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Abstract

The underground powerhouse caverns of the Lianghekou hydropower station are characterized by their depth, high geo-stress,
and complicated surrounding geological conditions. To identify the excavation-induced damage zones and realize the deforma-
tion early warning of surrounding rock masses of the underground powerhouse, a high-resolution microseismic (MS) monitoring
system was adopted to conduct real-time monitoring of the inner microfracture activity of the surrounding rock mass. The
spatiotemporal evolution of the MS events recorded in the aggregation areas prior to the deformation of the surrounding rock
mass was analyzed. The analysis results show that two typical MS event clustering zones were closely related to the blasting
excavation disturbances of the omnibus bar caves and the working surfaces. The MS activity shows an obvious spatiotemporal
migration evolution pattern controlled by excavation, which can be analyzed to provide some reference for future support
measures. The Es/Ep value of approximately 75% of the MS events in one typical clustering zone was below 10, which indicates
that the rock microfractures were dominated by non-shear failures. Furthermore, prior to the deformation relaxation of the
surrounding rock mass, the MS events in the selected clustering zone increased and became rapidly concentrated, the apparent
stress of the corresponding MS events suddenly decreased, and the cumulative apparent volume increased dramatically. This
phenomenon of MS parameter variations can be regarded as an evaluation index of the deformation early warning of surrounding
rock masses. The analysis results prove that MS monitoring is essential for the assessment and mitigation of rib spalling and
collapse risks in deep underground caverns, and can be used to minimize catastrophic events involving equipment and personnel.
The results of the current study may be valuable for future excavation management and safety evaluations for similar under-
ground caverns with high in situ stresses.

Keywords Microseismic monitoring - Deformation early warning - Stability analysis - Underground cavern - Lianghekou
hydropower station

Introduction increasing. Water resources have been intensively developed

and myriads of large-scale hydropower projects have been
Currently, with the stable and rapid development of the society ~ built, are being built, or are in their design and planning stages
and economy of China, the demand for energy is continuously ~ in Southwest China; these projects include Shuangjiangkou,
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Houziyan projects along the Daduhe River; the Jinping I,
Ertan projects along the Yalongjiang River; and the
Wudongde, Baihetan projects along the Jinshajiang River.
The three large inland rivers can be seen in Fig. 1. Due to
limitations in the required topography and junction layout,
most of the hydropower powerhouses are arranged as under-
ground types. Large-scale underground caverns are thus inev-
itably excavated and operated. For instance, the excavation
dimensions of the main underground powerhouse at the
Houziyan project are 219.5 m in length, 29.2 m in width,
and 68.7 m in height (Xu et al. 2015). The excavation dimen-
sions of the left bank underground powerhouse at the Baihetan
project are 438.0 m x 34.0 m x 88.7 m (length x width x
height, respectively) (Dai et al. 2016a). In addition,
Southwest China contains the alpine and canyon region of
the Hengduan Mountains of the Eastern Qinghai-Tibet
Plateau. The natural geo-stress here is high and heteroge-
neous. The ratio of rock mass strength to geo-stress is relative-
ly low and the geological structures are complicated.
Therefore, the construction schedule and the personnel and
equipment safety in those large-scale underground caverns
subject to continuous excavations are seriously threatened.
For example, on December 16, 2008, when the upstream side-
wall of the main underground powerhouse of the Dagangshan
hydropower station was excavated to the regions of the (35
diabase dikes (Stake mark: 0 + 132~0 + 135 m), the upstream

side of the arch collapsed, with a total volume of approximate-
ly 2968 m>. The recovery following this serious collapse took
up to 18 months (Zhang et al. 2012). Many failure phenomena
such as cracks, rib spalling, unloading rebound-induced dis-
locations, buckling dilations, and shotcrete layer cracking oc-
curred in the underground powerhouse of the Jinping I hydro-
power station subject to excavation. The relaxation depth of
the surrounding rock mass was greater than 15 m, and the
largest deformation was 155 mm (Li et al. 2014; Song et al.
2016). As they are affected by the complex arrangements of
the numerous underground powerhouse caverns, the high in
situ stress, the various lithologies and multiple geological
structures, the surrounding rock mass deformation, localized
spalling, and weak rockbursts were frequently experienced
during the excavation of the underground powerhouse caverns
of the Baihetan hydropower station (Dai et al. 2016a, b).
Different degrees of deformation and failure of the surround-
ing rock masses occurred frequently in the underground cav-
ems of the Houziyan hydropower station starting as early as
the beginning of excavation in October 2012. In particular, the
upstream sidewall of the main powerhouse deformed by ap-
proximately 100 mm in July 2013 and caused the excavation
to stop for more than 2 months, which delayed construction
and resulted in substantial economic losses (Xu et al. 2017).
Due to the high requirements for the rock mass quality, the
construction cycle and safety standards of underground
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Fig. 1 Regional map of Lianghekou hydropower station
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caverns as well as the complexity and difficulty of the con-
struction procedures, the deformation prediction and safety
control of the surrounding rock masses in deep underground
caverns are still confronted with many technical prob-
lems and challenges. Therefore, it is of great theoretical
value and practical significance to conduct an analysis
and evaluation of the stability of large-scale under-
ground caverns subject to excavation.

Distinguished from numerical simulations, physical test-
ing, and theoretical analyses, in situ measurements are current-
ly the most popular and direct method of monitoring the de-
formation of the surrounding rock mass subject to excavation.
The extensive uses of measurement technologies (i.e., global
positioning systems, multiple position extensometers, anchor
stress gauges, convergence meters, three-dimensional laser
scanner, and surface subsidence monitoring) seek to detect
the surface deformations of underground caverns. These tra-
ditional monitoring methods can sufficiently reflect the stress
and surface deformation characteristics of the surrounding
rock masses and provide validation for numerical and physical
testing results. However, these techniques cannot adequately
monitor the inner microcracking of rocks, which occurs pref-
erentially to macroscopic deformations/failures (i.e., spalling,
bulking, and rockburst) of the surrounding rock masses. Thus,
it is crucial to effectively capture the microfractures for ana-
lyzing and evaluating the excavation-induced risks of deep
underground caverns. In fact, detectable acoustic or seismic
signals are always emitted when rocks crack. If these signals
can be sufficiently recorded as seismograms, the origin time,
location, and source parameters of the seismic event can be
obtained (Cai et al. 2001). Microseismic (MS) monitoring, a
three-dimensional, real-time monitoring technique, can detect
the microfracturing signals of rocks and record them as
seismograms. The development and evolution trends of
macrofractures can thus be deduced, and the probability of
the occurrence of deformation and failure in the surrounding
rock masses of underground caverns can be assessed. Over the
past two decades, the MS monitoring technique has been de-
veloped into an effective approach for evaluating engineering
hazards in many fields within rock slope engineering (Dai
et al. 2017; Lynch et al. 2005; Ma et al. 2017; Tang et al.
2015; Xuetal. 2011, 2014) and underground cavern construc-
tions, such as oil and gas storage (Baria et al. 2005; Ma et al.
2016), deep mines (Cao et al. 2016; Dong et al. 2016, 2018a,
b; Ge 2005; Hudyma and Potvin 2010; Lu et al. 2015; Trifu
and Shumila 2010; Wang 2014; Wang and Ge 2008; Young
et al. 2004; Zhang et al. 2015, 2016), deep tunnels (Cai et al.
2001; Feng et al. 2015a, b, ¢, 2019; Hirata et al. 2007; Tang
et al. 2011; Xu et al. 2016), underground powerhouses (Dai
et al. 2016b; Li et al. 2017; Xu et al. 2015, 2017), and elec-
tricity generation from hot dry rocks (Tezuka and Niitsuma
2000). For example, Lynch et al. (2005) noted that the surface
movements inferred from the MS data were spatially

correlated with the actual surface movements of the two slope
cases studied. Cao et al. (2016) revealed the MS precursory
characteristics for rock burst hazard in mining areas near a
large residual coal pillar in China. Hudyma and Potvin
(2010) proposed an engineering approach to seismic risk man-
agement in hard rock mines. Zhang et al. (2015, 2016) dem-
onstrated the microseismicity induced by fault activation dur-
ing the fracture process of a crown pillar in the Shirengou iron
mine, and the seepage channel formation using a combination
of MS monitoring techniques and numerical methods for the
Zhangmatun iron mine in China, respectively. Cai et al. (1998,
2001) proposed some methods of characterizing rock mass
damage near excavation areas based on MS events; the quanti-
fication of rock mass damage to underground excavations could
thus be realized. Xu et al. (2016) validated the applicability of
the MS monitoring technique by predicting strainburst loca-
tions during the excavation of the tunnels at the Jinping II
hydropower station in China. Dai et al. (2016b) conducted the
deformation forecasting and stability analysis of the large-scale
underground powerhouse caverns from MS monitoring. Ma
et al. (2016) performed the stability analysis and deformation
prediction of underground oil storage caverns by an integrated
numerical and MS monitoring approach. Feng et al. (2015¢c)
proposed a MS method for the dynamic warning of rockburst
development processes in the tunnels of Jinping II project.
These achievements strongly promoted the development of
the MS monitoring technique as well as its use in engineering
applications and our understanding of the mechanisms of rock
mass failure, especially the deformation and failure forecasting
of surrounding rock mass.

In the present study, the MS monitoring technique was used
to realize the deformation early warning of surrounding rock
mass in the deeply buried underground powerhouse caverns at
the Lianghekou hydropower station, Southwest China. The ge-
ology, in situ stress characteristics, and surrounding rock mass
failure phenomena of the underground caverns are briefly pre-
sented in the “Project overview” section. In the “Microseismic
monitoring” section, the MS monitoring system and the
temporal-spatial evolution regularities of the excavation-
induced microseismicities are introduced. The focal mecha-
nisms of the clustered MS events are also revealed. The
“Deformation early warning of surrounding rock mass” section
investigates the deformation early warning of the surrounding
rock masses of the underground powerhouse caverns.

Project overview
Underground caverns layout
The Lianghekou hydropower station is a large-scale step hy-

dropower project recently constructed on the Yalongjiang
River and is located in Yajiang County of the Ganzi Tibetan
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Autonomous Prefecture, Sichuan province (see Fig. 1). The
dam site is located approximately 2 km downstream of the
intersection between the mainstream Yalongjiang and the
Xianshui River tributary. The hydropower station adopts
dam-type development and consists of the rock-fill dam, the
right bank underground powerhouse, the left bank cavity spill-
ways, and the discharge tunnels. The maximum height of the
rock-fill dam with a gravel-soil core is 295 m. The normal
water level of the reservoir is 2865 m, and the total reservoir
storage is 10.767 billion cubic meters. The underground pow-
erhouse is located in the slope of the right dam abutment, with
horizontal depths of 350 to 700 m and vertical depths 0f 400 to
450 m. The large-scale underground powerhouse cavern
group mainly includes diversion tunnels, the main power-
house, omnibus bar caves (tunnels that connect the omnibus
bars of each set to the main transformer), the main transformer
chamber, the tailrace surge chamber, and tailrace tunnels. The
three main caverns (the main powerhouse, the main trans-
former chamber, and the tailrace surge chamber) are arranged
in parallel below ground along the axis direction of N3° E. Six
water-turbine generator sets with 500 MW capacities per ma-
chine are installed in the main powerhouse, and the total
installed capacity is 3000 MW. The excavation dimensions
of the main powerhouse are 275.9 m in length, 28.4 m in
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width, and 66.8 m in height. The corresponding crown eleva-
tion of the main powerhouse is 2636.0 m. Thus, this under-
ground powerhouse is one of the largest such powerhouses in
China with high sidewalls and long spans. The dimensions of
the main transformer chamber are 239.4 m in length, 18.8 m in
width, and 25.6 m in height. The corresponding crown eleva-
tion is 2632.6 m. The dimensions of the downstream tailrace
surge chambers are 190.0 m in length, 19.9 m in width, and
79.9 m in height. The horizontal distance between the center-
lines of the tailrace surge chamber and the crown of the main
powerhouse is 113.2 m. The thickness of the rock pillars be-
tween the main transformer chamber and the main power-
house is 45.45 m, and the thickness of that between the main
transformer chamber and the tailrace surge chamber is 45.0 m
(Hou et al. 2016). The three-dimensional layout of the under-
ground caverns at the hydropower station is shown in Fig. 2.

Geological conditions

The hydropower station is located in a mountain valley area
with an asymmetric “V” shape. The slopes are characterized
by sandy slate and deep valley terrains. The heights of the
slopes near the valley are between 500 and 1000 m. The left
bank slope is arc-shaped convex to the right bank, and its
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Fig. 2 Layout of the underground cavern group at the Lianghekou hydropower station
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average gradient is 55°. The right bank slope is concave with
an average gradient of 45°. The geological data show that
most of the rock mass of the underground powerhouse is silty
metamorphic, which belongs to hard rock. The saturated uni-
axial compressive strength of the rock is between 60 and
100 MPa, with an average value of 80 MPa. A small amount
of'the rock is silty slate, which belongs to medium hard to hard
rock. The corresponding saturated uniaxial compressive
strength of the rock is between 42 and 90 MPa, with an aver-
age value of 66 MPa. Due to detailed engineering geological
explorations, no regional fractures occurred in the area of the
powerhouse cavern. The geologic structures are characterized
by bedding extrusion faults and bedding fissures (i.e., g3, g4,
g6-8, 29-12, and gl8-19) with a NWW strike direction. Of
these faults, the fault f11 passes through the underground cav-
ern group with a width of 0.3 to 0.5 m. The rock mass of the
underground powerhouse is relatively intact, and the sur-
rounding rock masses are generally of intermediate quality.
The hydropower cavern was constructed using a conventional
drill and blast method. The main powerhouse, main trans-
former chamber, and tailrace surge chamber were excavated
using 9 benches, 3 benches, and 8 benches, respectively. A
sketch of the underground powerhouse system at the elevation
0f2636.0 m is shown in Fig. 3 (Hou et al. 2016). Furthermore,
a stereographic projection of the faults is illustrated in Fig. 4 to
allow a thorough analysis of the correlations between the
faults and the underground structures.

In situ stress conditions

The dam site is characterized by a deep valley and steep
slopes, with heights ranging from 500 to 1000 m. The phe-
nomena, such as rock spalling and irregular lamp-shape cake
core associated with high geo-stresses, occurred in the deep
exploration adits and riverbed drillings. To better understand
the orientation and magnitude of the in situ stress for the
design of the underground powerhouse, 7 groups of in situ

Fig. 3 Sketch of underground
powerhouse system at elevation
0f2636.0 m

stress measurements were conducted for the right bank under-
ground cavern group (see Fig. 5). The detailed parameters for
the in situ stress measurements are presented in Table 1. The
measured results show that the maximum principal stresses o
in the underground cavern group are between 21.57 and
30.44 MPa, and the corresponding orientations and dip angles
are between 20.3° and 57.7° and between —2° and 15.6°,
respectively. The intermediate principal stresses o, are be-
tween 10.17 and 16.09 MPa, and the corresponding orienta-
tions and dip angles range from 245.1° to 348.5° and from —

70.8° to 62.3°, respectively. The minimum principal stresses
o3 are between 5.07 and 8.78 MPa, and the corresponding
orientations and dip angles range from 89.5° to 152.2° and
from —38.7° to 61.3°, respectively. The mean value of o is
24.77 MPa, with a relatively concentrated azimuth of N40.8°
E, and the mean values of 0, and o5 are 12.36 and 6.60 Mpa,
respectively. The uniaxial saturated compressive strength of
the rock in the underground cavern group is between 60 and
100 MPa, and the strength-stress ratio of the rock is between
1.97 and 4.64, with a mean value of 3.23 according to the rock
strength test results, which reveals that the underground cav-
ern group belongs to a high field stress area. Figure 6a shows
the high stress phenomenon (i.e., irregular lamp cake cores)
occurred in the in situ stress tests of the underground power-
house. Another high stress phenomena (i.e., splitting and rib
spalling) occurred early in the excavation process in areas near
the underground powerhouse arch-crown is shown in Fig. 6b.

Deformation failure characteristics of surrounding
rock masses subject to excavation

Large-scale rock mass instabilities and failures did not occur
during the excavation processes of the underground cavern
group. The surrounding rock mass of the underground pow-
erhouse is relatively stable. However, the stability of some
local surrounding rock masses controlled by fractures is poor,
which is characterized by splitting, rib spalling (Fig. 7a, b) and
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Fig.4 A stereographic projection
of the faults in the underground
cavern group

shallow unstable blocks in the fracture zones (Fig. 7¢, d).
According to the field observations, the surrounding rock
mass failures usually occurred after excavations or in the pro-
cess of cleaning the surfaces of the excavated rock mass,
whether or not the splitting and spalling or block slip features
were present. The corresponding damage depths usually range
from 0.5 to 2.0 m. The phenomena of local surrounding rock
mass failure can be interpreted as an excavation-induced
unloading of shallow rock strata. Notably, the shallow rock
strata are all controlled by the system anchor bolts in the ef-
fective anchorage range. Furthermore, the support design pa-
rameters of the anchor bolts are optimized in the critical

Fig.5 Distribution diagram of the
in situ stress measurement points
at the underground cavern group
of the Lianghekou hydropower
station
——
PD12S-3
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sections of the local fractures in the light of the actual geolog-
ical conditions after the excavation.

Microseismic monitoring
Description of MS monitoring
To real time monitor and analyze the characteristics of
microfractures in the surrounding rock mass of the under-

ground caverns in the Lianghekou hydropower station subject
to continuous excavation, a high-resolution MS monitoring
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Fig.6 The high stress phenomena in the underground powerhouse. a The
irregular lamps cake core and b rock mass splitting and spalling occurred
at the upstream arch springing of the assembly bay in the underground
powerhouse

Fig. 7 Scene photos of the
surrounding rock mass failures in
the underground powerhouse. a
Spalling occurred at the upstream
arch-crown (stake no. 0 + 55-0 +
65 m), b splitting and spalling
occurred at the upstream arch-
crown (stake no. 0+ 77-0 +

85 m), ¢ unstable blocks con-
trolled by adverse structural
planes in the arch-crown, and d
exposure of fractures develop-
ment after the pilot tunnel
excavation

@ Springer

system manufactured by ESG (Engineering Seismology
Group, Canada) was installed in the underground cavern
group. The monitoring system consists of a Hyperion digital
signal processing system, a Paladin digital signal acquisition
system, and 12-channel uniaxial accelerometers (9 of them
were installed in the first layer of drainage gallery, 3 of them
were installed in the different omnibus bar caves, and another
6 will be supplemented dynamically in the later excavation, as
shown in Fig. 8). The accelerometers which have a frequency
response from 50 Hz to 5 kHz (3 dB) were grouted at the end
of diamond-drilled boreholes in the sidewalls of the service
tunnels. The 12-channel seismic monitoring system can cover
the crown, upstream, and downstream zones of the main pow-
erhouse and the middle wall between the main powerhouse
and main transformer chamber. The sensor array located at
different elevations can be used to monitor excavation-
induced microfracturing in real time. Nine uniaxial accelerom-
eters were placed in the first layer of the drainage tunnels,
which are located at the upstream and downstream of the main
powerhouse, and at the upstream of tailrace surge chamber,
respectively. Other sensors were distributed in the rock mass
between the main powerhouse and main transformer chamber.
Due to geological limitations in the underground caverns, no
GPS signal can be used as a time source; therefore, the Paladin
units rely on a pulse per second signal from the Paladin
Timing Source over the network. This method allows the data
from each Paladin to be accurately timestamped, to ensure that
multiple units are synchronized (Urbancic and Trifu 2000; Xu
etal. 2011). Furthermore, on-site fixed point blasting tests and
sensor tap tests were performed to verify the positioning ac-
curacy of the seismic monitoring system. The seismic source

Splitting and spalling|
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Fig. 8 Network topology of MS monitoring system

location error was less than 5 m in the scope of the sensor
array when manual processing was used.

The Hyperion processing system was used to digitize the
seismic data with a sampling frequency of 10 kHz and was
used to perform preliminary event detection when the record-
ed signals of the substations exceed a given threshold using
the short time average vs. long time average algorithm (STA/
LTA). Constant P- and S-wave velocities were initially esti-
mated from a joint investigation of on-site blasting tests and
digital sound wave tests. The calibrated results indicate that
Vp =4600 m/s and Vs =2656 m/s. More details can be found
in the related literatures (Trifu and Shumila 2010; Urbancic
and Trifu 2000; Xu et al. 2011).

Spatial distribution characteristics of MS events

The microfracture activities of the surrounding rock masses
are closely associated with construction conditions. Figure 9
shows the spatial distribution of the MS events that occurred
in the crown areas of the main powerhouse and the main
transformer chamber during the selected period of April 12
to May 14, 2016. It was found that the magnitudes of the MS
events are small, ranging from — 1.8 to —0.8. Most of these
events are distributed in the middle pillar wall between the
main powerhouse and the main transformer chamber (with
elevations ranging from 2618 to 2670 m). Two concentrated
zones are located at the crown regions between the 5# and 6#
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omnibus bar caves (namely, zone “I”’) and the crown regions
between the 3# and 4# omnibus bar caves (namely, zone “II”).
The MS event concentration phenomena can be interpreted as
follows: the initial stress equilibrium state was disturbed due
to an excavation-induced unloading of the surrounding rock
mass. Then, the adjustment and redistribution of the internal
stress states contributed to the phenomena of stress concentra-
tion and energy aggregation in local regions. When the stress
concentrations and energy aggregation reached a certain de-
gree, rock microfractures occurred, as did energy release, and
new stress equilibrium was formed. Combined with the field
construction analysis, the MS concentration zones “I”” and “II”
were closely associated with the excavation-induced
unloading of the omnibus bar caves in the selected period.

The excavation on the upstream side of the III; layer of the
main powerhouse and the tests of the bearing capacity of the
rock anchor beams were conducted during the selected mon-
itoring period. There were still small amounts of microfracture
activities, although the overall excavation strength was weak.
Moreover, a small number of microfractures also occurred in
the surrounding rock mass of the crown area between the
assembly bay characterized by the developed compression
faults and bedding fissures and the 1# unit subjected to exca-
vation disturbance in the lower sidewalls. However, no obvi-
ous aggregation phenomenon appeared in the region.

The energy release from MS events is an important criteri-
on for determining the degree of damage of the surrounding

@ Springer



496 Page 10 of 18

Arab J Geosci (2019) 12: 496

Fig. 9 Spatial distribution of MS U -1.8
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rock mass (Lu et al. 2015). Figure 10 shows an energy release
density contour of the MS events that occurred during the
selected monitoring period. It can be found that the regions
with intense energy release were mainly distributed near the
upstream sidewall of the main transformer chamber between
the 3# and 4# omnibus bar caves (namely, “a”), and the crown
area of the main transformer chamber between the 5# and 6#
omnibus bar caves (namely, “b”), respectively, which

Fig. 10 Energy release density
contour of MS events
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coincides with the spatial distribution of the MS events shown
in Fig. 9. Herein, besides the excavation patterns, the energy
release of the surrounding rock mass damage mainly depends
on the initial stress field of the surrounding rock mass before
damage and the geological conditions of the surrounding rock
mass. According to the geological exposure obtained at the
elevation of 2636 m of the main powerhouse as shown in Fig.
2, the steep dip bedding extrusion faults f11 and f11-1 passed

Drainage tunnels

1e-8  Energy release density/lg(J/m2) 0.4
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through the crown region of the main transformer chamber
between the 5# and 6# omnibus bar caves, which might con-
tribute to the intense energy release of the MS events.

Spatiotemporal evolution of MS event migration

The aggregation of MS events that occurred in the under-
ground cavern group is attributed to multiple factors, such as
excavation intensity and scale, cavity structure arrangement,
and in situ stress state (Dai et al. 2016b). To reveal the dom-
inant causal factor of microfractures that occurred in the main

powerhouse, the spatiotemporal evolution of the MS event
migrations of the two clustering zones mentioned above is
investigated in this section. Some references are thus used
for monitoring and early warning of engineering
constructions.

Figure 11 shows a map of the stratified excavation of the
underground powerhouse caverns. Excavations of the bottom
of layer II, in the main transformer chamber and the large
sections (layer I) of the 3#, 4#, 5#, and 6# omnibus bar caves
were conducted during the selected monitoring period. The
horizontal and vertical cross free surfaces of the upstream

Fig. 11 The sketch map of the a
stratified excavation in the o ~4\‘2632-6 0
underground powerhouse === |
caverns. a Cross section of 5# ’¢ - =
omnibus bar cave, b three- ¢ \ I i I»
dimensional excavation progress, " Free surfaces ) 10.4 ' 8.4
¢ on-site photo of main trans- ) R I3 |
former chamber after excavation, | 4 m ’
and d on-site photo of the main 2621.4 m‘ [ ’I )
powerhouse after excavation I\ ¢¢‘ < I
Excavated. | S wwmw=”
\ P
] I | ~ H )
= L
Unexcavated Omnibus bar cave =
\
. - B v /2607.0 m
I 17.9m |
4 Qe !
= I Main transformer chamber
e M2000AM |
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sidewalls of the main transformer chamber were gradually
formed. The microfractures occurred in the surrounding rock
mass showed obvious spatiotemporal migration characteris-
tics subject to excavation unloading.

Figure 12 shows the spatiotemporal migration pattern of
the MS events that occurred in the upstream sidewalls of the
main transformer chamber, which was subject to continuous
excavation. These two aggregated areas “I” and “II” were
delineated and their corresponding spatiotemporal distribu-
tions of the MS events were investigated. As seen in
Fig. 12a, most of the MS events in the aggregated area “I”
occurred between April 25 and 29, 2016, with an average rate
of approximately 25 per day. The peak rate of the MS events
was 36, which occurred on April 28, 2016. The majority of the

Fig. 12 The temporal and spatial a

MS events in the aggregated area “II” occurred between
May 6 and 11, 2016, with an average rate of approximately
27 per day. The peak rate of the MS events was 48, which
occurred on May 11, 2016. The MS activities that occurred in
these two aggregated areas during the rest of selected moni-
toring period were comparably weak, with an average rate of
approximately 5 per day. Figure 12b shows the spatial distri-
bution of the MS event concentrations. Herein, the spheres
represent MS events, the colors represent different moment
magnitudes, and the scales denote the different energy releases
of MS events. The aggregated area “I” is located at the crown
region between the 5# and 6# omnibus bar caves, with eleva-
tions ranging from 2615 to 2660 m, and the corresponding
moment magnitudes ranging from — 1.0 and — 1.6. The
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aggregated area “II” is located at the crown region between the
3# and 4# omnibus bar caves, with the elevations ranging
from 2615 to 2650 m, and the corresponding moment magni-
tudes ranging from —0.9 to —1.5. The MS events that oc-
curred in both of these two aggregated areas are characterized
by their small magnitudes and high activity rates. It is worth
noting that the magnitudes and energy releases of the MS
events that occurred in the aggregated area “T”” are greater than
those that occurred in the aggregated area “I.” According to
the geological data and field observations, the phenomenon
can be interpreted as bedding extrusion faults f11 and f11-1
passing through the surrounding rock mass adjacent to the
aggregated area “I.” This stress concentration phenomenon
occurring in weak structural planes would be more obvious.

Essentially, MS activity is the external manifestation of
site-construction (i.e., blasting excavation) induced stress dis-
turbances and damages of the surrounding rock mass.
According to the construction schedule, the blasting excava-
tions of the six omnibus bar caves adjacent to the main trans-
form chamber have been conducted since April 23, 2016. The
on-site blasting excavation photos of the 5# and 6# omnibus
bar caves during the period between April 24 and 28, 2016,
and those of the 4# and 3# omnibus bar caves during the
period between May 6 and 11, 2016, are shown in Fig. 12c,
d, respectively. The original cracks in the surrounding rock
masses in the study of interest were activated and expanded
to damage subject to the combined effects of the explosive
shock waves and detonation gases with high temperatures
and pressures during the blasting excavation period. After
excavation, the surrounding rock masses of the crowns of
the omnibus bar caves formed free surfaces in the horizontal
and vertical directions, which resulted in a sharp adjustment of
the stress. The initiation, propagation, and coalescence of the
microcracks of the deep rock masses were thus conducted
during the energy release processes. Consequently, there was
obvious spatiotemporal migration regularity in the MS activ-
ity for areas subject to excavation disturbances. According to
this regularity, the occurrence, extension, and migration of the
interior damages of the surrounding rock masses can be dy-
namically identified in real time, and the excavation-induced
damage zones can thus be delineated.

Focal mechanism of MS events in the aggregated area

IIIII

MS event releases energy in the form of P and S waves, as
well as via seismic waves the P and S waves can be captured
and located by the sensors in the study area. Some previous
studies (Boatwright and Fletcher 1984; Gibowicz et al. 1991,
Hudyma and Potvin 2010; Dai et al. 2016a, b) have proved
that the ratio of S-wave to P-wave energies (Es/Ep) can be
used to analyze the focal mechanisms of MS events. It has
been found that for fault-slip type events, there is significantly

more energy in the S wave than in the P wave (Boatwright and
Fletcher 1984). Frequently, the ratio of S-wave energy to P-
wave energy is greater than 10 (Cichowicz et al. 1988).
Similarly, Duplancic (2002) found that shear-related caving
events had high ratios of S-wave to P-wave energies. For
non-shear type event mechanisms, such as strain-bursting,
tensile, and volumetric stress change seismic events, there is
relatively more P-wave energy (Urbancic et al. 1992), with a
ratio of S-wave to P-wave energies that is frequently in the
range of 1 to 3. Therefore, the ratio of S-wave to P-wave
energies is strongly related to the seismic event mechanism
(Gibowicz et al. 1991; Urbancic et al. 1992).

Figure 13 shows the distribution curve of the ratio of S-
wave to P-wave energies in the aggregated area “I.” The
ratio of S-wave to P-wave energies for approximately
75% of the MS events is less than 10. This result can be
interpreted as the surrounding rock mass damage being
characterized by non-shear type failures, accompanied
by a small number of shear failures. Figure 14 shows
the excavation exposure surface of the large cross section
of the 5# omnibus bar cave (with a length of 10 m and
height of 7 m). It can be found that the rock mass integrity
after its excavation was fairly good. However, some ten-
sile fractures and spalling of the surrounding rock mass
occurred at the arch of the 5# omnibus bar cave (see
Fig. 14c¢), and these failure phenomena were attributed
to the stress adjustment of the excavation-induced vertical
unloading. Furthermore, spalling of the surrounding rock
mass also occurred at the arch springing after excavation,
as shown in Fig. 14b. Such non-shear type failures of the
surrounding rock masses validated the analysis results of
the focal mechanism of the MS events occurred in the
aggregated area “I.”
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Fig. 13 The percentile curve of Es/Ep for MS events in the clustering
zone |
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Fig. 14 Excavation completion
photograph of 5# omnibus bar
cave

Fractured rock mass
at the arch springing

Deformation early warning of surrounding
rock mass

During the monitoring period, the anchor stress gauges Rr-
57B-4 and Rr-6ZB-1 were installed in the upside arches of
omnibus bar caves 5# and 6# at the upstream sidewall of the
transformer chamber, as shown Fig. 15a. Figure 15a shows the
stress process curves of the anchor stress gauges and the tem-
poral distributions of the MS events between April 1 and
May 7, 2016. It can be found that the anchor stress gauges
showed no obvious changes between April 1 and 27, 2016.
Sharp increases were observed at the anchor stress gauges Rr-
57B-4 and Rr-6ZB-1 since April 27, 2016. The value of the
“2 m” point of the anchor stress gauge Rr-5ZB-4 was
123.68 MPa and the value of the “4 m” point of the anchor
stress gauge Rr-6ZB-1 was 77.90 MPa on May 6, 2016.
Combined with the temporal and spatial distributions of the
MS events in Fig. 15a, b, it can be found that the average
number of MS events was 5 per day. However, MS activity
occurred frequently, at an average rate of 25 events per day
between April 25 and 29, 2016. In particular, the number of
MS events reached 36 on April 28, 2016. The majority of the
MS events were concentrated near the anchor stress gauges
(see Fig. 15b). The sudden increase of MS events and their
concentrations indicated that the damage of the interior rock
mass had increased and the deformation and relaxation of the
surrounding rock mass had occurred. This change can explain
the rapid growth phenomenon at the two anchor stress gauges
starting on April 27, 2016. Furthermore, this explanation
shows that the deformation and failure of the surrounding rock

@ Springer
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mass usually lags behind the changes of the temporal-spatial
distributions of the MS event concentrations. Therefore, the
pattern of the initiation, coalescence, expansion, and accumu-
lation of MS events can be regarded as precursors of the de-
formation and damage of the deep surrounding rock mass.
Statistical analyses of the spatiotemporal evolutionary pat-
terns of the MS events have been widely used to estimate the
underground rock mass stability (Dai et al. 2016b; Lu et al.
2015; Zhang et al. 2015). From a seismological perspective,
the apparent stress and apparent volume are two significant
parameters used to describe the variation characteristics of the
rock mass damage before and after seismicity. The related
calculation equations were illustrated in Dai et al. (2016b) in
detail. Here, Fig. 16 shows the variation pattern of the appar-
ent stress and apparent volume before and after the deforma-
tion of the surrounding rock mass in the aggregated area “1.”
Before April 21, 2016, the values of the apparent stress and
cumulative apparent volume were small, but both had slow
growth trends. At this time, the excavation of the large cross-
sectional openings of 5# and 6# omnibus bar caves started,
which resulted in weak unloading disturbances and a small
number of surrounding rock mass ruptures. The apparent
stress increased rapidly and the cumulative apparent volume
was still in a slow growth stage during the period between
April 22 and 24, 2016. At this time, the excavation progresses
of the omnibus bar caves 5# and 6# continued and the sur-
rounding rock mass stress were sharply adjusted, which con-
tributed to the obvious aggregation phenomenon of the MS
events, as shown in Fig. 12b. However, the apparent stress
dropped suddenly and the cumulative apparent volume
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Fig. 15 Comparison between rock mass deformation and temporal and spatial evolutionary characteristics of MS events. a The correlation between MS
activity and anchor stress variations and b spatial distribution of MS event accumulations

presented a significantly increase trend during the period be-
tween April 24 and 27, 2016. This period can be regarded as
the early warning period for the surrounding rock mass defor-
mation according to the statements above (Dai et al. 2016b).
There were sharp increases at the anchor stress gauges Rr-
57B-4 and Rr-6ZB-1 installed in the aggregated area “I” since

April 27,2016, as shown in Fig. 15a. From this phenomenon,
it can be inferred that the surrounding rock mass deformed
towards the freeing surfaces after excavation unloading, there-
fore leading to the tension of anchor bolts.

As we know, the strain and stress of the rock increase
before the applied load reaches its peak stress. This period
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Fig. 16 Variation pattern of
apparent stress and cumulative
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belongs to the stage of strain hardening, and the medium is
stable; the strain increases and the stress decreases sharply
after the applied load exceeds the peak stress. This period
belongs to the stage of strain softening, and the medium is
unstable (Martin and Chandler 1994; Hoek and Martin
2014). The same phenomena were found in the processes of
surrounding rock mass stress and strain variation during the
occurrence of rockbursts in a coal mine (Zhang 1987) and
during excavation-induced fault activation in an iron mine
(Zhang et al. 2015). Similarly, combined with the MS activity
rate, the relationship between the MS activity characteristics
and the surrounding rock mass deformation of the under-
ground caverns can be obtained after analyzing the character-
ization of the variation of the apparent stress and apparent
volume of the aggregated area “I” after the excavation.
Namely, when the MS events are concentrated in a certain
area during a short period of time, the corresponding apparent
stress increases rapidly, the cumulative apparent volume re-
mains constant or has a slow growth, and the deformation of
the surrounding rock mass will be small; when the apparent
stress drops suddenly and the cumulative apparent volume
increases dramatically, the deformation of the surrounding
rock mass will grow rapidly. Consequently, the characteristics
of “the accumulation of MS events in a short time, a sudden
drop of apparent stress and a rapid increase of cumulative
apparent volume” in the study area of interest can be used as
an index of the deformation early warning of the surrounding
rock masses of underground caverns.

Conclusions

The real-time on-line monitoring, analysis, and evaluation of
the damage to the surrounding rock masses of underground
caverns subjected to excavation were realized after the instal-
lation of the MS monitoring system at the Lianghekou hydro-
power station. The following conclusions were drawn.
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First, MS activity is closely related to construction distur-
bances and the spatial structures of caverns. During the mon-
itoring period, two aggregated regions “I”’ and “II” of MS
events were attributed to the continuous excavations of 5#
and 6# omnibus bar caves and the formation of corresponding
crossover working surfaces.

Second, there is an obvious evolution regularity of the spa-
tiotemporal migration of MS events due to the construction
disturbances in the underground caverns. The expansion and
migration of the active microfracture regions of the surround-
ing rock mass can be dynamically identified in real time and
the degree and extent of the damage to the surrounding rocks
subject to excavation can be delineated. Thus, the under-
ground caverns excavation-induced security risk can be effec-
tively avoided or reduced.

Finally, the characteristics of “the accumulation of MS
events over a short time, a sudden drop of apparent stress
and a rapid increase of cumulative apparent volume” observed
in underground caverns can be used as an index of the defor-
mation early warning of the surrounding rock masses.
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