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ARTICLE INFO ABSTRACT

Keywords: The assessment of rockburst proneness has become a major technical bottleneck in brittle, and high-strength
TBM hard rock under high local stresses. Various approaches or criteria have been used over the years to predict
Rockburst criterion rockburst, many of them were within an acceptable range, while some too conservative, simple and missing
comprehensive consideration of rockmass quality and excavation characteristics, particularly during the tunnel
construction phase. Aiming at the shortage, a novel rockburst criterion was put forward, which is defined as the
ratio between the rockmass strength and the horizontal stress perpendicular to the tunnel axis as determined.
First, the rockmass strength based on the Hoek-Brown strength criterion was estimated by accounting for im-
portant parameters such as rock strength, brittleness coefficient, the quantitative geological strength index (GSI),
the TBM construction disturbance, and the in situ stress. Furthermore, in practical application at the NJ-TBM
tunnel, the quantitative models of the geological strength index (GSI) and rock uniaxial compressive strength
were proposed based on the boring/specific energy (SE) information and the field penetration index (FPI) re-
corded in the TBM performance database, respectively. The observations and classification of 26 rockbursts cases
in different geological units indicate that the novel criterion greatly enhanced the accuracy and applicability of
rockburst prediction during the construction phase, through comparative analysis with the traditional criteria.

In situ stress
Rockmass strength
The strength-stress ratio method

1. Introduction

Rockburst is an instantaneous, severe as well as common geo-hazard
occurring in brittle, massive and high-strength hard rock under high
local stresses (Jenkins et al., 1990; Stillea and Palmstromb, 2003; Ma
et al., 2015; Cai, 2016). When the mechanical state of rock was ob-
served to be unbalanced, dynamic instability occurred in which po-
tential energy was released in a sudden, sharp, and violent form, along
with other phenomena such as slabbing, spalling, ejection, and
throwing (Hedley and David, 1992; Kaiser et al., 1996, Kaiser and Cai,
2012). This catastrophic hazard has constrained the efficient and safe
construction of tunnels and introduces greater threats to underground
openings, equipment, and worker safety (He et al., 2015; Sousa, 2012).
The assessment of rockburst proneness has become a major technical
bottleneck in deep-buried tunnel construction (Ma et al., 2015) and
contributions toward a better understanding of rockburst events will
help develop and advance understanding of rock mechanics.

Thus far, various theories or approaches regarding rockburst pre-
diction have been conducted, focusing on two aspects: field monitoring
for real-time rockburst and theoretical analysis based on rockburst
failure mechanisms.

The exact location and time of rockburst occurrences are de-
termined using data from appropriate in-situ measurements and testing
methods including the microgravity method, the photo-elastic method,
the convergence measurements method, the drilling-yield method, and
the acoustic emission and microseismic techniques, among others
(Chen et al., 2015; Ma et al., 2015). However, monitoring approaches
for rockbursts have often been of limited application, due to the ex-
pensive and immature nature of the technology caused by the com-
plexity of rockmass and various environmental factors in deep-buried
tunnels.

Theoretical analysis based on the rockburst failure mechanism
consist of strength, stiffness, energy, instability and fractal theory et al.
The corresponding single strength-stress ratio index or stress-strength
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Table 1
The corresponding rockburst criteria and classification items.
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Multiple discriminant criteria Reference Formula Rockburst grade
No Light Moderate Intensive
The strength-stress ratio index or stress-  Barton et al. (1974) acilon > 10.00 10.00-5.00 5.00-2.50 < 2.50
strength ratio index Russenes (1974) 06 max/Oci =<0.20 0.20-0.30 0.30-0.55 =0.55
Hoek and Brown (1980) 0.34 0.42 0.56 0.70
Minor Severe spalling Heavy support Severe
spalling rockburst
Turchaninov (1978) (Ogmax + or)/oe  =0.30 0.30-0.50 0.50-0.80 =0.80
Code for geological survey of water resources Oci/ Omax > 7.00 4.00-7.00 2.00-4.00 < 2.00
and hydropower projects (2008)
Zhang et al. (2012) o1/0ci <0.15 0.15-0.20 0.20-0.40 =0.40
The burst energy coefficient Goodman (1980) R = Wg/Wp > 1 (Having the rockburst tendency)
The strain energy storage coefficient Kidybiski (1981) F = W/ Wep =2.00 2.00-5.00 =5.00
The brittleness coefficient of rocks Zhang et al. (2012) B = gii/ot <15.0 15.0-18.0 18.0-22.0 > 22.0
The integrality modulus Ky < 0.55 0.55-0.60 0.60-0.80 > 0.80

Note: g is uniaxial compressive strength; o; is maximum principal stress of in situ stress; dgmax is maximum tangential stress of cross section in disturbed zone; g, is
radial stress of cross section in disturbed zone; o,y is the maximum horizontal stress perpendicular to the tunnel alignment; 0y, Omax < Oomax. Wr is the elastic strain
energy accumulated before rock failure; Wj is the elastic strain energy accumulated.W, represents the spent energy by plastic deformation during unloading process.

W represents the stored energy in the rocks.c; is the tensile strength.

ratio index (Barton et al., 1974; Russenes, 1974; Turchaninov, 1978;
Hoek and Brown, 1980;Code for geological survey of water resources
and hydropower projects, 2008; Zhang et al., 2012), the rockmass in-
tegrality modulus K,, the brittleness coefficient of rocks B (Zhang et al.,
2012), the strain energy storage coefficient F (Kidybiski, 1981) and the
burst energy coefficient R (Goodman, 1980) have been proposed and
widely applied in practice as long-term preliminary or regional pre-
diction of rockburst tendencies during the exploration phase. The cor-
responding rockburst criteria and classification items were listed in
Table 1.

However, widely used, due to the complexity of rockmass and
various excavation characteristics, single rockburst criteria have been
found to have some limitations in accuracy and reliability. Take the
most common strength-stress ratio index for example, uniaxial rock
strength and in situ stress are considered simply, and rockmass quality
and excavation characteristics are ignored, resulting in the predicted
deviations when evaluating the character of rockbursts.

With the advancements in the understanding of rockburst me-
chanism, taking into consideration the limitations of the single index
criteria, scholars have gradually begun to apply multi-index compre-
hensive criteria to predict rockburst(Gu, 2001; Zhang et al., 2012;Shang
et al., 2013). The relationships depicted in the evaluation indexes are
basically conjunctive “and-type” relationships, rarely classified as ”or-
type“. Because a rockburst does not represent a clear-cut system due to
many uncertainties, a wide range of prediction methods are required,
classifying the factors affecting rockburst occurrences as random, fuzzy,
matter-element analysis theory, or even both (Adoko et al., 2013; Wang
et al., 2015). While the influence factors of rockburst are considered
more comprehensively with parallel multi-index comprehensive cri-
teria, it is noted that the validity of existing random or fuzzy models, to
some extent, depends upon the subjective understanding of the re-
searchers. Additionally, some parallel multi-index criteria are only ap-
plicable to long-term or regional predictions during the design phase.
These criteria are limited in applicability and reliability, particularly
during the construction phase.

The occurrence of rockburst is closely related to the characteristics
of rockmass, in situ stress, geologic structure, and excavation dis-
turbance. Various approaches or criteria have been used over the years
to predict rockburst, while some too conservative, simple and missing
comprehensive consideration of rockmass quality and excavation
characteristics, particularly during the tunnel construction phase. This
paper aims to address the above shortage mentioned by taking into
consideration the multiple factors present during the tunnel
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construction phase, and establish a novel criterion to evaluate the
rockburst tendency accurately.

In this paper, first, based on the details of geological settings, as well
as the in situ and laboratory tests, the detailed statistical analysis of
rockburst characteristics and the limitations of traditional criteria are
summarized. Then, a novel rockburst criterion is presented using the
strength-stress ratio, which is defined as the ratio between the rockmass
strength o;,, and the maximum horizontal stress perpendicular to the
tunnel axis oy.x. The rockmass strength, based on the Hoek-Brown
strength criterion, replaces the uniaxial compressive strength o by
accounting for important parameters such as the rock strength o, the
brittleness coefficient o./o;, the quantitative GSI, the excavation dis-
turbance factor D, and the minor principal stress o;. Furthermore, in
practical application at the NJ-TBM tunnel, the quantitative models of
the geological strength index (GSI) and rock uniaxial compressive
strength (o) were proposed based on the boring/specific energy (SE)
information and the field penetration index (FPI) recorded in the TBM
performance database, respectively. Based on the rockburst database
consisting of 26 observations and classification at the NJ-TBM tunnel,
the applicability and reliability of the novel rockburst criterion is ver-
ified through comparative analysis with the traditional rockburst cri-
teria in the end.

2. The TBM tunnel of the Neelum-Jhelum hydroelectric project
(NJ-TBM tunnel)

2.1. Project description and geotechnical conditions

The Neelum-Jhelum Hydroelectric Project is located in the
Muzaffarabad district of Azad Jammu Kashmir (AJK), Pakistan (shown
in Fig. 1). Just over 11 km of the twin tunnel system will be excavated
by TBM, while the remainder will be excavated by drill-and-blast. The
maximum depth of the tunnels is nearly 2000 m. In the tunnel areas
under deep cover, the rockmass is generally very tight and no large
inflows or groundwater pressures have been encountered. Therefore,
the rockmass will be considered dry.

The project is located in the Himalayas, a geologically young
mountain range of spectacular height that developed as a result of the
collision between various continental and micro continental plate
fragments during the late Mesozoic to late Cenozoic periods. The main
geological formation outcropped is the Murree Formation, except at the
tunnel intake, which is partly in igneous or metamorphic rocks be-
longing to the Panjal Formation.
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Fig. 2. Structural geology along the tunnel.

Structurally, the area around the TBM tunnel is moderately folded
and gently faulted. As shown in Fig. 2, the tunnel in the bored section
has passed through some closed light synclines and anticlines, and a
fold stroke in NW300°-330°. In most areas, the bedding was observed to
be steeply dipping and striking almost perpendicular to the bearing of
the tunnel alignment (normal condition). Local folding driven
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disturbance to this dominant structure appears fairly common. Fault
structures caused bedding dips to flatten and to be folded into a drag
fold with a thickened fold hinge against the fault. This feature leads to
tremendous rockburst hazards.

The Murree Formation at the location of the TBM tunnels consists of
alternating beds of grey medium to fine grained sandstone and reddish
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Fig. 3. Geological mapping and stress measurement locations.

colored fine to very fine grained siltstone with occasional thin mud-
stone layers. Thick sandstone beds are often very massive and compe-
tent. A number of intact rock material test campaigns have been con-
ducted over the life of the project. The summary of intact rock
properties were derived from a review of available rock testing data.

During excavation at the NJ-TBM tunnel, a number of light, several
moderate, and rare intensive rockbursts occurred. Detailed observation
of rockbursts had been documented during excavation, and these ob-
servations were used as the database for this study.

2.2. Field investigation of in situ stress

2.2.1. Description of in situ tests and results

During the construction stage, the improved over-coring technique
tests and confining-pressure experiments were carried out. The testing
locations are approximately 15 m off the tunnel wall to ensure that the
disturbance from the construction will not affect the in situ stress field.
The locations of testing boreholes, corediscing records and geological
map after tunnel excavation are plotted in Fig. 3.

The magnitude, orientation, and dip angle of 3D geo-stresses are
derived and are presented in Table 2. To compare the results from
different test locations, it is best to transform the principal stress
components to the common tunnel coordinate system. The stress tensor
are derived through coordinate transformations, as also given in
Table 2.

The test results show that the maximum compressive stresses reach
50-116 MPa. It is found that for the maximum compressive stresses, the
trends are among 270-340° and dips —30° to 30° from the horizontal
plane. The results show that the horizontal tectonic stress field dom-
inates in this area.

2.2.2. Analysis of the test results
The distribution law of the in-situ stress field evinces the following
characteristics:

(1) Considering the inherent heterogeneity of rock mass, stresses
measured at different locations could be different with each other,
even at the same borehole. It is more reasonable to remove the
conspicuously unconventional test results (region of stress con-
centration). Fig. 4 show the values of ox, Oy, 07 from the common
tunnel coordinate system increase almost linearly with burial
depth. Mathematical relationships with the burial depth are derived
as follows:

ox = 0.0273H + 16.807 (@)
oy = 0.0341H + 4. 423 2
oz = 0.0337H—0.3687 3

where H represents the depth of cover in the location of the test, in units
of m. Note that the correlation coefficients between the three stresses
and the depth are 0.671, 0.812 and 0.83, respectively. It is noted that ox

Table 2

Test results using with CSIRO hollow inclusion strain gauge method.
No. Depth (m) o, o 03 ox oy oy

Mag (MPa) Dip (°) Brg (°) Mag (MPa) Dip(°) Brg (°) Mag (MPa) Dip () Brg (°) MPa MPa MPa

1 1040 73.9 6 327 37.7 37 242 26 52 50 71.3 38.6 32.3
2 1040 108.8 11 330 35.2 47 228 23.7 41 69 95.1 39.9 32.7
3 1040 82.1 13 339 37.7 62 224 25.8 25 75 65.3 429 37.5
4 1200 88.9 2 297 54.9 60 203 11.7 30 29 86.9 24.4 44.2
5 1010 102.9 33 292 40.6 14 193 25.1 54 84 78.9 41.4 48.3
6 1010 107.3 21 338 40.9 64 119 32.7 13 243 82.7 49 49.3
7 1010 102.9 32 312 48.4 47 195 24.4 37 70 89.8 43.8 45.7
8 800 50.7 14 102 24.3 43 206 19.5 44 358 43.4 27.6 235
9 800 54.9 30 107 27.7 13 204 21.2 57 315 43.5 30.6 29.7
10 800 50.7 39 101 21.3 22 210 15.9 43 322 32.7 24.8 30.4
11 1530 53.4 14 70 51.7 5 339 43.2 75 227 52.4 52 43.9
12 1530 50.6 7 102 48.5 13 10 40.7 75 221 49.9 48.6 41.3
13 1530 60.7 2 95 56.4 3 5 47.6 86 211 59.5 57.5 47.7
14 1785 109.2 20 269 67.2 60 36 4.7 22 170 59.5 59 62.6
15 1785 116.8 35 282 75.8 29 35 36.2 42 155 82 76.1 70.7
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Fig. 4. Regression analysis of the in-situ stresses with burial depth.

equals the maximum horizontal stress perpendicular to the tunnel
alignment op,,x, and the vertical stress o7 equals the minimum principle
stress approximately. These equations will be used to obtain the in-situ
stress in the places where no in situ tests are available.

(2) The fitting coefficient 0.0337 of vertical stress means an increment
of 100 m depth causes an increment of 3.37 MPa of vertical stress. It
is larger than 2.7 MPa, i.e. the theoretical vertical stress. The result
is consistent with the hydraulic test results obtained in the feasi-
bility study of the NJ-TBM project, which all the values were found
to vary between 150% and 85% of the theoretical gravitational
stress (Khan, 2012).

(3) These results of 1.1 < ox/0; < 2.9, with an average of 1.6 in-
dicated that the in-situ stress field was dominated by the horizontal
tectonic stress, which are all compressive stresses that approxi-
mately coincide with the results of the regional tectonic analysis.

3. Statistics of rockburst events and limitations of the traditional
rockburst criteria

3.1. Statistics of rockburst events

During excavation at the NJ-TBM tunnel, a number of light, several
moderate, and rare intensive rockbursts occurred. Fig. 5 shows the
distribution of rockburst events in the TBM tunnel along with burial
depth and measured in situ stress. According to the detailed in situ
statistical analysis, the following rockburst characteristics can be
summarized:

(1) Within the 6.6 km between chainages 13 + 500 and 06 + 900,
rockburst frequencies increase then decrease as the burial depth
increases. Two intensive rockburst events took place at a shallow
depth (below 800 m depth), while several light or moderate rock-
bursts occurred at the maximum overburden depth in the
1700-1950 m range, although the maximum principal stress was as
high as 116 MPa. This suggests uncertainty as to whether higher in
situ stresses will lead to more severe rockbursts.

It is worth noting that the occurrence of intensive rockbursts is
highly correlated with the character of the rockmass and geologic
structures. Fig. 6 shows the typical rockburst notch of the “5.31”

(2

—

event, an extremely intensive rockburst that occurred between
chainage 09 + 700 and 09 + 800 at a 1200 m burial depth. The
surrounding rockmasses for the extremely intensive “5.31” rock-
burst mainly consist of intercalated thick-bedded sandstone and
grained siltstone, which is brittle and high in strength. Geologic
structure analysis demonstrated that fault structures caused bed-
ding dips to flatten and to be folded into a drag fold, as shown in
Fig. 7 (Bawden, 2015). Higher in situ stress (about 87 MPa) and
local fault driven disturbances led to the “5.31” rockburst event.
Notably, before the tremendous rockburst event, several light or
moderate rockbursts occurred. Several other remarkably intensive
rockburst events have been recorded when encountering similar
local tectonic geological conditions.

3.2. Limitations of the traditional rockburst criterion

The traditional strength-stress ratio criteria are widely used for
rockburst classification and prediction, e.g., Barton et al. (1974),
Russenes (1974) and Zhang et al. (2012). Using the NJ-TBM tunnel as
an example, the threshold ratio for the criteria and corresponding in-
tensity are summarized in Table 3.

Classification for the actual rockburst cases were assessed in dis-
cordance with the three criteria. The tunnel was under moderate to
intensive rockburst risk with the traditional strength-stress ratio cri-
teria. While most actual rockbursts were light; only several moderate
rocskbursts and the rare intensive rockbursts occurred during tunnel
excavation (Fig. 5). Some light and several moderate rockbursts oc-
curred at the maximum overburden depth of 1700-1950 m, in spite of
the higher stress as high as 120 MPa. The “5.31” rockburst case illus-
trates that the occurrence of intensive rockburst is also highly corre-
lated with higher in situ stress, complex rockmass properties, and
geologic structures (Fig. 7).

The traditional rockburst criterion is convenient for design en-
gineers to understand and apply this criterion, but it is considered too
conservative and simple to predict rockburst events in complex geolo-
gical conditions. While the influence factors of rockburst are considered
more comprehensively with parallel multi-index comprehensive cri-
teria, it is noted that the validity of existing models, to some extent,
depends upon the subjective understanding of the researchers, and are
limited in applicability and reliability, particularly during the
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Fig. 5. Rockburst events with burial depth of the tunnel and in-situ stress.

construction phase. In addition, rockmass quality and construction
characteristics are also ignored in the traditional rockburst criterion. It
is essential to establish an appropriate criterion to evaluate the rock-
burst tendency accurately with the consideration of rockmass quality
and construction characteristics during the construction phase.

4. Development of the novel rockburst criterion based on the
rockmass strength and in situ stress

4.1. The novel rockburst criterion
The strength-stress ratio is often used for rockburst evaluation by

most international scholars, which can take key influencing factors of
rockburst into account. Therefore, the novel rockburst criterion is still

(c)V-like profile — upper left sholder

based on this idea. The rockburst occurred generally due to the im-
mediate unloading of surrounding rockmass from the triaxial condition.
While the uniaxial compressive strength of traditional rockburst cri-
terion is not representative of rockmass quality and construction
characteristics. Therefore, the rockmass strength under a certain con-
fined pressure is estimated to replace the uniaxial compressive strength
0., addressing the limitations of previous methods.

The main method for estimating the rockmass strength is based on
strength theory, using the index of rockmass classification (RMR, GSI,
Q, et al.) combined with partial rock mechanics test indexes. The
rockmass strength based on the Hoek-Brown strength criterion is
widely applied and recognized (Hoek and Brown, 1997; Hoek et al.,
1998, 2002; Marinos and Hoek, 2000). By introducing the parameters
of stress state, rock strength, geologic structure, and construction

(d)Distant slab buckling of side wall

Fig. 6. The rockburst damage conditions.
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Fig. 7. Local folding with bedding- an apparent structural anomaly (Bawden, 2015).

disturbance, the rockmass strength estimation formula derived from
Hoek-Brown strength criterion can be summarized as follows:

’ a
ot g3
Ogm = 03 + Gi| Mp— + §

Oci

4

where oy, is the triaxial rockmass strength based on the Hoek-Brown
strength criterion, ¢; is the uniaxial compressive strength of the intact
rock material, and oy is the minimum principal stress at failure.

my, is a reduced value of the material constant m; and is given by:

GSI—100
= MR\ e

F

)

%

" ®)

where o; is the uniaxial tension strength.
Components s and a are constants for the rockmass given by the
following relationships:

(GSI—IOO)
s =exp| ————

9-3D 7)

1/ -GsI —20
a =05+ g(e /15—e /3) 8)

where GSI is the geological strength index; D is an excavation dis-
turbance factor varying from O for undisturbed in situ rockmass to 1 for
very disturbed rockmass. Undisturbed rock mass conditions with D = 0

Table 3
The statistics of threshold ratio for the criteria and corresponding intensity.

achieved by TBM excavation are discussed in guidelines for the selec-
tion of D (Hoek et al., 2002).

Ultimately, the novel rockburst criterion is proposed based on the
rockmass strength-stress ratio:

’
O rm

Omax 9

RPI (Rockburst Proneness Index) =

Where 0y« is the maximum horizontal stress perpendicular to the
tunnel alignment.

Practical experience indicates that the maximum in situ stress when
the surrounding rockmass failure occurs, can be expressed simply:

07 = 10max (10)

where 7 is the factor of stress concentration.

According to in situ stress-state evaluations gathered from practical
experience, a conclusion can be drawn that the ratio of the rock mass
strength o;,, under the limiting equilibrium stress state to the maximum
in situ stress o, should be less than 0.5 (Wang et al., 2009, 2011),
Therefore, when  o,/0] = 0/n/(NOmax) < 0.5(also  stated  as
Opm/Omax < 0.57), the rockmass can be considered to be under high
stress, which has a large influence on rockmass stability.

Taking a circular tunnel as an example, generally speaking, the
stress concentration factor 7 is between 2 and 4, so when
1 < 0//0max < 2, the rockmass is under high stress and in a “Intensive”
rockburst state. When o;,,/0max > 4, obvious stress-induced damage
will not occur because regions in which 7 is greater than 8 are rare,

Chainage Depth o O3 Barton et al.(1974) Russenes (1974) Zhang et al. (2012) Site records of rockburs
(m) (m)
0ci/ 01 Result Op/Oci Result 01/0¢i Result
13 + 834 800 52.2 43.8 2.74 Moderate 0.62 Intensive 0.36 Moderate 10B,1.5m*7m
10 + 935 1010 104.4 27.4 1.37 Intensive 1.57 Intensive 0.73 Intensive 2 intensive, 4 light RB, crown; OB, 30 m * 6 m
10 + 881 1040 88.3 25.2 1.62 Intensive 1.31 Intensive 0.62 Intensive 1 light RB, crown; OB, 7m * 6 m
9 + 861 1200 88.9 11.7 1.61 Intensive 1.40 Intensive 0.62 Intensive 1 intensive, 21 light RB, crown; Lots of OB
8 + 827 1500 54.9 43.8 2.61 Moderate 0.66 Intensive 0.38 Moderate 1 moderate, 20 light RB;1 OB, 15m *7.5m
8 + 422 1700 113 36.2 1.27 Intensive 1.66 Intensive 0.79 Intensive 1 moderate, 8 light RB;1 OB, 3m *1m
8 + 287 1785 113 36.2 1.27 Intensive 1.66 Intensive 0.79 Intensive 7 light RB; 3 small OB
7 + 440 1950 126.1 65.3 1.13 Intensive 1.71 Intensive 0.88 Intensive 3 light RB; 4 small OB
7 + 280 1860 120.2 62.3 1.19 Intensive 1.64 Intensive 0.84 Intensive 1 light RB

Note: RB and OB are the abbreviations of rockburst and overbreak.
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Table 4
Threshold values for the rockburst evaluation index.

Engineering rockmass strength-stress ratio

Rockburst grade

Intensive ~ Moderate Light No

Ofm/Omax

1-2 2-4 4-7 >7

which is considered to be in a low stress state with a corresponding
“light” rockburst risk. For very low stress states, a value of 7 around
12-20 indicates that rockmass failure does not occurs with a corre-
sponding “no
Hydropower Projects Criteria in China considers there to be no risk of
rockburst when ¢;,/0max > 7. The final threshold values for the rock-
burst evaluation index are shown in Table 4.

”»

rockburst risk. Accordingly, the Water Resources and

4.2. Proper selection of rockburst influencing factors

In practical applications such as the NJ-TBM tunnel, the important
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parameters for predicting rockburst (the geological strength GSI, and
the rock strength ;) were obtained as follows:

e Considering the narrow space for observation in the TBM tunnel, the
quantitative GSI equation was estimated by a regression analyses
using TBM performance parameters.

® An empirical equation for o, was developed based on TBM perfor-
mance parameters, making a quick and accurate determination of
the rock strength during construction.

4.2.1. The quantitative GSI model based on TBM parameters

The quantitative GSI value can generally be obtained based on the
structure rating (SR) and surface condition rating (SCR) (Marinos et al,
2005). In this study, the relationships between different TBM perfor-
mance parameters (such as Torque (M), Thrust (F), Revolutions Per
Minute (RPM), Penetration (P), the field penetration index (FPI) and
boring/specific energy (SE)) and the geological strength index (GSI)
were investigated. Graphs (a) to (d) of Fig. 8 show the relationship
between different TBM performance parameters and GSI. Table 5 lists
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Fig. 8. Correlation between GSI and T, P, F, RPM, SE and FPIL.
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Table 5
Summary results of correlation of GSI with TBM parameters.
Parameter R? Regression type Relationship Eq. no.
Simple parameters Penetration 0.4869 Power GSI = 106.06 x p~0-278 (11)
RPM 0.5317 Power GSI = 38.84 x RPM0-291 12)
Thrust 0.5589 Linear GSI =29 X F + 4273 (13)
Torque 0.5797 Power GSI = 51.11 x M0-226 14
Composite parameters FPI 0.5943 Linear GSI = 0.831 x FPI + 48.76 (15)
SE 0.7221 Logarithmic GSI = 9.26 X Ln(SE) + 30.87 (16)
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Fig. 9. Comparative analysis of two different GSI accessor method.
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Fig. 10. Correlation between o; and FPIL

the summary results of correlation.

As shown, the composite TBM parameters FPI and SE show better
correlation than the simple parameters. Correlation results between GSI
and TBM performance parameters show that R% SE > FPI > Torque
(T) > Thrust(F) > Revolutions Per Minute(RPM) > Penetration(P).
Therefore, SE was selected as a suitable parameter for developing em-
pirical relationships between TBM parameters and GSI.

To establish these correlations, comparative analysis using two
different GSI methods were carried out to verify the accuracy of GSI
values based on the TBM SE parameter. The variations of absolute er-
rors E (%) were calculated according to following formula:

ActualGSI—EstimatedGSI

E(%) =
(%) ActualGSI

-100

a7

The GSI estimated from the TBM SE parameter is compared with the

399

observed GSI for the selected tunnel sections (Fig. 9). As shown, most
AGSI values are less than 5. Values for E (%) are in the range of
0.01-10%, which indicates that the use of the TBM boring/specific
energy (SE) parameter is an effective method for determining the value
of GSL

4.2.2. Development of the new o prediction model

The rock strength o; is served as a significant mechanical parameter
for accident assessment of rockburst classification. Unlike conventional
drilling and blasting methods, one of the drawbacks of the use of TBMs
is that the construction method prevents the direct observation of the
tunnel face. Because TBMs simultaneously excavate the entire face of
the tunnel as they advance, fast and accurate determination of the rock
strength at the advancing face is virtually impossible. The establish-
ment of a rapid prediction model for o;; based on TBM performance is a
pressing challenge for rockmass strength estimation in TBM applica-
tions.

Some cases indicated o values correlate significantly with TBM
parameters, and results demonstrated that FPI and o,; were positive
correlation(Nelson et al., 1983; Sanio 1985; Hamidi et al., 2010;
Hassanpour et al., 2009, Hassanpour et al., 2011). Therefore, in this
study, regression analyses were performed between UCS and TBM
performance parameters, and FPI was also selected as the most suitable
machine parameter for developing empirical relationships with o.
Fig. 10 show the correlation between o,; and the field penetration index
(FPI) of TBM parameters. Logarithmic regression equation was derived
as follows:

Oej = 34.35Ln(FPI) + 79.81 (18)

This equation will be used to obtain the fast and accurate de-
termination of the rock strength based on TBM parameters. It is noted
that the establishment model of the rock strength o; only concentrated
on the Murree tertiary hard rocks or similar geological parameters, such
as the brittle and higher-strength sandstone and grained grayish silt-
stone, which is highly correlated with the occurrence of rockbursts. The
regression equation does not apply to the soft brown siltstone or
mudstone.

5. Effectiveness of the novel rockburst criterion and typical cases
study

An analysis of rockburst cases was carried out to verify the ration-
ality and applicability of the novel rockburst criterion. Results obtained
from the novel and traditional rockburst criteria were compared with
the actual rockburst records gathered during the excavation of the NJ-
TBM tunnel.

For the novel rockburst criterion, the test results of the in-situ stress
are available in Table 2 and calculated with Egs. (1)-(3). GSI is cal-
culated with Eq. (16), based on TBM parameter of the boring/specific
energy (SE). Similarly, the rock strength o; is obtained rapidly using the
TBM performance parameter FPI as per Eq. (18). Ultimately, the rock-
burst evaluation index is obtained by Eq. (9) and the rockburst grade is
determined with Table 3. On the other hand, the traditional criteria
e.g., Barton et al. (1974), Russenes (1974) can be obtained by
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Table 6 (continued)

Site records of rockburst

New criterion

Russenes (1974)

Ogi GSI Barton et al. (1974)

Omax

O3

Depth o3

(m)

Chainage

Geological units

Result

Result 0g/0; Result 0'rm/ Omax

0Oci/ 01

multiple ejection with large sound

3.31-4.43 Light -

Intensive 1.62 Intensive

1.24

08 + 047-08 + 001 1900 123.07 63.66 68.68 115.4-189.2 61.3

Interbedded “sandstone + siltstone” layer

and overbreak continually above the
shield

Moderate

multiple ejection with continually

3.28-4.22 Light -

Intensive 1.60 Intensive

1.27

123.07 63.66 68.68 122.1-191.2 57.6

08 + 001-07 + 959 1900

Sandstone + thin siltstone layer

sound above the shield and overbreak

occasionally

Moderate

multiple ejection with continually
sound above the shield and local

overbreak continually

2.69-4.45 Light -

Intensive 1.58 Intensive

1.13

60.6

07 + 959-07 + 856 1950 126.08 65.35 70.04 86.6-198.3

Interbedded “ siltstone + sandstone” layer

Moderate

Occasionally ejection with light sound

and overbreak

2.65-4.12 Light -

Intensive 1.69 Intensive

1.09

57.1

07 + 856-07 + 788 1950 126.08 65.35 70.04 90.6-184.8

Siltstone + thin sandstone and mudstone

Moderate
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calculating the strength-stress ratio (Table 1). The rockbursts that oc-
curred in different geological units are analyzed with the novel and
traditional criteria, and the results are summarized in Table 6.

Table 6 indicates that classifications using the three criteria for the
rockbursts are different. The tunnel is under intensive rockburst risk
with the traditional strength-stress ratio of 0.9-2.48 from Barton et al.,
1974 (0./07) and 0.76-2.35 from Russenes 1974 (0p/0.;). While based
on in situ rockbursts records, most rockbursts were light-moderate and
the intensive rockburst occurred rarely during tunnel excavation. This
research effort indicates that prediction using the novel criteria for the
rockbursts cases study is in agreement with that obtained from our
database, even though the rockbursts occurred in different geological
units.

6. Conclusions

In this study, various rockburst events observed and recorded
during construction of the NJ-TBM tunnel were statistically analyzed.
Considering the multiple factors influencing the likelihood and char-
acter of rockburst during construction and the limitations of traditional
rockburst criteria, a series of detailed studies were carried out and the
following conclusions were obtained:

(1) The traditional rockburst criteria are practical and convenient for
design engineers to predict rockbursts. However, it is considered
too conservative and simple to predict rockburst events in complex
geological conditions. Conservation and unreliability applying the
three traditional strength-stress ratio criteria in rockbursts of the
NJ-TBM tunnel are observed. This indicates it is uncertain whether
higher in situ stress will lead to higher-grade rockbursts. The oc-
currence of rockbursts is also highly correlated with the rockmass
quality and construction characteristics during the construction
phase.

(2) A novel rockburst criterion was presented utilizing the rockmass
strength-stress ratio method, which is defined as the ratio between
the rockmass strength based on the Hoek-Brown strength criterion
and the maximum horizontal stress perpendicular to the tunnel
axis. This criterion relates the key influencing factors on rockburst,
such as the characteristics of the rockmass, the in situ stress, the
geologic structure, and nearby construction disturbances.

(3) In practical application at the NJ-TBM tunnel, some attempts on
quantitative models of the geological strength index (GSI) and rock
uniaxial compressive strength (o;) were made based on the specific
energy (SE) and the field penetration index (FPI) from the TBM
performance database, respectively. This makes it possible to con-
ventionally evaluate Hoek-Brown rockmass strength.

(4) The observations and classification of 26 rockbursts cases in dif-
ferent geological units indicate that the novel criterion greatly en-
hanced the accuracy and applicability of rockburst prediction
during the construction phase, through comparative analysis with
the traditional criteria.

If the stress distribution state, rockmass quality, and construction
characteristics can be effectively evaluated, the rockburst could be
better determined by the suggested rockburst criterion. Obviously, this
criterion should be further verified with other TBM engineering rock-
burst data. Additional data from other TBM tunnels may help to provide
some useful conclusions and expand the range of application of the
novel rockburst criterion presented in this paper.
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