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Analysis on characteristics and
mechanism for rock fracture

in deep rock with cracks under
dynamic-static coupling effect
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The mechanical behavior and fracture mechanisms of deep fractured rocks under explosive dynamic
loads are critical for understanding rock instability in engineering applications such as blasting
operations. This study aims to investigate how the presence of pre-existing cracks and different stress
states affect the mechanical properties and fracture patterns of rock-like specimens under dynamic
loading conditions. We utilized a Split Hopkinson Pressure Bar (SHPB) with an active confining pressure
loading device to conduct impact compression tests on rock-like specimens containing pre-existing
cracks. These tests were performed under uniaxial and triaxial stress states to simulate various in-situ
stress conditions. The study revealed three key findings: (1)The dynamic compressive strength of
specimens with pre-existing cracks exhibited a non-monotonic relationship with crack inclination angle
under uniaxial stress, contrasting with an increasing trend under confining pressure, highlighting the
significant effects of confining pressure and strain rate. (2)Confining pressure significantly altered the
failure modes, with specimens failing predominantly in axial tension at 0° and 90° crack inclinations,
and a mix of axial tension and shear at 30° and 60°, indicating complex failure mechanisms. (3)The pre-
existing crack angle under confining pressure influenced the propagation path and fractal dimension of
the specimen, with an increasing angle correlating to higher fractal dimensions and a positive impact
on compression peak stress. The research provides valuable insights into the complex fracture behavior
of fractured rocks under dynamic loads, which can inform the design of blasting parameters in deep
engineering. It also offers critical knowledge for preventing rock instability-related disasters, thus
holding significant theoretical and practical importance in the field of rock mechanics and engineering.
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The 21st century has become a period during which human beings are actively engaged in the exploration and
utilization of subterranean space. The international community has identified underground space as a potential
area for growth in terms of land and resources. The number of projects aimed at the development of underground
space is on the rise. These projects encompass a variety of areas, including mineral resource mining, hydropower
construction, traffic tunnels, strategic energy reserves, and underground protection.

China has thus far constructed the largest number of tunnels and underground projects globally and
is advancing toward deep rock masses'. Blasting excavation represents an indispensable component of the
construction of water conservancy and hydropower projects, railways, municipal infrastructure, and other civil
engineering projects.

Owing to its simplicity, flexibility, low cost, and strong applicability, blasting excavation is a widely employed
technique in most tunnel construction in China**.

Due to the complex geological conditions, a large number of bedding and joint cracks frequently occur
in the rock mass. When the smooth blasting technology is applied to tunnel excavation, parameters such as
the number, spacing, and distribution of blast holes and the charge amount under corresponding lithological
characteristics still lack systematic theoretical support, leading to severe overbreak and underbreak after tunnel
excavation, and even tunnel collapse and other accidents’.
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It can be observed that the rocK’s mechanical properties play a vital role in determining the design parameters
of deep rock blasting mining. However, the coupling effect of numerous micro-cracks in the rock and the in-situ
stress environment of the deep rock makes the study on the deep rock under blasting impact complicated (Fig.
1).

At present, researchers have done a lot of research work on the effect of joint fractures on the rock mass
under impact and the dynamic response characteristics of the rock mass under confining pressure. For example,
X. Wu et al.° conducted impact tests on concrete specimens containing five different inclined cracks using Split
Hopkinson pressure bar (SHPB), and the damage forms of the specimens were studied in detail. H. Liu et al.”
used similar material modeling test methods to experimentally investigate the dynamic strength and damage
modes under different nodal conditions with the help of a split Hopkinson pressure bar (SHPB) device. R. Yang
et al.® analyzed the effects of joint filling materials and different impact velocities on the dynamic mechanical
properties of rock materials simulated by cement mortar by SHPB impact test. Z. Yan et al.” used a modified
SHPB system combined with high-speed photography and DIC monitoring to test multi-flawed rock specimens
under coupled static-dynamic compression. It was systematically investigated the influences of pre-stress ratio,
flaw inclination angle, and strain rate on the dynamic progressive cracking mechanism and energy evolution of
multi-flawed rocks. L. Zhang et al.'? investigated the static-dynamic combined loading of composite parallel-
fractured granite using the SHPB system and the non-contact monitoring device DIC. E. Liu et al.!! selected five
groups of pre-cracked specimens with different pre-crack angles. The Brazilian splitting test was carried out by
SHPB system.

In order to investigate the impact of rock joint parameters (joint spacing and joint dip angle, etc.) on rock
failure effects, T. Liu et al.'>studied the energy transmission laws of longitudinal waves incident at any angle
to a set of nonlinear parallel joints'?; preset joints at different angles in simulated materials and used uniaxial
compression tests to explore the mechanical properties of jointed rock-like materials; H. Liu et al.'*!> employed
similar material model testing methods, with the aid of a split Hopkinson pressure bar (SHPB) device, to conduct
experimental studies on the dynamic strength and failure modes under different joint conditions; furthermore,
J. Wang et al.!#!¢-1% analyzed the impact of joint dip angle, joint thickness, joint filling materials, and loading
strain rate on the dynamic mechanical properties of rock materials simulated by cement mortar through SHPB
impact tests.

To study the dynamic response of rocks under high loading rates, Samal, R.K. et al.?’utilized two nonlinear
strain rate-dependent constitutive models, namely the Johnson-Cook model and the Drucker-Prager model, to
develop a three-dimensional finite element model of a split Hopkinson pressure bar setup with pre-cracked dog-
bone specimens to understand crack behavior. Mishra, S. et al.>! reviewed the response of soils subjected to high
strain rate loads. High strain rate loads on soils can be applied through high strain rate uniaxial compression
tests, triaxial tests, split Hopkinson pressure bar (SHPB) tests, and shock tube tests, providing a comprehensive
understanding of soil behavior under high load rates. In the study by Mishra, S. et al.?? on the stress-strain
response of rocks under high loading rates, they conducted experiments on rocks of different sizes using the
SHPB device and performed simulations and explosion analyses.

Aiming at the compound action of deep rock mass under high in-situ stress and explosion load, C. Lou
et al.?® conducted a series of impact tests under triaxial static stress states corresponding to depths of 300-
2400 m to reveal the dynamic mechanical characteristics of deep rocks. A. Zhang et al.>! analyzed the damage
forms of marble at different uniaxial stress levels under different impact air pressures by means of an improved
SHPB system and a high-speed monitoring system. X. Li et al.® modified the SHPB apparatus and conducted
an experimental study on the strength of siltstone samples under different coupled static and dynamic loads
and observed that the strength of siltstone samples under coupled loads was higher than that under their
corresponding individual static or dynamic strengths. Z. Yin et al.?® investigated the failure characteristics
under coupled static and dynamic loading by the improved split Hopkinson pressure bar (SHPB) with axial pre-
pressure and confining pressure. P. Kang et al.?’ carried out longitudinal wave velocity measurements, uniaxial
compression tests, and dynamic impact tests on granites from different burial depths to reveal the static and
dynamic mechanical properties of the rocks.

Dynamic loading
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Fig. 1. Deep rock mass with cracks subjected to dynamic loading.
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The mechanical properties of rock with fissures under confining pressure and impact loading are currently
difficult to study due to the limitations of experimental conditions. A review of the relevant literature from recent
years reveals that W. You et al.2® performed a triaxial dynamic test on sandstone with single-angle defects under
diverse radial contact pressures by employing an enhanced separated Hopkinson pressure bar (SHPB) system.
Nevertheless, the dynamic properties and fracture characteristics of other angular fractured sandstones under
impact remain ambiguous.

From the above, it is evident that existing research has extensively studied the dynamic fracture characteristics
of rock under the influence of single factors, while there is less research on the dynamic fracture characteristics
of rock under dynamic-static coupling. Under the action of different confining pressures, different forms of
pre-existing cracks can lead to the deterioration of the physical and mechanical properties of rock masses, and
the failure patterns can become complex. Especially in deep blasting operations, the combined action of high
in situ stress and pre-existing cracks poses greater challenges and risks to construction. Therefore, this study
utilizes a Split Hopkinson Pressure Bar (SHPB) impact device with active confining pressure to conduct impact
loading tests on rock-like specimens with different crack inclination angles under various confining stress
conditions. The study investigates the initiation modes of cracks, analyzes the strength and failure morphology
of the specimens, thereby revealing the relationship between crack inclination angle, confining pressure, and
failure patterns.

This study has made the following significant contributions to the field of rock mechanics and engineering:
(I)Dynamic Fracture Characteristics Under Single Factors: We have provided an extensive review of the
current understanding of the dynamic fracture characteristics of rock under the influence of single factors,
highlighting the knowledge gaps that our research aims to address. (2)Dynamic-Static Coupling Effects: This
research pioneeringly investigates the dynamic fracture characteristics of rock under dynamic-static coupling,
an area that has been less studied compared to analyses under single factors. (3)Impact of Pre-Existing Cracks:
We have explored how different forms of pre-existing cracks under various confining pressures can lead to
the deterioration of the physical and mechanical properties of rock masses and complicate failure patterns. (4)
Fracture Mechanism of Fractured Specimens: Our work focuses on elucidating the fracture mechanism of rock
specimens with fissures under dynamic-static coupling, which is crucial for understanding the behavior of rock
under complex stress conditions.

Experiments
Specimen preparation
(1) Materials and Molds.

A similar model test was adopted in this study, and the model test materials used to prepare rock-like
specimens should meet the characteristics of “low strength, high brittleness and adjustable mechanical
parameters” as far as possible. In line with the basic principle that raw materials should be widely available, low
cost, and easy to process and mold?’, ordinary silicate cement, model gypsum, fine sand, and water were selected
as raw materials®, with specifications as shown in Table 1, and the ratio was determined to be cement: sand:
gypsum = 1:6.47:0.76, and the ratio of water to the cement (cement + gypsum) was 0.6:1.

The specimen size was @50 mm X 50 mm, including two types of intact specimens and specimens with
cracks, in which the intact specimens were made of standard molds with a diameter of 50 mm and a height
of 50 mm(as shown in Fig. 2(a)). The fractured specimens were made of customized steel molds with a crack
containing length of 20 mm, a thickness of 0.3 mm, and a pre-existing crack inclination angle () including 0°
, 30° 60 °and 90°.

After the specimen was poured, it was placed in the standard concrete curing room for 24 h, then the iron
sheet was pulled out and the mold was dismantled. The specimens after mold removal were shown in Fig. 2(b).

(2) Mechanical parameters of rock-like specimens.

Table 2 shows the physical and mechanical properties of rock-like specimens under static loading.

In general, the brittleness is used to represent the failure characteristics of rocks. In order to verify whether
rock-like materials conform to the failure characteristics of natural rocks, brittleness index BI*! is introduced
here:

Bl =o0./0p (1)
Where o . is the static uniaxial compressive strength, and o  is the uniaxial tensile strength.

Testing apparatus
(1) SHPB system.

The experiment employs a @50 mm Split Hopkinson pressure bar (SHPB) impact device with an active
confining pressure device (shown in Fig. 3), which consists of a loading system(shown in Fig. 4), an impact bar
(bullet), an incident bar, a transmissive bar, a signal acquisition system, and a damping device.

The length of impact bar is 0.60 m, and the length of incident bar and transmission bar are 2.40 m and 1.20
m, respectively. Each bar is made of alloy steel with a density of 7.8 g/cm?, a modulus of elasticity of 210 GPa,

Name Cement River sand Gypsum Water

Specification | P-O 52.5 Portland cement | 1.18 x 1.18 mm | Model plaster powder | Laboratory tap water

Table 1. Raw materials for the test.
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(b)

Fig. 2. Mold for specimen preparation and rock-like specimens after demolding.

Density/g-cm™ | Modulus of elasticity/GPa | Compressive strength/MPa | Tensile strength/MPa
2.078 0.75 4 0.7

Table 2. Basic physical and mechanical parameters of rock-like specimens.
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Fig. 3. Modified split Hopkinson pressure bar (SHPB) with radial confining system.

Oil inlet and
uullctI Ilincs

Bleeder valve
kT

Incident bar Transmission bar

Rubber sheath | . Metallic sheath
Test specimen

Fig. 4. Sketch of active confining pressure device.

and a longitudinal wave speed of 5190 m/s. The voltage signal is collected by attaching 120-3AA resistance strain
gauge to the incident bar and semiconductor strain gauge to the transmission bar respectively. The data signals
were collected using a DPO3024 digital oscilloscope and a KD6009 strain amplifier.

For the loading scheme without confining pressure, before the impact test, adjust the SHPB test setup to align
the centers of the incident bar and transmission bar with the specimen on the same horizontal line. Then, evenly
apply Vaseline on both ends of the specimen to reduce the friction between the specimen and the bars before
proceeding with the test. For the loading scheme with confining pressure, before the impact test, first adjust the
SHPB test setup, then adjust the active confining pressure device to apply the required confining pressure, and
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finally align the centers of the incident bar and transmission bar with the specimen on the same horizontal line.
Again, evenly apply Vaseline on both ends of the specimen to reduce the friction between the specimen and the
bars before conducting the test.

Due to the low wave impedance of similar materials of cemented sand, semiconductor strain gauge technology
was used to measure the weak transmitted signal, and the resistance strain gauge was still used on the incident
bar. Paper®! was used as a waveform shaper to stick the end of the incident bar to improve the incident pulse load
waveform and prolong the incident pulse load rise time.

(2) Data processing.

With the help of impulse signals generated by incident, reflected, and transmitted waves collected by strain
gauges, the stress-strain relationship of the specimen can be obtained by processing the two-wave or three-wave
method?®? formulas (derived from the one-dimensional stress-wave theory) based on two basic assumptions. The
specific formulas are shown below.

. Cs
e=—-2—"7¢ 2
Ls @

ce [
=228 erdt 3
c Ls J, f )

AB

= — I 4
o s Eper (4)

Where Cp and Egare the elastic rod wave velocity and elastic modulus, respectively, and the subscripts I, R,
and T represent the incident, reflected, and transmitted waves, respectively. Ap and As are the cross-sectional
areas of the bar and the specimen respectively.

Loading scheme design

The prototype of this similar physical model test was the deep, extra-thick hard top plate of the Huainan Xinji
Coal Mine**. The buried depth of the rock body is H=1000 m, the bulk weight is y =26KN/m?, the horizontal
lateral pressure coefficient of the in-situ stress is 1.5, and the similarity coeflicient of the stress is Co, =26.53.
Since the strength of the original rock is 110 MPa, the strength of the required rock type is obtained to be 4.1 MPa.
Also according to: vertical stress 0 , = v H, get 0 ,=26 MPa; average horizontal stress 0 oo = 0, X 1.5,
get 0 hav=39 MPa; average stress 0 4, = (G L, 10 hm,)/?, get O 4y, =32.5 MPa; simulated perimeter pressure
value 0 = 0 4,/Cs =1.23 MPa. Therefore, the design simulated confining pressure value 0 = 0 4, /Co =1.2
MPa.

The pre-test shows that the gas pressure settings of rock-like specimens under uniaxial impact compression
are 0.15, 0.20 and 0.25 MPa respectively. When the specimens with cracks are loaded dynamically under
confining pressure, the effects of confining pressure, crack angle and strain rate should be considered. After pre-
testing, the impact pressures of the rock-like specimens were set at 0.4, 0.5 and 0.6 MPa respectively, and three
parallel specimens were included under each impact pressure, as shown in Table 3.

Results and analysis
Stress equilibrium analysis
In this study, the SHPB device was employed to conduct impact tests on the specimens. The two ends of the
specimen can achieve stress balance before failure, which is a prerequisite for the one-dimensional stress wave
assumption and the stress (strain) uniformity assumption.

Figure 5 illustrates the equilibrium three-wave diagrams of the rock-like specimen subjected to impact. It can
be observed that the sum of incident wave and reflected wave almost coincide with the transmitted wave curve,

indicating that the specimen attains a state of stress equilibrium without considering the time lag.

Dynamic fracture characteristics of rock-like specimens under uniaxial impact
Stress-strain curve
It can be seen from Fig. 6 that for the uniaxial impact compression of rock-like specimens, the deformation
and failure process is divided into three stages: elastic deformation section, plastic deformation stage (fracture
stabilization-unstable expansion), yield stage, and failure unloading.

At the beginning, the specimen is subjected to load, resulting in elastic deformation, and the relationship
between stress and strain is approximately linear. As the load continues to increase, micro-fractures emerge in

Loading method Single-axis impact | Three-axis impact
Radial circumferential pressure/MPa | 0 1.2
0.15 0.4
Axial impact air pressure/MPa 0.20 0.5
0.25 0.6
Number of specimens 45 36

Table 3. Dynamic and static loading scheme.

Scientific Reports|  (2024) 14:31840 | https://doi.org/10.1038/s41598-024-83256-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

012 LY
o~ ~,

0.08 |

-
0.04 | _,r'

e .
% u®" —=—Incident wave

Voltage/V

0.00

—=— Reflected wave
-0.04 | —=— Transmitted wave
Incident+Reflecte
-0.08 -

L T

2012 L L L L L
0.00000 0.00005 0.00010 0.00015 0.00020 0.00025

Time/ps

Fig. 5. Three-wave diagram of stress balance.

Stress(c)/MPa

000 0.002 ) 0.004 0. 006
Strain(e)

Fig. 6. Stress-strain curves of specimens under uniaxial impact compression.

the rock-like rocks, and stress concentrations are formed around pre-existed cracks. Cracks in the specimen
grow steadily, the load further increases, the cracks propagate and intersect. At this time, the specimen is initially
damaged and cracks enter the stage of unstable propagation. In the unloading stage, the crack at the end of
preexisted crack extends to the upper and lower end faces of specimen, leading to the failure of specimen and
the stress drop.

Under the condition of low impact pressure, the strengths of specimens with different crack angles are
11.56 MPa (intact), 7.16 MPa (0°), 5.10 MPa (30°), 6.63 MPa (60°), and 8.70 MPa (90°), respectively. The intact
specimen has the highest strength, which is 2.27 times that of specimen with 30° inclination crack. Obviously,
under uniaxial compressive load, the mechanical parameters such as peak stress and elastic modulus on stress-
strain curve of intact specimen are significantly higher than those of the specimen with cracks, and the yield
platform gradually decreases with the increase of crack Angle. It can be seen that different crack angles will lead
to differences in the strength of specimen, and the mechanical properties of the specimen are closely related to
its integrity and crack Angle. The crack will reduce the bearing capacity of the specimen, and with the increase
of the crack Angle, its loading capacity will show a “V” -shaped change.

Compression failure patterns

The results of impact compression test on rock-like specimens with preexisted cracks demonstrate that the crack
angle has a significant effect on the failure mode of the specimens. Consequently, uniaxial compression failure
specimens under low strain rate loading were selected for dynamic failure mode analysis in this study.

As shown in Fig. 7, the surface of the intact specimen shows shear-tension failure under the condition of
medium and low impact pressure. With the condition of high impact pressure, the specimen has a high degree
of fragmentation, but shear-tension failure is also the main failure mode. Due to the relatively high strength of
intact specimen, the end of the specimen is the most severely damaged when it is impacted. Therefore, the failure
starts from the end of specimen, extends in the direction parallel to the impact force, and finally breaks through
the end of the specimen. At lower impact pressures, the specimen is spalling along with the block, and with the
increase of the impact strain rate, the specimen is broken into blocks. Moreover, small fragments are mostly
cone-shaped and relatively intact.

The failure modes of specimens with different preexisted cracks under impact load are dominated by wing
cracks and secondary cracks, and the breakage of specimens is more obvious due to tensile shear forces.

Initiation Angle of specimen without confining pressure
The crack initiation Angle can reflect the crack propagation direction and predict the crack propagation path,
which is the key factor in revealing the crack initiation mechanism. The Angle between the macroscopic initiation
crack and the extension line of crack inclination is defined as the crack initiation Angle (a). As shown in Fig. 8,
a, is the crack initiation Angle of upper wing and a, is the crack initiation Angle of lower wing.

According to the fractured morphology of specimens shown in Fig. 7, cracks are generated at the tips of
the preexisted cracks. Therefore, the crack distribution diagram could be obtained based on this fractured
morphology, where IMAGE ] software was used to binarize the specimen for crack extraction. Finally, the crack
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Fig. 7. Impact failure diagram of specimens without confining pressure.

Fig. 9. Schematic diagram of crack distribution and propagation after binarization.

distribution and propagation diagram of the fractured rock-like specimens with different inclination angles was
obtained as shown in Fig. 9.

Based on the Griffith strength criterion, it can be seen that the crack initiation position of the specimen after
impact compression (as shown in Fig. 9) is predominantly concentrated in the stress concentration zone at the
tip of the pre-existing crack, and the main crack initiation and further propagation occur along the tip of the
pre-existing crack.

Further, the crack initiation angle was measured using IMAGE ] according to Fig. 9, and the measured crack
initiation angles of the upper and lower wings (a,, a,) are shown in Table 4.

According to the data in the table above, it can be observed that the initiation angle of the upper and lower
wings decreases simultaneously with the increase of the pre-existing crack Angle, and the initiation angle of the
upper wing is similar to that of the lower wing.

When the pre-existing crack inclination angle of specimen is between 0° and 30°, the increase in pre-existing
crack inclination angle has a greater impact on the upper wing initiation angle than on the lower wing initiation
angle. When the pre-existing crack inclination angle of the specimen is within the range of 30° to 60°, the
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Pre-existing crack inclination angle (B)/° | 0 30 60 90
Crack initiation angle of upper wing(a,)/° | 82.875 | 59.140 | 45.862 | 12.053
Crack initiation angle of lower wing(a,)/° | 81.959 | 66.500 | 38.083 | 7.300

Table 4. Crack initiation Angle of upper wing and lower wing.
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Fig. 10. Relationship between crack initiation angle and pre-existing cracks inclination angle.

increase in pre-existing crack inclination angle has a more substantial effect on the crack angle of the lower wing
than on that of the upper wing. When the pre-existing crack inclination angle of the specimen ranges from 60°
to 90°, the increase in pre-existing crack inclination angle has a similar effect on the crack angles of the upper
and lower wings.

According to Table 4, the relationship between the measured crack initiation angles of the upper and lower
wings (a; and a,) and the pre-existing crack Angle (B) is drawn, as shown in Fig. 10.

According to the relationship between crack initiation Angle and inclination Angle of pre-existing crack in
Fig. 10, a linear function can be used to fit it to obtain the following relationship.

a1 = 83.86 — 0.756(R* = 0.972) (5)
s = 86.32 — 0.845(R* = 0.980) (6)

Where a represents the initiation angle, and  represents the pre-existing crack inclination angle.
In formula (5) and (6), the correlation coefficients (R?) are all greater than 0.95, indicating that there is a good
linear relationship between the crack initiation Angle of specimen and its pre-existing crack inclination Angle.
According to the slope of the fitting relation between the crack initiation Angle of upper and lower wings
and the inclination Angle of pre-existing crack, it can be seen that the pre-existing crack inclination Angle of
specimen has different sensitivity to the upper and lower wing initiation angles, that is, the sensitivity to the
lower wing initiation angle is greater than its sensitivity to the upper wing initiation angle.

Crack propagation mode of specimens without confining pressure

According to the criterion of maximum circumferential stress®>~%, the expression for the stress field at the crack

tip is:
1 a sa 3
= 2 (Krcos?S — 2K si
O \/%COSQ ( 1COS B B Jsmoz) (7)
1
oy = cos & [KI (1+sin2g) -‘rK[[Sinoz—QKUtang} (8)
27r 2 2 2
1 « X
Tr = ——=cos — [Krsina + Krr (3cosa — 1)] 9)
2mr 2

Where ¢, 0, and 7, are the radial stress, tangential stress and shear stress of micro-element at the tip of pre-
existing crack, respectively; « is the initiation Angle; K| and K| are the stress intensity factors of type I and type
II cracks, respectively; r is the distance from micro-element to crack tip.
Based on the theory of stress intensity factor, the relationship of stress intensity factor for crack propagation
at the crack tip of rock-like specimens can be expressed as:
Kir sin o

- > 10
K 1 —3cosa (10)
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Where a is the initiation Angle; K; and K, are the stress intensity factors of type I and type II cracks, respectively.
For type I cracks, let K| not be 0 and Ky be 0, and obtain the crack initiation Angle a is 0 or m. For the
specimen with pre-existing crack inclination angle of 90°, the actual crack initiation Angle is 9.67°, which is close
to the theoretical calculation value. Therefore, it can be considered that the failure of this specimen belongs to
type I crack.
For type II cracks, let K be 0 and K; be 74/ma/2, and obtain the crack initiation Angle a is 70.53°. For the

specimen with pre-existing crack inclination angle of 0°, the actual crack initiation Angle is 82.417°, which is
close to the theoretical calculation value. So, it can be considered that the failure of this specimen belongs to the
type II crack.

When the pre-existing crack angles of specimens are 30° and 60°, the actual cracks initiation angle of
specimens are respectively 62.82° and 41.913°, ranging from 0° to 70.53°, which indicates that the failure of this
specimen at this time belongs to I-IT composite crack cracking.

As shown in Fig. 11, the failure modes of specimens with different crack pre-existing angles are consistent
with the above calculation results.

In summary, it can be concluded that the failure modes of rock-like specimens without confining pressure
present three failure modes: tensile, shear, and combination of tensile and shear.

For specimens with cracks of different inclination angles, when the crack inclination Angle is 0°, the surface
of specimen demonstrates shear failure. When the crack inclination Angle is between 30° and 60°, the specimen
exhibits a combination of tensile and shear failure. In comparison to the specimens with 0° and 90° inclinations
Angle cracks, the fracture degree of specimens with 30° and 60° inclinations Angle cracks is higher, and the fine
cracks are densely distributed.

This is because when the crack inclination Angle is between 30° and 60°, the stress is concentrated at the
crack tip, and the internal force of specimen is uneven, resulting in more obvious breakage of the specimen.
The specimen with a 90° inclination angle crack is predominantly subjected to tensile failure, characterized by a
tensile crack in the specimen accompanied by a minor amount of debris collapse.

Distortion energy of specimens without confining pressure

According to the distortion energy theory, the reason for the failure of materials under uniaxial compression
is that the distortion at a certain point inside reaches the limit value under uniaxial stress®®. The dimensionless
distortion energy density can be calculated by Eq. (11):

S = sinz,B(cusinQ,B + 2c128in B cos B + czgcoszﬁ) (11)

Where, 8 is the inclination Angle of prefabricated fracture; ¢, =@+1+ @cosa-cos’a; ¢,, = sin*a@sing; ¢, =@+4¢
cosa3sin?a; =2 [(1p)/(1+ )] %/3; a is the initiation Angle; y is the friction coefficient, which is 0.8%°.

Based on this, the dimensionless distortion energy density of specimens with cracks under uniaxial dynamic
compression can be calculated when damage occurs, and the results are shown in Fig. 12. Concurrently, the
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impact compressive strength of specimens under a low strain rate is plotted in Fig. 12, and the relationship
between dimensionless distortion energy density and impact compressive strength is established.

As illustrated in the above figure, there is a negative correlation between the dimensionless distortion
energy density and uniaxial compressive strength. With the increase of pre-existing crack inclination angle, the
dimensionless distortion energy density initially increases and subsequently decreases, and the maximum and
minimum values are obtained at 30° and 90° of pre-existing crack inclination angle, respectively. But the impact
strength first decreases and then increases, and the maximum and minimum values are obtained at 90° and 30°
of pre-existing crack inclination angle, respectively. These findings align with the research results of Q. Guo et
al.®% Indicating that the results of this study are consistent with the distortion energy theory, that is, the larger the
distortion energy is, the poorer the bearing capacity of the specimen under impact compression load.

Dynamic fracture characteristics of specimens with cracks under confining pressure
Stress-strain curve

Under the confining pressure of 1.2 MPa, the dynamic deformation and failure of rock-like specimen have
great changes. As shown in Fig. 13, the dynamic stress-strain curve of rock-like specimens under confining
pressure can be divided into four stages: compaction stage, elastic deformation stage, crack propagation stage
and failure unloading stage. Compared with the uniaxial impact compression curve, it has a clear compaction
stage. Because under confining pressure constraints, the specimen is difficult to break, so the pores and cracks
are preferentially compressed and closed. As the load gradually increases, cracks begin to propagate and extend.
Due to the presence of confining pressure, the lateral deformation of specimen is constrained (i.e., axial cracks
are restricted from propagating), so most of the cracks extend radially. Moreover, the curve quickly drops after
reaching the peak stress, exhibiting typical brittle failure.

Furthermore, the dynamic compressive strength of rock-like specimens is observed to increase in comparison
to specimens without confining pressure, and the strength of specimens with the same crack inclination Angle
demonstrates a gradual increase with the rise in strain rate, which has obvious confining pressure effect and
strain rate effect. This is due to the fact that the impact process will result in the formation of cracks in the rock-
like specimen, while the application of confining pressure will serve to inhibit the initiation and subsequent
development of cracks. This is also the reason why the cracks observed in the main crack expansion zone of the
specimen are significantly reduced in comparison to the condition in the absence of confining pressure. It is
noteworthy that under the same strain rate, the dynamic compressive strength of rock-like specimens exhibits
an increase with the increase of crack inclination angle, which is significantly different from the effect of crack
inclination Angle on dynamic compressive strength under uniaxial impact compression. Consequently, the
dynamic fracture mechanism of specimens with cracks under confining pressure will be discussed in Sect. 4.

Fracture morphological characteristics

From the analysis results in Sect. 3.2.2 of this study, it can be concluded that the inclination angle of cracks has
a significant impact on the dynamic failure mode of the specimens. Under the coupling effect of dynamic and
static, the rock-like specimen with crack will also be subjected to the action of confining pressure static load,
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Fig. 13. Stress-strain curves of specimens under triaxial impact compression.
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and its dynamic failure mode will inevitably change. Therefore, the triaxial compression fracture morphology of
rock-like specimens under high strain rate loading was analyzed in this study, as shown in Fig. 14.

When the crack inclination Angle of rock-like specimen is 0° (Fig. 14a), 1-2 axial tensile cracks appear at
the crack tip and extend laterally along the surface of specimen, which belongs to axial tensile failure. It can be
seen from the analysis that during the axial compression stage of specimen, local high strain is concentrated in
the middle of the pre-existing crack and tensile cracking occurs. However, in the loading direction, due to the
restraining effect of confining pressure, the propagation of crack in this direction is limited, ultimately resulting
in axial tensile failure.

When the crack inclination Angle of rock-like specimens is 30° (Fig. 14b), cracks including axial tensile
cracks and shear cracks are generated on it, among which axial tensile cracks are the majority. The propagation
of newly formed cracks also starts from crack tip, followed by tensile cracks and wing shaped cracks. The wing
shaped cracks penetrate the top of specimen along the loading direction, ultimately forming a tensile shear
composite failure.

When the crack inclination Angle of rock-like specimens is 60° (Fig. 14c), specimens also begin to fail at the
crack tip, and eventually form a tension-shear composite failure mode, which tends to be consistent with the
dynamic failure mode of specimens with cracks without confining pressure.

When the crack inclination Angle of rock-like specimens is 90° (Fig. 14d), the failure of the rock like
specimen does not start along the crack tip, but multiple axial tensile cracks are generated at one end of the
specimen (near the incident rod side). This indicates that the concentrated stress generated at the crack tip of
pre-existing crack parallel to the axial direction is smaller than the confining stress, which restricts the crack
to expand along the loading direction. As a result, no Type I failure occurred in the specimen. It can also be
concluded that the confining pressure constraints cause great changes in the force on specimen, which makes it
difficult for the specimen to produce tensile failure along the radial direction under the axial dynamic load, and
cannot preferentially produce shear failure along the axial direction.

Fractal dimension of fracture

The fractal dimension Dis a measure of the irregularity of a complex shape, which reflects the effectiveness of the
space occupied by it. Now the box-counting dimension method?! is used to calculate the fractal dimension D of
crack growth of specimens. The basic idea of this algorithm is to first divide the image into small square boxes
of equal size (the side length is r), then cover all areas of the image with boxes one by one (as shown in Fig. 15),
and calculate the number of small square boxes N (r) required to cover the entire fractal structure. Then the size
of the box side length (r) is changed, and the corresponding box number N (7) value is calculated. Finally, the
box side length r and the box number N (7) are taken as the horizontal and vertical values of the data points, and
each data point is fitted by a straight line.

The slope of the line is the fractal dimension value of the research object, as shown in Eq. 124142,

D = lim 28V (12)
r—0 -log(1/r)
Where D represents the fractal dimension, N(r) represents the number of small square boxes needed to cover the
entire fractal structure, and r represents the side length of the boxes.
The high-resolution IMAGE of the specimen captured by the camera was imported into IMAGE ] software
for image binarization processing, and the fractal dimension of the expanding crack was calculated. Figure 16
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Fig. 14. Crack propagation mode under confining pressure (impact pressure 0.6 MPa).
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Fig. 16. Fractal dimension for specimen with crack with crack inclination of 90° inclination of 90°.
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Fig. 17. Relationship between pre-existing crack inclination angle and fractal dimension.

shows the calculation process of fractal dimension of crack development path for specimens with pre-existing
crack inclination Angle of 90°.

Based on IMAGE Js calculation on the fractal dimension of expansion crack of specimens with different
crack inclination Angles, the relationship between fractal dimension and pre-existing crack inclination Angle is
obtained, as shown in Fig. 17.

Figure 17 shows that the pre-existing crack angle has a significant impact on the propagation path of specimen,
that is, as the angle increases, the fractal dimension D also shows an increasing trend. This is due to the fact as
the angle of the pre-existing crack increases, the crack propagation path becomes longer and more complex. In
the process of image binarization, the number of cracks intersecting with the coordinate grid increases, resulting
in an elevated fractal dimension. Meanwhile, based on the analysis results in Sect. 3.3.1, it can be concluded that
there is a positive correlation between the fractal dimension of newly expanded cracks in the specimen and its
impact on compression peak stress.
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Discussions

Influence of crack inclination angle on dynamic compressive strength under dynamic and
static coupling

According to the uniaxial and triaxial dynamic compression stress-strain curves of rock-like specimens with
cracks, the dynamic compressive strength of specimens can be obtained as a function of crack inclination angle,
as shown in Fig. 18. Obviously, the influence of crack inclination angle on dynamic compressive strength varies
under different confining pressure states. Without confining pressure, the dynamic compressive strength of
specimen decreases first and then increases with the increase of the crack inclination angle. However, under
confining pressure, the dynamic compressive strength of specimens with cracks increases with the crack
inclination angle.

As can be seen from Fig. 18, under the condition of no confining pressure, the dynamic compressive strength
of specimen varies in a “V” shape with the angle of the pre-existing crack inclination angle. Under uniaxial
dynamic compression, the average compressive strength of intact specimens is 11.6 MPa, and the average
compressive strength of specimens with pre-existing crack inclination angles of 0°, 30°, 60° and 90° are 7.51,
5.28, 6.71 and 9.27 MPa, respectively, which decreased by 35.25%, 54.48%, 42.15%, 20.1% compared with that
of intact specimens. When the crack inclination Angle is 30°, the average value of the dynamic compressive
strength of the specimen is the lowest, which indicates that it is the most prone to fracture under dynamic
uniaxial compression. When the crack inclination Angle is 90°, the compressive strength of specimen is closest
to that of intact specimen. This is because the direction of crack with inclination angle of 90° is parallel to
the direction of impact load, making the influence of crack on the dynamic compressive strength of specimen
smaller.

Under confining pressure stress, the dynamic compressive strength of specimens with pre-existing crack
inclination angles of 0°, 30°, 60° and 90° are 20.4, 23, 25.2 and 29.5 MPa respectively, which are generally higher
than those of specimens without confining pressure. This is due to the closure of primary cracks and pores
within specimen under pressure, resulting in a significant increase in particle friction within specimen. At the
same time, due to the effect of confining pressure, the normal stress on the fracture surface increases accordingly,
resulting in the frictional bearing capacity of the crack exceeding the material’s cohesion and suppressing the
slip of the crack. That is, the effect of confining pressure has a significant restraining effect on the propagation of
microcracks inside the specimen. This is apparent not only in the increase in dynamic compressive strength, but
also in the failure mode of rock specimens®>*4,

Fracture mechanism of fractured rock under coupling effect of dynamic and static
Analysis of fracture mechanism of crack specimen under dynamic uniaxial compression

According to Griffith’s fracture mechanics theory?>=*¥, when specimens with different crack inclination angles
fracture under uniaxial compression, there is a critical crack Angle 5 , the value of which is around 45°.

When the long axis of crack is parallel to the loading axis (inclination B =90°), tensile stress concentration
occurs at the end of crack. The critical load of a tensile fracture is less than that of a compressional shear fracture.
Therefore, the specimen will first develop a tensile crack at the end of the pre-existing crack, which is coplanar
with the original crack surface and connected, resulting in splitting failure of the specimen?.

When the angle p between the long axis of the fracture and the loading axis is relatively small ( 8 ;<f<90°),
both tensile and shear-shear stresses are concentrated at the end of the crack, and the critical load of tensile
fracture is close to the critical load of compressive shear fracture. As a result, tensile fracture and shear fracture
occur almost simultaneously at the end of crack, and the secondary crack is coplanar with the original crack,
resulting in tension-shear or shear-shear penetration, and eventually shear slip failure of the specimen**>0-53,

When the angle  between the long axis of the crack and the loading axis is relatively large (0 << 53 ), the
end of the crack will first undergo compression shear fracture due to the concentration of high compressive
stress, but the range of compressive fracture zone is small. Subsequently, a large number of tensile fractures will
occur in the large area of tensile stress concentration in the middle or end of crack. These tensile cracks gradually
spread along the loading axis, forming airfoil cracks and forming multiple blocks with the original cracks and
crushing zone, resulting in crushing, block rotation and stepped failure of the specimen**>0-53,

—=— Under uniaxial impact compression
—e— Under triaxial impact compression
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Fig. 18. The dynamic compressive strength of specimens varies with crack inclination angle.
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Fig. 19. The force failure model for specimens under triaxial impact compression. Note: S is tensile stress; C is
the confining stress applied to specimen.
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Advantages of the Study

Research purpose

To explore the dynamic mechanical properties and
fracture patterns of rock-like specimens under pre-
existing cracks and different stress states.

Advances in the study of deep mining rock
mechanics, including failure tests under dynamic-
static combined loading.

Both this study and the latest technological
developments focus on the behavior of deep
rocks under complex stress states.

Testing methods

Using an SHPB device with active confining
pressure for impact compression testing.

Dynamic-static combined loading tests, simulating
the dynamic disturbance of deep rock mass under
high static load.

The SHPB testing method used in this study
complements the dynamic-static combined
loading tests in the latest technology.

Failure mode

Analyzed the failure modes of rock-like specimens
under conditions with and without confining

Studied the failure characteristics of red sandstone
under dynamic-static combined loading, including

Both this study and the latest technology focus on
failure modes, but this study emphasizes more on

analysis pressure, including tension and shear failure. shear failure and the degree of rock fragmentation. | the effects of crack angles and confining pressure.
Theoretical . . . L . . . . .

and practical Provides a theoretical basis for preventing disasters | Provides theoretical and experimental basis for the | Both this study and the latest technology have
significance related to rock instability. stability analysis of deep mining and mine pillars. | important theoretical and practical significance.

Table 5. Comparison of this study with the latest technology.

Based on the experimental analysis results in Sect. 3.2.1, it can be concluded that under dynamic uniaxial
compression, specimen with a crack inclination angle of 30° is more prone to fracture compared to other
fractured specimens. Due to no crack inclination of 45° was set for specimens in this study, it can be seen that
specimens with a crack inclination of 30° belong to the critical crack inclination, which results in the lowest
dynamic compressive strength. This is consistent with the experimental results of Q. Ping et al.*>3,

Analysis of fracture mechanism of crack specimen under dynamic and static coupling compression

As shown in Fig. 19, under the confining pressure, the force of specimen changes greatly, which makes it difficult
for specimen to produce tensile failure along the radial direction under the action of axial dynamic load, and
it cannot preferentially produce shear failure along the axial direction. In this case, the reason for the failure of
specimen is the reflection tension generated by stress waves at the pre-existing crack of the specimen, resulting
in axial tensile failure. At the same time, with the increase of confining pressure, the shear failure of the specimen
will also occur along with the axial tensile failure.

In the direction perpendicular to the stress wave, with the increase of the pre-existing crack inclination
angle, the effective area of the specimen’s radial section (excluding the crack) gradually increases. Therefore,
the specimens are becoming increasingly difficult to fracture, and the dynamic compressive strength of the
specimen is positively correlated with the angle of the pre-existing crack inclination angle. Due to the direction
of the 90° crack being perpendicular to the radial constraint force, the crack tends to close under confining
pressure. Meanwhile, in the previous exploration, it was also shown that the 90° crack specimen is closest to a
“homogeneous body”, therefore the 90° specimen has the highest dynamic compressive strength.

In summary, the presence of confining pressure makes the rock-like specimens subject to the reaction
force during lateral deformation under dynamic loading, thereby confining the development of shear cracks.
Especially under high confining pressure, the specimens cannot be developed in the radial direction, resulting
in the reflection and stretching of stress waves leading to the failure of the specimen. Therefore, most rock-like
specimens exhibit axial tensile failure. In addition, as the pre-existing crack inclination angle increases, the
tensile section gradually increases, resulting in an increase in strength.

Advantages and limitations of the study
After reviewing the relevant literature®*>> and combining it with the research content mentioned earlier, we
conducted a comparison between this study and the latest research technology, as depicted in Table 5 below:
Although this study provides valuable insights, it does have some limitations. Firstly, laboratory-scale tests
may not fully replicate the complexities of field conditions. For instance, when excavating deep rock tunnels,
the original stress state of deep rocks is determined by the environment in which the rocks are situated and
the distribution of surrounding rocks. Sometimes it is under a state of plane equal stress, but at other times,
the original stresses in the plane are not equal. However, the SHPB system with active confining pressure can
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only simulate the stress state of deep rocks under plane equal stress conditions. Secondly, our study is limited to
specific types of rock-like specimens and predefined crack geometries, which may restrict the generalizability of
our results. Additionally, the dynamic loading rates used in our experiments are within a specific range, and the
effects under different loading rates or cyclic loading conditions are not yet clear.

Conclusions

In this study, rock-like specimens were prepared based on similarity theory, and dynamic compression tests were
conducted using the Split Hopkinson Pressure Bar (SHPB) device with an active confining pressure device. We
investigated the effects of confining pressure and different crack angles on the dynamic fracture characteristics
and mechanisms of rock-like specimens. Here are our main conclusions:

(I)Relationship between crack angle and dynamic compressive strength: Under different confining
stresses, the crack angle significantly affects the dynamic compressive strength of specimens. In the absence of
confining compressive stress, the dynamic compressive strength of cracked specimens first decreases and then
increases with increasing crack inclination angle, with the intact specimen exhibiting the highest strength and
the specimen with a 30° crack inclination angle showing the lowest strength. Under confining pressure, the
dynamic compressive strength of specimens is generally higher than without confining pressure. The dynamic
compressive strength of specimens with cracks increases with the crack inclination angle, and with the increase
of strain rate, the strength of specimens with the same crack inclination angle gradually increases, showing a
significant confining pressure effect and strain rate effect.

(2)Effect of confining pressure on deformation and failure: Confining pressure constraints significantly alter
the deformation and failure process of specimens under impact loading. The deformation and failure process
of rock-like specimens under uniaxial impact compression can be divided into four stages: elastic deformation,
plastic deformation (crack stabilization-unstable expansion), yield, and failure unloading. Under confining
pressure, the dynamic stress-strain curve of rock-like specimens can be divided into four stages: compaction,
elastic deformation, crack propagation, and failure unloading.

(3)Effect of crack inclination angle on failure mode: Under uniaxial impact compression, the crack inclination
angle significantly affects the failure mode of specimens, which can be classified into three distinct categories:
tensile, shear, and tensile-shear. Under triaxial impact compression, the pre-existing crack angle significantly
affects the propagation path of a specimen, with an increasing angle correlating with an increasing fractal
dimension D. There is a positive correlation between the fractal dimension of newly expanded cracks in the
specimen and its impact compression peak stress.

(4)Failure characteristics under confining pressure: Under confining pressure, it is difficult for specimens
to produce tensile failure along the radial direction under the action of axial dynamic load, and they cannot
preferentially produce shear failure along the axial direction. When the pre-existing crack inclination angle
of rock-like specimens is 0° and 90°, the specimens exhibit axial tensile failure. When the pre-existing crack
inclination angle is 30° and 60°, the cracks include both axial tensile and shear cracks, leading to the formation
of tensile-shear compound failure.

Based on the above conclusions, we believe that the fracture mechanism of cracked specimens under
dynamic and static coupling compression is much different from that under uniaxial compression with different
crack angles. The presence of confining pressure subjects the rock-like specimen to reaction force when it
deforms laterally under impact load, limiting the development of shear cracks. Especially at high confining
pressures, specimens cannot develop in the radial direction, which makes the stress wave play a leading role in
the reflection tensile failure of the specimens, resulting in most rock-like specimens showing axial tensile failure.
Additionally, as the pre-existing crack inclination angle changes, the tensile section gradually increases, leading
to an increase in strength.

The theoretical contribution of this study lies in the in-depth revelation of the mechanisms by which confining
pressure and crack angles affect the dynamic fracture characteristics of rock-like specimens, providing new
theoretical insights into the field of rock mechanics and engineering. Practically, our findings can help optimize
blasting parameter design, enhancing the safety and efficiency of deep engineering projects.

From a practical standpoint, the findings of this study can guide engineers to consider the effects of confining
pressure and crack angles when designing blasting parameters, leading to safer and more effective blasting
operations. This has significant practical implications for deep engineering projects such as mining and tunnel
excavation.

Despite providing valuable insights, this study has some limitations. Firstly, laboratory-scale tests may not
fully simulate the complexities of field conditions. Secondly, our study is limited to specific rock-like specimens
and predefined crack geometries, which may limit the universality of our results. Additionally, the dynamic
loading rates used in our experiments are within a specific range, and the effects under different loading rates or
cyclic loading conditions are unclear. Suggestions for future research:

(1)Expand sample range: Future research should consider a wider variety of rock types and natural crack
configurations to enhance the universality of the findings and provide a more comprehensive understanding of
rock behavior under dynamic loads.

(2)Multi-axial and cyclic loading studies: Investigating the response of fractured rocks to multi-axial
dynamic loading and cyclic stress conditions could offer deeper insights into the fatigue behavior and long-
term stability of rock masses, which is crucial for applications such as underground construction and geological
carbon sequestration.

(3)Environmental factors consideration: Future studies should also consider the effects of environmental
factors such as pore pressure, temperature, and chemical interactions within the rock mass, which could
significantly influence rock behavior and stability.
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