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Elucidating and understanding the dynamic fracture characteristics of rocks play an
essential role in the application of rock engineering and geophysics. In this study,
based on a self-developed dynamic damage model, a rock notched semi-circle bend
test with the Split Hopkinson Pressure Bar technique is numerically simulated. The study
focuses on three aspects including damage evolution, energy evolution, and failure mode
of rock under different loading velocities. From the simulated results, the following
conclusions can be conducted: 1) the damage range increases gradually with the
increase of loading velocity; 2) the crack propagates to the loading point along the
symmetry axis of the samples under different loading velocities; 3) the loading velocity
has an important influence on the failure mode of straight notch semi-circular marble,
whose mechanism can be explained by that the local high strain rate leads to the obvious
randomness and uncertainty of crack activation in rock; and 4) the energy evolution of
notched semi-circle bend is vitally affected by loading velocity, and the deformation and the
failure process of straight notch semicircular marble under dynamic loading can be divided
into five stages according to the ratio of internal energy to total energy. The beneficial
findings may provide some references in practice design from engineering problems.

Keywords: numerical simulation, notched semi-circle bend test, dynamic damage model, stain rate, energy
evolution, failure mode

INTRODUCTION

Studying and understanding the dynamic fracture characteristics of rocks under different loading
rates are of great significance for the application of rock engineering and geophysics, and there are
many researchers to make efforts in the fracture characteristics of rocks (Dai et al., 2016; Du et al.,
2020; Du et al., 2021; Wei et al., 2021; Xia and Yao 2015).

At present, there are many methods to measure rock fracture characteristics (Zhang and Zhao
2013 Yao and Xia 2019), including wedge-loaded compact tension (WLCT) (Klepaczko et al., 1984),
notched semi-circle bend (NSCB) (Chong and Kuruppu 1984), short rod (SR) (Franklin et al., 1988),
single edge notched bending (SENB) (Tang and Xu 1990), cracked straight through Brazilian disc
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(CSTBD) (Kourkoulis and Markides 2014; Nakano et al., 1994),
holed-notched cylinder fracture (HNCF) (Wei et al., 2018a; Wei
et al., 2018b), three-point chevron bend (CB) (Zhou et al., 2009),
cracked chevron notched Brazilian disc (CCNBD) (Dai et al,
2010), cracked chevron notched semi-circle bend (CCNSCB)
(Dai et al, 2011), and double cleavage drilled compression
(DCDC) (Wang et al, 2016). Compared with other methods,
the NSCB method has incomparable advantages (Yao and Xia
2019): 1) the notch of the specimen is straight, which is convenient
for the preparation of specimen; 2) in the placement process of the
specimen, only two support points of the specimen need to be
aligned on the bar side, which simplifies the specimen alignment;
and 3) the size of the specimen is so small that it can expedite the
dynamic force balance. Because of its merits, the NSCB method
was recommended to determine the dynamic fracture
characteristics of rocks by the international society for rock
mechanics and rock engineering (ISRM) in 2012 (Zhou et al,
2012), and then determine the static type I fracture characteristics
of rocks by ISRM in 2014 (Kuruppu et al., 2014). Therefore, the
NSCB method is the only ISRM suggested method to determine the
static and dynamic mode I fracture toughness of rocks.

So far, the research on rock dynamic fracture behaviors based
on the NSCB method has mostly focused on the following aspects:
1) measurement of rock dynamic fracture toughness and crack
propagation velocity, for example, Chen et al. (2009) proposed a
method to simultaneously measure dynamic fracture parameters
such as fracture propagation toughness and fracture velocity using
a semi-circular bend technique, and Zhao et al. (2017) studied the
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influence of bedding angle and loading rate on the initiation
fracture toughness of coal using NSCB method; 2) obtaining
rock displacement and strain field using the digital image
correlation (DIC) technology (Zhang and Zhao 2013; Zhang
and Zhao 2014; Gao et al., 2015a; Gao et al.,, 2015b; Xing et al.,
2017); 3) fracture characteristics of deep rock (Yin et al., 2014;
Chen et al., 2016; Yao et al, 2019; Li et al, 2020), and 4) the
influence of heat, moisture anisotropy, and other factors on rock
dynamic fracture characteristics (Yin et al., 2012; Dai et al., 2013;
Dai and Xia 2013; Yao et al., 2017; Xu et al., 2018; Zhou et al., 2018;
Cai et al., 2018; Wei, et al., 2018¢; Shi et al., 2019; Cai et al., 2020a;
Cai, et al., 2020b; Wei et al.,, 2021). Due to the limitation of the
measurement technology, there is still a lack of in-depth
understanding of the damage evolution law, energy evolution
law, and mechanical mechanism of the failure mode in the
deformation and the failure process of NSCB rock specimens.
Thus, based on a rock dynamic damage model, this study
numerically simulates the rock dynamic NSCB test, in order to
study the damage evolution law, mechanical mechanism, and
energy evolution law of rock under different loading rates.

EXPERIMENT SETUP

Brief Introduction of Dynamic Notched

Semi-Circle Bend Experiment
The NSCB method was originally proposed by Chong and
Kuruppu (1984) to determine mode I fracture toughness,
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FIGURE 1 | Schematic diagram of the dynamic NSCB test device.
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which has been widely used all over the world. The dynamic NSCB
test combines the notched semicircle bend (NSCB) test and Split
Hopkinson Pressure Bar (SHPB) technique, and the schematic
diagram of dynamic NSCB test device is shown in Figure 1. The
test device is mainly composed of an air gun, strike bar, incident bar,
transmission bar, strain gauge, and oscilloscope. The standard rock
sample is semicircular, with a radius of 25 mm and a thickness of
20 mm. The length and width of the straight cutting notch are 5 and
0.6 mm, respectively. The span of the support point is 25 = 33.3 mm.
Under quasi-static loading, the stress intensity factor of the sample
can be expressed as follows (Chong and Kuruppu 1984):

P

KI = YI (S/R) 2RB

. 1

where Kj is the stress intensity factor, Y1 (S/R) is the geometric
factor of mode I fracture, 2§ is the span of the supporting point of
the sample, R is the radius of the sample, P’ is the force applied to
the sample, a’ is the length of the straight cut notch, and B is the
thickness of the sample. When S/R = 0.667 and a'/R = 0.2, Y{(S/
R) can be calculated by the following formula (Lim et al., 1993):

Y1(S/R) = 3.638 — 0.139 (a’ /R) + 0.039¢7*¥ (/8 (2)

Under dynamic loading, the force exerted on the sample turns
into a time-dependent force, namely, P(t), then the dynamic stress
intensity factor can be expressed as follows (Zhang and Zhao 2013):

P(t)Vrd

K™ =Y (S/R) SRB

3)

Setup of the Finite Element Model
According to the above brief introduction of the NSCB test, the
established numerical model is the same as the experiment. The
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contact between the rock sample and the incident bar and the contact
between the rock and the support bar are through the keyword
“contact_2D_AUTOMATIC_SURFACE_TO_SURFACE_ID.” The
numerical model adopts 2D solid162 element, which is meshed into
15,917 elements in total.

Material Model of Numerical Simulation
The mechanical behaviors of rock are characterized by a self-
developed dynamic damage model. The model takes unified
strength theory as the strength criterion and considers
hardening behaviors, tension-compression damage, and Lode
angle effect as well as strain rate effect. The strength criterion
of the model can be expressed as

1 1 a-b-2ab-1 .
F= g(1—a)h+$\/ﬁ —1gp Sn¢
a+b+1 n V3(1-a)
+VI> WCOSG_ (1—w)x,<9€ |:_6’arCtan3(1+a)]
1 1 a+2b+ab-1
x)g(l—a)ll‘F%\/E 1y oo
a+ab+1
+\/ﬁl—+bc059
-1 —w)x,<9 € [arctanm]>r—[>
3(1+a) | 6

(4)

where a is the ratio of tensile strength to compressive strength, b is
the selected parameter which can reflect the influence of the
intermediate principal stress on the material failure, ¢ is the
internal friction angle, w is the damage variable, « is the yield
strength, I; is the first invariant of the stress tensor, J, is the
second invariant of the deviatoric stress tensor, 0 is the Lode
angle, and J; is the third invariant of the deviatoric stress tensor.
In the above formula, x can be expressed as

B yP 2ccos@
DIF - | By + (B, = By) bi+y" | 1+sing’ (p1<0)
K= 5 , (5)
€COosQ
DIF - , 0
1 + sing (pr> )

where DIF is the dynamic increase factor, f3, is the initial yield

threshold for plastic hardening, f, is the maximum yield

threshold for plastic hardening, b; is the parameter describing

the rate of hardening, and y* is the generalized plastic shear strain.
And w and DIF can be shown, respectively, as follows:

dy? + deb,
— 7 (p1<0
w= le (P"+T)" ( ), (6)
1 - exp(-ay?), (p1>0)
DIF = 1+ A(é/¢,)", (7)

where P* is the standardized hydrostatic pressure, P* = P/o,, P is
the actual hydrostatic pressure, o, is the uniaxial compressive
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TABLE 1 | Model parameters of Fangshan marble.
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plkg/m®) E v oc ot Po Bm b4 D,
(GPa) (MPa) (MPa)
2800 85 0.30 155 9.5 08 1.0 1.80 x 107 0.04
D2 K1 (GPa) K2 (GPa) K3 (GPa) Merush 'Dcrush (MPa) Miock ’Dlock (GPa) @
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TABLE 2 | Mechanical parameters of 40Cr steel.
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=
.2 I
strength of rock materials, T* is the standardized tensile strength, E 12k
T* = 0,/0,, 0, is the uniaxial tensile strength of rock materials, D, &
and D, are the damage constants of rock materials, p; is the o 3
'~ -
hydrostatic pressure, a represents the rock tensile damage Y
parameter, A and B are the strain rate parameters, ¢ is the § b
effective strain rate, and &, is the reference strain rate, which O 4r
is used to make DIF dimensionless. [
The relationship between P and volumetric strain y can be 0 L 1 1 1 1
divided into three stages: linear elastic stage, transition stage, and 10 20 30 40 50 60 70
compaction stage, as shown in Figure 2. l(US)

P crush>. ( 8)
Aucrush
In the transition stage (Ucrush<H<Hplock)> P can be expressed as

Poc _Pcrus
P:(lk h)

Hplock—ft,

P=Ky(K=

&)

(,“ - ucrush) + Pcrush-

In the compaction stage (¢ > ppiock)> P can be expressed as

P = K+ Kyii* + K32, (10)

where K is the volume modulus; P, is the hydrostatic pressure
when the rock reaches its elastic limit; gy, is the volumetric
strain corresponding to P=P .y Plock is the hydrostatic pressure
when the rock is compacted; poq is the volumetric strain
corresponding to P=Pj,q; piock i the plastic deformation that
occurs when the rock is compacted; K;, K,, and Kj are rock
material parameters; and j is the corrected volumetric strain.

The mechanical parameters of Fangshan marble are listed in
Table 1. The rigid model is used to simulate the incident bar and
transmission bar, which are made of 40Cr steel, and the
parameters of bars are listed in Table 2.

SCHEME DESIGN OF NUMERICAL
NOTCHED SEMI-CIRCLE BEND TEST AND
VALIDATION

Because this study focuses on the failure mode and energy
evolution of rock under different loading rates, the initial

FIGURE 3 | The comparison between numerical simulation results and
experimental one of crack tip position.
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FIGURE 4 | The comparison between numerical simulation results and
experimental results of crack propagation process. (A) Numerical simulation,
(B) Experiment Zhang and Zhao (2013).

velocities of 0.01 m/s, 1.0m/s, 2.0m/s, and 3.0m/s are
applied to the incident bar. In order to ensure the validity
and correctness of numerical the NSCB test, numerical
simulation was carried out with an initial velocity of 2.25 m/s
from the experiment conducted by Zhang and Zhao (2013). As
the finite element method is based on continuum mechanics and
cannot show the process of rock crack propagation, the element
deletion technology is adopted in this study; that is, when the
element state reaches a threshold, the element is deleted and a
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FIGURE 5 | Final damage distribution of NSCB rock samples under different loading velocities. Failure characteristics of marble under different loading velocities.
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FIGURE 6 | Final failure mode of NSCB rock samples under different loading velocities. Energy evolution law of NSCB rock samples under different loading
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failure crack is formed in the visual effect. According to the
damage mechanics, when the damage of rock materials
accumulates to a certain extent, the rock materials will fail.
Therefore, this study uniformly selects the damage variable of
the element as the basis for judging the deletion of the element.
Based on the comparison between numerical simulation results
and experimental results, the damage threshold is set as 0.8; that
is, when the damage of rock is greater than or equal to 0.8, the
rock will fail and crack.

Figure 3 shows the comparison between numerical simulation
results and experimental one of crack tip position. It can be seen
that the numerical simulation value of the time when the crack tip
reaches the same position is larger than the test value, which is

due to the different loading modes of the initial velocity in the
numerical simulation and the test. The initial velocity in the
numerical simulation is directly applied to the incident bar, while
the initial velocity in the test is loaded to the incident bar to
improve computational efficiency. There is a pulse shaper
between the strike bar and the incident bar, which prolongs
the rise time of the incident wave, resulting in a condition where
the crack initiation time of the straight notch is later than that of
the straight notch in the numerical simulation. Although there
are some differences between the numerical results and the
experimental value when the crack tip reaches the same
position, the time interval of the same length of crack
propagation is relatively close; that is, the crack propagation
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FIGURE 7 | Time history curves of rock energy under different loading
velocities.

speed is relatively consistent, so the reliability of the numerical
simulation results can be determined.

Figure 4 shows the comparison between the numerical
simulation results and the experimental results of the crack
propagation process with the initial velocity of 2.25 m/s. From
this figure, it can be seen that the crack starts from the notch tip
and propagates along the symmetrical pumping direction of the
NSCB sample to the loading point. The numerical simulation
results of the crack propagation process are consistent with the
experimental results.

RESULTS AND DISCUSSIONS

For the purpose of this study, the effects of loading velocities on
the damage evolution law, failure characteristics, and energy
evolution law of marble are analyzed and discussed below.

Damage Evolution Law of Marble Under

Different Loading Rates

Figure 5 shows the final distribution of damage of NSCB rock
samples under different loading velocities. From the figure, the
damage is distributed along the symmetry axis of the rock
samples. The damage distribution of the rocks under dynamic
loading is obviously different from that under quasi-static
loading. The damage distribution of the rocks under quasi-
static loading is in a straight line, while the damage evolves
not only to the loading point but also to the direction
perpendicular to the symmetrical axis under dynamic loading.
With the increase of loading velocity, the damage range of rock
samples increases gradually.

Figure 6 shows the final failure mode of NSCB rock samples
under different loading velocities. It can be seen from the figure
that the rock samples crack from the notch and expand along
their symmetrical axial to loading point under different loading
velocities, indicating that the notch plays a leading role in the
crack propagation direction, which is in good agreement with the
test results conducted by Zhang and Zhao (2013). With the

—e— KE(v=0.01m/s
—e— IE(v=0.01m/s)
—e— TE(v=0.01m/s)
—— KE (v=1.0m/s)
—v— IE(v=1.0m/s)
—v— TE (v=1.0m/s)
KE--Kinetic energy
1E--Internal energy
TE-Total energy

Energy(g:mm?/ms?)

0.000 0.(325 0.(550 0.675 O.I.OO 0.1.25 0.1'50
f(ms)

FIGURE 8 | Time history curves of rock energy under quasi-static and
dynamic loading.

increase of loading velocity, the flatness of crack becomes
smaller and smaller, and indicates that with the increase of
loading velocity, the stability of crack propagation to the
loading point becomes worse and worse. This is because
Fangshan marble is a rock material with a strong strain rate
effect, and its failure is closely related to its dynamic strength.
From the meso point of view, the dynamic strength induced by
strain rates of different internal parts of the rocks is different
under dynamic loading, resulting in notable randomness and
uncertainty in the activation of cracks inside the rock, and this
randomness is stronger and stronger with the increase of the
strain rate, which activates more cracks inside the rock.

Figure 7 shows the time history curves of rock energy under
different loading velocities. The total energy comes from the
incident bar. According to the law of energy conservation, the
total energy is equal to the sum of internal energy and kinetic
energy. Internal energy is mainly used for rock deformation,
damage, and failure, and kinetic energy is mainly used for rock
movement. It can be obtained from the figure that the total energy
of rocks under different loading velocities has the same evolution
trend, which first increases gradually and then tends to have a
stable value. The change of kinetic energy under different loading
velocities has the same trend, which first increases gradually and
then tends to be stable. The internal energy of rocks under
different loading velocities also has the same trend, which first
increases gradually, then decreases gradually after reaching the
maximum value, and finally tends to a stable value. The stable
value of internal energy increases with the increase of loading
velocity. Combined with the previous analysis, it can be found
that the stable value of internal energy can reflect the damage
range of rocks under different loading velocities. The total energy,
kinetic energy, and internal energy of rocks increase with the
increase of loading velocities, but at the initial stage, the internal
energy is greater than the kinetic energy.

Figure 8 shows the time history curves of rock energy under
quasi-static and dynamic loading. It can be concluded from the
figure that the evolution law of rock energy under quasi-static
loading is notably different from that of rock energy under
dynamic loading. Under quasi-static loading, the kinetic
energy of the rock at the initial stage is almost zero, which
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FIGURE 9 | Time history curve of the ratio of internal energy to total
energy of NSCB rock samples under different loading velocities.

indicates that the total energy is basically transformed into the
internal energy of the rock. The internal energy of the rock at the
later stage is zero, indicating that the damage range of the rock is
very small after the rock fails along the axis of symmetry. Under
dynamic loading, the internal energy and kinetic energy of the
rock increase gradually in the initial stage, and tend to be stable in
the later stage. This stability value of internal energy is greater
than that under quasi-static condition, indicating that the local
high strain rate under dynamic loading can cause a wider range of
damage.

Figure 9 shows the time history curve of the ratio of internal
energy to total energy of NSCB rock samples under different
loading velocities. The ratio of internal energy to total energy can
reflect the evolution law of energy in the process of rock
deformation, damage, and failure. It can be seen that the ratio
of internal energy to total energy has a similar evolution law
under different loading velocities. The greater the loading
velocity, the smaller the maximum value of the ratio of
internal energy to total energy, indicating that a higher
proportion of internal energy can be obtained by rocks at a
lower loading velocity. According to the energy ratio, the process
from rock deformation to failure can be divided into five stages,
and it is illustrated by taking the initial loading velocity of 1.0 m/s
as an example, that is, OA, AB, BC, CD, and DE. In the OA stage,
the energy ratio increases sharply in a very short time, and the
internal energy of the rock sample increases sharply. This stage is
the collision stage between the incident bar and rock sample. In
the AB stage, the energy ratio decreases rapidly. At this stage, the
rock sample begins to move, the kinetic energy and internal
energy increase, and the increase rate of kinetic energy is greater
than that of internal energy. In the BC stage, the energy ratio
begins to increase gradually. At this stage, the rock sample begins
to crack from B and the crack extends to the loading point, but the
crack does not reach the loading point, the kinetic energy and
internal energy increase, and the increase rate of internal energy is
greater than that of kinetic energy. In the CD stage, the energy

Simulation of Dynamic NSCB Test

ratio decreases gradually. At this stage, due to the increase of
crack length, the constraint of the rock sample decreases, the
kinetic energy of the rock sample increases rapidly, and the
internal energy of rock increases first and then decreases. In
the DE stage, the crack tip reaches the loading point, the crack
penetrates, the internal energy exists inside the samples in the
form of plastic deformation energy remaining unchanged, and
the kinetic energy tends to be stable.

CONCLUSION

Based on a self-developed dynamic damage model for rocks and
element deletion technology, the NSCB test is numerically
simulated, and the following conclusions are drawn in this study:

1) In the NSCB test, the loading velocity has an important
influence on the damage of rock samples. With the increase
of loading velocity, the damage range increases gradually.

2) The loading velocity has an important influence on the failure
mode of straight notch semi-circular marble. With the
increase of loading velocity, the flatness of cracks becomes
worse and worse, and the stability of crack propagation
becomes worse and worse. This is because the local high
strain rate leads to the obvious randomness and uncertainty of
crack activation in rocks.

3) Under different loading velocities, the evolution trends of total
energy, kinetic energy, and internal energy of straight notch
semicircular marble are similar. The damage range of marble
can be evaluated by the stable value of internal energy. The
larger the stable value is, the larger the damage range of
marble is.

4) The energy evolution of marble under dynamic loading is
obviously different from that under quasi-static loading.
Under quasi-static loading, the total energy of marble in
the initial stage is basically transformed into internal
energy, and the internal energy of marble in the later stage
is almost zero. Under dynamic loading, in addition to some of
the total energy of marble in the initial stage being
transformed into internal energy, some of it is also
transformed into kinetic energy. The stable value of
internal energy in the later stage is much greater than 0,
indicating that a larger damage range can be caused under
dynamic loading.

5) According to the ratio of internal energy to total energy, the
deformation and failure process of straight notch semicircular
marble under dynamic loading can be divided into five stages,
namely, at the first stage, the energy ratio increases rapidly,
and the rock sample collides with the incident rod at this stage;
at the second stage, the energy ratio decreases rapidly, the rock
sample begins to move, the kinetic energy and internal energy
increase, and the increase rate of kinetic energy is greater than
that of internal energy; at the third stage, the rock sample
begins to crack and the crack extends to the loading point, but
the crack does not reach the loading point. Both kinetic energy
and internal energy increase, and the increase rate of internal
energy is greater than that of kinetic energy; at the fourth
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stage, the energy ratio decreases gradually, the crack
propagates further, the constraint of rock samples
decreases, the kinetic energy increases, and the internal
energy first increases and then decreases; at the final stage,
the energy ratio is stable, the crack penetrates at this stage, the
internal energy exists in the form of plastic deformation
energy, and the kinetic energy tends to be stable (Friedman
et al.,, 1972, Hu 2020, Rossmanith et al., 1997).
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