particle 

sizes was obtained by using the ratio of the mass mi of each group of particle sizes to the 

total mass m of the sample. The mass percentage of the maximum particle size group was 

used as the evaluation index of the damage degree. After weighing, each group’s mass m1 

to m6 was 103.94 g, 22.50 g, 3.72 g, 1.72 g, 0.38 g, and 0.28 g, respectively. The mass per-

centage of the maximum particle size group mp1 was 78%. 

0.000 0.002 0.004 0.006 0.008
0

20

40

60

80

100

D
ev

is
to

ri
c 

st
re

ss
 (

M
P

a)

Strain

Figure 9. Deviatoric stress–strain curve when the impact pressure is 0.2 MPa.

The failure pattern of the limestone sample when the impact pressure is 0.2 MPa is
shown in Figure 10. After impact damage occurred, the limestone samples were screened
and weighed using a set of sizing screens and an electronic balance [27]. A set of sizing
screens selected for the test is shown in Figure 11. The pore sizes, from small to large,
are 1.0 mm, 2.0 mm, 5.0 mm, 10.0 mm, and 15.0 mm. Six groups of limestone fragments,
with particle sizes ranging from 15.0~50.0 mm, 10.0~15.0 mm, 5.0~10.0 mm, 2.0~5.0 mm,
1.0~2.0 mm, and 0.0~1.0 mm, were obtained through screening, as shown in Figure 12.
In order of particles sizes, the range obtained was i = 1, 2, 3. . .6. After the screening, the
percentage of the mass of fragments in each group and the total mass of the sample was
counted. The method of obtaining these results is as follows: firstly, a set of sizing screens
was used to screen the broken fragments; secondly, an electronic balance was used to obtain
the mass mi of each group of particle sizes; finally, the mass percentage mpi of each group
of particle sizes was obtained by using the ratio of the mass mi of each group of particle
sizes to the total mass m of the sample. The mass percentage of the maximum particle
size group was used as the evaluation index of the damage degree. After weighing, each
group’s mass m1 to m6 was 103.94 g, 22.50 g, 3.72 g, 1.72 g, 0.38 g, and 0.28 g, respectively.
The mass percentage of the maximum particle size group mp1 was 78%.
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3. FLAC3D/PFC3D Numerical Model
3.1. FLAC3D/PFC3D Coupled Theory

To ensure the continuity of the continuum-discrete medium regions, the continuous-
discrete multi-scale coupling methods, based on the kinematics Hamiltonian operator H, are
mainly divided into the edge-to-edge method and the bridging domain method [28,29]. The
total system Hamiltonian energy H of the whole region studied is assumed to be divided
into continuum system Hamiltonian energy HD (FLAC3D) and discrete media system
Hamiltonian energy HC (PFC3D). To simplify the analysis and ensure the continuous energy
transition, the linear combination coefficients α and β in the coupling region are defined.

H = αHD + βHC (5)

The realization process of the edge-to-edge coupling method is to set the PFC model
component wall on the surface of the FLAC model element, which may have a coupling ef-
fect, and it is used as the coupling variable exchange medium to accomplish the continuous
and discontinuous coupling process.

The realization process of the bridging domain coupling method is to form a position
superposition relationship in space between the FLAC model unit and particles in PFC,
which is used as the exchange medium for coupling variables to realize continuous and
discontinuous coupling processes. The bridging domain coupling method is shown in
Figure 13b. In the discrete region, α and β are 1 and 0, respectively. In the continuous
region, α and β are reversed. In the continuous-discrete coupling region, α and β increase
or decrease linearly from 0 to 1. The bridging domain coupling method is mainly used for
the dynamic analysis of models, so the continuous-discrete coupling method is adopted in
this paper.
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Figure 13. Continuous-discrete (FLAC3D/PFC3D) coupling model: (a) edge-to-edge method;
(b) bridging domain method.

3.2. The Establishment of the SHPB Numerical Model

SolidWorks 2017 was used to establish the incident and transmission bar models.
Then, the models were meshed in Abaqus 6.14, with a mesh size of 10 mm, and the meshed
model was imported into FLAC3D 6.0. Finally, an incident bar and a transmission bar,
with a diameter of 50 mm and a length of 3000 mm, were constructed. The distance
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between the incident bar and the transmission bar was 25 mm. The number of zones in the
incident bar is 4032, and that in the transmission bar is 3864. The continuous area comprises
9656 nodes, as shown in Figure 14. The linear elastic model was adopted for the incidence
and transmission bar. According to the material parameters of the SHPB test system, the
density was 7.8 g/cm3, the elastic modulus was 206 GPa, and the Poisson ratio was 0.3.
The left side of the incident bar is the loading boundary of the impact load, and the right
side of the transmission bar is the quiet boundary, absorbing incident wave energy.
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Figure 14. FLAC3D model of the incident bar and transmission bar.

A rock discrete element sample with a diameter of 50 mm and a height of 40 mm was
constructed through the PFC3D servo mechanism, as shown in Figure 15. The 7.5 mm
range at both ends of the sample is the continuous-discrete coupling region. The 25 mm
length in the middle of the sample is the SHPB specimen region. Since the limestone
samples in the field are horizontal bedded samples, in order to ensure that the modeling is
as close as possible to the samples in the field, the parallel bond model (PBM) is adopted
to simulate the complete rock. Finally, the smooth joint model (SJM) is embedded in to
generate the horizontally bedded rock samples. The porosity of the constructed sample is
0.3, the particle density ρ is 2.72 g/cm3, the maximum particle size Rmax is 10 mm, and the
minimum particle size Rmin is 8 mm. The number of particles in the coupling region on
both sides is 2029, and the number of particles in the middle SHPB specimen region is 9460.
In the subsequent numerical tests, the micro-parameters used in the discrete-continuous
coupling region and the SHPB specimen region are the same.
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Figure 15. PFC3D model of SHPB rock sample with horizontal bedding.

The bridging domain coupling method is used to couple the continuous model of
the incident and the transmitted rod with the discrete model of the rock. Finally, the
continuous-discrete SHPB model is constructed, as shown in Figure 16.
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3.3. Impact Pressure Loading

For brittle rock materials, a half-sinusoidal loading wave can reduce waveform oscilla-
tion in the SHPB test and achieve approximately constant strain rate loading, which is an
ideal loading waveform [30]. When conducting SHPB numerical tests, a half-sinusoidal
loading wave, with a peak of 0.2 MPa and a duration of 1000 µs, was applied to the loading
boundary of the incident rod, as shown in Figure 17.
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4. Numerical Results and Discussion
4.1. Selection of Particle Micro-Parameters

In the particle discrete element PFC3D software, the empirical quantitative relationship
between the overall Young’s modulus of the model sample, the particle stiffness, and the
particle radius is as follows [31]:

kn = 4rEc (6)

where kn is the normal stiffness of the particles; r is the particle radius; Ec is the Young’s
modulus of the sample.

In the SHPB model, the maximum particle size is 10 mm, and the minimum particle
size is 8 mm. Take r in Equation (6) as the average radius; that is, r = 9 mm. Young’s
dynamic modulus of the SHPB rock sample is 34.14 GPa, and Ec = 34.14 GPa. According to
Equation (6), kn = 1.2 GPa can be calculated. Therefore, in subsequent numerical tests, the
normal stiffness of particle kn is set to 1.2 GPa, and the ratio of normal stiffness to tangential
stiffness kn/ks is 1.5.

4.2. Analysis of SJM Micro-Parameters

In order to explore the influence of various microscopic parameters on macroscopic
physical and mechanical parameters in the smooth joint model, six groups of numerical tests
are set up in this section. The effects of six microscopic parameters, sj_fric µ, pb_deform
emod Ec, pb_coh σc, pb_ten τc, sj_kn kn, sj_ks ks, on the peak stress σp, the Young’s modulus
of the sample Ec, the number of broken blocks, and the ratio of the maximum bulk volume
to the total volume of the sample (maximum bulk volume fraction f m), respectively, were
explored.

The values of the test variables and other micro-parameters in each group are shown
in Table 2. The test results produced by the six groups of tests are shown in Figure 18.
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Table 2. Micro-parameters in (a)~(f) group.

Group µ
¯
Ec (GPa)

¯
σc (GPa)

¯
τc (GPa)

¯
kn (GPa/m)

¯
ks (GPa/m)

(a) 0.01~0.99 25 0.52 0.32 1000 1000
(b) 0.15 0.1~200 0.52 0.32 1000 1000
(c) 0.15 25 1~0.8 0.32 1000 1000
(d) 0.15 25 0.52 1~0.8 1000 1000
(e) 0.15 25 0.52 0.32 10~8000 1000
(f) 0.15 25 0.52 0.32 1000 10~1000
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According to the test results of group (a), as shown in Figure 18(a-1) and Figure 18(a-2),
the changing trend of σp, Ec, and the number of broken blocks increases with the increase
in µ. In contrast, the changing trend of f m decreases with the increase in µ. The larger the µ,
the higher the degree of breakage of the sample under impact load.

According to the test results of group (b), as shown in Figure 18(b-1) and Figure 18(b-2),
when Ec ranges from 0.1 to 14 GPa, the variation trend of σp increases with the increase in
Ec. However, when Ec >14 GPa, σp does not change much. When Ec ranged from 0.1 to
150 GPa, Ec increased with the increase in Ec, but when Ec increased again, Ec did not
change. The overall trend of f m decreases with the increase in Ec, but when Ec > 90 GPa,
f m does not change much. The number of broken blocks increases with Ec.

According to the test results of group (c), as shown in Figure 18(c-1) and Figure 18(c-2),
when σc ranges from 1 to 100 MPa, the changing trend of σp increases with σc, but the
change of σp is insignificant when σc increases further. When σc ranges from 1 MPa to
300 MPa, the changing trend of Ec increases with the increase in σc, but the change of Ec is
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small when σc increases further. When σc ranges from 1 MPa to 200 MPa, the number of
broken blocks increases with σc, while for f m, the results are the opposite. However, when
σc > 200 MPa, the number of broken blocks and the f m do not change.

According to the test results of group (d), as shown in Figure 18(d-1) and Figure 18(d-2),
when τc is between 1 and 200 MPa, the changing trend of σp increases with the increase
in σp, but when τc increases further, the change in σp is small. When τc is between 1 and
500 MPa, the changing trend of Ec increases with the increase in τc, but the change of Ec is
small when τc increases further. The number of broken blocks increases with the increase
in τc, while the change trend of f m decreases with the increase in τc.

According to the test results of group (e), shown in Figure 18(e-1) and Figure 18(e-2),
when kn is 10–1000 GPa/m, the changing trend of σp increases, but when kn increases
further, σp does not change much. When kn ranges from 10 to 4000 GPa/m, the changing
trend of Ec increases with the increase in kn, but the Ec remains nearly unchanged when kn
increases further. When kn is between 10 and 400 GPa/m, the number of broken blocks
increases with kn, while for f m, the results are the opposite.

According to the test results for group (f), as shown in Figure 18(f-1) and Figure 18(f-2),
the changing trend of σp and Ec increases with the increase in σp and Ec. When ks is in the
range of 10~100 GPa/m, the number of broken blocks increases with the increase in ks,
while for f m, the results are the opposite.

4.3. Micro-Parameters Calibration of Peak Stress and Young’s Modulus

According to the test results in Section 4.2, six micro-parameters, including µ and Ec,
influence the samples’ peak stress σp and Young’s modulus Ec. Since the influence of µ on
σp, Ec, and f m are smaller than that of the other five micro-parameters on the macroscopic
physical and mechanical parameters, µ is set at 0.15 in the subsequent study.

Ec was set at 10, 20, 30, 40, and 50 GPa, and σc was set at 0.1, 0.2, 0.3, 0.4, and 0.5 GPa.
The results of the 21 orthogonal experiments are shown in Figures 19 and 20. Since Ec
and σc are mainly linearly related to sample σp and Ec, Ec and σc are used as double
independent variables to carry out linear fitting for σp and Ec, respectively. The fitting
formula is as follows:

σp = 10.590 + 0.091Ec+197.059σc R2 = 0.962 (7)

Ec = 15.606 + 0.458Ec+15.190σc R2 = 0.952 (8)
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The residuals of σp and Ec obtained by linear fitting are shown in Figures 19 and 20.

4.4. Micro-Parameters Calibration of Crushing Degree

According to the test results in Section 4.2, Ec, σc, and kn all have an impact on f m.
However, when σc is greater than 0.2 GPa, f m does not change. In order to reduce the
variables, σc is set as 0.3 GPa in this section. In summary, this section mainly carries out the
quantitative analysis of Ec and kn on f m.

Since σp and Ec no longer change when kn is greater than 1000 GPa/m, kn was set
at1000, 2000, 3000, 4000, and 5000 GPa/m. Ec was set at 10, 20, 30, 40, and 50 GPa. The
results of the 23 orthogonal experiments are shown in Figure 21. Since Ec and kn are mainly
linearly related to f m, Ec and kn are used as double independent variables to perform linear
fitting on f m. The fitting formula is as follows:

fm = 1.070 − 0.009Ec−6.995 × 10 −6 kn R2 = 0.861 (9)Appl. Sci. 2024, 14, x FOR PEER REVIEW 14 of 18 
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4.5. Final Calibration of Micro-Parameters

According to the test results in Section 4.3 and 4.4, the quantitative relationships
between Ec, σc, and σp, Ec, and the quantitative relationships between Ec, kn, and f m are
obtained, respectively. Since Ec influences the three macroscopic physical mechanics of the
sample, Ec should first be calibrated according to the compressive strength and Ec.

According to the SHPB test results in Section 2.3, the dynamic peak strength of the
limestone sample is 84.29 MPa, the dynamic elastic modulus is 34.14 GPa, and the mass
percentage of the maximum particle size group mpl is 0.78. When σp = 84.29, MPa and
Ec= 34.14 GPa are substituted into Equations (7) and (8), and Ec and σc are 28.50 GPa
and 0.36 GPa, respectively. If f m = mp1 = 0.78 and Ec =28.50 GPa are substituted into
Equation (9), kn is 4789.14 GPa/m. The names and values of the particle parameters, the
PBM parameters, and the SJM parameters used are shown in Table 3.

Table 3. Names and values of each micro-parameter.

Ball Value PBM Value SJM Value

kn (GPa) 1.2 Ec (GPa) 28.50 kn (GPa/m) 4789.14
kn/ks 1.5 σc (GPa) 0.36 ks (GPa/m) 4789.14

Rmax (mm) 10 τc (GPa) 0.36 sj_coh σc (MPa) 3
Rmin (mm) 8 Kratio k

n
/k

s 1.5 sj_ten τc (MPa) 2
ρ (g/cm3) 2.72 µ 0.15

The deviatoric stress–strain curves of the SHPB and PFC3D/FLAC3D numerical tests
of limestone under an impact load of 0.2 MPa are shown in Figure 22. The dynamic
compressive strength and the dynamic elastic modulus of the samples obtained from
the numerical tests are 87.05 MPa and 33.11 GPa, respectively. The relative errors of the
experimental results are 3.2% and 3%, respectively.
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Figure 22. Comparison of deviatoric stress–strain curves between laboratory and numerical tests.

The f m obtained from the numerical test is 0.77, and the relative error from the
laboratory test result mp1 is 1.3%. The final comparison of the failure modes is shown
in Figure 23. The red disk represents the crack caused by shear failure. The blue disk
represents the crack caused by tensile failure. It can be seen that the final failure modes of
the two are similar.

The relative errors of compressive strength, elastic modulus, and the ratio of maximum
bulk volume to total volume obtained from the numerical and laboratory tests are all less
than 5%. Finally, the calibration of mesoscopic parameters is completed. The micro-
parameter calibration program of the model based for the SHPB and PFC3D-FLAC3D
method is shown in Figure 24.
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5. Conclusions

Based on the SHPB test method and the FLAC3D/PFC3D numerical method, a
continuous–discontinuous (FLAC3D/PFC3D) coupled SHPB numerical test model was es-
tablished in this study. The quantitative relationship between the macroscopic physical and
mechanical parameters and the microscopic parameters of SJM was determined and veri-
fied through many numerical tests. Finally, a calibration method for the micro-parameters
of SJM under impact load is proposed, and the main conclusions are as follows:

(1) Laboratory static physical and mechanical tests and SHPB tests were carried out on
limestone samples to determine the macroscopic physical and mechanical parameters
of the rock samples. At the same time, based on the SHPB laboratory test and the
FLAC3D/PFC3D bridge domain coupling method, a continuous–discontinuous SHPB
numerical test model is established.

(2) Through univariate analysis, the influence between six micro-parameters of the nu-
merical model and the macroscopic physical and mechanical parameters are explored,
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and the microscopic parameters of SJM to be calibrated are simplified into three
types, namely pb_deform emod Ec, pb_coh σc, and sj_kn kn. Then, the quantitative
relationships between the three micro-parameters and the three macro-physical and
mechanical parameters were established by two-factor regression analysis.

(3) The calibration process for the microscopic parameters of SJM under impact load was
established, and the quantitative relationship between microscopic and macroscopic
parameters was verified according to the SHPB test. The relative error of the macro-
scopic parameters between the numerical and laboratory tests is less than 5%, which
shows that the proposed calibration method is more accurate and reliable than previ-
ous methods. At the same time, compared with the traditional calibration method of
trial and error, the calibration efficiency of the micro-parameters is improved.

(4) This paper provides a more reliable continuous–discontinuous numerical model
for the SHPB test and also provides the calibration process for the model’s micro-
scopic parameters, which supplies a certain reference value for the study of the rock
model under impact load. Due to the limited number of experiments conducted in
this study, it is necessary to increase this number in the future to fully validate the
calibration process.
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