Bulletin of Engineering Geology and the Environment (2021) 80:4515-4528
https://doi.org/10.1007/510064-021-02244-z

ORIGINAL PAPER ;.)

Check for
updates

Experimental study on the influence of tangential stress gradient
on the energy evolution of strainburst

Xigi Liu" - Yuanyou Xia' - Manging Lin? - Gang Wang" - Dongxing Wang?

Received: 16 October 2020 /Accepted: 10 April 2021 / Published online: 17 April 2021
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Strainburst is a kind of safety concern caused by the release of elastic strain energy from surrounding rocks under a tangential
stress gradient. In this paper, laboratory rockburst model tests under four different stress gradients were conducted. Based on the
acoustic emission (AE) data, the influence of tangential stress gradient on the energy evolution of strainburst was studied. The
results indicate that (1) by controlling the tangential stress gradient loading at the top of the specimen, the change process of
tangential and radial stress gradient from surrounding rocks caused by excavation disturbance, to a large extent, can be simulated.
(2) The failure phenomena and failure stress of the specimen are both related to its tangential stress gradient distribution. As the
tangential stress gradient increases, the failure stress is reduced, but dynamic failure phenomena become more evident. (3) With
the increase of tangential stress gradient, the accumulation period of elastic strain energy lengthens, whereas the dissipation and
release periods shorten during the loading process. As the tangential stress gradient rises, when the specimen rockburst occurs,
the more dramatic decrease and faster decreasing rate of AE b-value reveal the increase in the specimen’s proportion of shear
failure. Also, the critical index () of probability density distribution shows a downward trend, which indicates that the AE energy
in the low disturbance area decreases. In contrast, the AE energy span in the high disturbance area widens and the energy level
becomes higher.
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Introduction etal. 2020). During the construction of underground engineer-

ing, the rock mass stress in the three-dimensional compression

The exploitation of resources and the expansion of large-scale
water conservancy and hydropower projects in the deep un-
derground have resulted in the increasingly prominent geolog-
ical disasters caused by high geo-stress, which bring severe
challenges to the safe construction of deep underground space
(Feng et al. 2017; Kaiser et al. 2001, 2015; Simser 2019; Zhou
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state redistributes due to excavation. During this process, the
energy inside the rock also accumulates, dissipates, and trans-
mits. Some of the energy dissipates in the development and
propagation of cracks in surrounding rock, and some is stored
as strain energy or potential energy. As the elastic strain ener-
gy accumulated in the surrounding rock increases to a certain
extent, it would be converted into the kinetic energy of the
spalling rock block, resulting in rockburst (Li et al. 2019).
Therefore, the rockburst mechanism can be fundamentally
studied by analyzing the influence of rock stress on its internal
energy storage, dissipation, and transmission during under-
ground engineering excavation.

The failure of an underground rock structure is a synthetic
process of energy dissipation and energy release (Zhang et al.
2018). In its early stage of deformation, the rock mass stores
the energy provided by the outside in the form of elastic strain
energy and dissipates it to the outside through damage
evolution, etc. In contrast, in the later stage of deformation,
it is mainly released dramatically. Mansurov (2001) defined
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the evolution law of the rockburst fracture process and the
relationship between energy and fracture. G. Brauner (Peng
et al. 2014) proposed the theory of energy rate, which took
into account the conditions that each part of the energy needed
to be satisfied when rockburst occurred, reflected the time
effect of rockburst through the rate of the time change, and
explained the power source. However, it is still challenging to
explain the mechanisms of rockburst due to the limitation of
nonlinear problems in theory. Therefore, many scholars have
endeavored to reproduce the phenomena of rockburst by sim-
ulating the stress characteristics of surrounding rocks under
laboratory conditions, so as to study rockburst mechanism.
Based on the stress state change of surrounding rocks before
and after excavation, loading tests with one free face under the
true-triaxial condition were performed to simulate the
rockburst (He et al. 2012, 2015a; Si and Gong 2020). Feng
et al. (2016) and He et al. (2015b) simulated the process of
excavation unloading and stress concentration of surrounding
rock mass through three principal stress directions loading,
one side rapid unloading, and top uniform loading and
analyzed the failure and energy characteristics of specimen
rockburst at each phase. Chen et al. (2019) studied the energy
dissipation process of debris under different loading rates
through the true-triaxial test. Zhai et al. (2020) investigated
the fracture evolution during rockbursts of granodiorite and
basalt that appeared to be representatives of two different
rockburst modes under true-triaxial loading using AE analy-
sis. Su et al. (2017a, 2017b) studied the influence of different
disturbance loads and loading rates on rockburst through the
true-triaxial test and revealed rockburst’s energy evolution
process through multiple approaches such as energy transfor-
mation analysis and energy consumption analysis of rockburst
debris.

Nevertheless, in practical engineering, rockburst is a kind
of disaster caused by tangential stress gradient from surround-
ing rocks (Qian 2014). The in-excavated underground rock
mass is in the state of three principal stresses, and the excava-
tion unloading provides a free surface for the rock damage.
The tangential stress (o) on the cavern walls is more consid-
erable, which decreases gradually towards the inside of sur-
rounding rocks with a specific gradient. In contrast, the radial
stress (03) equals 0 on the walls, which yet increases towards
the inside of surrounding rocks. Therefore, Huo et al. (2020)
and Liu et al. (2019) preliminarily explored the rockburst
characteristics of the specimen under true-triaxial tangential
gradient stress and found that with the increase of the tangen-
tial stress gradient, the rockburst intensity shows an increasing
trend. However, the influence of tangential stress gradient on
rockburst energy evolution has not been reported ever.
Therefore, to further analyze the influence mechanisms and
rules from the perspective of energy, a true-triaxial gradient
and hydraulic-pneumatic composite loading apparatus was
adopted in this paper to conduct the rockburst test under 4
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different tangential stress gradients. Combined with the failure
phenomenon and AE signals monitored during specimen
rockburst, the influence of tangential stress gradient on the
energy evolution of the specimen during rockburst was stud-
ied, which is of significance to understand the rockburst fail-
ure mechanisms and improve the accuracy of its prediction.

Experimental procedures
Rockburst test system

In the rockburst model test, a true-triaxial gradient and
hydraulic-pneumatic composite loading apparatus was
adopted (specimen size: 400mmx600mmx1000mm), which
is mainly composed of 4 parts: the main engine, the pneumatic
control system, the hydraulic control system, and the monitor-
ing system, as shown in Fig. 1. Its maximum loading capacity
is 20MPa, which could realize the special function of three
principal stress directions loading (simulating the in situ stress
state), one side rapid unloading (simulating excavation behav-
ior), and top gradient loading (simulating tangential stress
concentration). The monitoring system consists of the AE test
instrument, the stress monitoring instrument, and the camera.
AE signal acquisition threshold is set as 40dB, and the sam-
pling frequency is 1MHz. The monitoring range of the strain
brick is 0~60MPa, and it is buried in the center of 4 equal areas
at the top of the specimen, which could monitor the change
process of three principal stress at four tangential gradient
stress loading positions. The stress data were obtained by the
static strain acquisition instrument. The spatial arrangement of
AE probe and strain brick is shown in Fig. 2.

Specimen materials and preparation

The physical and mechanical properties of the selected spec-
imen materials should meet the brittleness and rockburst ten-
dency indicators, but other physical and mechanical parame-
ters of the materials are not required to meet the strict similar-
ity ratio (Zhou et al. 2015). In the experiment, a-hemihydrate
gypsum was selected as a similar material to simulate deep
rock mass (Hou et al. 2018). As shown in Fig. 3 and Fig. 4,
mechanical parameters of the material were determined
through the uniaxial and three-point bending tests of samples
with different water-gypsum ratios, and the ratio that meets
the conditions of rockburst test was selected. The impact en-
ergy index W ¢ (Wang et al. 2015), elastic modulus, and other
relevant parameters are shown in Table 1.

Based on the ratio shown in Table 1, rectangular specimens
with the size of 400mmx>600mmx1000mm were made ac-
cording to the requirements of the rockburst apparatus. After
dried at room temperature, the specimens were fed into the
loading chamber of the instrument. Furthermore, to minimize
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Fig. 1 Rockburst test equipment

the influence of lateral friction on boundary conditions during
loading processes, 2 layers of polymer with graphite powder
were placed between each loading surface and the stress trans-
ferring platens.

Loading path

To figure out the influence of tangential stress gradients on
rockburst energy evolution characteristics, the simplified Eq.
(1) can be used to simulate the tangential stress of surrounding
rock based on the distribution law of tangential stress of sur-
rounding rock after excavation (Singh et al. 2011):

y=nae ™ +¢ (1)

where y is the tangential stress of a certain point in the
surrounding rock, x is the distance from a certain point in
the surrounding rock (inside the specimen) to the excavation

Unit: mm

Strain gauge

Unloading face

Fig. 2 AE probe and strain brick layout

boundary (unloading surface), n is the number of loading steps
of tangential gradient stress, a is the stress loading stride of o
1, ¢ 1s the vertical stress of initial rock, and m is the tangential
stress gradient coefficient.

According to the ground stress distribution in different
countries (Brown and Hoek 1978; Liu et al. 2016), the ratio
of vertical ground stress oy to horizontal ground stress oy is
set as follows: ov/og=2 (0,=0v=c>0,=03=0y). First, each
specimen was loaded with in situ stress in three principal
directions (01=c=2MPa, o,=03=1MPa), as shown in Fig. 5a.
Afterwards, the movable door plate in front of the equipment
was quickly removed, leading to an abrupt release of stress
from this plate and keeping constant the horizontal confining
stress in other sides of the specimen to simulate the tunnel
excavation. Simultaneously, the vertical load was applied step
by step, as shown in Fig. 5b. Gradient 1 (o.;, x=0.0m) in-
creased in n steps with the stride of a=0.5MPa, and other
tangential gradient stress were applied synchronously through
y=nae "+ ¢ calculation (the stress of gradient 2/3/4 is signed
as 01.,/01.3/014, corresponding to x=0.25m/0.5m/0.75m, re-
spectively). The test used quasi-static compression loading,
and the loading and pressure stabilization time of each step
was 30min. In this paper, four different top gradient loading
paths (m=0, 2, 4, 6) were used in the rockburst test. The time-
history curves of loading paths are shown in Fig. 6.

Results analysis
Stress analysis in rockburst process
Figure 7 shows the time-history curve of the change of the

three principal stress in different tangential gradient stress
loading processes measured by the strain brick. In the moment
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Table 1 Parameters of the specimen and the index of rockburst trend

Material Water/gypsum ratio Citric acid (g)/water (g) Poisson’s ratio Elastic modulus/GPa o/ o/ Wer
MPa MPa

Gypsum 0.7 0.12% 0.25 1.268 9.2 0.54 5.63

o, 1s uniaxial compressive strength; o, is uniaxial tensile strength; W, is the ratio of pre-peak area and post-peak area of the stress-strain curve of
specimen material in a uniaxial compression test. W > 3, strong rockburst; 3>W,.2>2, weak rockburst; Ws < 2, no rockburst

of specimen rockburst, the curve of the measured three prin-
cipal stress (o, 0;, 03) changing with the distance of
unloading surface is illustrated in Fig. 8. As shown in Fig. 7
and Fig. 8, 01.1/015/01.3/01 4 are the measured stress values at
the top o direction, 05_1/05_5/0.3/0_4 are the measured stress
values at the side o, direction, and o3_j/03.5/03.3/05_4 are the
measured stress values at the o3 direction.

Compared with Fig. 6 and Fig. 7, it can be seen that the
stress path measured by the model rockburst test is basically
consistent with the test loading paths. As shown in Fig. 8, after
simulating the excavation of surrounding rock, the tangential
stress o(01.1~01-4) and the radial stress o3(03.;~03.4) of the
surrounding rocks are distributed in gradients. o3 is close to
0 at the unloading surface, while the axial stress o»(0.1~024)
remains essentially constant, which is consistent with the
stress change law of surrounding rock after excavation, char-
acterized by unloading of radial stress (03) and an increase of
tangential stress (o) as well as the approximately unchanged
intermediate stress (0,). Furthermore, it can be seen from the
stress results of the test that when the 4 specimens fail, the
maximum vertical loading stress o;_; is lower than the o, of
uniaxial compressive strength. This is consistent with the fail-
ure stress of most engineering rockburst when the maximum
tangential stress ogmay 18 below or far below o, (Zhang et al.
2020).

Stress/MPa

0.0 0.2 0.4 0.6 0.8 1.0 1.2
Strain/%

Fig. 3 Uniaxial test results of specimen materials
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The stress characteristics of the specimen indicate that the
rockburst test method of three principal stress directions load-
ing, one side rapid unloading, and top gradient loading can
more truly simulate the stress evolutionary process of sur-
rounding rock in high geo-stress area under the secondary
stress field, which is reflected by the reduction of radial stress
and the concentration of tangential stress after rock
excavation.

Failure analysis of specimen

Although rockburst failure occurred in all the 4 specimens
under different tangential gradient stress loading conditions,
the failure phenomena were quite different. Figures 9, 10, 11,
and 12 list the corresponding failure phenomena, and lateral
crack propagation photos of specimens after rockburst are
shown in Fig. 13.

Figure 9 and Fig. 10 show that when the tangential stress
gradient of the specimen was small (m=0, m=2), the charac-
teristics of the dynamic rockburst failure of the specimen are
not noticeable, presented as flake debris spalling or breaking,
and the debris was mainly distributed in the range of 0.5m
near the free face of the specimen. As the tangential stress
gradient increased (m=4), the debris were mainly angular
and blocky, and the throwing distance was up to 0.9m, as
shown in Fig. 11. With the tangential stress gradient coeffi-
cient m reaching 6, the debris were mostly wedge-shaped or
block-shaped, and the maximum throwing distance was 1.7m,
as shown in Fig. 12. It can be seen that with the increase of

Fig. 4 Three-point bending tests



Experimental study on the influence of tangential stress gradient on the energy evolution of strainburst 4519

Fig. 5 The stress state
transformation of the surrounding
rock masses before and after
excavation. (a) Simulate the in
situ stress. (b) Simulate
excavation and tangential stress.
1, stress loader; 2, vertical fixed
end; 3, movable door plate; 4,
horizontal fixed end; 5, loading
platen; 6, specimen

[ G !

(@

tangential stress gradient, the ejection distance of rockburst
debris increased, which indicates that the dynamic failure phe-
nomenon of the specimen rockburst process became increas-
ingly significant, and the rockburst intensity was more re-
markable. Moreover, compared with the specimens’ lateral
crack development after rockburst, the growth lines of lateral
cracks in the specimens also showed different variations under
different tangential stress gradients. If the tangential stress
gradient coefficient was small (m=0, m=2), cracks propagated
parallel to the unloading surface (tensile failure), as shown in

1-Stress loader
2-Vertical fixed end
3-Movable door plate
4- Horizontal fixed end
5- Loading platen

6- Specimen

(®)

Fig. 13a and b; if m=4, cracks were presented as stair-step
shape (tensile and shear failure), as shown in Fig. 13c, while
m=6, cracks were presented as arc shape (shear failure), as
shown in Fig. 13d. Therefore, it suggests that the tangential
stress gradient affects the crack propagation and failure mech-
anism of specimen.

From the perspective of energy, at the beginning of the
tangential gradient stress loading process, the specimen de-
formed. The main characteristic of this process was the accu-
mulation of elastic strain energy in the specimen. As the

Fig. 6 Time-history curve of or
. . . 1
tangential gradient stress loading '
path: (a) m=0, (b) m=2, (¢c) m=4, Sr \
and (d) m=6 | Gradient
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loading process continued, the crispy sound of crepitation
occurred inside the specimen, indicating that microcracks
were generated and expanded inside the specimen. In this
process, in addition to the continuously increased elastic strain
energy, part of the work done by external forces was convert-
ed into dissipated energy in the specimen, and the dissipation
of elastic strain energy accompanied the damage of the spec-
imen. As the loading continues, the elastic strain energy of the
specimen was stored to a certain extent, trying to follow a
direction (o3 direction) that was easy to release. When the

energy released in this direction reached the energy required
for the rupture of rock units, the specimen broke down along
the o5 direction, forming a rockburst. The main characteristic
of this process was the release of elastic strain energy.
Therefore, in terms of energy, the inoculation and evolution
process of strain rockburst could be summarized as a process
of elastic strain energy accumulation (specimen elastic defor-
mation)-energy accumulation and dissipation (microcrack ex-
pansion, specimen damage)-energy release (macroscopic
crack penetration, specimen rockburst failure).

64r m— 3 = 6 6 6
561 " g (g sk sk 5L
481 ® (g
A
(o) 4L s al
<40+ < < <
& & & &
b= = = =
2321 23t 23t 23t
2 2 2
2 g g2 g
n24t 7] @ 17
2r 2+ 2+
16
o o ——o—® 1F 1F 1F
0.8 | /
0.0 i . . . 0 1 . . . 0 | . . . 0
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Distance from unloading surface /m Distance from unloading surface/m Distance from unloading surface /m Distance from unloading surface/m

(@) (b)

(© (d)

Fig. 8 The measured stress in the specimen with the distance of unloading surface during specimen failure: (a) m=0, (b) m=2, (¢) m=4, and (d) m=6
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Fig. 9 Failure phenomena of
specimens at different loading
moments (m=0): (a) 9360s, (b)
14040s, and (¢) 19817s

Energy evolution characteristics of specimen
rockburst

Energy evolution process based on the strength
eigenvalue of specimen rockburst

Liu et al. (2019) analyzed the dissipation and release process
of rockburst energy by the AE energy of the rockburst test
under different tangential stress gradient loading. Still, AE
energy is not the energy in a physical sense. From the micro-
scopic point of view, AE signals are the elastic wave released
by internal crack generation, propagation, and fracture of the
rock under loading, which can well reflect the rock failure
evolution (Cai et al. 2007; Li and Nordlund 1993). AE counts
can reflect the degree of microcrack propagation in the spec-
imen. According to the evolution of crack propagation during
the specimen failure, it is possible to determine several essen-
tial strength eigenvalues of the rockburst process, that is, the
crack closure strength (o), the crack initiation strength (o;),
and the crack damage strength (o.q). The crack initiation
strength (o;) refers to the initiation of cracks in the rock,
and the crack damage strength (o.q) represents the beginning
of dilation when cracks gradually expand and connect (Brace
et al. 1966). This section will analyze the influence of tangen-
tial stress gradient on the energy accumulation, dissipation,
and release of strainburst in surrounding rock from the per-
spective of the difference of specimen strength eigenvalue
under different tangential gradient stress loading.

Fig. 10 Failure phenomena of
specimens at different loading
moments (m=2): (a) 15480s, (b)
19074s, and (¢) 19075s

(a)

(b)

Figure 14 is the strength eigenvalue obtained by drawing
the AE counts of 4 different tangential gradient stress loading
processes in the model test (Liu et al. 2018a).

It can be seen from Fig. 14 that the AE counts have major
phase characteristics. At each phase of the curve, the inflection
point corresponds to the stress strength eigenvalue of the spec-
imen during rockburst failure, that is, the crack closure
strength (o), the crack initiation strength (o;), and the crack
damage strength (o4). At the initial phase (0.;<0,.), the load-
ing conditions of each specimen are the same, the specimen is
in the compaction phase, the AE counts show a small section
of growth, and its end is corresponding to the closure strength
Oce- Oce Of each specimen is about 1 MPa; and then, the AE
counts experience the linear growth phase (o..<01.1<0¢;). The
AE counts have a noticeable “low emission period,” which
lasts a long time, and the specimen is mainly in the elastic
strain energy accumulation phase. As the loading continues,
when the crack initiation strength o; transits to the crack dam-
age strength o4, since the internal damage of the specimen
begins to form, the AE counts experience an apparent “fluc-
tuation period.” In this phase, while the specimen is accumu-
lating energy, the internal micro-fracture initiation leads to
energy dissipation, which corresponds to the phase of energy
dissipation in the inoculation process of rockburst. When the
damage accumulates to a certain extent, the AE counts drop
rapidly and go through a short “quiet period.” Afterwards, the
corresponding AE counts suddenly rise immediately, corre-
sponding to the rapid penetration and generation of cracks,
and the specimen internal cracks appear unstable propagation.

(b) (c)
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Fig. 11 Failure phenomena of
specimens at different loading
moments (m=4): (a) 18766s, (b)
18767s, and (¢) 18768s

(@)

At this point, rockburst enters the phase of energy release; the
main fracture in the specimen is broken through, and the frac-
tured rock mass falls and ejects, resulting in full rockburst
damage.

To compare and analyze the energy characteristics of each
phase of specimen failure under different tangential gradient
stress, the ratios (og/op o.g/or and o.4/o¢ -0ci/of) of the
strength eigenvalue to the failure stress o¢ (the maximum val-
ue of the tangential gradient stress during rockburst, namely,
01.1 stress) in relation to the tangential stress gradient coeffi-
cient m are shown in Fig. 15.

As can be seen from Fig. 15, oi/o¢increases gradually with
the increase of the tangential stress gradient. The loading
phase prior to o; corresponds to the accumulation phase of
the elastic strain energy of the specimen, which indicates that
with the increase of the tangential stress gradient, the energy
accumulation phase is relatively longer. Also, o.4/o¢ -oi/o¢
becomes smaller as the tangential stress gradient increases
and the ratio corresponds to the energy dissipation phase,
meaning that with the increase of the tangential stress gradient,
the energy dissipation phase before the rockburst is relatively
short. Besides, o.4/0r increases with the increase of the tan-
gential stress gradient. The posterior part of 0.4 corresponds to
the energy release phase, which shows that the crack instabil-
ity stage shortens and the energy release rate increases.

The above results indicate that with the increase of the
tangential stress gradient, the energy accumulation period in
the loading process of the specimen is longer, while the dissi-
pation period is shorter, and the energy release rate becomes
larger. The difference in energy accumulation, dissipation,

Fig. 12 Failure phenomena of
specimens at different loading
moments (m=6): (a) 18492s, (b)
18493s, and (c¢) 18494s
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(b)

and release in each phase is the dominant mechanism for the
rockburst intensity increasing.

Energy evolution characteristics based on AE b-value

To further study the energy characteristics of the specimen
rockburst from the perspective of rupture, this section ana-
lyzes the characteristics of the AE b-value in the specimen’s
loading process. The AE b-value is often used in the field of
seismic research, which reflects the evolution process of
microcracks and propagation inside the rock (Kim et al.
2015). The AE b-value tends to be stable in a specific range,
indicating that the state of microcrack failure in the material is
relatively constant. In contrast, if the AE b-value suddenly
jumps over a wide range, it represents the intense change of
the microcrack state, suggesting a burst instability expansion.
The increases (decreases) of the AE b-value indicate that the
material’s internal micro-fracture is dominated by small-scale
(large-scale) failure. There are numerous AE signal activities
similar to seismic activities in the rockburst process (Liu et al.
2018b). Therefore, analyzing the AE b-value in the rockburst
process can study the specimen failure and energy evolution
law in the rockburst process.

In this section, the AE amplitude (dB) monitored during the
test is divided by 20 to replace the earthquake magnitude
(Gutenberg and Richter 1944), that is:

M = ms/20 (2)

(b) (c)
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Fig. 13 Lateral crack propagation patterns of specimens at the end of loading: (a) m=0, (b) m=2, (¢) m=4, and (d) m=6

where M is equal to the “earthquake magnitude” in the test
process and mg is the AE amplitude (dB) obtained during the
test.

Therefore, the relation between earthquake magnitude and
frequency, namely, the famous G-R relation, can be expressed
as (Gutenberg and Richter 1944):

I,N = a—bM, (3)
Fig. 14 AE counts and strength 12
eigenvalue under different
tangential gradient stress: (a)
m=0, (b) m=2, (c) m=4, and (d) .
m=6 2 8
g
8
<
0
o,.,/MPa
(a)
20

—_
w

AE counts/10°
=Y

where N is the number of cumulative AE events whose
peak amplitude of AE signal is greater than M| and a and b
are constants.

In this section, linear least square method is adopted to
calculate AE b-value, and the statistical formula for AE b--
value is (Gutenberg and Richter 1944):
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Fig. 15 Variation curve of the ratio of strength eigenvalue to failure stress
with tangential stress gradient coefficient

where Am is the phase classification for AE events, take
Am=0.5dB, M; is the median number of AE events in phase i,
and i is the classification number of AE data.

To avoid the decrease of the credibility of the estimate
attributable to the small calculation range, every 300 AE
events are set as a calculation phase. Then the AE event fre-
quency N during this time and the average energy value
representing the magnitude is calculated. Equation (4) is used
to get the AE b-value. Ultimately, the AE b-value-the AE
amplitude-time curve is obtained, as shown in Fig. 16.

As can be seen from Fig. 16, the overall level of AE b-value
is related to the tangential stress gradient. Before the
rockburst, when the tangential stress gradient coefficient
m=0 and m=2, the average AE b-value is 0.82 and 0.96, re-
spectively. At this time, the proportion of large-scale
microcracks increases, and the proportion of energy dissipa-
tion is large. Moreover, the AE b-values show a small contin-
uous fluctuation, reflecting that the microcracking state is
slowly changing, consistent with the experimental phenome-
non, representing a gradual steady propagation process, and
also indicating continuous energy dissipation inside the spec-
imen before rockburst. As the tangential stress gradient coef-
ficient m=4 and m=6, the average AE b-value is 1.08 and 1.25,
respectively, indicating that before rockburst failure, the spec-
imen’s internal crack scale is relatively small, and the energy
consumption is less. Furthermore, the AE b-values suddenly
transit in a wide range, indicating the discontinuous genera-
tion of rupture instability.

The results of Lei et al. (2000) show that the physical
mechanism of the decrease of AE b-value before rock failure
and instability is that the micro-break is changed from tensile
failure to shear failure, and the crack interaction is obviously
enhanced. The combination of these two factors makes the
large event increase obviously and the AE b-value decrease.
It can be seen from Fig. 16 that when rockburst failure, with
small tangential stress gradient loading (m=0, m=2), the AE b-
value decreases slightly, indicating that the specimen failure is
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dominated by tensile failure (consistent with the experimental
phenomenon). Tensile failure is a low-stress brittle failure, and
only the fracture surface releases energy. Part of the fracture
surface’s energy is consumed during the fracture development
process, and part of it is transferred to the nearby specimen
body. Therefore, the overall energy release rate is low, and the
rockburst intensity is small. With the increase of the tangential
stress gradient (m=4, m=6), the AE b-value shows a relatively
rapid decline, indicating that the internal cracks of the speci-
men present a state of unstable expansion, the micro-fracture
changes from tensile fracture to shear fracture (consistent with
the experimental phenomenon), and the energy release rate
increases. Shear failure is a violent failure under the condition
of high stress. Not only is the energy release amount of shear
failure higher than that of tensile failure, but some specimen
bodies outside the failure zone also experience stress drop, so
the energy release rate is higher and the rockburst intensity is
larger.

Probability density distribution of AE Energy

To further study the energy characteristics of the specimen
rockburst under tangential gradient stress, the probability den-
sity of AE energy is used to reveal the energy magnitude and
distribution range of AE events in the process of specimen
rockburst (Xie et al. 2017). The energy of an AE event can
be defined as the integral of the voltage U squared of the
acquisition signal within the duration of the signal, which
can be expressed as follows:
E= %Iﬁj U (t)dt ()
where ¢ and # are respectively the beginning and end time
of AE signals and R is the AE equipment’s internal resistance
value.

Based on AE signals of rockburst under different tangential
gradient stress loading conditions, the probability density dis-
tribution of AE energy in the logarithmic coordinate can be
expressed as (Castillo-Villa et al. 2013):

”

P(Ed)dE~—————
( ) Emin lirE

dE.E > E,.i, (6)

where E,.,;, is a standardized parameter (Bauke 2007) and r
is a critical index.

Figure 17 shows the probability density distribution of AE
energy in the specimen rockburst under different tangential
stress gradients. It can be seen from Fig. 17 that in double
logarithmic coordinates, the overall distribution of AE signals
under different tangential stress gradients shows a good linear
relationship, and the AE energy can better meet Gutenberg-
Richter law (Utsu 1999). The slope » of the probability density
function refers to the distribution index of AE energy,
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indicating that the data points under different gradient stress
loading conditions can better satisfy the power function’s at-
tenuation law (also known as the critical index, since it sat-
isfies power-law distribution). AE energy distribution in time
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Fig. 17 Distribution of probability density of rockburst energy under
different tangential stress gradient loading

is mainly divided into two regions (Travesset et al. 2002): low
disturbance zone, at the initial phase of specimen loading, the
specimen is less damaged, the AE events are less, and the
energy value is small and stable. High disturbance zone: dur-
ing the loading process, due to fracture expansion and internal
structure heterogeneity, a large amount of energy is released
into the system, resulting in a sharp increase in AE events.
Moreover, the energy value has a large span, and its fluctua-
tion is also large, and the corresponding probability density is
small.

Different tangential stress gradient loading which mainly
affects the representation scale invariance is the critical index
(7). Under the conditions of m=0 and m=2, the critical index of
the specimen 7,=1.878 and r,=1.862, respectively. The prob-
ability density of AE energy in the low disturbance zone is
more extensive, which indicates that the AE events are more
frequently happening and the energy value is small (the ener-
gy interval is 10~107). The energy dissipation rate before
rockburst is higher, but the whole is in the lower energy zone.
AE energy has a smaller span (<10°) after entering the high
disturbance zone. This indicates that the possibility of higher
energy AE events in the process of specimen rockburst is

@ Springer
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reduced. With the increase of the tangential stress gradient, the
value of r decreases gradually. While the tangential stress
gradient coefficient reaches m=4 and m=6, the critical index
ofthe specimen is r4=1.813, r¢=1.749, respectively. The prob-
ability density of AE energy in the specimen’s low distur-
bance zone decreases obviously, which indicates that the en-
ergy dissipation rate is low and the overall energy intensity is
not high in the early phase of specimen loading. AE energy
has a larger span (10°~10%) after entering the high disturbance
zone. It shows that the probability of high energy AE events in
specimen failure is relatively large under a large tangential
stress gradient, and the AE energy span is large after entering
the high disturbance zone, which indicates that the specimen
crack propagation is unstable. The number of AE events in-
creases sharply with the increase of the tangential stress
gradient.

Conclusions

In this paper, the effects of tangential stress gradient on spec-
imen rockburst failure and energy evolution were studied by
model test with 4 different tangential gradient stress loading.
Significant findings are as follows:

(1) The hydraulic-pneumatic composite and tangential gra-
dient stress loading rockburst test can, to a certain extent,
represent the change process of tangential and radial tan-
gential stress gradient of deep surrounding rock under
excavation disturbance. The phenomenon and stress of
the specimen rockburst test are similar to those of actual
surrounding rock when rockburst occurs. It shows that
the rockburst model test in this paper can reflect the
characteristics of rockburst on site.

(2) Specimen rockburst is a process of stress adjustment,
deformation by stress (cumulative elastic strain ener-
gy)-crack initiation and propagation (energy dissipa-
tion)-crack penetration and debris ejection (energy re-
lease). With the increase of tangential stress gradient,
the energy accumulation period of specimen rockburst
becomes longer, and the dissipation period and the ener-
gy release period become shorter, which is the main rea-
son for the increase of energy release rate and the en-
hancement of the rockburst dynamic phenomenon.

(3) The larger the loading tangential stress gradient, the
higher the overall level of the AE b-value before
rockburst failure, but the worse the continuity, which
indicates that the specimen’s failure scale is smaller
and discontinuous, and the energy dissipation is lower.
Also, the larger the loading tangential stress gradient, the

@ Springer

larger the AE b-value decreases and the faster the rate
decreases, indicating that the specimen is turned from
main tensile failure to shear failure and the energy release
rate increases when the specimen rockburst.

(4) The AE energy data points of the specimen under differ-
ent tangential stress gradient can well fill the decay law
of power function. The effect of the tangential stress
gradient mainly affects the critical index », which repre-
sents the scale invariance. With the increase of the tan-
gential stress gradient of the specimen, the critical index
tends to decrease, and the probability density of AE en-
ergy of the corresponding specimen in the low distur-
bance zone becomes smaller, while the energy span
and energy level of the high disturbance zone become
larger. Therefore, the periodic variation characteristics of
probability density distribution of AE energy under dif-
ferent tangential stress gradient reflect rockburst’s ener-
gy evolution process.
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