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To study the acoustic emission evolution characteristics of saturated limestone under
different loading and unloading paths, three cyclic loading and unloading tests were
conducted with different loading rates and initial cyclic peak stresses, and acoustic
emission monitoring was performed simultaneously. The results indicate that, during
loading and unloading, the intermediate-frequency signals of saturated rock exhibit a
variation trend of sparse—-dense—sparse signals, whereas the low-frequency signals are
continuously and massively produced. With the increase in the loading rate, the
development trends of cumulative hits and energy become closer, and the
development form of ringing count changes from N-type to U-type and then to
N-type. The slight increase period and attenuation period are extended, whereas the
intense growth period and postpeak calm period are shortened. With an increase in the
initial cyclic peak stress, the change in cumulative energy is more obvious than that in
cumulative hits near the rock failure. The development form of the ringing count changes
from U-type to W-type and then to N-type, and each period is first shortened and then
extended. With the increase in loading rate, the increase in the slow-change period tends
to change from gradually increasing to increasing and then decreasing. By contrast, the
increase in the step tends to change to a gradual increase. With the increase in the initial
cyclic peak stress, the duration of and increase in the energy in the step and the slow-
change period tend to decrease and then increase.

Keywords: cyclic loading and unloading, loading rate, initial stress, acoustic emission characteristics, step
characteristics, localization, frequency and amplitude

INTRODUCTION

With the gradual depletion and exploitation of shallow mineral resources, deep mining has become
an inevitable trend in mineral resource development. Considering that the rock surrounding deep
wells is often eroded by groundwater, the mining process can be considered a loading and unloading
process of the water-bearing rock mass [1]. Under loading and unloading, saturated rock produces
plastic deformation and microfractures. Simultaneously, the stored energy is released in the form of
an elastic wave, resulting in an acoustic emission (AE) phenomenon. Therefore, the deformation and
fracture information of saturated rock can be dynamically monitored using AE technology, thereby
providing the possibility for safety monitoring and early warning in deep rock engineering.
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TABLE 1 | Mineral elements of the limestone according to XRF.
Element Ca S Zn Fe Si Mg

Content/% 60.194 2.704 0.274 0.818 0.222 0.212

In the process of mining, the stress of the surrounding rock is
redistributed, and the advancing speed of the stope in the
engineering site often changes because of the hydrogeological
environment, which changes the time and speed of the stress
redistribution of the surrounding rock. Therefore, the loading rate
can affect the internal fracture of saturated rock, which can be
characterized by AE well. Generally, at a higher loading rate, the
hits are higher, and their relationship with time changes from
linear to exponential [2]. The low-amplitude events gradually
decrease, and high-amplitude events gradually appear [3]. The
higher the unloading rate, the shorter the calm period after
unloading, and the faster the change rate of AE in the entire test [4].

Different excavation strengths result in different loads on the
surrounding rock, and the internal fracture and AE characteristics of
saturated rock are different under different loading and unloading
stresses. Generally, the maximum value of AE parameters of rock
changes in accordance with the peak stress [5], which is active in
loading, calm in unloading [6], and active again at the unloading
point in the plastic stage, showing a change of “small-
increase—decrease—sudden-increase—decrease.” With an increase in
the stress level, the felicity ratio decreases significantly. The AE event
point source is produced intensively after the peak strength crosses
60% [7] and continuously expands along the joint surface. The AE
parameters increase abruptly when the peak strength is
approximately 85% [8] and exhibit fluctuations and calm. They
then increase instantaneously when the rock approaches the peak
strength [9] and decrease to 80% of the maximum value postpeak
[10]. Meanwhile, the frequency decreases significantly before the
peak strength. The crack develops from the top to the bottom before
the peak and develops between the vertical planes after the peak. The
above-mentioned research results demonstrate that the change law
of AE parameters with the loading and unloading stress was
obtained, but the development stage of the AE parameters was
not considered comprehensively. The analysis of AE parameters in
different stages under different stresses requires further study.

To understand the AE characteristics of saturated rock under
different loading and unloading conditions further, saturated
limestone was taken as the research object. The loading and
unloading tests were carried out by varying the loading rates and
initial cyclic peak stresses, and AE monitoring was
simultaneously conducted. According to the test results, the
evolution characteristics of AE characteristic parameters, steps,
and development stages under different loading and unloading
conditions can be summarized.

MATERIALS AND METHODS

Rock Samples
Limestone was selected as the rock sample. It was massive in

structure and sampled from the Gaofeng tin mine, Guangxi,

Limestone AE Characteristics Loading Unloading

TABLE 2 | Mineral composition of the limestone according to XRD.

Mineral Calcite, Serpentinite Pyrite Talc Zinc Quartz
dolomite sulfide
compounds
Content/% 94.4 1.4 2.2 1.0 0.8 0.2

China, which is a deep mine that eroded by groundwater. The
results of X-ray Fluorescence (XRF) and X-ray Diffraction
(XRD) (see Tables 1 and 2) show that the rock was composed
of argillaceous grains filled with calcite and cemented by
serpentine, dolomite, pyrite, and a small amount of talc.
According to the ISRM method, the limestone was
processed into cylindrical samples with a size of 100 mm X
F50 mm [11]. After grouping, they were subjected to vacuum
saturation treatment, and the average porosity of the
limestone was 0.53%, as measured using a nuclear
magnetic resonance testing system. Some rock samples
were selected for the uniaxial compressive strength test,
and the average compressive strength, s., was 25.03 MPa as
per the test result.

Experimental Procedure
The surrounding rock was gradually affected by the process of ore

body mining [9], and the loading and unloading method of
increasing the peak stress step by step, with an increased
amplitude of so = 5MPa, was adopted in the test [12].
Because the surrounding rock of a roadway will not be
disturbed by other stress environment before being disturbed
by excavation, it can be considered as stable limit state, so the
unloading mode of unloading to zero is selected [13]. The cyclic
load path is shown in Figure 1A. Three loading rates of 0.15, 0.2,
and 0.3 mm/min were set [14]. To study the AE characteristics at
10%, 30%, and 50% of the compressive strength, o, three initial
cyclic peak stresses, oy (hereinafter referred to as the “initial
stress”) of 2.5, 7.5, and 12.5 MPa, respectively, were set at a
loading rate of 0.2 mm/min. Besides, the unloading rate was fixed
at 1 mm/min.

Pico sensor was used to collect AE signal, Micro-1l Digital AE
System was used to generate AE parameter data. AEwin™
software was used to set AE test parameters, and record,
analyze, process AE parameters and localization data, and it
adopted the absolute location method to perform linear
inversion, only considering the travel times irrespective of
velocity model, that is, the isotropic velocity model was used
in this test, in which AE signals are assumed to travel with same
velocity in different directions [26, 27]. To ensure the integrity of
the acquired waveform, the AE acquisition threshold value was
set at 45 dB. To simplify the noise reduction process in the later
stage, the minimum noise threshold was set as 18 dB in AEwin™
software before the test.

In addition, the sensors were symmetrically arranged along the
column at the level of 15 mm from the upper and lower ends of
the sample and at the level of middle, as shown in Figure 1B.
There were two sensors in each level, a total of six sensors were
arranged. and the angle between adjacent levels is 90°. When
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FIGURE 1 | Cyclic loading and unloading diagram. (A) v = 0.15 mm/min; (B) v = 0.2 mm/min path.

more than four sensors collect the hit signal, AE event will be
generated, then AE system will generate the coordinate data of the
event according to the distance data transmitted by the six
sensors, finally complete the localization.

According to the procedure above, the loading and unloading
tests were conducted, and AE monitoring was performed
simultaneously. Finally, the stress, strain, and AE monitoring
results were obtained.

ACOUSTIC EMISSION LOCALIZATION OF
LIMESTONE DURING LOADING AND
UNLOADING

AE location technology can accurately describe the distribution of AE
event point sources and can be used to analyze the structural failure
mode and the development of rock microcracks. Before the
localization test, a certain sensor was taken as the transmitter to
test the localization data of other sensors when the transmitter sent out
the acoustic signal. The localization errors were obtained by
comparing the localization data with the actual position of the
transmitter. Finally, the errors of X direction, Y direction and
absolute distance of each source point were obtained, which were
all less than 2 mm, then the localization test was carried out. Figure 2
shows the point source distribution and macroscopic failure structure
of some typical rock samples. The lines in the point source diagram
represent the density separation zone of the point source distribution,
and the lines in the failure structure diagram represent the
macroscopic failure surface. There is a good corresponding
relationship that 1) the failure surface and the density separation
zone of the point source are similar in each rock sample and 2) the
fractures produced from the end of the dense point source gradually to
the end of the sparse point source during the loading and unloading.

Figures 2A-C show that, under oy = 2.5 MPa, the failure
modes of the rock samples under different loading rates are
clearly different. Considering the internal friction angle ¢ of the
rock, ¢ = 90° — 2 6, where 6 is the angle between the failure surface
and the maximum principal stress [24]. Under the condition of
v =0.15 mm/min, the upper end of the rock sample is compacted
rapidly in the early period of loading and unloading, resulting in a
shear crack sprouting on the left side of the upper end. After the

downward expansion of the crack, a spalling occurs in the middle
corner of the left side, and then an obvious longitudinal through
main crack is produced on the right side of the upper end owing
to the Poisson effect, showing obvious tensile failure
characteristics. The angle between the tensile crack and the
maximum principal stress is approximately 6°. The rock
fracture structure is relatively complete, and the fragmentation
is large. Under the condition of v = 0.2 mm/min, a shear fracture
develops from the upper and lower ends of the rock sample
without coalescence, and the two fractures continue to extend to
both sides, the right side of which developed a longitudinal crack.
At this time, the rapid increase in lateral deformation limits the
continuous development of the crack and, finally, continues to
extend to the right side, resulting in parallel shear failure of the
rock, with 6 of approximately 11°. The small cracks are dense, and
the rock is clearly broken at the lower part of the rock. Under the
condition of v = 0.3 mm/min, the rock sample first forms a shear
crack from the upper right to the lower left. Then, with the
increase in the peak stress, the shear crack breaks and changes
direction in the middle lower part of the rock and gradually
produces another shear crack on the upper left side. Finally,
lateral failure occurs under the shear force, with 6 of
approximately 21°. The width of the cracks is large, the
damage degree of the rock is large, and the surface is uneven.
Figures 2B,D,E show that, under a loading rate of 0.2 mm/
min, the typical parallel shear failure occurs at oy = 2.5 MPa, with
6 of approximately 11° and small cracks being densely distributed
on the lower side of the rock. Under the condition of ¢, =
7.5 MPa, a crack sprouts downward on both sides of the upper
end of the rock sample, and an arc-shaped shear crack finally
forms on the left side. After short-term local crushing on the right
side, longitudinal tensile cracks are formed under tensile stress.
Finally, the two cracks are connected, and the loading and
unloading end with tension shear composite failure, with ¢ of
approximately 10° and a rough rock surface and with fewer flakes
but larger fragmentation. Under the condition of oy = 12.5 MPa,
there are left and right tension cracks, and most of the event point
sources are concentrated in the middle of the rock sample. This is
because the viscoplastic behavior of the rock under high initial
stress is weak, and the lateral deformation produced is small. This
increases the compression of the axial compressive stress on the
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FIGURE 2 | AE event point source distribution and macroscopic failure structure of rock under different loading rates and initial stresses.
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rock sample, which causes the rock to exhibit typical brittle and
tensile failure, with 6 of approximately 9°. Large blocks form that
have the same height as the intact rock sample.

It can be observed from the above that, with the increase in
loading rate and decrease in initial stress, the viscoplasticity of the
rock sample strengthens, the damage increases, and the bonding
effect between particles becomes worse. Moreover, the
fragmentation caused by rock failure decreases, which causes
the internal friction angle of the rock to decrease, that is to say, the
sliding friction needed to overcome for sliding between rock
particles reduced, which leads to a gradual change of the rock
failure mode from tensile failure to shear failure.

ANALYSIS OF AE CHARACTERISTIC
PARAMETERS UNDER DIFFERENT
LOADING AND UNLOADING CONDITIONS

Variation Characteristics of Ringing Count,

Cumulative Hits, and Cumulative Energy
Figures 3 and 4 show the changes in cumulative hits
(hereinafter referred to as “hits”), cumulative energy

(hereinafter referred to as “energy”), and ringing count
under different loading rates and initial stresses. The hits
and energy under each loading and unloading condition
exhibit the step growth characteristic, in which the three
steps that exhibit the largest increasing extent are screened
out in the figure. Step | generally shows a rapid-slow change,
and steps II and III mainly present a slow-rapid trend, which
indicates that the generation of microfracture gradually slows
down with loading and unloading.

The peak count is defined as the highest value of the ringing
count under a certain peak stress. According to the change in
peak count, the loading and unloading process can be divided
into a slight increase period, attenuation period, intense growth
period, and postpeak calm period (within the softening stage).
Figures 3 and 4 show that the ringing count increases sharply at
the peak strength and then increases again suddenly at the end
of the postpeak calm period. The highest ringing count in the
entire test must appear in these two increases. In addition, the
maximum increase in energy can only occur in the postpeak
calm period, but the maximum increase in hits may also occur in
the intense growth period. The peak count varies with the
loading rate and initial stress.
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FIGURE 3 | AE test results under different loading rates. (A) v = 0.15 mm/min; (B) v = 0.2 mm/min; (C) v = 0.3 mm/min: 1) slight increase period; 2) attenuation
period; 3) intense growth period; 4)the postpeak calm period.

Different Loading Rates

Taking the AE monitoring results with v = 0.15 mm/min as an
example, as shown in Figure 3A, the changes in the ringing count,
hits, and energy of each cycle are as follows.

(1)

()

3)

In the first two cycles, the hits and energy are close to zero,
and the ringing count is not obvious. This is because the
lower stress is not sufficient to provide energy for the
formation of new microcracks. Only a small amount of
AE information is produced by the closure and sliding of
primary fractures and the occlusive failure of particles.

At the end of the slight increase period, the ringing count is
suddenly active, and the hits and energy appear in step |. The
change in the step curve is steep first and then tends to be flat,
and the step occurs at the inflection point of the stress curve
instead of the peak stress. This is because of the sudden loss of
the bearing capacity of local rock particles, resulting in a large
number of microfractures.

When loading and unloading to the attenuation period, the
energy and ringing count return to calm again, while the hits
appear in another step, which indicates that the rock mainly

(4)

®)

stores energy and produces many small fractures. Therefore,
the energy is rarely released.

When the stress increases into the intense growth period, the
microcracks begin to form, and the ringing count gradually
becomes active. In the cycle of the peak stress of 22.5 MPa,
the ringing count appear since the stress zero point, showing
a strong Felicity effect. The hits and energy also exhibit a large
step near the peak stress of 22.5 MPa. The step curve exhibits
a slow-rapid-slow process. After this step, energy has not
reached half of the entire process, but the hits have completed
89% of the entire process. It is considered that, under a lower
loading rate, although the internal fracture of rock can
continue to develop, the energy can only be released after
long-term accumulation; hence, its growth is concentrated in
the postpeak calm period, instead of this period.

At the end of the intense growth period, microcracks
polymerize and run through the sample, the rock skeleton
structure is gradually destroyed, forming structural planes,
and sliding occurs on both sides of the structural plane. With
the increase in rock deformation, the fracture of the sliding
block results in two fluctuations in the stress—strain curve at
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the end of the intense growth period. Each fluctuation is
accompanied by a large number of ringing counts and a
steep-step-type energy release, the increase of which is
greater than that at the peak strength. However, the
number of hits at the two fluctuations is extremely quiet
because the current energy is not sufficient for the fracture to
continue to expand, forcing the rock to release energy rapidly
[16, 17].

When the loading continues to the postpeak calm period, the
hits still do not increase, indicating that the residual
resistance process of rock at a lower rate does not produce
fracture information.

(6)

With an increase in the loading rate to 0.2 mm/min, except
that the cycle of ¢ = 22.5 MPa showed a long-term Felicity effect
(same as v = 0.15 mm/min) and the cycle of ¢ = 12.5 MPa showed
a instantaneous Felicity effect, the ringing counts only occur
when the stress exceeds the peak stress of the upper cycle—that is,
showed a Kaiser effect, and the development trend and step trend
of hits and energy become relatively closer than v = 0.15 mm/min.
Compared with the low loading rate, the AE behavior of the cycle
of low peak stress is no longer active at v = 0.3 mm/min, the
distribution of the ringing count is the sparsest during loading

and unloading, and the ringing count is the lowest when rock
failure occurs. This is because the pore water pressure replaces the
effective force to resist the external force when the loading rate is
too fast, resulting in significant plastic deformation and
weakening microfracture behavior. Moreover, under v
0.3 mm/min, the long-term Felicity effect of rock occur in the
cycle of the peak stress of 15 MPa. Compared with the low loading
rate, it can be seen that the condition of v = 0.3 mm/min can
advance the long-term Felicity effect of rock.

In addition, the hit of rock near failure varies with loading
rates. Under v = 0.15 mm/min, the hit appears no obvious change
in the last cycle, and there is no increase at the peak strength and
atin the peak stress of softening stage. It shows that the brittleness
of saturated limestone is weak near the failure, the rupture scale is
small, the fracture behavior is less and not enough to converge to
form a large fracture can be collected by acoustic emission, with
weak precursor information. Under v = 0.2 mm/min, the hit
presents a increase of two to three steps in the last cycle (800 s),
followed by a sudden increase at the peak strength and softening
stage, and the increasing extent at the peak strength is much
greater than that at the softening stage, which indicates that the
fracture behavior of saturated limestone is much more sensitive to
stress than to time. Compared with v = 0.2 mm/min, what the
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difference which the hit appears under v = 0.3 mm/min is that
there is no longer a sudden increase at peak stress, but a slow
increase throughout the whole softening stage.

In Figure 3, the red part in the inset shows the development
process of ringing count before softening stage, and the purple solid
line shows the change trend of peak count, which is obtained by
connecting the maximum ringing count values of each cycle. As
can be seen from the insets, before the postpeak calm period, there
are two types of change in peak count (including peak strength).

(1) When v = 0.2 mm/min, it is U-type, which means that the
peak count was active in the early period, dropped to the
lowest level after the attenuation period, and increased
sharply at the end of the sudden rise.

(2) When v = 0.15 and 0.3 mm/min, it is N-type, which means
that it increases slightly in the slight increase period, changes
to a lower value in the attenuation period, and then increases
sharply at the end of the intense growth period. Specifically,
the peak count under v = 0.15 mm/min exhibits the former-
N-type, which means that the final value of the intense
growth period is higher than that of the slight increase
period. The peak count under v = 0.3 mm/min is the
latter-N-type.

With the increase in loading rate, before the postpeak calm
period, the change of peak count gradually changes from the
former-N-type to the U-type and the latter-N-type. Thus, the
increase in the proportion of the intense growth period gradual.

Different Initial Stresses

Taking the AE monitoring results under ¢y = 7.5MPa as an
example, it can be seen from Figure 4B that the AE behavior in
each cycle has a good Kaiser effect—that is, no AE behavior
occurs in each unloading section and loading section lower than
the previous peak stress. There are two peaks in the ringing count
of each cycle: one in the loading section, and the other at the peak
stress. They are defined as the front peak count and the postpeak
count, respectively. The postpeak count is higher than the front
peak count. The times of steps for energy and hits are basically the
same, but the energy does not increase significantly until the peak
strength, and the hits exhibit a larger proportion in the early
period. The changes in ringing count, hits, and energy of each
cycle are as follows.

(1) In the first cycle of the attenuation period, the peak count
reaches the maximum value before rock failure, owing to the
instantaneous contact, extrusion, and closure of primary
fractures and pores in the rock during the compaction
stage. The front peak count occurs at 46.7% o (o is the
stress peak of the current cycle). Step | of hits and energy
appears at the peak stress of this cycle, and the step process
presents a trend of “rapid-slow-rapid.”

(2) In the second cycle of the attenuation period, the front peak
count dropped sharply, which occurred at 47.8% o, and then
decreased slightly. The ringing count of this cycle was lower,
but the duration was the longest among all cycles. Step Il of
hits and energy appeared in this cycle. Unlike in the past, this

3)

4

®)

(6)

@)
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step exhibited a linear trend, and the increase in hits was
larger than that of step |. This is because the pore water
pressure in saturated rock drives the pore cavity to disappear
instantaneously, which is not subjected to the external force.
Therefore, rock microfracture occurs without energy
consumption. The hits have reached 52.3% of the entire
process, but the energy has only reached 28.6%. This shows
that, under the higher initial stress, the microfracture
behavior is more in the early period, and the release of
elastic energy is mostly concentrated in the later period.
At the beginning of the transition period of increase and then
decrease, only a small number of ringing counts were
produced. The occurrence time of the former peak count
was 58.4% o, and the hits and energy increased slightly.

In the middle of the transition period of increase and then
decrease, the ringing count increased, but the hits and energy
were calm for the first time, indicating that the rock had
entered the linear elastic stage. The uneven elastic
deformation between grains was well coordinated in this
linear elastic stage, resulting in no new elastic energy being
produced. The synchronization and homogenization of
elastic deformation also increased the signals crossing the
threshold among the hits and further increased the ringing
count. Moreover, the occurrence time of the front peak count
in this cycle was 59.3% o. Combined with the previous cycles,
the occurrence time was delayed with an increase in the
number of cycles.

At the end of the transition period of increase and then
decrease, the ringing count dropped to the lowest level, and
the hits and energy remained unchanged. This indicates that
the linear elastic stage was ending, and the rock stiffness
would not continue to increase greatly. Because of this, the
fracture cavity did not further expand.

In the intense growth period, the local stress dropped at
73.1% oo and the peak strength o.. The ringing count
appeared as a small signal at 73.1% o. but increased
rapidly at o, for a long time. The hits and energy also
exhibited step Ill at o, but the increase in energy was
small. This shows that the rock had entered the plastic
stage, a large amount of uneven deformation had occurred
between the grains, and the tensile force had formed on both
sides of the fracture, resulting in a large number of
microcracks connecting to form macrocracks. This
increased the ringing count, hits, and energy. What the
stored elastic energy was used for also changed from the
initiation of new cracks to the destruction of the local
structure of rock, and the elastic energy exhibited a short-
term accumulation because suddenly there was no need for
crack initiation; therefore, the increase in energy at the end of
the intense growth period was extremely small.

In the postpeak calm period, the stress increases
automatically after decreasing, showing the characteristics
of stress strengthening. The ringing count shows an
abnormally sharp increase in rock failure, and the hits and
energy also complete step |ll with the largest increase. This is
because the dislocation and slip of macrocracks after the peak
strength can still produce a large number of AE behaviors.
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Figure 4 also shows that, with the increase in initial stress, the
postpeak calm period (i.e., softening stage) becomes less obvious.
The gap between the hits and the energy curve develops from a
close fit to a larger difference, the increase in energy during rock
failure tends to be more obvious than that of hits, and the peak
count changes from U-type to W-type and N-type gradually. This
indicates that the increase in initial stress tends to increases the
AE behavior in the early period. When the initial stress increases
from 2.5 to 7.5 MPa, the transition period of increase and then
decrease occurs, in which the process of “increase” is caused by
the fracture polymerization by the primary and secondary stress.
When the initial stress increases to 12.5 MPa, most of the load
acts on the rock in the form of microfracture, which results in the
ringing count appearing throughout the loading and unloading
process, showing a strong felicity effect. The hits and energy also
show a trend of uniform growth with time and do not show step
growth, as with the lower initial stress. Meanwhile, under o =
12.5 MPa, the distribution of the ringing count is the most dense,
and the hits, energy, and ringing count are the largest during rock
failure. This indicates that the rock has strong brittleness under a
higher initial stress, which also leads to the tensile failure mode
with large blocks, as in Figure 2E.

In addition, the hit of rock near failure varies with the initial
stress. Under o = 2.5 MPa, the hit increases greatly and slightly at
the peak strength and the peak stress of the softening stage
respectively. Under o9 = 7.5 MPa, the rock does not increase
suddenly near failure, showing a smooth growth from 460 s. It is
considered via analysis that the increase of initial stress will
accelerate the migration of water in saturated rock, thus buffer
the increase of hit caused by rock fracture. Under oy = 12.5 MPa,
the change of hit near peak strength is the same as that in the
earlier cycles, in both of which the hit all appears the tend of slow
increase, moreover, the increase rate of hit in softening stage is
even lower than the earlier cycles. The hit under ¢y = 12.5 MPa
verifies the rationality of the analysis on water migration.

Variation Characteristics of Different

Periods

Table 3 shows the duration of ringing count evolution under
different loading rates and initial stresses. With the increase in
loading rate v, the durations of the slight increase period and
attenuation period tend to get extended, whereas the durations of
the intense growth period and postpeak calm period are gradually
shortened. It is considered that the faster loading rate promotes
free water seepage inside the saturated rock, increases the slip
behavior of the primary microcracks, and aggravates the
microfracture and occlusal failure of the rough surface, which
requires a long time; therefore, the early period is longer.
However, when loading to the intense growth period, the
seepage of free water saturates, and an increase in the loading
rate aggravates the compression of the main stress on
macrocracks, thus shortening the later period. With the
increase in initial stress oy, except for the slight increase
period, the duration of each period decreases first and then
increases, which can be interpreted as indicating the existence
of a critical value of initial stress. When the initial stress is less

Limestone AE Characteristics Loading Unloading

than the critical value, the microfractures develop slowly, and the
larger initial stress obviously shortens the development time of
each period. When the initial stress is greater than the critical
value, the pore water pressure replaces the rock skeleton to bear
the compression of the external force. Therefore, a larger initial
stress prolongs the process of each period.

Step Characteristics of the Acoustic

Emission

Figures 3 and 4 show that there are some steps in the cumulative
hits and energy. The three steps that exhibit the largest increasing
amplitude and the slow-change period before each step
(hereinafter referred to as the “slow-change period”) are used
to analyze the step characteristics. To describe the step
characteristics conveniently, the duration proportion is defined
as the proportion of the duration of a certain step (or slow-change
period) to that of the entire test. The increase proportion is
defined as the proportion of the increase in the hit (or energy) of a
certain step (or slow-change period) to that of the entire test. The
softening duration is defined as the calm duration of the hits (or
energy) in the softening stage.

Table 4 shows the duration and increase proportion in each
step and slow-change period under different loading rates v and
initial stresses oy. From the transverse view, with the loading and
unloading process, the increase proportion of hits and energy in
the step and slow-change period gradually increase, and the
increase proportion of energy in the step and slow-change
period increases gradually. This indicates that there is a
positive correlation between the damage of rock, the energy
transformation behavior, and time at a lower loading rate.
Under the condition of v = 0.2mm/min, the increase
proportion of hits and energy first increases and then
decreases, and the value of step Ill is the smallest. It is
considered that the expansion limit of pores is easier to reach
at a higher loading rate, causing the coalescence of pores to
become saturated at step I, leading to a decrease in the increase
proportion of energy and hits in step Ill. Under the condition of
v = 0.3 mm/min, the increase proportion in the slow-change
period increases first and then decreases, whereas the increase
proportion in the step increases gradually. This is because step Il
is close to failure, and the formation of the macrofailure surface
destroys the bearing structure of the rock, resulting in a
substantial increase in hits and energy. Under the condition of
oo = 7.5 and 12.5 MPa, the duration and increase proportion of
energy in the step and slow-change period first decrease and then
increase. Analysis shows that, under a larger initial stress, the rock
at the linear elastic stage shows obvious elastic characteristics, and
the plastic deformation is small. Furthermore, the high elasticity
enables the storage of elastic energy to be completed earlier.
Therefore, the duration and increase in the proportion of energy
in step Il and the second slow-change period occur through a
trough.

From the longitudinal view, with the increase in loading rate,
the duration and increase proportion of hits in steps | and Il first
increase and then decrease, and the it is same in step | of energy.
With the increase in initial stress, the duration and increase
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TABLE 3 | Duration of each period of ringing count evolution.

Loading rate and

Limestone AE Characteristics Loading Unloading

Duration of each period

initial stress

Slight Attenuation period (s) Intense Postpeak
increase period (s) growth period (s) calm period (s)
v = 0.15 mm/min, a¢ = 2.5 MPa 280 161 888 277
v = 0.2 mm/min, g¢ = 2.5 MPa - 486 380 271
v = 0.3 mm/min, oo = 2.5 MPa 475 751 257 145
v = 0.2 mm/min, oo = 7.5 MPa — 147 130 22
v = 0.2 mm/min, a¢ = 12.5 MPa 868 476 681 38
TABLE 4 | Duration proportion and increase proportion in each step and slow-change period.
Loading AE parameters Duration Increase Duration Increase Softening Average
rate proportion in proportion in proportion in proportion in duration hits
and initial steps (%) steps (%) slow-change slow-change (s) rate
stress periods (%) periods (%) (hit/s)/
I noom noom noom T average
energy
rate
(104 aJd/s)
v =0.15 mm/min, o9 = 2.5 MPa Hits 24 2 74 1 43 46 46 32 22 19 20 61 916 0.85
Energy 10 40 50 10 11 79 18 29 583 4 46 50 204 342.08
v = 0.2 mm/min, ¢ = 2.5 MPa Hits 29 49 22 19 68 13 5 85 10 21 67 12 156 2.32
Energy 43 47 10 25 &7 18 5 8 10 11 83 6 156 3,260.43
v = 0.3 mm/min, ¢ = 2.5 MPa Hits 3 20 77 7 11 82 42 13 45 21 44 35 165 0.95
Energy 6 93 1 9 37 54 3 57 8 4 80 16 31 710.64
v = 0.2 mm/min, ¢¢ = 7.5 MPa Hits 6 M 53 11 31 58 4 7 89 32 2 66 12 0.95
Energy 50 24 26 10 5 85 10 4 86 41 16 43 12 229.13
v = 0.2 mm/min, oo = 12.5 MPa Hits 53 19 28 45 14 41 29 66 5 4 56 3 65 60.67
Energy 67 16 17 4 3 93 57 3 40 61 1 38 65 43,808.54

proportion of hits in step | and the slow-change period first
decrease and then increase. In addition, the average hits/energy
rate at v = 0.15 mm/min is the minimum, and the maximum
value is at gy = 12.5 MPa, thereby indicating that a lower loading
rate or initial stress slows the energy release under loading and
unloading.

Frequency and Amplitude Characteristics
Under Different Loading and Unloading
Conditions
The amplitude and frequency of the AE signal vary with the
loading rate and initial stress, which are affected by the fracture
scale and structural evolution of the rock. To describe
the variation characteristics of the maximum value of the
amplitude signal better, the peak amplitude is defined as
the signal with the highest amplitude in a certain cycle.
Figures 5 and 7 show the variation process of the amplitude
and peak frequency of typical rock samples under different
loading rates and initial stresses. The circular particles and the
curve on Figures 5 and 7 represent the amplitude signal and the
variation of peak amplitude, respectively, and the triangular
particles represent the peak frequency signal.

Figures 5 and 7 show that the peak amplitude generally
appears at the peak stress, but it appears in advance at the

plastic stage. In the softening stage, the high-amplitude signal
gradually disappears. For the frequency, Su et al. took the
frequency less than 120kHz as low-frequency of rock [15],
and Kong et al. took the frequency greater than 300 kHz as
the high-frequency of rock [18]. Based on the division method
above, combined with the density distribution of the frequency
signals in this test, the frequency is divided into a low-frequency
band (0-125 kHz), intermediate-frequency band (125-320 kHz),
and high-frequency band (320-500 kHz) here, corresponding to
the red, yellow, and blue areas, respectively, in Figures 5 and 7. In
a certain cycle, the low-frequency signal is generated first, and its
number is the highest, followed by the high-frequency signals and
intermediate-frequency signals. Intermediate-frequency signals
appear in the first one to two cycles and then become calm. They
then become active in the plastic stage, while low- and high-
frequency signals are more stable and continuous. With the
increase in the number of cycles, the outer contour composed
of signals in the three frequency bands gradually changes from
rectangular to a concave triangle. It finally becomes a concave
trapezoid in the plastic stage, as shown in Figure 5A.

With the increase in the number of cycles, the amplitude
signals and frequency signals do not increase singly [19, 20], and
the number changes of the two signals have good consistency.
Before the plastic stage, the two signals are concentrated on the
stress that exceeds the previous peak stress, showing a good
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FIGURE 5 | Variation process of the amplitude and peak frequency signals under different loading rates. (A) v = 0.15 mm/min; (B) v = 0.2 mm/min; (C) v=0.3 mm/

Kaiser effect, and become extremely dense in the plastic stage.
This can be used as a precursor to determine the rock failure
under loading and unloading [21, 22].

The amplitude and peak frequency show different laws under

different loading rates and initial stresses.

Different Loading Rates

Taking the frequency and amplitude monitoring results with v =
0.15 mm/min as an example, Figure 5A shows that the variation
characteristics of peak frequency and amplitude in each cycle are
as follows.

(1)

()

In the first cycle of the compaction stage, only a small
number of amplitude signals is generated, with a peak
amplitude of 60dB. The peak frequency signals are
distributed in all three frequency bands, exhibiting
obvious band division characteristics, but there are few
signals in each frequency band.

In the second cycle of the compaction stage, the amplitude
signal increases slightly. This is caused by the collision and
friction of particles on both sides of the primary fracture, and
the peak amplitude appears at the peak stress. The signal in

(©)

the intermediate-frequency band disappears, while the signal
in the low- and high-frequency bands increases, especially in
the low-frequency band. This indicates that the signal source
of the low-frequency band is the contact behavior of the
particles.

In the first cycle of the linear elastic stage, a large number of
amplitude signals appeared. The amplitude signals were very
dense between 45 and 60 dB, with a peak amplitude of 85 dB,
reaching the highest value among all cycles. The peak
amplitude did not appear at the peak stress but appeared
at the stress fluctuation. It is considered that the microcracks
began to expand in the linear elastic stage, and the local weak
rock blocks could not bear the expansion tension of the
fracture, leading to the generation of a high-amplitude signal
and the redistribution of stress in the rock. The signal of the
high-frequency band increased significantly and exceeded
that of the low-frequency band, and the signal range and
duration of both expanded by several times. However, the
distribution range of the signal in the intermediate-frequency
band was even smaller than that in the compaction stage.
Therefore, the signal source of the high-frequency band is the
expansion behavior of the fracture, and the signal source of
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the intermediate-frequency band is the compression
behavior of the fracture.

In the second cycle of the linear elastic stage, the peak
amplitude is 67 dB, which is lower than that of the
previous cycle. This shows that the linear elastic stage is
an important stage for storing elastic energy, and the released
energy is very small. This is insufficient to make the crack
continuously expand, and only a small amount of fracture is
initiated. Moreover, the amplitude signal is continuous and
symmetrical, the amplitude signal near the peak amplitude is
continuous, and the signals on both sides of the peak
amplitude decrease gradually. In terms of peak frequency,
the frequency signal at the peak stress is continuous and
dense, whereas the signal is sparse at other times, thereby
indicating that the rock shows special characteristics before a
large quantity of fracture propagation. The frequency range
of each frequency band signal is double that in the previous
cycle but exhibits a longer duration only at 400 kHz.

In the first cycle of the plastic stage, the peak amplitude is
68 dB, which is higher than that of the previous cycles. The
time of the peak amplitude is still at the stress fluctuation, and
the amplitude signal decreases evenly from the peak
amplitude to both sides, and the signal spreads
throughout the entire cycle and is very dense. This
indicates that the rock has begun to produce plastic
damage. The frequency range of the intermediate- and
high-frequency signals is shorter than that of the previous
cycle, indicating that the contact behavior of particles in the
early period of the plastic stage is the highest, followed by the
expansion of cracks, and the fracture closure is the most rare.
In the second cycle of the plastic stage, the peak amplitude is
80 dB, which is the highest among all cycles. The maximum
amplitude increases from 970 to 1,100 s, in which only the
stress fluctuation is broken. It is considered that the
coalescence of a large number of cracks leads to a gradual
increase in amplitude, while the macroscopic failure surface
forms in this process. When the failure surface is not
subjected to the compression suddenly, it stops rupturing,
and only sliding friction occurs. As a result, the increase in
the amplitude breaks at the stress fluctuation. After 970 s, the
frequency signals in the intermediate- and high-frequency
bands are only active at the peak strength and enhanced
strength, while the low-frequency signals show continuous
development characteristics. This indicates that the particles
continuously produce sliding friction behavior, which is the
same as the variation law of amplitude. In addition, the
frequency range of the intermediate- and high-frequency
signals is greatly increased, and the high-frequency signals
have spread throughout the entire frequency band. However,
the low-frequency signal is shortened. This indicates that the
fracture is mainly expanded in the late period of the plastic
stage, supplemented by being compacted, and the contact
behavior of the particles is the least.

In the softening stage, with the passage of time, the maximum
amplitude of the amplitude signals gradually decreases, and it
is densely distributed between 45 and 52 dB. It is sparse in the
area of >52 dB. This is because the main failure crack of the

(4)

(5)

(6)

(7)
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FIGURE 6 | Variation of frequency value with peak stress in each
frequency band under different loading rates.

rock has formed, and the amplitude signal can only be
generated by the weak structural plane around the main
crack. The number of intermediate-frequency signals
decreases  sharply, and the frequency range of
intermediate- and high-frequency signals shortens several
times. The low-frequency signals are dense and continuous.
This shows that the contact behavior of particles only occurs
in the process of residual resistance of rocks, and the
expansion and compaction of fractures are limited.

Figure 5 shows that, with the increase in loading rate, the
change form of the peak amplitude before the peak strength
gradually changes from N-type to V-type and linear-type. The
increase in the loading rate conceals the early variation process of
the peak amplitude. This is because a higher rate increases the
compression frequency on pores and then reduces the chance of
their recovery and prolongs the variation period of the rock
structure. This causes the previous change of amplitude to
disappear.

Figure 6 shows the change of frequency value with peak stress
in each frequency band. It can be seen that in the low-frequency
band, the frequency at v = 0.15 mm/min first increases and then
decreases, with a change critical point of peak stress of 17.5 MPa,
which indicates that the contact behavior of rock particles reduces
relatively compared with the fracture propagation behavior under
low loading rate; the frequency at v = 0.2 mm/min first decreases
and then increases, and the change critical point is the same as
that under v = 0.15 mm/min; the frequency at v = 0.3 mm/min
increases exponentially. In the medium frequency band, the
frequency at v = 02mm/min also decreases and then
increases, while the frequency at v = 0.15mm/min and
0.3 mm/min presents a monotonic increasing trend, which
indicates that both too low and too high loading rate will
make the fracture compression process more uniform, but
only too high loading rate can promote the fracture uniform
expansion. In the high frequency band, the frequency change
trend of v = 0.15 and 0.2 mm/min is the same as that of low
frequency band, while the frequency at v = 0.3 mm/min shows a
complex process of increase-decrease-increase, which indicates
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TABLE 5 | Number of signals of the three frequency bands and amplitude attenuation value of the softening stage under different loading rates.

Loading rate v

Frequency and amplitude

Number of signals of the three frequency bands

Amplitude attenuation value

High-frequency (%)

0.15 mm/min 33.0 13.0
0.2 mm/min 30.0 11.0
0.3 mm/min 52 0.1

that the development of particle is similar to that of fracture at a
low loading rate, but the fracture development is full of
randomness at a high rate, which is easily affected by external
factors, showing a reciprocating change.

In addition, the number of signals of the three frequency bands
in Figure 5 and the amplitude attenuation value of the softening
stage were calculated. The results are shown in Table 5. With the
increase in loading rate, the amplitude attenuation value of the
softening stage gradually decreases. The rock is considered to
exhibit obvious viscoplasticity in the softening stage, resulting in
large deformation. A higher loading rate promotes more changes
in rock structure; hence, the amplitude does not decrease
excessively. In addition, the peak frequency is mainly
distributed in the low-frequency band. With the increase in

Intermediate-frequency (%)

Low-frequency (%) of the softening

stage
54.0 35.0
59.0 4.0
94.7 -7.0

the loading rate, the intermediate- and high-frequency signals
gradually decrease, and the low-frequency signals gradually
increase, especially in the range of 0.2-0.3 mm/min.

Different Initial Stresses

Taking the frequency and amplitude monitoring results under o,
= 7.5 MPa as an example, as shown in Figure 7B, the variation
characteristics of frequency and amplitude in each cycle are as
follows.

(1) In the first cycle of the compaction stage, the amplitude and
frequency signals are continuously generated in the loading
section, and the peak amplitude is 67 dB. This is the highest
value, except for the peak amplitude during rock failure.
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FIGURE 7 | Variation process of the amplitude and peak frequency signals under different initial stresses (A) oo = 2.5 MPa, (B) op = 7.5 MPa; (C) 0o = 12.5 MPa.
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The frequency signals of the three frequency bands are
relatively concentrated, and their outer contours exhibit
rectangular characteristics. The number of low-frequency
signals reaches the maximum among all cycles, indicating
that, under the higher initial stress, the effect of the load on
the rock in the initial cycle is large, and the contact and
chimerism behaviors of particles are relatively more in the
compaction stage.

In the second cycle of the compaction stage, the peak
amplitude is 65dB, which is lower than that of the
previous cycles. This is because the effective bearing area
of the rock block increases significantly after the pores are
compacted for a period of time, which reduces the chance of
fracture production. The outer contours of the frequency
signals in the three frequency bands all exhibit triangular
characteristics, and the number of high- and intermediate-
frequency signals is the greatest among all cycles. The low-
frequency signals significantly decrease and last until the rock
failure, indicating that the chimerism of particles is easily
saturated under high initial stress, causing the fracture to
expand earlier.

In the linear elastic stage, the amplitude signals and the peak
amplitude continue to decrease gradually. Intermediate-
frequency signals do not appear. Low-frequency signals
continue to be calm, and the frequency range and
duration of high-frequency signals gradually shorten. The
results show that, under the higher initial stress, the
compaction behavior of fracture no longer occurs in the
linear elastic stage, and the contact behavior of the particles is
low. With the increase in the number of cycles, local
microcracks and small events are also increasingly fewer
in the linear elastic stage.

In the plastic stage, the stresses at 73% o, and o, show a stress-
strengthening phenomenon of decrease first and then
increase, and the amplitude signals also show a prominent
characteristic at the stresses above. Compared with 73% o,
the duration at o, is longer, which indicates that the stress
strengthening of rock can improve the stiffness of the rock
block in a short time. This makes the rock produce
microfractures in a more brittle form and causes the AE
behavior to be easier to monitor. The number of high-
frequency signals reaches the maximum among all cycles,
and the frequency range of the intermediate-frequency
signals also increases. This indicates that the damage
accumulation in the rock is accelerated, and a large
quantity of fracture expands rapidly. In the test process,
the fractures coalesce to form macrocracks at 470 s.

In the softening stage, the amplitude and high-frequency
signals show a continuous change characteristic, and the peak
amplitude decreases slightly. The intermediate- and low-
frequency signals only appear at the peak strength and
residual strength. This is because the stress in the rock is
redistributed to reach the next equilibrium point, and the
time provided for stress distribution in the softening stage is
extremely short, resulting in few microfractures and causing
a decrease in the peak strength and the sparsity of the
intermediate- and low-frequency signals.

()

(4)
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With the increase in initial stress, the variation form of the
peak amplitude changes from V-type to N-type, and the
distribution of the peak frequency is more concentrated. This
is very dense in a certain small frequency range. It is considered
that, in the loading section starting from zero stress, a higher
initial stress reduces the occurrence of irregular plastic
deformation, making the distribution range of the peak
frequency more concentrated, so that it gathers the
distribution of the peak frequency. In addition, the Kaiser
effect of AE becomes weak when ¢y = 12.5 MPa.

Figure 8 shows the change process of frequency value with
peak stress in each frequency band. To better compare the
frequency changes at each initial stress, the low-frequency and
high-frequency values under s, = 12.5 MPa in the figure were
reduced by an order of magnitude. It can be seen from the figure
that the variations of the three kinds of frequency at oy = 2.5 MPa
first decrease and then increase, with the change critical point of
peak stress of 17.5 MPa, changing in a hook shape, which are
consistent with the law under different loading rates. Under oo =
7.5 MPa, the variations of the three kinds of frequency show a
bowl shape change, which first decrease and then increase, in
which the low-frequency changes not obviously because of its
small value. Under oy = 12.5 MPa, the changes of the three kinds
of frequency become more complex, which are generally
composed of two to three paraboloids, beginning with the
decrease tend, ending with the decrease in the low-frequency
and intermediate-frequency, ending with the increase in the high-
frequency. This shows that the development process of particle
and fracture in the earlier cycles reduce significantly, and the
compression of fracture, the contact and extrusion of particles are
restrained near the failure of rock, in which period the fracture
expand vigorously.

The number of frequency signals in the three frequency bands
in Figure 7 and the amplitude attenuation value in the softening
stage are recorded in Table 6. With the increase in initial stress,
the amplitude attenuation value of the softening stage gradually
decreases, and the intermediate-frequency signals also gradually
decrease. This indicates that a higher initial stress inhibits the
compaction behavior of fractures. Moreover, the high-frequency
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TABLE 6 | Number of signals of the three frequency bands and amplitude attenuation value of the softening stage under different initial stresses.

Initial stresses ag

Frequency and amplitude

Number of signals of the three frequency bands

Amplitude attenuation value

High-frequency (%)

2.5 MPa 30.0 11.0
7.5 MPa 71.0 4.0
12.5 MPa 6.9 0.1

signals increase first and then decrease, and the low-frequency
signals decrease and then increase. It is considered that there is a
critical value of initial stress o, = 7.5 MPa. When ¢ < oy, the
higher the initial stress, the more the extending behavior of
fractures, and the less the extrusion behavior of particles.
When oy > ¢ 1, the opposite of the above occurs.

Distribution Characteristics of AE Event

Amplitude and Energy

Different Loading Rates

Figure 9 shows the distribution of AE event amplitude and
energy under different loading rates. It can be seen that under
v = 0.15 mm/min, the distributions of amplitude and energy of
rock were relatively dispersed, which mainly occurred in the three
sections of 50-250, 500-700 and 1,000-1,180s.

(1) In the first section (50-250 s), the energy was concentrated in
a 10 s interval, and its value is very low, but the amplitude
showed the law of dispersed change of decreasing first and
then increasing, which shows that the internal lattice was
moving back and forth, and when the movement
accumulated to a certain extent, the energy was released
concentratedly.

In the second section (500-700 s), the energy also began to
show a dispersed distribution, but the distribution of
amplitude became dense, showing the law of increasing
first and then decreasing, which is consistent with the
stress change of loading first and then unloading,
indicating that secondary fractures began to appear
gradually in this section [23].

In the third section (1,000-1,180s), the energy and
amplitude both increased first and then decreased. The
maximum values were located at 1,080s, which is the
peak strength point of rock. Compared with other
sections, the increase value of energy was far greater than
the amplitude, which indicates that the large-scale fracture of
saturated limestone was less when reaching the peak
strength, only the sudden generation of many small-scale
fractures leaded to the energy of rock was released
concentratedly; the energy and amplitude decrease
immediately after the peak strength point; at 1,180 s, the
rock broke down, only the amplitude increased at that
moment, but its value was lower than which at the peak
strength point in terms of signal quantity and amplitude. The
results also show that the energy increased suddenly from a
very low value near 1,080 s, and the amplitude decreased first

()

3)

Intermediate-frequency (%)

Low-frequency (%) of the softening

stage
59.0 4.0
25.0 2.0
93.0 0.0

and then increased. Near 1,180 s, the rock was close to failure,
and the energy showed a low value shortly after the peak
strength (1,100 s), while the amplitude exhibited a trend of
intermittent gradual decrease of 1,100 and 1,170 s.

Under v = 0.2 mm/min, the variation of amplitude and energy
of rock can be divided into two types as following.

(1) The first type is 20-80 and 720-900 s. The characteristics of
the change is that the amplitude and energy all showed
continuous change, and generally increased first and then
decreased. Near 850 s (the stress is close to the peak strength),
the amplitude showed the law of sparsity first and then
densification, decrease first and then increase, and the
energy value was sporadic distribution and not obvious.
Near rock-failure point, the amplitude also exhibited a
trend of intermittent decrease, and the energy exhibited a
low value between the peak strength and the rock-
failure point.

The second type is 200-300 and 500-600 s. The characteristic
of the change is: the amplitude and energy first exhibited a
trend of gradual increase, then the signal disappears after
reaching the maximum value, and then the signal appears
again in the next 100 s, the amplitude and energy of which are
slightly less than the previous maximum value.

2

Under v = 0.3 mm/min, the amplitude of rock showed a
continuous change, exhibiting a “increase decrease increase”
trend, and the energy was distributed dispersedly at 350, 550,
875 and 1,000 s. At 875 s (the peak strength), the energy increased
greatly, reaching the maximum value of the whole loading and
unloading process, while the amplitude decreased. It is considered
via analysis that when the rock is loaded to the peak strength, due
to the high loading rate, there was almost no chance of forming
large-scale fractures that can control the rock-failure, which made
the rock develop macro cracks extensively in a short time,
therefore, quantities of energy was released in the rock, but
the amplitude of the signals was not high. Near 875s (the
stress is close to the peak strength), the amplitude exhibited a
“decrease-increase” trend, in which the “increase” process made
the amplitude show the maximum value of the whole loading and
unloading process, and some sporadic energy signals appeared
near 875s. Near 1,000s, the rock was close to failure at that
moment, the amplitude exhibited a continuous downward trend,
however, the energy increased slightly during the period of peak
strength point to the rock-failure point.
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FIGURE 9 | The distribution of AE event amplitude and energy under different loading rates. (A) v = 0.15 mm/min; (B) v = 0.2 mm/min; (C) v = 0.3 mm/min.

T
600

Based on the data of the distribution of AE event amplitude
and energy under different loading rates, it can be seen that the
AE event energy of saturated limestone decreased first and then
increased during loading and unloading. Except for the amplitude
value under v = 0.3 mm/min, the maximum values of amplitude
and energy in the whole test all occurred at the peak strength.
Near the peak strength point, the amplitude decreased first and
then increased, and the energy value exhibited less and low. Near
rock-failure point, the amplitude exhibited a downward trend,
and the energy value also exhibited less and low. The law above
can be used as the precursor information of reaching the peak
strength point and rock-failure point. With the increase of
loading rate, the change form of amplitude in whole test was
changed from disperse to continuity. Near rock-failure point, the
change trend of amplitude changed from intermittent decrease to
continuous decrease, during the period, the occurrence time of
low energy value changed from peak strength point to the middle
time between peak strength point and rock-failure point.

Different Initial Stresses

Figure 10 shows the distribution of AE event amplitude and
energy under different initial stresses. It can be seen that under ¢,
= 2.5 MPa, 7.5 MPa, the amplitude and energy of rock exhibited a
trend of decreasing first and then increasing, which was mainly
composed of 4-6 sections, in which the amplitude was distributed
in each section, however, the energy was only distributed in the

first, second and last section. Near the peak strength point (850 s
under oy = 2.5 MPa, 470 s under ¢y = 7.5 MPa), the amplitude of
rock exhibited a trend of sparsity first and then densification, low
first and then high, and the energy showed was not obvious. Near
rock-failure point (900 s under oy = 2.5 MPa, and 490 s at ¢y =
7.5 MPa), the amplitude exhibited an intermittent decreasing
trend, and the energy exhibited a very low value. Under ¢y =
12.5 MPa, the distribution of amplitude and energy became dense
and concentrated, which concentrated at 200-1,300 and
1.900-2,000s. Before 1,960s in the test, the energy varies
slightly. Near 1,960 s (peak strength point), the amplitude and
energy exhibited a change law of “low-high-low”. Near 2,000 s,
the rock is near rock-failure at that moment, but the amplitude
and energy did not appear. It is considered via analysis that high
initial stress made saturated limestone easier to show ductility,
which made local rock block exhibit ductile failure at the peak
strength point, triggering the adjustment of local stress, and
further reduced the crack development near rock-failure [12].
According to the distribution data of AE event amplitude and
energy under different initial stresses, it can be seen that the
maximum value of amplitude of rock in the whole test all
occurred at the peak strength point, and the maximum value
of energy all occurred at the rock-failure point. Near peak
strength point, with the increase of initial stress, the change
trend of amplitude changed from “low-high” to “low-high-
low” and the signal quantity is less and more concentrated,
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which indicates that the energy distribution characteristic
changed from dispersed under low initial stress to
concentrated under high initial stress; however, the energy
remained calm all the time, which indicates that the failure
form of saturated limestone was gradual. On the other hand,
near rock-failure point, with the increase of initial stress, the
change trend of amplitude changed from "intermittent gradual
decrease" to " not appear,” which indicates that the rock-failure
behavior and AE event evolution form changed from ductility
to brittleness [25]. The phenomena above can be used as the
precursory information of peak strength point and rock-
failure point.

CONCLUSIONS

(1) With an increase in the loading rate and a decrease in the
initial stress, the viscoplasticity of saturated limestone under
loading and unloading is strengthened, the internal friction
angle decreases, and the fragmentation during rock failure
decreases. The failure mode changes from tensile failure to
shear failure.

During the loading and unloading, the intermediate-
frequency  signal shows a variation trend of
sparse-dense-sparse and decreases with the increase in
initial stress. However, the low-frequency signal

()

is

(©)

4

produced continuously and massively, and the amplitude
attenuation value of the softening stage decreases with the
increase in loading rate and initial stress.

With an increase in the loading rate, the development trend
of hits and energy becomes closer, and the maximum
increase in hits is advanced. The variation form of ringing
count changes from the former-N-type to U-type and latter-
N-type, the slight increase period and attenuation period
become longer, and the intense growth period and the
postpeak calm period shorten. With the increase in initial
stress, the felicity effect becomes better, and the variation of
energy is more obvious near the failure than the hits. The
variation form of the ringing count changes from U-type to
W-type and N-type. Each period shortens first and then
extends.

With the process of loading and unloading, under a lower
loading rate, the increase in hits and energy in the step and
slow-change period increases continuously, and the duration
of energy in the step and slow-change period increases
gradually. With the increase in the loading rate, the
variation trend of increase in the slow-change period tends
to increase-decrease. In step, it tends to first increase-decrease
and then gradually increase. With an increase in the initial
stress, the variation trends of increase and duration of
energy in the step and slow-change period all tend to
decrease-increase.
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(5) The increase and duration of hits in steps | and Il exhibit the
trend of increase-decrease with an increase in the loading
rate, which exhibits a decreasing trend with an increase in the
initial stress.

(6) The research results above bring the following enlightenment
to the engineering site: for the deep surrounding rock which
is eroded by groundwater for a long time, increasing the
excavation speed and reducing the initial excavation footage,
drilling strength can help to release the load in the form of
deformation generally, and cause tension failure even burst
not to occur easily and suddenly. With the progress of
excavation, the compression behavior of surrounding rock
fractures will appear a less-more-less change, so the support
should be strengthened in the early and late period of
excavation. With an increase in the excavation speed, the
most period of rock fracture behavior will come in advance,
and the synchronization of the change of rock fracture and its
internal energy become better, but the duration of small
fracture in the early stage become longer. Therefore, the
roadway should be quickly excavated in the early stage, and
slowly excavated after a certain period of time, so as to delay
the most period of fracture behavior. In addition, if a
roadway is already in excavating and the initial excavation
footage is large, generally speaking, the changing extent of
internal energy of surrounding rock is greater than that of
fracture behavior, so the focus of safety monitoring should be
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