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Abstract

The primary factor restricting the construction of deeply buried underground projects is the imprecise identification of the
surrounding rock damage zone. This study examines the Shuangjiangkou underground powerhouse to investigate damage
zoning in the surrounding rock mass. The temporal and spatial characteristics of deep rock mass deformation evolution are
studied by multipoint extensometers, microseismic (MS) monitoring, acoustic wave testing and borehole TV. Subsequently,
a quantitative analysis delineating damage zones is executed by evaluating alterations in displacement, wave velocity vola-
tility, and the distribution of MS events within the surrounding rock mass. The excavation zone of the surrounding rock
mass is segmented into distinct sectors: highly damaged zones (HDZs), excavation-damaged zones (EDZs) and excavation-
disturbed zones (EdZs). Additionally, the energy ratio of S-waves to P-waves (E/E,) and the moment tensor inversion (MTI)
are introduced to reveal the failure mechanism of the surrounding rock mass in each damage zone. The results show that the
rock mass fracture around the Shuangjiangkou underground powerhouse presents remarkable zonation characteristics. The
spatial depth ranges for the HDZs, EDZs, and EdZs, determined quantitatively based on multivariate monitoring data, are
0-5 m, 5-10 m, and 10-20 m, respectively. The failure mechanisms of surrounding rock mass differ across various dam-
age zones: the HDZ primarily exhibits tensile failure, while the EDZ is mainly characterized by shear failure. The research
provides a valuable reference for evaluating the stability of surrounding rock during the excavation of underground caverns
of Shuangjiangkou hydropower station.

Keywords Underground powerhouse - Multivariate monitoring - Deformation characteristics - Damage zoning - Failure
mechanism

Introduction For example, multiple collapses occurred while excavating

the underground powerhouse at Baihetan hydropower sta-

China is actively developing hydropower stations in the
southwest (Liang et al. 2020; Li et al. 2019). Arranging
ground powerhouses is challenging due to geological con-
straints and construction requirements. Consequently, most
large-scale hydropower projects are designed as under-
ground installations (Xiao et al. 2022). Underground pow-
erhouses are usually deeply buried and have high ground
stress (Li et al. 2023). Extensive excavations commonly
induce stress redistribution in the surrounding rock mass,
resulting in rock loosening, cracking, and potential rock
bursts, causing damage of varying extents (Li et al. 2020a).
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tion, significantly impacting the support system and pos-
ing substantial safety risks to construction workers (Xiao
et al. 2016). Similar challenges were encountered at the
Dagangshan (Shen et al. 2017), Wudongde (Li et al. 2018),
Houziyan (Xiao et al. 2018) and Jinping II (Feng et al. 2015)
hydropower stations. An imprecise comprehension of the
extent of damage to the surrounding rock will elevate the
engineering risk. Therefore, it is essential to categorize dam-
age zones within high-stress underground caverns based on
the extent of deterioration in the surrounding rock.
Numerous researchers employ field monitoring to ana-
lyse surrounding rock stability. Multipoint extensometers,
digital measurement technology, 3D laser scanning, optical
fibre monitoring, and MS monitoring find extensive applica-
tions in underground engineering construction. Feng et al.
(2018) traced the deformation process of the rock mass using
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multipoint extensometer testing, acoustic wave testing, and
digital borehole photography. The deformation features of
the tunnel were summarized by combining the monitoring
data with theoretical analysis. Sato et al. (2000) compared
the differences in damage to rock mass caused by mechani-
cal excavation and blasting excavation with chromatographic
measurements. The conclusion was that the extent of exca-
vation damage was influenced by the method of excavation.
Hata et al. (2023) designed enduring monitoring equipment
to assess the safety of excavation damage zones (EDZs),
offering a theoretical foundation for the secure geological
disposal of radioactive waste. Liu et al. (2017) employed MS
monitoring to observe and track the process of fault activa-
tion during excavation. The effectiveness of MS monitor-
ing technology in risk identification of underground cavern
excavation was proved.

Based on the differences in damage to the surrounding
rock, zoning is conducive to reducing construction risk. Yan
et al. (2015) categorized the excavation-induced damage
zone of the Jinping II hydropower station into an internal
damage zone and an external damage zone. The fracture
pattern of the damaged zone was elucidated through a com-
bination of field tests and numerical simulations. Cheng
et al. (2017) utilized MS monitoring to investigate the dis-
tribution characteristics of vertical and horizontal damage
in coal mine roofs and performed damage zoning. Xu et al.
(2017) analysed the failure characteristics of underground
cavern rock mass using multivariate monitoring methods
and delineated potential risk areas. Mountaka et al. (2018)
studied the formulation of the nonlinear constitutive model
of rock mass and applied it to predict the expansion of the
EDZs around the entrance. Verma et al. (2018) established
the empirical correlation for the assessment of tunnel rock
damage by field investigation data, and demonstrated the
applicability of the empirical correlation through ultrasonic
testing. Shi et al. (2022) analysed the influence of vehicle
speed vibration on tunnel stability through numerical simu-
lation. The risk zones of the tunnel were classified according
to the damage to the surrounding rock.

It is of great significance to clarify the damage mecha-
nism of rock mass to ensure the construction safety. In seis-
mology, it is widely recognized that Es/Ep and MTI reveal
the failure mechanism of earthquake sources. Cai et al.
(1998, 2001, 2005) analysed 804 MS events in an under-
ground engineering laboratory in Canada. The rock mass
failure pattern revealed by E/E), is basically consistent with
the in-situ failure phenomenon. Xu et al. (2014)analysed the
EJ/E, characteristics of MS events on the left bank slope of
the Jinping I hydropower station and combined them with
numerical simulation to reveal the rupture pattern of the rock
mass. Baker et al. (1997) delved into the failure mechanisms
of individual seismic sources, revealing that tension-shear
and contraction-shear dynamics play a role in initiating
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source activity. Grosse et al. (2006) conducted indoor acous-
tic emission experiments and used moment tensor inversion
to reveal rock failure patterns. Liu et al. (2015) investigated
the damage of coarse-grained granite subjected to uniaxial
compression through moment tensor analysis, aiding in com-
prehending the surrounding rock fracture characteristics in
underground caverns.

This study aims to quantify damage zoning in high
ground stress underground caverns and further elucidate fail-
ure mechanisms in distinct damage zones. This paper takes
Shuangjiangkou underground powerhouse as the engineer-
ing background. Deformation features of the underground
powerhouse are analysed using multipoint extensometers.
The MS monitoring method is employed to acquire the
development process of microfractures in the surrounding
rock. Building upon the information above, the integration of
acoustic wave testing and borehole TV is employed to con-
duct damage zoning of the surrounding rock. Subsequently,
the E/E, is introduced to determine the failure mechanism
of the HDZ and the EDZ. Rupture patterns of microfrac-
tures in rocks are disclosed by the moment tensor inversion
method.

Engineering background
of the underground powerhouse

Project overview

The Shuangjiangkou hydropower station is located north-
west of Chengdu, about 382 kms from the city. It is a crucial
power project in the upper reaches of the Dadu River, and
its primary function is to generate electricity. The station
consists of four core structures: an earth-stone construction
dam, one of the tallest in the world at 314 m, and three major
systems for water diversion and power generation, flood dis-
charge and diversion. The power generation system mainly
comprises the main powerhouse, transformer chamber, tail-
race surge chamber, and other vital parts. The overall layout
of the underground cavern group is shown in Fig. 1.

Geological conditions of the underground
powerhouse

The horizontal depth of the underground powerhouse is
400-640 m, and the vertical depth is 320-500 m. Composed
primarily of granite, the rock mass is fresh and compact,
exhibiting a saturated compressive strength of 60 MPa.
Acoustic wave tests have indicated an average wave speed
of 4500-5000 m/s, with certain pockets surpassing the 5000
m/s. The overall structural soundness of the rock mass at
a depth of the powerhouse is robust, with some localized
secondary fractures and joint fissures (Table 1).
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Fig. 1 Layout of the under-
ground cavern group of the
Shuangjiangkou hydropower
station (Dong et al. 2023)
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Table 1 Angle between the main fault fissures and joints and the lon-
gitudinal axis of the underground powerhouse (Dong et al. 2023)

Fault group Strike Dip direction Dip angle Crushing
no. bandwidth
(m)

SPD9-f1 N79°W SW £48° 0.2-0.3

SPDO9-f2 N33°W NE £88° 0.5-0.6

Lamprophyre N35°-50°W SW £72°-75° 0.8-1.0
vein

J1 N20°-50°E  SE £25°-42°

2 N5°-26°E  NW £10°-30°

I3 N50°-75°W  SW £58°-75°

J4 N60°-80°E  NW £5°-15°

I5 N50°-60°E  SE £45°-65°

Characteristics of geostress in the underground
powerhouse

The valley at the dam site of the Shuangjiangkou hydro-
power station has an asymmetrical "V" shape. There is
stress concentration at the bottom of the riverbed, and the
maximum principal stress direction is close to the bank
and parallel to the bank slope. There are 8 stress measure-
ment points in the SPD9 adit of the underground power-
house. The locations of the stress measurement points and
the measurement results are detailed in Fig. 2 and Table 2.
Based on analogous analyses with other hydropower
underground stations, it is determined that Shuangjiang-
kou underground powerhouse has the highest ground stress
level (Table 3). According to the evaluation of ground
stress and the study of geological data, the ground stress
distribution pattern of the Shuangjiangkou underground
powerhouse shows apparent characteristics:
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Fig.2 Location of the rock mass geostress measuring points of the
underground powerhouse (Elevation: 2264m) (Huang et al. 2022)

1. The orientation of the maximum principal stress is
slightly disordered, with its dip angle close to horizontal.

2. The stress field within the underground powerhouse,
influenced by plate tectonics, is primarily characterized
by tectonic stress, complemented by gravity stress. The
range of the maximum principal stress varies between
15.98 and 37.82 MPa, whereas the range of the mini-
mum principal stress extends from 3.14 to 10.88 MPa.
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Table 2 Geostress measurement results of the underground powerhouse zone (Huang et al. 2023)

Measuring Horizontal ~ Vertical 0 0, 03
point depth (m) depth (m)

Value (MPa)  a (°) B Value MPa) a(®) f(°) Value MPa)  a (°) VG
1 115 107 15.98 325.6 30.1 8.53 81.8 37.3 3.14 208.5  38.1
2 205 173 22.11 332.0 30.1  11.63 84.0 329 5.86 210.1 423
3 301 238 19.21 323.0 -23.5  13.61 49.2 8.6 5.57 3004  64.8
4 400 308 37.82 331.6 46.8  16.05 54.1 -7.0 8.21 137.7 423
5 470 357 27.29 310.4 -3.5 1827 36.8  45.6 8.49 223.8 442
6 540 431 16.91 357.0 19.0 1032 92 14 8.01 216 66.0
7 570 470 28.96 325.0 272 18.83 72.5 30.3 10.88 2014 470
8 640 549 24.56 349.0 18.0 2037 92.0 35.0 10.52 237 49.0
Table 3 Representative underground powerhouses of large hydropower projects (Li et al. 2023)
Underground powerhouse Excavation dimension Vertical depth (m) Maximum principal Lithology

(Iength x width X height) (m) stress (MPa)

Shuangjiangkou 219%28.3x68.3 320-500 15.98-37.82 Granite
Jinping 1 277%x29.2x68.7 180420 20-35.7 Marble
Jinping II 352.4%x28.3%72.2 300-470 10.1-22.9 Marble
Lianghekou 275.9%28.4%x66.8 410-560 21.8-30.4 Metasandstone
Jinchuan 226.8x28.8x68.5 166-250 6-8 Metasandstone
Houziyan 219.5%29.2x68.7 400-660 21.6-36.4 Limestone
Changheba 147x30.8x73.4 285-480 16-32 Granite
Dagangshan 226.6%x30.8x74.3 390-520 11.4-19.3 Granite

3. The ground stress exhibits a zoning phenomenon. Stress
is released in a stress reduction zone at 0—45 m hori-
zontal depth. In the 45-400 m, the maximum principal
stress increases with depth, called the stress increasing
zone. The peak stress value is 37.82 MPa at the horizon-
tal depth of 400 m. Beyond the horizontal depth of 400
m, the maximum principal stress is 20-30 MPa, called
the stress stationary zone.

Phenomenon of surrounding rock damage
in the underground powerhouse

The side wall damage occurs frequently during the con-
struction of the Shuangjiangkou underground powerhouse.
Strong blasting disturbance lead to wedge failure and severe
collapse near the lamprophyre dike upstream of the under-
ground powerhouse, resulting in excavation stagnation for
more than two months (see Fig. 3). The site investigation
revealed that the damaged surface was relatively smooth and
had longitudinal cracks. The collapse was mainly due to the
intersection of structural surfaces. Figure 4 illustrates the
damage to the remainder of underground chambers. There is
variability in the damage pattern of the surrounding rock in
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different regions, such as cracking, rock spalling and wedge
failure. The external surrounding rock failure is directly
observable, while the deep rock mass state requires borehole
TV detection. Figure 5 illustrates the progressive deteriora-
tion of the deep rock mass in borehole ZXCX4-1 upstream
of the underground powerhouse over time.

Methodology
Multiple monitoring methods
Multipoint extensometers

The surrounding rock deformation is a common issue during
the construction of underground powerhouses. Multipoint
extensometers monitoring was carried out to effectively
monitor the deformation of the underground powerhouse.
The specific monitoring arrangement is shown in Fig. 6. Fig-
ure 6a indicates a total of 6 monitoring sections in the under-
ground powerhouse, and the stake number of section 6-6
is 0+ 135. This study mainly analyzes the stability of sur-
rounding rock mass near the section 6-6. Figure 6b shows
the layout of specific monitoring points in section 6-6 of the
underground powerhouse.
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Fig.3 Collapse near section 6-6
at the upstream of the under-
ground powerhouse

Fig.4 Typical damage photos
of the underground powerhouse
area (Liang et al. 2020)

(d) Rock mass spalling in the tailrace tunnel

(c) Rock mass spalling in the tailrace tunnel

@ Springer



288 Page60of18

Environmental Earth Sciences (2024) 83:288

Units: m
NESWN NESWN NESWN NESWN
0.0 .q— 0.0 0.0 0
05
10
15
2.0 i
25 r
30 -
e
357 =
. g
401 ‘
’ &
45, | 5
5.0 %
*
5.5 é‘ 5.5
6ol S & 6.0
January 2019 March 2020 July 2020 May 2021

Fig.5 The ZXCX4-1 borehole TV image

MS monitoring

External disruptions alter the stress equilibrium within
the rock mass, resulting in stress accumulation in specific
zones. This causes microfractures within the rock mass
and is accompanied by the emission of elastic waves.
This type of elastic waves is geologically referred to
as microseism (Zhang et al. 2021). MS monitoring has
outstanding advantages and has been widely used in
open-pit slopes (Xu et al. 2012; Dai et al. 2017), deep
mines (Cao et al. 2016; Zhang et al. 2016; Li et al. 2021),
hydropower stations (Huang et al. 2022; Li et al. 2022;
Vikalp et al. 2019; Ma et al. 2022; Zhao et al. 2022),
tunnels (Liu et al. 2020a; Xin et al. 2021; Chen et al.
2022) and other projects. This study discusses imple-
menting MS monitoring techniques during the excavation
stages of the underground powerhouse. The analysis of
MS activity rate and energy release unveils the damage
characteristics of the surrounding rock mass, offering a
practical evaluation of its stability. Figure 7 illustrates
the spatial arrangement of the sensors within the MS
monitoring system used in the underground powerhouse.
The detailed system establishment can be found in a pre-
vious study (Li et al. 2020b).
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(b) Layout of monitoring points in section 6

Fig.6 The monitoring layout

Acoustic wave testing and borehole TV

Acoustic wave testing uses acoustic velocity propagation in
the medium to detect the internal defects of materials. The
application of acoustic wave testing in underground engineer-
ing shows that wave velocity is positively correlated with the
density of rock mass but negatively correlated with the degree
of fracture development. Zones of high wave velocity indicate
good rock mass integrity, while zones of low wave velocity
indicate poor rock mass integrity. The results of acoustic wave
testing serve as a criterion for categorizing the quality levels
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Fig.7 Sensor layout of underground powerhouse (Li et al. 2020b)
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Fig.8 The layout of acoustic wave testing and borehole television
detection for section 6-6

of rock mass. Borehole TV, a geophysical method, provides
intuitive images of drill holes. It employs acoustic focusing
and digital processing technologies to conduct in situ tests
on advanced geological boreholes. This helps in identifying
weak structural planes, such as joints and fissures. Borehole
TV technology has wide applications in geological exploration
and engineering geological detection (Li et al. 2011; Ma et al.
2020). Figure 8 illustrates the layout of acoustic wave testing
and borehole television detection for section 6-6.

Failure mechanism analysis approach
of surrounding rock mass

The value of ES/EP

The energy ratio of S waves to P waves (E¢/Ep) in seismol-
ogy is a crucial indicator for revealing the failure mechanism
of the surrounding rock mass (Liu et al. 2020b). The criteria
for determining focal rupture mechanism based on E¢/Ep is
described in Eq. (1). There is variability in the failure mech-
anisms of the surrounding rock in different zones. Therefore,
independent analyses are carried out for the fracture pat-
terns of the rock mass classified as HDZ and EDZ. When
the E(/Ep ratio is below 3, the rock failure is characterized
by a predominance of tensile failure; when the E¢/Ep ratio
is greater than 10, it exhibits predominantly shear failure;
However, when the E¢/Ep ratio is between 3 and 10, the rock
damage shows both tensile and shear failure modes, indicat-
ing the existence of mixed failure modes (Dai et al. 2016):

ES/EP < 3, tensile failure
3 < ES/EP < 10, mixed failure. (1)
ES/EP > 10, shear failure

Moment tensor inversion

Seismic source mechanism analysis of engineering rock
masses forms the foundation for monitoring and early
warning systems in surrounding rock masses (Xu et al.
2021). Currently, research is actively focused on unveiling
the seismic source mechanism using moment tensor theory.
This involves decomposing the physical model with the
moment tensor to create components, each bearing distinct
mechanical properties. As Ohtsu (1995) elucidated, the
mechanical characteristics of seismic sources are revealed
by analysing the role of each component in the failure of
rock masses.

Knopoff and Randall (1970) contributed significantly
to this field by decomposing the moment tensor into three
parts: an isotropic part (M'S?), a compensating linear vector
dipole (MCLVD), and a double force couple (MDC). These
components correspond to expansion, tensile fracture, and
shear dislocations, respectively. Building on this foundation,
Ohtsu (1995) proposed a method to determine the mode of
rock failure based on the proportion of MP€ relative to the
three components, a method that has gained widespread
recognition.
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This paper incorporates the Ohstu’s criterion to eluci-
date the source mechanism in rock masses. In the Cartesian
coordinate system, the moment tensor (M) is represented
by Eq. (2):

My, M, M5
My My, My |, )
M3, My, My

M =

where Mj; represent the coupled forces acting in the opposite
directions along the i and j axes. M must adhere to the prin-
ciples of momentum conservation, thereby necessitating that
M is a real symmetric matrix. In accordance with relevant
elasticity theories, M must possess a principal stress direc-
tion, as expressed in Eq. (3):

M, 00
0M,0 |, 3)
00M,

M =

where M;, M, and M5 represent the principal stress ten-
sors in three respective directions, obtainable by solving
the eigenvalues of the moment tensor. Ohtsu (1995) inter-
preted the Acoustic Emission (AE) moment tensor from
hydraulic fracturing tests as resulting from the interaction
of MO, MCIVP and MPC components. The anisotropic
principal stress is determined as the algebraic sum of these
three components in their corresponding directions. Ohtsu
decomposed the AE moment tensor, and the components of
the three principal stresses are detailed in Eq. (4):

MISO + MCLVD + MDC - Ml
MISO _ O.SMCLVD - M2 . (4)
MISO _ O.SMCLVD _ MDC — M3

Ohtsu (1995) believes that M™S° >0, M“VP >0, and
MPC€>0. Therefore, M; > M, > M. The eigenvalue of the AE
moment tensor is calculated. M™SC, MVYP and MPC compo-
nents can be obtained by substituting My, M, and M respec-
tively, according to the eigenvalues. Ohtsu used the dominance
discrimination method to determine the type of failure based
on the decomposition results (Eq. (5)):

PDC - MDC/(MISO+MCLVD+MDC). (5)

Equation (5) demonstrates that the Py is constrained
within the interval of O to 1. To precisely determine the fail-
ure mechanism of the surrounding rock mass, refer to Eq. (6):

Ppe > 60%, shear failure

Pigo < 40%, tensile failure . 6)
40% < Py < 60%, mixed failure
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Results
Surrounding rock mass deformation

Figure 9 delineates the displacement—time progression curves
obtained from multipoint extensometers at strategic locations
on the top arch, and the upstream and downstream sidewalls
of the underground powerhouse in section 6-6. The installation
time of multipoint extensometers instrument is different and
the deformation of the surrounding rock mass exhibits regional
disparities. Therefore, the boundaries and units of the verti-
cal axis are represented differently in each graphic. However,
deformation trends at all monitoring sites can be summarized.
The deformation pattern of the top arch and both sidewalls
exhibits similarities, gradually reduced from the outside to the
inside. The most significant displacement is noted at the ori-
fice, underscoring the spatial variability of deformation within
the structure. Significantly, the principal phase of deforma-
tion at the top arch was observed from late December 2018 to
early January 2019, and again in mid-May 2019 (Fig. 9a). The
deformation of the top arch orifice amounted to 14.32 mm,
mainly due to the activation of the lamprophyre veins trig-
gered by the strong disturbance of the excavation. Figure 9b—f
illustrates that blasting excavations at various elevations in sec-
tion 6-6 triggered abrupt displacement shifts in the sidewalls.
The excavation near section 6-6 affected the multipoint exten-
someter data at the corresponding location, but the changes
were minimal. However, the surrounding rock exhibits a more
pronounced deformation if the excavation location coincides
with the lamprophyre vein.

Figure 10 illustrates the displacement-hole depth process
curve derived from multipoint extensometers in section 6-6.
The excavation activity dramatically impacts the rock mass in
the inner area of 3 to 5 m from the free surface, and the degree
of deformation to the rock in this area is much greater than
that of the deep rock mass. The rock mass deformation within
a range of 5-10 m shows a gradual trend, while deformation
in the 10-20 m remains relatively minor. The HDZ, EDZ and
EdZ are defined based on the deformation and change rate
of surrounding rock. The multipoint extensometers installed
along the top arch and the upstream and downstream sidewalls
of the underground powerhouse display comparable defor-
mation trends. The deformation of different deep rock mass
has obvious zoning phenomenon. Spatial deformation-based
quantitative zoning of the surrounding rock offers a crucial
reference point for devising the support structure for the under-
ground powerhouse.

Surrounding rock mass failure

Figure 11 gives an overview of the daily MS events fre-
quency and the average energy release of individual MS
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Fig.9 The section 6-6 multipoint extensometers displacement—time process curve
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Fig. 10 The section 6-6 multipoint extensometers displacement-hole depth process curve
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events in May 2019. From the figure, it is evident that there
were 98 MS events during this period, with an average of
3.2 events per day. There are two distinct phases based on
the frequency of MS events. May 1-10 and May 20-31 were
identified as the stage I. This phase featured a MS event
frequency that was lower than average, predominantly
attributed to shock wave impacts from blasting operations,
which periodically altered stress within the surrounding rock
formation. As a result, the average energy emitted by an
individual MS event during this phase was comparatively
low. May 11-19 were identified as the stage II, featured an
average MS frequency of six, surpassing the overall aver-
age, and the average energy released per event was higher.
In conjunction with the site study, it was found that a mas-
sive collapse occurred on May 17 at the lamprophyre vein
upstream of the underground powerhouse. It is inferred that
the increase in MS frequency is due to the sliding of the
lamprophyre vein. This suggests that the increased MS fre-
quency was due to the displacement of the brilliant porphyry
vein. The disturbance to the unstable structural surface exac-
erbated the deterioration of the surrounding rock mass. Over
time, this damage accumulated, culminating in a collapse
that released a substantial amount of energy.

Figure 12 shows the spatial distribution and density cloud
map of MS activity in the rock mass near section 6-6 of the
powerhouse in May 2019. In this visualization, each sphere
stands for a distinct microseismic event. The size of the
sphere corresponds to the amount of energy radiated by the
event: the larger the sphere, the more energy it represents.
The color brightness of the sphere indicates the moment
magnitude of the event, with brighter colors denoting higher
magnitudes. Additionally, the presence of an energy density
cloud acts as a visual representation of the density of the
events, indicating how densely packed the energy is in a
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Fig. 11 The change curve of MS activity rate and energy release

given area. A significant concentration of MS activities was
observed adjacent to section 6-6 along the upstream sidewall
of the powerhouse. A total of 98 MS events were generated
in May (Fig. 12d), including 25 MS events in the first week
(Fig. 12a), 70 MS events in the first two weeks (Fig. 12b),
and 87 MS events in the first three weeks (Fig. 12¢). The MS
frequency increases nonlinearly with time. Considering the
moment magnitude and release energy of the MS events, it
can be seen that large energy high magnitude events occur
in the second week of May (Fig. 12b1). Field investigations
indicated that the work programme for the second week of
May was intensively worked in the vicinity of the Lampro-
phyre vein, which exacerbated the deterioration of the sur-
rounding rock damage. The rock mass was subjected to a
combination of cyclic excavation and poor structural sur-
faces that produced a large number of microfractures and
strong manifestations of MS activity, which ultimately led
to the collapse of the upper arch section. It is worth noting
that the rock mass around the spandrel on the underground
powerhouse collapsed on May 17, 2019. MS events con-
tinue to increase after the collapse, indicating that the stress
adjustment damage of surrounding rock is still developing.
As can be seen from Fig. 12d reveals that MS events are
highly concentrated in the deep rock mass of the spandrel
upstream of the underground powerhouse. Therefore, special
attention should be paid to the surrounding rock state of the
upstream spandrel.

Damage zoning of surrounding rock mass

Figure 13 presents the acoustic wave test results for sec-
tion 6-6. Figure 13a and b depicts the acoustic test curves for
the top arch at section 6-6. Within 3.0-4.0 m from the ori-
fice, the rock mass exhibits a reduced wave speed, suggesting
a comparatively unconsolidated structure, characteristic of a
typical HDZ. This HDZ primarily results from the loosening
of the lamprophyre vein due to excavation blasting vibra-
tions. A comparison of Fig. 13a and b shows that ZKCD6-1,
which is closer to the lamprophyre dyke, has a lower meas-
ured wave velocity than ZKCD6-2, indicating more exten-
sive rock mass damage near the dyke. Figure 13c—e shows
the acoustic testing curves in the upstream sidewall of sec-
tion 6-6. The range from the orifice to 2.5-3.0 m is a low
wave velocity zone of the rock mass. Severe unloading leads
to significant damage to the surrounding rock. Thus, this
zone is categorised as the HDZ. The wave velocity of the
rock mass gradually increases within the range of 3.0-9.0 m.
This indicates that the number of cracks in the surrounding
rock is decreasing, defined as the EDZ. When the depth of
the rock mass exceeds 9.0 m, the wave velocity is high and
stable, reflecting a more structurally intact rock mass and
can be classified as the EdZ.
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Fig. 12 Spatial distribution and density cloud map of MS events

Figure 14 shows the coordinated relationship of borehole
TV image and multipoint extensometer in section 6-6. Fig-
ure 14a indicates that the hole depth of ZKCD6-1 is 20 m, in
which the weak structural plane is in the range of 0.5 m, and

@ Springer

(b4) Front view cloud map (c4) Front view cloud map (d4) Front view cloud map
corresponding to cl corresponding to d1

the fault zone is in the range of 1.6 ~2.8 m. Joint fissures can
be observed at 11.5 m, 12.2 m and 13.3 m. The rock mass
in the rest of the hole is intact. Figure 14b shows the com-
parison between ZKCD6-1 borehole TV image and wave



Environmental Earth Sciences (2024) 83:288

Page 130f 18 288

6 HDZ EDZ EdZ
5
é 4
<3
&
>~ 2
1
0
0 2 4 6 8 100 12 14 16 18 20
Hole depth(m)
(a) ZKCD6-1

VP(km/s)
S = N W B~ N
W

0 2 4 6 8 10 12 14 16 18 20

Hole depth(m)
(c) ZKCS6-1
6 HDZ EDZ EdZ
5
E 4
=< 3
=¥
>~ 2
1
0
0 2 4 6 8 100 12 14 16 18 20
Hole depth(m)
(e) ZKCS6-3

Fig. 13 Acoustic wave testing results at section 6-6

velocity. The borehole image shows that the fracture zone
closely corresponds to the low-wave velocity zone of the
surrounding rock in the range of 3 m. In the range of 16-20
m, the integrity of rock mass is better and the wave veloc-
ity of rock mass is higher. It can be seen that the borehole
TV can directly display the occurrence state of rock mass
structure and the high response of acoustic test results. Both
of them provide an intuitive basis for the abnormal changes
of physical parameters of rock mass.

Figure 15 shows a schematic diagram of the damaged
zoning in section 6-6 of the underground powerhouse. It can
be seen from the figure that in the MS gathering area, the
surrounding rock deformation is large and the wave veloc-
ity of the rock mass is low, which jointly reveals the serious
damage of the surrounding rock. Based on conventional and
MS monitoring, the extent of damage to the underground
powerhouse has been precisely defined. The HDZ mainly
exists in the range of rock depth of 5 m, the EDZ is mainly
distributed in the range of 5-10m, and the EdZ is mainly
distributed in the range of 10-20m. The deep rock mass over
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20 m is considered an undisturbed original rock. A compre-
hensive analysis of the wave velocity characteristics of the
HDZ, EDZ and EdZ leads to the following conclusions. The
velocity of acoustic waves through an undisturbed rock mass
or EdZs ranges between 5100 and 5800 m/s. For the EDZ,
this velocity typically lies between 4200 and 4800 m/s, with
the attenuation rate of the velocity between 17 and 27%.
In the HDZ, the acoustic wave velocity usually falls below
3800 m/s, and the attenuation rate lies between 25 and 34%.
The combination of multiple monitoring methods supports
delineating the damage zone of underground powerhouse
excavations.

Surrounding rock mass failure patterns

Figure 16 displays the E¢/Ep values for the damaged zones
of the surrounding rock mass. The colour of the sphere
represents the failure pattern of the rock mass. The size of
the sphere represents the logarithmic value of MS energy.
As depicted in Fig. 16a, the HDZ in May 2019 primarily
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Fig. 14 The borehole TV images at section 6-6

exhibited tensile failures, with fewer shear failures. It was
worth noting that the MS frequency near May 17 increased,
and the MS energy release was significant. This coincides
with the collapse of the powerhouse's upstream arch shoul-
der on May 17 (see Fig. 3). Preliminary analysis shows that
the tensile failures in the HDZ are associated with tunnel
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blasting. The blasting-generated shock waves significantly
degrade the shallow surrounding rock mass. Repeated
shock waves result in cyclic loading and unloading, lead-
ing to tensile failure in the rock mass. In contrast, Fig. 16b
illustrates that in May 2019, the EDZ experienced predomi-
nantly shear and mixed failures, with a minor occurrence of
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Fig. 15 Schematic diagram of the damaged zone at section 6-6 of the underground powerhouse (Reproduced from Xu et al. 2017)

tensile failures. Field investigation shows that the shear fail-
ure is related to the existence of lamprophyre dike, and the
rock mass failure is caused by significant geological shear
dislocation.

Figure 17 illustrates the failure mechanism of the MS
events in May 2019. The failure mechanism of MS events
exhibits obvious zoning characteristics. The zone near the
powerhouse exhibits tensile failure. The side away from the
powerhouse is characterized by shear failure. The transi-
tional zone is characterized by mixed failure. It is further
shown that the fracture patterns of the rock mass vary in
different damage zones of the underground powerhouse. The
source failure mechanism is highly similar to the results of
E¢/Ep in determining the failure pattern of the HDZ and
EDZ.

Discussion

The surrounding rock mass, characterized by its high stress,
intense disturbance, and complex geological conditions,
is prone to substantial deformation and failure. Numerous
theoretical studies and engineering practices demonstrate
that surrounding rock damage zone broadly categorized into
three types: HDZ, EDZ, and EdZ (Xu et al. 2017). There
may be different failure modes in different damage zones,

such as tensile failure, shear failure and mixed failure. The
tectonic plane in rock mass is an important factor affecting
the failure mode of rock mass.

The disturbance caused by excavation destroys the integ-
rity of surrounding rock and causes its physical state to
change. The damage zone is determined based on the state
characteristics of surrounding rock. This study used multiple
monitoring to find that the HDZ is primarily affected by
blasting. The shock wave produced by blasting has obvious
destructive effect on shallow buried surrounding rock. The
disturbance causes the surrounding rock to break, and the
damage gradually accumulates and causes large deforma-
tion. The EDZ is mainly affected by lamprophyre vein slip,
which reduces the strength of rock mass.

The Eg/Ep is used to further determine the failure mode
of rock mass. The repeated shock wave of blasting vibration
leads to cyclic loading and unloading, resulting in tensile
failure of shallow rock mass. The stress adjustment induced
by external disturbance makes the deep lamprophyre vein
slide to adapt to the environment. This failure mode is con-
sistent with the E¢/Ej, statistics and the result of moment ten-
sor inversion. The results based on moment tensor inversion
show that the shallow rock mass is mostly tensile damage,
and the deep rock mass exhibits shear damage.

This study used a multidimensional monitoring method
to delineate the surrounding rock damage zone. The HDZ
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Fig. 16 The Eg/E; of the surrounding rock mass damaged zone

is a shallow rock mass with a depth of 5 m or less, which
mainly exhibits tensile failure, and the EDZ is a rock mass
with a depth of 5-10 m, which mainly exhibits shear failure.
The obtained results provide certain reference for support
and safety warning.

Conclusions

In the present study, multiple monitoring methods includ-
ing multipoint extensometers, MS monitoring, acoustic wave
testing, and borehole TV were employed to quantitatively
identify the damage zoning of surrounding rock mass of the
underground powerhouse in Shuangjiangkou hydropower
station. The failure mechanism of surrounding rock mass in
the different damage zones was revealed through the Es/Ep
and MTI. The main conclusions can be drawn:
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This study found that the deformation of the surrounding
rock of the underground powerhouse at the Shuangji-
angkou hydropower station exhibits obvious zonal
characteristics, as determined by a multiple monitoring
method. The damage zone of surrounding rock is quan-
titatively divided by monitoring data. The HDZ depth
is less than 5 m in shallow rock mass, the EDZ depth is
5-10 m, and the EdZ depth is 10-20 m.

There are discrepancies in wave velocity across different
damage zones of the underground powerhouse at the
Shuangjiangkou hydropower station. In the EdZ, wave
velocities typically range between 5100 and 5800 m/s.
For the EDZ, the wave velocities are generally between
4200 and 4800 m/s. In the HDZ, wave velocities usually
fall below 3800 m/s.

The failure mechanisms of the surrounding rock mass
vary among the different damage zones of the under-
ground powerhouse of the Shuangjiangkou hydropower
station. The surrounding rock of HDZ mainly exhibits
tensile failure due to its Es/Ep value less than 3. How-
ever, the Es/Ep value of EDZ surrounding rock is greater
than 3, which mainly shows shear failure.

The quantitative zoning of surrounding rock damage
based on multiple monitoring methods can provide guid-
ance for the support design of Shuangjiangkou under-
ground powerhouse. The Es/Ep and moment tensor
inversion methods reveal the failure mode of surround-
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ing rock, which can provide reference for the safety
warning of Shuangjiangkou underground caverns.
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