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Abstract

The fast unloading delayed rockburst experiments on single-side, double-side, three-side, and four-side were carried out
using the self-developed true triaxial rockburst experimental apparatus, which can realize the fast unloading of multiple
loading surfaces in the horizontal direction under high stress. The rockburst experiment’s stress—strain curve, energy evolu-
tion, failure characteristics, and acoustic emission (AE) characteristics are investigated. The results show that the rockburst
gradually reduces the axial peak stress and strain when increasing the number of unloading surfaces (NUS). The rise in the
axial strain at the fast unloading point will progressively grow when the NUS increases, indicating that the sample’s expansion
in the unloading direction will gradually increase. Fast unloading causes unloading damage, which causes a sudden rise in
dissipated energy at the unloading point. The total energy and elastic strain energy input by axial stress at the bursting point
gradually declines when the NUS increases, but the dissipated energy increases. The release rate of elastic strain energy
at the bursting point increases when the NUS increases, and the rockburst becomes more intense. The abrupt value of the
cumulative AE hits at the fast unloading point and the cumulative AE hits at the burst point increase with the NUS increase.
The changing trend of the multifractal parameter, which initially decreases and then rises abruptly, can be regarded as the
precursor of rockburst. The hysteresis of the precursor of rockburst grows when the NUS increases.

Highlights

e The fast unloading delayed rockburst tests on single-side, double-side, three-side, and four-side were carried out using
the self-developed true triaxial rockburst experimental apparatus.

¢ Energy analysis and high-speed recording of the rockburst process found that the severity of the rockburst does not depend
on the amount of elastic strain energy stored in the rock sample but rather on the release rate of energy at the rockburst
point.

e The changing trend of the multifractal parameter, which initially decreases and then rises abruptly, can be regarded as
the precursor of rockburst. The hysteresis of the precursor of rockburst grows when the NUS increases.
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59 Donggiao Liu 1 Introduction
liudonggiao @yeah.net

0¥ Manchao He With the development of rock engineering to the depth,
hemanchao@263.net the initial in-situ stress of excavated rock mass gradually

increases. The stress concentration of surrounding rock

Key L. fi Mechani D . . . .
State Key Laboratory for GeoMechanics and Deep caused by engineering excavation is more pronounced,

Underground Engineering, China University of Mining

and Technology, Beijing 100083, China which leads to the increasingly prominent problem of rock-

> Norman B. Keevil Institute of Mining Engineering, burst (He et al. 201.8). A rockburst seriously affects the ¥1fe
University of British Columbia, Vancouver, BC V6T 174, safety of construction personnel and the regular operation
Canada

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-023-03311-5&domain=pdf

5586

J.Lietal.

of engineering equipment and is among the most dangerous
disasters in rock engineering. With the increasingly promi-
nent problem of rockburst, many rock mechanics researchers
have carried out much research on rockburst (Ortlepp and
Stacey 1994; Kaiser et al. 2001; Wang and Park 2001; Stacey
2016; Feng et al. 2017; Si and Gong 2020). However, unfor-
tunately, the mechanism of rockburst is still an unsolved
problem. With the true triaxial instrument development, the
research on rockburst simulation experiments has gradually
increased. Through the true triaxial equipment to simulate
the rockburst experiment with an engineering background,
reproduce the rockburst phenomenon indoors, and obtain a
large number of the rockburst evolution data through vari-
ous advanced monitoring equipment, to make the research
of rockburst more transparent and concise, which is critical
in revealing the rockburst mechanism.

With the deepening of people’s understanding of rock-
burst, rockburst simulation equipment and experiments are
constantly updated and developed. Since Cook (1963) used
a uniaxial compression experiment to explore pillar rock-
burst, many scholars have conducted many uniaxial com-
pression rock mechanics experiments to simulate rockburst
(Zhang et al. 2020; Wang et al. 2020; Gong et al. 2022).
The uniaxial compression rockburst simulation test adopts
the oil pressure control system. When the load reaches the
peak point, the unloading is caused by the slow oil supply
speed of the oil circuit, and it is challenging to realize the
simulation of the rockburst throwing phenomenon. Gu et al.
(2014) used a combination of spring and loading systems
to simulate a rockburst. The spring can store energy to sup-
plement the unloading of the hydraulic system at the peak
point. Fakhimi et al. (2016) designed a mild steel frame to
simulate the roof structure in the mining system and com-
bined it with the loading equipment to simulate the pillar
rockburst. In the biaxial compression test, Steif (1984) car-
ried out a biaxial compression rockburst test and studied
the law of rock crack growth under stress loading. Zhang
et al. (2017) also conducted biaxial compression rockburst
simulation experiments to study the dominant frequency
characteristics of AE from rockburst. Uniaxial and biaxial
compression tests cannot simulate excavation unloading,
while the unloading effect of deep high-stress rock mass will
be more serious. To fully consider the impact of excavation
unloading on rockburst, Cai et al. (2001) studied the energy
storage performance and rockburst prediction of deep rock
mass in Linglong Gold Mine through conventional triaxial
unloading tests. The triaxial stress state of the original rock
and the influence of the second principal stress on the rock
mass strength during the excavation of deep underground
rock mass engineering can’t be simulated and studied by
conventional triaxial tests. The true triaxial equipment is
used to carry out triaxial loading to simulate the rock mass's
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initial triaxial stress state. The rapid unloading is used to
simulate blasting excavation, which is more consistent
with the rock mass stress state transformation in engineer-
ing practice. However, the true triaxial loading equipment
uses the hydraulic system for loading and unloading. Due to
the viscosity of hydraulic oil, it isn’t easy to achieve rapid
unloading, which is very different from the actual unloading
speed of blasting excavation. Aiming at this problem, He
et al. (2010, 2012) developed a true triaxial rockburst test
equipment that can be quickly unloaded under true triaxial
high-pressure loading to form a free face and reproduced
the rockburst disaster phenomenon in the process of deep
underground chamber excavation indoors, and studied the
occurrence process, AE evolution characteristics and rock-
burst fragments. Akdag et al. (2018) used this rockburst
experimental system to carry out the influence of different
degrees of thermal damage on the deformation rockburst. Li
et al. (2017) carried out the “static stress +dynamic distur-
bance” rockburst experiment on the wall of a deep, circular
cavern. They expounded the dynamic and static combined
loading mechanism of different types of rockburst. Su et al.
(2019) used the self-developed true triaxial rockburst test
system that can realize single-sided rapid unloading and
studied the rockburst ejection process and debris ejection
velocity with the help of high-speed cameras. Wang et al.
(2021) studied the dynamic characteristics of the time—space
entropy of rockburst AE by carrying out a true triaxial sin-
gle-sided rapid unloading granite rockburst experiment.
The experimental results provide a new method for rock-
burst prediction. He et al. (2014) developed a true triaxial
impact rockburst experimental system that can apply mul-
tiple disturbance waveforms in three loading directions for
the rockburst phenomenon induced by rock mass excavation
under dynamic load. The energy is analyzed, and the energy
discrimination method of impact rockburst is established.
Bruning et al. (2018) developed a triaxial loaded hollow
cylinder test method to simulate the small rockburst test
and study the effect of deviator stress on rockburst charac-
teristics. Das and Singh (2022) simulated tunnel rockburst
by developing rock samples with holes, and predicted rock-
burst by AE. Wibisono et al. (2023) used a mini-tunneling
machine to excavate on a true triaxial loaded cube sample
to simulate rock burst during tunnel excavation. To sum up,
the above rockburst experimental studies are all aimed at
the rockburst phenomenon (roadway rockburst) with only
one free-face rock structure. However, complex underground
rock mass engineering also has roadway intersections with
two free faces, three free faces pillars, and four free faces
pillars (Esterhuizen et al. 2011). These rock structures with
multiple free faces are more likely to produce stress concen-
tration, and the unloading effect is more prominent, leading
to rockburst. The excavation method of rock mass in deep
underground engineering mainly adopts blasting excavation,
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which is a transient unloading process (Lu et al. 2012).
Rapid unloading of rock mass under high pressure is bound
to cause rapid unloading damage to the rock mass (Xie and
He 2004; Qiu et al. 2014). The current rockburst experiment
mainly aims at the rockburst phenomenon with one free face.
There are few reports on the simulation of rockbursts with
multiple free faces and the study of the unloading effect of
multiple faces.

This paper uses a new rockburst experiment system to
carry out delayed strain rockburst experiments on sand-
stone with one-sided, double-sided, three-sided, and four-
sided rapid unloading. To study the change characteristics
of rockburst as the NUS increases. The following chapters
analyze the stress—strain, energy evolution, failure process,
and AE evolution of the multi-side rapid unloading rock-
burst experiment. At the same time, the strain, energy, and
AE characteristics at the fast unloading point are analyzed
emphatically to study the fast unloading effect. This experi-
mental research is of great significance to the unloading
effect of rapid unloading of rock mass under high pressure
and the rockburst characteristics of rock mass structures with
multiple free faces.
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2 Experimental Procedures
2.1 Multi Free Face Rockburst Simulation Method

Figure 1a shows the three-dimensional (3D) stress change
state of roadway rockburst surrounding rock unit before and
after rock mass excavation. It is in a 3D stress state before
excavation, and a free face is generated after the formation
of the roadway. The stress perpendicular to the free face
becomes zero, and the rock mass unit changes from a 3D six-
face stress state to a 3D five-face loading state. As the inter-
nal stress near the vertical free face of rock mass decreases
to zero with the stress perpendicular to the outside of the
free face, the stress perpendicular to the inside of the free
face is also in a minimal stress state. Some scholars regard
the stress state after roadway excavation as a biaxial com-
pression state (Fan et al. 2018). Figure 1b shows the chang-
ing state of 3D stress before and after excavating the inter-
mediate rock mass unit sandwiched by two similar roadways.
The rock mass is in the state of 3D stress before excavation.
After the two roadways are excavated simultaneously, two
free faces are generated, and the stress state is also changed
from a 3D stress state to a two-dimensional (2D) stress state.
Figure 1c shows the 3D stress change of pillar rock mass
structure with three free faces before and after excavation.
First, excavate to form a free face, and then excavate two tun-
nels simultaneously. The rock mass structure in the middle
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Fig.1 Stress transformation diagram of rock mass structure of multiple free faces before and after excavation. a Single free surface rock mass
structure, b double free surfaces, ¢ three free surfaces, and d four free surfaces
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has three free faces, and the stress state changes from 3D
stress to axial stress and horizontal stress of one loading
surface. Because the stress in the horizontal direction of rock
mass element and its relative stress becomes zero, the rela-
tive stress in the horizontal direction of rock mass is also in
a small state. Figure 1d shows the stress transformation of
the pillar rock mass unit with four free faces before and after
excavation. Before excavation, the rock mass unit is in the
stress loading state of three directions and six faces. After
excavation, four free faces are generated in the horizontal
direction. The stress state of the rock mass unit changes to a
one-way stress state, and the stress in the horizontal direc-
tion is zero.

Figure 2 is the true triaxial loading and unloading stress
path diagram of the rockburst experiment of multi-face rock
structures. Figure 2a shows the stress loading path of single-
side fast unloading of rockburst (He et al. 2018). First, the
true triaxial 3D stress is loaded to the designed initial stress
state of the original rock, and it is kept for some time so
that the 3D stress is stably applied to the sample. Then fast
unload the stress 631 of a loading surface in the direction of
the minimum principal stress 63 after the end of the hold-
ing. Finally, the axial direction stress 61 is increased until
the rockburst occurs. Note: When the loading surface stress
631 is unloaded in the o3 direction, the relative loading
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surface stress 632 decreases to a small value but not zero at
the same time. This minor stress is provided by the friction
force caused by the loading stress in the other two direc-
tions. This small stress corresponds to the minor stress still
existing in the rock mass near the free surface of the site.
Figure 2b shows the stress loading path of the double-side
fast unloading of the rockburst. After the end of the holding
load, the stress of the two loading surfaces in the ¢3 direc-
tion is fast unloading simultaneously. Figure 2c shows the
stress loading path of the three-side fast unloading of rock-
burst. After the end of the keep loading, the stress of the two
loading surfaces in the 63 direction is rapidly unloaded, and
then the stress 621 of one loading surface in the 62 direc-
tion is unloaded. The stress 622 of the other loading surface
in the same o2 direction as the single-sided unloading is
maintained with smaller stress. Figure 2d shows the stress
loading path of the four-side fast unloading of rockburst.
After the end of the holding load, the stress of the two load-
ing surfaces in the o3 direction is quickly unloaded. Then
continue to unload the stress of the two loading surfaces in
the 62 direction. After the unloading is completed, increase
the axial stress to simulate the stress concentration until the
rockburst occurs. The loading initial in-situ stresses 61, 62,
and o3 set in this study are 120 MPa, 60 MPa, and 30 MPa,
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Fig.2 True triaxial stress loading path of multi-facet unloading rockburst experiment. a Single-side fast unloading, b double-side fast unloading,

¢ three-side fast unloading, and d four-side fast unloading
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respectively. The experiment adopts stress control loading,
and the loading speed is 2kN/s.

2.2 Experimental Sample

To control other variables that affect the experimental results
in this experiment, fine-grained red sandstone with relatively
high homogeneity was used as the experimental sample, as
shown in Fig. 3. The sandstone is selected from Changsha,
Hunan, China. The sandstone size is 150 mm cube, and the
uniaxial compressive strength is 117.28 MPa. SEM scanned
the sandstone, and Fig. 4 shows the 100-fold and 200-fold
SEM images of the sandstone sample. The microscopic
scanning results show that the cross-section of the sample
is composed of coarse-grained crystalline substances, and
the cementation between the particles is good, with promi-
nent weak surfaces and voids. SEM observation shows that
sandstone is a kind of heterogeneous porous material. Due
to the existence of microcracks and original cracks, when
the sample is initially loaded, many AE signals will appear
due to the compaction of the original cracks. Tables 1 and
2, respectively, list the relative content of the whole rock
and the clay mineral composition of the sandstone used in
the experiment. Its main minerals are plagioclase, quartz,
clay minerals, and a small amount of potassium feldspar,
calcite, hematite, and laumontite. Clay minerals are mainly
composed of green montmorillonite and illite. It can be seen
from the table that the low clay mineral content of sandstone
may lead to strong rockburst (He et al. 2020).

2.3 True Triaxial Rockburst Experimental System

The new-generation rockburst experimental system
was independently developed by the State Key Labora-
tory of Deep Geotechnical Mechanics and Underground

Fig.3 Experimental samples.
a Overview of sandstone
specimens, and b sandstone
specimen

Signal A= SE2

EHT=20.00kV  WD=11.0mm Mag= 100X

Fig.4 Sandstone scanning electron microscope (SEM) pictures. a
Amplified 100 times, and b amplified 200 times

Engineering (Beijing) (He et al. 2021a), as shown in (Fig. 5a,
b). The maximum axial loading force of the experimental
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Table 1 Relative content
of mineral components for
sandstone Quartz Potash feldspar Plagioclase Calcite Hematite Laumontite Clay mineral

Mineral content (%)

16.0 4.2 68.6 2.8 1.3 2.1 5.0

Table 2 Relative content of

. Relative content of clay minerals (%) Mixed layer ratio
clay mineral components for (%S)
sandstone
S /S It Kao C C/S I/S C/S
/ / 16 / / 84 / 50

S smectites, I/S Imon mixed layer, /7 illite, K kaolinite, C chlorite, C/S green smectite layer

system is 5000 kN, and the maximum horizontal loading  sandstone is very short, showing prominent brittle character-
force is 2000 kN. The experimental system is equipped istics. After the true triaxial stress is loaded to the set initial
with both an AE system and a high-speed camera system  in-situ stress state, the fast unloading of the horizontal stress
to monitor the damage evolution process of internal cracks  is carried out. As the figure shows, there will be an unload-
and the rockburst ejection process during rock loading. The  ing platform. Note: during the fast unloading of horizontal
high-speed camera system includes two AcutEye high-speed  stress, the axial stress remains unchanged. This is because
cameras (Fig. 5Sc—e). Each camera can store up to 40 min at  the rapid unloading of sandstone in the horizontal direction
1000 frames/s, with a resolution of 1024 X 1024. The two  under true triaxial high pressure will lead to the expansion
cameras are connected to memory through a synchroniza-  of sandstone along the unloading direction. According to the
tion controller, which can achieve high-precision synchro-  Poisson effect of the rock, the rock will become longer in the
nous shooting. The AE monitoring equipment used in this  horizontal direction and will inevitably become shorter in
experiment (Fig. 5f, g) is shown as the Micro-II acoustic the axial direction (Gercek 2007). Therefore, the expansion
emission monitoring system of PAC Company. Its built-in ~ of unloading rock will lead to a sudden increase in axial
processor can analyze the sampled signal in real-time, the  strain, resulting in a rapid unloading platform. This experi-
maximum signal amplitude is 100 dB, and the maximum  ment adopts stress-controlled loading. When the sample
sampling rate that can be achieved is 40Msps. The amplifier =~ shortens in the axial direction, the cylinder needs a more
uses a ‘“2/4/6” type signal amplifier with three amplification  significant displacement to compensate for keeping the
levels of 20, 40, and 60 dB, in this experiment, 40 dB is stress unchanged, so an unloading platform is created on
selected. The probe adopts a Nano-30 type sensor (Fig. 5Sh)  the stress—strain curve. As the figure shows, the width of
whose frequency response range is 100500 kHz. All probes  the unloading platform increases gradually from the single-
are placed outside the pressing plate. Vaseline is applied  side unloading to the four-side unloading axial stress—strain
between the ceramic sheet and the pressing plate on the sur-  curve, which also shows that with the increase of the NUS,
face of the probe to ensure a close fit. The probe is fixed to  the expansion phenomenon of the sandstone in the unloading
the surface of the pressing plate through a resin shell witha  direction is more prominent. When the axial stress is loaded
magnet. In addition, a reaction spring is placed in the resin  to the ultimate stress, the rockburst occurs, the sandstone
shell to ensure close contact. loses its bearing capacity, and the stress—strain curve after

the peak rapidly drops to the minimum value. Through linear

fitting of the post-peak curve, it is found that the confining

3 Results and Discussions pressure constraint decreases gradually with the increase of
the NUS, and the slope of the post-peak stress—strain curve
3.1 Analysis of Stress—Strain decreases gradually after the rockburst. This is because it is

easier for the rock to lose its bearing capacity after the peak
Figure 6 is a typical multi-side unloading rockburst  when the confining pressure constraint decreases. Table 3
stress—strain curve. As the figure shows, the axial lists the stress and strain parameters of rockburst with multi-
stress—strain curve of sandstone can be divided into five  side unloading. The drop time of the peak stress in the table
stages. Because the four-side unloading rockburst axial  refers to the time required for the axial stress to drop from
stress—strain curve has no yield stage, it is only divided into  the peak stress to the minimum value after the burst.
four stages. As the figure shows, the yield stage of the axial It can be seen from Fig. 7a that the axial peak stress of
stress—strain curve of the multi-side unloading rockburst of ~ the rockburst decreases gradually with the increase of the
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(a)

Strain burst system ? |

High speed camera
system

Fig.5 Laboratory set-up for multi-side fast unloading rockburst
experiment. a True triaxial rockburst experiment system, b system
console, ¢ high-speed camera, d high-speed camera headlamp, e

NUS, which is caused by the gradual decrease of confin-
ing pressure of the rockburst with the increase of the NUS,
which is similar to the lower peak strength of rock with the
smaller confining pressure in conventional triaxial compres-
sion tests (Yang et al. 2020; Yu et al. 2021). It can be seen
from Fig. 7b that the axial peak strain of the rockburst gradu-
ally decreases with the increase of the NUS, indicating that
the peak strain corresponding to the axial peak stress also
gradually decreases with the decrease of the confining pres-
sure after the unloading is completed. It can be seen from
Fig. 7c that the increment of the axial strain of the rockburst

AE system

| Control system
page

(h) AE sensor

i
I S

JHH'I

high-speed camera system record page, f AE sensor position, g AE
system, and h AE sensor

at the rapid unloading point increases with the increase of
the NUS. Figure 7d shows the time taken for the axial peak
stress to drop to the minimum value at the bursting point.
As the figure shows, with the increase in the NUS, the peak
stress decline time is shorter. Hence, the sandstone loses its
bearing capacity faster and faster after the burst occurs. The
elastic strain energy accumulated in the sandstone is released
faster and faster.

@ Springer



5592 J.Lietal.
200 s 200 €
| [— ol Burst |[— ol Burst
— o2 62
1604 |—— 53 d 160 4|— 53
c f ¢
= i "o Unloadin
© 120 Unloading | / & 120 4 g ¢
s 2 /
o o
@ 2 b
v Equation y = a * b¥x et - —
80 | qua 80 - o
% b Intercept 848.97158 + 0.3140 & Equation y=a : :\
\ -31.18232 + 0.0129 Intercept 1311.16137 + 1.3
Slope : - 10202 I U.01s Slope -55.13608 + 0.05
Pearson s -0.99999 Pearson’ s -0. 99996
20 4 R square 0.99999 20 4 |R square 0. 99993
. Unloading
Unloading a
a
0 — 0 -
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Strain (102) Strain (10
(a) (b)
200 200
— ol ol
o2 o2 Burst
160 H |[—— &3 160 o |—— &3 d
.c
Unloading
~ ~ \
120 - @ 120 -
o
S e
2 2
c
a = 2 b
5 v = a + b¥x bt 4 " -
£ %7 Invorecpt 1764, 49337 £ 4 5% N/ [Bauation” v = a * bx
n Unloading ezl ol Bt = Unloading Intercep 2338. 66878 + 5
Slope 82.12419 + 0. 5 77975 +
Pearson’ s -0.99979 ;lope *ll_blégéf[l +0
R square 0. 99958 i square . {
40 1 40 a Unloading
0~ T T T T T T T T T 0 v T T T g T T T T
0 5 10 15 20 25 0 5 10 15 20 25

Strain (103

(c)

Strain (103)

(d)

Fig.6 Stress—strain curve of multi-side unloading rockburst. a Single-side fast unloading, b double-side fast unloading, ¢ three-side fast unload-

ing, and d four-side fast unloading

3.2 Analysis of Energy Evolution

Many scholars agree that analyzing rock's damage and
failure process under compression from the standpoint of
energy is essential. The deformation and failure of rock is
essentially a non-equilibrium thermodynamic process that
involves energy input, energy accumulation, energy dissi-
pation, and energy release during failure (Zhou et al. 2020;
Zhao et al. 2020). The external load is input into the rock
in the form of mechanical energy as the deformation degree
increases due to the action of the external load. The majority
of the energy input by the external load into the loaded rock
is converted into reversible elastic energy and stored in the
rock’s interior during the elastic deformation stage. As the

@ Springer

external load increases, microcracks from within the rock,
and the pores gradually expand. This portion of the energy
is defined as dissipated energy, and it is primarily used to
expand cracks, reducing the rock's ability to resist damage
and limiting energy storage (Gong et al. 2021). When the
accumulated elastic energy exceeds the energy storage pole,
the elastic energy stored within the rock is released, result-
ing in the rock's destruction. Assuming that there is no heat
exchange with the outside world during the test, the work
done by the external force for a closed system is the total
energy U absorbed by the sandstone specimen. The total
energy U consists of two parts, one part is the elastic strain
energy U° stored per unit volume, and the other part is the
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Table3 Stress—strain parameters of multi-face rapid unloading rockburst

Specimen Unloading mode Maximum principal stress Axial strain at failure ~ Strain incre- Peak stress
point (107 ment, Ae drop time (s)
ol (MPa) 62 (MPa) 63 (MPa)
SFi#1 Single-side 194.32 60.42 3.56 20.89 0.76 1.15
SF#2 192.58 60.42 3.57 20.64 0.84 1.13
SF#3 195.26 60.43 6.54 21.12 0.81 1.17
DF#1 Double-side 183.37 60.43 0 20.45 1.32 0.98
DF#2 191.85 60.42 0 20.21 1.23 0.96
DF#3 185.42 60.42 0 20.15 1.25 0.98
TF#1 Three-side 161.36 0 3.57 19.50 1.78 0.74
TF#2 163.20 0 423 19.53 1.67 0.74
TF#3 165.06 0 3.15 20.07 1.84 0.72
FF#1 Four-side 157.23 0 0 19.27 2.53 0.66
FF#2 159.42 0 0 20.15 2.54 0.72
FF#3 158.37 0 0 19.54 2.61 0.62
dissipation energy U? used for the evolution of cracks in "1 ) , ,
the rock. U= Z 5(011 +olt(EH —€) (6)
L

U=U°®+ U (1)
£ & €3
U= / O-ldgl + / 0'2d62 + / O-3d£3 (2)
0 0 0
U¢= %O']ET + %6252 + %6362 3)

From Hooke’s theorem, Eq. (3) can be rewritten as:

Ue=2LEO[ 12+O'§+U§—2V(0'162+(720'3+O'10'3)] )
where E; is the initial elastic modulus and v is Poisson's
ratio. Since the loading to the initial stress value belongs
to true triaxial 3D loading, the four groups of experiments
are under the same loading path, and the energy input is
the same. After the unloading is completed, the energy
input is mainly provided by the stress in the axial direction.
This study only calculates the energy evolution in the axial
direction to only reflect the influence of the NUS on the
rockburst. The research on the energy of the true triaxial
rockburst experiment carried out by their scholars also only
uses the axial strain to calculate (Chen et al. 2019; He et al.
2021b). Therefore, the calculation formula of elastic strain
energy can be simplified as follows:

1
Ut = —o> 5
2E,°! 5)

Based on the concept of a definite integral, the calculation
formula for the total energy is:

where ai and e’i are the stress and strain values of each point
in the stress—strain curve, respectively. Therefore, the dissi-
pated energy U of the rock during the test can be obtained
as follows:

Ut =U-U* 7

Parameters U, U, and U? during the entire process of
deformation and failure of the rock sample were calculated
using the energy calculation principle. The variation rela-
tionship between the typical multi-side unloading rockburst
energy curve and the axial stress—strain curve is shown in
Fig. 8. It can be seen from the figure that the energy evolu-
tion of the rockburst with different NUS has the same change
trend. According to the local magnification of single-side
unloading rockburst in Fig. 8a in the initial compaction
stage, it can be seen that in the initial compaction stage,
the growth rate of dissipated energy is greater than that of
elastic strain energy due to the closure and friction of micro-
cracks in sandstone samples. With the increase of pressure,
it enters the elastic deformation stage. Due to true triaxial
confining pressure, almost all the total energy input into
the sandstone system is converted into elastic strain energy.
With the increase of deformation, the accumulation rate
of elastic strain energy begins to increase, and the growth
rate of dissipated energy decreases. When the elastic strain
energy curve intersects with the dissipated energy curve, the
growth rate of elastic strain energy begins to be greater than
the dissipated energy. It is consistent with the growth rate
of the total input energy of the system. It can be seen from
the figure that the dissipated energy has a sudden increase at
the rapid unloading point, which is due to the damage in the
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rock caused by rapid unloading along the unloading direc-
tion, so the dissipated energy has a sudden increase. After
rapid unloading, the axial stress continues to increase. At
this time, the rock is still in the stage of linear elastic defor-
mation. All the energy input by the system is transformed
into elastic strain energy. With the increase of axial stress,
the burst occurs when the elastic strain energy stored in the
rock sample reaches the energy storage limit.

It can be seen from Table 4 that with the increase of
the NUS, the total energy input by the axial stress of
rockburst at the peak point, the elastic strain energy, and
the total energy input by the system gradually decrease,
while the dissipated energy gradually increases. This is
because with the increase of the NUS, the confining pres-
sure constraint of sandstone decreases, the stress and strain
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during rockburst gradually decrease, and the total energy
and elastic strain energy input by the system in sandstone
decreases. With the confining pressure constraint of sand-
stone decreases, and the sandstone is more prone to dam-
age in the loading process after rapid unloading, so the
dissipated energy increases gradually. It can be seen from
the table that the difference between the total energy input
by the system at the peak point and the total energy input
by the system after the burst gradually decreases with the
increase of the NUS. It shows that after the rock reaches
the peak point, its failure only needs little external force
to do work, and the sudden release of the strain energy
stored in the rock sample can make its fracture continue
to develop. Therefore, it shows stronger brittleness with
the increase in the NUS. It can be seen from the table
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Fig.8 Multi-side unloading rockburst energy evolution, a single-side fast unloading, b double-side fast unloading, ¢ three-side fast unloading,
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Table 4 Energy parameters of multi-face rapid unloading rockburst

Specimen Unloading mode

Total energy Peak point

Total input energy Peak point

Dissipative energy

Elastic strain

at peak point elastic strain dissipated increment at unloading  energy release
energy energy point rate

SFi#1 Single-side 1758.3 1530.4 2403 227.9 87.7 1359.5
SF#2 1746.9 1532.1 25794 214.8 85.3 1355.8
SF#3 1709.3 1543.2 2569.1 166.1 85.8 1318.9
DF#l Double-side 1645.2 1387.7 1919 257.5 186.8 1416

DF#2 1628.7 1380.8 1925.1 2479 154.3 1438.3
DF#3 1634.9 1374.5 1922.4 260.4 176.3 1402.6
TF#1 Three-side 1452.8 1073.2 1575.5 379.6 248.6 1450.3
TF#2 1456.9 1075.6 1589.6 381.3 236.1 1452.7
TF#3 1466.5 1084.9 1593 381.6 273.5 1506.8
FF#1 Four-side 1481.8 1021.8 1489.5 460.0 309.2 1548.1
FF#2 1504.3 1089.4 1507.3 414.9 287 1512.5
FF#3 1485.5 1023.1 1485.7 462.4 303.7 1650.3
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that with the increase of the NUS, the increment of dis-
sipated energy of the rockburst at the fast unloading point
gradually increases, indicating that the more NUS under
high pressure, the greater the unloading damage to sand-
stone. Figure 9a shows the comparison diagram of elastic
strain energy stored in rockburst with the different NUS.
It can be seen from the figure that with the increase in the
NUS, the ability to store elastic strain gradually decreases
due to the decrease of confining pressure constraint. It
can be seen from the figure that after the elastic energy is
stored to the limit, the slope of elastic strain energy drop
increases with the increase of the NUS, indicating that the
release rate of elastic strain energy increases. The elastic
strain energy release rate is defined by dividing the elastic
strain energy stored at the peak point by the drop time of
the peak stress. Figure 9b shows the variation trend of the
release rate of elastic strain energy with the increase in the
NUS. It can be seen from the figure that with the increase
in the NUS, the release rate of elastic strain energy at the
peak point of axial stress increases during the rockburst, so
the burst is also more intense. This shows that the intensity
of a rockburst depends on the release rate of elastic strain
energy at the time of the burst rather than the amount of
energy stored in the rock before failure.

The elastic energy consumption ratio is defined as the
ratio of dissipated energy to elastic strain energy, dem-
onstrating the proportional relationship between energy
storage and energy consumption throughout rock sample
deformation and failure (Wang et al. 2019).
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The elastic energy consumption ratio K and the
stress—strain curve during the multi-side fast unloading
rockburst loading process are plotted in Fig. 10. For the
multi-side unloaded rockburst, the energy dissipation
occurs due to the closure of microcracks in the initial
compaction stage. The elastic energy consumption ratio
increases sharply because the growth rate of the initial
dissipated energy is greater than that of the elastic strain
energy. After reaching the maximum value, as the micro-
cracks gradually closed, the elastic strain energy accumu-
lation rate increased. The dissipated energy growth rate
decreased, so the elastic energy consumption ratio began
to decrease gradually with the strain and finally became
stable. After loading to the initial in-situ stress state, the
rapid unloading of the horizontal loading surface is car-
ried out. Since the fast unloading causes a sudden increase
in the dissipation energy while the elastic strain energy
remains unchanged, the elastic energy consumption ratio
at the fast unloading point has a sudden increase, which
also means that the rapid unloading causes unloading
damage to the sandstone. Subsequently, the elastic energy
consumption ratio suddenly changes at the peak stress,
indicating that the rock sample will suffer from rockburst
failure, consistent with the conclusion reported in (Wang
etal. 2019). Figure 11a lists the sudden value of the elastic
energy consumption ratio K at the point of rapid unload-
ing. The figure shows that with the increase of the NUS in
the horizontal direction, the sudden value of the K value
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at the fast unloading point increases gradually, indicating
that the unloading damage caused by the fast unloading
gradually increases. Figure 11b lists the absolute value
of the decreasing slope of the elastic energy consumption
ratio from the end of unloading to the peak stress segment.
The figure shows that with the increase in the NUS, the
dissipative energy gradually increases after the unload-
ing is completed due to the horizontal restraint gradually
decreasing, so the slope of the K value gradually increases.

3.3 Analysis of Failure Characteristics

To observe the fragment ejection process during the failure
of multi-side fast unloading rockburst. Using high-speed
camera technology, the dynamic failure characteristics of
the specimens were observed at a frame rate of 1000f/s. Fig-
ure 12 shows the failure ejection process of the multi-side
fast unloading rockburst, and the numbers below each figure
are the times when the corresponding phenomenon occurs.
The figure shows that the burst destruction ejection process
has the same characteristics. First, there will be cracks on
the free surface of the sandstone, and then there will be
spalling and ejection of small fragments, and finally, the
burst will fully erupt. Due to the anisotropic characteristics
of the rock, the ejection failure process of the free surface
is not the same. It can be seen from the figure that the rock-
burst becomes more and more severe with the increase in
the NUS, which is caused by the gradual reduction of the
horizontal binding force and the increase of the free sur-
face of energy released when the rockburst occurs. With the
increase of NUS, although the rock’s storage elastic strain
energy decreases, the rockburst becomes more and more
severe due to the increase of energy release rate. It can be
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seen from the figure that the depth and area of the crater
gradually increase with the increase of the NUS after the
occurrence of a rockburst, which is due to the reduction of
confining pressure constraint, and more damaged rock frag-
ments are brought out during the rockburst.

After the rockburst, the ejection fragments on the free
surface are collected and screened by the screening instru-
ment. The particle sizes are 10, 5, 2, 1, 0.5, 0.25 and
0.075 mm. Figure 13a shows typical single-side unloading
rockburst ejection fragments screening. After screening,
weigh the mass of debris in each particle size range. Fig-
ure 13b shows the total mass of fragments with different
particle sizes in multi-side unloading rockburst. The figure
shows that the mass of fragments with particle size greater
than 10 mm accounts for more than 75% of the total mass. It
can be seen from Fig. 13b, c that the mass of rockburst ejec-
tion fragments gradually increases with the increase of the
NUS. The thickness of fragments with particle size greater
than 10 mm from multi-side unloading rockburst ejection is
measured, and the average thickness is calculated. As shown
in Fig. 13c, the average thickness of fragments greater than
10 mm gradually increases with the increase in the NUS.
The relative thickness of the fragments produced by sin-
gle-side unloading and double-side unloading rockburst is
thinner. This is because when unloading rapidly is equiva-
lent to applying tensile stress to the rock in the unloading
direction, causing a large number of tension cracks near the
free surface of the sandstone. When a rockburst occurs, the
fragments containing many tension cracks near the free sur-
face are ejected. Since the confining pressure constraint of
three-side and four-side unloading is very small, the ejected
fragments are not only fragmented near the free face but
also fragments with internal damage. Hence, the average
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Fig. 12 (continued)

thickness of the ejected fragments of three-side unloading
and four-side unloading rockburst is relatively thick.

3.4 Analysis of AE
3.4.1 AE Hits Characteristics

The occurrence of microfractures in the rock mass is accom-
panied by AE signals’ rapid release and propagation. The
AE signal contains the spatial information of the complex
structure distribution inside the material and carries much
essential information in the process of rock fracture evolu-
tion (He et al. 2010; Ren et al. 2020). Figure 14 shows the
time stress AE hits and cumulative hits evolution diagram of
multi-faceted unloading rockburst. It can be seen from the
figure that the evolution trend of AE hits of multi-unloading
rockburst is the same, and it can be divided into five stages
according to the evolution trend. In the initial loading stage,
the axial stress is minor, and the primary pores and microc-
racks in the sandstone are compressed and closed. A small
number of AE hits are generated at this time, and the cumu-
lative hits curve rises slightly from zero. The AE hits almost
disappears in the elastic stage, and the cumulative hits curve
is relatively straight. This is because the rock enters the lin-
ear elastic deformation process after the internal primary
crack is closed, and the rock is almost not damaged in this
stage. With the loss of confining pressure after unloading,
more AE hits are generated at this stage with the increase
of axial direction, and the cumulative hits curve starts to
bend upward. As the axial stress increases to near the peak
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stress, the AE hits increases exponentially, and the slope
of the cumulative hits curve increases rapidly, reaching the
maximum value when a rockburst occurs. The evolution law
of AE hits under rockburst loading is consistent with the
conclusion of AE research on rock mechanics carried out by
many scholars. However, it can be seen from Fig. 14 that the
AE hits has a sudden increase at the unloading point, a phe-
nomenon not found in the AE characteristics of rock under
conventional loading. This is because the rapid unloading
of sandstone on the horizontal loading surface under true
triaxial high pressure will produce unloading damage, which
will lead to a large number of microcracks in sandstone,
leading to the sudden increase of AE signal at the rapid
unloading point. Figure 15a shows the cumulative AE hits
at the rockburst point changing with the NUS. It can be seen
from the figure that the intensity of the rockburst increases
with the increase of the NUS, and the cumulative AE hits at
the rockburst point gradually increases. It can be seen from
Fig. 15b that the sudden increase in the cumulative AE hits
at the rapid unloading point of rockburst increases with the
increase of the NUS, indicating that the unloading damage
gradually increases with the increase of the NUS.

3.4.2 AE Multifractal Feature

Multifractals can describe the inhomogeneity and complex-
ity of things in more detail, and a large number of AE signals
generated by rock failure are also nonlinear and discrete (Liu
et al. 2013; Lee et al. 2017). Therefore, using the multifractal
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Fig. 14 AE hits of multi-side fast unloading rockburst. a Single-side fast unloading, b double-side fast unloading, ¢ three-side fast unloading,

and d four-side fast unloading

method to analyze the AE signal can better reveal the inher-
ent fracture mechanism of the multi-face rapid unloading
strain burst. In this paper, the box-counting method is used
to calculate the multifractal spectrum of the AE counts time
series of the strain burst with different unloading surface
numbers during the loading process. Let the time series be
{Ti}, the time series can be divided into N subsets of length
n, and the probability distribution of each subset { Pi(n)} is
calculated at the same time. The following formula (Xiong
et al. 2016):

X = Y pin)? = @ ©)

@ Springer

In the formula: x,(n) is the function that defines the dis-
tribution, z(g) is the quality index, — 00 <g < + 0. ¢ is the
weighting factor. The size of the g value indicates the degree
of inhomogeneity of the multifractal. Generally, the g value
is limited to a certain range. In this paper, the value of ¢ is
from — 20 to 20. Transform formula (9) to calculate the value
of 7(g) (Xiong et al. 2016):

InT,(n)
r, = lim ———

10
9 20 Inn (10)

Applying the Legendre transform of Eq. (2) to 7(g)-g can
obtain (Kong et al. 2016):
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Among them, « is the singularity index, which mainly
reflects the singularity of {Pi(n)}, and shows the inho-
mogeneous degree of the probability subset. fla) is
expressed as the fractal dimension of the subset of a.
The a — f(a) relationship curve is the multifractal spec-
trum of the calculation sequence, which can reflect the
inhomogeneity and randomness of the signal. The larger

the multifractal spectrum width Aa =amax — amin,
the more severe the signal distribution fluctuation. And
Af(a) =f(amax) — flamin) represents the frequency rela-
tionship of different energy signals. The smaller Af(a), the
more high-energy signals, and the higher the rock fracture
degree (Kong et al. 2017).

Figure 16 shows the multifractal spectrum of the sand-
stone multi-side unloading rockburst AE. The basic shape
of the multifractal spectrum of the sandstone with differ-
ent unloading faces is the same. All show a trend of Af(a)
increasing first and then decreasing with the increase of Aa,
indicating that the evolution of internal cracks in sandstone
rockburst with different NUS has a certain similarity. Since
the width of the multifractal spectrum is not the same, it
shows that there are differences in the microscopic fracture
characteristics of the sandstone strain burst evolution process
with different NUS.

Figure 17 shows the variation relationship between
Af(a) and Ao with stress—strain curves of typical rockburst
with different NUS. It can be seen from the figure that the
corresponding multifractal parameters Aa and Af(a) at
different stages of the stress—strain curve show obvious
differences. In the initial stage of loading (a), due to the
closure of primary fractures in the sandstone, Aa is at a
small value, while Af(a) is at a larger value. During this
process, the Aa and Af{a) of the sandstone rockburst with
different NUS fluctuated slightly, and the overall trend
was that Aax was upward and Af(a) was downward, and
the multifractal feature was weak. In section (b), both Aa
and Af(a) remain stable as the sandstone enters the lin-
ear elastic stage. In section (c), due to the rapid unload-
ing of the stress in the horizontal direction, Aa increases,
Af(a) decreases, and the multifractal characteristics are
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Fig. 17 The variation curves of multifractal characteristic for multi-side fast unloading rockburst. a Single-side fast unloading, b double-side fast

unloading, ¢ three-side fast unloading, and d four-side fast unloading

significantly enhanced, indicating that a large number of
microcracks caused by unloading appeared in the sand-
stone during the rapid unloading stage. In paragraph (c),
the increase of Aa from single-face unloading to four-face
unloading is: 6%, 9%, 12% and 16%; the decrease of Af{a)
i8: 57%, 78%, 93% and 105%. Enter to (d) section unload-
ing is completed. As the axial stress continued to increase,
a large number of microcracks appeared in the sandstone
and gradually expanded and penetrated, Aa showed a rapid
upward trend, and Af{a) showed a rapid downward trend.
In segment (e) near the burst point, Aa and Af(a) show
a slight decrease and increase, and then fluctuate rapidly
to extreme values. Note that the stress—strain curve of the
four-face unloaded rockburst has no yield stage (e), and
Aa and Af(a) do not show a drop and rise just before fail-
ure. In the post-peak stage, with the occurrence of rock-
burst, the stress decreases rapidly and the sandstone is
destroyed, corresponding to the sudden drop and sudden

@ Springer

rise of Aa and Af(a), respectively. For sandstones with
different NUS, the positions of Aa sudden drop and sud-
den increase are also different. When the NUS is single-
side, double-side, and three-side, the positions where Aa
drops sharply correspond to 95.3%, 97.6%, and 98.3% of
the peak stress, respectively, while the positions where
Aa increases sharply are 95.8%, 97.6%, and 98.5%,
respectively. Taking the changing trend of the multifrac-
tal parameter Aa first suddenly drops and then suddenly
rises as the precursor of rockburst, it can be found that
the hysteresis of the precursor of rockburst increases with
the increase of the NUS. There is almost no precursor
information for the four-side unloading rockburst. During
the loading process of rockburst with different NUS, the
overall change trend of the multifractal parameters is the
same, and the increase of the multifractal spectral width
Aa corresponds to the decrease of Af(a).
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4 Conclusions

In this paper, the rockburst simulation experiment with mul-
tiple free-face rock structures is carried through the self-
developed true triaxial rockburst experimental apparatus that
can realize multi-side fast unloading in the horizontal load-
ing direction under high-stress out. The stress—strain curve,
energy evolution, failure process, and AE of the experi-
ment are analyzed, and the following main conclusions are
obtained:

1. Asthe NUS increases, the confining pressure constraint
decreases gradually, and the axial peak stress and strain
decrease gradually. The increment of the axial strain of
the rockburst at the fast unloading point increases with
the increase of the NUS. We believe that the fast unload-
ing of the true triaxial in the horizontal direction under
high-pressure loading is equivalent to applying tensile
stress in the unloading direction. The loaded sample will
expand along the unloading direction, resulting in a sud-
den increase in axial strain.

2. The dissipated energy of the rockburst will increase sud-
denly during fast unloading, indicating that fast unload-
ing will damage the rock. With the increase in the NUS,
the total energy and elastic strain energy of axial stress
at the peak point gradually decrease while the dissipated
energy gradually increases. The difference between the
total energy input by the rockburst system at the peak
point and the total energy input by the system after the
rockburst gradually decreases with the increase of the
NUS, indicating that the sandstone shows more brittle
failure characteristics. With the increase in the NUS,
the release rate of elastic strain energy during rockburst
increases, the rockburst becomes more intense, and the
mass and thickness of the rockburst ejection fragment
gradually increase.

3. The sudden increase of AE cumulative hits at the rock-
burst's fast unloading point increases with the NUS's
increase, indicating that the number of cracks produced
by unloading increases gradually. The multifractal spec-
trum width of the multi-side unloading rockburst is not
the same, indicating differences in the microfracture
characteristics of the rockburst evolution process. Dur-
ing fast unloading, A« increases and Af(a) decreases,
and the multifractal features are apparent. The changing
trend of the multifractal parameter Aa suddenly drops
and then rises as the precursor of rockburst. The hyster-
esis of the rockburst precursor increases with the NUS
increase.
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