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Characteristics of microseismic b-value associated with rock mass large
deformation in underground powerhouse caverns at different stress levels
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Abstract: Rock mass large deformation in underground powerhouse caverns has been a severe hazard in hydropower
engineering in Southwest China. During the development of rock mass large deformation, a sequence of fractures was
generated that can be monitored using microseismic (MS) monitoring techniques. Two MS monitoring systems were
established in two typical underground powerhouse caverns featuring distinct geostress levels. The MS b-values
associated with rock mass large deformation and their temporal variation are analysed. The results showed that the MS b-
value in course of rock mass deformation was less than 1.0 in the underground powerhouse caverns at a high stress level
while larger than 1.5 at a low stress level. Prior to the rock mass deformation, the MS b-values derived from both the
high-stress and low-stress underground powerhouse caverns show an incremental decrease over 10% within 10 d. The
results contribute to understanding the fracturing characteristics of MS sources associated with rock mass large
deformation and provide a reference for early warning of rock mass large deformation in underground powerhouse
caverns.
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several days or weeks is generally recognised as

1 Introduction large deformation. Rock mass large deformation, if
without intervention or control, may lead to visible

In underground powerhouse caverns, a step  failures such as collapses and rock slide. Rock mass
increase of rock mass displacement on the order of deformation induced by excavation unloading of
millimetres or tens of millimetres occurring within large underground powerhouse caverns threatens the
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safety of personnel and equipment under
construction and has adverse impact during normal
operations, which has been a significant issue
during the construction of the hydropower projects
in Southwest China. Hence, it is of great
significance to identify the potential deformation
zone, to understand the deformation mechanisms
and to conduct a real-time warning of underground
surrounding rocks. Over the past few decades, the
microseismic (MS) monitoring technique has been
applied to establish the relationship between rock
fractures (MS events) and rock mass deformation in
geotechnical engineering projects such as mines [1-
3], underground oil and gas storage [4], carbon
dioxide sequestration [5], nuclear waste repositories
[6, 7] and hydropower stations [8 — 12]. Abundant
rock fracturing information such as magnitude,
energy and apparent stress of the located MS events
can be obtained using the MS monitoring technique.
Magnitude has been the most pervasive measure of
seismic  intensity. The  magnitude-frequency
relationship of MS events reflects the characteristics
of fracturing scales in the failure process of rock
mass [13]. Thus, it is significant to study the

magnitude-frequency relationship of MS events for

a better understanding of rock mass large
deformation.

The magnitude-frequency characteristics were
firstly studied in seismology. Since 1944,

GUTENBERG et al [14] had studied the magnitude-
frequency characteristics of the seismic events for
more than twenty years in the California-Nevada
region and proposed the well-known G-R law,
expressed as:

lgN=a—bm,, (D)
where m,, is the magnitude, N is the event count
whose magnitude is no less than m,, a and b are
constants for the given statistical data and can be
acquired by the 1gN—-m,, diagram. The parameter b,
also called b-value, represents the proportion of
high and low magnitude of events. Large b-values
usually mean low-magnitude events are dominant
while small b-values indicate high-magnitude
events occurred more frequently. Due to a clear
physical relation with the seismic source, the
moment magnitude is widely adopted. The widely
used formula to calculate the moment magnitude m,,

is formally defined as [15]:

My = %(lgMO -9.1) 2)
where M, is the seismic moment. It is observed that
the moment magnitude can be directly calculated by
seismic moment, which is a basic parameter to
quantify the strength of the seismic event that is
model-independent and can be expressed as [16]:

_ dmpc’ RQ,

o=—— G)

where p represents the density of the source
material, ¢ is either P-wave or S-wave velocity, R is
the hypocentral distance, £, is low frequency
amplitude of the displacement spectrum of distant
seismicities and F, represents the radiation
coefficient. The validity of the calculated results has
been verified for earthquakes. Theoretically, the
moment magnitude has no upper or lower limit and
is usually used to reflect the strength characteristics
of engineering microseismicities, the moment
magnitude of which is almost less than 3.0 [8, 17].
The b-value of natural seismicity has been
researched for many years since the G-R law was
put forward. Through exploring the spatial
variations of b-values, some researchers [18 — 20]
pointed out that along fault zones the low b-values
seemed to correspond with asperities while high
b-values were related to creeping sections of faults.
Moreover, the relationships were revealed between
b-values and other parameters such as faulting style
[21], earthquake depth [22] and seismic moment or
stress [23-25]. KULHANEK et al [26] analysed the
temporal variations of b-values of seismic events in
the shallow subduction zones of Cocos and Nazca
plates and found that significant drops in b-values
might occur when preceding large earthquakes.
Much attention has been paid to the MS
b-value to reveal the fracturing scales of the rock
mass in an increasing number of engineering
projects over last few years. LEGGE et al [27]
evaluated spatial characteristics of b-values of
mining-induced MS events and found that low
b-values were potentially induced by MS events
distributed in two dimensions, while high h-values
might be resulted from three-dimensional failures.
Through analysing the magnitude-frequency
characteristics of MS events during mining,
HUDYMA et al [13] discovered that the b-values
were commonly low for the MS events induced by



J. Cent. South Univ. (2022) 29: 693-711

695

fault activation and high b-values of MS events
were the result of the local stress change
immediately following blasts. Some studies have
found that prior to large seismic events in mines
(such as rockbursts, and roof collapses), the b-
values showed a gradual tendency to decrease [28
-30].

Previous research into the MS b-value has
shown its favorable potential for delivering
important information on possible hazards in a
region. In the present study, in the context of two
typical underground powerhouse caverns at
different stress levels in Southwest China, the
large

deformation were extracted, and the characteristics

b-values associated with rock mass
of the b-value with regard to the stress level was
investigated. The temporal variation of the h-value

was revealed during rock mass large deformation,

which contributes to laying the foundation for the
early warning of large deformation hazards of rock
mass in underground powerhouse caverns.

2 MS monitoring data

2.1 High stress underground powerhouse caverns
of Houziyan Hydropower Project

2.1.1 Engineering background

The Houziyan Hydropower Project was
constructed on the Dadu River in Sichuan Province,
China. The underground powerhouse caverns were
designed in the right bank mountain, with a total
installed capacity of 1700 MW. The underground
powerhouse caverns mainly include the main
powerhouse, the main transformer chamber, and the
tailrace surge chamber (Figure 1). The caverns were
excavated by layer and their excavation sizes are
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Figure 1 Geological plane of underground powerhouse caverns of Houziyan Hydropower Project
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219.5 mx29.2 mx68.7 m (lengthxwidthxheight),
139 mx18.80 mx25.2 m (lengthxwidthxheight), and
140.5 mx23.5 mx75.0 m (lengthxwidthxheight),
respectively.

The terrain in both sides of the valley is steep
and the heights of the slopes near the valley are
more than 800 m. The topographic slope of the right
bank is 45°-60°. The underground powerhouse is
buried at a depth of 280510 m horizontally and
400 — 660 m vertically. As shown in Figure 1,
dolomitic limestone and metamorphic limestone of
the lower Devonian are the main components of the
rock mass in the underground powerhouse caverns
and their attitudes are 320°-340°/£25°-50° (320°-
340°: dip direction; £25°-50°: dip angle). The
quality of the rock mass is classified taking into
account three primary factors (i.e., rock strength,
rock mass integrity and structural plane conditions)
and two secondary factors (i.e., underground water
and orientations of structural planes). An
intermediate quality of the rock mass in Houziyan
underground powerhouse is identified as it mainly
comprises Class III rock while with Class IV rock
exposed locally [31]. The geostresses of the
underground powerhouse caverns were tested using
borehole stress relief method (also called overcoring
method, one of the the suggested methods for rock
stress estimation by the International Society for
Rock Mechanics, ISRM) [32, 33]. Six points in
different areas of the underground caverns were
tested. The results show that the maximum principal
geostress in the underground powerhouse caverns is
21.46-36.43 MPa. The rock mass strength-to-stress
ratio is only 2—4, which indicates that the Houziyan
underground powerhouse is a typical high geo-stress
example of large hydropower projects [34]. During
the excavation of the caverns, weak rockbursts and
rock failures occurred at times.

2.1.2 MS monitoring system

An MS monitoring system was established to

monitor the evolution process of microfractures

during the rock mass deformation of the
underground  powerhouse  caverns.  Sixteen
accelerometers (including  fifteen  uniaxial

accelerometers and one triaxial accelerometer) were
installed by grouting at the end of diamond-drilled
boreholes in the rock mass of the layer drainage
galleries and the upstream sidewall of the main
transformer chamber, as shown in Figure 2. The

L Third layer
drainage gallery
Second layer
drainage gallery

First layer

drainage gallery

Figure 2 Spatial layout of accelerometers of Houziyan
underground powerhouse caverns

frequency response of the uniaxial accelerometers
is 50 Hz-5 kHz and the sensitivity is 30 V/g. The
frequency response in x, y and z directions of
the triaxial accelerometer is 0.13 Hz -8 kHz, and
the sensitivities are 1.4 V/g in x, y directions and
1.6 V/g in z direction. The sampling frequency of
the digital signal acquisition station is 10 kHz. The
waveforms are recorded automatically in the
Hyperion digital signal processing system once the
STA/LTA is larger than 3. The monitoring system
almost covers the crown zone, the upstream and
downstream sidewalls of the main powerhouse, and
the rock pillar between the main powerhouse and
the main transformer chamber. The signals captured
by the accelerometers are transported to the Paladin
digital signal acquisition system using copper
twisted-pair cables. Through fixed-point blasting
tests and back analysis, the P-wave velocity of rock
mass was determined as 5700 m/s. Given the
installed locations of accelerometers and the P-wave
velocity of rock mass, a time difference between the
actual and theoretical can be
calculated by assuming the MS location and
occurrence time. Then the MS location can be
iteratively approximated by minimizing the sum of
the time difference calculated by multiple
accelerometers.

There are various signals in the underground
powerhouse and each signal has its special time-
frequency characteristics, and the MS events can be
identified through time-frequency analysis. Because
the excavation areas of the underground caverns are

arrival arrival
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not far from the sensors and the explosives are of
high energies, the amplitudes of blasting waveforms
are usually large. Therefore, as a simple and quick
method, the amplitude and attenuation of different
signals are wusually used for identification of

different signals. To better analyse the frequencies
of signals, the S-transform time-frequency method
was used to obtain the dominant frequencies of
different signals [35]. Figure 3 illustrates typical
of different recorded in

waveforms signals
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Figure 3 Typical waveforms of different signals in underground powerhouse caverns: (a) Blasting event; (b) MS event;

(c) Electric signal; (d) Mechanical vibration
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Houziyan underground powerhouse caverns. The
blasting waveforms have large amplitudes, and there
are usually several regular waveforms in a window
(Figure 3(a)). The frequency of blasting waveforms
is always high with the value between 500 and
100 Hz. The amplitudes of MS signals are almost
dozens to hundreds milivolt and they have lower
frequencies with the value of dozens to 400 Hz.
Besides, the waveforms attenuate slowly (Figure 3
(b)). The electric signals have a constant frequency
about 50 Hz (Figure 3(c)). The mechanical vibration
signals usually have several similar waveforms in a
window and the peak amplitudes are less than 1000
mV (Figure 3(d)).

2.2 Low stress underground powerhouse caverns
of Wudongde Hydropower Project

2.2.1 Engineering background

The Wudongde Hydropower Project is under
construction on the Jinsha River between Sichuan
and Yunnan Provinces, China. The underground
powerhouse caverns were respectively designed in
the left and right banks. Six units will be installed in
the underground powerhouse caverns of each bank,
capacity of 10200 MW. Main

underground caverns include the main powerhouse,

with a total

the main transformer chamber and three tailrace
surge chambers (Figure 4). These caverns were
excavated by layer and the excavation sizes are
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Figure 4 Geological plane of underground powerhouse caverns of Wudongde Hydropower Project
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respectively 333.00 mx30.50 mx89.80 m (lengthx

widthxheight), 272.00 mx18.80 mx35.00 m
(lengthxwidthxheight), and 25.00 mx113.50 m
(diameterxheight).

The wvalley is narrow and steep, and
almost symmetrical on both sides. The topographic
slope of the banks is 60°—75°. The buried depths
of the underground powerhouse are 100 — 120 m
horizontally and 180-390 m vertically. As shown in
Figure 4, the rock mass mainly consists of
limestone, dolomite, quartzite and griotte of the
Sinian system. The attitudes of the strata change
greatly from the shallow to the deep. Close to the
river and in the middle section, the attitude of
the strata is 155°—-185°/470°-85°, while it is 15°—
40°/£60°-75° inside the mountain. The rock mass
is mainly composed of Classes Il and III, which
means that the rock mass quality is intermediate to
relatively well. The geostresses of the underground
powerhouse caverns were tested using the ISRM
suggested methods for rock stress estimation,
borehole stress relief method [32, 33] and hydraulic
fracturing method [36]. Totally ten points were
tested to obtain the geostress of the underground
caverns. The results reveal that the maximum
principal geo-stress is between 5.0 MPa and
11.5 MPa, almost in the vertical direction [37]. The
rock mass strength-to-stress ratio is 7.4—17.0, which
is relatively high. In such a low stress underground
engineering, the shapes of the caverns were well
formed during excavation and no rockbursts and
large failures occurred.
2.2.2 MS monitoring system

To reveal the evolution process of
microfractures during the rock mass deformation, an
MS monitoring system was introduced to the
underground  powerhouse caverns.  Eighteen
accelerometers with the frequency response of
50 Hz-5 kHz were installed in the upstream second
layer drainage gallery, the downstream sidewall of
the main powerhouse and the omnibus bar caves, as
shown in Figure 5 [38]. The sensitivity of the
accelerometers is about 30 V/g. The digital signal
acquisition station has a sampling frequency of
10 kHz. The crown zone, the upstream and
downstream sidewalls of the main powerhouse, and
the rock pillar between the main powerhouse and

the main transformer chamber are the main

Third layer
e gallery,

Second layer
drainage gallerly

II— Accelerometer

(b)

12# omnibus fpar caves
"—

124

s17

Figure 5 Spatial layout of accelerometers of Wudongde
underground powerhouse caverns: (a) Upstream sidewall;
(b) Downstream sidewall areas [38]

monitoring regions. The P-wave velocity of rock
mass was determined as 5000 m/s [39]. The same
setting was adopted as in Houziyan underground
powerhouse for the connection of the system, data
acquisition and signal analysis.

3 b-values associated with rock mass
large deformation

3.1 Calculating results of b-values

The minimum magnitude of complete
recording events, M,, is a significant parameter for
most seismic studies. As a fast and reliable estimate
method of M,, the point of the maximum curvature
is defined as magnitude of completeness by
of the first
derivative of the frequency —magnitude curve [40].

In practice, this matches the magnitude bin with the

computing the maximum value

highest frequency of events in the non-cumulative
frequency-magnitude distribution and this method is
adopted to determine M, in our study. Based on the
frequency-magnitude distribution of MS events with
the magnitude larger than M, the accumulative
(GLM)
assuming Poisson errors was adopted to provide a

generalised linear regression model

good fit to frequency-magnitude data for natural
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seismicity and rock AE [41, 42].
3.1.1 High stress underground powerhouse caverns
The MS monitoring system had been in
operation since April 12, 2013, when the fourth
bench of the main powerhouse was to be excavated.
Myriads of MS events induced by excavation
unloading were acquired in the Houziyan
underground powerhouse caverns. During the MS
monitoring period, the downstream sidewall of the
main powerhouse was the main deformation region.
large deformation problems

corresponding to MS clusters are shown in Figure 6.

Four rock mass

It can be seen from the absolute displacement
process diagram of multipoint extensometers that
the rock mass large deformation had obvious step
and the of the
displacements of rock mass excavation surfaces

increments increasing values
were respectively 9.89 mm, 6.35 mm, 7.90 mm, and
18.54 mm. A few days before and during the rock
mass deformation, the MS events accumulated
around the deformation regions (Figure 6). Thus, it
can be verified that rock mass large deformation has
a close relation with MS activities.

The MS b-values calculated in Figure 7
correspond to the MS clusters in Figure 6.
According to Eq. (1), we obtain statistics for m,, and
N. The
implemented with m,, as the x-coordinate and IgN as
the y-coordinate. The slope of this straight line is the
b-value. The coefficients of determination (R*) are

cumulative least-square fit is then

more than 0.94, which demonstrate that the b-value
obtained by the liner fitting can reflect the overall
proportion of large- and small-magnitude MS
events. The b-values associated with four rock mass
in the
underground powerhouse are respectively 0.8974,
0.9127, 0.9156 and 0.9952. All of them are less than
1.0 and relatively low.
3.1.2 Low stress underground powerhouse caverns
The MS monitoring system was established on

large deformation problems Houziyan

July 7, 2015. The monitoring period covers VI-XI
bench excavation of the main powerhouse. Though
the Wudongde underground caverns are located in
mountain, the large
deformation occurs at times. Four rock mass large

low stress rock mass
deformation problems in the MS clustering region
are presented in Figure 8. Obvious step increments
of rock mass large deformation were observed

through the absolute displacement process diagram
of multipoint extensometers in this figure. The
displacement increments of rock mass excavation
surfaces were 11.46, 5.41, 3.24 and 5.95 mm,
respectively. Similar to the MS evolution in high
stress underground caverns, the MS events also
accumulated in the deformation regions before and
during the rock mass deformation (Figure 8). The
magnitudes of the MS events are generally lower
than the
caverns.

Houziyan underground powerhouse

of MS
associated with four rock mass large deformation
problems described above (Figure 8) are shown as
Figure 9. The b-values associated with four rock

Corresponding  b-values clusters

mass large deformation problems in the Wudongde
underground powerhouse caverns are respectively
1.7709, 1.5489, 2.0507 and 1.5193, which are larger
than those
underground powerhouse caverns. The b-values
associated with rock mass large deformation in high
stress underground caverns are less than 1.0 but

characterized in the Houziyan

more than 1.5 in low stress underground caverns. As
shown in Eq. (1), small b-values usually reflect that
high-magnitude events occurred more frequently
while large b-values statistically indicate that low-
magnitude events are dominant. This indicates that
in high stress underground caverns, high-magnitude
MS events occurred more frequently while low-
magnitude MS events are dominant in low stress
underground caverns.

3.2 Temporal variations of b-values during

development of rock mass large deformation

The temporal variations of h-values during the
development of rock mass large deformation in the
Houziyan and the Wudongde underground caverns
are shown in Figures 10 and 11. During the process
of rock mass deformation, the b-values in high
stress underground caverns are smaller than those in
low stress underground caverns, which is consistent
with the general characteristics of h-values outlined
above. However, the b-values saw a decreasing
trend in both high stress and low stress underground
caverns prior to the rock mass large deformation.
The temporal variation of the b-values along with
the absolute displacement is further detailed in

Tables 1 and 2. The b-value and absolute
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Figure 6 Rock mass large deformation in MS clustering region of the Houziyan underground powerhouse caverns:
(a) MS cluster recorded from April 16, to May 20, 2013 and the absolute displacement process diagram of multipoint
extensometer M*.3-6 (Stake 0 + 51.3 m, EL 1721.2 m); (b) MS cluster recorded from July 4 to July 28, 2013 and the
absolute displacement process diagram of multipoint extensometer M*;3-5 (Stake 0 + 51.3 m, EL 1723.2 m); (c) MS
cluster recorded from November 10, to December 15, 2013 and the absolute displacement process diagram of multipoint
extensometer M°,1-2 (Stake 0 + 34.0 m, EL 1705.4 m); (d) MS cluster recorded from December 12, 2013 to January 10,
2014 and the absolute displacement process diagram of multipoint extensometer M’ 3-8 (Stake 0+51.3 m, EL 1706.5 m)
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displacement obtained ten days before the rock
mass large deformation were regarded as the
reference and the amount of relative increments is
assessed herein. It can be concluded from all the
cases in Tables 1 and 2 that the incremental decrease
of b-value with respect to the reference point was
more than —10% one day before rock mass large
deformation. The rock mass large deformation
occurred in an abrupt manner, as indicated by the
neglectable amount of incremental increase of the
absolute displacement before large deformation,
taking the rock mass large deformation occurring
from May 2 to May 20, 2013 for example, as shown
in Figure 10(a) and Table 1. Ten days before rock
mass large deformation, the b-value was 1.0420 and
the absolute deformation was 23.68 mm. Five days
before rock mass large deformation, the b-value was
0.8969 and the absolute displacement was still
23.68 mm. The incremental decrease of h-value was

—0.145 and more than —14%. One day before rock
mass large deformation, the b-value was 0.8587 and
the absolute deformation was 24.60 mm. The
incremental decrease of b-value was — 0.183 and
more than —18%. During the large deformation, the
0.8209 and the
decrease was —0.221 and —21%, while the absolute

b-value was incremental
displacement was 34.69 mm, with the incremental
increase of 10.81 mm. This decreasing feature of the
b-value comes with valid interpretations that before
rock mass large deformation, an increasing number
of cracks in the rock mass initiated, propagated, and
coalesced, resulting in increasing high-magnitude
MS events. In this regard, the temporal variation of
the b-value can be employed as a significant index
for early warning of rock mass large deformation in
underground powerhouse caverns. An incremental
decrease over 10% of the b-value within ten days
can work as an alert. However, it can be seen from
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Figure 8 Rock mass large deformation in MS clustering region of the Wudongde underground powerhouse caverns:
(a) MS cluster recorded from August 1, to September 20, 2015 and the absolute displacement process diagram of
multipoint extensometer MO8Y 10 (Stake 1 + 172.50 m, EL 812.35 m); (b) MS cluster recorded from August 20, to
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recorded from May 10, to June 25, 2016 and the absolute displacement process diagram of multipoint extensometer
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Figure 9 b-values of MS clusters associated with rock mass large deformation of in the Wudongde underground caverns
((a), (b), (c) and (d) are the calculating results respectively corresponding to (a), (b), (c) and (d) in Figure 8)

Tables 1 and 2 that the amount of rock mass large
deformation varies from several millimetres to tens
of millimetres. The available monitoring data are
yet insufficient to quantify a conclusive relationship
between the b-value and the large deformation since
rock mass deformation is a complex result of
multiple geotechnical factors including the rock
quality, the excavation size and type, the geostress
tensor, the initial deformation, etc [9, 39, 43, 44].

4 Discussion

Rock mass large deformation induced by
excavation has been a critical problem during the
construction of the underground caverns in many
hydropower projects. This hazard occurs in regions
at either high or low geo-stress levels, and adversely
affects the construction process. The present study
focuses on the magnitude-frequency characteristics

of the MS events and demonstrates the importance
and reliability of the real-time MS b-value as a
precursor of rock mass large deformation, in the
light of (a) the nature of the microseismicity related
(b) the
accessibility of the b-value thanks to the rapidly
developing monitoring and analysing techniques;
(c) the correlation between the absolute b-value and
the geostress; and (d) the temporal variation of the
b-value as an indicator of impending rock mass

to the microfracturing in rock mass;

large deformation.

Microseismicity is an inherent feature of rock
mass when cracks, fractures or failures occur. This
feature enables quantitative assessment of damage
in rock at either on-site or laboratory scale [6, 7, 45,
46]. As an important parameter describing the
magnitude-frequency relationship of seismic events,
the b-value of the G-R law has shown its potential
to deliver revealing and predictive information
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Figure 10 Evolution of h-values during the development of rock mass large deformation in the Houziyan underground
caverns ((a), (b), (c) and (d) are the calculating results respectively corresponding to (a), (b), (c) and (d) in Figure 6)

of fault activation [13, 18 — 20], earthquake [26],
rockburst [28 —30], etc. in terms of its spatial and
temporal variations.

A range of studies have been implemented to
develop and improve the techniques of monitoring,
recognizing, sampling and analysing the seismic
and MS sequences [47, 48]. In particular, the time-
frequency analysis enables the recognition of the
MS sequences from different types of events, such
as artificial blasting events, mechanical vibrations,
in terms of their distinctive frequency spectral
characteristics. further
practice should be paid to noise filtering, first
picking of P-wave, and non-uniform rock mass

However, attention In

velocities.

The statistical analysis of the b-value in the
two underground caverns featuring high and low
geostress showed that the magnitude of MS events
is correlated to the geostress and that, in turn, the
absolute b-value is able to reflect the geostress
level. Over a period before and during large
deformation, the b-value of MS events is generally
smaller in regions at a higher geostress level than
that at a lower level. This indicates a larger
proportion of high-magnitude events in high-stress
regions than that in low-stress regions, which is in
good agreement with the comparably larger amount
of energy accumulated within the rock mass in
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Figure 11 Evolution of b-values during the development of rock mass large deformation in the Wudongde underground
caverns ((a), (b), (c) and (d) are the calculating results respectively corresponding to (a), (b), (c) and (d) in Figure 8)

regions with high geostress and relatively more
energy released when macroscopic failures or
damages occur. This characteristic of the absolute
b-value provides a supplementary tool for rock
stress estimation. More importantly, the correlation
between the absolute b-value and the geostress
enables the further b-value based risk management,
to some extent, independent of the geostress context.

The temporal variation of the b-value
demonstrated that the recorded MS events are
directly related to the deformation process. From the
two typical cases that take into account the in-situ
stress, a similar trend of the considerable decrease
of the statistically derived b-value over a certain
period can be observed before large deformation.

The temporal decrease of the b-value, seemingly

independent of the environmental geostress, thus
can serve as an alerting sign of the imminent rock
mass large deformation. In practice, a moving linear
regression between the magnitude and the frequency
of MS events over a certain period is recommended
to be continuously conducted to track the real-time
b-value. An alert should be raised if the temporal
variation of the b-value starts to see a decrease that
exceeds a certain threshold, followed by effective
preventive intervention to the potential deformation
of the rock mass. The two cases studied herein find
the approximate criterion to be the relative decrease
of the b-value around 10 % over 10 days. This
threshold can be a reference for underground rock
engineering projects in the similar context regarding
the scale of underground caverns.
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Table 1 Evolution of b-value and rock mass deformation in Houziyan underground powerhouse caverns
b-value Deformation
Time Absolute . Temporal . Temporal ‘Absolute . Temporal
incremental incremental displacement/ incremental
value .
decrease decrease/% mm increase/mm
Ten days before large deformation
(2013-04-16/04-22) 1.0420 0.000 0 23.68 0.00
Five days before large deformation
(2013-04-23/04-27) 0.8969 0.145 14 23.68 0.00
One day before large deformation _ 3
(2013-04-28/05-01) 0.8587 0.183 18 24.60 0.93
Large deformation (2013-05-02/05-20) 0.8209 -0.221 =21 34.49 10.81
Ten days before large deformation
(2013-07-04/07-14) 1.0833 0.000 0 16.90 0.00
Five days before large deformation
(2013-07-15/07-19) 0.8385 0.245 23 16.92 0.02
One day before large deformation 3 a
(2013-07-20/07-23) 0.8257 0.258 24 16.96 0.06
Large deformation (2013-07-24/07-28) 0.7191 -0.364 -34 23.30 6.40
Ten days before large deformation
(2013-11-10/11-26) 1.1103 0.000 0 6.73 0.00
Five days before large deformation 3 _
(2013-11-27/11-31) 0.9727 0.138 12 7.24 0.51
One day before large deformation 3 B
(2013-12-01/12-04) 0.6860 0.424 38 7.91 1.18
Large deformation (2013-12-05/12-15) 0.6768 -0.434 -39 15.81 9.08
Ten days before large deformation
(2013-12-12/12-23) 1.1515 0.000 0 128.27 0.00
Five days before large deformation 3 _
(2013-12-24/12-28) 1.1499 0.002 1 128.55 0.28
One day before large deformation
(2013-12-29/2014-01-01) 0.9293 0.222 19 128.32 0.05
Large deformation (2014-01-02/01-10) 0.8558 -0.296 -26 146.86 18.59

5 Conclusions

1) The MS monitoring technique was applied
to two large underground powerhouse caverns at
different stress levels to study the MS clusters
associated with rock mass large deformation. The
comparison between the MS b-values of the two
distinct underground caverns shows that the h-value
was less than 1.0 at the high geostress level while
more than 1.5 at the low geostress level. This
indicated that high-magnitude MS events occurred
more frequently in high stress underground caverns
while low-magnitude MS events were dominant in
low stress underground caverns. Furthermore, the
temporal variation of the MS b-values and rock
mass deformation monitored at both underground

caverns highlighted an incremental decrease of the
MS b-value over 10% within ten days before any
imminent rock mass large deformation.

2) The present work demonstrates that the real-
time b-value is an important and reliable index of an
early-warning system for the risk management of
the rock mass large deformation, on account of (a)
the nature of the microseismicity and its correlation
with the microfracturing in rock mass; (b) the
accessibility of the b-value in practical use that
benefits from the rapidly developing monitoring and
analysing techniques; (c) the correlation between
the absolute b-value and the geostress; and (d) the
temporal variation of the b-value as an indicator of
the imminent rock mass large deformation. Further
studies are warranted to practically wvalidate this
early-warning mechanism of the b-value for the
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Table 2 Evolution of the b-value and rock mass deformation in Wudongde underground powerhouse caverns

b-value Deformation
Time Absolute . Temporal ‘ Temporal .Absolute . Temporal
incremental incremental displacement/ incremental
value .
decrease decrease/% mm increase/mm
Ten days before large deformation
(2015-08-01/08-31) 1.8505 0.000 0 18.07 0.00
Five days before large deformation
(2015-09-01/09-05) 1.6180 0.233 13 18.05 0.02
One day before large deformation _ B
(2015-09-06/09-09) 1.5423 0.308 17 18.24 0.17
Large deformation (2015-09-10/09-20) 1.3762 -0.474 -26 29.70 11.63
Ten days before large deformation
(2015-08-20/09-14) 1.7535 0.000 0 232 0.00
Five days before large deformation _ B
(2015-09-15/09-19) 1.6782 0.075 4 3.18 0.86
One day before large deformation ~ _
(2015-09-20/09-23) 1.5315 0.222 13 3.25 0.93
Large deformation (2015-09-24/09-30) 1.3838 -0.370 =21 8.66 6.34
Ten days before large deformation
(2015-11-11/11-31) 2.2199 0.000 0 2.78 0.00
Five days before large deformation _ B
(2015-12-01/12-05) 1.9084 0.312 14 2.83 0.05
One day before large deformation B B
(2015-12-06/12-09) 1.5693 0.651 29 2.86 0.08
Large deformation (2015-12-10/12-31) 1.5370 -0.683 =31 6.10 3.32
Ten days before large deformation
(2016-05-10/05-30) 1.6047 0.000 0 0.16 0.00
Five days before large deformation B ~ B
(2016-05-31/06-04) 1.2487 0.356 22 0.15 0.01
One day before large deformation
(2016-06-05/06-08) 1.2217 0.383 24 0.20 0.04
Large deformation (2016-06-09/06-25) 1.0758 -0.529 -33 6.15 5.99

management of the geological risk, and to establish
a generalized or otherwise project-oriented criterion
for a wide range of geotechnical projects associated

with rock mass deformation.
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