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Abstract: To investigate the progressive fracture processes around a tunnel triggered by static stress and dynamic
disturbance, experiments and numerical simulations were performed. The results show that the spatial distributions of
acoustic emission (AE) events become very different as lateral pressure coefficients change. The combined effect of
static stress and dynamic disturbance causes the damage around the tunnel, and initial stress conditions control the
damage morphology. The blast disturbance cannot fundamentally change the damaged area but will deepen the extent of
damage and accelerate the failure speed. The more significant the difference between the vertical and horizontal stresses
is, the higher the impact on the tunnel by the dynamic disturbance is. The AE activity recovers to a relatively stable state
within a short time after the blast and conforms to power-law characteristics.
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1 Introduction

Under high in-situ stress conditions, in the
mining process, rock masses are inevitably
subjected to frequent disturbances that can be
classified into unloading effects, i.e., the stress
change in the surrounding rock mass after the ore is
mined, and dynamic disturbances, such as blast.
Therefore, the rock mass is subjected to high stress
and dynamic disturbance [1]. For high-production
mines, especially those that use medium-length hole
blast or long-hole blast, one uses more than
hundreds of kilograms or even several tons of
explosives. Strong blast disturbances can easily lead
to spalling and collapse of the surrounding rock of
tunnels, even generating dynamic hazards, such as

rockbursts [2—5]. Statistical data show that
two-thirds of mine rockbursts occur after blasts. For
example, blast vibrations damaged more than 20 m
of the roadway in the Hongtoushan copper mine,
one of the deepest nonferrous metal mines in China,
at a mining depth of 1000 m [6]. In the Gujiatai iron
mine, a blast disturbance caused the collapse of a
large rock mass in a stope, and the production was
subsequently suspended for several years, resulting
in severe economic losses. During the deep tunnel
excavation of the Jinping II hydropower station, a
blast disturbance caused a time-delayed rockburst,
for which the height, length, and maximum depth of
the damage were 4, 30, and 0.9 m, respectively [7].
In deep rock masses, stresses quite possibly
concentrate around the tunnel. As a result, the
triggering effect of dynamic disturbance for rock
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damage is more prominent under such conditions.
At present, the research on the excavation-damage
zone (EDZ) of tunnels is mainly conducted under
static loading using rigid or servo-controlled testing
machines. However, the damage in rock mass
induced by dynamic disturbances cannot be
ignored, especially under high in-situ stress
conditions [8]. The split Hopkinson pressure bar
(SHPB) is a commonly-used device for studying the
characteristics of rock dynamics. With the help of
the SHPB, many researchers [9—11] have tested the
dynamic strength of rocks and subsequently
established constitutive relations and proposed
many models based on fracture mechanics or
damage mechanics. In addition to the SHPB device,
several other instruments have been developed to
simulate the deformation and failure evolution
under dynamic disturbance [12—16]. Numerical
simulation was also performed by ZHU et al [8,17]
and LI et al [18] to evaluate the dynamic stress
concentration around the tunnel, and the areas prone
to failure induced by dynamic disturbance were
found. However, experimental works on rock
damage due to dynamic disturbances are mainly
restricted to surface observations, and the evolution
characteristics of internal damage still need to be
further studied. When a rock is subjected to loading
conditions, gradually  generate,
propagate and coalesce, accompanied by a release
of elastic strain energy, i.e., acoustic emission (AE).
The AE technique can continuously monitor the
temporal-spatial evolution of microcracks, thereby
revealing the deformation and failure process of
rock. A series of achievements have been realized,
e.g., the AE location algorithms, the temporal-
spatial evolution of microcracks in rock bodies, and
the changes in many AE parameters [19—32].

In this study, cement mortar was used to create
specimens with a prefabricated circular hole in the
middle. The biaxial stress is applied with different
lateral pressure coefficients that are calculated from
the stress condition around a tunnel in the Ashele
copper mine, and the blast method is used to
generate dynamic disturbances. In this process, the
spatial-temporal evolution of the AE activity was
analyzed to reveal the damage characteristics under
static stress and blast disturbance conditions. Also,
numerical simulations were performed to verify the
experimental results, to provide a theoretical basis
for support optimization for deep tunnels.

microcracks

2 Experimental

2.1 Specimen preparation and AE monitoring

scheme

The specimens used in this work were made of
cement mortar of 300 mm x 300 mm (LxW),
250 mm in thickness (Fig. 1). The mass ratio of
cement to sand and water was 1:4.1:0.9. A circular
hole with a diameter of 57 mm was drilled in the
middle of each specimen. Also, specimens with the
same mass ratio were used to measure the uniaxial
compressive strength (UCS), and the results showed
that the UCS of this batch of specimens was
approximately 24 MPa.
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Fig. 1 Specimen structure, AE sensor arrangement, and
blast position

Seventeen sensors with a response frequency
range of 50—400 kHz were arranged on the front
and back faces of the specimens, eight on the front
face, and nine on the back face. When the sensors
were fixed on the specimen faces, rubber bands and
vaseline were used for coupling between sensors
and specimen. A sensor highway-1I (SH-II,
American Physical Acoustics Corp.) system was
used for the AE monitoring. The system uses an
18-bit A/D switching technology that allows instant
time waveform recording with a maximum upper
limit amplitude of £10 V. The sampling threshold,
sampling frequency, and sampling length were set
to be 45 dB, 10 MHz and 5120, respectively.

2.2 Blast disturbance scheme
The blast position was located in the middle of
the specimen, 60 mm away from the bottom face
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(Fig. 1). When the explosive was detonated, the
detonation gas and shock waves could quickly
induce ruptures around the blast hole that may
propagate and extend to the tunnel, thereby causing
failure around the tunnel. The explosive was placed
in a steel pipe with a bottom closed-end to avoid
the blast breaking the specimen. The diameter,
thickness, and length of the steel pipe were 8, 0.1,
and 125 mm, respectively. The explosives were
prepared by mixing cyclonite with potassium
picrate because the cyclonite has high brisance and
low sensitivity, while the potassium picrate has
opposite characteristics. The optimized mass ratio
of the two materials was 1:1 as obtained from a
preliminary test. Each blast used 1 g of explosive.
After the explosives were placed in the steel pipe,
fine sand was used to fill the blast hole, and electric
blast was adopted.

2.3 Loading path

The actual stress condition around the tunnel
during the mining process determines the lateral
pressure coefficients during biaxial compression.
The Ashele copper mine is located in the Xinjiang
Uygur autonomous region of China. Currently, the
development depth and mining depth are 1200 and
900 m, respectively. The tectonic stress is dominant
and increases with the mining depth. According to
the stress test results, the horizontal stress is 1.4
times the vertical stress when the mining depth
exceeds 800 m from the surface. Under high-stress
conditions and blast disturbances, ground hazards,
such as spalling, collapse, and rockbursts,
frequently occur. Figure 2 shows the vertical stress
distribution around the tunnel by the unloading
effect of No. 4 stope mining at the 0 m level
(approximately 900 m in mining depth) in the
Ashele copper mine. Because the stope is vertical,
the unloading effect on the horizontal stress is
small. From Fig. 2(a), the vertical stress increases
from the boundary of the No. 4 stope (position P1)
to the maximum value (position P5) and then
gradually returns to the in-situ stress level (position
P13). Figure 2(b) shows the change in the lateral
pressure coefficient k, i.e., the ratio of the vertical
stress to the horizontal stress, within 60 m from
the stope boundary. Because the lateral pressure
coefficient of the in-situ stress is 1.4, in this study,
four lateral pressure coefficients were investigated,
ie., 0.8, 1.0, 1.2, and 1.4. The horizontal stresses

(0,) were designed to be 16 MPa, and the vertical
stresses (01) were designed to be 20, 16, 13.3, and
11.4 MPa, as shown in Fig. 3 and Table 1. The
experiment is divided into three stages. First, o; and
o, were simultaneously loaded at 3 MPa/min until
the predetermined values were reached. Second, six
blast disturbances were carried out, and each blast
process was conducted after the AE signals stopped
generating. Eventually, the vertical stress o or
horizontal stress o, was loaded again until the
specimen failed.
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Fig. 2 Schematic diagram of stress distribution around
tunnel induced by unloading effect of deep stope mining
in Ashele copper mine: (a) Vertical stress distribution;
(b) Lateral pressure coefficients, &, in surrounding rock
mass of tunnel at different distances from stope

3 AE sequence with loading and blast
disturbances

3.1 Filtering of blast signals

At the time of the blast, the stress wave is
transmitted to the specimen through the steel pipe
and propagates into the specimen. With the high-
energy blast trigger stress waves, the waves may
continue to propagate in the specimen for
some time, and they may be mixed into the signals
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Table 1 Loading plan and blast parameters

Loading plan = Horizontal stress, o,/MPa Vertical stress, 0;/MPa ~ Blast number  Explosive mass/g &
1 16 20 6 1 0.8
2 16 16 6 1 1.0
3 16 13.3 6 1 1.2
4 16 11.4 6 1 1.4
generated from microcracks. Therefore, these AE system reach significant values. For example,
interference signals should be filtered before the amplitude of the typical blast signal shown

analyzing the AE activity. Automatic methods are
beneficial to the waveform identification [33—35],
especially for large amounts of signal data.
However, this study performs manual filtering of
blast signals because there are only six blasts for
each specimen, and the blast time is known. Also,
the process of filtering the interference signals
due to blast considers the difference of the
parameters between signals induced by blast and
microcrack generation and the attenuation law of
blast signals.

Due to the considerable amount of explosive
energy released during detonation, some parameters
of the blast signals such as the rising time, hits,
energy, amplitude, and duration time, are very high.
Especially, the energy and amplitude of the many
blast signals that exceed the acquisition range of the

in Fig. 4(a) is so large that a peak clipping
phenomenon appears (the acquisition range of the
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Fig. 4 Waveforms of blast signal (a) and crack signal (b)
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amplitude in this AE system is 10 V). Also, the
duration time of this blast signal is very long and
does not decay to a stable state within the sampling
time. On the contrary, the waveform parameters of
the signal from the generated microcracks are much
lower than those of the blast signal (see Fig. 4(b)).
Therefore, the blast signal can be identified and
filtered out according to the waveform parameters.

On the other hand, the blast signal gradually
weakens during propagation. When its amplitude is
smaller than the sampling threshold, the sensors can
not detect it. Many factors affect the signal
attenuation, including the excitation conditions,
wavefront  diffusion, absorption attenuation,
interfacial reflection, interfacial transmission, and
interfacial morphology. Among them, this study
focuses on the absorption attenuation and interfacial
reflection. The attenuation formula defined by
FUTTERMAN [36] is as follows:

a=Lmh )
Ax 4,

where o is the attenuation coefficient, Ax is the
propagation distance, 4; is the amplitude at the
source and A, is the amplitude after the propagation
distance, Ax. For the interfacial reflection factor,
the reflection coefficient is related to the wave
impedance of the materials on both sides of the
interface. The wave impedance at normal incidence
can be written as follows:

R=P2Y2 " PV )
Pav2 + P

where R is the reflection coefficient; p;, v, prand v,
are the densities and the wave propagation
velocities of the specimen and the pressure head,
respectively; and p;v; and p,v, are the wave
impedances of the two materials (kg/(m?s)).
According to Egs. (1) and (2), the time that takes
for the blast signal amplitude to decay to the
sampling threshold is less than 0.5 ms based on the
attenuation coefficient and wave impedances of
cement mortar and the wave impedances of steel. In
summary, one can identify and remove blast signals
by considering their parameter characteristics and
attenuation law.

3.2 AE sequence characteristics
Figure 5 shows the AE sequence during the
specimen fracturing with different lateral pressure

coefficients. The AE activity closely relates to the
stress loading and blast disturbance. For the
specimen with lateral pressure coefficient £=0.8
(Fig. 5(a)), AE signals are continuously generated
during the first loading phase, indicating that the
internal damage of the specimen gradually increases
during this phase. Also, the AE activities show a
“strong — weak — strong” trend. As some tiny air
bubbles were probably mixed into the cement
mortar during the pouring process, many initial
pores would have formed inside the specimens.
Therefore, the original pores and damages were
closed and had frictional characteristics during the
compaction stage, resulting in the higher AE
activities. When the specimen entered the elastic
deformation stage, the stress exceeded the damage
strength of the material in some regions, and some
new microcracks formed. However, the AE activity
is weaker than that in the compaction stage. As the
stress continued to increase, when the specimen
reached the later stage of elastic deformation, the
microcracks inside the specimen stably extended,
and the AE signal reactivated. For the other
specimens, all the AE activities weaken in the first
loading phase because the three specimens are
subjected to smaller external stresses and do not
enter the later elastic deformation stage. In the
subsequent blast stage, the stress inside the
specimens adjusts sharply due to the strong
dynamic disturbance, which causes the AE signal to
rise sharply. After each blast, the AE activity
returns to a relatively stable state very quickly,
suggesting that the stress adjustment process caused
by blast disturbance is rapid and that the specimens
are in a relatively stable state. If a sample reaches
the unstable stage after the first loading, the strong
blast disturbance can easily result in the whole
specimen’s instability failure. During the second
loading, the AE activity is higher than that during
the first loading, indicating that one cannot ignore
the damage caused by the blast disturbance to the
specimens. Although the dynamic disturbance does
not result in specimen failure, the increased damage
inevitably reduces the strength and stability of
specimens.

Table 2 lists the number of AE signals during
each loading and blast phase and their proportions
with respect to the total number of AE signals. For
specimens with lateral pressure coefficients of
0.8, 1.0, 1.2, and 1.4, the loading generates 67.41%,
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Fig. 5 AE sequence under loading and blast disturbances with different lateral pressure coefficients: (a) £=0.8; (b) £=1.0;
(¢) k=1.2; (d) k=14

56.74%, 60.28%, and 61.35% of AE signals,
respectively, while the fractions of AE signals
related to the blast disturbance are 32.59%, 43.26%,
39.72%, and 38.65%, respectively. These data
indicate that the combined effect of static stress and
dynamic disturbance causes the damage inside

specimens. It is noted that the number of AE signals
generated after each blast gradually increases.
According to Table 2, the number of AE signals in
the specimen with £=1.2 shows a significant growth
trend. Because the number of blasts is limited to
six, the percentage of damage caused by loading is
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Table 2 Numbers of AE signals for each loading and blast phase, and their proportions

k Phase Number Proportion/%  Average proportion/% Sum Total proportion/%
1st load 28973 37.74
- 51748 67.41
2nd load 22775 29.67
1st blast 3355 4.37
08 2nd blast 4004 5.22
' 3rd blast 3773 4.92
5.43 25016 32.59
4th blast 3936 5.13
5th blast 4991 6.50
6th blast 4957 6.46
1st load 8498 18.69
- 25795 56.74
2nd load 17297 38.05
1st blast 2171 4.78
L0 2nd blast 2479 5.45
' 3rd blast 3319 7.30
7.21 19665 43.26
4th blast 3510 7.72
5th blast 4144 9.12
6th blast 4042 8.89
1st load 10162 19.22
- 31868 60.28
2nd load 21706 41.06
1st blast 1453 2.75
. 2nd blast 2190 4.14
' 3rd blast 2759 5.22
6.62 21000 39.72
4th blast 2985 5.65
5th blast 5008 9.47
6th blast 7359 12.49
1st load 8814 21.14
- 25575 61.35
2nd load 16761 40.20
1st blast 1704 4.09
14 2nd blast 1766 4.24
' 3rd blast 3229 7.75
6.44 16114 38.65
4th blast 1928 4.62
5th blast 3739 8.97
6th blast 3748 8.99

higher than that of blast disturbance. If more blasts
are performed, the dynamic disturbance may cause
more significant damages, and the specimens may
be much more likely to fail during the blast
disturbance.

Rock failures and rockbursts during mining
excavation can be viewed as a type of earthquake
but at a much smaller scale. An earthquake is

large-scale destruction of rock masses in the Earth’s
crust, and its formation mechanism is similar to the
process of microcrack generation and propagation
in rock failure processes. Therefore, it might be
appropriate to introduce seismology into the study
of the rock failure process. After the main
earthquake, increased seismic activity (i.e.,
aftershocks) will be observed, and then the
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aftershocks gradually decrease with time and
eventually become obscured by the background
earthquakes. OMORI [37] discovered scaling in
earthquakes in terms of the frequency distribution
of aftershocks over one hundred years ago, and
subsequently proposed the following formula to
represent the decay of aftershock activity with
respect to time:

N()=A(t+c) (3)

Equation (3) represents the number of
aftershocks MN(f), measured at time ¢ after the main
earthquake. The terms A4 and ¢ are constants. This
formula and its modified form have been widely
used as one of a few established empirical laws in
seismology. UTSU [38] modified the Omori’s law
by adding the exponent p to describe the power-law
decline of aftershocks.

N()=A(t+c) " 4)

This study regarded the blasts as the main
shock and the AE signals within 15 s after blast
disturbances as the aftershocks. Since the time from
the blast to the generation of microcracks is very
short, the parameter c is set to be zero. From Fig. 6
and Table 3, the changes in AE signals after the
blasts conform to the power-law characteristics. The
p values of 11 blasts are generally greater than 1,
indicating that the AE activities recover to a
relatively stable state in a short time. The AE
activity after blast disturbances can be categorized
as the “main shock-after shock” type. SCHOLZ [20]
succeeded in reproducing Omori’s power law of the
aftershock sequences of AE events in rock
specimens. In his experiment, he considered that the
fracture of the whole rock specimen corresponds to
the main shock and that the AE corresponds to
the aftershocks. HIRATA [39] measured a time
series of AE in basalt under constant uniaxial

2525

compression, considered some bursts of AE events
to be the main shocks, and observed aftershock
sequences. The above researches show that AE
activity conforms to power-law characteristics
regardless of whether static loading or dynamic
disturbance is finished; this result can be used to
determine the timing of stress adjustment in rock
mass quantitatively. For underground tunnel
engineering, AE or microseismic (MS) monitoring
is proposed to evaluate the rock mass stability for
the safety of personnel and equipment.
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Fig. 6 Power-law decay characteristics of AE activity
within 15 s after each blast disturbance (4=1.0)

4 Spatial distribution and evolution of
AE events, apparent stress, and
displacement

4.1 Spatial evolution of AE events

Before the AE source location, the P-wave
arrival time was determined. The waveform data
can be seen as a time series. The time series of
n values is divided into two groups: one of size k
values and the other of n—k values. For each value

Table 3 Parameters values of AE activity power-law fitting after each blast disturbance

Blast £=0.8 k=10 k=12 k=1.4
number A p A p A p A p
1 1318.76 2.08 934.81 1.42 426.36 1.46 1741.99 2.14
2 351241 2.58 938.86 1.43 261.39 1.00 677.30 1.67
3 2365.01 2.28 734.70 1.36 507.42 1.11 1067.76 1.22
4 2400.88 2.50 1814.17 2.38 388.53 1.51 1056.77 1.98
5 692.24 1.08 633.81 1.17 482.83 0.75 713.70 0.90
6 2286.80 2.35 1184.68 2.08 340.06 0.59 977.29 1.13
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of k, auto-regression (AR) models of the k£ and n—k
data were established, and the Akaike information
criterion (AIC, Ca;) was adopted to estimate the
rationality of the models [40], which is expressed as
follows:

Cop=CiartCar=hlg e[ +(n—k)lg e;-+n[lg(2m)+11+
2(l1+1,+4) (5)

where /; and e, are the degree and variance in the
AR model of & values, /; and e, are the degree and
variance in that of n—k data, respectively. The
values of C,, for each k are calculated, and the time
to the minimum value of C,, can be seen as
P-wave arrival time. After that, the simplex
method was used to calculate the AE hypocenter
position [27,41].

The AE event location analysis attempts to
minimize the arrival time difference between the
observed and calculated results. With each iterative
calculation, the estimated arrival time at the sensor
sites is calculated and compared to the observed

arrival time, and an estimate of the error is obtained.

The absolute deviation method is used to estimate
the error as follows:

1 N
Er = |:ﬁ§| Toi _Tci |:| (6)

where N is the number of observed arrivals, T; is
the observed arrival time at the ith sensor, and T, is
the estimated arrival time at the ith sensor. Because
the wave velocity slows when AE signals pass
through the tunnel, the time to reach the sensor is
very likely delayed. Thus, the eight earliest arrival
times collected by the sensors were used to
calculate the AE source location. The result of the
pencil-lead break test shows that the location errors
of 90% of the events are less than 10 mm,
suggesting that the precision of the location can
meet the requirements of this study for the
temporal-spatial evolution of microcracks.

The distribution and evolution of AE events
can directly reflect progressive fracture processes
around the tunnel, which have obvious differences
among the specimens with different lateral pressure
coefficients (Fig. 7). For the specimen with £=0.8,
many microcracks are generated and concentrated
around the tunnel in the first loading phase, and
large-scale cracks are mainly distributed on the left
and right sides of the circular opening. Then, during
the blast phase and the second loading phase, the

AE events continue to concentrate on both sides of
the tunnel. Eventually, the AE events show a
band-like distribution from the left to the right of
the tunnel. For the specimen with £=1.0, the stress
concentration is evenly distributed around the
tunnel because the external horizontal load equals
the vertical load. Under this condition, AE events
also concentrate around the tunnel during the first
loading phase and the blast phase. In the second
loading process, a small number of large-scale
cracks appear on the left and right sides of the
circular opening due to the increase in vertical
stress. The spatial distributions of AE events of the
two specimens with lateral pressure coefficients &
of 1.2 and 1.4 are opposite to that of the specimen
with £=0.8, for which the AE events are mainly
distributed on the upper and lower sides of the
circular opening. These results indicate that the
lateral pressure coefficients guide the orientation of
the initiation and direction of the propagation of
microcracks. With the increase in the lateral
pressure coefficient, the concentrated area of
microcracks gradually changes from the left and
right sides of the tunnel to the upper and lower
sides, consistently with the direction of the
maximum external stress.

The differences in the spatial distribution of
the AE event for different lateral pressure
coefficients reflect the control effect of the stress
conditions on the failure area around the tunnel.
The results of this study are consistent with those
of Ref. [42]; the author performed numerical
simulations on the progressive fracturing processes
around underground tunnels with different lateral
pressure coefficients. In the case of £=0.75, the
stress that concentrates in the left and right sides of
the tunnel is higher than that in the upper and lower
sides, causing the resulting damage to be mainly
concentrated on the left and right sides (Figs. 8(a)
and 8(c)). For the stress condition of £A=1.0, the
concentrated stress and damage are evenly
distributed around the tunnel (Figs. 8(b) and (d)).
The above studies show that the external stress
controls the failure area and morphology around
the tunnel. The blast
fundamentally change the failure area but will
deepen the extent of damage and accelerate the
failure speed. In underground tunnel engineering,
the distribution of ground stress should determine

disturbance cannot
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Fig. 7 Spatial distribution of AE events under loading and blast disturbances in specimens with different lateral pressure

coefficients: (a) &=0.8; (b) £~=1.0; (¢) ~=1.2; (d) k=1.4

Fig. 8 Theoretical results of tangential stress (oy) distribution and numerical simulation results of failure patterns around
circular openings modified from ZHU et al [42]: (a) Stress distribution with £=0.75; (b) Stress distribution with £=1.0;

(c) Failure pattern with £=0.75; (d) Failure pattern with £=1.0

the support area, while the supported depth should
be considered comprehensively by taking the
ground stress conditions and blast disturbance into
account.

4.2 Evolution of apparent stress and
displacement within specimens

The waveform information of AE signals can

provide a deep interpretation of the stress field and

displacement field distribution during the specimen
fracturing. The apparent stress is equal to half of the
sum of the initial and final stresses, which supplies
an estimate of the stress drop (or stress release)
associated with a seismic event. High apparent
stress values are indicative of high and increasing
stress conditions within the rock mass, and vice
versa [43,44]. Similar to the apparent stress, the
apparent volume depends on the seismic potency
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and radiated energy, and because of its scalar nature,

it can easily be manipulated in the form of
cumulative or contour plots [45]. Therefore, studies
of the stress and displacement distribution and
evolution law during the rock mass failure process
are feasible. Based on the analysis of the
microseismic data, the stress and displacement
distributions and evolutions have been widely used
to assess the rock mass stability and forecast
dynamic hazards to manage disastrous rock
failures [46—51] better.

WYSS and BRUNE [52] defined the apparent
stress as the ratio of the total radiated seismic
energy to the seismic moment:

o‘a=,u(E/M0) (7)
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where o, is the apparent stress, 4 is the modulus of
rigidity of the source, £ is the radiated seismic
energy, and M, is the seismic moment. The
deformation parameter of the MS source can
quantitatively describe the change in the rock mass
deformation too. According to seismology, the
relationship between the average displacement u
of the fault and seismic moment M, by AKI [53] is
as follows:

M, = pus (8)

where S is the area of the fault, and S=7U‘02 (ro 1s the
source radius). The seismic moment M,, radiated
seismic energy FE, and source radius ry are all
obtained from the waveform.

Figures 9 and 10 show the distributions of

Fig. 9 Distribution of Ig ¢,, under loading and blast disturbances in specimens with different lateral pressure coefficients:

(a) k=0.8; (b) k=1.0; (c) k=1.2; (d) k=1.4
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Fig. 10 Distribution of displacement under loading and blast disturbances in specimens with different lateral pressure

coefficients: (a) £=0.8; (b) £~=1.0; (c) k~=1.2; (d) k=1.4

apparent stress and displacement in specimens with
different lateral pressure coefficients, respectively.
Because the unit of the AE signals detected during
the experiment is voltage, i.e., mV, the AE source
parameters, including the seismic moment, radiated
seismic energy, apparent stress, and displacement,
are all relative values, rather than absolute values.
Therefore, the results of the size of AE events, the
apparent stress, and the displacement distribution
are also shown as relative values. In the case of
k=0.8, the apparent stress is concentrated around the
circular opening in the first loading process, with

the most significant stress concentrations on the left
and right sides. At the same time, there are distinct
areas of large displacement on both sides of the
tunnel, which indicates that the stress exceeds the
failure strength in some areas, leading to
microcracks generation and large local deformation.
After six blast disturbances, the stress slightly
transfered and redistributed; the overall distribution
remains unchanged, but the deformation area is
expanded. After the secondary loading, the stress
concentration and large deformation area around the
tunnel further expand. For the specimen with i=1.0,
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the stress has approximately  circular
concentration region around the circular opening in
the first loading process; it further expands due to
the blast disturbance and the second loading. In this
process, the evolution of the region of large
displacement is consistent with that of stress
concentration. Distribution  and  evolution
characteristics of the stress field and displacement
field of specimens with lateral pressure coefficients
of 1.2 and 1.4 are similar to those of /=0.8 but
are rotated by 90°. The above researches on the
distribution and evolution of stress fields based on
AE monitoring are consistent with ZHU et al [42],
further verifying the control effect of the external
load on the stress and damage distribution around
the tunnel.

Note that the distributions of stress and
displacement are consistent, indicating that the
specimen is fairly homogeneous. Because the
changes in the stress and displacement were
independently obtained from the waveform, they
can reflect the difference in the physical mechanics
among different regions within the rock mass. The
source of an event associated with a weaker
geological feature or with a softer patch in the
rock mass radiates less seismic energy per unit
of inelastic co-seismic deformation than an
equivalent source within strong and highly stressed
rock mass. The phenomenon of increasing
deformation and decreasing stress indicates that
the rock mass degrades. In contrast, the integrity of

an

(a)
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the rock mass is much better. For underground
engineering, the integrity and degradation degree
of the rock mass can be evaluated by distributions
of stress and displacement calculated from AE
or MS monitoring and provide a basis for
determining the most appropriate  control
measures for hazards with different occurrence
mechanisms.

5 Numerical simulation of tunnel damage

In addition to the experimental study on
fracture processes round tunnels, a numerical
simulation was performed with the FLAC®
commercial software. The generated 3D model is
30 m x 30 m x 15 m (LxHxW), the radius of the
tunnel is 2 m. To obtain small changes in the plastic
zone around the tunnel, the meshing side length
near the tunnel is 0.1 m, and the total number of
units in the numerical model is 288000 (Fig. 11(a)).
The physical and mechanical parameters of the rock
mass came from Ashele copper mine data and were
modified according to the Hoek—Brown strength
criterion (Table 4). The Mohr—Coulomb
constitutive model was used. During static loading,
displacement constraints were applied on all six
sides of the model, and the viscous boundary
condition was adopted on the left, right, front, back,
and bottom boundaries to absorb waves when
the dynamic disturbance was performed. The
parameters of the dynamic disturbance are derived
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Fig. 11 Numerical simulation program: (a) Analysis model; (b) Blast vibration signal in field test
Table 4 Main physical and mechanical parameters of rock mass
Rock Tensile Elasticity Cohesion/ Frictional Volume weight/  Poisson
ock mass _
strength/MPa ~ modulus/GPa MPa angle/(°) (kN'm™?) ratio
Tuff 0.16 11.46 0.51 31.26 27.41 0.25
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from the test data of blast vibration measured at the
No. 4 stope at the 0 m level (approximately 900 m
in mining depth) in the Ashele copper mine
(Fig. 11(b)). The blast signal was converted into a
stress—time history curve according to the following
formula:

O'nz_z(pcp) Va (9)

where p is the rock mass density, kg/m’; G, is the
propagation velocity of the P wave in the rock mass,
m/s; V, is the normal velocity component at the
model boundary, m/s. The dynamic disturbance,
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lasting 0.178 s, was performed at the bottom of the
numerical model. In the numerical simulation, the
horizontal stress was maintained at 30 MPa, and the
vertical stress changed; thus, the investigated lateral
pressure coefficients were 0.6, 0.8, 1.0, 1.2, and 1.4.

The numerical results show that the stress
distribution and plastic zone range vary
significantly with the lateral pressure coefficient
(Fig. 12). Under static stress conditions, when £k is
smaller than 1.0, the maximum principal stress
mainly concentrates on the left and right sides and
is relatively low in the roof and floor of the tunnel.

Plastic zone

Plastic zone before blast Plastic zone after blast

Fig. 12 Distribution of maximum principal stress and plastic zone before and after blast disturbance with different
lateral pressure coefficients: (a) £=0.6; (b) £=0.8; (¢) £=1.0; (d) &=1.2; (e) k=1.4
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With the increase in the lateral pressure coefficient,
the regions of stress concentration in the left and
right sides gradually reduce, while they enlarge in
the roof and floor regions. For #=1.0, the shape of
the maximum principal stress concentration area
has almost a circular shape. For £>1.0, the area of
maximum principal stress mainly concentrates on
the roof and floor regions, similar to the stress

concentration area of k<1.0, but it has a 90° rotation.

On the other hand, the plastic zone has an elliptical
distribution, and it changes similarly to the stress
concentration, i.e., the direction of the longer axis
of the ellipse changes from horizontal to vertical
direction with the increase in lateral pressure
coefficients. For example, the depth of the plastic
zone is 2.4 m in the two sidewalls and 0.7 m in the
roof and floor when £=0.6. Conversely, the depth of
the plastic zone is 0.7 m in the two sidewalls and
1.5 m on the roof and floor in the case of ki=1.4.
Note that the surrounding rock mass around the
tunnel undergoes
phenomenon, and the area of the plastic zone is
much larger than that of the relaxation zone. The
concentrated stress around the tunnel has exceeded
the failure strength of the rock mass, resulting in the
rock mass lost its bearing capacity, thus forming a
relaxation zone. Although the rock mass outside the
relaxation zone is in a plastic state, it still has a
bearing capacity under the radial constraint.

A dynamic disturbance enlarges the areas of
the maximum principal stress concentration in the
case of £=0.6, 0.8, 1.2, and 1.4, respectively. For
k=1.0, as the dynamic disturbance was applied at
the bottom of the model, the areas of stress
concentration in the roof and floor remarkably
enlarge, which results in the stress being no longer
uniform around the tunnel. Also, the areas of the
plastic with different pressure
coefficients increase to different extents after the
dynamic disturbance. For example, the areas of the
plastic zone in the roof increase 0.3 m and 0.2 m,
respectively, when the lateral pressure coefficients
are 0.6 and 1.0, while there are no obvious changes
in the two sidewalls. For k=1.4, the plastic zone in
the roof and sidewall increases by 0.9 and 0.2 m,
respectively. The volume increments of the plastic
zone with different lateral pressure coefficients are
49.29, 28.74, 22.17, 23.65, and 24.87m’
respectively (Table 5). This indicates that the

a visible stress relaxation

zone lateral

dynamic disturbance has the smallest impact on the
tunnel when £=1.0. Moreover, the greater the
difference between vertical and horizontal stresses,
the greater the impact of dynamic disturbance on
the tunnel. The results of the numerical simulation
are consistent with the experimental results, that is,
the external load dominates the damage zone
distribution around the tunnel, and the blast
disturbance significantly affects the damage depth.

Table 5 Volume changes in plastic zone before and after
dynamic disturbance with different lateral pressure

coefficients
Volume of plastic zone/m’

g After loading After blast Increment
0.6 153.01 202.29 49.29
0.8 129.84 158.57 28.74
1.0 118.74 140.91 22.17
1.2 104.18 127.83 23.65
1.4 92.41 117.28 24.87

6 Conclusions

(1) The differences in the spatial distributions
of the AE events for different lateral pressure
coefficients reflect the control of stress conditions
on the failure area around the tunnel. The blast
disturbance cannot change the failure area but will
deepen the damage and accelerate the failure speed.

(2) The AE activity is closely related to stress
loading and blast disturbance. If more blasts are
performed, the dynamic disturbance may cause
more significant damage, and the specimens may be
much more likely to fail during blast disturbance.
The AE activity recovers to a relatively stable state
within a short time after blast and conforms to
power-law characteristics, which can be used to
quantitatively determine the timing of stress
adjustment in the rock mass. The distribution of the
apparent stress calculated from AE data is
consistent with the theoretical and numerical
results, indicating that it can be used to evaluate the
stress level within the rock mass.

(3) The more significant the difference
between the vertical and horizontal stresses, the
higher the impact on the tunnel by dynamic
disturbance. The dynamic disturbance has the
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smallest impact on the tunnel when the lateral

pressure coefficient is 1.0. Under static load and

dynamic disturbance, the area of the plastic zone is

much larger than that of the relaxation zone. In

tunnel engineering, the relaxation zone reinforced
with a support can provide the radial constraint on

the

plastic zone, which helps to maintain the

bearing capacity of the rock mass.
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