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Abstract: Original fracture structures always present discontinuity in the real rock mass, and many
invisible fractures hide inside the rock mass, which may cause serious engineering safety issues.
To mimic the true 3D fracture structures through the experimental method, the gypsum rock-like
samples containing both 2D through-type and 3D internal-type preset flaws are prepared, and
multiple sets of inclination angles of the twin parallel flaws are set in the test. By applying the AE and
DIC monitoring technologies during the uniaxial compression tests, the main results are as follows:
(1) The flaw inclination angle presents a direct influence on the surface cracks distribution, maximum
principal strain field, and the density of secondary failure in the middle rock; (2) AE events initially
distribute around the internal 3D preset flaw, while the gradient inclination angle shows a slight
impact on the events’ location before reaching the UCS status of samples; (3) mutations in b-values
and S values can serve as evidence for predicting local damage, and the final failures quickly form
at various scales and energy levels; (4) when the statistical analysis grid is divided sufficiently, the
data window width and moving step length have little impact on the evaluation results, while the
recommended bin width of event magnitude is 0.5 or 1.0.

Keywords: parallel twin flaws; internal 3D flaw; acoustic emission; b-values; S values

1. Introduction

Original fractured structures (including flaws, joints, cracks, and faults) distributed
in rock mass commonly led to severe damage in mining engineering, civil engineering,
the construction of hydropower stations, and other underground artificial structures. It
is thus important to study the failure characteristics and the corresponding mechanisms
of fractured rock to ensure the safety of underground constructions. Many studies have
focused on various types of fracture conditions of rock mass, which simulate the conditions
including single flaw (hole) [1-7], double parallel /nonparallel flaws (elliptical holes) [8-11],
and non-persistent flaws [12-14].

Gerolymatou and Traiantafyllidis [15] carried out the shear tests on a series of gypsum
specimens with intermittent joints. The experimental results have been simulated and
reduced by the hypothesis of averaged cohesion and the theory of fracture mechanics,
and the latter is more suitable for the situation of crack interaction. Taking the joint’s
mechanical and geometrical parameters into account, Jiang et al. [16] proposed a method
for estimating the spatial anisotropy deformation of a jointed rock mass based on the joint
deformation tensor method combined with the elastic anisotropy index. The effectiveness
of the proposed method has been tested and verified by numerical modelling and in situ
triaxial compressive experiments. Cao et al. [17] examined the peak uniaxial compressive
strength (UCS) and failure patterns of ubiquitous joint rock-like specimens by similar
material testing and PFC 2D numerical simulation. The results showed that the failure
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patterns of specimens can be classified into four types: stepped path failure, planar failure,
shear-I failure, and shear-II failure. Yang et al. [18] conducted the uniaxial compression test
to investigate the interaction of parallel joints and its influence on the mechanical behavior
of jointed rock mass models; subsequently, four basic failure modes have been identified.
Liu et al. [19] have investigated the fatigue mechanical properties of synthetic jointed rock
models under various cyclic conditions, namely, four loading frequencies, four maximum
stresses, and four amplitudes. The experimental results have revealed that three different
crack coalescence patterns are identified between two adjacent joints. Lin et al. [20,21]
tested and analyzed the effect of joint inclination and joint spacing on the strength behavior
of the rock mass with double holes specimen under compression—shear loading based on
DIC and DEM modelling. Four typical failure modes and five types of crack coalescence
surrounding the holes and adjacent joints have been found.

Digital image correlation (DIC) technology is widely applied to monitor the develop-
ment of the deformation field and visible secondary crack shown on the sample surface.
Xing et al. [22,23] have conducted a series of dynamic tests on sandstones using a split
Hopkinson pressure bar (SHPB), and the high-speed three-dimensional digital image corre-
lation (3D-DIC) method is used to characterize the evolution of strain field of rock materials.
Liu et al. [24] have examined the failure mechanism of filling samples by the split Hopkin-
son pressure bar tests combined with the high-speed DIC method. Fakhimi et al. [25] have
conducted physical experiments on specimens and used DIC to obtain the displacement
patterns as the fracture evolved, which aimed at investigating the rock fracture and the
induced displacement field. In addition, application of the both DIC and acoustic emission
(AE) technology helps to detect the full scales of secondary failures during the rock mecha-
nism tests. Miao et al. [26] have proposed a novel DIC-based method for the quantitative
identification of the crack path and fracture mechanism of the initiated cracks in rock. The
proposed method has revealed that the crack evolution of flawed marble specimens is
closely related to infilling conditions. Zhang and Zhou [27,28] applied the DIC and AE
methods to study the deformation and failure characteristics of flawed rocks, and the FPZ
(fracture process zone) was proposed to explain the failure mechanism of rock samples.
Zhao et al. [29,30] utilized the DIC and AE systems for monitoring the developments of
external and internal secondary failures caused by the true 3D internal-type preset flaws,
which proved that the internal 3D preset flaw presents a slight influence on the deformation
and visible cracks shown on the sample surface. Similar works finished by Lei et al. [31,32],
Huang et al. [33], and Zhang et al. [34] studied influences of the filling condition of the
preset flaws, the dissimilar layer of a rock sample, and flaw inclination angle, respectively.

In this study, the brittle rock samples containing parallel twin flaws (both 2D through
type and 3D internal type) were prepared for the uniaxial compression test; the DIC and
AE monitoring units were used to capture the surface and internal secondary failures
during the test. Data of the strain field, surface secondary crack, AE rate, cumulative
AE number, AE event location, and AE magnitude (based on post-processing of signal’s
magnitude and energy) were gathered to analyze the failure characteristics of the sample,
calculate the severity of failure behaviors, and detect the relationship between surface and
internal damages.

2. Laboratory Tests
2.1. Test Design

Based on the previous similar results conducted by Zhao et al. [29], a brittle gypsum
specimen was selected to prepare the fractured rock-like sample, and the related physical
and mechanical properties of the gypsum rock-like specimen are detailed in reference [29].
Table 1 presents the main properties of the rock-like sample. Figure 1 shows the design
of the sample and parallel flaws (the length, width, and height of cuboid specimens are
50 mm, 50 mm, and 100 mm, respectively); in addition to the previous work (for samples
with blue marks in Figure 1, the flaw inclination angle is 45°), two groups of samples
with inclination angles of 30° and 60° are involved in this study; as the inclination angle
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increases, the length of rock bridge and the size of middle rock between twin flaws shrink
gradually, which may influence the initiation, development, and final distribution of the
secondary failures.

Table 1. Main parameters of the gypsum rock-like specimen.

Chemical composition «-CaSOy4-1/2H,0
Mesh number 2000
Initial setting period /min >3
Final setting period /min <30
2 h bending strength/MPa 22
2 h compressive strength/MPa 4.0
Ratio in weight (%) Gypsum:water-5:2
UCS (uniaxial compression strength)/MPa 26.63
TS (tensile strength) /MPa 1.13
Axial strain at UCS state 0.17
Design-1 Design-2 Design-3
1 1 1 1 1
i i i i i
i i i i i
2D pl'eéet flaw 2D preéet flaw ! 2D pl‘eéet flaw l
I I
I 1

3D intennal flaw
1
i
i

—-l——-4—_____
%

Py
————t &

i
3D interpal flaw

1 1
3D intennal flaw | |

i i i i
i i i i
g : i .

Front perspective

Right perspective Front perspective  Right perspective Front perspective Right perspective
Figure 1. Design of the specimen containing 2D and 3D preset fractures.

The uniaxial compression test was finished with a loading rate of 0.05 MPa/s, and
the schematic diagram of the test and monitoring system is shown in Figure 2. The
InSite-Lab AE monitoring system is produced by ITASCA Ltd. (US Minneapolis); eight
Nano-30 sensors (resonant frequency is 300 kHz, and the monitoring frequency range
is 125-750 kHz) are symmetrically positioned on both sides of the sample. The P-wave
velocity in this type of rock-like specimen was 3300 m/s, and the event location is calculated
by the Simplex Algorithm method; the detailed settings are introduced in reference [35].
The vic-2D software is applied for carrying out the DIC post-processing, and the original
frames are captured by the Canon EOS camera. Previous similar studies proved that
the maximum principal strain field obtained by the DIC technology can help to identify
the final distribution of secondary cracks (accompanied by the relatively large maximum
principal strain, abbreviated as the LMPS regions).
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Figure 2. Design of the uniaxial compression test and the monitoring systems.

2.2. Mechanical-Acoustic—Optical Results

The stress—strain relationships of all rock-like samples are shown in Figure 3, and
the results in each group show good consistency in sample strength and curve slope; the
maximum and minimum average UCS values occur in Design-3 and Design-2, respectively.
When the samples reach the UCS status, the corresponding axial strains are commonly

lower than 0.01.
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Figure 3. Strain-stress relationships of all groups of samples.

The mechanical-acoustic—optical results captured in three groups of samples (the
intermediate value is selected in each group) are shown in Figures 4-6; the maximum
UCS belongs to the Design-3 sample (21.49 MPa), and the minimum UCS appears in the
Design-2 sample (13.87 MPa).
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Figure 5. Test results of samples with fracture inclination of 45° (modified from the reference).
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Figure 6. Test results of samples with fracture inclination of 60°.

The majority of AE events densely appear neighboring to the UCS status, and the
corresponding peak AE rate is over 950 events/0.1 s; as the flaw inclination angle increases,
the proportion of accumulative AE events during the UCS period gradually decreases,
weakening the severity of the final destruction. Several local failures (illustrated as high
AE rates) appear before the final destruction in the Design-1 and Design-2 samples, and
the occurrence of local failure may not necessarily be accompanied by fluctuations in the
stress curves.

The maximum principal strain fields obtained from all samples indicate that the LMPS
regions initiate from the tips of the 2D preset flaws, show a typical S-shaped distribution,
and contact with the right-top corner of the 3D internal flaws. In addition, when the
loadings approach the UCS status, the upper part of LMPS regions (above the 2D flaw)
extends to the left corner of the 2D flaws (in all samples), and the lower part of LMPS
regions remains in a stable distribution.

As the flaw inclination angle increases, the final surface cracks continuously connect
the right tips of the twin flaws, and the cracks start from the left tip of the 2D flaw and
stably extend upwards; cracks initiate from the middle point of the 2D preset flaw (Design-1
and 2 samples) and develop downwards and finally connect to the right tip of the 3D flaw;
all cracks in the Design-3 sample only start from the flaw tips.

Accordingly, the above results prove that changes in the inclination angle of preset
twin flaws will gradually change the intensity of the final failure of the sample, surface
strain field, and distribution characteristics of secondary cracks. Moreover, the internal 3D
flaws show little influence on the distributions of the surface strain fields and cracks, which
are mainly controlled by the 2D preset flaws.

2.3. AE Event Locating Results

The InSite-Lab AE monitoring system can output the event location data based on
the built-in simplex routine inversion algorithm. AE events shown in Figure 7 are marked
by red balls with various diameters (controlled by the location magnitude of the signal).
AE events before the final destruction (near the UCS status) densely gather around the
internal 3D flaw. Events in the Desgin-1 and 2 samples mainly distribute in the middle
rock of twin flaws, while events in the Design-3 sample appear on both sides of the internal
3D flaw. During the peak stress periods of the tests, many events occur in the middle
rock of twin flaws in the Design-1 and 2 samples, which indicates that dense secondary
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failures appear in these regions; AE events still clustered around the internal 3D flaw in the
Design-3 sample, and the AE event density and average intensity in the lower part of the
sample are greater than those in the upper part.

Design-1 (30°) Design-2 (45°) Design-3 (60°)

> ®

A

43" > %‘ °
5 ]
& & SR .,{)’
#® 4 - |

4 79, L7 ®

.. . 7 £

X ¢ :‘ ® /4 ()
b LI -

(a) AE events occurred before peak stress

Design-1 (30°) Design-2 (45°) Design-3 (60°)

°

(b) AE events occurred during peak stress

Figure 7. AE events locating results of all samples: (a) AE events occurred before peak stress and
(b) AE events occurred during peak stress.

Therefore, the gradient inclination angle of preset twin flaws shows a slight influence
on the distribution of AE events before the peak stress period, while the destructiveness
of the middle rock between the parallel flaws declines gradually as the flaw inclination
angle increases.

3. Discussions
3.1. Estimations of Failure Size

The b-value is statistical data for quantifying the crack behavior and failure severity
and reflecting the development trend of cracks at different scales [36]. The concept of
parameter b originated from earthquake research is first proposed by Guternberg and
Richter [37], which describes the size distribution scaling and is often referred to as the
b-value. As a technical parameter within AE, the b-value can reflect the changes in the
scale of microcracks within rock mass, and its sudden change can also serve as a precursor
to the macroscopic failure of rock mass [38—41]. Based on the discussions of the effect of
both size distribution and attenuation on the b-value, Liu et al. [42] have proposed a new
method to estimate the b-value for rock AE testing and its application confirms that the
b-value depends on material heterogeneity and stress. Rahul et al. [43] have made an effort
to rectify the inherent shortcomings of the b-value estimation method, which has been
verified to be lightly implemented and better improved by some experimental datasets.

The corresponding calculation formula is as follows:

lgN=a—b(A/20) )
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where b is a physical quantity that characterizes the level of acoustic emission activity; A is
the signal amplitude (dB); N is the statistical cumulative frequency of acoustic emissions at
magnitude intervals; a is an empirical constant.

3.2. Estimations of Failure Size

Because the b-value is derived from statistical analysis (only related to AE event time
and magnitude), the data window width (abbreviated as “w” in the following figures),
moving step length (abbreviated as “m” in the following figures), and bin width of magni-
tude (abbreviated as “b” in the following figures) are thus important factors influencing
the speed and accuracy of calculations. Based on the previous works [42], the suggested
minimum AE event number for severity estimation is 200; we thus set the data window
width to 200 and 250 and set the moving step length to 100 and 150.

Figure 8a,c,e show the estimation results of three types of samples via different w and
m values. The first finding is that the curves with the same data window width present
similar changing times, trends, and ranges before the largest macroscope destructions (earth
tones and blue-green background colors). In addition, four groups of curves show the
almost same changing characteristics during and after the largest macroscope destructions
(pink background). Therefore, when microscopic and macroscopic damage develops
rapidly in the samples, the two influencing factors (w and m) have little impact on the
evaluation results due to the instantaneous occurrence of massive AE signals.
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Figure 8. Influence of statistical analysis parameters on the b-values: (a) several groups of windows
and moving steps in Design-1; (b) several groups of bin widths in Design-1; (c) several groups of
windows and moving steps in Design-2; (d) several groups of bin widths in Design-2; (e) several
groups of windows and moving steps in Design-3; (f) several groups of bin widths in Design-3.

When the b (bin widths of magnitude are set as 0.1, 0.5, 1.0, and 3.0 in Figure 8b,d,f)
is the unique variable, the increase in the value of b will result in an overall decrease
in the calculation result of b-values; the results obtained by group w250-m150-b3.0 are
much lower than those of other three groups of data. Accordingly, to obtain more stable
statistical results, it is recommended to set the bin width of magnitude to 0.5 or 1 in future
post-processing calculations.

3.3. Failure Intensity Estimations Based on the S Value

The S value (used to quantify AE activity) comprehensively estimates the time, space,
and intensity of secondary failures in a rock sample. It involves the event rate, average
energy, and maximum energy, which help to reflect the concentration degree and energy
scale of AE sources inside the rock mass [44]. The corresponding calculation formula is
as follows:

N
S=01171g(N+1) + 0.029lg% Y 10%97°™si 1 0.00075ms )
i=1

where myg; is the magnitude of each AE event, and mjg is the magnitude of the maximum
AE event amplitude in the statistical window.

Because the majority of AE events are captured during the final period of the test,
Figures 9-11 focus on the AE results neighboring to the UCS status, and the corresponding
period is marked by various colors. The main conclusions are as follows:

(1) The relatively high b-values and low S values remain for a long time (0-290 s in the
Design-1 sample, 0-275 s in the Design-2 sample, and 0478 s in the Design-3 sample),
which proves that the small and micro-scale destruction continues to develop, and no
macroscopic large-scale damage occurs.

(2) Before the final destructions of the sample, the b-values usually decline before the
AE rates sharply rise (over 400 events/0.1 s); meanwhile, the S values show the
opposite characteristic (290-296 s and 314-315 s in the Design-1 sample, 275-276 s and
277-278 s in the Design-2 sample, and 478.5-479 s in the Design-3 sample). During
these periods, the scale of local failure expands, the macroscopic secondary cracks
gradually form, and the energy released during the fracture process gradually increases.

(3) When the AE rate reaches its maximum, the b-values and S values oscillate rapidly in a
short period of time; the destruction is completed instantly within 0.01 s, which can be
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considered as the simultaneous generation of multi-scale and multi-level destructions.
The duration of this type of period shall not exceed 1 s, and it is also the fastest period
of secondary damage development.

(4) AE rates sharply drop after reaching the UCS status of the tests, and the b-values
gradually decline in the remaining period, while the S values present the opposite
trend (increase) simultaneously. The above results indicate that the size and severity
of secondary failures during this period gradually rise, and the macroscale and large-
scale destruction ultimately take place.

Accordingly, the long-term accumulation of small-scale damage is observed during
the majority of the test duration; there will be clear premonitory features in the b-values
and S values before the formation of local failures; the final failures quickly form at various
scales and energy levels, then the macroscale destruction dominates in subsequent periods.
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Figure 11. Curves of the loading stress, b-values, and S values (Design-3 sample).
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3.4. Mechanism of AE Events Neighboring to the 3D Internal Flaw before UCS Status

Figure 7 illustrates that many AE events initially gather around the 3D internal preset
flaw before reaching the UCS status, and the detailed mechanism of AE events is explained
by the Moment tensor inversion method [45]. Based on this method, the moment tensor
of an AE event can be separated into three components, isotropic (ISO), double couple
(DC), and compensated linear vector dipole (CLVD) [46], and the corresponding calculation
formula is expressed as follows:

M; 0 0 o
m = 0 MZ 0 — mISO +mDev1ator1c _ 1,nISO +mDC +mCLVD (3)
0 0 M
100t
SO = 00 r@ . )
|tr(m)| 4 L7y [y |
(1 - 2F
pc— — MU=20) 40150 5)
|m3(1—2F)| 4 |2m3F|
2miF
CLVD = — e (100 — 1SO) ©)
|m3(1—2F)| + [2m}F|
_.m

where tr(m) is the trace of the matrix; m;*(i = 1,2,3) are the three eigenvalues of the deviatoric
component of the moment tensor.

Petruzalek [47] sets the DC percentage (%DC) to the standards, and the AE event is
defined as a shear failure when the %DC is more than 70. The typical tensile failure occurs
as the %DC is less than 40, while events accompanied by %DC between 40 and 70 represent
mixed tensile-shear failures.

Figure 12 presents the event mechanism by the beach ball, and the selected events are
neighboring to the internal 3D flaw. The %DC of all events in the Design-1 sample are less
than 70 (tensile failures play the dominant role), and 50% of events belong to the typical
tensile failure (%DC is less than 40). In the Design-2 and 3 samples, events that are located
at the middle position in the projection view belong to the pure tensile or tensile-shear
failures, and events that occur near the flaw boundary present as the typical shear failures.

Based on previous theoretical analysis results [48], it can be concluded that the rela-
tively large non-uniform deformation occurs in the upper and lower free surfaces of the
internal 3D flaw, and its central position is more prone to tensile failure; as the inclination
angle of the preset flaw increases, its boundary position is more prone to shear failure.
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Figure 12. Location and beach ball figures of AE events neighboring to the internal 3D flaw before

reaching the UCS status: (a) calculation results of the Design-1 sample; (b) calculation results of the

Design-2 sample; (c) calculation results of the Design-3 sample.
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4. Conclusions

The laboratory uniaxial compression test was conducted accompanied by DIC monitor-
ing and AE positioning monitoring. As the inclination angle of preset twin flaws increases,
the distribution and development characteristics of surface cracks and internal local failures
illustrate different characteristics, and the main conclusions are as follows:

(1) The inclination angle of preset twin flaws gradually changes the intensity of the final
failure of the sample, surface strain field, and distribution characteristics of secondary
cracks. In addition, the internal 3D flaws show little influence on the distributions of
the maximum principal strain fields and visible cracks on the sample surface, which
are mainly controlled by the 2D preset flaws. The above results are consistent with
previous similar test results.

(2) The gradient inclination angle of preset twin flaws shows a slight influence on the
distribution of AE events before reaching the UCS status of samples, while the de-
structiveness of the middle rock between the parallel flaws declines gradually as the
flaw inclination angle increases. Furthermore, as the flaw inclination angle increases,
the central position of the internal free surfaces (built by the internal 3D open-type
preset flaw) is more prone to typical tensile failure, and the boundary position is more
prone to shear failure.

(3) Based on the acoustic data monitored by the InSite-Lab system, the long-term accumu-
lation of small-scale damage is observed during the majority of the test duration; there
will be clear premonitory features in the b-values and S values before the formation of
local failures; the final failures quickly form at various scales and energy levels, then
the macroscale destruction dominates in subsequent periods.

(4) When calculating the b-values, the two influencing factors (data window width
and moving step length) have little impact on the evaluation results due to the
instantaneous occurrence of massive AE signals; in addition, it is suggested to set the
bin width of magnitude to 0.5 or 1.0 for obtaining more stable statistical results.

(5) The laboratory test only focused on the failure characteristics of the fractured brittle
rock under the uniaxial compression condition, which can only simulate an under-
ground pillar; however, the surrounding rock of underground engineering is mostly
in a biaxial or even true triaxial stress state. By applying the true triaxial compressive
loading system at Fuzhou University, we will continue to prepare relevant sam-
ples (the true 3D preset flaws) in future work and expand the experiment to true
triaxial conditions.
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