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Abstract

In this study, a new strain burst test system was used to conduct two types of strain burst experiments by rapidly unloading
single and double faces (in one direction), to simulate the strain burst occurring in surrounding rock of tunnel or double
tunnel faces during the opposite tunneling. A high-speed image recording system and an acoustic emission system were
used to monitor the failure process of strain burst of red sandstone. The commonalities of these two types of strain burst
are as follows: failure stress and percentage of dissipation energy due to crack propagation were approximately equal; the
evolution of mean velocity of free face was similar, which suddenly increased first and then decreased, then the gradient
increased to the extremum value, and finally decreased to zero. Subregions of the fracture were consistent, and both showed
shear, buckling, splitting, and ejection zones. However, the strain burst intensity for unloading double faces was larger than
that for unloading single face, as demonstrated by a larger initial ejection velocity, larger volume of burst pit, and lower
peak frequency. Furthermore, when double faces were unloaded, the flaky and massive features of fragments obtained due
to strain burst were more obvious than the fragments obtained from the unloading of single face. Moreover, from yield to
burst, when double faces were unloaded, the sandstone strain burst contained more shear microcracks, whereas the strain
burst when unloading single face contained more tensile microcracks.

Keywords Strain burst - Unloading double faces - Ejection velocity field - Fracture subregions - Peak frequency
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positive X-directions, respectively

U Total strain energy

U, Elastic strain energy

Uy Kinetic energy

Uy Dissipation energy

u/S Releasable elastic strain energy

Ugp Dissipation energy due to plastic deforma-
tion before yield

Uy Dissipation energy due to crack propagation

from yield to burst
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Ud2 Dissipation energy due to crack propagation
during burst process

v Ejection velocity

Vg V, Horizontal and vertical ejection velocity

Vimax Maximum initial ejection velocity

m Total mass of ejection fragments

d,d,, d, Maximum distance between buckling cracks
and free face

Lw,h Length, width and thickness of fragments

RA Rise time divide by amplitude

1 Introduction

Rock bursts commonly occur along deep mine roadways
under high geostress. Rock bursts can be classified into
the following three types: fault slip burst, pillar burst, and
strain burst (Kaiser et al. 1996). Strain bursts are self-
initiated rock burst, corresponding to the response of
strain energy accumulation and release induced by the
excavation of surrounding rock (Ortlepp and Stacey 1994).
Strain bursts pose a serious threat to the safe excavation
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of underground engineering. On the one hand, the strain
burst significantly increases with the increase in excava-
tion depth. For example, strain bursts have caused serious
casualties many times at Jinping II hydropower station (at
excavation depth of about 3000 m) in China (Chen et al.
2015). On the other hand, the complexity of underground
space structure leads to the changes in the boundary con-
ditions of typical geological units, making it difficult to
prevent and control the occurrence of strain bursts.

Noteworthy, conventional studies on strain burst mecha-
nisms are based on static rock mechanics. The balance and
release of energy during a strain burst have been investi-
gated using the energy theory (Salamon 1984; Miao et al.
2016), the fracture failure theory (Nemat-Nasser and Horii
1982; Mansurov 2001), and the damage theory (Chang
and Lee 2004). The responses to stress redistribution such
as crack propagation and strain energy accumulation and
release induced by the excavation of surrounding rock have
been considered to be the essential mechanisms for the
initiation of strain burst.

In recent years, laboratory tests have been significantly
promoted to better understand the concept of strain burst;
and the mechanisms of damage, splitting, and ejection
have been clearly explained by conducting true triaxial
strain burst experiments (He et al. 2010). Furthermore,
many factors influencing strain burst, such as lithology
(He et al. 2012a), bedding orientation (He et al. 2012b),
stiffness (He et al. 2018), loading path (Si and Gong, 2020;
Ren et al. 2020), temperature (Su et al. 2017a; Akdag et al.
2018), intermediate principal stress (Su et al. 2017b), and
radial stress gradient (Su et al. 2017c) have also been stud-
ied. Moreover, in the abovementioned laboratory tests, the
strain burst at the surrounding rock of roadway or tunnel

with single free face was simulated by true triaxial loading
and unloading single face.

However, as shown in Fig. 1, in some engineering cases,
such as the cross point (Cai and Kaiser 2018) or pillar (Ples-
sis et al. 2014) of a roadway, or the rock mass between two
adjacent tunnels (Li et al. 2013), the typical geological ele-
ment has double free faces. Moreover, to shorten the con-
struction period, the tunnels are often excavated simultane-
ously through entrance and exit. In particular, for the double
tunnel faces during the opposite tunneling, the double free
faces are exposed simultaneously. Furthermore, there are
three free faces of the working face of coal mine (He et al.
2012a, b, ¢) and four free faces of the pillar obtained after
room-pillar mining (Tesarik et al. 2009). Therefore, it is nec-
essary to carry out different types of tests to evaluate strain
burst occurring in different positions.

In this study, a new strain burst test system was used to
conduct two types of strain burst experiments by rapidly
unloading single or double faces in one direction, to simu-
late the strain burst occurring in the surrounding rock of
tunnel or double tunnel faces during the opposite tunneling.
Additionally, the commonalities and differences of these two
types of strain burst tests were analyzed from the following
five aspects: failure stress, strain energy dissipation, ejec-
tion velocity field, failure mode, and acoustic emission (AE)
characteristics.

2 Experimental Procedures
2.1 Sandstone Samples

The sandstone samples used herein were collected from
Langfang, Hebei province, North China. X-ray diffraction

Fig. 1 Photographs of a rock burst at the cross point of roadway of Kidd Creek mine (Cai and Kaiser 2018) and b crush pillar of Lonmin (Ples-

sis et al. 2014)
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(XRD) analysis was performed on these sandstone samples.
The major minerals in the sandstone samples are quartz
(58.0%), dolomite (13.4%), plagioclase (6.6%), calcite
(6.5%), and clay minerals (12.1%, mainly illite).

Three cylindrical specimens of sandstone with nominal
dimensions of 50 mm in diameter and 100 mm in length
were prepared for uniaxial compression tests. The test results
are presented in Table 1. The mean value of uniaxial com-
pression strength was 41.7 MPa. Moreover, Table 1 also
presents the P-wave and S-wave velocities of sandstone; spe-
cifically, the mean P-wave velocity was ~3073 m s7!. The
tensile strength, Young’s modulus, and Poisson’s ratio were
4.21 MPa, 6.82 GPa, and 0.26, respectively.

Figure 2 shows the polarized microscope photographs
of thin section (Fig. 2a) and microscale structure (Fig. 2b)
of a sandstone sample. Figure 2a exhibits that the contacts
between quartz and feldspar are point to point; and the gaps
are filled with calcite and dolomite. The diameters of void
range from 0.06 to 0.25 mm (Fig. 2b).

2.2 New Strain Burst Test System

A new true triaxial strain burst test system was used for
the tests. Figure 3a shows the photograph of experimen-
tal machine and Table 2 lists the specifications of new sys-
tem. Based on the last generation system (He et al. 2010),
this new generation strain burst machine incorporates the

Table 1 Physical and mechanical properties of the sandstone

following improvements: the maximum loading capacity is
increased by more than ten times (450-5000 kN in verti-
cal direction) compared to the old system; and the horizon-
tal loading capacity is increased by more than four times
(450-2000 kN in both horizontal directions). The stiffness
of frame is also increased from 1.2 to 10 GN m~!. The most
important improvement involves the capacity of unloading:
The old system rapidly unloads only single face, whereas the
new machine can unload double, triple, and four faces, thus
simulating the strain burst of different positions. Moreover,
the new system uses a hydraulic servo-control for loading,
and the loading rate ranges from 10 N/s to 10 kN s~

A displacement sensor was installed on the front side
of piston, as shown in Fig. 3b. The measured deformation
includes three parts: loading rod, rigid plate, and rock sam-
ple. Moreover, the stiffness of loading rod is ~4 GN m~!, and
the rigidity of plate is ~400 GPa. Therefore, the rigidities of
loading rod and plate are larger than that of rock sample (less
than 80 GPa), i.e., the deformations of loading rod and plate
are far less than that of the rock sample. Therefore, the meas-
ured deformation can be used to calculate strain of sample.

The sample shape was cubic and three kinds of side
lengths (100, 150, or 300 mm) were provided. In this study,
the sandstone blocks were machined into cubic specimens
with an approximate side length of 150 mm, unlike the pre-
vious studies typically conducted on cuboid prisms with
dimensions of 150 mm X 60 mm X 30 mm (He et al. 2010) or

Density (g/cm® Mineral components (%) P-wave velocity S-wave velocity UCS (MPa) Tensile strength Young’s modu- Poisson’s ratio

(m/s) (m/s)

Quartz Dolomite Clay

(MPa) lus (GPa)

2.26 58.0 134 12.1 3073 1776

41.7 421 6.82 0.26

Fig. 2 Polarized microscope photographs of the sandstone samples; a relationship of mineral combination and b microscopic void structure
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Fig.3 Experimental system; a main machine; b schematic of profile
of main machine in the xoy plane; ¢ schematic of working principle
(After Alexeev et al. 2004; Feng et al. 2018) and d photograph of the
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Standard specimen Maximum speci-  X-, Y-direction

Z-direction maxi-

Control Loading rate Unloading capacity

size (mm) men size (mm) maximum load mum load (kN) (kN/s)
(kN)
150x 150 % 150 300x300x% 300 2000 5000 Hydraulic servo-  0.01-10 Unloading 1-4 faces

control rapidly®

*The single, double, triple and four faces can be unloading rapidly

200 mm X 100 mm X 100 mm (Su et al. 2017a). Importantly,
a larger thickness makes the fracture zone clearer. Further-
more, six rigid loading plates were used in the mutual sam-
ple box. Figure 3c, d shows the working principle (Alexeev
et al. 2004; Feng et al. 2018) and photograph of sample
box used herein. The loading plate completely covered the
surface of rock sample and moved with sample deformation.
Antifriction balls were installed in the interfaces of plates
to reduce the friction between plates. Moreover, a spherical
pressure head was installed on the head of loading rod to
adjust the rock sample and create a level face.

When single face was unloaded, the loading in positive
X-direction (X1, Fig. 3b) was removed to expose single free
face. When double faces were unloaded simultaneously,
the loadings in the positive and negative y-directions were
synchronously removed. First, the hydraulic cylinder piston
retreated quickly, the swing arm (element 5, Fig. 3b) rapidly
dropped under the action of assistant device, and the loading

plate was then separated from the specimen under the action
of spring. Finally, the plate fell due to gravity and to expose
the double free faces. The amount of time taken from remov-
ing force to the exposure of free face was about 365 ms.
When the swing arm fell, a damping device absorbed the
kinetic energy of swing arm to maintain its stability.

2.3 Monitoring System

The monitoring system was equipped with an AE system
and a high-speed image recording system. Figure 3a shows
that a Micro-II system produced by the American Physical
Acoustics Corporation was used for AE monitoring. This
system uses an 18-bit A/D switching technology that allows
instantaneous time—waveform recording. In this study, the
AE signals were amplified to 100 times (amplifier was set
as 40 dB); and the threshold, sampling frequency, and sam-
pling length were set as 40 dB, 5 MHz, and 4096 data points,
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respectively. A Nano-30 sensor with a response frequency of
100400 kHz was used to acquire the AE signals. The sensor
was glued to the bottom plate as shown in Fig. 3c.

Furthermore, the binocular high-speed photograph system
was equipped with two high-speed cameras connected with
a synchronous controller (Fig. 3a); and each camera was
connected to the corresponding collector and memory with
cables (the maximum data transfer rate was 25 Gbit s™1).
The two cameras were able to synchronously and accurately
capture images. Figure 3e, f shows the diagram of position
of high-speed cameras, respectively, for unloading single
and double faces.

2.4 Experimental Scheme

Two types of strain burst tests were conducted in this
study. The first test simulated the strain burst that occurs
in the side of a tunnel; and the second test simulated the
strain burst that occurs in double tunnel faces during the

Fig.4 Schematic of stress
transformation process of the
rock element when unloading a
single and b double faces

(a)

opposite tunneling. Figure 4 shows the stress transforma-
tion during the abovementioned two types of strain burst
tests. For the former test (Fig. 4a), the rock element was
under a state of three directions compression before exca-
vation. However, after excavation, the rock element formed
a free face; and the stress in the opposite face was still
greater than zero. For the second strain burst test (Fig. 4b),
the rock mass between tunnel faces was also under a state
of three directions compression before excavation, while
double free faces were exposed due to the simultaneous
opposite excavation of tunnel. Figure 3b demonstrates that
the two cylinders in X-direction are independent; during
the loading, the piston in X2 direction was set as a fixed
end. However, when oy, was unloaded, oy, increased to
1.0 MPa and remained constant.

Therefore, two types of loading paths were designed to
simulate the abovementioned two types of strain burst. Fig-
ure 5a shows the loading path of former strain burst. The ini-
tial stress state was identified according to the fitted general
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Fig.5 Loading paths of two types of strain burst tests: unloading a single and b double faces

far-field stress relationship at depth for North China by Sun
and Tan (1995), as shown in Eq. (1):

oy = 0.02930H + 1.3548,
o, = 0.01801H + 1.0018, )
o, = 0.02532H +0.4177,

where oy, 0y, and o, are two horizontal and one vertical
in situ stresses, respectively, and H denotes the depth. For
a sandstone present 1000 m below the surface, the initial
stresses are approximately ¢,,=30.8 MPa, 6,,=25.7 MPa,
and o5, =19.0 MPa. During the loading in the X1 direction,
the displacement in the X2 direction was kept constant.
When the stress arrived at the initial point, the three direc-
tions stresses were maintained for about 10 minutes to create
a uniform stress distribution. The minimal principal stress
in X1 direction was then unloaded to simulate excavation,
while maintaining a constant stress (oy, =1.0 MPa) in the
X2 direction. Finally, the maximum principal stress was
increased by 2 kN s7! (~0.1 MPa s!) until strain burst,
while maintaining o, to be constant.

The loading path of second strain burst (unloading of
double faces, Fig. 5b) was similar to the first test simulation;
however, when the initial state was maintained for a period,
the minimal principal stress in the Y-direction (double faces)
was rapidly unloaded to simulate the opposite excavation
of the tunnel. Finally, the maximum principal stress was
increased by 2 kN s~! until strain burst.

3 Results and discussion
3.1 Failure Stress

Figure 6 shows the stress—strain curves of the abovemen-
tioned two types of strain burst (Fig. 6a, b for unloading of
single and double faces, respectively). Table 3 presents the
corresponding failure stress for the two types of strain burst
tests. A clear yield point was observed; the yield stresses
were 100.9 and 101.2 MPa for the unloading of single and
double faces, respectively. The yield stresses of the above
two kinds of tests were close because the rock failure is
mainly controlled by the (6,—03) when the intermediate
principal stress was unconsidered. Additionally, when sin-
gle face was unloaded, the strain (12.4%) of yield point was
smaller than the strain (14.3%) when unloading double faces.
The maximum principal strain exhibited the same trend as
the yield point strain. For the abovementioned two types of
strain burst, the time intervals from yield to burst were very
short, about 8.6 and 6.3 s, respectively.

As shown in Fig. 7a, the sample expands laterally along
the X-direction owing to the Poisson effect during the axial
stress concentration after unloading. However, in the X2
direction, the restraining stress restricts the lateral deforma-
tion to a certain extent, and the lateral expansion is generally
in the direction of free surface. Therefore, the lateral friction
of surface in the direction of intermediate principal stress
(Y-direction) is 7,,, and the direction is away from the free
surface. Similarly, Fig. 7b demonstrates the deformation of
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Table 3 Failure stress of the two types of strain burst
Type Initial stress (MPa) o, of yield (MPa) Strain burst stress (MPa) €, of yield (%o) Maxi-
mum &,
(%o)
Unloading single face 0,0=30.8 100.9 0,=101.9, 6,=28.7 124 24.4
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Unloading double faces 03=19.0 101.2 06,=96.7, 0,=26.2 14.3 28.6
0;=0.0
o
z
(a) /O'X2 ‘ g
e SRR e e é u
1 7Z 0,9
o, I I %
- 1 | =
Free face vl o X |
1 |
b - - - 3
(b) 7.
o
M L2
| 7z o,® [
P Free I I
ree
face2 ! | i
facel e Y |1
’ | 1

t

Fig. 7 Diagram of deformation mechanism of strain burst samples: unloading a single and b double faces
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specimen during the maximum principal stress concentration
after unloading double faces, the expansion deformations at
the two free faces are basically the same; nonetheless, the
directions are opposite. Therefore, the lateral friction on the
surfaces of intermediate principal stress (X-direction) can-
cels out each other. Moreover, owing to the heterogeneity
of rock, the actual deformation at the two free faces is not
exactly the same; and the lateral friction is much smaller
than the strain burst experiment with single free face. In fact,
the constraint on ejection failure can also be reduced when
unloading double faces. Therefore, under the same condi-
tions, the strain burst when unloading double faces is more
intense than that when unloading one free face.

3.2 Analysis of Dissipation Energy

The total strain energy (U) can be divided into two sections
[as expressed in Eq. (1)]; elastic strain energy (U,) and dissi-
pation energy (U,) (Huang and Li 2014). Similarly, the elas-
tic strain energy (U,) also contains two sections (Eq. (2)):
releasable (U.") and residual (U,) elastic strain energy. Fur-
thermore, the dissipation energy is responsible for crack
propagation and plastic deformation in rock samples and
can be expressed as Eq. (3). Figure 8a shows the schematic
illustration of strain energy calculation, where U represents
the strain energy consumed by plastic deformation before
yield. U, represents the strain energy consumed by crack
propagation from yield to burst, while U, is the energy con-
sumed during burst.

U=U,+U, )
U.=U,+U, 3)
Ug=Uy+Us+ U @)

Figure 8b, ¢ shows the five parts of strain energy in the
maximum principal stress direction for the unloading of
single and double faces tests, respectively. The slope of
boundary line (blue line) was determined from the slope
of stress—strain curve in the elastic stage. The areas of the
five sections show the strain energy density of rock sam-
ple. Table 4 summarizes the specific values of total energy
density and the percentages of five parts of strain energy in
total. The values of total strain energy of the two types of
strain burst were closed, and the percentages of strain energy
consumed during crack propagation were also approximately
equal (62.5 and 63.3%, respectively, for the unloading of sin-
gle and double faces). For unloading single face, the energy
consumed by plastic deformation was greater than that when
unloading double faces. Furthermore, more strain energy
was consumed from yield to burst for unloading double

I A
()
Burst point
Yield point
122]
172]
g
»n
1
Ud
Upr
d
Strain
(b) 1201
Yield point Burst point
i
90 ;
- : "
[+ ; )
= !
7 1
% 60 1 i
= f H
« 1
! U . U’
d d Uc ! d
1
30 4 ;
1
d | ;
1 I |b7
[ i v,
1
0 (41 i . o ,
0 10 20 20
Strain (%o)
(¢) 120+
Yield point
4
90
=
[aW}
S 60
v
172)
£
5]
30
0

T
0 5 10 15 20 25 30
Strain (%o)

Fig.8 a Schematic of the strain energy calculation; the specific cal-
culation process of the strain burst tests for unloading b single and ¢
double faces

faces, whereas the energy consumed during the burst stage
for unloading single face was much greater than that when
unloading double faces. Moreover, when double faces were
unloaded, the specimen released more strain energy, capable
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Table 4 Strain energy density Type

Total energy density  Percentage of parts to total strain energy (%)

of the two types of strain burst (mJ/mm?)

in the o, direction Uy Uy U Ug Ui
Unloading single face 1.69 19.3 24.1 17.1 38.4 1.1
Unloading double faces 1.75 3.7 35.1 29.8 28.2 32
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Fig.9 Ejection failure process of strain burst; a unloading single face, b Face 1 and ¢ Face 3 when unloading double faces

of partly transferring to the ejection fragments as kinetic
energy.

3.3 Characteristics of Ejection Velocity Field

Figure 9 shows that the ejection was observed in both the
strain burst situations. In general, the ejection intensity of
a specimen when unloading double faces was stronger than
that when unloading single face. Phenomena such as grain
ejection, splitting and falling, and fragment ejection all
occurred during both types of strain burst tests; however,
bending of the rock block in the free faces was observed only
when double faces were unloaded. After the burst, a burst

@ Springer

pit was observed on the surface. Additionally, the depth of
burst pit (as listed in Table 5) for unloading single face was
larger than the depth for unloading double faces.

In order to obtain the ejection velocity field of fragments,
particle image velocity (PIV) was used to analyze fragment
ejection. PIV technique (Meinhart et al. 1999) is typically
used to measure the velocity field of a fluid because tracer
particles can be easily added to fluids. The minerals in a rock
can also be detected and tracked using the camera, thus eas-
ily allowing the PIV technique to be used to determine the
initial ejection velocity of fragments.

Figure 10 shows the ejection model of fragments. The
velocity (v) of ejection fragment can be resolved into the
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Table 5 Failure information of the two types of strain burst

Type Dimension of burst pit (mm) Maximum initial ~ Maximum (Ug)max /U’(%) Total length of cracks
ejection velocity  kinetic energy ¢ (mm)
(m/s) @ - .
Shear Buckling Splitting
Unloading single ~ 100.4x92.5%x18.6 0.75 0.032 33%x1073 160.8 510.6 1121.3
face
Unloading double  Face 1 150.5%149.8x16.7 3.75 3.58 0.21 448.9 457.1 740.1
faces Face 3 98.7x74.9x7.5 1.25 0.097

Fig. 10 Schematic of ejection
model of the strain burst frag-
ments (After He et al. 2012b)

Bearing platform

horizontal (v,) and vertical (v,) components. However, dur-
ing the shooting, the high-speed camera was positioned at
a certain angle to the surface of sample. When unloading
single face (Fig. 3e), the angle between the visual plane of
camera and horizontal axis was 19.9°. In contrast, when dou-
ble faces were unloaded (Fig. 3f), both the angles between
the visual plane of two high-speed cameras and the axis of
minimal principal stress were 38.5°. Therefore, the horizon-
tal component of ejection velocity was corrected by dividing
the cosine values of the corresponding angles.

In this study, single camera was not perpendicular to the
specimen surface, which resulted in errors. Moreover, error
analysis should be conducted by setting different types of
angles. However, the main objective of this research was to
compare the commonalities and differences between strain
bursts when unloading single and double faces. The PIV
analysis was carried out under the same relative error; thus,
the absolute error of ejection velocity was not estimated.

Distance

To describe the variation of velocity, a rectangular zone
(as shown in Fig. 11a) was selected on the free face to show
the variation of statistical mean velocity during the entire
ejection. Figure 11a shows the curve of mean velocity of
rectangular statistical area, revealing that the mean velocity
of free face first increases and then decreases, regenerates,
and then decreases once again. The burst process can be
divided into the following four sections: [—splitting stage,
II—spalling stage, [II—early stage of fragment ejection,
and IV—Iate stage of fragment ejection. The early stage of
fragment ejection starts from the start of fragment ejection
until the debris leaves the parent block, whereas the late
stage starts when the fragments leave the parent block. When
splitting occurs, the mean velocity increases gradually. The
initial ejection velocity was determined according to the
spalling action. Moreover, the maximum ejection distance
was determined according to the maximum initial ejection
velocity. Thus, point B of stage II was selected to obtain
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Fig. 11 Variation of the mean velocity of the free face during the ejection failure process and the ejection photographs and corresponding veloc-
ity field of typical points (B, D-F); a unloading single face, b Face 1 and ¢ Face 3 when unloading double faces

the maximum initial ejection velocity because the fragments
accelerated dropping due to gravity after stage II.

Figure 11a also shows the high-speed photographs
and the corresponding velocity vector field of some
typical points. During stage I (splitting), local veloci-
ties increased; however, during stage II (spalling), the
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velocities of specimen surface increased, in particular,
in the top right corner. The maximum ejection velocity
was 0.75 m s~'. Therefore, the maximum initial kinetic
energy of a fragment obtained from the parent could be
calculated if the mass of fragment was measured. During
the fragment ejection (stages III and IV), the direction
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of velocity vector field at the beginning was horizontal
(point C) and gradually changed to vertical (point F) due
to gravity. Moreover, the maximum velocity of fragments
was 5 m s~! at the bottom of ejection fragments.

Figure 11b, c shows the variation in the mean velocity
and ejection velocity field of two free faces (Faces 1 and
3) for the unloading of double faces. Whether one or two
free faces, the evolution of mean velocity was similar that
suddenly increases first and then decreases, then the gradi-
ent increases to the extremum value and then decreases to
zero. However, when unloading double faces, the increment
in the amplitude of mean velocity of Face 1 was greater in
the splitting stage than that when unloading single face. In

general, the values of mean velocity of Face 1 during strain
burst when unloading double faces were greater than those
of free face during strain burst when unloading single face.
Moreover, the high-speed photographs of typical points
show that bending occurs in the stronger strain burst.

For one free face (Face 1), the direction of grain ejection
was horizontal, and the velocity was about 1 m s~ The direc-
tion of bending block velocity was oblique upward, and the
maximum velocity was 3.75 m s~! located in the right border
of block. However, during fragment ejection, the maximum
ejection velocity was 6.5 m s™! in an oblique downward direc-
tion. For another free face (Face 3), the mean velocity of Face
3 was less than that of Face 1, and the ejection area was in
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the bottom left corner, which was also smaller. When bend-
ing occurred (B point), the maximum ejection velocity was
1.25 m s™! for a point located in the bottom left corner of ejec-
tion block. According to the maximum initial ejection veloc-
ity, the maximum kinetic energy of ejection fragments can be
estimated using Eq. (5) as follows:

1
(Uk)max = Emvrznax’

®

where U, is the kinetic energy, m is the total mass of ejection
fragments, and v,,,, is the maximum initial ejection velocity.
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Table 5 presents the maximum kinetic energy of two
types of strain burst and the ratio of kinetic energy to
releasable elastic energy (U,"). When double faces were
unloaded, more energy (0.21%) was transferred to kinetic
energy compared to the situation when single face unload-
ing was carried out (3.3 X 1072%). Moreover, the maxi-
mum kinetic energy of unloading single face was smaller
than that for unloading double faces.
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Fig. 12 Failure photographs and sketch maps of the surface cracks for the two types of strain burst; unloading a single and b double faces
3.4 Failure Modes surface cracks. When unloading single face, three obvious
buckling cracks were observed in Face 3, and the ratio of
Figure 12 shows the photographs of failure modes corre- ~ maximum distance (d, as shown in Fig. 12a) between a

sponding to two types of strain burst (unloading of single ~ buckling crack and the free face to the height was 0.58.
and double faces) and the corresponding sketch maps of ~ Several splitting cracks with intersection angles with the
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free face of less than 10° were found to be formed on Face
3. In the opposite face (Face 1), a shear crack from top to
bottom was formed with an intersection angle and with a
vertical axis of 29.4°. Furthermore, several tensile cracks
(splitting) surrounded the shear crack. The splitting and
buckling cracks were concentrated at the top right cor-
ner, close to the free face of specimen. Table 5 lists the
total length (the curve simplified to multiline segments)
of shear, buckling, and splitting cracks.

Figure 12b demonstrates that when unloading double
faces, the breakthrough of shear cracks occurred along the
width of rock sample, and two shear fracture zones occurred.
Moreover, the fracture angle of the two shear cracks on Face
2 was 17.6°. Similarly, tensile cracks (splitting) also accom-
panied the shear cracks. Furthermore, buckling cracks also
occurred near the shear fracture zone, and the ratios of maxi-
mum distances (d; and d,) between the buckling cracks and
free face to the height of specimen for Faces 1 and 3 were
0.27 and 0.12, respectively. Moreover, the splitting cracks
close to the free face were approximately parallel to the free
face. Table 5 summarizes that the total length of surface
shear cracks when unloading double faces was~2.8 times
greater than that when unloading single face. However, when
unloading single face, the specimen shows a greater length
of surface buckling and splitting cracks (both tensile cracks).

In general, whether single or double faces were unloaded,
four typical fracture subregions (shear, buckling, splitting,
and ejection zones) were observed on the specimen surface
in the direction of intermediate principal stress, and Fig. 13
exhibits the evolution process of the four subregions. The
shear and tensile microcracks developed during the loading,
especially the slabbing phenomenon was occurring near the
free face. Additionally, when the specimen yielded, tensile
microcracks broke to form the buckling and splitting zones.
Moreover, when burst occurred, the shear fracture zone was
gradually shaped by the coalescence of shear microcracks.

Concurrently, a small part of releasable elastic energy was
transferred into kinetic energy and formed an ejection zone
in the free face.

After burst, the ejection fragments of two types of strain
burst were collected and screened using standard sieves
(with five ranges of diameter). The particle diameter was
defined as the maximum length of any two points of frag-
ment. Moreover, the fragment dimensions (length, width,
and thickness all exhibited the maximum values in three
directions) were measured to show the shape of fragments.
Figure 14a, b shows that the second type of strain burst
(unloading double faces) exhibited more fragments with
diameters greater than 10 mm. Figure 14c shows the dis-
tribution of mass percentage of the five fragment groups
with different particle diameters. For the two types of strain
burst, most of the mass was distributed in fragments with
diameters greater than 10 mm.

Figure 14e, f shows the distribution histogram of frag-
ments with different ratios—length (I) to thickness (%),
length to width (w), and width to thickness based on the
measured dimensions of ejected fragments. When unloading
only single face, the ratios of length to thickness, length to
width, and width to thickness were in the range from 4.13
to 11.77, 1.11 to 4.27, and 1.1 to 7.79, respectively. In con-
trast, when double faces were unloaded, the three ranges
were, respectively, 3.49 to 15.7, 0.98 to 3.2, and 1.9 to 8.18.
Moreover, Fig. 14e, f also shows the fitting probability den-
sity function. Both strain burst experiments exhibited nor-
mal or lognormal distributions, and the mean values of each
distribution are marked in the figures. The ratios of length to
thickness and width to thickness represent the flaky feature;
and the ratio of length to width was used to indicate if a
particle was massive (larger //h, w/h corresponding to more
obvious flaky feature and smaller //w corresponding to more
obvious massive feature). The ratios (I/h, w/h) of fragment
sizes when unloading double faces were greater than those
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Fig. 14 (continued)

when unloading single face; however, the ratio of length
to width was opposite. When strain burst occurred, while
unloading double faces, both flaky and massive features
were obvious for fragments ejected from the block.

3.5 Acoustic Emission Characteristics

Figure 15 demonstrates that the AE counts and accumulated
energy indicate AE activity and the energy release, respec-
tively. The loading processes of the two types of strain burst
were divided into the following five stages: Stage I was the
initial loading stage; stage II; was the unloading stage (from
the start of unloading to exposing the free face completely);
stage II, was the continuous deformation stage; stage I1I was
the yielding stage; and stage IV was the burst stage.

In stage I, AE activities for the two types of strain bursts
were both weak; however, during the unloading (stage II,),
both the AE activities exhibited a sudden increase. During

@ Springer

the continuous deformation stage (II,), strong AE activities
were frequent. Subsequently, when unloading double faces
(Fig. 15¢), AE activities were concentrated toward the end of
stage II,. AE activity of the two types of strain burst showed
sustainable strong activity during the yielding stage (III).
However, the intensity of AE activity began to decrease dur-
ing the burst stage for strain burst during the unloading of
single face, whereas strong AE activities lasted from yield-
ing point to the end of burst when unloading double faces.
Moreover, most of the accumulated energy of AE occurred
during the yielding stage; however, the burst stage showed
a slight increase.

The peak frequency of AE signal was used to evaluate the
microcrack size. A larger microcrack corresponds to an AE
signal with a smaller peak frequency, and vice versa (Grosse
and Ohtsu 2008). Figure 16 shows the variation in peak fre-
quency and amplitude of AE signals during the two types of
strain burst. For strain burst during the unloading of single
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face, most of the AE signals occurred before the yielding of
specimen (Fig. 16a), and the peak frequencies were in the
range from 100 to 520 kHz. However, the peak AE signal
frequencies occurring from yield to burst ranged from 200
to 250 kHz. Furthermore, their amplitudes were both greater
than 70 dB. During the burst stage, the amplitudes of AE
signal were less than 70 dB, with peak frequency ranging
from 180 to 280 kHz.

Figure 16D illustrates that for strain burst that occurred
while unloading double faces, the peak frequencies of the
AE signals from initial to the yielding point ranged from 120
to 430 kHz. After yielding, the peak frequencies ranged from
138 to 155 kHz, and all the amplitudes were greater than
80 dB. Therefore, AE signals that occurred during the burst
when unloading double faces exhibited a lower frequency,
i.e., the microcracks were larger than that for unloading sin-
gle face.

Additionally, the “relative quiet period” (from yield to
burst) could be observed from Fig. 16, and similar results
had been reported in the literature (Hu et al. 2019). However,
there was no systematic understanding of the reason of the

quiet period. In our opinion, before the yield point, there
were many microcracks in the specimen. On the one hand,
the microcracks changed the internal stress field of the rock
and a new balance was needed before further propagation
and penetration; on the other hand, the microcracks reduced
the integrity of rock, making it difficult to transmit the elas-
tic wave formed by microcracks. Hence, only a few signals
with high amplitude and low frequency were received.
Notably, the types of microcracks were classified accord-
ing to the average frequency (AF) and RA (rise time/ampli-
tude, unit: ms v_l) value of AE signal (Grosse and Ohtsu
2008). Figure 17a shows the schematic illustration of the
method to classify microcracks based on the scatters of
AF-RA. A boundary line with slope k divides the coordi-
nate system into two parts: The upper part is a tensile crack,
whereas the lower section is a shear crack. Linear discrimi-
nant analysis (LDA) was performed on the AE data (RA,
AF) of the three-point bending and direct shear tests. The
determined critical slope (1.21) is shown in Fig. 17b, and
Fig. 17c shows the confusion matrix of LDA. In general,
about 91.8% of the AE data could be correctly classified.
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Figure 17d, e exhibits the variation in the scatters of
AF-RA in the five stages (as shown in Fig. 17) when single
and double faces were unloaded, respectively. The numbers
in the figure indicate the ratios of tensile to total microc-
racks. In general, the changes in the ratio of the two types
of strain burst were similar. In stage I, the numbers of shear
and tensile microcracks were approximately equal; and the
percentage of shear microcracks increased due to unload-
ing during both types of strain burst tests. Moreover, when
double faces were unloaded, the increment in shear microc-
rack percentage was greater than that when unloading single
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Strain (%o)

face. In the continuous deformation stage (II,), the num-
bers of shear and tensile microcracks were also similar for
the strain burst when unloading single face, while tensile
microcracks were greater than shear microcracks by about
7% for unloading double faces. During stages III and IV,
the shear microcracks dominated for the two types of strain
burst. Furthermore, from yield to burst, the percentage of
tensile microcracks for previous strain burst was greater than
that for the current stage of strain burst by about 11%. These
phenomena also correspond to the total length of surface
cracks (as presented in Table 5).



Experimental Study on Strain Burst Characteristics of Sandstone Under True Triaxial Loading...

169

Confusion Matrix for: Linear Discriminant

A (a) 1000 q= (b) (C)
¢ Shear test
¢ Three-point bending
0
Ve E 4242 23262
z k e & 1.0% 5.7%
=1 -
Q0
=]
g —_ P
B z 2
o =3 el
0 P o
< £
&
g 14386 369241
7 3.5% 89.8%
»
T
400
RA values RA (ms/V) Tonsile Shear
Predicted class
(d)
1000 1000 1000 1000
800 ® Tensile 800 800 800
e Shear crack
600 600 600 600
400 42.7914 400 49.5955 400 45.1128 400 fo 32.9225
.
. - . > . oo
200 200 by .
P38 o
0 il e e o f 0 o
0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000
I 11, I, 11 v
©
10009 o Tensile 1000 1000 1000 1000
soo;  ® Shear crack 800 800 800 | 800
-
600 | 600 600 600 | 600
el .
40088 48.4397 400} 254673 400 I 56.6989 400} 34.1463 400} 34.4371
.
200 . o 200 " 200 g * B
et i o
3 5 0,o ) Py o9 %
0 500 1000 0 500 1000 0 500 1000 0 500 1000
I 10, 1, 11
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4 Conclusion

In this study, a new strain burst experimental system was
used to perform two types of strain burst tests by rapidly
unloading single and double faces (in one direction), to sim-
ulate the strain burst occurring in surrounding rock of tunnel
or double tunnel faces during the opposite tunneling. A high-
speed image recording system and AE system monitored the
failure process of strain burst when single or double faces
were rapidly unloaded. The commonalities and differences
between the abovementioned two types of strain burst were
analyzed from five aspects: Failure stress, strain energy dis-
sipation, ejection velocity field, failure modes, and AE char-
acteristics. The specific conclusions are as follows:

(1) The failure stress and percentage of dissipation energy
due to crack propagation were approximately equal for two

the proportions of tensile and shear microcracks at different stages for
unloading d single and e double faces (the numbers in the figures are
the ratio of tensile to total microcracks in each stage)

types of tests. Moreover, the evolution of mean velocity of
free face was similar that suddenly increased first and then
decreased, and then the gradient increased to the extremum
value and finally decreased to zero. Further, the failure sub-
regions of the fracture were consistent in that both contained
shear, buckling, splitting, and ejection zones.

(2) The strain burst intensity when unloading double
faces was greater than when unloading single face. This
greater intensity is manifested in the larger initial ejection
velocity, larger volume of burst pit, and lower peak fre-
quency. Furthermore, during strain burst when unloading
double faces, both the flaky and massive fragments were
more obvious than when unloading single face. Moreover,
from yield to burst, strain burst when unloading double
faces contained more shear microcracks, whereas strain
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burst when unloading single face showed more tensile
microcracks.
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