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Defects with varying geometric distribution in the rock mass play a crucial role in
determining the stability of engineered rock masses. Previous studies have
primarily investigated the initiation, propagation, and coalescence behaviors of
flaws within rock masses. Nevertheless, there has been limited analysis of flawed
rock masses under different loading rates. In this study, we present the
deformation localization and cracking process of three types of inclined flawed
sandstone specimens through conducting uniaxial compression and acoustic
emission tests at four different levels of loading rate. The results supported the
following findings: 1) Sandstone specimens with different flaw inclination angles
exhibit the loading rate strengthening effect, and the strengthening effect
gradually decreases with the increase of loading rate. 2) As the loading rate
increases, the type of crack emergence changes from wing cracks to anti-
tensile cracks, and the time of flaw initiation is shortened. 3) The cumulative
acoustic emission counts were higher for the low-loading rate specimens than for
the high-loading rate specimens. 4) Tensile cracks typically occur as the initial
cracks. Anti-tensile cracks often coexist with wing cracks in rock specimens that
have undergone tensile damage. Coplanar secondary cracks are the primary
indication of shear damage formation in rock specimens. 5) The increase in
loading rate promotes the transition of rock specimens from the mixed
tensile-shear damage mode to the shear damage mode. These research
results are of great theoretical significance and engineering value for
understanding the failure mechanism of rock mass containing flaws and
proposing effective measures to prevent cracking and ensure the safety of
brittle solid structures.
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1 Introduction

With the increasing demand for energy, mining operations are now expanding into the
deep parts of the earth. The environment in these deep rock formations is complex and
variable, leading to significant rock mechanics challenges. Sandstone, a commonly
encountered rock in mining processes, plays a crucial role in ensuring the safety and
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stability of mining projects due to its strength and deformation
damage characteristics. Over time, various initial defects such as
joints, fissures, weak surfaces, and microcracks are formed within
the rock mass as a result of geological processes. These defects have a
significant impact on the stability of the rock formations
(Mouthereau et al, 2009). Understanding the mechanisms of
deformation damage and crack initiation in rock bodies with
inherent defects is essential for assessing the safety and stability
of rock engineering projects. Throughout the history of rock
engineering, numerous accidents have occurred due to the
extension penetration of rock fissure defects, leading to failures
in bearing capacity. Prominent examples include the Malpasset dam
failure in France (Cao et al., 2016) and the Vaiont slope slide
phenomenon in Italy (Rossmanith, 1983). Therefore, studying the
change characteristics of rock mechanical properties in
prefabricated flaws, the evolution of crack propagation, and the
damage modes is of utmost importance for ensuring the safe
construction of projects and enabling the prediction and early
warning of disasters.

In recent years, there have been several studies conducted on
prefabricated flawed rock masses at the laboratory scale. Wang et al.
(2020) examined the propagation pattern of a pair of parallel colinear
cracks. Wong and Einstein (2009a) investigated the damage processes
and modes of sandstone specimens with two different geometrical
defects under uniaxial compression. Eftekhari et al. (2016) explored the
damage pattern and mechanical properties of flawed rocks by the finite
element method (XFEM). Park et al. (Park and Bobet, 2009; Park and
Bobet, 2010) prefabricated flaws of different geomtries on rock-like
specimens and summarized three different types of cracks. Modiriasari
et al. (2017) prefabricated two parallel cracks on the specimen and
investigated the variation of the displacement field on the surface of the
specimen by using digital image correlation (DIC) techniques.
Mohammad et al. (Mehdi et al, 2017; Mohammad et al., 2018;
Cemiloglu et al,, 2023) utilized AI image processing algorithms for
rock structure detection and rock mass definition in both 2D and 3D
space, using the Mathematica software package. Similar studies were
also conducted by Richardson et al. (2011), Reis et al. (2015), and
Taheri et al. (2020). These research findings have significantly
contributed to the knowledge and understanding of engineering
rock damage.

With the advancement of science, the means of monitoring rock
crack propagation in the laboratory are becoming more and more
advanced, and the most commonly used techniques are digital image
processing methods (Sun et al., 2016; Mousa, 2017) and acoustic
emission monitoring techniques (Ohno and Ohtsu, 2010; Aggelis,
2011). Shkuratnik and Novikov (2012) used acoustic emission
methods to study the progressive damage process of rocks under
different confining pressures. Zhigalkin et al. (2011) used the acoustic
emission methods to study the effect of aggregate size and shape in
concrete on the uneven shrinkage of concrete. Eberhardt et al. (1998)
studied the acoustic emission characteristics of rock specimens during
cracking and concluded that a sudden increase in acoustic emission
events corresponds to the creation of new cracks. Song et al. proposed
the concept of compaction factor and permeability influence factor for
limestone under uniaxial compression (Song et al., 2022). Bhuiyan
etal. (2018) used acoustic emission (AE) techniques to probe the crack
expansion process in aluminum panels. Wen et al. (2019) explored the
mechanical properties of rocks with different lithology from an energy
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perspective. Similar studies have been conducted by Song et al. (2019),
Poddar and Giurgiutiu (2017), and Kumari et al. (2018).

In the context of rock loading rates, several studies have explored
the impact of different strain rates on shale fracture toughness and
energy release rates. Mahanta et al. (2016) investigated this effect,
while Zhang et al. (2000) focused on studying fracture damage
patterns and energy characteristics of rocks under various loading
rates. Trepmann and Seybold (2018) developed a model to analyze the
effects of high-temperature action and different strain rates on quartz
crystals. Additionally, Wang et al. (2021) considered the influence of
inclination angle and strain rate on the mechanical properties of
fractured rock masses using rock-like materials, and observed that the
compressive strength of rock-like specimens was rate-enhanced. Tang
et al. (2015) specifically examined the effect of loading rate on crack
initiation and propagation mode. Furthermore, Wong and Einstein
(2009b) investigated the macroscopic and microscopic damage
mechanisms of rock-like specimens under the influence of loading
rate. These findings provide a solid foundation for further research on
the influence of loading rate on rock mechanical properties. Currently,
most of the photographic monitoring techniques are used for
observing crack propagation. However, it is important to note that
crack evolution is three-dimensional, and traditional methods are
limited in their ability to quantitatively characterize the rupture
process. As a result, the acoustic emission testing technique has
gained popularity in crack nondestructive testing and damage
assessment. This technique allows for real-time, dynamic, and
continuous monitoring of the crack generation and propagation
within the rock mass, making it an effective metric method. By
combining digital image processing methods and acoustic emission
monitoring techniques to investigate the damage process and damage
pattern of the flawed specimens in this test.

Most studies have investigated the effects of various geometric
fracture parameters on the strength damage characteristics and crack
evolution of rock-like materials under single loading conditions.
However, the change in rock loading rate induced by engineering
construction, loading, tectonic extrusion, etc. also significantly impacts
the propagation of cracks and damage modes in cracked rocks
(Mahanta et al, 2016). Unfortunately, little research has been
conducted in this area. Therefore, in this paper, sandstone, which is
commonly used in rock engineering, is taken as the object of study.
Flaws are prefabricated on the specimens, and high-speed photography
and acoustic emission monitoring technology are used to observe the
uniaxial compression damage process. The effects of different loading
rates on the mechanical properties of specimens with different crack
angles and the modes of crack propagation and penetration are
analyzed. Explored the failure mechanics mechanism of cracked
specimens during uniaxial compression. The findings of this study
can provide a theoretical basis for understanding the deformation and
damage mechanism within engineered rock masses and the stability
analysis of surrounding rocks under different loading rates.

2 Overview of the test
2.1 Test specimen preparation and program

Engineered rock masses often contain various types of structural
surfaces that greatly influence rock stability. In recent years, the
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FIGURE 1
Sources and mineral component of tested sandstone.

stability of engineering rock masses and disaster prevention and
control have gained increasing attention due to the rapid
development of civil engineering, transportation engineering,
mining engineering, water conservancy engineering, and other
rock engineering fields. This study focuses on investigating the
mechanical properties and damage behavior of rocks under
different flaw inclinations through uniaxial compression tests on
sandstone. The rock specimens used in this study were obtained
from an open pit mine, which aligns with the engineering
background of the analysis on rock engineering destabilization
damage, as shown in Figure 1.

The test sandstone was collected from the outcrops of
Zhongliangshan mine in Huaying Mountain. It belongs to the
Upper Permian Longtan Formation, Changxing Formation, and
Triassic Xilingjiang Formation. The tested sandstone is a medium-
grained cemented sedimentary rock with a grain size ranging from
0.15 to 0.25 mm. In its natural state, the sandstone appears light
gray, with an apparent density of 2,428 kg/m”.

Raw rock specimens were prepared according to the
specifications and protocol outlined by the International Society
of Rock Mechanics for testing the physical and mechanical
properties of rocks. To ensure consistent results, rock samples
were obtained from the same location, ensuring their integrity,
and transported to the laboratory. These samples were then
processed into standard rectangular
50 mm x 100 mm x 30 mm. Care was taken to control any non-

specimens measuring
parallelism and non-perpendicularity on each surface, with a
maximum tolerance of 0.02 mm. Flaws were introduced using the
center drilling method. The test involved different loading rates of
0.05, 0.1, 0.5, and 1.0 mm/min, with a total of 24 batches of
specimens for each loading rate. Each batch included flaw
specimens with inclination angles of 30°, 45°, and 60°, resulting in
a total of 72 test samples. The flaw inclination angle (a) represents
the angle between the flaw and the horizontal plane, while the flaw
length (a) and flaw width (d) remained constant at 10 and 1 mm,
respectively. Each specimen is named based on its flaw angle and
loading rate, such as 30°-0.05 indicating a specimen with a flaw
inclination of 30° and a loading rate of 0.05 mm/min. The flaw
spreading pattern in the flawed specimen is illustrated in Figure 2.
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2.2 Test system and loading conditions

To prepare for the test, the specimens were dried at a
temperature of 105 °C for 12 h. A high-speed camera was used to
track the initiation and propagation process of cracks on the
specimen surface. The high-speed camera was set to shoot at a
frame rate of 60 fps. The loading equipment used was a TAW-2000
micro-controlled electronic universal testing machine. The acoustic
model PCI-IJ,
manufactured by the United States acoustic physics company

emission monitoring equipment used was
PAC. The probe arrangement is shown in Figure 3. The loading
method followed the rate set in Section 1.1. The experimental test
system is depicted in Figure 3.

3 Mechanical properties of flawed
sandstone

3.1 Load-displacement curves

The load-displacement curves of the flawed specimens are
presented in Figure 4, illustrating the influence of different
loading rates. Specifically, Figures 4A-C depict the effect of
loading rate on the flawed specimens with flaw inclination angles
of a=30°, 45°, and 90° respectively. On the other hand, Figure 4D
demonstrates the impact of flaw inclination angle on the load-
displacement curves of the specimens, while maintaining a constant
loading rate of v = 0.05 mm/min.

As shown in Figure 4, the load-displacement curves of the
specimens exhibit four distinct stages: compaction, elasticity,
yielding, and damage, which align with the typical
characteristics of classical rock mechanics load-displacement
curves. During the crack compaction stage, the axial load
compacts the original pores within the specimen. Over time,
the displacement of the specimen increases without any
significant change in stress, resulting in a fluctuating curve
during the preloading period. It should be noted that only the
micropores inside the specimen are compacted at this stage, while
the pre-existing flaws remain uncompacted and open. As the load
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FIGURE 2

Test model of flaw specimens (unit: mm).
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FIGURE 3
Layout diagram of the experimental testing system.

continues to increase, the specimen enters the elastic deformation
stage, characterized by a steady increase in load with displacement,
following the linear growth predicted by the generalized Hooke’s
law. With further load increase, the compression process of the
specimen transitions to the yield stage, where the rate of load
increase reduces and the curve exhibits an upward convex shape.
During this stage, the specimen’s deformation gradually shifts
from  elastic to  elastic-plastic = mixed  deformation.
internal elastic
the plastic

micro-cracks

Simultaneously, the
and once

specimen accumulates
this energy, along with
exceeds the specimen’s limit,

energy,
deformation,
propagate throughout the specimen, leading to the appearance
of macro-cracks on the surface. Consequently, the specimen’s
stress dramatically decreases, resulting in overall destabilization
and damage. This marks the onset of the post-peak damage phase
in the load-displacement curve.
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3.2 Analysis of strength and deformation
behaviors of sandstone specimens

Figure 5A illustrates the relationship between the curves of peak
strength and loading rate for sandstone specimens with different
flaw inclination angles. The peak strengths of these specimens
demonstrate similar strengthening effects under the influence of
loading rate. However, it is important to note that the change in peak
strength is non-linear, and the strengthening effect gradually
diminishes as the loading rate increases. For instance, when
examining the sandstone specimen with a flaw inclination angle
of 45°, the peak strength increased from 34.25 KN to 43.14 KN,
4524 KN, and 49.38 KN as the loading rate increased from
0.05 mm/min to 1.0 mm/min. The corresponding strength
increments were 8.98 KN, 2.1 KN, and 4.14 KN, respectively. The
reinforcing effect was primarily observed within the range of
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Relationship between peak load and peak displacement with loading rate. (A) Peak load, (B) Peak displacement.

0.05-0.10 mm/min, with an overall weakening trend beyond

0.10 mm/min.

shown in Figure 5B. The peak displacement is positively

The peak displacement versus loading rate curves for
sandstone specimens with different flaw inclination angles are
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correlated with the loading rate, meaning that the
displacement increases as the loading rate increases until it
reaches its peak strength. The curve enters the surge phase
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FIGURE 6

Relationship between flaw growth and stress-strain curves in typical specimens.

when the loading rate increases from 0.01 mm/min to 0.1 mm/
min. Beyond a loading rate of 0.1 mm/min, the slope of the curve
decreases, indicating a slower growth in peak displacement.
However, there is still a positive linear correlation between
peak displacement and loading rate, highlighting the interval
nature of the loading rate. Figure 5B also demonstrates that as the
flaw inclination angle a increases, there is some degree of
dispersion in the specimen’s peak displacement, but the overall
trend is an increase with a.

In addition, the interval of the loading rate effect is obvious, but
because the loading rate of this test is only set to 0.01 mm/min,
0.1 mm/min, 0.5 mm/min, 1.0 mm/min, these four levels, in order to
more comprehensively and accurately obtain the characteristics of
the interval of the loading rate effect, the subsequent study should be
added to increase the range of variation of the loading rate and the
defect angle for in-depth discussion.
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4 The correspondence between crack
propagation and stress and AE counts

4.1 Correspondence between crack
propagation and load-displacement curve

The load-displacement curves reflect the crack development and
propagation of the flawed specimens. Typically, the development of
cracks leads to abnormal fluctuations in the curves. In this section,
we analyze the relationship between crack propagation and load-
displacement curves using typical specimens with different loading
rates. These specimens have a flaw inclination angle of 30°, as shown
in Figures 6A-D.

The load-displacement curves and crack propagation of the
specimen tested at a speed of 0.05mm/min are shown in
Figure 6A. The damage process of the specimen can be divided
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into two stages: compaction and elastic deformation. During these
stages, no crack initiation was observed at the tip of the prefabricated
flaws. The increase in displacement is primarily due to the
compaction of the primary microcracks in the rock samples,
which reduces the voids and prepares for the development of
microcrack nucleation. As the loading increases, the curve
experiences a stress drop at point B, leading to cracking at the
tip of the cracks in the rock samples and the formation of tensile
wing cracks. The load then slightly decreases before continuing to
increase with displacement. At peak point C, the wing crack
transforms into a secondary crack that penetrates the lower end
face of the specimen, while a wing tensile crack appears at the upper
tip of the prefabricated flaw. Upon reaching point D, the wing crack
further evolves into a non-coplanar secondary crack and rapidly
propagates through the upper-end face of the specimen. This leads
to surface dislodgement from the rock and a loss of load-bearing
capacity, resulting in overall destabilization damage.

The load-displacement curves and crack propagation of the
specimen with a displacement rate of 0.1 mm/min are shown in
Figure 6B. The crack propagation process of this specimen is similar
to that of the specimen with a displacement rate of 0.05 mm/min. It
exhibits a small load drop before reaching the peak, which is
accompanied by crack initiation or rapid crack propagation. At
point B, a winged tensile crack is initially formed near the
prefabricated flaw of the specimen. As the load reaches the peak
point C, there is a significant stress drop and rapid propagation of
the winged tensile cracks on the surface of the specimen. When the
load reaches point D, the overall structural damage occurs as the
tensile cracks penetrate through the upper and lower surfaces of the
specimen, ultimately causing the specimen to be crushed.

The load-displacement curves and crack propagation of the v =
0.5 mm/min specimen are illustrated in Figure 6C. The crack
propagation process of the specimen is similar to that of Figures
6A, B. In both cases, a small load drop occurs before reaching the
peak, accompanied by crack initiation or rapid crack propagation.
At point C, a winged tensile crack and an anti-tensile crack are
initially formed near the prefabricated flaw of the rock specimen. As
the load reaches the peak at point D, the winged tensile cracks and
anti-cracks on the surface of the specimens transform into
secondary cracks. The curves show that there is no instantaneous
load drop at the peak. When the load reaches point E, there is a
sudden large drop in load. The tensile crack penetrates through the
upper and lower surfaces of the specimen, causing the rock sample
to fail as a whole, and resulting in the ejection of some fragments.

The load-displacement curves and crack propagation of the
specimen with a displacement rate of 1.0 mm/min are shown in
Figure 6D. The crack propagation process of this specimen follows a
similar pattern as the one with a displacement rate of 0.5 mm/min,
with no temporary decrease in load at the peak. At the peak point C,
an anti-tensile crack initially forms near a pre-existing flaw in the
specimen and then continues to propagate through the upper-end
face. As the load reaches point D, there is a sudden significant drop,
and the tensile crack transforms into a non-coplanar secondary
crack, which penetrates both the upper and lower end surfaces of the
specimen, resulting in failure of the rock sample’s bearing capacity.

The load-displacement curves and crack propagation of the
specimen with a loading rate of 1.0 mm/min and an angle of 45°
(a=45") are presented in Figure 6E. The damage process of this
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specimen is similar to that of the specimen with an angle of 30°
(a=30°), undergoing compaction stage and elastic deformation stage.
However, unlike the a=30" specimen, no crack sprouting is observed
at the tip of the prefabricated flaw in the a=45" specimen. The
increase in displacement mainly originates from the compaction of
the native microfractures in the specimen. The key difference is that
there is no small decrease in load before reaching the peak. Upon
reaching the peak point C, there is an instantaneous stress drop in
the curve, leading to the generation of tensile wing cracks at the flaw
tip. As the load reaches point D, the wing cracks rapidly propagate
and merge with newly sprouted shear cracks, resulting in the
formation of macroscopic through cracks. This leads to the
compaction of the prefabricated flaws and the overall crushing of
the rock samples, accompanied by bursting sounds.

The load-displacement curves and crack propagation of the
specimen with a velocity of 1.0 mm/min and an angle of 60°
(a=60") are presented in Figure 6F. The destructive process of
these specimens is similar to that of the sandstone specimens
with an angle of 30° («=30"). As the load increases, a stress drop
occurs at the peak C point, leading to the formation of anti-tensile
cracks at the crack tip of the rock sample. When the load reaches
point D, these anti-tensile cracks rapidly propagate and merge with
newly formed non-coplanar secondary cracks, resulting in the
formation of macroscopic cracks that quickly penetrate the
surface of the specimen. The stress value decreases to zero
instantaneously, indicating the strong brittle characteristics of the
specimen.

The analysis above demonstrates that the loading rate has an
impact on the fracture extension and damage pattern of the rock
specimens. Comparing Figures 6A-D, it can be observed that the
type of crack generation changes from wing cracks to anti-tensile
cracks as the loading rate increases. The crack initiation time is
shortened, and the damage mode shifts from tensile shear damage to
shear damage. Furthermore, by comparing Figures 6A, E, F, it
becomes evident that the prefabricated flaw inclination angle
significantly influences the crack initiation location, propagation
path, and damage mode of the specimen. Notably, the 30° specimens
exhibit a significant stress drop at the peak front, while the 45° and
60° specimens do not show a significant stress drop at the peak front.
All cracks are initiated at the tip of the prefabricated flaws, and they
are generated at the peak.

4.2 Correspondence between AE counts and
load-displacement curve

The acoustic emission (AE) information not only provides
insight into the mechanical properties of the rock, but also offers
valuable information about the internal damage evolution. The
point at which there is a sudden change in the AE event,
resulting from crack propagation penetration during loading, can
be considered as the point of specimen destabilization. AE counts
indicate the magnitude of AE activity, while the cumulative ring
count curve reflects the progression of damage in the specimen. In
this section, we analyze the correlation between crack evolution at
the crack tip and the load-displacement and ring counting
parameters using a specimen with a flaw inclination angle of 60°,
as shown in Figure 7. The acoustic emission test and the uniaxial
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FIGURE 7
Load-acoustic emission count-strain curves of flawed specimens (« = 60°) at different loading rates.

compression test are conducted simultaneously, with time servingas ~ misalignment and propagation, are more fully developed, and
the link between the two. The test equipment measures time in ~ have a larger amount of damage, and therefore more AE events
seconds, therefore the horizontal coordinates in Figure 7 represent  are recorded. At high loading rates, the time for crack development
seconds, which can be converted to minutes if desired. and particle rearrangement is reduced, and the internal defects and
The distribution characteristics of the AE counts and the AE  prefabricated flaws within the specimen do not have time to undergo
cumulative counts of the flawed specimens (with a=60" as an  full development, and only the larger cracks undergo misalignment
example) at different loading rates (0.05-1.0 mm/min) are shown  and propagation, with a reduced amount of damage, and therefore
in Figure 7. From Figures 7A-D, it can be seen that different loading ~ fewer AE signals are received. This is further characterized by the
rates lead to significant differences in the AE count versus load-time  distribution of the cumulative acoustic emission counts of the
curves. The test was able to record more AE counts from the  fracture specimens at different loading rates, i.e., the cumulative
specimen at a loading rate of 0.05-0.1 mm/min. As the loading  acoustic emission counts of the specimens with low loading rates
rate increases, especially when the loading rate is 1.0 mm/min, the  tend to be higher than those of the specimens with high loading rates
number of AE events recorded in the test decreases, as shown in  at the same moments, especially at the pre-loading stage.
Figure 7D. The author believes that this should be attributed to the Figure 7 demonstrates that the AE count variation curve, similar
volumetric deformation caused by the crack propagation and to the load-displacement curve of the rock, can indicate the
particle rearrangement of the specimen under load, while the initiation, propagation, and penetration of cracks in the
formation of the crack and particle rearrangement need time to  specimen. The significant drop in load and apparent futility of
accumulate. At low loading rates, defects within the specimen aswell ~ the AE cumulative counting curve indicate the initiation or rapid
as prefabricated flaws have enough time to propagate slowly, and  propagation of cracks in the specimens. The accompanying AE
both larger and smaller cracks within the specimen undergo  ringing counts are higher when a stress drop occurs at a higher stress
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FIGURE 8
Crack initiation type (BOBET, 2000).

state (near the stress peak). The distribution of AE ringing counts in
rock specimens is influenced by the inclination angle of flaws. In
rock samples with smaller inclination angles, the AE ringing counts
increase at the peak stress. However, when the inclination angle
exceeds 45°, the AE ringing counts increase before the peak stress, as
shown in Figures 7E,F.

5 Analysis of crack evolution and failure
modes in flawed rock specimens

Based on the existing results of uniaxial compression tests on
flawed rock specimens, it is found that the crack distribution under
uniaxial conditions is mainly wing cracks of tensile properties and
secondary cracks of shear properties (Cheng et al., 2016). Cracks
with tensile properties can be further divided into wing cracks and
anti-tensile cracks, while cracks with shear properties can be
further divided into coplanar secondary cracks, non-coplanar
secondary cracks, and transverse cracks (Zhou et al,, 2019). The
type of crack initiation under uniaxial conditions is shown in
Figure 8.

5.1 Crack propagation type

The crack evolution characteristics of specimens with different
crack inclination angles under the influence of loading rate are
depicted in Figure 9. The black line represents wing tensile cracks or
anti-tensile cracks related to tensile properties, while the blue line
represents shear cracks, including coplanar secondary cracks, non-
coplanar secondary cracks, and transverse cracks. The numbers 1 to
6 in the diagram indicate various types of cracks commonly
observed under uniaxial compression. The letter T denotes tensile
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cracks, and the letter S represents shear cracks. Based on Figure 8, it
is evident that the structural instability damage in the flawed
sandstone arises from the combined damage of multiple crack
types. Additionally, the variation in crack inclination angle and
loading rate does have some influence on the combination of crack
types.

The analysis of Figure 9 reveals that rock specimens often exhibit
a combination of multiple crack types. For instance, the 30°-1.0 rock
specimen demonstrates various types of damage, including wing
cracks, anti-tensile cracks, and secondary cracks, with a noticeable
shear pattern. The characteristics of these crack types can be
summarized as follows: Tensile cracks are typically the initial
cracks observed in flawed specimens at all inclination angles,
with wing cracks being the dominant macroscopic manifestation.
However, it is important to note that tensile cracks are often not the
ultimate cause of specimen failure. On the other hand, the 60°-
0.1 rock specimen experiences the development and evolution of
wing cracks and anti-tensile cracks into coplanar and non-coplanar
secondary cracks under increasing stress, ultimately resulting in
shear damage. Anti-tensile cracks, which frequently accompany
wing cracks in tensile damaged rock specimens such as the 30°-
1.0, 45°-1.0, and 60°-1.0 specimens, rarely occur independently and
serve as the primary macroscopic crack in the specimens. Shear
damage formation is mainly characterized by coplanar secondary
cracks, which are more prevalent in a = 30" specimens like the 30°-
0.05 and 30°-0.1 specimens. On the other hand, non-coplanar
secondary cracks are more frequent in o = 30° specimens, such
as the 60°-0.1, 60°-0.5, and 60°-1.0 specimens. Additionally, when a =
45°-60°, transverse cracks originating from the tip of the
prefabricated flaw and propagating perpendicular to the stress
loading direction are observed in the specimens, such as the 45°-
0.1 and 60°-1.0 specimens.

According to Figure 9, the type of crack initiation in the
specimens is also influenced by the loading rate. For instance, in
a=30" sandstone specimens, at low loading rates (v = 0.05-0.1 mm/
min), the prefabricated flaw tip initially generates wing cracks under
loading. As the stress increases, these wing cracks transform into
secondary cracks or are replaced by other secondary cracks. As the
loading rate increases, the dominant macroscopic cracks in the
specimens gradually shift to anti-tensile cracks, which directly
impact the final damage pattern. For example, when v = 0.5 mm/
min, the main manifestation of cracks becomes a combination of
wing cracks and anti-tensile cracks. At the highest loading rate,
v =1.0 mm/min, anti-tensile cracks form on the surface of the
specimens and continuously expand, leading to the
destabilization and destruction of the specimens. These cracks
exhibit clear tensile-shear characteristics.

5.2 The ultimate failure mode

Three primary modes of damage, namely, tensile, shear, and
mixed tensile-shear, were observed in the flaw specimens under
uniaxial conditions. According to literature (Liu et al., 2015), the
destruction modes of the specimens can be categorized into nine
types, as illustrated in Figure 10. The tensile damage can be further
classified into four categories: T}, Tyj, Ty, and Tyy. T) represents the
damage caused by the formation of the main crack due to the upper
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and lower penetration of the wing crack. Ty refers to the damage
caused by the penetration of the anti-tensile crack. Ty represents the
damage caused by the upper and lower penetration of two types of
tensile cracks. Tjy denotes the damage caused by the joint damage
with cracks on one side of the specimen. The shear damage can be
categorized into three types: S, Sy, and Sy;. S represents the damage
caused by coplanar secondary crack penetration. Sy refers to the
damage caused by non-coplanar secondary crack penetration. Sy,
denotes the damage caused by the mixed penetration of the two
secondary cracks with an X-shaped distribution in the final
specimen. The mixed tension-shear damage can be further
divided into two types: M, and M;;. M represents the penetration
of an anti-tensile crack with a coplanar secondary crack, while My,
refers to the penetration of a wing crack with a coplanar secondary
crack.

According to the results of the damage mode classification in
Figure 10, it is observed that the sandstone specimens with a flaw
inclination angle a=30" exhibit sequential damages of My, T}, Ty,
and S under different loading rates. Similarly, specimens with
a=45° display damages of My, S}, Ty, and T};. On the other hand,
specimens with a=60" demonstrate damages of My, Sy, S}, and T).
At a =30° and 45°, the main damage observed in the specimens is
M-type damage. However, as the inclination angle o increases, the
damage mode transitions to shear damage. For instance, when a =

Frontiers in Earth Science

10

60°, the damage mode tends to be S-type damage. The loading rate
significantly influences the damage pattern of the specimens. For
specimens with a =30° and 60°, at lower loading rates (0.05 mm/
min), the specimens exhibit noticeable mixed tensile-shear damage
modes. As the loading rate increases, such as v = 0.1-0.5 mm/min,
shear-type damage modes become the predominant choice for the
specimens. When the loading rate reaches the highest level
(1.0 mm/min), the damage characteristics of the specimens shift
to pure shear S-type damage. Hence, it can be observed that an
increase in the loading rate leads to a transition of the specimens
from the mixed tensile-shear damage mode to the shear
damage mode.

6 Discussion

This section investigates the mechanism of crack propagation
under uniaxial action using fracture mechanics theory. In the
mechanical model depicted in Figure 11, the crack angle (a) with
respect to the horizontal plane is considered under axial stress (o).
The force acting on the crack surface can be divided into shear stress
(tn) parallel to the crack surface and normal stress (o,)
perpendicular to the crack surface. The mathematical expression
for this decomposition is as follows:
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Ki = o0,+/macos’a 2
K = 01+/ma cos asin o
o
4 Where: Kj is the type I stress intensity factor of the crack tip, and
y 0y Kj; is the type II stress intensity factor of the crack tip.

Oy In Figure 11, the crack tip initiation equation can be solved in
polar coordinates, and each stress component can be
represented as:

T 1 0 0
r or o, = K (3 = cosB)cos —+ K (3 cos 6—1) sin —
2/ 2nr 2 2
0 X ) 1 0 i
- o9 = cos = [K; (1 + cos 8)-3K); sin 0 (3)
> 6 2\/2—”1_ 2[ |( ) 1] ]
2% i
T,g = ——=co0s — [K;sin 0 + K;; (3 cos -1
0= 5 2 (K n( )]
FIGURE 11
Mechanical model of crack propagation under uniaxial According to the maximum circumferential tensile stress
compression conditions. criterion, it can be seen that the maximum direction of the
circumferential stress g determines the direction of crack
initiation, and the direction of crack initiation satisfies the
0, = 01c0s” & condition:
oy . (1)
T, = —sin2a A0y %0y
2 —=025=0 (4)
(o] aaé
In Eq. 1, the positive or negative of 0, determines the tensile and
compressive state of the vertical stress on the crack surface; o, > 0, By combining formulas 3 and 4, it can be obtained that:
indicating tensile stress; o, < 0, indicating compressive stress. K, sin 8,+3K; (3 cos 8,—-1)= 0 (5)

According to the two-dimensional fracture mechanics theory, the
approximate value of the stress intensity factor at the tip of a crack of
length 2a on an infinite body plane under uniaxial compression is (Li
et al., 2003):
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The condition for crack initiation propagation is 04,,4x=0¢,. 0a. i
the maximum circumferential stress critical value, and 0. can be
determined by the rock type I fracture toughness Ki,
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TABLE 1 Theoretical value and test comparison of crack initiation angle.

Specimen no.  Theoretically calculated result

Test results

10.3389/feart.2023.1322992

Specimen no.  Theoretically calculated result — Test results

30°-0.05 42.7° 38.3° 45°-0.5 60.9° 63.4°
30°-0.1 65.8" 62.8° 45°-1.0 57.1° 59.8°
30°-0.5 54.8° 58.6° 60°-0.05 64.7° 67.4°
30°-1.0 61.8° 65.7° 60°-0.1 45.9° 425
45°-0.05 24 43.6° 60°-0.5 48.3° 46.2°
45°-0.1 53.6° 56.4° 60°-1.0 51.4° 49.6°

ie, g = Kic/V/2mr, combined with Eq. 5, the crack initiation
criterion can be further determined as:

60 90 3
cos — | Kjcos*= - =K, sin 8, | = K| 6
5 | K 5 5K b Ic (6)
The approximate values of Ky and Kj; are:
1
K; = —0yV7a sina

2

(7)

1
K, = 501 \ma cosa

The crack initiation moment was recorded using a high-speed
camera during the test. The crack initiation stress was then
determined based on the load-displacement curve. The initiation
stress was substituted into formula (7) to calculate the stress
intensity factors Kj and Kj; at the crack tip. By substituting K;
and Kjy into formula (6), the crack initiation angle 6, (Khaji and
Fakoor, 2022) was obtained. The calculation results are presented in
Table 1. The comparison of the theoretical calculation results with
the test results showed consistency within an acceptable range of
error. This further confirms the feasibility and reasonableness of the
test results presented in this paper.

The discussion in this article primarily revolves around the
crack initiation angle as a linkage. By comparing the theoretically
calculated values with the experimental test values, it was found
that the error fell within the acceptable range. This validates the
accuracy and validity of the test methods used in this study. The
types of cracks observed in this article align with the classification
mentioned in literature (BOBET, 2000; Cheng et al., 2016; Zhou
et al, 2019). However, the article also presents conclusions
regarding the damage pattern and mechanical properties of the
specimens under different loading rates.

7 Conclusion

In conclusion, our research findings contribute to the field of
rock samples health assessment through the use of image
processing techniques. The main takeaways from our study
the
algorithms to analyze rock samples and identify potential health

include successful application of image processing
issues. We have demonstrated the effectiveness of these techniques
in accurately detecting cracks, fractures, and other anomalies in the

rock samples. This advancement in rock samples health
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assessment can greatly benefit industries such as mining and
construction, as it enables early identification of potential
structural ~ weaknesses and improves safety measures.
Furthermore, our research opens up new possibilities for
further exploration and development of image processing
techniques in the field of geology and rock mechanics. The

main conclusions of this paper are as follows:

(1) The sandstone specimens with varying flaw inclination angles
exhibited a strengthening effect under different loading rates.
The change in peak strength was non-linear, as the
strengthening effect gradually decreased with increasing
loading rate. In particular, the 30° specimens displayed a
noticeable stress drop before reaching the peak, whereas the
45° and 60° specimens did not exhibit such a drop.

(2) The AE cumulative counts are higher for the low-loading rate
specimens than for the high-loading rate specimens. In
specimens with smaller dip angles, the AE count increases at
the peak stress, while the dip angle is greater than 45°, and the
AE ringing count increases before the peak stress.
(3) Damage to specimens consists of a combination of crack types.
Tensile cracks are generally the first to appear, and wing cracks
are their dominant macroscopic manifestation. Anti-tensile
cracks are a special type of tensile cracks, often accompanied
by wing cracks in tensile-damaged specimens, and coplanar
secondary cracks are the main manifestation of the formation of
shear damage in specimens.

With an increase in the inclination angle of flaws, the damage

mode of specimens transitions to shear damage. At lower

loading rates, the specimens exhibit a distinct mixed tensile-
shear damage mode. However, as the loading rate increases, the
specimens predominantly experience shear damage.

While this study has yielded several valuable conclusions, there
are a few limitations that should be noted. Firstly, it is important to
acknowledge that the mechanical properties of rocks are
significantly influenced by the loading rate shadow, and this
effect exists within a certain range. Therefore, it would be
beneficial to conduct multi-stage loading experiments within each
level of strain rate in the static loading category. Additionally,
further investigation into the loading rate effect within a
narrower range of variation would be worth exploring in future
research. Secondly, it is worth mentioning that this study focused
solely the mechanical acoustic  emission

on properties,
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characteristics, and damage mechanism of sandstone, specifically in
relation to rock strength. To gain a more comprehensive
understanding, it is necessary to extend this research to include
other types of rocks, such as hard brittle, brittle, and soft rocks, and
study the crack initiation and evolution mechanisms under the
influence of loading rate.
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