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Fracture characterization of
fractured rock bodies based on
acoustic and optical
characteristics
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Crack propagation is an important cause of damage to rock bodies. In this
study, uniaxial compression tests were conducted on specimens with rock-like
mass containing fissures with different inclination angles to study the effect of
crack angle on the crack evolution and fracture characteristics of rock bodies.
The specimen surface deformation and internal response characteristics during
fracture were analyzed via digital image correlation (DIC) and acoustic emission
(AE) techniques. The results indicated that the AE characteristics of the fractured
specimens exhibited a high degree of activity during the pore compaction and
crack propagation stages. The prefabricated fissure configuration affected the
stress state at the fissure tip, leading to differences in the crack evolution paths
and rupture modes of fissure specimens with different angles. Under the uniaxial
peak intensity, the relative position of the normalized global strain curve peak
point gradually shifted from the specimen tip to the middle of the specimen as
the crack angle increased, which corresponded to the shear damage-tension-
shear mixed damage-tension damage modes of the specimen. The findings
of this study indicate that normalized global strain curves can reflect the
characteristics of crack evolution and provide a basis for the discrimination of
fissured rock mass damage modes.

KEYWORDS

crack evolutionl, digital image correlation2, rock mechanics3, acoustic emission4,
fracture characterization5

1 Introduction

Rock fracture damage is the main cause of many engineering disasters and is rooted
in the destabilization and propagation of the fracture surface under external forces. Since
Brace (Brace and Bombolakis, 1963), scholars have focused on the effect of fractures on
the mechanical properties and damage modes of rocks, achieving important results (Bobet,
2000; Sagong and Bobet, 2002; Haeri et al., 2014; Haeri, 2015; Shimbo et al., 2022; Tian et al.,
2024). However, most of these previous studies focused on the effects of different numbers
and spatial locations of fissures and loading conditions on the mechanical properties and
fracture characteristics of fissured rock bodies (Bobet, 2000; Sagong and Bobet, 2002;
Haeri et al., 2014; Haeri, 2015).

Monitoring techniques such as high-speed photography, digital image correlation
(DIC), acoustic emission (AE), and computer tomography (CT) scanning have been
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widely used to study rock damage evolution and better understand
the characteristics of different rock fracture stages. Previous studies
have shown that high-speed photography can accurately capture
the crack initiation process at the crack tip (Yangetal, 2012;
Yang et al., 2013; Cao etal., 2015; Zhouetal.,, 2014; Wong and
Einstein, 2009a) and distinguish between the crack penetration
pattern and crack type at the crack tip. Based on high-speed
photography, scholars have systematically studied the crack
evolution law and damage mode of fractured specimens based on
DIC technology (Wu et al., 2022; Wang et al., 2022; Nguyen et al.,
2011; Jinetal, 2021; Lotidis et al,, 2020) and found that DIC
can better analyze the fracture damage mechanism of fractured
specimens under fine-grained conditions, which greatly promotes
the understanding of fracture growth and propagation in
rock masses.

With the continuous development of technology, CT scanning
technology provides a new means of studying rock mechanics,
especially for identifying internal rock damage and crack
evolution. Previous studies based on CT scanning technology
have conducted in-depth investigations on the dynamic damage
evolution process in fracture-containing rocks (Wu etal., 2022;
Wang etal., 2022; Lietal., 2010) and have gained a profound
understanding of the connection between the microstructural
and mechanical properties of materials (Li et al., 2010; Qin etal.,
2024; Gaoetal, 2023; Huangetal, 2023). Similarly, AE is a
widely used and effective monitoring method to study the
damage and fracture behavior inside rocks (Ghasemi et al., 2020;
Moradian et al., 2010; Labuz et al.,, 2011; Zhang et al., 2019). The
AE signal parameters can not only reflect the characteristic
changes of stress-strain curves (Yang and Jing, 2011; Lietal,
2022) but can also be used to characterize the progressive
destruction process of rock cracks and the damage fracture
evolution law (Wang et al.,, 2021).

These aforementioned techniques have significantly enriched
the crack evolution monitoring methods for fissured rock
masses. However, a single monitoring method will always have
limitations. Therefore, in this study, we used a combination of
the AE and DIC techniques to analyze the surface deformation
and internal response characteristics during the rupture of
a fissured specimen under uniaxial compression conditions
to establish an early warning evaluation method for the
rupture evolution stage based on macro- and fine-scale multi-
parameter characteristics. Additionally, the relationship between
the evolution of the global strain field characteristics during
the crack propagation stage and the damage mode of the
fissured rock mass was also established. The experimental
results provide a reference for identifying the damage mode of
fissured rock bodies.

2 Materials and methods
2.1 Digital image correlation principles

When a rock mass is subjected to external loading, it is often
accompanied by the generation of internal acoustic signals and

external deformation (Omondietal,, 2016). The scattering spots
on the surface of the rock body change their spatial location

Frontiers in Earth Science

10.3389/feart.2024.1421355

as the rock body deforms. Based on this, Ranson (Ranson and
Peters, 1982) and Yamaguchi (Yamaguchi, 1981) proposed DIC
as a non-contact method for measuring deformation. The DIC
principle is to obtain the displacement and strain distribution
on the surface of the specimen by calculating the grayscale
of the scattering image before and after deformation of the
region of interest (ROI) using an image-matching technique.
The DIC principle is illustrated in Figure 1, in which several
subsets with varying scattering characteristics exist in the ROL
When the specimen is deformed, the gray level of scattering
within the subset changes. The displacement components # and
v of the scattering spots in the subset region before and after
deformation can be calculated via matching analysis, and the
full-field displacement of the ROI can be derived by repeating
this process.

In this study, the DIC post-processing software ncorr,
which was developed by Blaber etal. (Blaberetal, 2015),
was used to calculate the strain field in the ROI, and Exy
data were derived for processing and analysis. The basic
principle is to manually fit the displacement data subset using
the least-squares method to obtain the plane parameters. In
this process, the size of the subset window for calculating
strain can be independently controlled. The subset calculation
process was repeated to obtain the strain field in the ROL
Equations 1-8 show the calculation of the displacement and
strain fields:
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computed points as shown in Figure 1. E

. Eyy, and E,, are the

strain components in the x-, y-, and xy-directions, respectively.
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FIGURE 1
Schematic of the digital image correlation method principle.

To evaluate the matching degree between the target and reference
subsets after deformation, a correlation function is defined as
follows” to read “a correlation function is defined as shown in
Equation 9:

Cre= Corr[ flx,y),g(x',y")] )

where f(x,y) is the gray level of point (x,y) in the reference
subset before deformation, g(x',y’) is the gray level of
the corresponding point (x',y') in the target subset after
deformation, and Corr is the function describing the degree
of similarity of the match between f(x,y) and g(x',y')
before and after deformation. Equation 10 is a standardized
covariance cross-correlation function that reduces the influence

of the observation area from the interference of light
variations and noise:
M M
DI FCSIESMIFCNDETM
Cznee = = (10)
M M M M
22 oy = L1 Y 1y -,
MM MM
where f, and g, are the average gray values of the reference

and target subsets, respectively, defined as shown in Equations 11,
12:
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where 2M + 1) x (2M + 1) denotes the reference
subset range. Equation 13 is the definition of M:
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2.2 Test specimen preparation

The influence of the specimen size on the test results was
significant. In general, the ASTM standard requires a plate and
block for the specimen shape. Table 1 summarizes the specimen
sizes related to previous studies on crack propagation in fissured
rock masses. In the tests, the specimen shape was often set as
cubic (i.e., plate and block), which is conducive to observing the
crack propagation law under the action of an external force. In
these studies, the height-to-width ratio ranges between 1.33 and
2.5, and the thickness-to-width ratio ranges between 0.2 and 0.5.
Among them, (Zhou et al., 2014; Wong and Einstein, 2009b) found
that when the height and width of the specimen was two and the
thickness-to-width ratio ranged between 0.2 and 0.363, the test is
less affected by size, and the strength of the specimen is basically at
the same level.

In this study, cubic specimens were used to perform the
uniaxial compression tests. The fracture inside the specimens
was characterized by the evolutionary features of the cracks on
the specimen surface. However, the evolution characteristics of
real three-dimensional cracks during compression are qualitatively
different from those of ideal two-dimensional cracks. Additionally,
Nolen-Hoeksema et al. (Nolen-Hoeksema and Gordon, 1987) also
found that crack propagation inside rocks was asymmetric. To
make the characterization method representative, the size of the test
specimens should satisfy the requirement of accurately obtaining
the crack propagation paths while reducing the influence of size.
Therefore, the thickness of the test specimens should not be
excessively high. Otherwise, crack propagation will occur in three
dimensions inside the specimen, resulting in an unrepresentative
surface crack-propagation pattern. However, the specimens should
not be extremely thin either. Otherwise, out-of-plane bending
can occur easily, resulting in test errors. After considering the
above factors and preparatory test results, the thickness of the
specimens was finally selected as 20 mm, which ensured a two-
dimensional crack state without generating large bending or out-
of-plane deformation. The length and width of the specimens were
set to 100 and 50 mm, respectively. At this time, the height-to-width
ratio of the specimen was 2, and the thickness-to-width ratio was
0.4, which is in line with the test requirements. The test program
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TABLE 1 Specimen sizes for the study of crack extension patterns in partially fractured rock bodies.

10.3389/feart.2024.1421355

References Test material Specimen dimensions/mm Height:Width Thickness:Width
Lietal, 2022 Marble 110 X 62 X 25 1.77 0.403
Wong and Einstein, 2009a Marble 152 X 76 X 32 2 0.421
Yang and Jing, 2011 Sandstone 120 X 60 X 30 2 0.5
Zhao et al., 2019 Granite 160 X 80 X (16-29) 2 0.2-0.363
Lee and Jeon, 2011 Granite 120 X 60 X 30 2 0.5
Cao et al,, 2015 Rock-like material 200 X 150 X 30 1.33 0.2
Wong et al., 2001 Rock-like material 120 X 60 X 25 2 0.42
Wong and Chau, 1998 Rock-like material 120 X 60 X 30 2 0.5

TABLE 2 Experimental design conditions.

Condition number

Fissure length ‘ Crack angle

A-0 0°
A-15 15°
A-30 30°
A-45 20 mm 45°
A-60 60°
A-75 75°
A-90 90°
Intact — _

design is presented in Table 2. A front view of the slit specimen
is shown in Figure 2.

To meet the test requirements, many scholars have used
rock-like materials to simulate the problems encountered in real
engineering (Wuetal, 2024; Wuetal, 2020; Jingetal, 2020).
In this study, rock-like materials were used to fracture the
specimens for testing. The materials were mixed and poured
into molds made via 3D printing at a 42.5 cement:sand:water
mass ratio of 1:2:0.65. The penetration cracks were prefabricated
by inserting 20-mm-wide 0.4-mm-thick stainless-steel sheets
during the casting process and pulling them out before the
specimens were consolidated. The specimen preparation process is
illustrated in Figure 3. The primary mechanical parameters are listed
in Table 3.

2.3 Test specimen production
As shown in Figure 4, the test equipment consisted of a loading

system, AE signal acquisition system, and DIC image acquisition
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system. The loading system was an RMT-150c electro-hydraulic
servo press. A uniaxial compression test was performed on the
specimens under each condition using displacement loading at
a loading rate of 0.01 mm/s. The time, displacement, and load
information of the test process were recorded simultaneously.
The AE signal acquisition system used was Micro-II AE
acquisition equipment from the Physical Acoustics Company. The
transducer probes were placed on both sides of each specimen,
the preamplifier gain was set to 40 dB, the sampling rate was
set to 1 MHz, and the threshold value was 45 dB. The DIC
image acquisition system used a charge-coupled device (CCD)
industrial camera for acquisition. The acquisition pixels were
set to 3840 x 2,160 pixels and LED lights were set on both
sides to assist the camera in collecting scattered images of the
specimen surface.

During the test, the DIC image and AE signal acquisition
systems were respectively used to collect surface images and internal
acoustic information of the specimen under uniaxial compression.
After the test, relevant analysis software was used to process and
analyze the images and AE signals before and after deformation,
and the characteristic parameters of the specimen in the fracture
stage were obtained. Finally, a combined analysis was performed to
complete the test.

3 Test results and analysis
3.1 Mechanical characteristics

3.1.1 Stress-strain curves

Uniaxial compression tests were performed on the specimens
listed in Table 2, and their stress-strain curves are shown in Figure 5.
As can be seen, the stress-strain curves of the intact and
fissured specimens are generally similar. Both exhibit four
developmental stages: initial pore compaction, linear elastic
deformation, nonlinear hardening deformation, and post-peak
damage. Compared with the intact specimens, the peak stress and
elastic modulus of the slit specimens exhibit different degrees of
decrease. When the slit inclination angle exceeds 15, a sudden
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FIGURE 2
Fracture specimen model and frontal views for different crack angles.

A-0 A-15 A-30 A-45 A-60 A-75 A-90

Materials Ratio

0.65

ordinary Portland dﬁnent

FIGURE 3
Specimen preparation process.

‘ 2 Mix and Blend
: . Pouring

TABLE 3 Mechanical parameters of the materials.

Specimen size Modulus of elasticity Uniaxial compression Poisson'’s ratio

/(mm) /(GPa)

strength
/(MPa)

50 x 100 x 20 21,500 9.17

43.92 0.25

drop in stress is commonly observed in the pre-peak stage of
the stress-strain curves of the slit specimens. In the post-peak
stage, the slit specimens exhibit a pattern of retaining a certain
bearing capacity after the ductility decreases, whereas the intact
specimens exhibit a rapid decrease.

Frontiers in Earth Science 05

3.1.2 Strength-deformation characteristics

To quantitatively analyze the effect of slit inclination on the
strength damage of the specimens, the ratio of the peak stress
reduction magnitude of the prefabricated slit specimens compared
to the intact specimen to the peak stress of the intact specimen was
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Stress-strain curves for each test specimen.
Frontiers in Earth Science 06 frontiersin.org



https://doi.org/10.3389/feart.2024.1421355
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org

Zhang et al. 10.3389/feart.2024.1421355
40 9 Lo
-Peak stress
[ Peak strain
® - Initial damage | .
3 - 0.2
= -7
Lae]
A : g
S 30 =to3 &
% £ £
@ <
o -6 £ =
@ @ =
g 25 or-04 =
~ A~ -
-5
20 ~0.5
4
15 3 - 0.6
0 15 30 45 60 75 90
Crack angle /°
FIGURE 6
Peak stresses and strains and initial damage in specimens with different crack inclinations.

defined as the initial damage degree (Wang et al., 2018). The peak
stress, strain, and initial damage of the specimens with different slit
inclination angles are shown in Figure 6.

Different
10.25%-53.83% initial damage compared to the intact specimens.

prefabricated  fissure  specimens  showed
This indicated a higher sensitivity of the specimen strength to the
inclination of the prefabricated fissure. As the inclination angle a of
the prefabricated fissure increases, the peak stress of the fissure
specimen exhibits a pattern of decreasing and then increasing.
Simultaneously, the initial damage degree exhibits a pattern of
increasing and then decreasing. For a = 75° both the peak strength
and initial damage degree show inflection values of 20.28 MPa and
53.83%, respectively. For a < 60° the peak strain of the fissure
specimen decreases as the fissure inclination increases. For a > 60°,
the peak strain increases as « increases, and the inflection point
value of the peak strain is 3.951 x 107>

Compared with the intact specimen, the slit specimens were
more prone to stress concentration under loading, leading to
specimen damage. The inclination angle of the prefabricated
cracks affected the stress concentration at the crack tip,
resulting in different crack propagation modes in the specimen,
which ultimately affected the damage mode of the cracked
specimens.

3.2 Delineation of the rock rupture stages
The damage evolution process in a rock mass can be regarded
as the initiation and evolution of microdefects. The AE signal, an

important parameter in the rock fracture evolution process, reflects
the stress state of the rock body at different evolution stages. The
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crack strain characteristics captured and analyzed based on the
DIC technique can be used to describe the damage mechanism
during the rock fracture evolution process. Compared with single-
parameter analysis, the combination of DIC macro-deformation
characteristics and AE microscopic signals can more accurately
identify and distinguish the fracture stages of a rock mass.

3.2.1 Rupture stage characterization for fractured
rock bodies

In this study, the rock rupture stage was divided based on
the AE and DIC techniques combined with acoustic and image
features. The specific rupture stage delineation method is to delineate
the rupture stage when a significant increase or decrease in the
AE event rate occurs or when the slope of the cumulative AE
event number curve shows a significant change. Additionally, the
crack-propagation stage was divided based on the AE event rate
and cumulative AE event number curve slope combined with the
DIC images.

The rupture stages of the intact and fractured specimens
are shown in Figure 7. The rock rupture process can be roughly
divided into four stages using different colored backgrounds:
compaction (Stage I: cyan), elasticity (Stage II: yellow), crack
propagation (Stage III: orange), and post rupture (Stage IV: red).
Points a and b represent the crack initiation stress and peak
stress points, respectively. The strain characteristics corresponding
to points a and b are shown in two cloud diagrams (a:
left; b: right).

The
shape when the cracked specimen was in Stage 1. With

stress-strain curve exhibited a downward concave

the application of an axial load, the prefabricated cracks

and microscopic defects inside the specimen gradually
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Rupture stage classification based on acoustic and optical characteristics: (A) A-0; (B) A-15; (C) A-30; (D) A-45; (E) A-60; (F) A-75; (G) A-90; (H) Intact.

closed and were accompanied by a violent ringing sound. In Stage II, after compaction, the fractured specimen
At this time, the AE rate was high, and the cumulative underwent elastic deformation owing to the interaction
event number curve slope was larger. of the internal crystals. The stress-strain curve increases
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FIGURE 8
Strain maps of the crack initiation and expansion stages for each specimen.

linearly, the AE rate was low, and the cumulative event curve
slope decreases.

In Stage III, stress concentration occurred at the prefabricated
crack tip. When the load reaches the crack initiation stress point,
the prefabricated crack tip begins to produce nascent cracks. At
this point, the AE event rate increased abruptly, exhibiting high
sensitivity to crack propagation, and reached a maximum at the peak
stress point. The rock approaches destabilization damage at the end
of this stage.

As the axial load increased to the peak stress, the stress-
strain curves entered Stage IV. The curves exhibit varying degrees
of decrease. The specimens lost more load-carrying capacities.
At this time, the acoustic signal parameters were in a low-
interval range.

Unlike the rupture characteristics of the fissure specimens, the
AE event rate in the intact specimen gradually increased to a high
level during Stages I and II. This is because the intact specimen
had fewer internal voids and the stress distribution was relatively

Frontiers in Earth Science

uniform during the loading process, which did not produce a small
and prominent acoustic signal during Stage I owing to the stress
concentration phenomenon in some areas.

In summary, when the fissured rock mass is in different
rupture stages, the AE event rate exhibits a high-low-high-low
active law, which corresponds to the rupture characteristics of pore
compression and density within the specimen: elastic deformation,
crack propagation and extension, and rupture destabilization,
respectively. The AE feature can be used as an early warning
signal for rock mass destabilization precursors. When the value
changes from small to large, it is often accompanied by crack
evolution inside the rock mass, which implies destabilization of the
rock mass.

3.2.2 Crack evolution characterization

A strain-cloud diagram of the crack propagation stage (Stage
III) is shown in Figure 8. The four subplots for each condition in the
figure represent the crack evolution at each of the four fetch points
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FIGURE 9
Normalized global strain field profile with the ROI as the calculation range.

in Stage III (the first is crack initiation point a, and the fourth is
peak point b).

For a < 30° the cracked specimens exhibit similar crack
initiation characteristics as the intact specimen. After the load
reached the crack initiation stress, stress concentration occurred
mainly around the specimens. Crack propagation did not first sprout
from the prefabricated crack tip, instead it appeared around the
perimeter of the specimen towards the center.

For a > 30°, crack propagation in the specimen sprouting under the
initiation stress starts from the prefabricated crack tip. At peak point
b, each cracked specimen exhibited different strain characteristics. As
a gradually increased, the damage modes of the specimens were shear
damage due to shear crack propagation (0°-15°) - mixed tension-shear
damage due to tension-shear crack propagation (30°-45°) - tension
damage due to tension crack propagation (60°-90°). It is worth noting
that the nascent cracks in the intact specimens, although shear cracks,
were eventually mixed with tension-shear damage owing to tension-
shear crack propagation.

3.3 Variation law of the principal strain field
during crack initiation and evolution

Under uniaxial compressive loading, crack propagation and
penetration were the main causes of damage to cracked specimens.
Therefore, analyzing the strain field state of the rock in the crack
propagation stage can effectively reveal the damage mode of the
rock. This study was based on the strain component in the xyz-
direction during Stage III. The global strain field curves of crack
initiation points a and b were established with the central axis as
the calculation path and the ROI as the calculation range. The curve
was then normalized. This principle is illustrated in Figure 9. The
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horizontal coordinate in the figure represents the normalized strain
component E,, and the vertical coordinate indicates the relative
axial position. The relative positions of the cracks were between
0.4 and 0.6.

The analysis results are presented in Figure 10. Under crack
initiation stress, the normalized global strain field curves of the
fractured specimens exhibit different characteristics. For a < 15°, the
peak of the normalized strain field curve appears at the end position
of the specimen. For crack angles of 30° and 45°, the peak region of
the curve gradually increases and is mainly distributed at the relative
position of 0.5-1. For a > 60°, the strain field curves of the specimens
are uniformly distributed.

Under the uniaxial peak stress, For o < 15° the strain field
distribution law behaves similarly to the strain field state of the intact
specimen. With the relative axial position from the ends to the center
of the specimen, the strain gradually changes from high to low.
The maximum value of the normalized strain field curves appears
at the end position of the specimen, and the relative positions are
mainly between 0 and 0.25 and 0.8-1. For crack angles of 30° and
45°, the normalized strain field curves are uniformly distributed.
The curve peak appears mainly between the ends of the specimen
and the crack tip, and the relative positions are between 0.2 and 0.4
and 0.6-1. For a > 60°, the strain field curve peak of the specimen
is mainly concentrated in the relative position of the prefabricated
crack tip.

4 Discussion

The crack initiation characteristics and damage modes of the
fissure specimens were the main factors affecting the strain field
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Global strain field curves at the initiation and peak points: (A) A-O; (B) A-15; (C) A-30; (D) A-45; (E) A-60; (F) A-75; (G) A-90; (H) Intact.

characteristics. For a < 15°, shear cracks sprouted around the slit damage. Therefore, the normalized strain field curves at both the
specimen. With an increase in the axial load, the crack connected  crack initiation point a and peak point b exhibit end projection
with the crack generated at the pre-set crack tip, leading to shear  characteristics.
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For crack angles of 30° and 45°, the specimen sprouts tension
cracks at the end of the prefabricated cleavage under the crack
initiation stress and is accompanied by shear cracks around the
specimen. With an increase in the axial load, mixed tension-shear
damage due to tension-shear crack propagation occurred in the
specimen. The high-strain areas of the strain field at initiation
points a and b were distributed at the end and center of the
specimen. For a > 60° the prefabricated crack tip sprouts a
tension crack under load. Eventually, the specimen experienced
tension damage caused by the tension crack propagation at the
prefabricated crack tip. The normalized strain field curves of
the specimen at both crack initiation points a and b show a
prominent center.

During the fracturing of a fissured rock mass, the crack evolution
law determines the damage mode of the rock mass. The strain
field characteristics calculated using the strain component E,,
reflect the crack-sprouting evolution law. The characteristics of
the strain-field curves are summarized in Figure 11. When shear
damage-tension-shear mixed damage-tension damage occurs in
the fissured rock mass, the normalized strain field curves exhibit
the characteristics of end convexity-uniform distribution-center
convexity, which indicates that the normalized global strain curves
can provide a reference for discriminating the damage mode of a
fissured rock mass.

However, the deformation and destruction of a rock mass
are long-term processes. It is worth noting that the AE and
DIC techniques used in the tests are limited to the analysis
of the collected data, which made it difficult to monitor and
predict ruptures in real time and over the long term. In
future work, simplifying the processing steps of the AE and
DIC data should be considered to enhance the timeliness
of the data for real-time monitoring and rock mass rupture
prediction.
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5 Conclusion

To study the influence of prefabricated cracks on crack
evolution and fracture characteristics, uniaxial compression tests
were performed on crack specimens with different slit angles
(0°-90°), and the fracture stages of crack specimens under uniaxial
compression load were divided using AE and DIC technology. Based
on the E,, strain component, a global strain field curve with the
specimen’s axial direction as the reference line was established to
quantitatively analyze the relationship between the strain field state
and failure mode. Based on the results, the main conclusions of this
study can be summarized as follows:

(1) Based on the acoustic and optical data collected during the
test, the fracture process of the specimen could be roughly
divided into four stages: Stage I: compaction; Stage II: elastic
deformation; Stage III: crack propagation; and Stage IV: post
rupture. In contrast to the intact specimen, the closure and
expansion of the prefabricated cracks led to a higher activity
of the AE parameters in Stages I and IIL

Under uniaxial compression loading, the prefabricated crack
structure affects the stress state of the crack tip, resulting in
a difference in the crack evolution path. The failure mode
showed shear failure, tensile failure, and tensile failure with
an increase in the prefabricated crack angle. The difference
between the shear and tensile failure resistance was the main
reason why the strength of the specimens first decreased and
then increased.

(3) With the difference in failure modes, the normalized
global strain curve shows end protruding characteristics
(0°-15°), uniform distribution (30°-45°),
center protrusion (60°-90°), which provide a good
characterization of the fracture characteristics of the

and

specimens.
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