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Strainburst process of marble in tunnel-excavation-induced
stress path considering intermediate principal stress
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Abstract: Strainburst is one type of rockburst that generally occurs in deep tunnel. In this study, the strainburst
behaviors of marble specimens were investigated under tunnel-excavation-induced stress condition, and two stress paths
were designed, a commonly used stress path in true triaxial unloading rockburst tests and a new test path in which the
intermediate principal stress was varied. During the tests, a high-speed camera was used to record the strainburst
process, and an acoustic emission (AE) monitoring system was used to monitor the AE characteristics of failure. In
these two stress paths, all the marble specimens exhibited strainbursts; however, when the intermediate principal stress
was varied, the rockburst became more violent. The obtained results indicate that the intermediate principal stress has a
significant effect on rockburst behavior of marble. Under a higher intermediate principal stress before the unloading,
more elastic strain energy was accumulated in the specimen, and the cumulative AE energy was higher in the
rockburst-induced failure, i.e., more elastic strain energy was released during the failure. Therefore, more violent failure
was observed: more rock fragments with a higher mass and larger size were ejected outward.
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unloading in tunnel excavation would cause stress

1 Introduction concentration on hard and brittle rocks around the
excavation boundary and trigger a sudden release of

Rockburst is a typical unstable rock failure. elastic stain energy stored in the surrounding rocks,
Specifically, under high ground-stress conditions, causing failures such as burst, exfoliation, ejection,
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and even high-speed throwing [1-3]. Rockbursts
are  characterized by locality, abruptness,
concealment, hysteresis, no forewarning, high
initial velocity, and high-impact kinetic energy and
cause heavy causalities and economic loss in
underground projects [4—6]. Generally, rockburst
can be divided into three types, namely, strainburst,
fault-slip rockburst, and coal-pillar rockburst.
Strainburst, which is the most prevalent type of
rockburst, generally occurs around the tunnel
excavation boundary, mainly induced by the local
high stress concentration and release of elastic
strain energy in excavation [7]. For example,
hundreds of strainbursts occurred during the
construction of the water diversion tunnel in Jinping
I-level hydropower station, which not only caused
severe casualties and equipment damage, but also
delayed the construction [1, 8, 9].

In recent years, extensive mechanical analysis,
laboratory tests, and case statistics have been
conducted for strainbursts [10-19]. Mimicking the
overall failure process of strainburst in the
laboratory has been one of the important ways to
elucidate the mechanisms. In order to realistically
simulate the stress paths and boundary conditions
for rocks during an excavation in which strainburst
occurs, HE et al [20] developed a deep-rockburst
experimental system using true triaxial testing
instruments. During the test, first different stresses
in three directions were loaded on the rock
specimen, and then a horizontal stress was rapidly
loaded while the stresses along the other two
directions remained unchanged, or the vertical
stress was increased while the horizontal stress
remained unchanged, to simulate the stress
condition on the rock under excavation disturbance
in practical engineering. Using this experimental
system, HE et al [10, 21, 22] conducted a series of
rockburst tests with different loading/unloading
paths and investigated the strainburst behavior of
rock under the triaxial unloading condition. ZHAO
et al [4] carried out strainburst tests on Beishan
granites at four different unloading rates and
concluded that, at a higher unloading rate, the
rockburst was easily triggered and more violent.
Specimen dimension also has an important
influence on the bursting behaviour of rock. ZHAO
et al [7] conducted triaxial loading/unloading tests
on granite specimens with different width-to-height
ratios to evaluate their strainburst behavior; the

specimen with a smaller width-to-height ratio had a
more violent rockburst. Moreover, the cumulative
AE energy gradually decreased with the increase in
the width-to-height ratio specimen [23]. SU et al
[24] also developed a true triaxial stiff testing
machine and performed many tests on granite
specimens to investigate their strainburst-induced
destruction and the effect of tunnel axial stress on
rockburst and destruction characteristics. DU et al
[25] and HE et al [26] extensively studied
strainbursts in different rock specimens under true
triaxial unloading and local dynamic disturbance
and analyzed the rockburst and AE characteristics
under the combined action of triaxial static load and
impact dynamic load in depth. AKDAG et al [27]
investigate the effects of thermal damage on the
strain burst characteristics of brittle rocks under
true-triaxial loading-unloading conditions. Based on
above researches, a comprehensive database has
been created on the true-triaxial unloading tests on
strainbursts.

Notably, none of the aforementioned testing
methods considered the variation of intermediate
principal stress during excavation. However, in a
practical tunnel excavation, o> on the rocks around
the excavation boundary was not always
unchanged.

EBERHARDT [28] conducted 3D numerical
tunnel excavation; when the
intermediate principal stress in the initial ground
stress field was parallel to the axial direction of
tunnel, o, on the surrounding rocks first increased
and then decreased as the working face moved
forward. As shown in Figure 1, o, reached the
maximum when the working face was parallel to
the measuring point. According to the field
monitoring results of the stress field on the
surrounding rocks during the mining of Winston
Lake Mine, KAISER et al [29] concluded that o>
first increased and then decreased; moreover, after
achieving the stability, o> on the surrounding rocks
was slightly smaller than the initial ground stress. It
is well known that the intermediate principal stress
significantly affects the strength and failure
characteristics of rocks. And many true triaxial tests
show that the effect of intermediate principal stress
on rock mechanics is unallowable to be neglected
[30]. Therefore, the effect of the variation of
intermediate principal stress on the strainburst
process and characteristics should be considered.

simulations on
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Figure 1 Simplified tunnel-excavation-induced stress
path

In this study, true triaxial tests were conducted
to investigate the strainburst of marble specimens in
tunnel-excavation-induced stress path. Compared to
previous studies, this study considered the effect of
the variation of intermediate principal stress on the
surrounding rocks on strainburst during the tunnel
excavation. During the tests, the marble specimens
were first subjected to the initial 3D stress state and
then o3 remained unchanged while o1 and o> were
increased to the preset values. Next, o was further
increased, but o3 was gradually decreased to 0 and
o> was gradually increased to the preset value. a1, 02,
and o3 were changed as described above for
simulating the stress paths on the tunnel
surrounding rocks during the excavation. A
high-speed camera was used to record the
strainburst, and an AE monitoring system was used
to detect the AE signals in strainburst in real time.
In the rest of this paper, first the basic parameters of
the marble specimen, true triaxial testing system
used in this study, and specific test process were
first introduced, and then the strainburst process
and characteristics of specimen under tunnel
excavation stress path were analyzed in detail.
Furthermore, the effect of intermediate principal
stress on strainburst behavior was analyzed.

2 Test method

2.1 Specimen preparation

Cyan marble specimens were used in this
study; they were compact and uniform at a
microlevel with a high crystallinity and hardness.
Table 1 shows the basic physicomechanical
parameters of the marble.

Table 1 Mechanical properties of marble material used in
this study

Property Value

Density, p/(kg'm™) 27.1

Elastic modulus, £/GPa 253
Poisson ratio, v 0.20

Uniaxial compressive strength, o./MPa 89.6
Internal cohesion, ¢/MPa 214
Internal frictional angle, ¢/(°) 38.1

Rectangular prism specimens with a size of
50 mmx50 mmx100 mm were cut from a large
marble stone. To reduce the end-surface effects, the
end surfaces of each specimen were polished so that
the flatness of each end surface was 0.1 mm, and
the adjacent surfaces were as perpendicular as
possible. To reduce the effects of nonuniformity and
initial damage on the test results, the prepared
specimens were further screened using a digital
intelligent acoustic detector. 15 marble specimens
were selected; they were divided into five groups
for tests. Table 2 shows the grouping of the
specimens and basic physical parameters. The
average P-wave velocity of all the rock specimens
was 4803 m/s.

2.2 True triaxial rockburst testing system

The used true triaxial rockburst testing system
was designed and developed by State Key
Laboratory of Geomechanics and Deep
Underground Engineering, China University of
Mining and Technology, as shown in Figure 2. The
stiffness along the X, Y and Z directions exceeded
5 mN/mm. The maximum pressures along the X, Y
and Z directions were 300, 500 and 2000 kN,
respectively. And the testing system was equipped
with an advanced high-speed camera and AE
monitoring system to monitor the entire rockburst
process and AE signal characteristics. The
high-speed camera has a maximum shoot speed of
2000 frames per second; the AE sensor has a
cross-section diameter of 8§ mm and a frequency
range of 100-900 kHz. During the tests, the AE
signals were amplified using a preamplifier with a
gain of 40 dB. In the AE monitoring system, the
sampling frequency was set as 3 M per second; the
lockout time of AE events and threshold value were
set as 100 ps and 30 mV, respectively.

In the true triaxial tests on rocks, HE et al
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Table 2 Basic physical parameters of marble specimens

Group  Specimen number  Specimen size/(mmxmmxmm) Mass, Mi/g Density/(g-cm™)  P-wave speed/(m-s™)
Gl1-1 50.83%49.96x101.28 701.14 2.73 4762
Gl G1-2 50.76x50.03x101.53 696.14 2.70 4795
G1-3 50.67%x49.86x101.26 695.86 2.72 4722
G2-1 49.99x50.51x101.71 696.97 2.71 4843
G2 G2-2 49.52x50.41x101.37 690.67 2.73 4827
G2-3 50.40x49.62x101.61 682.94 2.69 4839
G3-1 50.17x49.72x100.47 684.11 2.73 4764
G3 G3-2 49.92x49.90x101.42 685.71 2.71 4830
G3-3 49.73x49.95%101.50 686.71 2.72 4833
G4-1 50.43x49.97x101.38 702.25 2.75 4828
G4 G4-2 50.65%49.46x101.16 694.53 2.74 4817
G4-3 50.71x49.56x101.36 694.70 2.73 4821
G5-1 49.68x49.79x101.49 681.36 2.71 4768
G5 G5-2 49.83x50.05%101.32 696.15 2.72 4795
G5-3 49.89x49.99x101.24 688.87 2.71 4820
AE monitoring
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Figure 2 Ture-triaxial rockburst testing system: (a) Composition of testing system; (b) Internal structure and loading

mode; (c) Positions of AE sensors
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[10, 21] arranged the AE sensor on the plate in
contact with the specimen. Therefore, before
reaching the sensor, the AE signals generated
during the failure in the rocks passed through
several media made of different materials, thus
significantly affecting the monitoring precision. To
enhance the AE monitoring precision, a loading
plate mounted with an AE sensor was specially
designed in this study. As shown in Figure 2(c), a
small spring was placed on the back of the AE
sensor. Therefore, not only the tight contact
between the probe and specimen can be guaranteed,
but also the damage to the sensor caused by large
forces can be avoided.

Besides, the noises generated due to the
friction between the specimen and loading plate as
well as that between the pressuring plate and head
also significantly hindered the analysis and
receiving of AE signal induced by the failure in the
rock [31]. A mixture of vaseline and stearic acid
with a mass ratio of 1:1 was used in this study to
reduce the friction effects [32, 33]. On one hand,
the abovementioned frictions as well as the friction
effects among various end surfaces were eliminated,
but also the friction-induced noise was minimized.
The mixture was prepared by heating vaseline and
stearic acid on a water bath.

2.3 Testing process
2.3.1 Design of stress paths for strainburst test

As shown in Figure 1, EBERHARDT [28] and
KAISER et al [29] found that o> on excavation
boundary rocks was not fixed, but first increased
and then decreased with the advance of working
face in tunnel excavation. Currently, in most
rockburst tests, the effects of the loading rates of oy
and o3, rock stratification direction, and specimen
size on rockburst process and AE characteristics
were investigated. The value of ¢> was unchanged,
and its effect on the rockburst test results under
practical stress paths was not
considered.

Therefore, two different stress paths were
designed for this laboratory strainburst test, as
shown in Figure 3. Stress path A was designed
based on the excavation stress path shown in
Figure 1, in which the variation of ¢, in tunnel
excavation was considered. In contrast, stress path
B was commonly used in the current rockburst tests,
in which o> remained unchanged during the

excavation

unloading. This was the only difference between
these two paths. In Figure 3, o1,, 020, and o3, are the
three principal stresses corresponding to the initial
ground stress; o1, and o0», are the concentrated
stresses of the maximum stress and intermediate
stress before the excavation. They were related to
the concentration degree of stress on the
surrounding rocks before the excavation. v, and vp
are the loading rates of o1 and o», respectively. v
and v, are the unloading rates of o, and o3,
respectively, heavily dependent on the excavation
mode and rate. #1—#3 are the stress concentration
phases induced by tunnel excavation; finally, the
tunnel-excavation-induced stress was unloaded.

(b)
Figure 3 Stress plan in strainburst test: (a) Test plan A;
(b) Test plan B

2.3.2 Initial ground stress condition

Before the strainburst tests, the ground stress
condition triggering the rockburst should be
determined. This study focused on the strainbursts
during the construction of water diversion tunnels
in Jinping Il-level hydropower station. For the four
water diversion tunnels, the average burial depth
was 1900 m. According to the statistics of
rockbursts on the construction site, flakiness and
continuous rockbursts occurred most frequently in
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the marbles of Baishan formation. The marbles of
Baishan formation are characterized by a high
structural integrity and compaction, with a natural
uniaxial compressive strength of 55-114 MPa and
an elastic modulus of 25-40 GPa. They are similar
to marble specimens used in this study in terms of
mechanical properties. The field ground stress test
and inversion results show that the maximum,
intermediate, and minimum principal stresses at an
elevation of 1900 m were 56.96, 49.64 and
43.36 MPa, respectively [9]. To achieve the loading
and unloading in the tests, the values of oi,, 020, and
030 under the initial ground stress condition in stress
paths A and B were set as 57, 50 and 43 MPa,
respectively.
2.3.3 Detailed test processes
To investigate the and AE

characteristics under tunnel excavation paths in

strainburst

depth, a detailed test procedure was designed, in
which the directions of o1, 02, and o3 corresponded
to the Z, Y and X directions of the true triaxial
testing instrument. The specific testing procedures
are described below:

1) Setting of initial ground stress condition.
The specimen was loaded along the directions of
three ground stresses at a loading rate of 0.5 MPa/s
until the loads in the three principal stress directions
reached the initial ground stress condition (i.e., the
stress condition at #, shown in Figure 3). Next, the
principle stresses along the three directions
remained unchanged and lasted for a certain time.

2) Tunnel-excavation-induced strainburst tests.
As described above, two stress paths were designed
in this study to trigger rockbursts. As shown in
Figure 3(a), for stress path A, the loads in the
directions of ¢; and o> first increased to g1, and o», at
rates of v and vp, respectively, while the load in the
direction of o3 remained unchanged. Then, the loads
in the directions of ¢, and g3 were decreased to o2
and 0 at rates of v,z and v.3, respectively, and then
remained unchanged. Finally, the stresses in the
directions of o7 and o3 were unloaded, while the load
in the direction of o1 was further increased until the
rockburst occurred. For stress path B, the
loading/unloading process was basically similar to
that under stress path A; the only difference was
that o, remained unchanged during the entire
process, as shown in Figure 3(b).

LIU [34] conducted numerical simulations for

the stress on the tunnel wall surrounding rocks in
Jinping II-level hydropower station and determined
the stress distribution rules with the advance of
working face. They found that when the working
face was parallel to the measuring point, the stress
concentration factors of o) and o, of the surrounding
rocks at the measuring point were 1.52—1.57.
Therefore, in these tests, o1, and o2, were set as
90 MPa and 75 MPa, respectively. To further
evaluate the effect of intermediate principal stress
02, on the rockburst process and characteristics,
three sets of tests were conducted, where 0», was set
to different values (70, 65 and 60 MPa, respectively)
and the other parameters were fixed. Four sets of
tests were performed using stress path A, and each
test was repeated three times. For comparison, only
one set of test was performed using stress path B.
Table 3 shows the specific test grouping results. In
this study, the effects of loading and unloading rates
on the rockburst process and characteristics were
not considered. Therefore, v and v were set as
0.5 MPa/s, and v,; and v,3 were set as —0.5 MPa/s.

Table 3 Testing plan of marble specimens

Grou Test old 02 o/ i, v/ Vu2, Vus/
P plan MPa MPa MPa (MPas)) (MPa's™
Gl 90 75 30 0.5,0.5 -0.5,-0.5
G2 Test 90 70 30 0505 -05,-05
G3 planA 99 65 30 05,05 -05-05
G4 90 60 30 0.5,0.5 -0.5,-0.5
Gs U9 50 0 05—  —.-05
plan B

3 Test result and discussion

In this section, the rockburst test results of five
sets of 15 specimens are presented and analyzed.
Because of the limitation of paper length, one
typical specimen was selected from each set of test,
and five typical specimens in total were selected
from five sets of tests. Figure 4 shows the actual
stress paths, AE counts, and cumulative AE energy
values of these five typical specimens in the tests;
the relationship between cumulative AE energy and
time was plotted in the natural logarithm-linear
(In-linear) form. The actual stress paths in the
tests fit well with the designed paths as shown
in Figure 3. And the test results of 15 specimens
under the designed paths are listed in Table 4.
To investigate the strainburst process and
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Table 4 Test results of marble specimens
Group Specimen number 02/MPa o3/MPa o1 at failure/MPa Dprat1on time of
strainburst process/s
Gl-1 5077530 430 136 7.3
Gl Gl1-2 5077530 430 155 3.8
G1-3 5077530 43—0 140 2.0
G2-1 5077030 43—0 144 4.8
G2 G2-2 5077030 43—0 160 4.4
G2-3 5077030 43—0 132 8.9
G3-1 5076530 43—0 148 8.1
G3 G3-2 5076530 43—0 137 17.8
G3-3 5076530 43—0 141 3.5
G4-1 5076030 43—0 159 9.0
G4 G4-2 5076030 43—0 139 5.8
G4-3 5076030 43—0 128 1.2
G5-1 50 43—-0 148 —
G5 G5-2 50 43—-0 166 —

G5-3 50 43—0 154 —
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characteristics of marble under tunnel excavation
stress paths, the test results were analyzed in depth
from the following three aspects: rockburst
destruction process, ejection of rock fragments, and
AE characteristics.

3.1 Failure process of strainburst

A high-speed camera was used in the tests to
record the destruction processes of all the marble
specimens. To observe the overall destruction
characteristics of the specimens more clearly, first
the high-speed photographs of each specimen taken
in typical destruction stages should be screened.
Figure 5 shows the high-speed records of the
destruction processes of five typical specimens.
Apparently, strainbursts to different degrees were
observed in all the specimens. To be specific, fine
particles were first ejected from the specimen’s
unloading free surface. Then, splitting failure
occurred on the free surface along the direction
parallel to o1—0»; the rock plates were formed and
underwent shearing fracture to form a large number
of rock blocks. Finally, the rock blocks were thrown
or even ejected outward. Figure 5 also shows that
the strainburst process can be divided into four
stages: (i) ejection of fine grains, (ii) splitting of
rock into plates, (iii) shearing of rock plate into
blocks, and (iv) ejection of rock blocks. The total
duration time of four stages of strainburst process
was different, and exhibited no obvious regularity,
as shown in Figure 6. When the rock plates were
sheared into blocks, the ejection should be
completed very fast within dozens of milliseconds.
This shows that the elastic strain energy is
accumulated over a long time, but released in an
instant; moreover, the higher the release rate of
elastic strain energy, the higher the risk of
rockburst.

The specimens also showed different rockburst
destruction behaviors under two different stress
paths. As shown in Figure 5(a), under stress path A,
the destructions of specimen G1-3 was very violent,
and the entire destruction process was thunderous.
A large number of rock blocks were ejected
outward from the unloading free surface at a high
initial velocity, and some rockburst notches were
formed below the free surface. In contrast, as
shown in Figure 5(e), under stress path B, specimen
G5-1 underwent more gentle destruction, and no

obvious ejection of rock blocks was observed. In
addition, for the four sets of specimens under stress
path A (Gl, G2, G3 and G4), o, before the
unloading was set as different values (i.e., o2, Was
set as different values). Therefore, their rockburst
destruction behaviors also showed significant
differences. When 02,~=75 MPa, the specimen
underwent intensive destruction, and the generated
rock blocks were instantaneously ejected from the
unloading free surface at a high velocity
(Figure 5(a)). When 02,~=70 MPa, an obvious
strainburst was observed. The rock blocks formed
in the shearing destruction at the top of unloading
free surface were ejected outward at a high velocity,
and a large amount of elastic strain energy was
released (Figure 5(b)). When 0,,~65 MPa, the
specimen also ejected small rock grains, rocks
splitted into plates, plates sheared into blocks, and
blocks were ejected, but the destruction intensity
and ejection velocity of rock blocks
significantly smaller than those of specimens G1
and G2 (Figure 5(c)). When 02,~60 MPa, the
specimen experienced peeling destruction rather
than intensive strainburst, i.e., the rock plates
formed in splitting failure were peeled off and
dropped from the unloading free surface of the
specimen more gently and only some small rock
plates were slightly ejected (Figure 5(d)). This
indicates that the larger the o, the faster the
ejection velocity of rock blocks when strainburst
occurs. Based on the abovementioned observations,
the intermediate principal stress significantly
affected the strainburst of marble. Under the
tunnel-excavation-induced stress path considering
the variation of intermediate principal stress, the
specimen exhibited more strainburst
process; moreover, with the increase in o2, the
destruction on the unloading free surface of
specimen gradually changed from slight ejection
and mild exfoliation to violent ejection. This can
also be explained from the energy perspective. XIE
et al [35] investigated the energy release trend in
the destruction process under loading; under triaxial
compressive stresses, the elastic strain energy
stored in the rock was first released along the
direction of o3, thus triggering the destruction on
the entire rock. The surface energy for the overall
destruction of rock, denoted as U, can be expressed
as follows:

WEre

intensive
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Figure 5 Strainburst process of rock specimens under different test plans: (a) G1-3; (b) G2-1; (c) G3-1; (d) G4-2;
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Ug = —ov) (1)
where o is the uniaxial compressive strength of
rock; E is the elasticity modulus of rock; ) and o3
are the maximum and minimum principal stresses
of rock at failure, respectively. The o. and E is
constant for the same rock material. And Table 4
shows that the o3 at failure of all the 15 marble
specimens of Group G1-GS5 is the same. According
to Eq. (1), without considering the discreteness of
specimens, theoretically the surface energies for the
overall destruction of all the 15 marble specimens
are approximate identical.

Based on the elastic mechanics theory, the
elastic strain energy density of rock U. under
triaxial stresses can be expressed as follows:

0'12 + 0'22 + 0'32 —2v(0y0, + 0,05 +0,0%)

U
¢ 2F

()

where v is the Poisson ratio of rock and o, is the
intermediate principal stress.

According to the principle of energy
conservation, the elastic strain energy released from
the destruction of rocks, denoted as U,, can be
expressed as follows:

U():Ue_Uf—Uc (3)

where U, is the energy dissipation generated in the
destruction process of rock such as electromagnetic
radiation. U, is relatively small compared with U,
and Uy, and thus can be neglected.

According to Eq. (2), the elastic strain energy
density of rock under triaxial stress condition is
related to the intermediate principal stress. Figure 7

shows the variation in the cumulative elastic strain
energy density with the intermediate principal stress
based on Eq. (2). As can be seen from Figure 7,
when o) and o3 are fixed, the elastic strain energy
density increases with the increase in intermediate
principal stress.
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Figure 7 Deformation curve of elastic strain energy
density with intermediate principal stress increasing

In conclusion, when energy dissipation such as
radiation energy in the destruction process of rock
is neglected, more elastic strain energy accumulates
in the marble specimen under a higher value of o2,
before the unloading, and more releasable elastic
strain energy is stored in the specimen. And then the
destruction process will become more violent,
which is consistent with the real test phenomena
observed by the high-speed camera.

3.2 Ejection of rock fragments in strainburst

The ejection characteristics of rock fragments
reflect the failure mechanism in a rockburst to a
certain degree. Extensive studies have been
conducted on rockburst mechanism in many aspects
including the shape of rock fragments, ejection
velocity, scale distribution, and microscopic
structure. In this study, the ejected rock fragments
of each specimen in rockburst processes were
collected; they were divided into four groups
according to the particle size, namely,
microfragments (d<0.075 mm), fine fragments
(0.075 mm<d<5 mm), medium fragments (5 mm<
d<30 mm), and coarse fragments (4>30 mm).
Figure 8 shows the specific grouping results. These
fragments show three different shapes. Most of
them were flaky fragments, and a small part was
irregular lenticel or blocky fragments. To
quantitatively analyze the size distribution
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Figure 8 Fragments of marble specimens after strainburst: (a) d<0.075 mm; (b) 0.075 mm<d<5 mm; (¢) 5 mm<d<

30 mm; (d) 30 mm<d

characteristics of rock fragments produced in
rockbursts under tunnel-excavation-induced stress
paths, the mass ratios of the fragments with
different sizes from each specimen were analyzed.
The results are shown in Table 5. Under stress path
B, the average total mass of fragments was 41.64 g.
Under stress path A, the averages total mass of
fragments for group G1-G4 were 47.44, 49.25,
58.51 and 74.46 g, respectively. Under stress path B,
the total mass of fragments was obviously smaller
than that under stress path A.

Figure 9 shows the variations in distribution of
fragments with different o»,. Under stress path A,
when 62,=60 MPa (group G4), the average mass
ratios of entire fragments to specimen was 6.80%,
and the average mass ratio of microfragments and
fine fragments to entire fragments was 7.17%.

When 0,,=75 MPa (group Gl1), the average mass
ratios of entire fragments to specimen increased to
10.67%, but the average mass ratios of
microfragments and fine fragments to entire
fragments decreased to 4.14 %. As o2, increased, the
ejected rock fragments occupied a higher mass ratio
to the total specimen during the rockburst failure.
Meanwhile, the microfragments and fine fragments
occupied decreasingly smaller mass ratios in the
entire fragments, but the mass ratios of medium and
coarse fragments gradually increased. When o,
increased from 60 MPa to 75 MPa, the average
mass ratios of microfragments and fine fragments to
entire fragments decreased by about 3.87%, but
correspondingly the mass ratios of medium and
coarse fragments increased by about 3.03%. The
rockburst failure characteristics of different
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Table 5 Mass ratios of fragments with different sizes of marble specimens during strainburst

Grou Specimen  Total mass of Total mass  Mass ratio of ~ Mass ratio of fine Mass ratio of medium Mass ratio of coarse
P humber fragments, Mi/g  ratio/% microfragments/%  fragments/% fragments/% fragments/%
GIl-1 66.551 9.492 0.113 5.892 11.798 82.197
Gl GI1-2 69.143 9.932 0.146 3.558 6.656 89.640
GI1-3 87.680 12.600 0.102 2.608 5.845 91.445
G2-1 58.960 8.459 0.120 4.693 15.158 81.029
G2 G2-2 64.442 9.330 0.143 4.027 7.833 87.997
G2-3 52.137 7.634 0.109 2.900 12.133 84.857
G3-1 43.498 6.358 0.166 3.961 14.695 81.178
G3 G3-2 55.268 8.060 0.157 4.979 9.454 85.409
G3-3 48.993 7.134 0.208 4.825 16.374 78.593
G4-1 50.822 7.237 0.279 5.798 21.624 72.297
G4 G4-2 43.496 6.263 0.508 8.649 18.038 72.804
G4-3 47.988 6.908 0.333 5.931 19.096 74.639
G5-1 43.876 6.439 0.444 6.892 21.919 70.745
G5 G5-2 44.239 6.355 0.298 5.658 14.200 79.844
G5-3 36.792 5.341 0.465 8.040 27.577 63.919
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Figure 9 Variations in distribution of fragments with different o2, (a) Mass ratios of entire fragments to specimen; (b)

Mass ratios of microfragments and fine fragments to entire fragments

specimens were compared. At a higher value of o,
before unloading, the rockburst failure was more
intense, and more fragments with higher masses
and larger sizes were ejected.

3.3 AE characteristics in strainbursts

Different stages in the deformation-induced
failure of rock showed different AE characteristics
[36-38]. As previously reported, the AE count can
well characterize the fracture degree in the rock,
and cumulative AE energy can accurately reflect the
energy release trends in the deformation-induced
failure of rock [7, 39, 40]. Therefore, using AE, the
strainburst process, AE count, and cumulative AE
energy of each marble specimen were measured in

real time to gain an in-depth understanding of the
failure characteristics and energy release trends of
specimen under tunnel excavation stress paths.

As shown in Figures 6(a)—(d), under stress
path A, the marble specimens (denoted as G1-G4)
show similar variation trends of AE count and
cumulative AE energy. According to the
relationships of AE count and cumulative AE with
time, the AE behaviors of the marble specimens
during the strainburst processes can be divided into
three typical stages: the initial growth stage, silence
stage, and outburst stage. At the initial growth stage,
the AE signals were mainly generated in the
compaction and closing of the pre-existing fractures
as well as in the contact and occlusion between the
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fracture surfaces, and no new fractures were
produced. The initial growth stage was followed by
the silence stage, which corresponded to the elastic
energy storage stage of the marble specimen. The
specimen underwent elastic deformation, the AE
events were relatively silent, and the cumulative AE
energy slightly increased. At the outburst stage, a
large number of AE events with high counts
occurred, and the cumulative AE energy rapidly
increased, thus triggering the strainburst. When the
strainburst occurred, both the count of AE events
and cumulative AE energy reached the maxima.
Before the occurrence of strainburst failure, the AE
events rapidly increased; this can be regarded as the
early warning sign of the occurrence of strainburst.
Figure 4(e) shows that under stress path B, the
trends of AE count and cumulative AE energy of
the marble specimen (G5) were similar to those
under stress path A. Thus, it can be concluded that
the variation in intermediate principal stress slightly
affected the overall trend of AE events in the
strainburst process. However, as shown in Figure 4,
the variation in the intermediate principal stress
imposed certain effect on the amplitude of
cumulative AE energy; the cumulative AE energy
varied with the variation in o, before the unloading.
The cumulative AE energy recorded at the initial
growth and silent stages of AE should be deducted
from the total cumulative AE energy when
analyzing the effects of the
intermediate principal stress on cumulative AE
energy. This is because the AE events were induced
by the compaction and closing of the original
fractures, and no new fractures were produced and
developed. Therefore, the cumulative AE energy of
the marble specimen in rockburst failure was
obtained. Under stress path B, the average
cumulative AE energy in the failure process of
specimen was 85391 mV-ms. Under stress path A,
the averages cumulative AE energy for group
G1-G4 were 87492, 89703, 103416 and
111404 mV-ms, respectively. Under stress path B,
the cumulative AE energy in the failure process of
specimen was obviously smaller than that under
stress path A. Figure 10 shows the trends of
cumulative AE energy in the failure process of
specimen with the increase in o2, before the
unloading. This indicates that the cumulative AE
energy was higher at a higher o2, before the
unloading. When oy, increased from 60 MPa to

variation of

75 MPa, the cumulative AE energy increased about
by 15.9 %. In other words, with the increase in o4,
the cumulative AE energy of specimen in the failure
process increased. More elastic strain energy was
released from the specimen, and the corresponding
failure process was more violent. This is consistent
with the analysis results of rockburst characteristics.
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Figure 10 Cumulative AE energy during rock specimens
failure process under different o,

4 Conclusions

Strainburst is a common dynamic disaster
during the excavation of deep and hard tunnels. It is
very important to gain the in-depth knowledge of
strainburst process and the corresponding behavior
characteristics in tunneling excavation. In this study,
true triaxial tests were performed on marbles under
tunnel-excavation-induced  stress  paths  to
investigate the strainburst process. In addition, the
tests were also conducted under a common-used
stress path in current true triaxial rockburst tests for
comparison. During the tests, the self-developed
true triaxial testing instrument was used, and
high-speed camera and AE monitoring system were
also used to record and monitor the rockburst
process and generated AE signals. The main
conclusions are as follows:

1) All the 15 marble specimens under two
different stress paths showed strainbursts to
different degrees. The specific process can be
divided into four stages: (i) ejection of fine grains,
(i1) splitting of rock into plates, (iii) shearing of
rock plate into blocks, and (iv) ejection of rock
blocks.

2) The intermediate principal stress has a
significant effect on the strainburst behavior of
marble specimen. After the variation in the
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intermediate principal stress was considered, the
specimen showed more intense rockburst under
tunnel-excavation-induced stress paths. With the
increase in the peak of the intermediate principal
stress before the unloading (02,), the failure on the
unloading surface of specimen gradually changed
from slightly ejected and mild exfoliation failure to
violent ejection failure. This study also elucidated
the mechanism from the perspective of energy.
When a higher intermediate principal stress was
applied on the specimen, more releasable elastic
strain energy was accumulated in the specimen,
thus showing more violent failure.

3) According to the ejection characteristics of
the produced rock fragments, the higher the o>, was,
the more the fragments masses and the larger sizes
were ejected. And the similar impacts were
obtained in the acoustic emission monitoring of
stainburst. The cumulative AE energy gradually
increases with the increase of the g2, When o2,
increased from 60 MPa to 75 MPa, the average
mass ratios of entire fragments to specimen
increased about by 3.87%, the average mass ratios
of microfragments and fine fragments decreased
about by 3.03%, and the cumulative AE energy
increased about by 15.9 %.
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