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Abstract

To probe the difference between static-driven and dynamically triggered rockbursts, three types (static-driven rockburst, SDR;
pulse-disturbance rockburst, PUDR; period-disturbance rockburst, PEDR) of true triaxial unloading rockburst tests were
carried out on marble. The rockburst characteristics were compared and analyzed through five distinct aspects (stress—strain
curve, energy consumption, failure mode, ejection features and acoustic emission (AE) multifractal characteristics). The
results indicate that the rockburst stress values of the PUDR, the SDR and the PEDR decrease successively, which indicates
that the PEDR and the PUDR are the most prone and the most difficult to occur, respectively. Additionally, the stress—strain
curve (after yielding) data indicates that the PUDR, the SDR and the PEDR are characterized by a yield platform, strain
hardening and strain softening, respectively. Moreover, the rockburst intensities of the PUDR, the SDR and the PEDR also
decrease successively. Furthermore, the initial increase and the subsequent decrease of the AE multifractal parameter (Af
(a)) can be used as the precursor for the different types of rockbursts. However, the early warning time is related to the inten-
sity of the rockburst, which implies that greater intensity values lead to a shorter early warning time. In general, the Af (a)
parameter and the stress drop can be used for long-term monitoring and short-impending prediction of rockburst, respectively.
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1 Introduction

Rockburst hazards of underground tunnels surrounded by
rocks in high stress areas are one of the most important
phenomena that hinders the efficient development and
utilization of underground mines and deep tunnels (Cai
and Kaiser 2018; Amoussou et al. 2013). For example,
the diversion tunnel of the Jinping II Hydropower Station
has encountered multiple rockburst disasters during the
construction process (Gong et al. 2012; Wang et al. 2012;
Li et al. 2012). The Bayu tunnel in the Lalin section of
the Sichuan-Tibet railway is considered one of the world’s
most severe rockburst tunnels (Yan et al. 2019), and the
rockburst section accounts for 94% of the total length of
the tunnel. Additionally, during the actual construction
process, the rock mass surrounding the tunnel was con-
tinuously disturbed by excavation, mechanical, blasting
vibration, fault dislocation and earthquake operations (Luo
et al. 2021), which led to the generation of different types
of rockbursts. Therefore, the study of static-driven (mainly
affected by excavation) and dynamically triggered (the
combined action of excavation and dynamic disturbance)
rockbursts is of great importance for improving disaster
prevention and control methods.

In recent years, several methods have been applied to
study static-driven rockburst caused by the concentration
of tangential stress after tunnel excavation operations.
Among these, the true triaxial unloading rockburst experi-
ment represents an important method that can help better
understand the rockburst mechanism (He et al. 2010). The
evolution process of rockburst (splitting into plates, shear-
ing into blocks and block ejection) has been confirmed by
rockburst experiments (Ren et al. 2020). The unique features
of rockburst differentiated by the conventional compression
failure technique were derived from the analysis of the ejec-
tion failure process, the failure mode, and the fragments’
characteristics. Factors that influence rockbursts such as
bedding orientation (He et al. 2012), size effect (Zhao and
Cai 2014), unloading rate (Li et al. 2014), moisture con-
tent (Sun et al. 2016), temperature (Su et al. 2017a, b, c),
stiffness effect (Cheng 2011), intermediate principal stress
(Su et al. 2017a) and stress gradient (Huo et al. 2020; Hu
et al. 2021) were studied by using the true triaxial rockburst
technique. Additionally, the reduced-scale deep surround-
ing rock mass with holes (Luo et al. 2019; Gong et al. 2019,
2022) was selected as the reference object for carrying out
physical simulation analyses of the true triaxial unloading
rockburst for the representative elements of the rock mass,
while the unloading state of the surrounding rock mass was
simulated by drilling holes with different shapes in the cubic
rock blocks to analyze the rockburst mechanism under true
triaxial stress condition.
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It is known that the magnitude of the strain rate has
a significant impact on the rock failure mechanism (Dai
et al. 2010), while the dynamically triggered rockburst is
typically caused by the coupling effect of the static and
dynamic loads. However, it is difficult to simulate the real
stress conversion process of the rock mass surrounding the
tunnel by the commonly used Splitting Hopkinson Pres-
sure Bar experimental technique (uniaxial, triaxial and
true triaxial tests) (Zhou et al. 2020; You et al. 2021).
Therefore, it is more practical to simulate the dynamically
triggered rockburst by the true triaxial unloading rockburst
experimental test combined with the dynamic disturbance
of the hydraulic loading mode. He et al. (2018) developed
a deep rock nonlinear mechanics experimental system to
simulate the rockburst of the rock mass surrounding the
tunnel and analyzed the influence of different displace-
ment disturbance amplitudes (0.1-0.5 mm), frequencies
(0.05-1 Hz) and disturbance directions on the rockburst.
Du et al. (2016) studied the influence of the lithology and
the disturbance amplitude on the rock failure modes by
using the static-dynamic combined loading test under true
triaxial unloading conditions. In their test, the maximum
disturbance frequency reached 70 Hz. Hu et al. (2018) also
performed rockburst experiments characterized by weak
disturbance attributes (far field disturbance, 2-50 Hz)
under true triaxial conditions, and discussed the influence
of disturbance amplitude, frequency, and disturbance
mode on the rockburst.

The final goal of understanding the rockburst mechanism
is to accurately predict rockburst disasters. Thus, the extrac-
tion and recognition of the rockburst precursor are crucial
for the early detection of rockbursts (Ma et al. 2020). From
an experimental point of view, the precursor of rockburst
is primarily studied by applying AE, infrared and acoustic
signals (Liu et al. 2018a, b). Usually, there are typical AE
signals (high energy and small quantity) with an abnormal
evolution, and the density of AE characteristic signals can
be used as an early warning indicator (Liu et al. 2018a, b;
Li et al. 2018a, b). The typical rockburst failure processes
include particle ejection, block splitting and burst. There-
fore, the infrared temperature field corresponding to differ-
ent failure phenomena is different, which experiences initial
differentiation, rapid rise of the differentiation degree, and
then a brief decline and sudden decline of the differentiation
degree (Lin et al. 2022). Additionally, the sound signals of
the rockburst were first used to evaluate the intensity of the
rockburst, specifically, the size and type of the generated
sound were used to qualitatively describe rockbursts with
different intensities (Chen et al. 2015). The research results
of Su et al. (2017b) suggest that sparse to dense acoustic
waves, high to low main frequencies, low to high energies
recorded during the process of rockburst can be used as
rockburst early warning indicators. In addition to the single
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precursor characteristic, there are also multi-physical fields
and multi-parameter rockburst precursors.

For field purposes, the microseismic (MS) technology is
the most widely used method for rockburst monitoring and
early warning, and is applied in hydraulic tunnels, railway
tunnels, metal mines, coal mines and other similar projects
(Lu et al. 2018; Tang et al. 2021; Wang et al. 2021a, b). In
this case, the commonly used rockburst precursors are: the
cumulative MS events and the cumulative MS energy release
reach the corresponding thresholds (Li et al. 2019); concen-
tration of a large number of MS events (Liu et al. 2018a, b);
the sudden drop of the energy index and the sharp increase
of the apparent volume or the seismic moment (Ma et al.
2020); the b-value of MS events initially increases and then
decreases (Dai et al. 2017); the decline in the MS energy
index, Schmitt number and the increase of the cumulative
apparent volume (Zhang et al. 2016). However, the overall
early warning success rate of various precursory indicators is
low, and the reason is that the selected precursors are neces-
sary rather than sufficient conditions for rockburst.

In summary, there are few reports that analyze the rock-
burst characteristics differences between static-driven rock-
burst (SDR) and dynamically triggered rockburst. Addi-
tionally, greater attention has been given to the long-term
monitoring and early detection of rockburst, and less regard-
ing the short-term and imminent prediction of rockburst. In
this study, the SDR, pulse-disturbance rockburst (PUDR)
and period-disturbance rockburst (PEDR) tests were carried
out on marble samples by applying the true triaxial rock-
burst experimental system. Additionally, high-speed pho-
tography and AE monitoring systems were used to record
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the ejection failure process and the micro-cracks evolution
of the rockburst, respectively. The differences between the
three types of rockburst characteristics were evaluated by
comparing several aspects, such as the stress—strain curve,
the energy dissipation, the failure mode, the ejection velocity
field, and the AE multifractal characteristics. Consequently,
the multifractal precursors of the three types of rockbursts
were obtained. Finally, the mechanisms responsible for the
different characteristics of the three types of rockbursts are
examined, and the early warning concept of combining long-
term monitoring with short-term and imminent prediction
of rockburst is preliminarily reviewed. The main purpose of
these analyses is to provide guidance for the prevention and
control of rockburst disasters.

2 Material and Methods
2.1 Marble Samples

The marble samples used in this study were collected
from the Jinping II hydropower station. Figure 1a shows
a photograph of the sampling spot, which is located in
the auxiliary tunnel. Specifically, the marble samples
were processed by using the spalling blocks (about
1000 x 450 x 80mm?) by rockburst as well as the pan burst
pit formed at the site. X-ray diffraction (XRD) analysis
results indicate that the major minerals in the marble sam-
ples are calcite (67.4%), dolomite (20.6%) and clay miner-
als (11.6%, mainly chlorite and illite). Figure 1b illustrates
an SEM photo of dolomite crystal clusters on the surface
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Fig. 1 a Sampling site of the marble samples, b high resolution SEM images of dolomite crystals, and ¢ flaky chlorite
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of the marble sample. The crystal shape is evident, and the
crystal bonding is tight. Figure 1c shows the microstruc-
ture of flaky chlorite. Besides the obvious lamellar struc-
ture, there have been also identified some micro-cracks.
Additionally, three cylindrical marble specimens with
nominal dimensions of 50 mm in diameter and 100 mm in
length were prepared for uniaxial compression tests. The
test results are presented in Table 1. The mean value of
the uniaxial compression strength is 108.4 MPa. Addition-
ally, Table 1 also presents the P-wave velocities of mar-
ble; specifically, the mean P-wave velocity is ~5584 m s™".
Young’s modulus and Poisson’s ratio are 54.9 GPa, and
0.24, respectively.

Table 1 Physical and mechanical properties of the marble

2.2 Experimental System

In this study, the Deep Rock Nonlinear Mechanics Experi-
mental System (He et al. 2018) was used to perform rock-
burst tests. Figure 2a shows the experimental system. The
main machine represents a true triaxial loading system and
the loading capacity in all three directions is S00kN. The
control system uses a controller manufactured by the NI
company. Additionally, the main machine can apply about
12 types of disturbance loads (sine wave, triangular wave,
square wave, etc.) and the loading frequency ranges from
107 to 10 Hz. Moreover, the experimental system contains
supplementary monitoring systems, such as the AE system
and a high-speed image recording system.

Density (g/cm?) Mineral components (%) P-Wave velocity (m/s) UCS (MPa) Young’s modulus (GPa) Poisson’s ratio
Calcite Dolomite Clay
2.80 67.4 20.6 11.6 5584 108.4 54.9 0.24

1. Marble sample
(b) o )
2 2. Rigid plate
3. Pressure head

4. AE sensor (Nano-30)

5. High-speed camera

o4l
3 2l 1 ; ."‘-~.~_~64 High-strength light
Visual plane "=~-.___
— S .- i ¢
3 /58\9-\
. 1 N
N
-~
b
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0.2

Fig.2 a Experimental and monitoring system, b top view of the high-speed camera position, and ¢ arrangement of the LVDT
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AE monitoring was carried out by using a PIC-2 system
produced by the American Physical Acoustics Corporation.
In this study, the AE signals were amplified by 100 times
(amplifier was set to 40 dB); and the threshold, the sam-
pling frequency, and the sampling length were set to 45 dB,
2 MHz, and 4096 data points, respectively. Two Nano-30
sensors with a response frequency of 100-400 kHz were
operated to acquire the AE signals. The sensors were glued
to the loading plate as shown in Fig. 2b. It has been dem-
onstrated that the amplitude of the signals, as well as the
variation trend, is completely consistent when the AE sen-
sor is located on the specimen or the loading plate (Su et al.
2017b). Figure 2b also shows the specific location of the
high-speed camera and illustrates that the angle between
the camera axis and the intermediate principal stress axis
is ~58°, while the distance between the camera and the
specimen is 859 mm. Additionally, high-strength light emis-
sion from an auxiliary device ensured smooth recording of
the high-speed shooting process. Figure 2¢ highlights the
arrangement of the LVDT to measure high precision dis-
placements in three directions.

2.3 Experimental Design

During construction operations of deep-buried tunnels in
high-stress areas, it is often required to excavate an auxiliary
parallel tunnel that is ahead of the main tunnel (Fig. 3a).
For the surrounding rock elements of the tunnel, there have
been detected three typical stress transformation processes.
Rock element 1 is primarily affected by excavation unload-
ing and tangential stress concentration. If rockburst occurs,
then it is driven by static stress concentration. Additionally,
the occurrence of rockburst can be simulated by the loading
stress path shown in Fig. 3. Specifically, the three-direction
principal stresses are first loaded to the initial in situ stress
level (6,y/0,¢/050=35.4 MPa/22.5 MPa/14.5 MPa), the o5 is
unloaded to simulate the excavation unloading effect, and
then the o, is uniformly loaded until the rockburst occurs.
However, rock elements 2 and 3 are affected by the same
excavation unloading and tangential stress concentration
parameters; however, the stress concentration does not reach
the rock failure strength, while the rockburst can be triggered
by different types of dynamic disturbances. In the case of
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Fig.3 a Schematic of the typical rock element of the surrounding rock, b—d loading paths of three types rockburst, respectively
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element 2, the PUDR is caused by the disturbance of the
pulse load (such as fault dislocation). The loading stress path
is illustrated in Fig. 3c. After unloading o3, o, is uniformly
loaded to 36,,-03), and then o, is increased to rockburst at
the fastest loading rate (10 times the initial loading rate, the
maximum of the test system). Moreover, compared with ele-
ment 2, element 3 is predominantly exposed to the periodic
dynamic disturbance of the delayed excavation tunnel (such
as the mechanical disturbance). The loading stress path is
shown in Fig. 3d. When ¢, increases to 36,,-03, the sinu-
soidal load is used to simulate the periodic disturbance. In
this study, the sinusoidal disturbance with an incremental
increase in amplitude was applied, while each amplitude
level was disturbed 20 times. If there was no PEDR, then the
amplitude was increased by 10 MPa (simulating the short-
ening of the distance between two tunnel faces) and then
disturbed 20 times again until rockburst occurred.

2.4 Multifractal Spectrum

Multifractal theory mainly describes the instability and inho-
mogeneity of things (Sayed et al. 2015; Tamaés et al. 2005).
The failure of rock is a nonlinear and complex process, and
the AE signals are also nonlinear and discrete (Xu et al.
2011), because the AE signal mainly reflects the initiation
and propagation of microcracks. Therefore, some scholars
have applied multifractal to the study of AE characteris-
tics during rock failure (Kong et al. 2016a; Liu et al. 2022;
Zhang et al. 2015). In this paper, the AE characteristic of
rockburst was analyzed based on the multifractal theory,
which can effectively reveal the mechanism of rockburst.

In this paper, the box dimension method (Hu et al. 2014;
Kong et al. 2019) was used to calculate the multifractal spec-
trum of the AE time series of different marble rockbursts.
The time series is {7;} which can be divided into N subsets
with the length n, and the probability distribution of each
subset was calculated as {P;(n)}. If the time series satisfy
multifractal characteristics, the probability distribution func-
tion and n (n — 0) satisfy the following formula (Zhang
et al. 2020; Kong et al. 2017):

{Pm)} ~n" 1)

where, the singularity index «a is a constant, which mainly
reflects the singularity of {P;(n)} and shows the uneven-
ness of the probability subset; if the number of units with
the same probability in the a-labeled subset is denoted as
N,(n), the smaller the division scale n is, the more subsets
are obtained, and N (n) decreases with the increase of n:

N,(n) « n@ 2)

where, f{a) is the frequency of the subset represented by
in the entire subsets, also known as the fractal dimension of
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a subset. In the actual calculation process, it is difficult to
calculate the fractal dimension according to the definition.
At present, the multifractal spectrum is mainly calculated by
the statistical physics method (Kong et al. 2016b; Li et al.
2018a, b). Firstly, define a partition function:

x,(m) =Y pn)! @ 3)

where, xq(n) is the function that defines the assignment; t(q)
is the quality index, which is a specific function of multifrac-
tality, — 0o < ¢ < + o0, ¢ is the weight factor, and the value of
q represents the heterogeneity of multifractality (Zhang et al.
2018). In practical calculations, when lgl reaches a certain
value, the multifractal spectrum tends to be stable. There-
fore, g is usually limited to a certain range. The value of g in
this paper is ranging from — 20 to 20. When the defined dis-
tribution function has a power-exponential relationship with
the division scale n, the value of 7(g) can be calculated by
the slope of the double logarithmic curve Inx,(n)-Inn, that is:

Inx, (n)

“

7, = lim
9 n—0 Inn

By applying the Legendre transformation to Eq. (2), the
relationship between 7 (g) and g can be expressed as:

I
a= d=(@) -4 <lim nxq(n)> (5)
dg dg \»-0 Inn
fl@)=aq—-1(q) (6)

The relationship curve of a-f(a) is a multifractal spectrum
of the calculated sequence which can reflect the inhomoge-
neity and the randomness of the signal. Larger multifrac-
tal spectrum width values (Aa = a,,,, — a,,,, the subsets
of a,,, and a,,;, represent the small and the large energy
signals in the AE time series, respectively), generate more
intense fluctuations of the signal distribution. The Af(a)
(flama) — flagiy)) represents the frequency of different
energy signals. Small Af(a) values indicate an increase in
large energy signals, as well as a higher degree of rock frac-
ture, and vice versa.

3 Results and Discussion
3.1 Stress-Strain Curves

As illustrated in Fig. 4a, the stress—strain curves in the o,
direction of the three different types of rockbursts indicate a
good consistency at the beginning of the loading stage and
show differences after reaching 3¢,,—05,. The stress—strain
curve of the SDR continues to slightly increase after yield-
ing. In the case of the PUDR, the stress—strain curve has
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Fig.4 a Stress—strain curves (in the o, direction) of the three types rockburst and b—d division of the loading stages for the SDR, PUDR and

PEDR, respectively

an obvious yield platform. The yield characteristics of the
PEDR are not evident, and the stress slightly decreases after
yielding. Table 2 lists the specific values of the yield stress,
the rockburst stress, the residual stress ratio, the yield strain,
and the maximum principal strain of the three types of rock-
burst. By combining with Fig. 4a and Table 2, it can be
observed that the degree of difficulty in the occurrence of
rockburst in marble for the three different loading methods
is different. The stress of the PUDR has the highest values,

which means that the chances of this rockburst to occur are
low, while the stress of the PEDR has the lowest values,
which means that the chances of this rockburst to occur are
high.

Although the PEDR is more likely to occur than the SDR,
the strain value of the PEDR at the rockburst point is greater
due to the influence of cyclic dynamic disturbance. However,
the strain values of the previously mentioned two types of
rockburst are smaller than those of the PUDR. Similarly, the

Table 2 Failure information of

Type o, of yield (MPa) Failure Residual ~ Residual  Stress g, of yield (%0) Maxi-
the three types rockburst stress (6;)  stress stress drop rate mum &,
(MPa) (MPa) ratio® (MPa/s) (%o0)
SDR  193.03 199.59 21.86 0.110 443.9 13.10 22.52
PUDR 225.55 226.57 23.97 0.106 1904.8 15.11 34.98
PEDR 173.50 171.83 28.43 0.165 349.0 14.13 28.79

#Residual stress ratio is the ratio of residual stress to failure stress
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yield strain and the maximum principal strain have the same
regularity. Additionally, the stress drop characteristics of o,
in the rockburst are distinct. The corresponding stress drop
rate values are given in Table 2. For the PUDR, the stress
drop rate is 4.3 and 5.5 times higher than the SDR and the
PEDR values, respectively. Therefore, from the stress drop
rate perspective, the PUDR and the PEDR have the strongest
and the weakest intensities, respectively.

According to the stress—strain curve in the o, direction,
the loading process of the three types of rockbursts can
be divided into different loading stages, as illustrated in
Fig. 4b—d. For all types of rockbursts, the first two stages
are the initial loading stage (stage I) and the unloading stage
(stage II). The curve of stage I is concave, indicating that
there are noticeable compaction properties in the sample.
While ¢, remains unchanged during the unloading stage, the
strain slightly increases due to the Poisson effect of the free
surface after the unloading of ¢;. The stress concentration
stage (III) of the SDR (Fig. 4a) has evident elastic charac-
teristics, and the specimen shows strain hardening properties
after reaching the yield stress (stage IV). The modulus of
the rockburst stage (V) is mostly the same as the loading
modulus of stage III.

The division of the subsequent four stages is essentially
the same for the stress—strain curves of the PUDR (Fig. 4b)
and the PEDR (Fig. 4c), with prominent differences in the
loadings of stage IV. For the PUDR, the elastic modulus val-
ues of the pulse loading stage (IV) are slightly greater than
the values of the static stress concentration stage (IIT). There
is a short yield platform after reaching the yield stress, and
the peak stress is approximately equal to the yield stress. The
rockburst stage shows the typical characteristics of piece-
wise drop. Specifically, the first stage is the most obvious,
and the subsequent unloading modulus gradually decreases.

(a) 200

150 +

100 +

Stress (MPa)

50

Strain (%o)

60
(b) [ Static ] Pulse [._] Period

However, for the PEDR, the difference between the loading
and unloading elastic modulus in the periodic disturbance
stage and the elastic modulus in the static stress concentra-
tion stage is small. When the disturbance amplitude reaches
a high level, evident plastic characteristics can be noticed.
After reaching the yield stress, the strain increases signifi-
cantly, and rockburst occurs at the stress below the yield
stress. Moreover, the unloading modulus in the rockburst
stage is consistent with the loading elastic modulus in stage
Iv.

3.2 Energy Consumption and Failure Mode
3.2.1 Energy Consumption

Figure 5A illustrates the diagram of the strain energy cal-
culation in the o, direction. If the PEDR is considered as
an example for illustrating the calculation process of the
strain energy, then the total strain energy can be divided
into four parts, as shown in Eq. (5). During the cyclic
disturbance stage of the PEDR, there is energy input and
release in each loading and unloading process. To sim-
plify the calculation process, this study measures the
energy input derived from the final deformation caused
by each level of the disturbance load. Specifically, the
total strain energy is calculated by the outer envelope of
the stress—strain curve during this stage. The elastic strain
energy (U,) accumulated during the early stage of rock-
burst is suddenly released and partially converted into the
kinetic energy of the ejection fragments. U, is the area of
the triangle (Fig. 5a), and the slope of the diagonal line of
the triangle represents the loading elastic modulus. The
dissipation energy (U,,) before rockburst is the difference
between the total strain energy (U) before rockburst and

IS
[
1L

Percentage (%)

3
(=]
1

L T _

Fig.5 a Schematic of strain energy density calculation and b percentage of the different strain energies from the total energy
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U.. During the rockburst stage, the propagation, and the
coalescence of microcracks will lead to energy dissipation
(Uyy), and eventually, the residual strain energy (U,) will
keep inside the parent rock.

U:Ud1+Ue+Ud2+Ur (7)

where, U is the total strain energy; Uy, and Uy, represent
the dissipation energy before and during rockburst, respec-
tively; U, and U, are the elasticity and residual strain energy,
respectively.

Figure 5b is a bar chart that illustrates the proportion
of each type of energy from the total strain energy for the
three types of rockbursts. The specific numerical details
are listed in Table 3. The proportions of U, for the different
types of rockbursts are small, and the maximum value is
only 1.0%. The energy (Uy;) consumed by plastic deforma-
tion before rockburst is less than 8%, and the proportions
of U, and Uy, are more than 40%. Specifically, the PUDR
accumulates the most U, before rockburst, but the dis-
sipated energy during rockburst is the least. In contrast,
the PEDR accumulates the least amount of energy before
rockburst and consumes the most amount of energy dur-
ing rockburst. Therefore, from the energy viewpoint, the
PUDR has the highest intensity, while the PEDR has the
smallest.

3.2.2 Failure Mode

As shown in Fig. 4a, failure during the PUDR is the most
severe and is characterized by the disintegration of the
sample into blocks. However, the SDR and the PEDR sam-
ples still have relatively unbroken parent rocks after fail-
ure. Additionally, distinct shear and tension cracks can be
observed on the surface of the intermediate principal stress
direction of the specimen. For the SDR, the penetrating
shear crack intersects the free surface at 12°, while the
tensile crack is approximately parallel to the free surface.
However, the free surface of the PEDR specimen has an
obvious concave burst pit, and the splitting blocks are rep-
resented by flakes. There are several tensile cracks parallel

Table 3 Strain energy density of the three types rockburst in the o,
direction

Type Total energy den-  Percentage of parts to total strain
sity (mJ/mm?®) energy (%)
Ue Udl Ud2 Ur
SDR 2.14 45.1 6.0 48.3 0.6
PUDR 3.17 48.6 75 434 0.5
PEDR 2.03 41.9 59 51.2 1.0

to the free surface, while the intersection angle between
the shear crack and the free surface is about 45°. There-
fore, the application of cyclic disturbance load causes the
marble to display buckling cracks and bending failure.

Figure 6 illustrates high-speed images of the ejection
failure process for the three types of rockburst. For the
SDR and the PUDR, there are severe ejection phenomena,
while the PEDR has obvious splitting and spalling phe-
nomena, accompanied by a relatively weak ejection. The
rockburst process of the PEDR has the longest duration
(1356 ms), which is about 12 times and 2 times greater
than the SDR duration (116 ms) and the PUDR duration
(680 ms), respectively. Before the three types of rockbursts
occur, there are transverse cracks on the free surface. Fail-
ure of the SDR and the PUDR happens suddenly in both
instances, and the intensity ejection occurs in the middle
and lower parts of the sample. Additionally, the PUDR
also displays local ejection in the upper part of the sam-
ple. The ejection processes of the SDR and the PUDR
are also mostly similar. In the beginning, there are both
horizontal and oblique (downward) ejections. However,
with the development of the ejection process, the ejection
is affected by the interaction between the subsequently
ejected fragments, which causes some fragments to be
ejected with an oblique upward direction. The angles of
the oblique upward and downward ejected fragments of
the SDR and the PUDR are mostly the same, both close
to 90°. Moreover, distinct burst pits appear on the free
surface after the ejection process, and the burst pit depth
of the SDR is deeper than the one created by the PUDR.
Compared to the SDR and the PUDR, the PEDR has evi-
dent characteristics typical for the evolution of rockburst:
cracking, ejection, bending, spalling, and bursting, and a
burst pit area with the largest surface.

By screening the ejected or the broken fragments col-
lected from the different types of rockbursts, the mass dis-
tribution of the fragments with different particle sizes was
calculated as shown in Fig. 7. The proportion of coarse
fragments with particle sizes greater than 10 mm repre-
sents more than 60%, while the proportion of fragments
with particle sizes smaller than 10 mm is less than 20%.
For the PUDR, the mass percentage of coarse fragments
has the lowest value (67%), while the mass percentage
of the smaller fragments (smaller than 10 mm) has the
highest values when compared to the other types of rock-
burst. This suggests that the fragmentation of the ejected
fragments is less intense. On the contrary, for the PEDR,
coarse fragments accounted for more than 90%, indicating
that the break of fragments generated by splitting under
cyclic disturbance load is more intense.
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Fig.6 Ejection processes of rockburst; a—c for the SDR, PUDR and PEDR, respectively

3.3 Ejection Velocity Field

The particle image velocimetry (PIV) method was used to
analyze the high-speed images of the ejection failure pro-
cess. In this case, the horizontal velocity of the ejection pro-
cess was corrected based on the shooting angle. Figure 8
shows the average velocity variation curve of the free surface
and the velocity vector field at typical points for the three
types of rockbursts. For the SDR, the average velocity of the
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Fig.7 The distribution of mass percentage content and the corre-
sponding photos of the ejected fragments
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free surface sharply increases at the initial ejection, and sud-
denly decreases just as the fragments are discharged. When
the fragments are completely separated from the parent rock,
a small number of coarse-sized fragments fall freely, which
causes the average velocity of the free surface to increase
again and subsequently decay to zero.

It can be seen from the velocity vector field that during
the initial ejection the free surface in the middle and upper
parts of the sample shows obvious protrusion phenomena.
However, the ejection only occurs in the fracture area of
the middle and lower parts of the sample. There is a factor
of extrusion convergence in the area where surface cracks
appear. Additionally, the velocity vector direction of the
front edge of the ejected fragments is mainly horizontal to
the right and oblique to the bottom, with a maximum hori-
zontal initial velocity equal to 8.68 m/s. Afterwards, with the
development of the ejection process, the maximum horizon-
tal ejection velocity initially increases and then decreases,
reaching a maximum value of 16.74 m/s. The main reason
for the increase is the forward thrust of the subsequently
ejected fragments. After the interaction between the front
and the rear fragments, the ejection direction of the frag-
ments positioned behind is deflected (from horizontal for-
ward to oblique upward). Moreover, the fragments at the
front edge rebound after encountering obstacles and collide
with the fragments at the rear edge, resulting in the cross-
aggregation or divergence of velocity vectors at similar
locations.
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In the case of the PUDR, the average velocity variation of
the free surface is similar to that of the SDR, but its average
velocity is about 9 times greater. Also, the average velocity
of the free surface reaches its peak at the initial ejection,
and then quickly declines. The initial horizontal velocity is
11.43 m/s (1.32 times greater than that of the SDR), and the
maximum value reaches 17.31 m/s, which is first increasing
and then decreasing. The velocity vector field shows that
the velocity vector at the initial ejection is mainly inclined
upward, which indicates that the reaction force in the lower
part of the sample is more evident, resulting in the formation
of free surface cracks. Additionally, during the early stage
of ejection, the interaction between fragments is obvious.
The upper fragments are thrown down obliquely, while the
lower fragments are thrown up obliquely. After progressing
into the middle stage of the ejection process, the collision
between fragments is strengthened further. This produces the
obvious scattering characteristics of the velocity vector field,
while the velocity vectors in the local area are intertwined.
However, during the following stage of ejection, the interac-
tion is gradually weakened, the continuity of the vector field
is enhanced, and the motion direction is mostly constant.

In comparison with the SDR and the PUDR, the average
velocity evolution of the PEDR can be divided into three
stages: local particle ejection, spalling and burst stages. The
cracking, bending, and spalling processes correspond to the
maximum peaks of the average velocity. When cracks appear
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on the surface of the sample, an obvious mutual extrusion
phenomenon can be seen on both sides of the crack, and
the velocity vector has an approximately opposite direction.
Additionally, when bending occurs, the velocity vector
direction in the fracture area is horizontal to the right, and
the maximum horizontal velocity is only 0.98 m/s. After-
wards, the velocity vector of the surface spalling block has
an oblique downward direction, and when the severe ejection
occurs, the maximum horizontal velocity reaches 5.22 m/s.
Therefore, from the perspective of the initial ejection veloc-
ity, the rockburst intensities of the PUDR, the SDR and the
PEDR decrease successively.

3.4 Characteristics of AE
3.4.1 Parameters Characteristics

Figure 9 illustrates the variation of AE count rates and
energy rates plotted on the stress-time Axes. For the three
different types of rockbursts, the evolution process of the AE
count rates (the parameter of AE activity) and the energy
rates is similar. During the initial loading stage the AE activ-
ity is low. The AE activity is temporarily strengthened when
unloading the minimum principal stress, but the enhanced
AE signals release less energy because the energy rate does
not change significantly. Additionally, during the continuous
variation stage of o, the activity of the AE maintains at a
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Fig.9 Variations of AE counts rate and energy rate with loading path; a—b, c—d and e—f respectively for SDR, PUDR and PEDR

low level over a long period. However, the AE shows strong
activity close to and during the rockburst stage, accompanied
by a large and dense energy release. For the SDR and the
PEDR, the AE count rate has a distinct quiet period before

rockburst, which means that more micro-cracks enter the
quiet period, until the uprush of the AE signals during the
rockburst stage. In contrast, the PUDR doesn’t have a dis-
tinguishable quiet period. Moreover, as far as energy release
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characteristics are concerned, the intense energy release of
the SDR and the PUDR occurs only during the rockburst
stage, while the PEDR also shows a relatively strong energy
release during the application of the 9th and 10th cyclic
disturbance loads. This indicates that the application of the
previously mentioned disturbance loads has produced more
micro-cracks in the specimen.

By incorporating the ejection failure phenomenon of the
three types of rockbursts, it can be observed that the severe
ejection failure of the SDR and the PUDR occurs during
the process of stress decline, which corresponds to the pro-
cess of energy release, and the sudden increase of the AE
count is ahead of the ejection failure phenomenon (Fig. 9b,
d, and f). However, the AE count rate fluctuates during the
rockburst stage, which makes it difficult to accurately cal-
culate the corresponding relationship between the sudden
increase of the AE count rate and the rockburst. Therefore, it
is less practical to use the activity parameters of AE signals
alone as the precursor of rockburst. For the PUDR, there
is a short intermittent period between the two intensity
energy releases. The AE count rate during the intermittent
period maintains a high value, indicating that dense but less
energetic micro-cracks appear in the specimen before the
intensity ejection. However, for the PEDR, the ejection of
fragments and the splitting of blocks appear before the peak
load, which implies that the stress of the specimen after the
local fragment ejection and the spalling further increases.
Consequently, this leads to the final relatively strong ejec-
tion, with the final ejection failure happening during the
stress drop. Moreover, during the loading process of the last
two sinusoidal perturbation waves, the AE activity main-
tains at a relatively active level with an intermittent energy
release.

3.4.2 Multifractal Characteristics

Figure 10 illustrates the multifractal spectrum curves of
the AE counts for the three types of rockbursts. The overall
shapes of the multifractal spectra are analogous, where Af
(@) initially increases and then decreases with the increase
of Aa, indicating that the failure processes of the differ-
ent types of rockbursts are similar. However, the widths of
the multifractal spectrum are different, suggesting that the
microscopic fracture characteristics are distinct. In this case,
A(a) values of the PUDR (1.63), the SDR (1.51) and the
PEDR (0.83) decrease successively, while Af (o) values of
the PEDR (1.20) and the SDR (1.01) have the maximum
and minimum values, respectively. It can be observed from
the physical meaning of Aa and Af () in Sect. 2.4, that
the AE signals fluctuation of the PUDR is the most violent,
while the number of AE signals of the SDR with high energy
values is the most numerous, corresponding to the highest
rupture degree of the specimen. On the contrary, due to the
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Fig. 10 Multifractal spectrum for the different types of marble rock-
burst

periodic disturbance load, the AE signals of the PEDR have
a weak fluctuation, and the number of AE signals with high
energy values is small, corresponding to the low rupture
degree.

Figure 11 shows the variations of the multifractal param-
eters (Aa and Af (o)) of the three types of rockbursts plotted
on the stress-time Axes. Overall, during the initial loading
stage, the multifractal parameters greatly fluctuate. During
the unloading stage, all the types of rockbursts display a
decrease in Aa and a sudden increase in Af (a). In the case
of the PUDR, the variation of Aa is insignificant. After
unloading the o3, the Aa and Af (a) of the different types of
rockburst show considerable variations. For the SDR, Aa
shows a general downward trend, specifically, the decrease
line has the shape of steps during the static stress concen-
tration stage. Additionally, a sudden drop (the decrement is
about 20%) in A« occurs before rockburst, which is followed
by a minor rebound (the increment is only 1.4%). However,
the variation process of Af (a) is exactly the opposite of the
Aa, where the sudden increment before rockburst is also
20%, and a decrease of only 2.6% when rockburst occurs.

In addition, for the PUDR, the changes of Aa and Af
(o) during the stress concentration stage and the pulse dis-
turbance stage are insignificant, and there is a slight down-
ward and upward trend only during the stress concentration
stage. When the rockburst stage is forthcoming, Aa and Af
(a) indicate a sudden decrease (34%) and increase (16%),
respectively. When the rockburst occurs, a sudden increase
(91%) and decrease (10%) is registered, respectively. There-
fore, for the SDR and the PUDR, the fluctuation of the AE
signal before rockburst sharply decreases, and the number of
high energy AE signals decreases significantly. When rock-
burst occurs, the fluctuation of the AE signal is strength-
ened, and the number of high energy AE signals starts to
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Fig. 11 The variation of multifractal parameters with loading path; a-b, c—d and e—f for the SDR, the PUDR and the PEDR, respectively
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increase. In comparison, the fluctuation characteristics of the
AE signals for the PUDR are more distinct, higher energy
AE signals are generated, which corresponds to the greater
rockburst intensity values. For the PEDR, the variation of
the multifractal parameters during the period disturbance
stage is relatively violent, especially after the 5th and 8th
cyclic loads. Before and during rockburst, Aa continues to
decrease to a low level and then remains constant, while Af
(o) initially increases and then decreases and finally remains
stable. That is, before and during the rockburst of the PEDR,
the volatility of the AE signals has been in an increasing
variation process. Therefore, for the three different types
of rockbursts, the number of high energy AE signals first
decreases and afterwards increases before and during the
rockburst, respectively.

Fig. 12 The AE waveform and

3.4.3 AE Waveform Characteristics

Figure 12 illustrates the waveform and the corresponding
spectra of the AE waveform recorded during the rockburst
stage. The waveform is obtained by the first and the last
connection of each micro-crack waveform according to the
sequence of occurrence (Fig. 12b). Regarding the num-
ber of waveforms, the PUDR has the greatest number of
waveforms, and the SDR numbers are closer to the PEDR
ones. The amplitude (voltage) of the PEDR waveform sig-
nal is the lowest, and the maximum value is one-tenth of
the SDR and the PUDR. For the SDR, high amplitude
signals are primarily concentrated at the beginning and
the middle of the rockburst, while the PUDR is more
frequent occurrence during the whole rockburst process.
From the two-dimensional spectra of the AE waveform,
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Fig. 13 Crack type classification for micro-cracks occurred during
the rockburst stage

the main frequency bands of the SDR (127-340 kHz) and
the PUDR (78-306 kHz) have a single-segment distribu-
tion, while the PEDR indicates two main frequency bands
(144-220 kHz and 265-335 kHz). According to the physi-
cal meaning of frequency (low and high frequency rep-
resent large- and small-scale micro-cracks, respectively),
the micro-crack scale of the PUDR is relatively large, fol-
lowed by the SDR, and the PEDR, respectively. Moreo-
ver, the PUDR micro-crack signals are mostly uniformly
distributed throughout the entire frequency band, the SDR
ones are mainly distributed in the left half of the main
frequency band, while the PEDR micro-crack signals are
distributed in two proximal frequency bands.

3.5 Micro-Cracking Mechanism and the Evolution
of Stress

To further analyze the characteristics of tensile and shear
micro-cracks during the rockburst stage, the average fre-
quency and the RA (ratio of rising time to amplitude) of the
three types of rockbursts were calculated. The correspond-
ing relationship is illustrated in Fig. 13. The slope (k) of the
straight line plotted on the AF-RA coordinate system can be
used to distinguish between the tensile and the shear micro-
cracks (the tensile and the shear micro-cracks are positioned
above and below the straight line, respectively). In this study,
k was calculated as the ratio between the maximum values of
AF and RA (Yue et al. 2020). Additionally, Fig. 13 also indi-
cates the percentages of shear and tensile micro-cracks of
the three types of rockbursts. Overall, the rockburst stage is
dominated by tensile micro-cracks, accounting for more than
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Fig. 14 Variation of b-values of the AE signals occurring during the
rockburst stage

70%. The proportion of shear micro-cracks in the PUDR, the
SDR and the PEDR decreases successively, indicating that
rapid loading (in the o, direction) will strengthen the shear
effect, while period disturbance aggravates the rock damage
and weakens the shear effect.

Figure 14 illustrates the evolution process of b-values
corresponding to the AE signals generated during the rock-
burst stage. Due to the distinct number of waveforms for the
different types of rockbursts, 20 values (that is, the wave-
form is divided into 20 sections) are selected to facilitate
the presentation of the b-values’ evolution process. Addi-
tionally, previous studies (Schorlemmer et al. 2005) have
shown that the b-value can be used to represent the internal
stress variations (or stress difference) in the rock. The size
of the b-value is inversely proportional to the stress, which
means that the increase and the decrease of b-values repre-
sent the release and the concentration of stress, respectively.
It can be seen from Fig. 14 that the b-values of the SDR and
the PUDR indicate a general downward trend, but slightly
increase during the initial period of the rockburst. Addition-
ally, the PUDR b-values are smaller, while the PEDR b-val-
ues show a fluctuating variation process. Therefore, for the
SDR and the PUDR, the stress of the specimen was released
when ejection occurred, and gradually concentrated with the
development of the ejection process. The overall stress con-
centration trend was still accompanied by the stress release
of individual periods. Moreover, for the PEDR, stress release
and concentration appear alternately, which is related to the
ejection of small particles on the free surface, the splitting
and spalling of fragments, and the overall burst. All these
characteristics correspond to the stress release.
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Table 4 Early warning times of

T Earl i
three types rockburst pe ti;rey(:;/armng
AT, AT,
SDR 1.14 0.02
PUDR 0.24 0.03
PEDR 1.88 0.18

3.6 Early Warning Time

As discussed in Sect. 3.3.2, the multifractal parameter Af
(o) increase and subsequent decrease can be used as the
precursor feature of the rockburst, while the inflection point
of increase and decrease can be accepted as early warning
signals to calculate the early warning time AT (Fig. 15a).
Additionally, the stress drop can also be used as the pre-
cursor of rockburst. In the existing literature (Lou et al.
2019), the stress drop is regarded as a precursor index of
rock mass instability which has been confirmed in the field
of seismology and landslides. Rockburst occurrence in the
surrounding rock mass needs to satisfy the following two
conditions (Fig. 15b): the first one needs to meet the stress
condition, that is, the stress value reaches the strength of the
rock (the point after the peak); the second one needs to meet
the velocity condition. When the first condition is satisfied,
the failure of the surrounding rock generates fragments, and
the latter process needs to have a certain speed. Addition-
ally, the stress drop produced by the failure causes the frag-
ments to generate acceleration. The acceleration conversion
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to speed requires a certain amount of time. Therefore, the
stress drop happens before the rockburst phenomenon, and
the progress time can be used as an early warning time, spe-
cifically AT, (Fig. 15a). Furthermore, Table 4 lists the early
warning times of the different types of rockbursts calculated
according to the two precursors. The AT of the PUDR, the
SDR and the PEDR increases successively. Thus, for rock-
bursts with high intensities, the early warning time is rela-
tively short. However, in the case of AT),, the AT, values for
the SDR and the PUDR are relatively small, which are one
order of magnitude lower than those of the PEDR. There-
fore, for practical applications, two kinds of precursors can
be integrated for early warning detection. Specifically, the
multifractal precursor of the AE can be applied for long-
term monitoring and early warning, and the stress drop can
be used for short-term monitoring and imminent warning.

3.7 Discussion on the Applicability and Limitation
3.7.1 Applicability

AE technology is mainly used in laboratory rock mechanic
tests because the common AE sensors (response frequency is
larger) receive only small range of microcrack signals. How-
ever, in the field monitoring, the MS technology is usually
used for rockburst warning. The precursory characteristics of
rockburst were analyzed from the source parameters such as
events, energy, seismic torque and apparent stress (Ma et al.
2020; Xu et al. 2022). In this paper, the experimental results
of rockburst under different loading paths (SDR, PUDR,
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PEDR) were compared with the field monitoring results. It
is found that the multifractal parameter Af{a), calculated by
AE counts, increases before rockburst and decreases dur-
ing rockburst, which is opposite to the variation of Af{a)
based on the MS waveform during the coal burst (Li et al.
2017) and slope rock mass failure (Mao et al. 2020). There-
fore, in terms of rockburst monitoring using multifractal of
MS waveforms, the precursor should be further discussed
in combination with the specific project. Additionally, Ma
et al. (2018) monitored the rockburst by MS technology and
found that the apparent stress has a significant downward
trend before rockburst. Moreover, there was also a signifi-
cant stress drop before the ejection failure of rockburst under
different loading paths. Therefore, the idea of long-term
monitoring and short-term early warning using multifrac-
tal and stress drop still has reference significance for field
application.

3.7.2 Limitation

The stress paths of PUDR and PEDR designed in this
paper are different from the actual conditions. The
stress drops caused by small scale fault dislocation
are ~3-10 MPa (Wang et al. 1995). Additionally, with
the increase of distance from the fault, the stress drop
will be further reduced. While during the PUDR test, the
increment of pulse load is close to 150 MPa. Because the
strength of the rock used in the test is much higher than
that of the rock mass in the field, the best method is to
equivalently convert the stress increment according to a
certain similarity ratio. However, many factors should be
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Fig. 16 Stress—strain curves (in the o, direction) of the repeated tests

considered, such as the scales of the fault and the potential
rockburst area, the size effect of the sample, etc., which
is not conducive to simplifying the problem and revealing
the rockburst mechanism. Therefore, a single pulse-type
disturbance was used directly. Moreover, in addition to the
stress drop caused by the fault dislocation, the local frac-
ture of the rock mass will transmit energy in the form of
seismic waves (Alcott et al. 1998), which also have influ-
ence on the trigger of rockburst. However, the influence
of the seismic waves induced by the fault dislocation was
not considered in this paper. Because the single pulse has
made rockburst occurs. Even if there is additional seismic
wave disturbance, the influence is limited.

For the PEDR, firstly, the rockburst stress is unknown.
Therefore, in order to obtain the rockburst stress closest
to the reality, the disturbance amplitude was increased by
gradient (10 MPa, 5% of the peak stress of SDR). Sec-
ondly, for a single blasting source, the amplitude of the
disturbance wave decreases with the distance from source
increasing (Li et al. 2009). However, when the tunnel is
continuously excavated and pushed forward by drill-blast-
ing method, the distance between the location of blasting
source and the potential rockburst area is gradually short-
ened, and there is an increment of disturbance amplitude.
Additionally, if the tunnel advance distance is short, i.e.,
the blasting source is relatively fixed, the multiple blasting
will also cause the accumulation of damage. The method
(similar to the overload method) by gradient increasing
the disturbance amplitude can approximately simulate the
rockburst influenced by the cumulative damage of the rock
mass (Feng et al. 2018; He et al. 2017; Hu et al. 2020).

Finally, the action direction of disturbance load was
not considered in this study. The rockburst occurred at the
Jinping II Hydropower Station shows that the rockburst
is mainly driven by the development of rock fracture in
the surrounding rock after excavation (Feng et al. 2012).
If there is dynamic disturbance, the effect of disturbance
will reflect in the three principal stress directions. Addi-
tionally, the existed studies have shown that the direction
of the disturbance load has a significant influence on the
rockburst characteristics (Liu et al. 2021). The influence
of the direction, the amplitude, and the frequency of the
disturbance load can be specifically studied as a topic.
Moreover, Su et al. (2017c¢) have discussed the influence
of the frequency and amplitude of the disturbance on the
rockburst. However, the main focus of this paper is the
influence of different stress paths on the precursory char-
acteristics of rockburst. If the disturbance direction and

@ Springer



1964 F.Renetal.
250 -0.8 0.5
——Stress o Afla) —*— Aa 124 ——Stress  —e—Aaq —o— M)
200 -
B - ) o 16 1™
200 q—._."'._/. 120 1. Rock burst|stage
e wE 4 -05
e 150
£ 150 : 116 - . St o
[ 7 Rock burst stage o o ——e¢ v e ly 4 -1.0 o
= -] ¥ & |/ & 5
: < S5 § E ‘l‘ g 412 §
5 oo e —0—o¢* 00 1 2 1004 I 4 -15
= 100 ~ o —0—0— 08— o o —0%,|
7 \ k= \
\ n \
\ b 408 | 420
%o 430 [
L4 6t 50 | |
50 T d0s Jas
404
0 T T T T T T T T 24 0 T T T T T T T 3.0
2320 2340 2360 2380 2400 2420 2440 2460 2480 2500 2340 2360 2380 2400 2420 2440 2460 2480 2500
Time (s) Time (s)
(a) 2 SDR (b) 3 SDR
250 0.0 250 0.0
Stress Rock burst stage | 5 Stress _ Rock burst stage
s N — . 2.0
200 4 A7 P 200 1 N
T i d1.84-02 % v {02
. - Af (@) Y/
=150 1 £ 150{g—*———— | A e
& 116 o B | / I
=3 % 3 J.04 N é o g— \ L/ % 3 j P
@ Ao < R 5 Aa : / < il
S e P
B 1004 —e— " 1.4 = 100 4 \ /
21001 y Z 100 v, ‘ s
41.24-0.6 4-0.6
504 50 4
\ - 1.4
230
0 T T T T -0.8 0 T T T T 0.8
883 884 885 886 887 888 937 938 939 940 941 942
Time (s) Time (s)
(c) 2" PUDR (d) 3¢ PUDR
180 04
Stress Rock burst stage 180 Stress Rock burststage 416 -04
1604 4 ) A A « 416 A Nl lf'v\‘ ||\“ |
N n n - 160 4 \" L O N L N
L O T B | .08 A A A
77,1 I L S O O B I (ry i
b fded | (1 1404 || L &l |1 " --0.8
_.I |.T \ I | | + .—l.""{+\'|~.‘| “\‘ | | =1 132
= 120 ‘ lo J i | | “ve/ |
£ BERR TN 12 Laa  guoq () [T
1004 [ || || W N ¥ = | | T T ' o
] | 1 \¢‘.,|\ - = 1004 | | | 1\ ) . F-1.2 <
8 | ‘\ \ AT\ ' < - @ || | \‘ | \ [ A ° 3 | %
@ 80 \ |" ‘Iﬂ |I ‘\ |® I‘I‘ P || A/ (a) L2Lg = g 80 - ‘\‘ { h | ‘I | lI | | ‘Il <108 <
Yo UP ¥ TR S - 108 * y v U/ k:
" ) - oo N
604, d &N A, 60 ) N, Ao L 1.6
a— @ — ¢ ‘——o—@
.,
40 e 404 104
1 04
204 20 2.0
T T T 2.4 T T T
2310 2320 2330 2340 2350 2320 2330 2340 2350 2360
Time (s) Time (s)
(e) 2" PEDR (f) 3¢ PEDR

Fig. 17 The variation of AE multifractal parameters for the repeated tests

@ Springer



Characteristics and Precursor of Static and Dynamic Triggered Rockburst: Insight from... 1965

other variables are introduced, the focus of the paper will
be restricted to a certain extent, and also making the paper
lengthy, so it is not considered in this study.

4 Conclusion

In order to explore the differences between static-driven
and dynamically triggered rockburst characteristics of
marble, true triaxial unloading rockburst tests under three
different loading modes were carried out. The characteris-
tics of the different types of rockburst were compared and
analyzed under distinct aspects, specifically stress—strain
curve, energy consumption, failure mode, ejection features
and AE multifractal characteristics. Finally, the reason for
the obtained differences, as well as the early warning time
based on the multifractal parameter and the stress drop
were discussed. The main conclusions are:

1. The rockburst stresses of the PUDR, the SDR and the
PEDR decrease successively, which means that the
PEDR and the PUDR are the most prone and the most
difficult to occur, respectively. There are yield points for
the different types of rockburst stress—strain curves, but
they show diverse trends after yielding. The PUDR, the
SDR and the PEDR are characterized by a yield plat-
form, strain hardening and strain softening, respectively.

2. The rockburst intensities of the PUDR, the SDR and the
PEDR decrease successively, so the stress drop rate and
the initial ejection velocity decrease with the same pat-
tern; the residual stress ratio and the dissipation energy
percentage during the rockburst stage increase succes-
sively.

3. The multifractal spectra characteristics of the AE indi-
cate that the PUDR AE signals have the most violent
fluctuations, while the SDR ones involve more high
energy signals. However, the PEDR AE signals have
fewer fluctuations and possess fewer high energy signals.

4. The rockburst stages of the PUDR, the SDR and the
PEDR are dominated by tensile micro-cracks, and the
tension effect increases successively. The AE b-values
for the PUDR and the SDR denote a downward trend,
indicating that the stress inside the sample is continu-
ously concentrated after the ejection process. However,
the PEDR b-values vary in the form of fluctuations,
indicating that stress release and concentration occur
alternately.

5. The initial increase and then decrease of the AE mul-
tifractal parameter Af (@) can be used as the precursor
of different types of rockburst. The early warning time
is related to the rockburst intensity, which implies that
greater intensity values indicate a shorter early warning

time. Additionally, the stress drop can be used as a short-
term and imminent prediction precursor of rockburst.
For rockbursts with similar intensities (both strong), the
early warning time is close, but they are shorter than the
early warning time of weak rockbursts.

Appendix A: The Repeatability
of the rockburst tests

In order to ensure the reliability of the results, the repeat-
ability tests were carried out. As shown in Fig. 16, the
peak stresses of the three tests under the different load-
ing paths are closed, which are 199.5-212.2 MPa (SDR),
226.8-233.9 MPa (PUDR), 163.9-174.2 MPa (PEDR),
respectively. From the perspective of multifractal, as
shown in Fig. 17, the variation of multifractal parameters
of three samples under each loading path is consistent dur-
ing the rockburst stage.
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