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The rock mass failure induced by high in-situ stresses during the excavation of deep diversion tunnels is one of the key problems in
the construction of the Jinping II Hydropower Station. Based on the results of acoustic wave tests and rockburst statistical analysis
conducted, this study focuses on the excavation damaged zone (EDZ) and rockburst events in the Jinping II diversion tunnels
excavated using the tunnel boring machine (TBM) method and the drilling-blasting method. The unloading failure mechanism
and the rockburst induced by the two different excavation methods were compared and analyzed. The results indicate that, due to
the different stress adjustment processes, the degree of damage to the surrounding rock mass excavated using the drilling-blasting
method was more serious than that using the TBM method. The EDZ induced by the TBM was usually distributed evenly along the
edge of the excavation surface. While, the drilling-blasting method was more likely to cause stress concentration, resulting in a
deeper EDZ in local areas. However, the TBM excavation method can cause other problems in high in-situ stress areas, such as
strong rockbursts. The drilling-blasting method is more prone to structural controlled failure of the surrounding rock mass, while
the TBM method would induce high stress concentration near the edge of excavation and more widely distributed of stress
adjustment induced failure. As a result, the scale and frequency of the rockburst events generated by the TBM were significantly
greater than those caused by the drilling-blasting method during the excavation of Jinping II diversion tunnels. The TBM method
should be used carefully for tunnel excavation in high in-situ stress areas with burial depths of greater than 2000 m. If it is
necessary to use the TBM method after a comprehensive selection, it is suggested that equipment adaptability improvement,
advanced prediction, and prediction technology be used.

1. Introduction

The excavation of tunnels would cause stress redistribution
and concentration, unloading rebound in the surrounding
rock mass, and the initiation and propagation of micro-
cracks, which usually resulted in the excavation damaged
zone (EDZ) or rockburst [1]. The EDZ significantly influ-
ences the overall stability of tunnels and increases the
probability of failure in the underground caverns [2, 3].
Many scholars have conducted research on this. The tests

conducted by the Canadian Energy Corporation’s (AECL)
underground laboratory (URL) show that failure occurred in
the surrounding rock within 0.5m of the excavation range,
and the elastic modulus of the surrounding rock within 2m
decreased by 10-20 GPa [4]. Wu et al. proposed a rela-
tionship between the unloading strain and the cumulative
crack opening displacement [5]. Maxwell et al. conducted
tests at the URL and found that the wave speeds in the
sidewall, crown, and bottom of the tunnel were reduced, and
they tried to use the microvelocity to excavate the
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surrounding rock damage zone [6]. Jiang et al. proposed an
intelligent optimization method for the excavation of the
cavern, which greatly reduced the total damage area and the
brittle failure of the surrounding rock [7]. By studying the
time-varying damage to the rocks, a new damage visco-
elastic-plastic model was proposed, which provides a the-
oretical basis for the restoration of damaged rocks [8].

Different excavation methods cause different cate-
gories and amounts of rock damage. Sato used the arm-
type roadheader to study the disturbance of the sur-
rounding rock and found that the width of the EDZ in soft
tertiary sedimentary rocks is 0.3 m, which is smaller than
that caused by the drilling-blasting method. This method
can effectively limit the degree of damage to the sur-
rounding rock [9]. Barton studied the relationship be-
tween the efficiency of the TBM and the drilling-blasting
methods for different rock qualities [10]. More studies
have found that the drilling-blasting method is more
prone to structural plane failure, while the TBM method
is more possible to concentrated, the displacement and
plastic zone are distributed more widely, and the sec-
ondary failure length is larger [11-13].

Rockburst is another important problem in the ex-
cavation of deeply buried surrounding rock with a high
in-situ stress. Jiang et al. studied the rockburst phe-
nomenon using the numerical simulation method and
developed a new local energy release rate (LERR) index,
which can satisfactorily predict the depth of the outburst
pit and the intensity of the rockburst, providing a new
method to evaluate the rockburst orientation in deep
underground projects [14]. Zhuang et al. conducted real-
time monitoring of microvibration events and rockburst
during the TBM excavation of Jinping II diversion tunnel
1” and found that the top guide tunnel excavation method
can effectively reduce the risk of rockburst during TBM
tunnel excavation [15]. It was found that the unloading
rate has an important influence on the degree and failure
models of rockburst during the excavation [16-18]. When
the unloading rate is high (excavation by the drilling-
blasting method), the rock is prone to strainburst. On the
other hand, as the unloading rate decreases (such as
excavation by the TBM method), the failure mode
changes from strainburst to spalling [19-22].

The Jinping II Hydropower Station has the largest di-
version tunnel group in the world, which is quite repre-
sentative in underground engineering in southwest China.
During the excavation period of diversion tunnels, the
drilling and blasting method and the TBM method were
adopted simultaneously, which makes it possible to compare
the quality of unloading rock mass between the two
methods. In this study, the Jinping II diversion tunnels were
taken as an example. Based on the results of the field acoustic
tests and the investigation of rockburst events, this study
compared the unloading damage to the surrounding rock
mass caused by the drilling-blasting method and the TBM
method during the excavation of a deeply buried tunnel
under high in-situ stress. The impacts of the two excavation
methods on the surrounding rock mass in a high in-situ
stress environment were also studied, providing information
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on the most suitable methods for the excavation of the
deeply buried long diversion tunnels in southwestern China,
especially in the plateau area.

2. Project Background

The Jinping II Hydropower Station is located on the Yalong
River, Sichuan Province, southwestern China (Figure 1). The
station makes use of the natural drop at the river bend to
generate electricity using a group of inlet tunnels cut into the
bend [23]. The project is mainly composed of a headwork
sluice dam, a diversion system, and an underground pow-
erhouse. The diversion system includes 4 parallel diversion
tunnels crossing Jinping Mountain, with an average length
of 16.7km, from the water inlet to the upstream surge
chamber. The distance between the tunnels is 60 m, and the
direction of the tunnel axes is N58°W. The slope of the
diversion tunnels is as gentle as 3.65%, and the elevation
ranges from 1618.00m at the bottom of the inlet to
1564.70 m at the upstream surge chamber.

2.1. Geological Conditions. The engineering area of the
Jinping II Hydropower Station is geotectonically located in
the southeastern part of the Songpan Ganzi geosynclinal fold
belt. Under the control of the NWW-SEE directional stress
field, a series of nearly N-S trending compressional or
compression-shear faults with high dip angles and close
complex folds were formed, accompanied by NWW-
trending tensile or tensional-shear faults. From east to west,
the diversion tunnel passes through the Yantang Formation
marble (Ty), the Baishan Formation marble (T,), the
Upper Triassic sand slate (T3), the Heterogonne Formation
marble (T,,), the Lower Triassic chlorite schist, and the
metamorphic medium fine sandstone (73). The dip of the
strata is steep, and the strike is in accordance with the di-
rection of the main structural line (Figure 2(a)). The sur-
rounding rock mass is hard and brittle. A hydro-electric
surrounding rock classification standard (HC) was used to
classify the surrounding rocks, according to the standard of
code for water resources and hydropower engineering
geological investigation (GB50287-99) [24]. The rock mass
surrounding the Jinping II diversion tunnel area is mainly
classified as type III and type II, accounting for 53.5% and
37.5%, respectively. The type IV and V surrounding rock
masses are less abundant, accounting for 8.1% and 0.9%,
respectively. Among them, the percentage of the degraded
types (I, Iy, IVy, and Vy,) of surrounding rock masses
resulting from rockburst is 19.8%, 7.2%, 5.4%, and 0.9%,
respectively. In general, the NNE-trending bedding joints
and the EW-trending tensional-shear joints are mostly well
developed, with the former being mostly closed and the
latter being mostly open. The joints are parallel, and their
spacing increases with burial depth, but they are mostly
20-40 cm apart. The steep joints have dip angles of 60-84".
The joints are slightly open and mostly filled with calcium
cement.

The crust in the engineering area has been uplifted
rapidly for a long time, while the Yalong River cuts down
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FIGURE 1: Location of the Jinping II diversion tunnels: (a) location of the Jinping II Hydropower Station and (b) location of the diversion

tunnels.
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FIGURE 2: Geological conditions of the Jinping II diversion tunnels: (a) typical geological section (along the axis of 17 diversion tunnel) and

(b) maximum principal stress along the axis of traffic tunnel A.

sharply through the high mountain, deep valleys, and steep
slopes. This area has experienced rapid changes in topog-
raphy, and thus, a large amount of energy has been stored at
depth. After the rapid uplift of the crust, some of the energy
was released through denudation, but the remaining energy
is difficult to release. Therefore, this area is a stress con-
centration area with a huge reserve of elastic energy. Most of
the diversion tunnels have burial depths of 1500-2000 m,
and the largest depth is 2525 m. According to the inversion
regression analysis of the 3D initial stress field in the en-
gineering area, the in-situ stress is dominated by

gravitational stress, and the maximum and minimum
principal stresses are 70.1 MPa and 30.1 MPa, respectively.
An investigation of the in-situ stress distribution along the
axis was carried out in the traffic tunnel parallel to the di-
version tunnel. According to the results, the peak value of
the maximum principal stress occurs about 9 km away from
the inlet where the burial depth is largest (Figure 2(b)). As
the curve of the maximum principal stress in Figure 2(b)
shows, the maximum principal stress is generally consistent
with the change in the burial depth of the diversion tunnels.
Under the influence of a high in-situ stress, many rockburst



events occurred during the excavation of the traffic tunnel
[25].

Due to the steep valley slopes, steeply dipping rock strata,
and strong unloading of the surface rock mass, the
unloading fractures in the engineering area are generally
prone to forming original structural fractures and bedding
fractures with steep dip angles. Based on the existing cave
exploration results, in the studied tunnel section, the hor-
izontal depth (the distance from the tunnel to the slope
surface in the horizontal direction) of the strong unloading
zone is less than 154 m and that of the weak unloading zone
is 135-163 m. The in-situ stress around the diversion tunnels
is high, and a large amount of strain energy is stored in the
surrounding rock mass as a result of long-term geological
processes. Under these conditions, tunnel excavation leads
to the instantaneous release of stress, which can cause se-
rious unloading deformation and damage to the sur-
rounding rock mass.

2.2. Construction. A construction scheme combining the
drilling-blasting method and the TBM method was adopted
for the excavation of the diversion tunnels. Specifically, the
eastern section of diversion tunnel 1* (stake from K15 + 795
to K9 + 936 m) and the eastern section of diversion tunnel 3*
(stake from K15+ 903 to 9+ 607 m) were excavated using a
TBM, while the rest of the tunnels were excavated using the
drilling-blasting method. The section excavated using a TBM
was circular, with a diameter of 12.4 m. The diameter of the
tunnel section containing a concrete lining was 11.2 m, and
the flow velocity was 4.72 m/s. The tunnel section excavated
using the drilling-blasting method is horseshoe-shaped, with
a diameter of 13 m. The diameter of the section containing a
concrete lining is 11.8 m, and the flow velocity is 4.11 m/s.
The diameter of the section supported by shotcrete and
bolting is 12.6 m, and the flow velocity is 3.77 m/s (Figure 3).

The TBM used in diversion tunnel 1* was a 410-319 open
type TBM manufactured by Robbins, USA. The cutter is flat
and straight with a diameter of 17" and 19", and it has a high
rock-breaking efficiency and a good abrasive resistance. The
spacing between the central cutters is 100 mm, and that
between the panel cutters is 86.5 mm, which is a universal
cutter spacing. The support system of the TBM is divided
into three zones (L1, L2, and L3). L1 is the emergency safety
support zone where bolting, bar-mat reinforcement, steel
arches, steel tiles, and shotcrete are used. L2 is the main
support zone where bolting and shotcrete are used. L3 is the
reinforcing support zone where shotcrete is used. The TBM
used in diversion tunnel 3” was an open type TBM man-
ufactured by Herrenkmecht, Germany. As with the Robbins
410-319, this TBM also has a straight, flat cutter with a
diameter of 19", and the support system also has three zones.
However, the powers and lengths of the two TBMs are
different [26].

3. Unloading Damage Analysis

3.1. Detection of the Excavation Damaged Zone in the Sur-
rounding Rock Mass. In order to study the quality of the rock
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mass surrounding the diversion tunnels during the exca-
vation using the TBM or drilling-blasting method and to
analyze the excavation damaged zone depth of the rock
mass, the acoustic wave detection method was implemented.
The acoustic wave detection method is based on the theory of
elastic wave propagation in a solid medium. By means of
manual shaking, sound waves are induced in the medium,
and the modulated sound waves are received at a distance. In
addition to determining the physical properties, this method
can be used to confirm the excavation damaged zone (EDZ)
after observing and analyzing the velocity along the test hole
[1, 5, 27]. The wave velocity decreases with increasing
acoustic impedance and crack development, and it increases
with increasing rock mass stress and density [28]. The EDZ
in the surrounding rock was acquired by the measured
longitudinal wave velocity of the acoustic wave and the
drawn Vp-L curve (the relationship curve between acoustic
wave velocity and borehole depth). According to the stan-
dard for construction technical specifications on rock-
foundation excavating engineering of hydraulic structures
(DL/T5389-2007), the range of the EDZ is determined based
on the variation characteristics of the Vp-L curve (from
orifice to the mutation point of the first wave velocity) [29].
The monitoring section of the surrounding rock was
arranged at intervals of 50 m in each tunnel section, and the
acoustic wave velocities of the rock mass surrounding the
tunnels were determined within a certain depth range
(generally no less than 3 times the tunnel’s diameter). In
each section, 3-8 testing holes were arranged in the crown,
left and right arches, and sidewalls (as shown in Figure 4).
The diameter of the testing holes was 50-60 mm, and their
depth was controlled to no less than 40 m. Due to the large
diameter of the diversion tunnel and the deep drilling depth,
it was difficult to ensure that each group of boreholes was
parallel, and thus, the test accuracy of the transonic wave
method cannot be guaranteed. Therefore, the thickness of
the EDZ in rock mass surrounding the tunnel was measured
using the single-hole acoustic testing method. The test in-
strument was an RS-STO01 C type acoustic wave meter
produced by the Wuhan Yanhai Company, China, which
uses one shot and two receivers and makes continuous
observations along the whole wall from bottom to top. The
single-hole acoustic wave measuring point spacing was
controlled at no more than 20 cm, and the measuring point
spacing, which was within 10 m of the test hole, was 10 cm.

3.2. Comparative Analysis of the EDZ Caused by the TBM or
Drilling-Blasting Method. The excavation of the water di-
version tunnel led to the relaxation of the radial stress and
induced new cracks, and this state reduces the acoustic wave
velocity of the surrounding rock. Two typical acoustic wave
curves for a section of K16+500m in water diversion
tunnels 1* and 2* are shown in Figure 5. As can be seen, in
the K16 +500 m section of water diversion tunnel 1%, the
acoustic wave curve exhibits a step-like pattern. Near the
edge of the excavation, the rock mass was highly damaged,
and the acoustic wave velocity was as low as 1970 m/s. As the
test hole depth increased, the disturbance of the surrounding
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rock decreased, and the acoustic wave velocity gradually
increased. At a depth of 1.8 m, the acoustic wave velocity
reached 6100 m/s, and the surrounding rock was relatively
complete. After this, the acoustic wave velocity changed
little. Similarly, the acoustic wave curve for section
K16+ 500 m in water diversion tunnel 2* also exhibited a
step-like curve. The volatility increased with increasing test
hole depth, and finally, it reached a relatively stable value at a
depth of 2.2 m. According to the test standard, the depths of
the EDZs in section K16 + 500 m of water diversion tunnels
1" and 2 are 1.8 m and 2.2 m, respectively.

In order to further illustrate the different effects of the
TBM method and the drilling-blasting method on the
unloading damage to the rock mass surrounding the di-
version tunnels, the acoustic wave velocities in the sur-
rounding rock mass near three typical test sections
(K14 +500m, k15+200m, and k15+600m) of water di-
version tunnels 1°-4" were acquired. The results are shown
in Figure 6. As can be seen, the depths of the EDZs were
usually 1-4 m. Near the K14 + 500m section, the maximum
depths of the EDZs in water diversion tunnels 1°-4" are
2.6m, 2.8 m, 3.0m, and 3.2 m, respectively; and the average
depths of their EDZs are 1.88 m, 2.53 m, 2.44m, and 1.8 m,
respectively (Figures 6(a)-6(d)). The tested depths of the
EDZs in the surrounding rock mass near sections
K15+ 200 m and K15 + 600 m are similar. The average depth
of the EDZ for rock mass excavated by the TBM (1" and 3"
water diversion tunnels) is 1.82 m, about 6.67% less than that
of rock mass excavated by the drilling-blasting method with
the average depth of the EDZ of 1.95m (2" and 4" water
diversion tunnels). This indicates that the unloading damage
in the rock mass caused by the TBM method (water di-
version tunnels 1 and 3”) is lighter than that caused by the
drilling-blasting method (water diversion tunnels 2* and 47).
Furthermore, it can be seen that the EDZs in the sur-
rounding rock mass caused by the drilling-blasting method
(water diversion tunnels 2* and 4%) are significantly greater
in the left and right arch foots than those in the crown and
sidewalls (e.g., Figures 6(d), 6(j), and 6(1)), and the deepest
EDZ reached 4.8 m, while those caused by the TBM method
(water diversion tunnels 1* and 3%) are evenly distributed
along the edge of the excavation surface. This indicates that
the use of the drilling-blasting method is more likely to cause
stress concentration in the local area of the tunnel (usually
the arch foot), resulting in a deeper EDZ.

3.3. Mechanism Analysis. According to the comparative
analysis of the EDZs caused by the TBM and drilling-
blasting methods, the degrees of damage to the surrounding
rock mass caused by the drilling-blasting method are more
serious than those caused by the TBM method. Since the
water diversion tunnels of 1°~4" were arranged in parallel
from north to south successively with a relatively shorter
spacing of 60 m (Figure 3). Their geological conditions are
basically the same between one another. The difference is
mainly due to the different stress adjustment processes in the
surrounding rock mass caused by the different excavation
methods.

As shown in Figure 7(a), before the excavation of the
diversion tunnel, the natural rock mass is usually in a state of
three-dimensional compression. During the excavation
process, the initial geometry of the rock mass is changed by
the TBM or drilling-blasting method. The stress constraint
on the surrounding rock mass is quickly removed, the stress
state changes from a triaxial stress state to a high biaxial
stress state (radial stress o; = 0), and the tangential stress o,
is concentrated at the edge of the excavation surface. For the
different disturbance modes of the surrounding rock mass,
the different changes in the stress state lead to different
rebound deformations of the excavation surface in different
depth ranges, which causes the surrounding rock mass to
produce tensile stress parallel to the unloading deformation
direction. There are microcracks, microdefects, and/or
microholes in the rock mass, which are the most concen-
trated areas of the unloading differential deformation, and
the tensile stress is concentrated after the excavation dis-
turbance. This increases the shear stress in the stress con-
centration areas, such as at the crack tips, and the stress field
changes accordingly from a compressive shear stress state to
a tensile shear stress state. After the unloading differential
deformation reaches a certain degree, the radial stress o,
transforms into tensile stress. It is under the action of this
combined tension shear stress that the microcracks in the
surrounding rock continue to expand and penetrate,
reflecting the unloading damage of the surrounding rock
mass.

As shown in Figures 7(b) and 7(c), different excavation
methods would induce different categories and amounts of
EDZs. As for the drilling-blasting excavation method, the
cracks preferentially expand in the direction of the line
connecting the blast holes, the rock fragments fall away,
forming a new excavation face, and the unloading process
occurs. In a short period of time, the radial stress of the
original rock mass is relieved, leading to the over relaxation
of the surrounding rock mass. The release of the deformation
energy in a short period of time leads to serious rebound
deformation and strong stress concentration in the arch
foots, inducing deep EDZs in the local areas. In contrast, as
for the TBM excavation method, the cutterhead penetrates
into the rock mass under the action of thrust, forming a high
stress crushing area and radial cracks at the tool’s tip and
sides. Under the action of torque, the cutterhead expands the
crushing area, causing the crack to expand and form rock
fragments, which causes little disturbance of the sur-
rounding rock. The deformation energy stored in the rock
mass can be released gradually, and the stress-strain curve of
the surrounding rock is smooth. Since the stress adjustment
lasts for a long time, the stress concentration is relieved, and
the unloading damage is relatively small.

4. Rockburst Analysis

Due to the large burial depth, high in-situ stress, and the
hard and relatively complete rock mass, rockburst is very
prominent during excavation. During the construction
process, the relevant data for the rockbursts in diversion
tunnels 1*-4" were collected over time, providing a basis for
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the analysis of the rock mass failure caused by the different

excavation methods.

4.1. Rockburst Failure Analysis. The rock mass failure in-
duced by the high in-situ stresses during the excavation of
deep diversion tunnels is one of the key problems faced in

the construction of the Jinping IT Hydropower Station. It not
only threatens the safety of the workers but also seriously
affects the construction process. Based on a large amount of
survey data from the construction site, the types, scale, and
failure mechanism of the rockburst events that occurred
during the excavation process of the diversion tunnels 1#-4#
(excavated by using TBM method or drilling-blasting
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FIGUREe 7: Unloading failure mechanism by different excavation methods: (a) unloading and failure process during the excavation, (b) the
EDZ induced by the TBM, and (c) the EDZ induced by drilling-blasting.

method) were studied. Figure 8 shows several typical types of
rockburst failure that occurred during the excavation.
Figure 8(a) shows the extrusion and slabbing of the left arch
foot of diversion tunnel 1% (section kl4+318-328m).
Slabbing caused by the stress concentration was also ob-
served on the right arch foot of diversion tunnel 4* (section
k13 +255-270m) (Figure 8(b)). Figure 8(c) shows the
folding and belling of the rock mass of the left sidewall of
diversion tunnel 1* (section k14 + 789-800 m). In addition,
structural plane controlled failure occurred on the right arch
of diversion tunnel 2% (section k14 + 580 m) (Figure 8(d)).

Rockburst is a common failure phenomenon that occurs
during the excavation of the surrounding rock mass in high
ground stress tunnels. Many scholars have provided dif-
ferent explanations for the different types of rockburst
failure. Hoek et al. reported that rockburst is the result of the
shear failure of the rock mass surrounding a tunnel in a high
ground stress area [30]. Russenes believed that rockburst is a
rock failure behavior that is accompanied by sound and
produces flaking or even ejection, forming a new structural
plane [31]. Ortlepp et al. expounded the occurrence and
failure mechanism of rockbursts and pointed out that the
occurrence and failure mechanism may be different for
different source types [32]. Xu et al. pointed out that the

model for rockburst energy accumulation, dissipation, and
rock fracturing depends on the comprehensive action of the
rock mass structure, its nature, the geological structure, and
hydrogeology [33].

The mechanical process of extrusion and slabbing is
shown in Figure 9(a). At the moment of tunnel excavation,
the radial stress within the surrounding rock mass near the
edge of the excavation surface decreases, and the tangential
stress increases simultaneously, so it is basically in a biaxial
stress state. In this stress state, the surrounding rock mass
rebounding deforms toward the free face. The sudden
unloading and differences between rebound lead to tension
stress concentrated at the tips of the pre-existing microcrack
in near surface surrounding rock mass and which induces
tensile fractures parallel to the direction of the tangential
stress. Those tensile fractures separate the rock mass into a
potential shear deformation body roughly parallel to the
tunnel wall [1, 3, 34]. The deformation body is mainly af-
fected by the tangential force at both ends and the radial
support force of the parent rock mass. With the gradual
increase in the tangential stress, the deformation body
continuously accumulates elastic strain energy and gradually
deforms toward the center of the tunnel. When the strain
energy reaches a certain value, the occlusion and friction
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F1GURE 8: Typical rock burst failures during the excavation process of 1"~4" diversion tunnels: (a) extrusion and slabbing on the left arch foot
of 17 diversion tunnels (section k14 + 318~328), (b) slabbing caused by stress concentration on the right arch foot of 4* diversion tunnels
(section k13 +255~270), (c) folding and belling on the left sidewall of 17 diversion tunnels (section k14 + 789~800), and (d) structure planes
controlled failure on the right arch of 2* diversion tunnels (section k14 + 580).

Tensile
l Oy fractures

Platelike

I

(a) (b)

Block

(c)

FIGURE 9: Failure mechanisms of typical rock bursts: (a) extrusion and slabbing, (b) folding and belling, and (c) structure planes controlled

failure.

between the deformation body and shear plane in the parent
rock mass exceed the shear strength, and dynamic instability
is caused by a small disturbance. The elastic strain energy
accumulated in the deformation body is released instanta-
neously, and rockburst occurs. This type of rockburst is often
accompanied by a crisp sound, and the rock mass that breaks
of is mainly platelike.

The failure process of folding and belling is similar to the
mechanical process of extrusion and slabbing failure
(Figure 9(b)). However, extrusion and slabbing failure
usually occur in the relatively complete areas of the sur-
rounding rock mass, while folding and belling usually occur
in surrounding rock masses with developed structural
surfaces (such as J, developed in the upper arch shoulder
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with the dip of 10°-25" and the dip direction of 190°-210°),
and the failure of the rock mass is usually flaked or thin-
plated shape. In addition, the scale and depth of extrusion
and slabbing failure are usually larger than those of folding
and belling failure. As shown in Figure 9(c), the structural
plane controlled failure usually occurs in the area where the
structural plane is relatively well developed. The rock mass is
cut into relatively independent blocks by the crossing
structural planes J; and ], developed in the downstream arch
shoulder. After the excavation of the surrounding rock mass,
a free surface is formed, and collapse occurs under the action
of gravity and unloading deformation. This type of rockburst
is usually accompanied by a small dull sound or no sound,
and the damaged rock mass is usually blocky.

In addition, there is a link between the EDZ and
rockburst. In general, the occurrence of rockburst events is
directly related to the continuous relaxation and diffusion in
the loose zone. As shown by the results of the acoustic wave
test and by the results of the statistical data analysis, the
average relaxation depths in tunnels 2" and 4" (excavated by
drilling-blasting) were 7.2% and 8.2% larger than those in
tunnels 1* and 3" (excavated by the TBM), respectively.
However, the size of the medium rockburst caused by the
TBM method was 2.16 times larger than that caused by the
drilling-blasting method, and the size of the minor rockburst
caused by the TBM method was 2.28 times larger than that
caused by the drilling-blasting method. The larger the range
of the EDZ, the smaller the rockburst. This indicates that the
cumulative effect of the stress in the surrounding rock
caused by TBM excavation is greater than the diffusion effect
of the loose zone during excavation.

4.2. Comparative Analysis of the Rockbursts Caused by TBM or
the Drilling-Blasting Method. In order to further study the
relationship between rockbursts and the different excavation
methods, the rockburst events occurring between section
K12 +000m and section K16 + 000 m in diversion tunnels
1”-4" were recorded and analyzed. As shown in Table 1,
according to the rockburst classification standards in GB
50487-2008, rockbursts are divided into four categories:
slight, medium, strong, and extremely strong [35]. The
sections in which the rockbursts occurred and the pro-
portion of the different categories of rockburst during the
excavation of diversion tunnels 1°-4" between section
k12 + 000 m and section k16 + 000 m are shown in Figures 10
and 11.

As shown in Figures 10 and 11, the medium rock-
bursts mainly present structural plane controlled failure
modes or extrusion and slabbing failure modes. A total of
194m (53 m in tunnel 1 and 141 m in tunnel 3*) of the
TBM excavated tunnels experienced medium rockbursts,
accounting for 4.86% of the total tunnel length, while
90m (21 m in tunnel 2* and 69 m in tunnel 4%) of the
drilling-blasting excavated tunnels experienced medium
rockburst, accounting for 2.26% of the total tunnel
length, with the former being 2.16 times larger than the
latter. In terms of slight rockbursts, folding and belling
failure and extrusion and slabbing failure are the major
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modes. A total of 758 m (435 m in tunnel 1 and 323 m in
tunnel 3%) of the TBM excavated tunnels experienced
slight rockbursts, accounting for 18.95% of the total
tunnel length, while 333 m (220 m in tunnel 2%and 113 m
in tunnel 4”) of the drilling-blasting excavated tunnels
experienced slight rockbursts, accounting for 8.33% of
the total tunnel length, with the former being 2.28 times
larger than the latter. In terms of strong rockbursts, only
5 events (2 in tunnel 2, 1 in tunnel 1%, and 2 in tunnel 2%)
were observed in the 4 tunnels, and they did not follow an
obvious statistical rule.

Based on the above statistical analysis, in terms of
rockbursts of the same category and characteristics, the
number and scale of rockbursts in the tunnel sections ex-
cavated using the TBM method were greater than those in
the tunnel sections excavated using the drilling-blasting
method. Furthermore, the rockbursts have the following
characteristics. Slight rockbursts are more common, and the
probability, scale, and intensity of the rockbursts gradually
increased as the burial depth of the surrounding rock mass
increased. The rockbursts mostly occurred in the arch foot,
followed by the crown of the surrounding rock mass. During
the excavation of the tunnel section with burial depths of
greater than 1000 m, the occurrence of peeling and rock-
bursting was relatively serious. The plate cracking often
occurred in the surface layer of the surrounding rock mass,
and a small amount of ejection with a depth of 0.5-1m
occurred, accompanied by a crisp sound. When the burial
depth was greater than 1500m, strong ejection occurred,
with a depth of 1-3m, and it developed deep into the
surrounding rock mass. When the burial depth was greater
than 2000 m, large-scale rockbursts and high stress-induced
collapse were more likely to occur, with strong vibrations
and a dull sound. The influence depth was greater than 3 m,
which poses a serious threat to TBM excavation and even
destroys equipment and engineering structures.

5. Discussion

At present, the drilling-blasting and TBM are the main
methods of excavating underground caverns. Compared
with the drilling-blasting method, the TBM method causes
fewer disturbances to the surrounding rock, the degree of
damage to the surrounding rock caused by the TBM method
is relatively low, and the unloading depth is smaller. The
sections excavated using the TBM method are smooth, the
quality of the formed surrounding rock mass is high, and the
amount of support is reduced. Excavation using the TBM
method can be carried out continuously when the long-
distance construction is conducted under stable surround-
ing rock conditions. The construction speed is faster, and the
construction period can be shortened, reducing the cost of
the project. For super long and deeply buried tunnels
extending for long distances through mountains, in which
the construction adit is difficult to arrange and the layout
cost is high, the TBM method is usually preferred since the
drilling-blasting method has difficulty meeting the needs of
the construction project. Furthermore, reducing the layout
of the construction adit can reduce the disturbance to the



Advances in Civil Engineering 11
TaBLE 1: Classification of rockbursts [31].

Rock burst grading Main phenomena and lithologic conditions R./o,,

slight rockburst (class 1) Rockbursts occur sporadically in the surface layer of surrounding rock, generally affecting the depth 4

of 0.1-0.3 m, which has little impact on the construction.

The phenomenon of surrounding rockbursts ejection is obvious, there is a bullet-like shooting clear

Medium rockburst (class II)  burst sound with a certain duration,

and the damage range is large with the general impact depth of 2-4

0.3-1 m, which has a certain impact on the construction.
Large bursts of surrounding rock occur, resulting in strong ejection with the phenomena of rock

Strong rockburst (class III)

block catapulting and rock powder spraying and which lasts for a long time. The damage range and

lumpiness are larger, generally affecting the depth of 1-3 meters, which has a great impact on the 1-2
construction safety.
Rock burst occurred in the large area of the surrounding rock mass, and large rock brocks were
Extremely strong rockburst  ejected violently with strong vibration and crosstalk. The damage develops rapidly to the deep, <1

(class IV) which general influences more than 3 m, and even the whole tunnel is destroyed. This seriously

affects the construction safety.

Notes: R_/0,, is the rock mass strength/stress ratio, where R is the saturated uniaxial compressive strength of rock mass and ¢,, is the maximum stress in the

surrounding rock mass.

Excavation direction
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FiGURE 10: Rock bursts statistics during the excavation of 1°~4" diversion tunnels between the sections of k12 +000~k16 +000.
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FiGure 11: Proportion of different categories of rock burst occurred
sections of k12 +000~k16 + 000.

original ground, which is conducive to environmental
protection. Therefore, over the past 30 years and especially
the last 10 years, TBM technology has developed rapidly in
China.

However, in high in-situ stress areas, the TBM exca-
vation method may cause other problems, such as strong
rockbursts. The construction practice of Jinping II Hydro-
power Station diversion tunnels shows that, although the

Medium rock burst
m Total

sections during the excavation of 1~4" diversion tunnels between the

TBM method causes fewer disturbances to the surrounding
rock and resulting a lower EDZ, the unloading rate of
surrounding rock is also relatively small [17], which avoids
serious brittle failure, but the stress is not released in time,
which would induce high stress concentration near the edge
of excavation and causing wider rockburst events than that
using the drilling-blasting method. There were 15 rockbursts
with a cumulative section length of 496 m and 17 rockbursts
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FiGure 12: Time distribution chart of TBM construction: (a) 1* diversion tunnel and (b) 3" diversion tunnel.

with a cumulative section length of 464m in sections
K12+ 000 m and 16 + 000 m of diversion tunnels 1* and 3%,
respectively. The number and scale of rockbursts were larger
than in the corresponding drilling-blasting excavation
tunnel sections in diversion tunnels 2* and 4%. The results
indicated that the drilling-blasting method is more prone to
structural controlled failure of the surrounding rock mass,
while the TBM method would cause more evenly of the EDZ
and more widely distributed of stress adjustment induced
failure.

The rockbursts led to uneven palm surfaces that dam-
aged the tools of the cutter and the extruding shield of the
TBM, resulting in machine clamping and large-scale collapse
damaged to the body of the machine. This resulted in only
14% and 18% of the effective time being used during the
TBM excavation of diversion tunnels 1* and 3* (Figure 12).
This reduced the equipment utilization rate and the average
tunneling speed. A total of 5859 m and 6296 m were exca-
vated by the TBM in 25 and 29 months in diversion tunnels
1" and 3%, respectively. The average tunneling advance rate
was 234.4 m/month and 217.1 m/month, respectively, and
the maximum monthly advance rate was 563 m and 671 m,
respectively. The equipment utilization rate and the tun-
neling advance rate were far lower than those for similar
projects conducted during the same period, e.g., the max-
imum monthly and daily advance rates of the TBM exca-
vation of the Dahuofang diversion tunnel were 1111 m/
month and 63.5 m/day, respectively, and this utilization rate
of the tunneling operation reached 40% [36]. The average
monthly advance rates of the 4 units used in the Northwest
Liaoning Water Supply Project were 622 m/month, 624 m/
month, 639 m/month, and 646 m/month, and the equipment
utilization rate exceeded 40% [37].

According to the above analysis and construction
practices, the TBM method should be carefully considered
for tunnel excavation in high stress areas with burial depths
of greater than 2000 m. If the TBM method is selected after
comprehensive comparison and selection, the following
measures are suggested. (1) The open type TBM support
equipment should be improved, personnel protection
measures should be provided, bolt support of the exposed

surrounding rock should be provided as soon as possible,
and the equipment should be maintained in a timely
manner. (2) Comprehensive rockburst prediction should be
carried out by means of microseismic monitoring posi-
tioning prediction technology and surrounding rock
property prediction. (3) The pilot tunnel should be excavated
using the drilling-blasting method to release the rock mass’s
stress in advance in the sections with the potential for ex-
tremely strong rockbursts. (4) Strong support or systematic
support measures should be used.

6. Conclusions

In this study, by comparing the EDZ and rockburst of the
surrounding rock mass in the Jinping II diversion tunnels
excavated using the TBM and drilling-blasting methods, the
unloading failure process and the rockburst mechanism are
analyzed. The following conclusions were reached:

(1) Both the TBM and the drilling-blasting method
induced the EDZ during the tunnel excavation.
However, due to the different stress adjustment
processes in the surrounding rock mass, the degree
of damage to the surrounding rock mass caused by
the drilling-blasting method was more serious than
that caused by the TBM method.

(2) The EDZ induced by the TBM method was usually
distributed evenly along the edge of the excavation
surface, while the drilling-blasting method was more
likely to cause stress concentration, resulting in a
deeper EDZ in local areas.

(3) The drilling-blasting method is more prone to
structural controlled failure of the surrounding rock
mass, while the TBM method would induce high
stress concentration near the edge of excavation and
more widely distributed of stress adjustment induced
failure. As a result, the scale and frequency of the
rockbursts caused by the TBM method were sig-
nificantly greater than those caused by the drilling-
blasting method during the excavation of deeply
buried tunnels with high in-situ stresses.
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(4) The TBM method should be used carefully for tunnel
excavation in high in-situ stress areas with burial
depths of greater than 2000 m. If it is necessary to use
the TBM method after a comprehensive selection, it
is suggested that equipment adaptability improve-
ment, advanced prediction, and prediction tech-
nology be used.
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