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Abstract A series of tests for time-delayed rock-
burst of granite under true triaxial condition was
designed and carried out. By using the true triaxial
rockburst test system, an acoustic emission (AE) sys-
tem, a high-speed camera system, and a digital image
motion analysis software, the time-delayed rockburst
development process was monitored and studied.
Four stages were found in the failure of granite time-
delayed rockburst, i.e. grains ejection, slab breaks and
ejects, first fragments ejection and second fragments
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ejection. There is a “V” shear crack generated in
the time-delayed rockburst sample, and several ten-
sile cracks in the lower part of the rock sample cross
through the “V” shear crack. The longer the duration
(the time elapsed between the moments the AE hits
rises rapidly and the rockburst occurs), the smaller
the depth of the rockburst pit. The time-delayed rock-
burst debris are mainly composed of blocks and frag-
ments. The longer the duration, the smaller the total
debris mass, the percentage of ejected debris and the
ejection kinetic energy. The fractal dimension of the
debris is positively correlated with the duration. The
longer the duration, the higher the degree of fragmen-
tation. The cracks generated are tensile-shear com-
posite cracks. In the loading stage, it is dominated
by shear cracks. However, in the time-lag stage, it is
dominated by tensile cracks. With the increase of the
duration, the proportion of tensile cracks increased
and the proportion of shear cracks decreased. The
research results will have a certain reference value
for the warning and risk mitigation of time-delayed
rockbursts.

Highlights

e Four stages were found in the failure of granite
time-delayed rockburst.

e The longer the duration, the smaller the total
debris mass, the percentage of ejected debris and
the ejection kinetic energy.
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e The loading stage is mainly resembled with shear
cracks, while the time-lag stage is mainly with
tensile cracks in the time-delayed rockburst.

Keywords True triaxial - Time-delayed rockburst -
Crack evolution characteristics - Macro failure
characteristics - AE

1 Introduction

With the rapid development of the world economy,
the demand for underground resources has been
increasing. A large number of underground projects
with a large burial depth are planned, are under con-
struction, or have been built. The burial depth and the
in-situ stress level are increasing, and the geologi-
cal environment of rock mass is becoming complex.
Therefore, subsequent geological disasters are more
frequent (Wu et al. 2019; Bai et al. 2021; Wang et al.
2016; Guo et al. 2023; Bai et al. 2019). A rockburst
is defined as damage to an excavation that occurs in
a sudden or violent manner and is associated with a
seismic event (Hedley 1992; Kaiser et al.1996). Rock-
bursts are characterized by being highly sudden, ran-
dom and hazardous (Feng et al. 2019, 2015a, 2015b).
In recent years, rockbursts occurred in a number of
underground projects. For example, on November
28, 2009, an extremely intense rockburst occurred in
a drainage tunnel of the Jinping II hydropower sta-
tion in China, resulting in destruction of construction
vehicles, seriously affecting the construction progress
(Chen et al. 2012). On May 31, 2015, an extremely
intense rockburst occurred in the deep tunnel of the
Neelum-Jhelum hydropower project in Pakistan,
which seriously affects the project (Feng et al. 2019;
Feng et al. 2023, 2023b). There are rockbursts in
Shizuizi copper mine, Pangushan tungsten mine and
Gongchangling iron mine (Jiang et al. 2019). Many
projects in Japan, Norway, and Sweden have experi-
enced rockbursts to various degrees (Ortlepp 2005;
Rudajev 1993). These rockbursts seriously threaten
the safety of people’s lives and property, greatly affect
the safety construction of underground projects, and
also bring unprecedented challenges to engineering
design and construction.

According to the time characteristic of the rock-
bursts, the types of rockbursts can be divided into
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immediate rockburst, time-delayed rockburst and
intermittent rockburst (Feng et al. 2019). Time-
delayed rockbursts are characterized by the occur-
rence of a period of time after excavation and unload-
ing. For example, in the 2# diversion tunnel of
Jinping II hydropower station, a time-delayed rock-
burst occurred 58 days after excavation (Chen et al.
2012). There were also many time-delayed rockbursts
in Taipingyi hydropower station diversion tunnel,
Tianshengqgiao II hydropower station diversion tun-
nel, Ertan hydropower station diversion tunnel, etc.

A large number of scholars have carried out a
series of studies on time-delayed rockbursts through
on-site monitoring, indoor experiments, numerical
simulations, theoretical analysis and other means. For
example, Chen et al. (2012) carried out a systematic
study of the time-delayed rockburst in the deep tun-
nels of Jinping II hydropower station. Based on field
cases and monitoring data analysis, the temporal and
spatial characteristics of the time-delayed rockburst
and its evolution law and mechanism were revealed.
He et al. (2010, 2012) carried out the true triaxial
unloading rockburst test based on the self-developed
true triaxial testing machine. The mechanism of
time-delayed rockburst was preliminarily discussed.
Chen et al. (2020) conducted the uniaxial compres-
sion with acoustic emission, elastic wave velocity
and SEM scanning test, and explored the mechanism
and precursory characteristics of time-delayed failure
of granite in Southwest China. Fan et al. (2015) ana-
lyzed the energy dissipation during the cracking of
surrounding rock masses, and revealed the difference
in the evolution characteristics of time-delayed and
immediate rockbursts under blasting and TBM (Tun-
nel Boring Machine) methods. Zhang et al. (2020)
summarized the characteristics of delayed rockbursts
and analyzed its formation process.

The immediate rockbursts have been studied for
a long time (Feng et al. 2019, 2016; Su et al. 2016).
However, for the time-delayed rockbursts, the related
studies are limited, and the failure mechanics and
characteristics need further study. In deep engineer-
ing, the rockmass is in a true triaxial stress state. The
stress state of the surrounding rock changes due to the
influence of excavation unloading. Compared with
uniaxial and conventional triaxial tests, true triaxial
test with five sides loading & one side free can bet-
ter simulate the actual stress state of the surrounding
rockmass with free face after excavation. However,
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the experimental study of time-delayed rockburst
under true triaxial test with five sides loading and
one side free has rarely been reported, and the failure
characteristics and internal crack evolution character-
istics under corresponding condition are unclear.

In this paper, the granite time-delayed rockburst
test under true triaxial condition with AE monitor-
ing and high-speed camera system was designed and
carried out. The rock sample is in a stress state with
five sides loading and one side free. The maximum
principal stress was designed by the AE hits. To some
extent, this procedure simulates the time-delayed
rockburst process in the actual excavation course.
The stress and strain characteristics, eruption process,
macro failure pattern and debris characteristics of
granite time-delayed rockburst sample under the free
face true triaxial condition were analyzed. Combined
with the AE monitored data, the eruption process of
granite time-delayed rockburst was analyzed and its
internal crack evolution characteristic was revealed.

2 Experimental methodology
2.1 Test equipment

The test equipment is mainly composed of a true
triaxial test loading system, an deformation sens-
ing measurement system, an AE system, and a high-
speed camera system (Fig. 1). The testing machine
adopts a full digital servo controller to run the load-
ing and unloading phases. By using the rigid loading
pusher in the X, Y, Z directions, it can make three
perpendicular independent loading and unloading.

TAWZ - 5000/3000

True-triaxial L Bl
= rockburst - ﬁﬁﬁidﬁzu Wbl .

' test machine

Fig. 1 True triaxial rockburst test system

The maximum loading capacity is 5000 kN verti-
cally, and the maximum loading capacity is 3000
kN in the horizontal direction. The testing machine
is equipped with a single-sided pendulum unload-
ing device, which can quickly form the stress path
from a six-sides loading to a five-sides loading and
a side free, so as to simulate the stress state of sur-
rounding rock during underground engineering exca-
vation. The high-speed camera system includes SVSI
GigaView high-speed cameras which can observe the
ejection failure process. By using the professional
digital image motion analysis software Image ProPlus
7.0, the flight trajectory of the ejection fragment on
the free face can be captured. Then the total kinetic
energy of the ejection fragment can be calculated
based on the flight distance and its time. The high-
speed camera system layout is shown in Fig. 2 (Su
et al. 2016).

2.2 Engineering background and rock samples

The rock samples were from a deep engineering
in western China. The maximum buried depth of
the project is 2080 m and the measured local stress
is~45 MPa. Time-delayed rockbursts occurred dur-
ing the construction of the project. Due to the sud-
den and violent nature of time-delay rockburst, it
seriously endangers construction safety. A piece of
host rock in the deep section of the project was col-
lected to make rock samples with dimensions of
100 mmx 100 mm X200 mm. And they were used
to carry out true triaxial time-delayed rockburst test
research. The density of the rock sample is 2632.5 kg/
m? and the average uniaxial stress is 160.2 MPa. The
integrity and uniformity of the rock samples are good.
The mineral composition of the rock samples was
analyzed, and the main components were feldspar,
quartz, chlorite, mica and carbonate minerals, with
the proportions of 41%, 44%, 10% and 5%, respec-
tively. Among them, the feldspar particle size is about
1.5 mm and the quartz particle size is about 3 mm.
One rock sample is shown in Fig. 3.

2.3 Test scheme
After the project is excavated, the tangential stress
of the surrounding rock will change and concentrate,

and after a period of time, it will remain stable. After
that, if a rockburst occurs, it belongs to time-delayed

@ Springer
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Fig. 2 Layout of high
speed camera system (Su
et al. 2016)

3

3 3
1—SVSI high-speed camera; 2—IMETRUM high-speed camera; 3—Computer
4—rock samples; 5—Pressure plate; 6—Load pusher; 7—Digital voice recorder;

8—sound meter; 9—light source; 10—Digital video camera; 11—AE

200 mm

Base platen

Fig. 3 Photo of rock sample
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rockburst. Based on this process, we designed a cor-
responding time-delay rockburst test. Firstly, the rock
sample is loaded into the stress state of five-sides
loading and one face free. It simulates the real stress
state of the surrounding rock during the actual exca-
vation process. Then, the process of vertical stress
concentration is restored by loading the maximum
principal stress of the rock sample to a set value.
Finally, the stress state of five-sides loading and one
face free for the rock sample is maintained until the
rockburst occurs. The schematic diagram of stress
transformation of the rock element before and after
excavation is shown in Fig. 4a (oy: Vertical principal
stress; oy: Maximum horizontal principal stress; oy
Minimum horizontal principal stress).

The specific experimental scheme is described as
follows. In order to prevent the rock sample from slid-
ing towards the free face, the maximum principal stress
o, and the intermediate principal stress o, are first
loaded to the target value of o, at a rate of 0.4 MPa/s.
Then the load for ¢, is maintained. The loading for o,
is continued at a rate of 0.4 MPa/s until it reaches to
100 MPa. Then, loading o5 to the its target value at a
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(a) Schematic diagram of stress transformation of the rock element before and after excavation
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Fig. 4 Schematic diagram of the test loading

rate of 0.4 MPa/s. Keep the magnitude of o, and o3
unchanged, loading o, separately until the AE hit rises
rapidly. Maintain the stress state, after a period of time,
the rock sample occurs rockburst. The stress loading
path is shown in Fig. 4. Among them, the target values
of 05 and o, are 5 MPa and 30 MPa, respectively, which
are empirical values (Su et al. 2016, 2017; Liu et al.
2023). According to the true triaxial test habits and
related rock test procedures (Su et al. 2017; Zheng et al.
2023; Zhao et al. 2021), the loading rate is 0.4 MPa/s.
The stress loading path is shown in Fig. 4b.

As shown in Fig. 4, in order to facilitate the subse-
quent analysis of this paper, the time-dependent failure
effect of the rock sample in the load maintenance phase
is called the time effect. The time elapsed between the

moment the loading stops, when the AE hits rises rap-
idly, and the time the rockburst occurs is defined as
duration. The stage relates to the duration is defined as
the time lag stage.

3 Macroscopic failure characteristics
of time-delayed rockburst
3.1 Strength deformation characteristics
The typical experiment results of time-delayed rock-

burst are described in Table 1, which includes the fail-
ure phenomenon, host rock failure morphology, peak

@ Springer
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Table 1 Test results of time-delayed rockburst

Sample
number

Failure phenomenon of the free
surface

Failure morphology of
the host rock

Peak Stress—strain curve
stress

Duration(s)

(MPa)

HG-1 When the vertical stress reaches
310 MPa, there was a crisp
cracking sound. 6 s later, particle
ejection appeared in the upper
right corner of the free surface.
74 s later, a small block ejection
appeared in the upper right
corner. 17 s later, a large block
ejection began to appear on the
right side of the free surface, fol-
lowed by a strong overall ejec-
tion failure of the rock sample,
accompanied by a loud sound

HG-2 When the vertical stress reaches
278 MPa, local peeling and
small particle ejection appeared
in the upper right corner of the
free surface, accompanied by a
crisp cracking sound. 54 s later,
a block ejection appeared in the
upper right corner of the free
surface. 30 s later, the upper
part of the outer rock slab was
broken, and the whole piece
falls. 28 s later, the rock sample
underwent strong ejection
failure, accompanied by a loud
noise

When the vertical stress reaches
328 MPa, small particles ejec-
tion occurred in the upper right
corner of the surface, accompa-
nied by a crisp cracking sound.
After 21 s, particle ejection
appeared in the upper right
corner of the free surface. 16 s
later, a large number of particles
were ejected continuously in the
upper part of the free surface.

5 s later, the rock sample under-
went strong ejection failure,
accompanied by a loud noise

HG-3

310.061 350 99.72
300 2
250 \

= 200 \

100

50 4

GIMPa
73
=]
//////

280.007 300 107.28

330.005 350 37.44

stress, stress—strain curve and duration of the rock
sample. The experiment results showed that HG-2
sample has the longest duration, followed by HG-1
sample, and HG-3 sample has the shortest duration.
In the table, when the maximum principal stress o, is
100 MPa, the maximum principal strain &, fluctuated
due to the single-sided loading of the minimum prin-
cipal stress o;. When the rockburst occurs, the upper
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surface of HG-2 sample tilted, resulting in a reverse
growth trend of the maximum principal strain ;.

The stress—strain curves of the rock samples are
shown in Fig. 5. In loading stage, the maximum
principal strain €, increased with the increase of the
maximum principal stress ¢;; during the lag phase,
there was only a small increase for g, (Fig. 5a). In
the early stage of loading, the rock sample undergoes
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Fig. 5 Stress—strain curves of the rock samples

the compaction stage, and the intermediate principal
strain ¢, increased with the increase of the interme-
diate principal stress o,. After o, reaches the prede-
termined value of stop loading, &, slowly decreased
with the increase of ¢, due to the Poisson effect.
During the lag phase, ¢, increased slowly (Fig. 5b).
Due to the free face, the minimum principal strain
&5 was greatly affected by the stress in the other two
directions. In the early stage of loading, &; slowly
increased with the increase of o, and o,. After o,
reached the predetermined value of stop loading, o,
continues to load, however, without obvious change
in £5. When ¢ increases to 100 MPa, the minimum
principal stress o5 began to load, €5 increased rapidly

with the increase of o;. After o5 reached the prede-
termined value of stop loading, &; slowly increased
with the increase of ¢,. During the time lag phase,
&5 slowly decreased (Fig. 5c). In the early stage of
loading, the rock sample underwent the compaction
stage, the strain in all three directions increased. The
volume strain ¢, gradually increased, and the contrac-
tion trend of the rock sample was significant. After o,
reached the predetermined value and stopped load-
ing, &5 is with no obvious change due to the slow
decrease of &,. Only ¢, increases with the increase of
o0,. Therefore, the contraction trend of the rock sam-
ple is significantly slowed down. When ¢, increased
to 100 MPa, ¢; and ¢, increased rapidly. After o3

@ Springer
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Fig. 6 Peak stress and elastic modulus of time-delayed rock-
burst test samples

. -

Pcak strain/%o

I1G-1 I1G-2 IIG-3

Fig.7 op 1, op 2 and op 3 of the time-delayed rockburst test
samples

reached the predetermined value and stops loading, ¢,
slowly increased with the increase of o, during which
a large amount of energy inputs to the rock sample.
During the time lag phase, there was no significant
change in ¢, (Fig. 5d).

According to the stress—strain curves in Table 1,
the true triaxial peak stress op 1, the elastic modulus
E, and the peak strain ep 1 in the direction of o, of the
granite sample can be obtained. The results are shown
in Figs. 6 and 7. It can be seen that op 1 of HG-1,
HG-2 and HG-3 rock samples are 310.06, 280.01
and 330.01 MPa, respectively. The elastic modulus
E, of HG-1, HG-2 and HG-3 rock samples are 38.15,
36.53 and 32.03 GPa, respectively. The peak strains
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of HG-1, HG-2 and HG-3 are 9.47%o, 9.49%0 and
11.67%o in the direction of o, 13.7%o0, 14.04%0 and
12.7%o in the direction of ¢, and 5.18%o, 5.70%¢ and
4.62%o in the direction of o3, respectively.

3.2 Ejection failure process analysis

The failure process of granite time-delayed rockburst
is shown in Fig. 8. The failure process can be divided
into four stages. (1) Grains ejection stage: after a
period of calm, with the gradual increase of vertical
loading, microcracks inside the rock sample begin to
germinate and expand. A small number of grains and
small blocks ejection appear many times in the upper
right part of the free face, accompanied by crack-
ing sound; (2) Slab break and eject stage: under the
stress of constant load on five sides, there was visible
crack propagation penetration at the ejection of the
original grains, causing the free surface to crack and
bulge. And then the surface rock of the free surface
is with a local ejection phenomenon; (3) First frag-
ments ejection stage: continuing to maintain the load,
strong mixed ejection of pieces and grains began to
appear at the cracking of the free surface, accompa-
nied by a loud sound; (4) Second fragments ejection
stage: continuing to maintain the five-sided constant
load state, on the shallow V-shaped pit formed by the
first fragments ejection, a violent second mixed ejec-
tion of blocks and grains occurred in the rock sample,
and a deep V-shaped pit was formed, accompanied by
a loud sound. The interval between the two fragment
ejections is within 1-2 s. There are two fragments
ejection in the failure process of the time-delayed
rockburst, which is different from the ejection process
in rockburst studied by Su et al. (2016).

The failure pattern of the host rock after the time-
delayed rockburst is shown in Fig. 9. For the time-
delayed rockburst sample, the macroscopic crack was
with an obvious V-shaped shear crack composed of
a penetrating shear crack far from the free face and a
shear crack extending inward at the middle of the free
face. Meanwhile, there were several tensile cracks in
the lower part of the sample cross-penetrated with
the “V” shear crack. The rock sample splits the rock
plate due to tension, forming a large number of axial
tensile cracks. Due to shear, multiple oblique shear
cracks are formed on the inside of the rock.



Geomech. Geophys. Geo-energ. Geo-resour.

(2023) 9:164

Page 9 of 21 164

The slab breaks
and ejects

L Grains ejection
Grains ejection

Rockburst pit

M
The first o The second
fragments ejection fragments ejection

(a) HG-1

Grains ejection The slab breaks

and ejects

Grains ejection

The first The second
fragments ejection

Rockburst pit
fragments ejection

(b) HG-3

Fig. 8 Failure process of the time-delayed rockburst

It can be seen from Figure 9 that the tensile cracks
at the bottom of the HG-2 rock sample were well
developed, and the fractures formed by the crack
penetration were dense and wide. The tensile cracks
at the bottom of the HG-1 rock sample were dense,
forming several tensile fractures. The tensile crack
at the bottom of the HG-3 rock sample is not fully
developed, and the tensile crack formed by the crack
penetration cannot be directly seen. The longer the
duration, the more fully developed the tensile cracks
inside the rock sample. It shows that in the time lag
stage after the rapid increase of AE hits, the tensile
cracks at the bottom of the rock sample under the
stress of five-sides constant load were fully devel-
oped. The longer the duration, the more obvious the
splitting effect of the rock sample. And the tensile
crack was developed fully. The tensile cracks formed
was also denser. At the same time, the microcracks
in the direction of the two main shear cracks fully
developed and expanded. When the crack developed
to a certain extent, the microcracks penetrate to form
cracks, resulting in rockburst.

The maximum depth of the V-shape pit after the
rockburst of HG-1, HG-2 and HG-3 rock samples

were 26.1 mm, 7.2 mm and 29.2 mm, respectively,
from which it can be seen that the longer the duration
of the rock sample, the smaller the depth of the rock-
burst pit. The maximum depth points of the V-shape
pits in HG-1, HG-2, and HG-3 rock samples are 83.5
mm, 46.5 mm, and 110.7 mm from the upper sur-
faces of the samples, respectively, from which it can
be seen that the longer the duration of the rock sam-
ple, the closer the maximum depth points to the upper
surface of the rock sample.

According to the stress-strain curve, the total
energy, elastic strain energy and dissipated energy
before the rockburst of the rock sample can be cal-
culated. And then the proportion of elastic strain
energy and dissipative energy before the rockburst of
each rock sample can be obtained (Ran et al. 2023;
Wang et al. 2023; Xie et al. 2005). The proportions
of elastic strain energy before rockburst in each rock
sample was between 77.75 and 84.22%, and the pro-
portions of dissipated energy was between 15.78
and 22.25%. The longer the duration, the smaller
the proportion of elastic strain energy and the larger
the proportion of dissipated energy. The longer the
duration, the more fully developed the tensile cracks

@ Springer
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(b) The right side of the rock sample is the free face

Fig. 9 Fracture morphology of the rock samples

inside the rock sample. It will consume a lot of
energy, which increased the proportion of dissipated
energy and resulted in a decrease in the elastic strain
energy used for the ejection of rockbursts in the rock

@ Springer

sample. The longer the duration, the more fully devel-
oped the cracks inside the rock sample. However, the
related elastic strain energy was small and it can only
cause rockburst ejection failure in the shallow part.
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Therefore, the depth of the rockburst pit formed after 900 = HG-1 ® HG-2 ™ HG3
the rockburst of the rock sample was small. It means 800
that the longer the duration, the smaller the depth of 700
the pit formed after the rockburst of the rock sample. 2 600
Combined with the failure pattern of rock sam- g 00
ples, the mechanism of the two ejections in the pro- B 400
cess of time-delayed rockburst is analyzed, and it é 3001
is shown in Fig. 10. Firstly, the rock sample was in 200
a five-sides loading and one face free stress state. 100
The surface of the free face was unevenly stressed 0 Ejection debris Spalling debris Total debris
and the area near it exhibits significant split-
ting under the maximum principal stress. Then it Fig. 11 Distribution of debris in each sample rock

quickly split into plates and the first block ejection
occurred in the surface of the free face, forming a
large shallow rockburst pit (Light blue line in the
figure).

The second ejection failure was due to the fact that
the elastic strain energy stored inside the rock sample
after the first fragment ejection was not fully released,
and the newly generated free face has not reached a
stable state. There are a large number of potential
split cracks (Black line in the figure) near the free
face, and a large number of the microcracks in the
main shear direction were formed in the internal rock
mass far away from the free face. Under the action
of constant load on five sides, the microcracks in the
main shear direction penetrates to form a "V" type
shear crack (Red line in the figure). Under the action
of maximum principal stress, the potential cracks
near the free face connected and penetrated, and sev-
eral small blocks formed in the surface rock. Under
the action of the remaining elastic strain energy, the
small blocks were rapidly ejected outward, and the
second fragment ejection occurred. After the second
fragment ejection, the rock sample failed and lost its
strength instantly. It released a large amount of energy

120
[ Ejcction debris
[ Spalling debris
100

80 +

60

40+

Percentage of debris type/%

11G-1

11G-2 1G-3

Fig. 12 Proportions of debris types of the rock samples

and formed a V-shape rockburst pit (Blue line in the
figure).
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3.3 Debris characteristic analysis

Rockburst debris can reflect the occurrence mecha-
nism of rock fragmentation process, which can be
used as an effective mean to reveal the rockburst
mechanism. According to the distance of the debris
dropping, rockburst debris can be divided into ejec-
tion debris and spalling debris. All debris generated

Fig. 13 Distribution of
catapult debris in rock
samples (mm). a HG-1, b
HG-2, ¢ HG-3

1.18~0.60

9.50~4.75

0.60~0.30

during the test were collected and counted, and the
results were shown in Fig. 11.

It can be seen from Fig. 11 that the HG-3 rock
sample produced the most rockburst debris and its
total rockburst debris mass was 860.26g. The total
debris mass of the HG-2 rock sample was the small-
est with a mass of 341.84g. And the total debris mass
of HG-1 rock sample was 595.31g. It can be seen that

4.75~2.36 2.36~1.18

0.30~0.15
(a) HG-1

<0.15

1.18~0.60

1.18~0.60
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9.50~4.75

0.60~0.30

0.60~0.30

4.75~2.36 2.36~1.18

0.30~0.15
(b) HG-2

<0.15

4.75~2.36 2.36~1.18

0.30~0.15 <0.15

(c) HG-3
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the duration is negatively correlated with the total
debris mass, and the longer the duration, the smaller
the total debris mass. Fig. 12 shows the type distri-
bution of rock sample debris. It can be seen that the
proportions of spalling debris were between 16.7
and 62.3%, and the proportions of ejection debris
were between 37.7 and 83.3%. The longer the dura-
tion, the larger the proportion of spalling debris, and
the smaller the proportion of ejection debris. The
main reason for this is analyzed. In the time lag stage
after the rapid rise of the AE hits, under the action
of constant load of five-sides, the internal cracks of
the rock sample were fully developed and penetrated.
It consumed a lot of energy. The longer the duration,
the more energy is consumed and the less energy is
used for debris ejection at the time of rockbursting.
It resulted in a decrease in the proportion of rock
ejection debris and an increase in the proportion of
spalling debris.

In order to study the distribution characteristics
of true triaxial time-delayed rockburst ejection frag-
ments, the ejection debris was treated by screen-
ing method. The screening sizes were>9.5 mm,
9.504.75 mm, 4.75-2.36 mm, 2.36-1.18 mm,
1.180.60 mm, 0.60-0.30 mm, 0.30-0.15 mm,
and <0.15 mm, respectively. The distribution of frag-
ments after screening for each rock sample is shown
in Fig. 13.

The mass percentage of the debris of each screen-
ing grade can be obtained by weighing the ejection

70 |
60

40
30 |

10

Mass percentage of ejected debris/%

debris of different screening grades and dividing it
by the total mass of the ejection debris. The result
is shown in Fig. 14. It can be seen from the figure
that the mass percentage of debris with time-delayed
rockburst ejection with debris size>9.50 mm was
50-70%. It indicates that the ejection debris is mainly
fragments and pieces. For HG-3 rock sample with the
shortest duration, the mass of ejected debris with the
size >9.50 mm accounted for the largest, it is 69.97%.
Combined with the macroscopic failure pattern of the
time-delayed rockburst, it can be seen that rock sam-
ple with a short duration is with a large proportion of
mass of large debris in ejected debris. The degree of
ejection debris fragmentation was low, and the inter-
nal crack development was not sufficient. However,
in long duration rock samples, the mass proportion
of large debris in ejection debris was small, indicat-
ing that the ejection debris fragmentation degree was
higher and the internal crack development was fully
developed. It shows that in the time lag stage after the
rapid increase of the AE hits, the longer the duration
of the rock sample under the action of five-sides con-
stant load, the fuller the internal crack development,
accompanied by the formation of a large number of
small fragments and grains.

The greater the mass and the faster the ejection
velocity of ejected debris, the greater the kinetic
energy of its ejection. Therefore, in the process of
rockburst, the ejection kinetic energy of ejection
debris can be used as an ideal index to quantitatively

B HG-1
HG-2
HG-3

>9.50

9.50~4.75 4.75~2.36 2.36~1.18 1.18~0.60 0.60~0.30 0.30~0.15

<0.15

Particle size distribution /mm

Fig. 14 Mass percentage of debris by sieving grade
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Table 2 Ejection kinetic

. Sample number
energy and mass of ejected

Releasable elastic

Ejection debris Kinetic energy Kinetic

trai ) J ti
debris for each rock sample strain energy (J) mass (g) Q) E:;)e)rgy ratio
HG-1 2435.18 283.72 2.11 0.09
HG-2 2092.86 128.75 1.03 0.05
HG-3 3286.50 716.58 3.56 0.11

evaluate the rockburst intensity, and the rockburst
intensity can be reflected based on the ejection kinetic
energy.

With the help of the high-speed camera sys-
tem and professional image analysis software, the
flight trajectory of the ejection fragments can be
captured. Then, their ejection speed can be calcu-
lated based on the flight distance and time. After
weighing their mass, the total kinetic energy of the
ejection fragments can be calculated. The kinetic
energy of ejection and the mass of ejection debris
for each rock sample of time-delayed rockburst are
shown in Table 2. It can be seen that the ejection
kinetic energy of each rock sample accounted for
0.05-0.11% of the elastic strain energy that can be
released before failure. And the longer the dura-
tion, the smaller the proportion. Within a certain
range, the duration was roughly negatively corre-
lated with the mass of ejection debris and ejection
kinetic energy. The longer the duration, the smaller
the ejection debris mass, the ejection kinetic energy
of the rock sample, the rockburst intensity and the
possible loss.

In the time-lag stage after the rapid increase of
the AE hits, the microcracks inside the granite rock
sample were fully developed and expanded under
the action of five-sides constant load, consuming
a lot of energy. The longer the duration, the more
fully the microcracks inside the rock sample devel-
oped and expanded, and the more energy was con-
sumed. Therefore, the ejection kinetic energy at the
time of the rockburst was reduced. For time-delayed
rockburst, the duration of rockburst evolution was
crucial for the prevention and control of rock-
bursts. Within a certain range, its duration should
be extended as much as possible, reducing its ejec-
tion debris mass and ejection kinetic energy, so as
to reduce its possible losses.

Studies have shown that the particle size distribu-
tion of broken rock mass has fractal characteristics,

@ Springer

and fractal theory is widely used in the study of
rock block fragmentation and particle size evolu-
tion. It can directly reflect the fracture and parti-
cle size distribution characteristics of broken rock
before and after loading (Carpinteri et al. 2004).
The fractal dimension value is a representation of
the complexity of the composition of matter and its
ability to self-organize, denoted by D.

According to the mass-frequency relation, the
block distribution equation of the rock fragments
can be obtained as follow.

M(dz)/Mz = (di/dmax)3_D (1)

where d; is the particle size of the debris; M(d;) is the
cumulative mass of the debris whose particle size is
less than d;; M, is the total mass of the debris; and
d,.. 1s the maximum size of the debris. Tanking loga-

rithm of both sides of Eq. (1), we can obtain that:
lg[M(dz)/Mt] =3-D) lg(di/dmax) (2)

According to Eq. (2), the slope of the fitted line in
the 1g[M(d;) /M,]-1g(d/d,,,,) coordinates is 3-D, then
the fractal dimension D can be obtained.

The fractal dimension fitting relation of the par-
ticle size distribution of each rock sample is shown
in Fig. 15. The fractal dimension D values of HG-1,
HG-2 and HG-3 rock samples are 2.0978, 2.1116 and
2.0902, respectively. It can be found that the fractal
dimension increased with duration, which is roughly
positively correlated with duration. The failure of
the rock was caused by the initiation, development,
expansion and penetration of a large number of inter-
nal tensile and shear cracks. In the time lag stage after
the rapid rise of the AE hits, the granite rock sam-
ple under the action of five-sides constant load, the
internal microcracks fully developed and expanded. It
formed a large number of potential small fragments
and small grains. The longer the duration, the larger
the development and expansion of microcracks inside
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Fig. 15 Fractal dimension fitting relation of particle size distribution for each rock sample. a HG-1, b HG-2, ¢ HG-3

the rock sample. Therefore, a lot of small fragments
and small grains formed. In this way, the degree of
fragmentation was very high, resulting in a large frac-
tal dimension. By analyzing the detrital characteris-
tics of rock samples, the relationship between the
duration of time-delayed rockburst and the intensity
of rockburst is revealed, the longer the duration, the
smaller the ejection debris mass, the ejection kinetic
energy of the rock sample and the rockburst intensity.

4 Internal crack evolution characteristics
4.1 RA and AF values

AE refers to elastic waves emitted by the development
and expansion of internal fractures and the emergence
of new cracks in rocks under force. The AE charac-
teristics in rockburst development process can reflect
the internal damage, fracture development and expan-
sion of the rock. The AE waveform characteristics are
generally considered to be an effective way to study
the fracture failure mode (Chen et al. 2021; Su et al.
2020; Feng et al. 2023, 2023b).
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Fig. 17 RA-AF scatter distribution

Studies have shown that the RA value and AF
(average frequency) value in the AE parameters can
reflect the type of crack inside the rock (Carpinteri
et al. 2016).
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The RA value is the ratio of rise time and ampli-
tude. The average frequency AF is the ratio of the
count to AE duration. Generally, the AE signal with
low AF and high RA value represents the emer-
gence or development of shear cracks (He et al.
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Fig. 18 Evolution of the tensile-shear proportion with time

2014). The high AF and low RA values indicate
the emergence or development of tensile cracks.
The schematic diagram of the basic parameters of
AE waveforms and the classification of cracks are
shown in Fig. 16.

The scatter density plots of RA and AF values in
the time-delayed rockburst are shown in Fig. 17. It
can be seen from the figure that the scatter distribu-
tion of the test data of each rock sample is generally
the same, and the cracks produced by the rock sample
are all tensile-shear composite cracks, in which the
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shear cracks is the mainstay. The color of each point
in the plot maps the smooth spatial density value at
which that point is located.

Figure 18 shows the temporal evolution of the
tensile-shear ratio in time-delayed rockburst for rock
samples HG-1 and HG-3. It can be seen that the pro-
portion of shear crack signal was 89.2%, and the pro-
portion of tensile crack signal was 10.8% for HG-1
rock sample at the first 50 s. After 50 s, the propor-
tion of shear crack gradually decreased, however,
the shear crack was still dominated. The proportion

1G-2 1G-1 11G-3
(b) Tensile cracks

Fig. 19 Proportions of shear and tensile cracks in the whole process and time-lag stage of the time-delayed rockburst
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of shear crack remained between 77.6 and 82.7%,
and the proportion of tensile crack was between 17.3
and 22.4%. At 600-765 s, the proportion of shear
crack dropped sharply to 14.1%, and the propor-
tion of tensile cracks increased sharply to 85.9%. In
the time lag stage after the rapid increase of the AE
hits, the proportion of shear crack remained at~20%
and tensile cracks accounted for~80% under the
action of constant load on five sides. During the test
of HG-3 rock sample at 0-150 s, the proportion of
shear crack signal was 88.2%, and the proportion of
tensile crack signal was 11.8%. After 150 s, the pro-
portion of shear crack gradually decreased, however,
the shear crack was still dominated. The proportion
of shear crack remained between 70.9 and 82.8%, and
the proportion of tensile crack was between 29.1 and
17.2%. At the moment of stopping loading after the
rapid increase of the AE hits, the proportion of shear
crack decreased sharply, accounting for~43.9%, and
the proportion of tensile crack increased sharply
to 56.1%. In the subsequent time lag stage, the pro-
portion of shear crack and tensile crack remained
at~45.9% and~54.1% under the action of constant
load on five sides. It can be found that the cracks pro-
duced in the development process of time-delayed
rockburst rock are tensile-shear composite cracks,
and the loading stage is mainly shear crack, and it is
mainly tensile crack in the time lag stage.

Figure 19 shows the proportions of shear and ten-
sile cracks in the whole process and time lag stage in
the development process of the time-delayed rock-
burst. It can be seen that the proportion of shear
crack in the whole process was in the range from
71.6 to 76.8%, and the proportion of tensile crack
was 23.2-28.4%. The proportion of shear crack in
the time lag stage of time-delayed rockburs was in
the range from 16.5 to 45.9%, and the proportion of
tensile crack was 54.1-83.5%. The relation between
the proportions of tensile crack and shear crack and
the duration of each rock sample was analyzed. It was
found that with the increase of the duration, the pro-
portion of tensile crack increased and the proportion
of shear crack decreased. It shows that in the time
lag stage after the rapid increase of the AE hits, the
longer the duration of granite rock sample under the
action of constant load of five sides, the more likely
the occurrence of tensile crack.
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Fig. 20 Evolution law of b-value with time

4.2 b-value

The rock failure process can be analyzed by b-value,
which is related to the magnitude and frequency of
the earthquake. In 1941, Gutenberg et al. proposed
the Gutenberg—Richter relation as follow (Gutenberg
et al. 1944):

IgN =a—-bM 3)

where M is the magnitude of the earthquake; N is the
times of the earthquake magnitude exceeds or reaches
M; a, b are constants. In AE study, M is usually the
amplitude divided by 20, i.e. M=A/20; A is the AE
amplitude (dB); The b-value can characterize the
scale of the magnitude distribution of AE events, and
it is used to measure the relative number of small and
large fracture events in the rock under compression
condition. It is closely related to the development of
rock fractures (Carpinteri et al. 2009).
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To avoid the meaningless of b-value due to the
low number of AE events within a certain magni-
tude range, 500 AE events were taken as a set of data
for investigation. And 250 events are used as sliding
windows to obtain the evolution law of b-value with
the AE events. Combined with the correspondence
between time and the AE events, the evolution law
of the b-value with time was obtained. Taking the
HG-1 and HG-3 samples as examples, the evolution
of b-value with time during the time-delayed rock-
burst development process was analyzed, as shown in
Fig. 20.

In the early stage at 1-133 s, the b-value of HG-1
rock sample fluctuated heavily. The maximum value
was 2.1, and the minimum value was 0.5. After that,
the b-value showed a slight fluctuation with time. It
basically maintained at about 1.1. It means that the
relative number of large events and small events was
stable and the crack state of different scales (the dis-
tribution of fracture scales) was relatively constant.
It represents a process of gradual stable expansion of
fracture. In 386477 s, the b-value fluctuated heav-
ily. It falls to 0.5 at first and then rises to 2.2. The
proportion of small-scale microcracks increased. In
477495 s, the b-value continued to rise to the maxi-
mum value of 2.3. After that, the b-value decreased
continuously, from the highest value of 2.3 to a low
value of 0.7. The proportion of large-scale microc-
racks increased, indicating that the internal cracks of
the rock sample showed an unstable expansion state.
Microcracks penetrated to form cracks and rockbursts
were about to occur.

In the early stage of test loading at 1-193 s, the
b-value of HG-3 rock samples fluctuated heavily. It
falls to 0.4 at first and then rises to 2.3. After that, the
b-value showed a slight fluctuation with time. It basi-
cally maintained at about 1.8. The relative number
of large events and small events was stable, and the
crack state of different scales was relatively constant.
It represents a gradual and stable expansion process.
After 571 s, the b-value began to decrease continu-
ously. It decreased from 2.0 to 0.5. It means that the
proportion of large-scale microcracks increased. It
indicates that the internal cracks of the rock sample
was in an unstable propagation state, and the micro-
cracks penetrated to form cracks. The rockburst was
about to occur.

Therefore, the continuous decrease of b-value can
be used as an effective prediction and early warning

information for the time-delayed rockburst. In addi-
tion, it can also be found that in the lag stage after the
rapid increase of the AE hits, the b-value is at a low
value. It indicates that the proportion of large cracks
and small cracks inside the rock sample is relatively
constant under the action of constant load on five
sides at this stage. The b-value continuously decrease
can be used as an effective prediction and early warn-
ing information for the time-delayed rockburst, which
is consistent with the results of the immediate rock-
burst mainly studied by Su et al. (2020).

5 Conclusions

In this paper, the granite time-delayed rockburst test
under true triaxial condition with AE and high-speed
camera monitoring was designed and carried out. The
failure characteristic and mechanism of granite time-
delayed rockburst under true triaxial condition were
studied. The main conclusions are as follows:

1. Under the true triaxial condition, the failure
of granite time-delayed rockburst is with four
stages, i.e. grains ejection, slab breaks and ejects,
first fragments ejection and second fragments
ejection. The elastic strain energy stored inside
the rock sample was not fully released after the
first ejection failure, and the newly generated free
face did not reach a stable state. Under the action
of constant load on five sides, the microcracks in
the main shear direction penetrated to form a "V"
shear crack, the potential cracks near the free face
connected and penetrated and the surface rock
formed several small blocks. Under the action
of the remaining elastic strain energy, the small
blocks were rapidly ejected outward, that is, the
second fragments ejection occurred.

2. There is a "V" shear crack generated in the
time-delayed rockburst sample. Several ten-
sile cracks in the lower part of the rock sample
crossed through the "V" shear crack. In the time-
lag stage, the longer the duration, the more fully
developed the cracks inside the rock sample. And
a larger amount of energy was consumed, result-
ing in a decrease of the elastic strain energy for
rock ejection. Therefore, it can only cause ejec-
tion failure in the shallow part of the sample,
and the deep rock block cannot be ejected due to
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insufficient kinetic energy of ejection. It means
that the longer the duration, the smaller the depth
of the rockburst pit.

3. The time-delayed rockburst debris were mainly
composed of blocks and fragments. The longer
the duration, the smaller the total debris mass,
the percentage of ejected debris and the ejec-
tion kinetic energy. The fractal dimension of the
debris was positively correlated with the dura-
tion. The longer the duration, the higher the
degree of fragmentation. Therefore, for time-
delayed rockburst risk mitigation, its duration
should be extended as much as possible to reduce
its ejection debris mass and ejection kinetic
energy.

4. Under the true triaxial condition, the cracks
generated in the development process of time-
delayed rockburst are tensile-shear composite
cracks. In the loading stage, it was dominated
by shear cracks. However, in the time-lag stage,
it was dominated by tensile cracks. With the
increase of the duration, the proportion of ten-
sile cracks increased and the proportion of shear
cracks decreased.
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