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Abstract: Engineering rock mass is normally subject to cyclic-dynamic disturbances from excava-
tion, blasting, drilling, and earthquakes. Natural fractures in rock masses can be reactivated and
propagated under dynamic and static loadings, which affects the stability of rock mass engineer-
ing. However, fractured rock mass failure induced by cyclic-impact disturbances is far from clear,
especially considering varying angles between the rock mass and the direction of impact loadings.
This work investigated rock deformation and failure characteristics through cyclic impact tests on
granite samples with cracks of different angles. A Hopkinson bar was employed for uniaxial cyclic
impact tests on granite samples with the crack inclination angles of 0-90°. The magnetic resonance
imaging technique was used to determine rocks’ porosity after cyclic impacts. The stress—strain
curves, porosity, strength, deformation modulus, failure modes, and energy density of samples were
obtained and discussed. Results showed that the crack inclination angles significantly affected the
damage evolution and crack morphology of rocks. Under the constant cyclic impact, the dynamic
deformation modulus and dynamic strength of rock samples first increased and then decreased with
the increase in crack inclination angle. The failures of granite samples for inclination angles of 0 and
90° were dominated by tensile cracking, while those for the inclination angles of 30-60° were domi-
nated by shear cracking. The energy density per unit time gradually decreased with the increase in
impact cycles. The results can provide references for the stability analysis and cyclic-impact-induced
failure prediction of fractured rock masses.

Keywords: cyclic impacts; fractured rock mass; failure characteristics; crack propagation; dynamic
deformation

1. Introduction

Large-scale rock mass projects with complex geological conditions continue to emerge
with the rapid development of infrastructure construction in hydropower, transportation,
railways, energy, and mining industries. Engineering rock masses are subject to dynamic
disturbances such as blasting excavation, mechanical rock drilling, and earthquakes be-
sides certain static loading [1-3]. The stability problem of surrounding rocks caused by
cyclic-impact loading has always been an important research topic in rock mechanics and
engineering circles at home and abroad. As a heterogeneous anisotropic medium, fractured
rock masses have complex mechanical behaviors due to the random distribution of joint
cracks [4]. Compared with intact rock masses, fractured ones are more sensitive to dynamic
disturbance loads. The failure and instability of non-penetrating fractured rock masses is
the process of internal weak-plane expansion and cracks’ penetration. Therefore, it is of
great importance to explore the damage characteristics and mechanism of fractured rock
masses under dynamic disturbances for the stability of rock mass engineering structures.
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The mechanics and failure characteristics of rocks under dynamic loadings are dif-
ferent from those under static loadings. Experts have achieved beneficial results after
massive work. Li and Gong et al. [5-7] analyzed the dynamic mechanical properties of
rocks under different static loadings by a dynamic-static loading test. Jin et al. [8] ex-
plored the fatigue mechanical properties of rocks under coupled static loadings and cyclic
impacts to derive the effect of static loadings on the cumulative damage of rocks. Tian
and Wang et al. [9,10] revealed the damage evolution mechanism of rocks by analyzing
the effect of static axial compressions on the dynamic mechanical properties of granite
samples under cyclic-impact loadings. For non-penetrating fractured rocks or rock-like
materials, Liu et al. [11] discussed the peak intensity and failure mode of prefabricated
jointed rock masses under the static uniaxial compression based on different inclination
angles, penetration degrees, groups, and loading strain rates. Zhou et al. [12] quantitatively
studied the effect of joint penetration on the mechanical properties of rock masses using
the equivalent rock mass (ERM) technology based on micromechanics, thus revealing the
penetrating mode of fractured rocks. Guo et al. [13] explored the relationship between
the crack-initiation angle of composite fractures and the inclination angles of cracks in
uniaxial compression tests on single-fractured rocks, examining natural granites. The
maximum distortion energy theory was used to determine the initiation characteristic of
single-fractured rocks under uniaxial loads. Zhou et al. [14] analyzed the crack initiation,
propagation, and penetration mechanism and the brittle failure characteristics of open rock
bridges. Sun et al. [15] studied the failure modes of joint-like rock masses under dynamic
and static loadings using the indoor test and particle discrete element method, deriving the
effect of joint inclination angles on failure modes under different loads. Wang et al. [16]
used a dynamic loading system to analyze the instability and failure characteristics of rock
samples at loading rates and the multiple angles of single and double cracks. Li et al. [17,18]
explored the crack initiation law and failure mechanism of fractured rock masses based
on the mechanical properties and deformation failure characteristics of deeply fractured
granites under coupled static-dynamic loadings. The above studies focus on the mechani-
cal properties and fracture characteristics under different loads rather than the progressive
damage characteristics of fractured rock masses under cyclic-disturbance loads.

In deep rock mass engineering, rock masses are simultaneously subjected to static
preloads (e.g., tectonic stress and self-weight stress) and dynamic disturbances caused by
blasting loads, earthquakes, and excavation [19,20] (e.g., the interval pillars of mine stopes)
(see Figure 1). In these projects, most cyclic disturbance loadings activate microcracks
in rock masses for further extension, rather than directly promoting the destruction of
surrounding rocks [16]. This work took five kinds of sample rocks with different inclination
angles of prefabricated cracks in rock masses as the research objects. A cyclic impact test
was conducted using the improved SHPB as a loading system to explore the progressive-
failure characteristics and mechanism of fractured rocks under cyclic-disturbance loadings,
providing a certain basis for the practice and stability evaluation of rock mass engineering.

Static Dynamic
loading loading
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Stoping rock pillar
Coupled loadings R 5 2

Figure 1. Fractured rock masses under coupled loadings.



Energies 2022, 15, 3680

30f19

2. Materials and Methods
2.1. Preparation of Specimens with Prefabricated Cracks

Based on the quasi-static compression test, the aspect ratio of rock samples was set
to 2.0. In other words, rock samples were processed into a cylinder with a diameter of
50 mm and a height of 100 mm to explore the accumulative effects of impact disturbance
failure and damage to rocks, thus presenting the pore changes of rock samples before and
after impacts. Meanwhile, the aspect ratio did not affect the qualitative analysis of the
impacts of crack inclination angles on dynamic strength under the same loading. The same
batch of rocks was processed into standard cylindrical parts and cut with a water jet to
prepare prefabricated cracks with a width of 0.3 mm. Both ends of sample rocks were
polished to ensure that non-parallelism and non-perpendicularity were less than 0.02 mm.

The prefabricated cracks were located on both sides of rock samples, presenting sym-
metrical distribution. Crack inclination angle § refers to the angle between the connecting
line of the crack tips on both sides and the horizontal direction (8 = 0°, 30°, 45°, 60°,
and 90°). Figure 2 shows a sample with prefabricated cracks. The connectivity rate is used
to characterize the discontinuity of rock masses. Connectivity rate k of a crack surface refers
to the ratio of the total area of the crack surface in the cross-section at a certain direction
to the area of the entire cross-section. In the test, k is denoted as 0.35; for the area of
prefabricated cracks on both sides, S; = Sp. After calculation of Equation (1), prefabricated
crack length c of rock samples with different inclination angles is 11.5, 13.4, 16.3, 23.0, and
17.5 mm, respectively. Internal longitudinal-wave velocities of rock samples were measured
to be 3430-3580 m/s by the ZBL-U5200 non-metallic ultrasonic detector. Sample rocks
with different inclination angles have small dispersion of longitudinal-wave velocities.
Intact rock samples without prefabricated cracks have an average longitudinal-wave ve-
locity of 3590 m/s. This verifies that the internal structural defects of sample rocks with
prefabricated cracks decrease the average longitudinal-wave velocity.

B Crack area (S1 + S)
~ Cross-sectional area (S1 + S» + S3)

Connectivity rate (k) ¢y

| 50 mm

100 mm

24 Prefabricated crack S,

Prefabricated
cracks

(@) (b)

Figure 2. Granite sample with prefabricated cracks: (a) crack structure; (b) sample rock.

2.2. Experimental Equipment
2.2.1. Split Hopkinson Pressure Bar (SHPB)

The SHPB test can explore the dynamic properties of rocks. In the test, we used
an SHPB device with a diameter of 50 mm in the impact laboratory of the University of
Science and Technology Liaoning. Figure 3 shows the SHPB device. In the test system,
a compressed nitrogen ejection device is applied to drive the warhead. The warhead and
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the incident, transmission, and buffer bars are all made of high-strength 40Cr alloy steels.
The longitudinal-wave velocity, elastic modulus, and uniaxial compressive strength are
5447 m/s, 240 GPa, and 800 MPa, respectively. All bars have diameters of 50 mm, and the
warhead is the spindle pole body with a length of 360.1 mm; the incident, transmission,
and buffer bars have lengths of 1800, 1800, and 1000 mm, respectively. BE120-SAA strain
gauges are attached to the incident and transmission bars to collect the incident, reflected,
and transmitted wave signals.

High-pressure Launch ) ) o
cylinder  cavity Laser velocimeter  Incident bar  Rock sample  Transmission bar - Buffer bar

Q I N ——
Strain gauge

Impact warhead  Wavef:
aye lorm Ultrahigh dynannc
shaping sheet
strainometer

Axial compression
device

Nitrogen
container

—>| Data acquisition system

| Electromagnetic control system |

Figure 3. SHPB device.

The rock samples and the bar were impacted by loading the same cross-sectional area,
and the loading wave was a half-sine pulse loaded with a constant strain rate. Before
the test, the test system was calibrated with the empty bar impact test. The waveform
diagram showed that the peak of the incident wave was the same as that of the transmitted
wave; the reflected wave was 0, which met the basic requirements of the SHPB impact test.
According to the one-dimensional stress wave theory, the collected strain-gauge voltage
signals were conducted with data processing by the three-wave method to calculate the
dynamic mechanical parameters such as stress, strain rate, and strain of rock samples [21].

(T(t) = 2A E0(€I —|—€R+ST)
S(i’) = Lg EO(SI — &R — ST) (2)
e(t) = %fé Eo(er — er — er)dt

where A, Ey, and Cy are the cross-sectional area, elastic modulus, and wave velocity of
the pressure bar, respectively; €7, er, and et are the incident, reflection, and transmission
strains measured on the incident and transmission bars, respectively; and Ls and As are the
length and cross-sectional area of rock samples, respectively.

2.2.2. Nuclear Magnetic Resonance (NMR)

The NMR instrument used was the MacroMR12-150H-I large-aperture, nuclear-magnetic-
resonance imaging analyzer from Shanghai Electronic Technology Co., Ltd. (Shanghai, China).
It consists of a constant temperature system, industrial computer, supporting software, radio
frequency unit, and gradient unit. The permanent magnet was made of Nd-Fe-B materials,
where the magnetic field strength ranges from 0.25 to 0.35 T, the radio frequency transmission
power > 300 W, the linear distortion degree < 0.005, and the resonance frequency = 12.63 MHz.
The peripheral supporting equipment includes a ZYB-II vacuum pressure saturation device
with a maximum pressure of 60 MPa.

The principle of NMR imaging is described as follows: First, the external-gradient
magnetic field emitted multi-frequency electromagnetic waves to differentiate the attenua-
tion of NMR signals of different structures in the substance. Then, the signal attenuation
law was analyzed to understand the positions and types of internal structures, thus de-
riving the imaging of different internal structures. Before NMR imaging, rock specimens
were saturated with water. The hydrogen nuclei concentrated on the internal defects,
reflecting the joints and fissures with the distribution of pore water. More hydrogen nuclei
in rocks lead to greater porosity. Rock damages caused by changes in pore structures are
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quantitatively characterized by rocks” porosity, which can be expressed as the volume ratio
of internal pores to rocks.
n = (Vi /W) -100% 3)

where Vy is the total volume of pores and fissures in rock samples and Vy is the volume of
rock samples.

2.3. Experimental Protocol
2.3.1. Stress Loading Mode

In the test of cyclic-impact disturbances, rock samples were simultaneously subjected
to axial static stress Py and dynamic impact loading P4 with a certain strength. After
being subjected to multiple-impact disturbances, rock samples were destroyed. Figure 4
shows the stress-wave loading. During the test, axial static force Py = 8 MPa. The impact
loading was adjusted repeatedly to ensure that rock samples were not heavily broken after
several impacts, thus facilitating the NMR porosity test and imaging. Redundant fragments
increased the errors of porosity measurement and the difficulty of the test.

Figure 4. Stress-wave loading.

2.3.2. Impacting-Disturbance Strength

An appropriate impact intensity is key to the success of the test. The single impact
loading should be within the dynamic damage threshold to realize the cyclic impact of
rock samples. Rock samples have obvious damage accumulation, which is convenient for
analyzing the progressive damage law. Scholars believed that the ratio of static initiation
stress and peak strength of granites at low and medium strain rates has no obvious rela-
tionship with the strain rate. Crack volume-strain inflection points are used to determine
initiation stress [22]. Wang et al. [10] proposed that dynamic initiation stress, as the damage
threshold of cyclic impacts, is approximately equal to the product of the static initiation
stress and the dynamic growth factor. It has not been verified that the ratio of dynamic
initiation stress and compressive strength is rate-independent. In addition, the quasi-static
damage strength excludes the rate effect of dynamic peak stress and strain. After taking
energy per unit volume absorbed by rock samples to reach the static damage strength
as the reference index for dynamic-impact damages, the appropriate impact strength is
determined by the trial-and-error method. Under uniaxial compression, the rock sample
with a crack inclination angle of 45° reaches static damage strength o.q4. Absorbed energy
per unit volume W4 is the area below the static stress—strain curve (see Figure 5a). The
amplitude of the dynamic-loading incident wave is controlled by adjusting the impact
pressure. Rock samples with an inclination angle of 45° were tested with an impact test by
adjusting pressures to 0.28, 0.23, and 0.20 MPa. Dynamic energy per unit volume Wy, is
the area of the loading section of the dynamic stress—strain curve (see Figure 5b). Figure 6
shows the single-impact damage of rock samples.
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Figure 5. Rocks’ stress—strain curves: (a) static loading; (b) dynamic loading.

Figure 6. Degrees of fragmentation under different impact pressures: (a) g = 0.20 MPa; (b) g4 = 0.23 MPa;
(c) g =0.28 MPa.

The energy per unit volume at any point on the stress—strain curve is calculated by the
definite integration method.

"1
Y. 5 (01 + 1) (i1 — &)
iz

g
W, = /0 (716181 = (4)
where 0; and ¢; are stress and corresponding axial strain at any point of the stress—strain
curve, respectively.

The calculation results showed that the energy per unit volume was absorbed by
static damage W = 0.1804 J/cm3. If impacted air pressure g > 0.23 MPa, Wy, > Wy;
if g=0.2 MPa, Wy, < W¢4. The impact pressure was not larger than 0.2 MPa to ensure that
rock samples remained intact (without cracks) after the first impact. When the impacted air
pressure was 0.20-0.23 MPa, prefabricated cracks of rock samples did not expand. When it
was 0.28 MPa, the prefabricated cracks developed to the periphery, causing large damage
(see Figure 6). Therefore, the cyclic impact air pressure was set to 0.18 MPa (the impact
velocity = 10.07 m/s). There was no new crack in rock samples after the first impact.
Samples were subjected to crack penetration failure after several cyclic impacts, which met
the requirements of the cyclic-impact test.

2.3.3. Stress-Wave Propagation Characteristics

In the experiment, the incident wave loading lasted approximately 200 ps. The incident,
reflected, and transmitted waves were half-sine waveforms. Figure 7 shows the waveforms
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of granites at the same impact velocity in the SHPB test. The incident waves of multiple
impacts have good coincidence, indicating the accurate control of the impact velocity.

0.06
——Cycle 1 transmitted wave
—— Cycle 2 3
0.03 - ——~Cycle 3
—— Cycle 4
0.00
>
S —0.03f
o]
°
>
-0.06f Reflected wave
—0.09r Incident wave
-0.12

0 150 300 450 600 750 900
Time / us

Figure 7. Waveforms of the cyclic-impact SHPB test of granite samples.

If the incident wave amplitude was constant, the reflected wave amplitude depended
on the wave impedance of samples (p.); the porosity was negatively correlated with
density p and elastic-wave velocity c. The reflected and transmitted waves had coincident
waveforms in the first two impacts, indicating that impacts caused weak damage to the
rock at the previous stage where micropores and cracks were gestated. After that, the
waveform significantly changed, indicating that the accumulated damages change the wave
impedance of rocks. The transmitted wave amplitude reached the maximum in the first
impact and decreased in subsequent impacts (see Figure 7). The damage degrees of rocks
were different at the same impact velocity. The energy consumption of the rock’s impact
damage gradually increased. At the early stage, the rock had a small transmission wave
amplitude and little energy consumption. After several impacts, damages accumulated,
leading to the development of microcracks, which increased the energy consumption of
damage to rocks.

3. Results
3.1. Stress—Strain Curves

Figure 8 shows the stress—strain curves of rock samples with different crack inclination
angles. The typical dynamic stress—strain curve obtained from the axial load-dynamic
disturbance test has no compaction stage. The curves rise non-linearly before the dynamic
stress peak and then rebound after the peak. Internal elastic energy of rocks releases at the
peak when internal elastic force is greater than unloaded disturbance stress.

As shown in Figure 8§, internal damages accumulate, which degrades the mechanical
properties of rock samples with increased impacts. There are differences among the curves
of rock samples with different crack inclination angles, indicating that the crack structure
partly affects the impact resistance of rocks.

3.2. Dynamic Deformation Modulus

Under dynamic impact loads, rocks deform or even break instantaneously. Therefore,
it is more accurate to characterize the dynamic deformation of rocks by dynamic defor-
mation modulus. There is no explicit specification on determining deformation moduli
of dynamic stress—strain curves at home and abroad. The secant modulus, second-type
secant modulus, and loading deformation modulus are averaged to derive the dynamic
deformation modulus, thus reflecting the compression deformation of rocks at the dynamic
loading stage [23]. Figure 9 shows the relationship between the dynamic deformation
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modulus and disturbance impact times at the loading stage based on different crack incli-
nation angles. Generally, the dynamic deformation modulus decreases with the increase in
impacts because of the cumulative evolution of internal damage during the disturbance
impact. As impacts increase, the deformability to resist external loads decreases.
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Figure 8. Stress-strain curves of rock samples with different crack inclination angles: (a) f = 0°;
(b) B=30°; (c) Bp=45° (d) B =60°; (e) B =90°.
The dynamic deformation modulus of granites increases after decreasing with the

increase in crack inclination angle (see Figure 9). The decreased rate of the dynamic
deformation modulus also changes under cyclic impacts because of different internal
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structures of rock samples with prefabricated cracks. A smaller dynamic deformation
modulus of rocks leads to a weaker resistance to impact deformation to a certain extent. For
rock samples with crack inclination angles of 0-30°, the deformation modulus has a larger
reduction amplitude than the previous impacts. The reason may be that rock samples with
small inclination angles have small crack lengths. Therefore, prefabricated cracks first close
under cyclic-impact loads. When prefabricated cracks with an inclination angle of 0° are
completely closed, the stress wave can be transmitted without reflection, which inhibits the
deterioration of material [24] and increases deformation moduli in the next impact.

105
S —a— (0°
2 9o} —=— 30°
= 45°
8 75} —=— 60°
£ . 90°
o
S 60t \
g [ )
S 45t .X:\'/.\'
Z i ~.
£ 30} —
s
>
[a) 15 | | | |

0 2 4 6 8 10

Disturbance impact times
Figure 9. Relationship between the dynamic deformation modulus and disturbance impact times.

Figure 10 shows the relationship between the dynamic deformation modulus and
the inclination angles of rock samples with prefabricated cracks. Rock samples with a
crack inclination angle of 45° are firstly damaged after five impacts. The inclination angle
and axial loading are more conducive to the development of cracks. Rock samples with
an inclination angle of 30° have a slightly greater reduction in deformation moduli than
those with an inclination angle of 60°. Rock samples with inclination angles of 0° and 90°
have strong impact resistance. With the strongest impact resistance, rock samples with an
inclination angle of 90° are least affected by prefabricated cracks. Therefore, their strength
is close to the strength of intact rocks.
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Figure 10. Relationship between dynamic deformation moduli and crack inclination angles.

3.3. Dynamic Peak Stress

The average peak stress in the impact of disturbance is defined as the average strength
of rocks against impact disturbances. Results show that the average strength of rocks
increases after decreasing with the increase in crack inclination angle. According to the
relationship between the average strength and crack inclination angle, we can determine
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the safety strength to withstand multiple disturbance impacts under a certain axial pressure.
When the impact strength of disturbances exceeds the average strength, rocks are subjected
to fewer impacts and are prone to damage. When the impact strength of disturbances is
lower than the average strength, rocks not prone to damage are subjected to more impacts
of disturbances.

Figure 11 shows the relationship between dynamic peak stress under frequent distur-
bances and the impact times of disturbance based on the same axial and impact pressures.
The dynamic peak stress decreases linearly with the increase in disturbance impacts. The
dynamic peak stress of rock samples with different crack inclination angles increases after
decreasing with the increase in inclination angle. When the inclination angle is 45°, rock
samples have small peak stress. Peak stress decreases rapidly with the increase in impacts.
The internal crack structure of rock samples and the impact number of disturbances are
important factors affecting the ability of rocks to resist external impacts. The crack structure
leads to the difference in the propagation path and form of internal microcracks; the impacts
of disturbances cause accumulated damages. The variation law of dynamic peak stress
of rock samples with different inclination angles is consistent with that of the dynamic
deformation modulus.

180
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160 |-
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Disturbance impact times
Figure 11. Relationship between dynamic peak stress and disturbance impact times.

3.4. Rock Failure Mode

Under impacting disturbances, the crack ends are damaged at first and eventually
develop into tensions and shear failure. Tensile failure is expressed as wing cracks, which
usually originate at cracks’ ends and gradually develop approximately parallel to the
loading direction. Shear failure is mainly expressed as anti-wing and secondary coplanar
cracks. Anti-wing cracks are opposite to wing cracks in the initiation direction and develop
in the opposite direction to wing cracks. Secondary coplanar cracks also originate at the
cracks’ ends and develop coplanar with cracks [25]. NMR imaging technology was used
to determine the previous internal pore distribution of rock samples before cracks. After
that, the surface cracks were depicted on fractured rock samples to compare the crack
propagation modes of rock samples with different crack inclination angles under impact
loads. Figure 12 shows the failure modes of rock samples with different inclination angles.

After impacting disturbances, the scattered bright spots increase at the two crack
ends of rock samples with the crack inclination angle of 0° and are connected to become a
strip-shaped area. The remaining bright spots are randomly distributed at both ends of
rock samples (see Figure 12). Most are distributed in the lower part, indicating that internal
damages of rock samples increase significantly after being subjected to impact loads. The
failure state and crack distribution of rock samples show that rock samples with horizontal
cracks generate radial tensile stress under axial compressive stress, which forms a tensile
crack penetrating the bottom end at the crack ends of rock samples. Cracks are almost
parallel to the axial stress direction, representing brittle splitting failure.
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Rock samples with a crack inclination angle of 30° have strip-shaped continuous
bright spots near loading ends and crack tips. More small pores at both ends of rock
samples and cracks are connected to form surface cracks. Affected by tensile stress, rock
samples generate wing cracks in the upper part of prefabricated cracks to connect the upper
ends of rock samples. At the ends of the centrosymmetric prefabricated cracks, the other
anti-wing crack develops toward the upper ends of rock samples, with an initiation angle
of about 104°.

(B)

\ |
Anti-wing Shedding

crack zone
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P zone Shedding
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N e 7

Tension
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crack crack \ crack /v
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Shcddm crack zone
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Figure 12. Failure modes of rock samples with different crack inclination angles at dynamic impact
loadings: (A) pore distribution; (B) failure characteristics of rock samples; (C) crack distribution

((@) p=0°, (b) p=30° (c) p =45 (d) p =60° () p =90°).

There are multiple axial strip-shaped continuous bright spots inside rock samples
with a crack inclination angle of 45°. According to the distribution of surface cracks of rock
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samples, the two anti-wing cracks are developed at both ends of prefabricated cracks. Wing
cracks are developed on the left side; tension cracks are formed above rock samples. The
initiation angle of two anti-wing cracks approximates 128°. Many shedding areas exist in
the upper parts of rock samples. However, the lower parts have good integrity.

There are multiple axial strip-shaped continuous bright spots inside rock samples
with a crack inclination angle of 60°. Combined with the surface cracks of rock samples,
two wing cracks and two anti-wing cracks are developed at both ends of prefabricated
cracks, forming two tension cracks penetrating up and down. The initiation angle of
two anti-wing cracks approximates 142°. Prefabricated cracks fall off severely and rock
samples are broken as a whole due to multiple impacts.

Rock samples with a crack inclination angle of 90° have large shedding areas at the
upper and lower ends. The upper right part falls, and no obvious crack development is
observed at the ends of prefabricated cracks. During the multiple cyclical impacts of rock
samples, no obvious surface cracks are found in the middle of rock samples except for
exfoliation failure at the end.

3.5. Change Laws of Porosity

Natural granites contain a large amount of primary damage. It is impossible to ensure
the same primary damage to all rock samples during preparation. Therefore, damage
changes cannot be simply calibrated by the increased value of porosity. The change rate
of porosity is used to calibrate the internal-damage changes of rock samples before and
after the SHPB impact, which reduces individual differences in rock samples. Changes in
porosity can be expressed as:

Kc — Ky
=%

where « is the change in porosity, Ky is the original porosity of rock samples, and K. is the
porosity of rock samples after impacts.

Figure 13 shows the changing curves of rock samples’ porosity with different inclina-
tion angles of cracks.

o

©)

0.6

05

2 04t §
v
o L §
8-
e 03r §
(<3} L
(=)
s
& 02
O
0.1
00 1 1

0 15 30 45 60 75 90

Crack inclination angle / ©

Figure 13. Changing curves of rock samples’ porosity with different inclination angles of cracks.

The damage degrees of rock samples with different crack inclination angles are se-
quenced from high to low (45° > 60° > 30° > 90° > 0°), presenting “inverted U-shaped”
distribution. Rock samples with crack inclination angles of 45 and 0° have the maximum
and minimum damages, respectively. When the angle between the crack surface and impact
stress direction is 30-60°, cracks are significantly developed. Then, small cracks of rock
samples are connected, generating macroscopic damage.
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4. Analysis and Discussion
4.1. Energy Density per Unit Time Analysis

In the failure process of rock samples, energy transformation and dissipation can
macroscopically explain the failure mechanism of rocks. According to the one-dimensional
stress theory, incident wave energy Ej, reflected wave energy Eg, and transmitted wave
energy Et can be expressed as

EI = A()C()EO fot SiZ(l’)di’
Er = AgcoEg fot Erz(i’)df (6)
E1 = AocoEy fg Stz(t)dt

Ignoring energy attenuation of the stress wave propagating in the rod and the energy
lost at the interface between the pressure rod and rock sample, Ej is converted into Eg, ET,
and dissipated energy Ep in the impacting disturbance experiment.

Et=ErR+Er+Ep (7)

Dissipated energy per unit volume is used to characterize stress wave energy absorbed
by rock samples, which eliminates the effect of rock samples’ sizes and stress wave dura-
tions on dissipated energy [26]. The energy density per unit time is expressed as dissipated
energy per unit volume within unit time to judge the energy dissipation of rocks (see
Equations (7) and (8)). In the test, the start and end times of the reflected and transmitted
waves are consistent. The experience time of the reflected wave is used as the action time
of the stress wave in rock samples.

EV = ED/Vs (8)

Eyr = Ep/ (Vs - TRr) )

where Ey is the dissipated energy per unit volume, Eyr is the energy density per unit time,
Vs is the volume of rock samples, and Ty is the elapsed time of reflected waves.

According to the elapsed time of reflected waves of rock samples with crack inclination
angles of 0-90°, the energy density per unit time is calculated by Equation (9) to obtain the
relationship between the energy density per unit time and impact times (see Figure 14).
The average dissipated energy of the same rock samples at different impact times can be
calculated to obtain the relationship between the energy density per unit time and the crack
inclination angle (see Table 1).
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Figure 14. Relationship between the energy density per unit time and impact times.

Figure 14 shows that the energy density per unit time of rock samples gradually
decreases with the increase in impacts. For rock samples with crack inclination angles
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of 0-45°, energy dissipation slowly develops during the cyclic impact process where the
main increment is caused by the last impact failure. Table 1 shows that energy density
per unit time Ey of rock samples with crack inclination angles of 0-90° decreases after
increasing with the increase in angle. When the inclination angle ranges from 0 to 45°,
Ey rises from 1.33 to 1.94 J-cm3-ms~!, and energy absorbed by rock samples continues
to increase. When the inclination angle is 45°, the energy absorption reaches the highest
level. When the inclination angle ranges from 45 to 90°, Ey decreases to the minimum of
1.25 J-cm®-ms ™!, and absorbed energy gradually decreases. When the inclination angle
ranges from 30 to 60°, Ey; significantly changes. This indicates that the fractured rock
samples absorb more incident energy, which is consumed by crack initiation and expansion
under impacts.

Table 1. Energy densities per unit time of rock samples with different crack inclination angles.

Crack Inclination Average Energy Sample Volume vs.  Reflected Wave Time
Angle  (°) Consumption Ep (J) (cm?3) TR (ms)
0° 43.19 195.67 0.165
30° 50.86 196.46 0.152
45° 54.32 197.05 0.142
60° 49.21 196.30 0.153
90° 40.73 197.28 0.164

Data show that the energy density per unit time and the crack inclination angle appear
parabolic, which is consistent with the relationship between the average change rate of
porosity and the crack inclination angles in Figure 13. The peak strength law of rock
samples with different inclination angles shows that rock samples with higher strength
consume more energy in the crack initiation and propagation process under the same
impact load.

4.2. Characteristic Analysis of the Deformation Modulus

The deformation modulus reflects the characteristic quantity of stress when rocks
produce unit strain. It is an important parameter characterizing the deformation of rocks
against external impact loads. In the dynamic-deformation modulus analysis in Section 3.2,
the average dynamic deformation modulus can reflect the overall deformation charac-
teristics of rocks at the impact stage. However, the phase change characteristics of the
deformation modulus are easily ignored during a single impact because of the difference
between the first and second secant moduli (see Figure 8). Therefore, the phase change char-
acteristics of two deformation moduli are analyzed for rock samples with crack inclination
angles of 0-90° during successive impacts.

The first-type secant modulus proposed by C. E. Fairhurst and J. A. Hudson [27] and
the second-type secant modulus proposed by Gong et al. [7] are defined as follows:

Ehs= 05 (10)
€0.5
0p — 005
E.=-F = 11
05 = & " t0s 11)

where 0y 5 and ¢( 5 are stress and strain corresponding to 50% of peak stress in the stress—
strain curve, respectively.

Figure 15 shows the changing trend of the dynamic deformation modulus of granites
under different impact times.

Granites have a large first secant modulus and discrete data points. The second secant
modulus reflects the ratio of stress to strain in the second half of the stress—strain curve in
the dynamic loading process. At the stable stage, the changing trend is consistent with the
average dynamic deformation modulus of rock samples (see Figure 15). The elastic and
plastic deformations of rocks are integrated into the first half. The first dynamic deformation
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modulus characterizes the deformation at the plastic stage. In the dynamic loading process,
the deformation modulus is discrete in the first half of the stress—strain curve.
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Figure 15. Change trend of the dynamic deformation modulus of granite: (a) f = 0°; (b) f = 30°;
(c) B=45% (d) p=60°; (e) B =90°.
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Rock samples are produced by cutting prefabricated cracks on intact brittle granites.
Prefabricated cracks are closed in certain cycles when there are visible small cracks at
crack tips. The incident wave reflects on the new crack surfaces to produce tensile waves,
which aggravates the expansion, nucleation, and aggregation of microcracks. The bearing
capacity of rocks decreases to reduce the elastic modulus in the second half at the loading
stage. Therefore, there is a large difference between the first and second secant moduli
in studying failure characteristics of fractured rock masses. However, the experimental
results also reflect the deformation and failure characteristics of fractured rock masses to a
certain extent.

4.3. Rock Failure Mechanism

When the number of impacts reaches a certain value, the completely closed micro-
cracks inside the rock slowly expand from the crack tip. When there is a certain angle
between cracks and loading stress, the cracks at crack tips are most active in producing
more microcracks. The fracture zone composed of these microcracks is gradually connected
with the local fracture zone at the loading end along the loading direction, thus causing
the overall instability and failure of rocks. Based on the failure modes of different rock
samples (see Figure 12), rock samples with inclination angles of 30°, 45°, and 60° have
more strip-shaped continuous bright spot areas than those with inclination angles of 0°
and 90°. The internal cracks in rock samples with inclination angles of 30°, 45°, and 60°
develop faster under impact disturbances.

Rock samples with inclination angles of 0° and 90° are mainly affected by tensile
stress producing tensile or splitting failure. For rock samples with the inclination angle
of 0°, wing cracks originate in the middle of cracks. Rock samples with the inclination
angle of 90° are spalled near the prefabricated crack, without wing or anti-wing cracks.
Rock samples with a certain inclination angle are subjected to tensile-shear failure. In
addition, the shear failure gradually dominates with the increased inclination angle. When
inclination angles are 45-60°, rock samples have the weakest impact resistance and most
serious shear failure.

The same rock materials were used to make fractured rock samples with different
inclination angles, and scattered spots were drawn on rock surfaces to further compare the
differences in the failure mechanism of rock samples under dynamic and static loadings
The static uniaxial loading test of fractured rock samples was carried out using the WEP-600
hydraulic-screen universal testing machine, and the deformation and failure characteristics
of the whole process were monitored by the three-dimensional digital image correlation
(3D-DIC) system. During the test, the displacement control was adopted first, and the
axial force control was adopted after loading to 1 KN. The loading rate of the axial force
was 0.5 KN/s until the specimen was damaged. Figure 16 shows the failure forms of rock
samples with different crack inclination angles under the same loading.

(d)

Figure 16. Failure modes of rock samples with different rock-bridge inclination angles under static
loading: (a) B =0°, (b) B =30°, (c) p=45°,(d) f=60°, (e) B =90°.
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Figure 16 shows that at the initial stage of propagating microcracks in rocks under
static loading, cracks also start at crack tips, and the fracture guiding effect is the most
significant for rock samples with inclination angles of 0-60°. When crack inclination angle
is 0°, transverse tensile stress is generated under uniaxial compression, and rocks are
prone to tensile failure. Since the compressive capacity of rocks is much higher than their
tensile capacity, rocks do not produce shear failure. When the inclination angles are 30—45°,
compressive stress and tensile stress are generated simultaneously. This promotes the
sliding failure of rocks along the microfracture surface, with shear failure and tensile failure
occurring. When inclination angles are 60-90°, shear stress on the failure surface exceeds
the limit that rocks can bear. Rocks slip along the fracture surface, mainly exhibiting
shear failure.

According to the change law, the deformation modulus of rock samples has a short
period of stable development during cyclic impacting disturbances. This is manifested by
the slow decrease in the deformation modulus during certain impacts. For rock samples
with different crack inclination angles, the appearance times and significance are different
(see Figure 15). For the samples with inclination angles of 0° and 30°, the period significantly
appears at the medium stage of impacts. For the rock samples with crack inclination angles
of 45°, 60° and 90°, the period appears at the early and late stages of impacts. Namely, the
deformation modulus changes greatly at the medium stage of impacts. Internal microcracks
of rock samples accumulate and are penetrated, which causes severe brittle deformation
failure. Therefore, the impact resistance of rocks continues to decrease with the increase
in cumulative damages. For rock samples with a short stable development period of the
deformation modulus, the second secant modulus rapidly decreases at the late stage.

5. Conclusions

(1) In the axial loading-dynamic disturbance test, dynamic deformation moduli and
peak stress decreased with the increase in impacts, leading to the deterioration of rock
strength. The average strength was used to reflect the ability of rocks to resist frequent
impacting disturbances. The average strength gradually decreased with the increase in im-
pacts in a linear relationship. For fractured rock masses, the dynamic deformation modulus
and peak stress increased after decreasing with the increase in crack inclination angle.

(2) The crack inclination angles affected the failure characteristics of rocks. Fractured
rock samples with inclination angles of 0° and 90° mainly exhibited tensile failure or
splitting failure; samples with inclination angles of 30—60° mostly exhibited tensile-shear
damages. With the increase in inclination angle, the shear failure gradually dominated. The
initiation angle of wing cracks gradually decreased with the increase in inclination angle.

(3) Measurement of microscopic damages of fractured rocks showed that crack incli-
nation angles and the average change rate of porosity were roughly parabolic. This was
consistent with the change law of energy density per unit time and opposite to that of the
average strength.

(4) Under disturbance loads, the energy density per unit time of rock samples changed
in an “inverted U-shape” with the increase in crack inclination. When the critical angle
between cracks and loading surfaces reached 45°, cumulative damages to rocks were most
significant. Therefore, the influence of the orientation of discontinuity in rock masses on
their stability should be emphasized in the practice of fractured rock mass engineering.
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