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Abstract
To understand the effect of grain size on the rock dynamic mechanical behaviors, dynamic semi-circular bending (SCB)
experiments were carried out bymeans of a grain-basedmodel based on particle flow code (PFC-GBM)with a split Hopkinson
pressure bar (SHPB) system. Simulation results suggest that: (1) When the particle size is less than 0.75 mm, the strain rate
presents a double-hump shapewaveform; (2) the reflection coefficient rises linearly with increasing grain-to-particle size ratio,
while the transmission coefficient remains constant; and (3) increasing grain-to-particle size ratio promotes the migration of
particles in grains, resulting in the decrease in crack number and dynamic tensile strength. The results show the feasibility of
PFC-GBM in studying the dynamics of crystalline rock, which can provide a reference for dynamic response analysis on the
microscopic scale.
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1 Introduction

The tensile strength of rock is far less than the compressive
strength and is inevitably disturbed by earthquake, blast-
ing and other factors in practical engineering. Therefore, the
tensile properties of rock, whose failure is often caused by
complex tensile state, are the core issue under dynamic load-
ing. Numerous studies have shown that the deformation and
failure of rock are mainly controlled by its microstructure
[1–3], which is associated with the mode of mineral aggrega-
tion and the amount of micro-defects, such as micro-cracks,
pores and structural planes.

Due to the heterogeneity of microstructure, there are great
differences in composition, geometry and strength of rock
[4, 5]. To solve this problem, discontinuous methods have
been increasingly used to simulate the mechanical behavior
of rock. The discrete element method (DEM) has realized
the research on the initiation and propagation ofmicro-cracks
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from on the microscopic scale [6, 7]. However, it is only used
to simulate rock with spheres, which has a large gap in sim-
ulating heterogeneity. In recent years, a GBM is proposed
based on PFC, and the macroscopic mechanical properties
of heterogeneous rock are well simulated by quantitative
modeling and parameter assignment of grains. By using the
PFC-GBM, the micromechanical properties of rocks and the
initiation and propagation of cracks have been extensively
investigated [8–10], and various influencing factors such as
pre-existing cracks and grain size have also been discussed
[11, 12]. The above studies show that DEM is effective in
studying the mechanical properties of rocks with complex
microstructure, but they focusedmainly on rocks under static
loading, and less on the tensile properties of heterogeneous
rock and the propagation and attenuation laws of waves at
high strain rates.

When using DEM to study the mechanical properties of
rock at high strain rates, it is essential to characterize the
microscopic grain structure and reflect its influence on the
mechanical properties [13, 14]. Related studies show that
grain-to-particle size ratio can significantly affect the static
compressive strength and the deterioration law ofmechanical
properties of damaged rock [15, 16]. It is indicated that the
appropriate grain and particle sizes should be selected for
studies using the GBM, but the effect in dynamic tensile
simulations remains to be further verified.
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The purpose of this research is to simulate dynamic SCB
tests by using theSHPBsystem,where the rock is constructed
based on the PFC-GBM, and then to study the influence of
grain and particle sizes on the mechanical behaviors under
dynamic loading such as strain rate, tensile strength and
micro-cracks.

2 Generation of rock specimen

Voronoi diagramconsists of a number of perpendicular bisec-
tors of neighboring generators which are randomly generated
[17]. It is characterized as a set of convex polygons with
the following properties: (1) The distance from any point on
the polygon boundary to the generator inside is equal; (2)
The distance from the interior point of each polygon to the
generator inside is shorter than that to other generators. The
equipartition on spatial subdivision is the specific superiority
ofVoronoi diagram,which can be effectively used to simulate
the grain structure of rock minerals.

The construction process of grainmodel in PFC numerical
simulation is based onVoronoi diagram,which is divided into
four stages (Fig. 1):

(A) Generation of the initial generator model. As shown in
Fig. 1A, each generator represents a mineral grain.

(B) Grouping of mineral grains. As shown in Fig. 1B, con-
struct external geometry cells according to the shape of
each generator, followed by interpolation to generate
the multigrain model by using Voronoi method.

(C) Filling of grain particles. As shown in Fig. 1C, delete
generators and fill each geometry with sphere particles.

(D) Generation of structural planes. As shown in Fig. 1D,
geometry cells are scaled down around their centers in
equal proportions, betweenwhichparticles are removed
and replaced by those of different sizes and parameters.

This grain-based modeling method can not only quickly
group and assign values to particles, but also conveniently
adjust the size and shape of grains and structural planes. Fur-
thermore, it ensures that the volume ratio of structural planes
does not vary under different grain and particle sizes and
can better simulate the interaction between grains and the
initiation and propagation of microcracks.

3 Dynamic SCB numerical model

3.1 SHPB coupling system

Figure 2 shows the SHPB numerical model established by
the continuous – discontinuous coupling method. To reduce
the waveform oscillation, a pulse shaper (Fig. 2A) was added

to ensure that the waveform is approximately sinusoidal. The
pulse shaper absorbed part of energy after being hit by the
impact bar, which slowed down the decline of the loading
waveform and made it smoother. Both the impact bar and
pulse shaper were established using the rigid block (rblock)
in PFC3D.

Compared to the Brazilian disk (BD) test, the SCB test
is more prone to tensile failure with fixed initiation cracking
point and crack propagation path. Thus, it is commonly used
to study the fracture toughness of brittle materials such as
rock [18]. To weaken the dispersion of stress wave, cushions
were assigned between the specimen and bars. The speci-
men and cushions were built by discrete elements (ball and
rblock), while the incident and transmission bars were built
by continuummedia, between which force and velocity were
transmitted through the coupling wall (Fig. 2B and C). To
avoid the great influence of the size and properties of bars
on the accuracy of simulation results, the incident and trans-
mission bars were set to 10 times the length of the impact
bar to ensure that the incident and reflected waves could be
captured intact.

3.2 Stress analysis of SCB test

Due to the complex stress conditions in the static semi-
circular bending test, forwhich there is no analytical solution,
certain simplifications are required in the stress analysis.
Figure 3 shows the force diagram of the static SCB test.
Assuming that the stress distribution at the mid-span section
conforms to the plane section assumption, the bending
moment

(
My

)
and tensile stress (σOz) at point O are the

maximum [19],

My = 1

4
Fl (1)

σOz = 1.5Fl

r2h
(2)

whereF is the loading force at the top of the specimen, l is the
spacing of the bearings on the straight side of the specimen,
and r and h are, respectively, the radius and thickness of the
specimen.

In the numerical simulation of dynamicSCB test, the spec-
imen also suffers themaximum tensile stress at point O, but it
has a notable gapwith the theoretical value calculated accord-
ing to Eq. (2). The load of the specimen in the dynamic SCB
test is obtained from the incident wave (σi (t)), reflectedwave
(σr (t)) and transmitted wave (σt (t)), where the incident and
reflectedwaves determine the load on the left end of the spec-
imen (F1(t)), and the transmitted wave determines the load
on the right end of the specimen (F2(t)),

F1(t) = [σi (t) + σr (t)]A, F2(t) = σt (t)A (3)
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Fig. 1 Procedures for generating
generator model (A), grain
structure (B), grain particles (C)
and structural planes (D) of
PFC-GBM

Fig. 2 SHPB coupling system consists of launch equipment (A), wall unit (B) and rock specimen (C)
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Fig. 3 Force diagram of static SCB test

where A is the cross-sectional area of bars.
Substituting Eq. (2) into Eq. (3) gives the tensile stress

(σx (t)) at point O:

σx1(t) = 1.5F1(t)l

r2h
, σx2(t) = 1.5F2(t)l

r2h
(4)

The related research [20] shows that the shape and peak
value of the tensile stress at point O calculated by transmit-
ted wave (σx2(t)) are closer to those of the specimen, and
thus, σx2(t) is selected to calculate the tensile stress of the
specimen.

3.3 Calibration of microscopic parameters

Considering the complex composition of minerals which
cannot be easily grouped, a uniform value was assigned
to particles for simplification. The specimen was calibrated
according to the project team’s indoor test data on granite
with an elastic modulus of 46.3 GPa, Poisson’s ratio of 0.33,
uniaxial compressive strength of 153.5 MPa, uniaxial ten-
sile strength of 12.0 MPa, cohesion of 20.0 MPa and internal
friction angle of 60.8°. The values of microscopic parame-
ters are shown in Table 1, where PFC soft-bondmodel is used
for sphere particles, and FLAC elastic model is used for bar
elements.

Figure 4 shows the indoor test curves and simulation
curves of tensile stress-time and crack number-time of the
mid-span section at impact velocity v = 10 m/s. It can be
seen that there is a good agreement between the two. In addi-
tion, cracks developed along and eventually penetrated the
mid-span section of the specimen under tensile stress.

Fig. 4 Variations of tensile stress and crack number in test and simula-
tion with time

4 Influence of grain-to-particle size ratio

In PFC numerical simulation, change in particle size leads
to that in particle strength and surface properties, while dif-
ference in grain size leads to that in overall deformation and
strength characteristics. To investigate the influence of grain
size and particle size on the deformation and strength of rock
specimen, numerical models with different grain sizes and
particle sizes were generated for comparative tests under
stress wave propagation. As shown in Fig. 5, fifteen groups
of specimens were generated from A to O. The minimum
particle size (rmin) is divided into three groups of 0.5 mm,
0.75 mm and 1.0 mm, and the grain-to-particle size ratio (R)
is divided into five groups of 4.0, 8.0, 12.0, 16.0 and 20.0.
Figure 6 shows the tensile stress-time curves at the mid-span
section of rock specimens at v= 10.0 m/s, where the rotation
of the pulse shaper after impact leads to different stress wave
propagation velocities of the specimens.

4.1 Strain rate effect

It can be seen from Fig. 6 that there is a large gap between
the times when specimens reached their peak tensile stresses,
which is mainly due to the disturbance of the pulse shaper
when it was impacted. Therefore, for the convenience of
comparative analysis, the strain rate-time curves of the three
specimens such as J, K and L with R = 16.0 were shifted
to ensure that peak strain rates were reached at the same
time (Fig. 7). As shown in Fig. 7, the strain rate presents
a double-hump shape waveform when rmin = 0.5 mm and
0.75 mm. From further analysis at the microscopic scale, as
the stress wave passed through the specimen, the displace-
ment of particles on the wave vibration surface exceeded the
elastic limit of the rock, which ismacroscopicallymanifested
as plastic deformation and crack propagation. Furthermore,

123



Computational Particle Mechanics (2024) 11:481–489 485

Table 1 Model microscopic mechanical parameters

PFC Particle radius (r /mm) Particle density
(ρ/kg·m−3)

Effective modulus (E∗/Gpa) Normal-to-shear stiffness ratio (k∗)
Grains Structural planes Grains Structural planes

1.0–1.6 0.8–1.3 3900 240.0 168.0 6.0

Tensile strength
(σc/Mpa)

Cohension (c/Mpa) Friction angle
(φ/°)

Friction coefficient (μ)

Grains Structural planes Grains Structural planes

221.0 154.7 340.0 238.0 80 1.5

Moment-contribution factor (β) Softening factor (ξ ) Softening tensile strength factor (γ )

0.6 4.0 0.7

FLAC Density (ρ/kg·m−3) Young’s modulus
(E /Gpa)

Poisson’s ratio (ν)

7800 211 0.25

the initiation of cracks reduced the contact area of the spec-
imen, which in turn blocked the passage of the wave and
thus enhanced its reflection. As a result, the second peak in
strain rate-time curves occurred under the superposition of
reflected and incident waves.

Figure 8 shows the variation of the peak strain rate with
R for fifteen groups of specimens at v = 10.0 m/s. It can be
observed that the peak strain rate decreases with the increase
of R, where R grows from 4.0 to 20.0, the fitted peak strain
rate falls from 411.8 MPa to 384.5 MPa, with a decrease of
6.6%.

4.2 Reflection and transmission coefficients

In dynamic damage analysis of jointed rock under dynamic
loading, reflection coefficient and transmission coefficient
are important indexes to describe and measure amplitude
decrement, which are used to analyze attenuation effect of
stress wave through rock joint interface [21]. Reflection and
transmission coefficients are generally defined as the ratios
of peak strengths of reflection wave and transmission wave
to that of incident wave,

Rp = max|VRP |
max|VI P | , Tp = max|VT P |

max|VI P | (5)

where Rp and Tp are, respectively, the reflection and trans-
mission coefficients, max|VRP |, max|VIP | and max|VTP | are,
respectively, the peak strengths of reflected wave, incident
wave and transmitted wave.

Figure 9 shows the variations of reflection and transmis-
sion coefficients with R. As can be seen from the figure,
the increase in R from 4 to 20 results in little change in the
transmission coefficient from 7.7 to 7.6%, while the reflec-
tion coefficient rises linearly from 84.4 to 90.2%, with an
increase of 6.9%.

4.3 Dynamic tensile strength

Figure 10 reveals the variation rule of dynamic tensile
strength (peak value of σOz) of specimens A–O with R at
impact velocity v = 10 m/s. It can be observed that the
dynamic tensile strength decreases slowly with the increase
of R for different particle sizes. Moreover, fitting results indi-
cate that the decrease rate of dynamic tensile strength does
not vary with particle size, where the reduction of dynamic
tensile strength caused by the increase of R from 4 to 20 is
approximately 16%.

5 Discussion

Previous studies on the rock dynamic tensile mechanical
behavior were often limited to the macroscopic scale, in
which the dynamic tensile strength was statistically analyzed
and quantitatively described. However, there is a lack of
research on the mechanical response of rock at the micro-
scopic scale.

To further investigate the relationship between dynamic
tensile properties and microstructure, the crack field of spec-
imens during dynamic loading was analyzed. Figure 11
illustrates the bar graph of crack numbers of specimens
A–O after failure, and it can be seen that the number of
cracks decreases with the increase of R. Then, cracks were
divided into intragranular and intergranular cracks for anal-
ysis (Fig. 12), and the ratio of intragranular cracks to total
cracks gradually rises with the increase of R. Taking rmin =
0.5mmas an example,whenR increases from4 to 20, the pro-
portion of intragranular cracks soars from 22 to 53%, which
is consistent with the results obtained from laboratory tests
and numerical simulations by Zhang et al.[22], thus proving
the rationality of using PFC-GBM method to simulate the
dynamic impact effect of rock.
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Fig. 5 Numerical specimen models with different grain sizes and parti-
cle sizes

By comparing crack proportions with different particle
sizes in Fig. 12A–C, it can be observed that the discreteness
of data is significantly enhanced with the increase of rmin,
mainly due to the following reasons: (1) The increase in par-
ticle size led to the decrease in total contact number and crack
number after failure, whichmade the simulation results more
accidental; and (2) with the increase in grain-to-particle size
ratio, the total number of grains comprising the specimen
decreased (Fig. 5), resulting in an enhanced influence of the
local microstructure on the crack proportion.

Fig. 6 Tensile stress-time curves of the specimen with different grain
sizes and particle sizes

Fig. 7 Strain rate–time curves for numerical models with different par-
ticle sizes (R = 16.0)

Considering that the crack proportion is directly related to
the contact proportion, the variation of the total contact num-
ber and intragranular and intergranular contact proportions
of specimens B, E, H, K, N (rmin = 1.0 mm) were analyzed
(Fig. 13). It can be found that the total number of specimen
contacts is basically constant. On the other hand, when R
increases from 4 to 8, the proportion of intragranular contact
grows rapidly from 25 to 37% and then goes to be flat with
the increase of R, which finally stabilizes at approximately
42%.

In general, there is a direct relationship between dynamic
tensile properties and grain-to-particle size ratio of speci-
mens. The total number of cracks after failure decreases
progressively with the increase of R, which reduces the
energy required for deformation and failure and results in
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Fig. 8 Variations of peak strain rate with grain-to-particle size ratio for
numerical models with different particle sizes

Fig. 9 Variations of reflection and transmission coefficients with grain-
to-particle size ratio for numerical models

the reduction of peak strain rate and dynamic tensile strength.
While the reflection and transmission coefficients are related
to theproportionof intragranular cracks after failure.With the
increase ofR, the proportion of intragranular cracks increases
and the migration of particles in grains blocks the passage of
waves, causing the reflection coefficient to rise slowly and
the transmission coefficient to remain constant.

6 Conclusions

In this paper, the PFC-GBM and SHPB system were con-
structed to simulate the SCB test on rock specimens in order
to study the dynamic tensile behaviors on microscopic scale.

Fig. 10 Variations of dynamic tensile strength with grain-to-particle
size ratio for numerical models with different particle sizes

Fig. 11 Crack number in specimens with different particle sizes and
grain-to-particle size ratios

The results indicate that themicrostructure of rock specimens
has a massive influence on their dynamic tensile properties
in numerical simulations. The primary conclusions are sum-
marized as follows:

(1) When the particle size is less than 0.75 mm, the coales-
cence and propagation of cracks block the passage and
thus enhance the reflection of waves. The superposition
of reflected and incident waves results in a double-hump
effect on strain–time rate curves.
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Fig. 12 Variations of proportion of intragranular and intergranular
cracks with grain-to-particle size ratio for specimens with rmin =
0.5 mm (A), rmin = 0.75 mm (B) andrmin = 1.0 mm (C)

Fig. 13 Variations of contact number and proportion of intragranular
and intergranular contacts with grain-to-particle size ratio

(2) With the increase in grain-to-particle size ratio, the
dynamic tensile strength and peak strain rate of spec-
imens decline, while the reflection coefficient rises and
the transmission coefficient remains constant.

(3) The total number of cracks after failure decreases with
the increase in grain-to-particle size ratio, in which the
proportion of intragranular cracks increases gradually.
The intragranular structure becomes the key factor for
the dynamic tensile strength of specimens.
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