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1. Introduction

A rockburst is defined as damage to an excavation that occurs
in a sudden or violent manner and is associated with a seismic
event.! Rockburst is a common and serious form of engineering
disaster that may happen during excavation of deeply-buried
tunnels. As the depths of excavations have progressively increased,
more and more cases of rockbursts in tunnels have been reported.
Rockbursts can cause mechanical damage, delays to projects, and
economic loss. As an example, hundreds of rockbursts occurred
during the construction of the extra-long seven tunnels in the
Jinping II hydropower station in China. On 28 November 2009, an
extremely serious rockburst caused seven deaths and one injury,
as well as the total destruction of a tunnel boring machine (TBM).

The study of rockburst evolution mechanisms is the foundation
for developing theoretical and numerical models to warn of, and
control, rockbursts. There has been a great amount of research
carried out on the mechanisms underlying rockbursts in tunnels,
including case records and laboratory tests. Ortlepp and Stacey
used case records to make a significant improvement to our un-
derstanding of rockbursts and stated that strain bursts are the
main form.>* An on-the-spot survey of rockbursts and the failure
modes of ejected rock blocks examined using a scanning electron
microscope revealed that the processes causing a rockburst can be
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summarized as: compression cracking, compression shear crack-
ing, bending, and breaking.* Early biaxial mechanical testing stu-
dies suggested that the damage produced is shear-based.” How-
ever, based on true triaxial laboratory tests, it was found that both
tensile and shear failure can occur during rockburst evolution.®®
In fact, rockbursts are extremely complex phenomena influenced
by several factors, e.g. geological conditions, the presence of
groundwater, rock lithology, and the tunnel excavation itself. It is
difficult to realize the actual stress path involved in the develop-
ment process of rockbursts and to simulate rockburst of different
types through laboratory testing. In addition, existing case studies
focus on the mechanisms of rockburst occurrences. Thus, how to
obtain direct evidence on the evolution mechanisms behind
rockbursts remains an unresolved problem.

Microseismic (MS) monitoring is important for understanding
the in situ process of rock mass failure associated with
rockbursts.”'° The process of rockburst evolution can be seen as a
series of rock mass failure events related to MS events. This means
that if we can identify the types of rock mass failure events in-
volved in the process of development of rockbursts (tensile, mixed,
or shear), the rockburst evolution mechanisms can be obtained
directly. Based on such MS information, methods involving energy
ratios and moment tensor analysis have been widely used to judge
the type of rock mass failure occurring. A large number of MS
monitoring results have indicated that the energy ratios of tensile
failure events are much smaller than those for shear failure
events.''~* To study the characteristics of the type and crack plane
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of rock mass failure, the moment tensor analysis method was in-
troduced and later improved.'>'® However, the applicability of
these two methods still required verification using real-time MS
monitoring of tunnel engineering projects.

The aim of the study reported here is to explore the evolution
mechanisms of rockbursts in tunnels. For this purpose, a com-
prehensive method of judging the type of rock mass failure oc-
curring during rockburst evolution is proposed based on real-time
MS information. The features and evolution mechanisms behind a
series of rockburst cases of different types are presented. At the
same time, the effect of stiff structure on the rockburst evolution
process is also discussed.

2. Microseismic monitoring of rockburst evolution processes
in tunnels
2.1. Microseismic monitoring in the tunnels of Jinping II
In situ MS monitoring was conducted in the four headrace
tunnels and a drainage tunnel of the Jinping Il hydropower station
in China (with a total length of 12.4 km) to study the rockburst
evolution process and warn of rockburst risk. The diameters of the
headrace and drainage tunnels are 13 and 7.3 m, respectively. The
burial depth of these tunnels varies from 1900 to 2525 m. Detailed
information on the MS monitoring zone, cross sections, and
geology of the Jinping II tunnels can be found elsewhere in the
literature.”'” Several working faces were setup in these tunnels to
speed up the construction process and one or two six-channel MS
acquisition units were placed at each working face (see Fig. 1). Two
groups of sensors were installed behind each workface and these
were moved forward progressively as the tunnel face advanced.
The monitoring program and related sensor layout have already
been reported by Chen et al.’®

In contrast to large-scale MS monitoring in mines, MS mon-
itoring in tunnels presents two obvious differences: (i) as the
sensors are repeatedly moved forwards, the distance between the
MS sources and sensors is usually small (less than 150 m). This
means that most failure events can only be recorded by the sen-
sors near to where an event occurs (referred to as ‘near sensors’)
and cannot trigger sensors in other tunnels (referred to as ‘far
sensors’), as shown in Fig. 1. For example, 354 of the 471 MS events
occurring in April 2011 were just recorded by near sensors. (ii) The
failure events are basically outside the sensor array.

2.2. Description of rockbursts in tunnels

In terms of development mechanism and effect of geological
structure, there are two main types of rockbursts during tunnel
excavation: strain bursts and strain-structure slip rockbursts.>"°
The main factor controlling both of these rockbursts is the same:
high geo-stress. The latter is also commonly affected by the pre-
sence of stiff structures. Typically, strain bursts occur in regions
with hard rock masses that are intact and with few discontinuities.

MS sensors of each workface
Excavation region

Far sensors

175

The rock faces of the explosion pits generated by strain bursts are
typically fresh. The shapes of the explosion pits are often nested, or
V-shaped (see Fig. 2a). Strain-structure slip rockbursts occur in
zones with hard rock masses containing sporadic stiff structures.
Most of these stiff structures are closed, dry, without filling, and of
low ductility. At the same time, the number of stiff structures is
usually not greater than two (or two sets), as shown in Fig. 2b and c.

The rockburst cases considered here derive from the headrace
tunnels of the Jinping Il hydropower station in China. The selected
rockburst cases satisfy the following three requirements: (i) the
rockburst grade is moderate or intense; (ii) continuous MS in-
formation is available throughout the rockburst development
process; and (iii) clear photographs were taken of the resulting
explosion pit. The grade of the rockburst is determined according
to the depth of the explosion pit: for a moderate rockburst this is
0.5-1 m and for an intense one it is 1-3 m.

According to the type of rockburst and number of stiff struc-
tures in the rockburst zone, three different kinds of rockbursts can
be identified: (1) strain bursts, (2) strain-structure slip rockbursts
with the development of a single stiff structure (or a single set
thereof), and (3) strain-structure slip rockbursts with the devel-
opment of two stiff structures (or two sets thereof). The numbers
of these three different kinds of rockburst cases is 6, 7, and 5, re-
spectively, based on the aforementioned selection principles.

3. Methods of evolution mechanism analysis for rockbursts in
tunnels

3.1. The energy ratio method

In this method, the radiated MS energies of rock mass failure
events are calculated using seismogram processing software pro-
vided by Integrated Seismic System (ISS). The calculation follows
that of Mendecki et al.’® by use of the formula:

t.
EP,S=§JT/)VP,SR2 /O ’ uczorr (Hdt M
where Eps is the P- or S-wave energy, p is the rock density, vps is
the P- or S-wave velocity, R is the distance from the source, t; is the
duration, and ©2,,(t) is the square of the far-field-corrected ra-
diation pattern of the velocity pulse.

The ratio of the S- and P-wave energies (Es/Ep) can be used to
judge the type of focal mechanism responsible for generation of an
MS event. It is generally accepted that Eg/Ep values associated with
rock mass failure events involving tensile failure are less than
10.""12 If the rock mass failure process can be viewed as involving
shear failure, then Eg/Ep is greater than 20.">'* Thus, the energy
ratio criteria can be summarized as:

Es/E,<10 Tensile failure
10 < Es/Ep<20 Mixed failure

Es/Ep > 20 Shear failure
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Fig. 1. Schematic representation of the microseismic monitoring system used in the headrace tunnels at the Jinping II hydropower station in China.
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Stiff structure

Fig. 2. Typical rockbursts in tunnels: (a) an intense strain burst which occurred on
18 August 2010, (b) a moderate strain-structural slip rockburst with the develop-
ment of one stiff structure which occurred on 13 December 2010, and (c) an intense
strain-structural slip rockburst with the development of two sets of stiff structures
which occurred on 10 August 2010.
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Fig. 3. The spatial relationship between a failure source and a sensor in a tunnel.

3.2. Moment tensor analysis

Ming et al. derived an improved method of moment tensor
analysis to judge the type of rock mass failure occurring in deeply
buried tunnels.”” The moment tensor M, is a second-order sym-
metric matrix, whose components are given by, *'

Vv

up = 3
47pV3R Y

3)

here uj, is the far-field displacement of the P-wave, and the y
factors represent the cosines of the angles between a ray spread-
ing from the source to the sensor and each coordinate axis:
n = AX[R, v, = Ay/R, and y; = Az|R, where Ax, Ay, and Az are the
projected distances between the source and sensor in the X-, Y-,
and Z-directions, respectively, as shown in Fig. 3.

During real-time MS monitoring in tunnels, Ax is often much
greater than Ay and Az. At times, the ratio of Ax and Ay (or Az)
can reach up to 100, so the value of M, (or Ms3) will be 10,000
times that of My; according to Eq. (3). This will cause the calcu-
lation of scalar value of moment tensor relies on one of its com-
ponents heavily. Accordingly, the resulting moment tensor may be
inaccurate.’® A coordinate transformation, however, will not
change the eigenvalue of the moment tensor, and will therefore
not influence the subsequent judgment of the failure type.
Therefore, an appropriate rotation of the coordinate axes is carried
out to reduce the differences among the three direction cosines. A
large number of moment tensor calculations indicate that an ideal
result for moment tensor can be obtained if the differences be-
tween the three direction cosines are less than 10.

The elements of the moment tensor can be decomposed into
three parts: an isotropic part (ISO), a double-couple part (DC), and
a linear vector dipole (CLVD) component. This decomposition can
be interpreted in the mining environment.'?'> The ISO part of the
moment tensor is not usually considered in seismology and for
mining earthquakes, where fault motion of the shear type is
considered to be the major causal mechanism. The use of shear
(DC) and tensile (CLVD+ISO) contributions to MS and acoustic
emission (AE) events is sometimes adopted,'*?2-23 although this
decomposition does not, in general, represent failure. Thus, the
percentage shear component:

DC% = 100+MPC/(IMPC| + IMCVP| + IMISOY),

can be used to judge the type of rock mass failure occurring. The
set of criteria in this case becomes:
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DC% <40  Tensile failure
40<DC% < 60 Mixed failure
DC% > 60  Shear failure 4

3.3. Method of P-wave development

It is well-known that when elastic waves are released as a re-
sult of failure, that different types of rock mass failure events
produce waves with different characteristic wave motions. Based
on the MS monitoring data from the Jinping Il hydropower station,
a method of evaluating the type of failure using the development
of P-waves has been established by Feng et al.'” The P-wave de-
velopment parameter, Pp, is defined as:

N
Pp= ) Ab/A;

i; blAM 5)
where N is the number of sensors triggered when the MS event
occurred, and A represents the amplitude of the P-wave. The
amplitude A} is that of the P-wave's first motion in the waveform,
as recorded by the i-th triggered sensor, and Al is the maximum
amplitude recorded in the waveform at the i-th triggered sensor.
The criteria used with this measure are:

Pp>0.047 Tensile failure
Pp < 0.047 Shear failure (6)

It must be pointed out that Pp is calculated from the time-do-
main waveform recorded using a velocity geophone. If the trig-
gered sensors are accelerometers, then the numerical integral of
the acceleration-time curve in the time domain should be eval-
uated to restore the original velocity-time curve of the MS wave.

3.4. Applicability of the three methods in tunnels

During the entire MS monitoring program, 65 MS events (with
seismic energy equal to or exceeding 2.4 x 10° ]) were recorded by
both near and far sensors under MS monitoring conditions similar
to those shown in Fig. 1. Based on this information, the types of
failure events involved were judged using the energy ratio, mo-
ment tensor analysis, and P-wave development methods. Most of
the assignments were consistent with each other. In particular, the
MS events associated with rockburst occurrence due to obvious
shear failure were all essentially judged to be due to shear failure
by all three methods. Therefore, these consistent results can be
taken as true allocations of the types of failure associated with
these MS events. It should also be noted that mixed-type assign-
ments depend on the first two methods only.

If judgment is made using just the information from the near
sensors alone, then the coincidence rate between the three
methods falls to less than 40%. As mentioned before, most of the
MS events were recorded by just the near sensors. Thus, solving
the problem of how to appropriately judge the rock mass failure
type based only on information from near sensors is key to in-
vestigating rockburst evolution mechanisms. By comparing the
judgments made by the three methods using just the information
from near sensors with the confirmed type of MS event (based on
all data), the applicability of the three methods with respect to
near-sensor information can be analyzed. The findings are sum-
marized as follows'”:

(1) if the type of failure is shear or mixed, the energy ratio method
has a good chance of being correct (the accuracy reached 73%
and 100%, respectively). However, the precision rate of this
method with respect to tensile failure was only 33%. The start

of the S-wave is often considered as the end of the P-wave,
and part of the P-wave is combined into the region of the
S-wave in the MS waveforms recorded by the near sensors.
The calculated P-wave energy is only part of the real value,
and this will make the calculated value of Es/Ep larger than its
true value. This is why the tensile rock mass failure events
could not be interpreted accurately using the energy ratio
method.

(2) The moment tensor method judged tensile and mixed failure
events quite well (with precisions exceeding 90% and 70%,
respectively). However, the accuracy with respect to shear
failure was less than 30%. The reason for this is that the near
sensors were within the same quadrant of the focal sphere.
Under such conditions, the excitation matrix can be singular
and this will seriously affect the accuracy of shear failure
judgments. The inclusion of information from far sensors can,
of course, remedy this situation quite effectively.

(3) The accuracy of the P-wave development method with respect
to tensile and shear failure events was about 90% in both
cases. At the same time, the results obtained using this
method showed good consistency when information from
near and far sensors was used separately. The P-wave devel-
opment method is easy to understand and implement. How-
ever, this method cannot be used to judge mixed-mode failure
and is greatly influenced by the denoising of MS waveforms.

3.5. Comprehensive method

According to the advantages and disadvantages of the three
methods discussed above, a new, more comprehensive method is
proposed. The method uses the DC% component of the moment
tensor and the P-wave development factor of an MS event as its
main judgment parameters; the energy ratio is also used as an
auxiliary decision parameter. The implementation process of this
new method can be divided into five steps:

(1) the type of rock mass failure event is independently judged
according to the moment tensor analysis and P-wave devel-
opment methods.

(2) If the judgment results from the two parameters are the same:
i.e. tensile or shear, then this consistent result can be taken as
the failure type.

(3) Otherwise, the failure event is more likely to be of mixed or
shearing type. Then, the energy ratio method is used to
identify the failure type.

(4) A consistent result between the energy ratio method and one
of the other two methods can be taken as representing the
final judgment of the failure type.

(5) In rare cases, the results of these three methods may all be
different. In this case, failure is finally considered to be of
mixed type.

According to a large number of failure type assignments, the
types of most rock mass failure events during rockburst evolution
can be determined using the aforementioned first two steps.

4. Results
4.1. Verification of the analysis method

The mechanisms of the rock mass failure events related to the
MS events in the zone and surrounding region of the rockbursts
(extending to 1.5 times the excavation diameter on both sides of
the explosion pit boundary) were analyzed using the new method.
Subsequently, the type of rock mass failure occurring at different



178 Y.X. Xiao et al. / International Journal of Rock Mechanics & Mining Sciences 83 (2016) 174-181

%’i — 57

T
% #;“snp line of |
shear failure * &

~

-shaped crater produced
by rockburst

\

Plate cracking destruction caused
by tensile failure

log (E/)

8. Mixed . . - 15
2 Rockburst event | * 26
£ Tensile - L) CUDIREDS +00D+00000D 0P0 04 oo e 37
= ® 48
ch Shear . ) ® 59
| | | | ® 7.0

06/07 06/08 06/09 06/10 06/11
Date (month/day)

Fig. 4. Details of the rockburst case used to illustrate the proposed comprehensive method of judging failure type: (a) photographs of the surrounding rock failure produced
by the rockburst, and (b) the change in the type of failure occurring during the development of the rockburst.

times in the rockburst development process could be found. The
macro-failure characteristics of the rockburst pit, explosive rock
blocks, and rock mass around the rockburst zone all reflect the
evolution mechanism of the rockburst. Accordingly, the reliability
of the proposed method in judging the rock mass failure type can
be checked. More than 10 rockburst cases were analyzed to verify
the proposed analysis method - one such case is presented in
detail to illustrate how the work was carried out.

At about 00:30 on 11 June 2010, an intense rockburst occurred
in the south wall side of the 3# tunnel (at chainage 11+ 040 to
11+054) while it was under TBM excavation. The explosion pit,
with a maximum depth of 1.2 m, had a V-shaped appearance. The
upper boundary of the rockburst pit was controlled by a stiff
structure and presented a scarp-shaped appearance (Fig. 4a). The
mechanism of occurrence of the rockburst can be deduced by
analyzing the failure characteristics, as we now summarize:

(i) Plate cracking was apparent in the sidewall and floor near the
rockburst zone (see Fig. 4a). The surrounding rock mass will
also have the same failure feature in its rockburst zone. This
phenomenon is due to stress-induced splitting failure related
to tensile failure. At the same time, most of the explosive rock
blocks are massive and tensile cracks with ‘fish-shaped’
patterns can be seen. The majority of the failure features of
this rockburst are thus indicative of a tensile failure
mechanism.

(ii) As shown in Fig. 4a, striations caused by shear sliding appear
on the surface of the rock of the explosion pit. At the same
time, the form of the explosion pit is controlled by a stiff
discontinuity and an obvious shear slide-line can be seen. This
means that the rockburst occurred in the form of a shear
failure.

The rock mass failure types occurring during the evolution of
the rockburst based on the new method are as shown in Fig. 4b.
(Each circle represents a rock mass failure event and its size re-
presents the logarithm of the radiated seismic energy of the MS
event.) The last event is related to the rockburst occurrence. It can
be seen that most of the rock mass failure events are tensile in
nature but the ultimate failure mode of the rockburst is shear. The
implied mechanism of evolution of this rockburst, as shown in
Fig. 4, is thus consistent with that revealed by the macro-failure
characteristics. Thus, the proposed comprehensive method ap-
pears to be reliable.

4.2. Rock mass failure evolution and ‘big’ events

Using the newly established comprehensive method, the type
of rock mass failure occurring during the development of eighteen
rockbursts of different types was identified. The evolution of these
rockbursts can be summarized as follows.

During a strain burst, tensile failure predominates and there are
very few shear or mixed failure events. This is shown in Fig. 5a.
The failure events occurring are all tensile before the strain burst
happens and only the occurrence of the ultimate rockburst itself is
caused by shear failure.

In the evolution of a strain-structure slip rockburst, a few small
tensile failure events appear at first. Then, some shear, mixed, and
tensile failure happens alternately. The rockburst ultimately occurs
in the form of a shear failure (see Fig. 5b and c).

The behavior of rockbursts with different numbers of stiff
structures present do not exhibit significant differences - the main
type of rock mass failure occurring remains tensile, as before (see
Fig. 5b and c).

The first appearance of an MS event in the rockburst zone can
be considered as the starting time for the subsequent rockburst
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evolution and the occurrence of the rockburst marks the end of
the development process. Rockburst evolution can be divided into
three roughly equal stages in the time domain: the early, middle,
and late stages. If the logarithm of the radiated seismic energy is
not less than 4.8, the failure event is classified as a ‘big’ event. It
can be seen (Fig. 5) that there are ‘big’ events involved in the
development processes of all the rockburst cases studied. How-
ever, the first time such a ‘big’ event occurs is different depending
upon the type of rockburst involved. More specifically, big events
occur earlier on in the development process of strain-structure
slip rockbursts compared to their occurrence in strain bursts. As
shown in Figs. 5a and 6, the big events occurring appear in the
middle and later stages of strain burst development. However, for
most strain-structure slip rockbursts, the big events first occur in
the early stages (Figs. 5b, ¢, and 6).

4.3. Failure type proportions

The proportions of the different failure types occurring in each
class of rockburst were further studied. In strain bursts, the pro-
portion of tensile rock mass failure events is no less than 92.5%.
The average proportions of mixed and shear failure events, on the
other hand, are only 1.2% and 3.7%, respectively.

If a rockburst zone develops one, or a single set of, stiff struc-
tures (resulting in a strain-structure slip rockburst), then the
maximum proportion of tensile failure events decreases to less
than 90%. In addition, the average proportions of mixed and shear

failure events are three times greater than in strain bursts. For
strain-structure slip rockbursts with two, or two sets of, stiff
structures, the minimum proportion of tensile failure is only 55.6%.
At the same time, the average proportions of mixed and shear
failure events reaches 13.8% and 18.1%, respectively. The average
proportions of each failure type occurring in the abovementioned
rockburst evolution processes are shown in Fig. 7. It can be seen
that the proportion of tensile failure events shows a tendency to
decrease as the number of stiff structures increases. On the other
hand, the proportions of mixed and shear failure events increase.
In addition, for most of the rockburst cases analyzed here, the
proportion of tensile failure events is greater than 70% and that of
shear failure events is less than 20%.

5. Discussion

The new method proposed here is suitable for determining
what type of rock mass failure should be associated with MS
events that occur during rockburst evolution in tunnels. There are
two points to bear in mind: (i) most rock mass failure events
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Fig. 7. The effect of the number of stiff structures on the frequency of occurrence of
different failure types during rockburst development in tunnels.
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occurring in the process of evolution of strain bursts and strain-
structure slip rockbursts are tensile in nature (see Figs. 5 and 7);
and (ii) the three methods of mechanism analysis all have their
limitations (as discussed previously). The DC proportion of the
moment tensor and Pp factor for the failure event are taken as the
main parameters to use in the judgment process. This is because
these methods have good accuracy with respect to tensile failure.
The Es/Ep value of a failure event usually only needs to be calcu-
lated to judge mixed and shear failure events. The new method
can be applied to analyze the mechanism of rock mass failure
occurring during tunnel excavation using the kind of MS mon-
itoring shown in Fig. 1. However, if the MS monitoring conditions
change, the suitability of the method of mechanism analysis must
be rechecked.

Regardless of the type of rockburst (strain burst or strain-
structure slip), the rockburst evolution mechanism is rich in ten-
sile failure events. For deeply buried tunnels, the surrounding rock
mass is usually in a state of high triaxial geo-stress. Unloading
effects due to tunnel excavation will result in adjustment and re-
distribution of this three-dimensional in situ stress state. Accord-
ingly, tangential stress gradually increases. As a result, stress-in-
duced cracks with the orientation of the tangential stress will
continue to form in the rockburst zone with integrated rock mass.
This explains why the macro-failure evidence in and near the
rockburst zone often takes the form of plate splitting,>’ as shown
in Fig. 4a. These stress-induced cracks are related to the series of
tensile failure events recorded via MS monitoring."’ The blocks
ejected as a result of rockbursts usually exhibit signs of transgra-
nular brittle fractures and tension destruction as well.?

The presence of stiff structures has a strong effect on the
rockburst evolution process. The proportion of shear and mixed
type failure events occurring during the evolution of a strain-
structure slip rockburst is usually greater than in strain bursts. This
is because a sudden slip or shear may occur along any stiff struc-
ture appearing in the failure zone of the rockburst (or on the
rupture surfaces of splitting plates) due to the combined effect of
the stiff structure itself and tangential stress.”* Correspondingly,
we found that mostly tensile failure events occurred during the
development processes of twenty-one strain bursts.

In terms of microseismic activity, ‘big’ events with high seismic
energy appear earlier on during the evolution of a strain-structure
slip rockburst compared to in strain bursts. For strain bursts, large-
scale failure (like that occurring during a big event) can only
happen when the tensile cracks have developed to a certain de-
gree. A stiff structure, however, can hinder the stress regulation
process from the surface to deeper regions of the surrounding rock
mass. This causes stress concentration and energy accumulation in
the rockburst zone.?” This leads to acceleration of the failure
processes in the surrounding rock mass and so shear failure (and
accompanying high-energy release) is more likely to occur with
stiff structures.

6. Conclusions

A comprehensive method for judging the type of rock mass
failure occurring during rockburst evolution in tunnels based on
MS information recorded in real-time has been presented. The
proposed method was applied to three types of rockburst cases
occurring in the tunnels of the Jinping Il hydropower station which
are subject to a maximum overburden of 2525 m.

The new method, which uses decomposed parts of the moment
tensor and the P-wave development factor of the MS event to form
the main judgment criteria (and energy ratio as an adjunct mea-
sure), can provide a reliable estimate of the rock mass failure type
occurring during rockburst evolution. The results indicate that

most of the failure events occurring during the development of a
strain burst are tensile in nature. Strain-structure slip rockburst
development begins with a few small tensile failure events at first.
Then, alternating shear, mixed, and tensile failure events occur.
Moderate and intense rockbursts commonly occur, ultimately, in
the form of shear failure.

As the number of stiff structures present increases, tensile
events tend to decrease in frequency and the proportion of shear
and mixed events increases. However, tensile failure remains the
main failure type occurring during development of these kinds of
rockbursts in tunnels.

‘Big’ events occur during rockburst development. However, the
first occurrence of these kinds of events depends on the rockburst
type. Big events can appear in the early stages of development of
strain-structure slip rockbursts, whereas, in strain burst develop-
ment, they usually only feature in the middle and later stages of
the evolution process.

When warning of the risk of a rockburst happening, it is ne-
cessary to consider the classification of the rockburst as different
types of rockburst have different mechanisms driving them. Based
on real-time MS monitoring information, two equations with six
variables have been developed to warn of strain bursts and strain-
structure slip rockbursts.” The warning predictions are more ac-
curate when the rockburst type is classified. During the MS
monitoring program carried out at the Jinping II hydropower sta-
tion, the new rockburst warning method achieved an accuracy of
up to 88%.
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