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Abstract

Rockburst is a common geological disaster in the process of deep rock excavation, and stress gradient is an important factor
affecting rockburst. In this paper, the concept of “stress concentration” was proposed. The relevant data of a large number
of engineering rockburst cases were statistically analyzed, and a new rockburst criterion of stress—strength ratio considering
stress gradient of surrounding rock was established. The research results revealed that the rockburst criterion considering the
stress gradient distribution of surrounding rock could effectively overcome the problem of non-uniform division of rockburst
criteria in the traditional strength-to-stress ratio. It can fully reflect the influence of tunnel size effect on rockburst. There
was a significant correlation between rockburst strength and stress gradient, and different rockburst strengths showed obvi-
ous zoning concentration phenomenon on the two-dimensional plane. The established rockburst criterion considering the
stress intensity ratio of surrounding rock had strong applicability, and the prediction accuracy could reach more than 90%.
The proposed rockburst criterion in this paper has certain theoretical and engineering guiding value for the early warning
of underground engineering disasters.

Keywords Strain rockburst - Stress—strength ratio - Stress gradient - Rockburst intensities - Rockburst prediction

Introduction

At the current time, with the increase of deep rock excava-
tion in a high in situ stress environment, rockburst phenom-
enon has become a major geological engineering problem in
deeply buried long tunnels. This has increasingly highlighted
the need for effective rockburst prevention and control strat-
egies (Li et al. 2017a; Taromi et al. 2017; Afraei et al. 2018;
Rudziriski et al. 2019; Oge and Cirak 2019; Kaiser and Moss
2022; Niu et al. 2022). The accurate predictions of rockburst
can assist in taking appropriate engineering countermeasures
in the designs and construction of engineering projects to
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reduce or avoid losses caused by rockburst disasters (Guo
etal. 2017; Feng et al. 2019; Forbes et al.2020). At present,
there are many research results available regarding rockburst
phenomena. However, the various theoretical prediction
methods based on rockburst theories and rockburst failure
mechanisms still present difficulties in engineering applica-
tions (Hauquin et al. 2018; Wojtecki et al. 2022). Therefore,
the study of rockburst mechanisms and prediction models
is of great significance for guiding engineering practices.
In engineering practices, rockburst is generally predicted
using simple stress grading methods. For example, the ratios
of the tangential stress levels following excavation activities
or the maximum principal stress levels of the far fields to
the uniaxial compressive strength of the surrounding rock
masses are used as the discriminant indexes. These rock-
burst criteria include the Tao, Barton, Norway, Russense,
Hoek criteria, and so on (Zhao et al. 2016). However, since
the current rockburst criteria based on strength theory do
not include the comprehensive influences of various impor-
tant factors, the gaps between the calculated results and
the actual results are relatively large. Therefore, nonlinear
theories have been introduced to predict rockburst, such as
genetic algorithm methods and Bayesian evaluation methods
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(Li et al. 2017b, c; Dong et al. 2016). However, it has been
found that due to the minimal amount of in-depth explora-
tion which has been conducted regarding the relationships
between the various influencing factors, and the necessity
for setting the weights of the main factors and each discrimi-
nant factor, it has proven difficult to fully reflect the degrees
of dependence or interdependence of the influencing factors.
Therefore, the applications of the previously mentioned dis-
tinguished methods thus far have been limited. Currently,
although the neural network method, support vector machine
method, and distance discrimination method have solved the
problems mentioned above (Zhou et al. 2012; Diederichs
2018), there have been further limitations caused by “bot-
tleneck” problems when acquiring knowledge, and the exist-
ing limitations have negatively affected the potential for its
engineering applications.

The strain rockburst mainly occurs during the loading
process of the tangential stress concentration after the tunnel
excavation. Therefore, regardless of whether it is a single-
factor rockburst criterion or multi-factor nonlinear prediction
method, the rockburst criteria based on strength theory are
often used as the key indicators in predicting strain rockburst
conditions (Li et al. 2017d; Kong et al. 2019). The rockburst
criteria based on the strength theory are mainly from the
relationship between the strength of the rock masses and
the concentrated secondary stress of the surrounding rock
masses. The relative magnitude of the stress is used as the
failure criterion. However, the deformations of surrounding
rock masses caused by excavation activities are dependent
not only on the stress levels of the rock masses but also on
the stress paths and their original stress histories (Xie et al.
2015). During the excavations of underground tunnels, the
surrounding rock masses will experience complex stress
paths. The tangentially concentrated stress of the tunnel
remains more significant at the excavation boundary and
presents a descending trend toward the interior of the sur-
rounding rock masses with a specific gradient (Miao et al.
2016). Also, the excavation methods, tunnel sizes, and geo-
logical structure of the surrounding rock masses all impact
stress distributions of surrounding rock. Liu et al. (2017)
pointed out that the size effect exists in the rockburst inten-
sity, which is mainly due to the change of energy storage
depth and energy release caused by the stress distribution
of surrounding rock. That is the nonlinear rule. The energy
release rate tends to be strong with the increase of the diam-
eter of the tunnel and then decreases with the increase of the
diameter of the tunnel when it exceeds a specific diameter
scale. Liu et al. (2021) and Huo et al. (2020) demonstrated
that the rockburst intensity is related to the tangential stress
gradient of surrounding rock through indoor rockburst model
tests, and the rockburst intensity of the model increased
with the increase of stress gradient. From this viewpoint, a
strength criterion method that simply considered the stress
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of the surrounding rock and ignored the stress path distribu-
tion may not be comprehensive to some degree in its results.

Therefore, based on the analysis of the influencing fac-
tors of rockburst phenomenon, the tangential stress distri-
bution of surrounding rock is considered, and the concept
of stress gradient is introduced. In addition, a quantitative
representation of the surrounding rock stress gradient values
is also provided. Based on engineering rockburst examples,
the corresponding rockburst intensities were expressed in
the two-dimensional plane determined by the stress—strength
ratio and stress gradient. Then, through the empirically fit-
ted expressions, a more accurate and reasonable rockburst
criterion was established. The achieved results will provide
new ideas and approaches for rockburst prediction in deep
underground engineering.

Analysis of the main factors affecting
the rockburst phenomena

The present study determined that to avoid rockbursts, the
factors that affect rockburst need to be fully understood.
Rockburst is a phenomenon resulting from rock mass fail-
ures. These failures are caused by the high-stress concen-
tration conditions of the surrounding rock masses follow-
ing tunnel excavation activities. It has been observed that
although there are many inducing factors, regardless of how
complicated the internal mechanisms are, the rockburst is
mainly controlled by two factors: the rock mass conditions
and the stress field conditions (Miao et al. 2016).

Rock mass conditions

As the intrinsic influencing factors of rockburst, the rock
mass conditions mainly referred to the hard and brittle
nature of surrounding rock mass (Wang et al. 2015). The
“hard” nature of the surrounding rock masses is determined
by the uniaxial compressive strength 6; and the rock integ-
rity index K,. Generally speaking, it has been found that
the higher the uniaxial compressive strength and the more
complete the rock masses, the more favorable the condi-
tions for the rock masses to store strain energy. The “brit-
tleness” of the surrounding rock masses is determined by
the impact energy index W, =&, / @, which is the ratio of
the anterior peak area @, and the post-peak area @ of the
uniaxial compression stress—strain curve of the surround-
ing rock masses; and the brittleness coefficient B=c/ o,
which is the ratio of the axial compression strength 6 to
the uniaxial tensile strength o,. It is generally believed that
the larger the W, and B value, the higher the elastic energy
release rate during rockburst failures, the more favorable
the conditions for rockburst.
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It has been previously observed that the greater the
instantaneous release of energy from the surrounding rock
masses in tunnel excavations, the greater the likelihood of
rockburst. For this reason, the rockburst phenomena mainly
occur in fresh and intact rock masses with hard textures and
high structural densities, where there are no or few cracks,
and the material tends to be hard and brittle.

Stress field conditions

As the external influencing factors of rockburst, the stress
field conditions refer to the secondary stress fields of the
surrounding rock masses following excavation activities.
The stress field conditions generally refer to the tangential
stress of the surrounding rock, subject to an initial in situ
stress state and such engineering excavation conditions
such as engineering layouts, excavation forms, and excava-
tion methods dependent on the mechanical properties of the
rock masses (Guo et al. 2017).

At present, the stress field conditions for rockburst are
usually expressed by the ratio of the maximum tangential
stress or the maximum principal stress around the sur-
rounding rock masses to the uniaxial compressive strength
of surrounding rock. When a tunnel is excavated, the initial
stress state of the original rock will be disturbed, and the
initial stress balance of the surrounding rock masses will
be destroyed, which results in stress redistributions. It is
known that the high concentrations of the secondary stress
cause the stress of surrounding rock masses to exceed the
critical stress generated by the rockburst, thereby resulting
in the occurrences of rockburst phenomena. Therefore, the
stress—strength ratios of the surrounding rock, as the core
factors controlling the rockburst, are often used as critical
indicators for rockburst predictions. The rockburst criteria
based on strength theory commonly used for hard and brittle
rock masses are shown in Table 1.

As can be seen in Table 1, there are two leading indicators
in the rockburst criteria. One is the uniaxial compressive
strength of the surrounding rock masses, and the other is the

stress level in the surrounding rock masses of the tunnels.
At present, the most widely used indicator is the ratio of the
maximum tangential stress 6, of the surrounding rock to
the uniaxial compressive strength o of the rock. However, a
major current controversy exists regarding the critical value
of the criteria, and the accuracy of the rockburst predictions
has been relatively lower.

The gradient distributions of the tangential stress
of the surrounding rock masses

The failure modes of rockburst are determined by the rock
mass types and the stress states of the surrounding rock
masses. Among the known affecting factors of rockburst,
the methods used to assess the lithology conditions of rock
masses are relatively comprehensive. The main factors influ-
encing the formation, expansion, and fusion of surround-
ing rock fissures include the following two points: (1) the
principal stress magnitude; (2) the principal stress direction
(as shown in Fig. 1). However, the most commonly used
criterion-based strength theory mainly reflects the influence
of principal stress magnitude on the rockburst intensity when
considering the stress field conditions affecting rockburst.
The directions of extension of cracks in rock masses are
affected by the rotation of the principal stress axis. The gen-
eration, expansion, and penetration of secondary fractures in
rock masses occur along the direction of the maximum prin-
cipal stress or form small angles with the maximum princi-
pal stress direction (Luo et al. 2020; Song et al. 2022). Due
to the underground openings, the tangentially concentrated
stress of the tunnel remains larger at excavation boundary
and decreases toward the interior of the surrounding rock
with a certain gradient. The tangential stress of this gradi-
ent distribution subsequently leads to varying degrees of
deflection of the principal stress direction, thereby affecting
the deformations and failure mechanisms of the surrounding
rock masses. As shown in Fig. 2, Liu et al. (2021) used the
simplified formula of surrounding rock tangential stress dis-
tribution to express the gradient distribution of surrounding

Table 1 Rockburst criteria

Criterion Regional engineering  Discriminant Intensity grading

based on strength theory (Zhou

etal. 2012) No Light Medium Violent
Russense Norwegian Mine Opmax! Oci <0.2 0.2t00.3 03t00.55 >0.55
Turchaninov ~ Kola Peninsula Mine  (6y.c+0 )0,  <0.3 0.3t00.5 0.5t00.8 >0.8
Tao Chinese Tunnel o.lo| >145 55t0145 25t05.5 <25
Hoek South African Mine Ogmax! Oci <034 <042 <0.56 >0.7
Xu Erlang Mountain Cgmax! Oci <0.3 0.3t00.5 0.5t00.7 >0.7

In the table, o, is the uniaxial compressive strength (MPa) of rock; 6y, is the maximum tangential stress
(MPa) in the section of underground space; o, represents the maximum principal stress (MPa) in the
ground stress tensor; and op, denotes the axial stress (MPa) along the direction of the excavation in under-

ground space
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Fig. 1 Effects of the principal 0°

stress direction on fracture | o

development (Eberhard 2001) ¢ !
/ - 1

rock tangential stress, quantified the stress gradient coeffi-
cient by m (m >0) value (the larger m, the greater the load-
ing stress gradient), and analyzed the rockburst phenomenon
under different stress gradient loading conditions through
laboratory tests. It is found that, within a certain stress gra-
dient, with the increase of the loading stress gradient, the
rockburst intensity increases and the failure stress decreases,
and the main failure of the model is transitioned from tensile
failure to shear failure. It shows that the stress gradient has a
significant influence on the evolution process of rockburst.

Fig.2 Rockburst moment of the
model under different gradients
(Liu et al. 2021)

Lcnliclulzlr

debris

(c) Stress gradient coefficient m=4
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However, in the stress field conditions of the current rockburst
criteria, the rockbursts are judged only in the one dimension of
the strength theory, which is essentially not comprehensive to
some degree. Therefore, under stress field conditions, by consid-
ering the influences of the stress magnitudes and stress distribu-
tions on the rockburst, the conditions will be more consistent with
the stress of surrounding rock masses evolution processes of the
tunnel walls. It can then be concluded that considering the stress
distribution index can help establish a more reasonable rockburst
criterion for rockburst phenomena predictions.

Conchoidal

fracture

(d) Stress gradient coefficient m=6
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Rockburst criterion of SR-SG

The above analysis shows that the stress intensity ratio and
the tangential stress distribution of surrounding rock have
influence on the intensity and failure stress of rockburst. In
order to consider the influence of the stress intensity ratio
and the tangential stress distribution of surrounding rock
on rockburst in the engineering, a new rockburst criterion
of stress—strength ratio considering stress gradient of sur-
rounding rock (SR-SG) is established on the basis of the
quantitative expression of the stress gradient.

Quantitative expression of stress gradient

As shown in Fig. 3, it has been observed that the tangen-
tially concentrated stress of the tunnel remained larger at
the excavation boundary, presented a descending trend
toward the interior of the surrounding rock masses, and
tended to the original rock stress value eventually. It is nec-
essary to simplify the surrounding rock mass’s stress in the
disturbance zone to quantify the distribution of tangential
stress gradient in surrounding rock.

As shown in Fig. 3, it is assumed that the vertical stress
and horizontal stress of the excavated rock mass are ¢, and
03, the diameter of tunnel radius is a, the lateral pressure
coefficient A =03/, and x is the radial distance (m) from
a point in the surrounding rock to the tunnel center. When
the lateral pressure coefficient 1 <1, the failure is mainly
concentrated on the two sides of the tunnel. Therefore, the
tangential stress distribution of the surrounding rock with
0=0° is discussed.

The tangential stress oy and radial stress o, of the surround-
ing rock with 8=0° are (Yu and Wang 2021):

L V=0s
(6=0°)

/10'1

(“=1)

Fig.3 Tangential stress distributions of the surrounding rock masses in
a deeply buried tunnel

1 2] 3a*
Oy = 50'1(1"‘2)(1"'%)4'561(1 _/1)(1+%) (1)
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Excavation disturbance stress is:
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Then the rate of change of disturbance stress with x is:

d(cy — o)) B —0,a*(1 + A) 4 —60,a*(1 — 1)
dx B x3 x5

&)

do, —o03) c,a>(54 = 3) N 60,a*(1 — A)

dx x3 x>

(6)

By the Eq. (5), the surrounding rock excavation disturb-
ing tangential force rate of change gradually decreases with
the increase of x. Because the rockburst generally occurs
near the tunnel wall, the absolute value of the stress change
rate of the surrounding rock at the tunnel wall can be used to
represent the stress gradient value of the surrounding rock.
Subtract x=a into Egs. (5) and (6) to obtain the tangential
stress gradient coefficient (7SGC) and radial stress gradient
coefficient (RSGC) of surrounding rock:

0]
TSGC = E(7—52) )

o
RSGC = ;(3 ) (®

Equations (7) and (8) indicate that 7SGC and RSGC are
both in direct proportion to ¢; and inversely proportional to
a, and the change rule of both is consistent.

Statistical analysis of cases

As the leading cause of surrounding rock failure is the com-
pression process of tangential stress concentration, the tangen-
tial stress gradient coefficient TSGC is taken as the indicator
to distinguish rockburst in this paper. In this study, based on
the current related research results and in situ rockburst data
(Zhou et al. 2012; Feng et al. 2019), a total of 81 rockburst
instances were examined, as shown in Table 2. The corre-
sponding values of 7SGC and the stress—strength ratio R
(R=0yax/0.;) (Zhou et al. 2012) were calculated using the
engineering measured data. The corresponding rockburst
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Table 2 Engineering rockburst cases (Billington et al. 2011; Zhou et al. 2012; Feng et al. 2019)

Tunnel name Tunnel diameter Dy/m o,4/MPa  o,/MPa Comax/MPa 64, [0 TSGC/MPa-m™' Rockburst level
Mine-by Test Hole 35 220 60 169 0.77 293.7381 Light
Jinping II Tunnel 13 140 70 114.8 0.82 51.76615 Medium
Jinping II Tunnel 7.2 120 48 98.6 0.82 57.0212 Violent
Neelum-Jhelum Diversion 11.7 132.64 64.80-77.76 238.7520 1.80 212.67747 Violent
Tunnel 13626 65.61-78.73 239.8176 1.76 210.63529 Violent
138.53  66.42-79.70 239.6569 1.73 196.17742 Violent
130.79  67.23-80.68 239.3457 1.83 200.48809 Violent
128.45  68.04-81.68 238.9170 1.86 195.15841 Violent
131.17  61.9-74.36 238.7294 1.82 230.2305 Violent
130.31  62.69-75.23 239.7704 1.84 227.956 Violent
136.46  50.03-60.03 121.4494 0.89 92.95009 Medium
141.58  50.21-60.26 120.3430 0.85 90.978 Medium
141.67  50.40-60.48 120.4195 0.85 90.61786 Medium
13791  50.58-60.70 121.3608 0.88 91.45779 Medium
140.79  50.77-60.92 121.0794 0.86 90.63924 Medium
135.84  50.95-61.14 120.8976 0.89 90.06844 Medium
126.23  51.13-61.35 121.1808 0.96 89.90424 Medium
168.22  61.56-73.87 262.4243 1.56 298.6242 Light
181.13  61.56-73.87 262.6385 1.45 299.27567 Light
16440  61.56-73.87 263.04 1.60 300.46188 Light
143.38  61.56-73.87 262.3854 1.83 298.56501 Light
118.95 61.56-73.87 262.8795 221 270.04226 Medium
156.28  61.56-73.87 262.5504 1.68 299.00908 Light
15494  61.5-73.87 263.398 1.70 301.53136 Light
108.54  63.1-75.82 262.6668 2.42 259.28169 Medium
147.77  63.1-75.82 263.0306 1.78 288.62422 Light
84.98 63.1-75.82  262.5882 3.09 259.09954 Medium
92.48 63.1-75.82  262.6432 2.84 259.21337 Medium
Ertan Hydropower Station 13 220 26 90 0.41 64.43787 Light
Taiping 9 165 31.3 62.6 0.38 1391111 Light
Lubuge 8 150 17 34 0.23 28.58766 No
Zhongtianshan Tunnel 8.8 85 10.89 28.37 0.334 17.82243 Light
90 13.93 29.98 0.333 10.34665 Light
95 24.88 52.82 0.556 65.69565 Medium
100 15.04 33.90 0.339 12.59673 Light
70 9.95 24.51 0.350 12.02266 Light
Baziling Tunnel 6.56 64.6 14.46 31.2 0.483 63.26182 Medium
Shuangjiangkou Hydropower 14.94 71.97 15.98 44.80 0.622 41.09527 Light
Station 77.67 22.11 60.47 0.779 22.96892 Light
91.47 19.21 52.06 0.569 19.34037 Light
86.80 37.82 105.25 1.21 91.66741 Medium
100.6 23.05 64.75 0.636 26.20144 Light
97.97 3291 82.32 0.840 74.83285 Medium
Monkey Mountain 12.28 100 28.33 71.73 0.72 77.21841 Medium
Qinling Tunnel 11.2 120 16.6 42.7 0.356 16.90421 Light
219 53.9 0.450 70.72232 Medium
28.7 68.5 0.570 74.05939 Medium
22.1 53.16 0.443 19.11458 Light
Micangshan Tunnel 7.1 130 22.78 45.56 0.350 12.8338 Light
Norwegian Xima 31.92 180 48.8 126.9 0.705 19.88597 Light
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Table 2 (continued)

Tunnel name Tunnel diameter Dy/m o,4/MPa o,/MPa Comax/MPa 64, [0 TSGC/MPa-m~' Rockburst level
Sweden Headrace 9.24 200 28.0 76-82 0.38-0.41 45.8256 Light
South Africa Hoist Tunnel Room 8.5 198-230 44.3 93.9 0.41-0.47 28.7024 Light
Norwegian Eikesdal Tunnel 6.71 200 30.6 70.6 0.353 36.87414 Light
Japan Guanyue Tunnel 104 236 89.0 250.8 1.063 15.558 Light
Norway Sewage Tunnel 2.98 180 35.0 101.5 0.564 22.31 Light
Tianshenggiao Diversion Tunnel  9.58-10.83 115 31.2 78.5 0.683 87.53028 Medium
Jinping Geological Exploration ~ 3.39 105-160 25.6 61.7 0.386-0.588  73.72661 Light
Tunnel
Taipingfeng Hydraulic Tunnel 10.25 190-200 30.7 81.9 0.410-0.431 42.65801 Light
Erlang Mountain Highway 8.42 56.76 14.84 37.17 0.26 19.96932 Light
Tunnel 77 40.12 105.92 1.376 115.41879 Medium
64.9 41.26 41.536 0.64 14.63406 Light
185.9 20.62 52.06 0.280 28.58766 No
60.06 28.59 28.829 0.48 10.1285 Light
92.4 65.96 65.604 0.71 5.858 Violent
74.14 3.37 8.29 0.11 4.23332 No
60.5 275 7.34 0.12 4.65981 No
87.12 3.96 8.90 0.10 3.42193 No
87.12 3.96 7.26 0.08 1.00594 No
56.76 2.58 14.84 0.26 36.58834 No
185.9 8.45 20.62 0.11 10.28841 No
92.4 9.23 25.59 0.277 17.81698 No
Jinping I Hydropower Station 10.92 70.0 35.00 70.00 1.00 12.82051 Light
Yuzixi Diversion Tunnel 6.2 170.0 45.00 90.00 0.529 29.03226 Light
Dongguashan Copper Mine 13.823 132.2 343 105.50 0.798 106.31812 Medium
Daxiangling Tunnel 12 59.7 20.8 25.7 0.43 4.08586 No
114 27.1 55.6 0.488 60.46347 Medium
123 27.0 56.9 0.463 62.02978 Medium
132 26.7 62.1 0.47 68.78118 Medium
116 26.7 29.7 0.256 6.03455 Light
94 26.6 29.1 0.31 6.13543 Light
90 259 27.8 0.31 6.10026 No
88 24.1 30.3 0.344 4.32707 Light

intensities of the engineering examples were classified
according to the scale and damage scope. They can be repre-
sented in a two-dimensional plane determined by the 7SGC
and the R, as illustrated in Fig. 4.

According to the existing rockburst criterion based on the
strength theory, it is generally believed that the rockburst
intensity increases with the increase of the stress—strength
ratio R. It can be clearly seen from Fig. 4 that there is no
linear relationship between rockburst intensity and 7SGC
or R. However, in the plane composed of the T7SGC and the
R, the cases with the same intensity have obvious charac-
teristics of clustering zoning.

Establishment of rockburst criterion

According to the distribution law of the cases in R-TSGC
plane, the cases with the same degree of rockburst intensity
are divided by horizontal and vertical lines, and Fig. 5 can
be obtained.

It can be seen from the Fig. 5 that, when R <0.2, no rock
burst occurs; in the 5 horizontal sections, the rockburst inten-
sity in the same TSGC horizontal section increases with the
increase of R; in different horizontal sections of 7SGC, the
R threshold of rockburst intensity classification is different.
In general, with the increase of TSGC, the R threshold of
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Fig.4 Two-dimensional plane
determined by the 7SGC and the R

Fig.5 Fitting map of the rock-
burst grade areas
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Table 3 Rockburst criterion of

Criterion TSGC/MPa-m™! Rockburst intensity
SR-SG
No Light Medium Violent

SR-SG 0-7.5 0.20>R R>0.2 — —
7.5-12.5 0.22>R 0.44>R>0.22 R>0.44
12.5-20 0.28>R 0.60>R>0.28 0.97>R>0.60 R>0.97
2040 0.33>R 0.74>R>0.28 1.50>R>0.74 R>1.50
>40 0.40>R 2.0>R>0.40 R>2.0 —

rockburst intensity classification increases. The strong rock-
burst almost occurs in the region where R > 1 and 7SGC is
between 13 and 40 MPa-m~'. Based on the partitioning in
Fig. 5, the rockburst criterion of SR-SG can be established
to determine the rockburst intensity of surrounding rock, as
shown in Table 3.

As can be seen from Fig. 5 and Table 3 that the main differ-
ence of SR-SG rockburst criterion compared to the traditional
rockburst criteria based on strength theory is that, with the
increase of TSGC, the R threshold of rockburst intensity clas-
sification increases. The reason is that when R is the same,
the increase of 7SGC value means that the tunnel diameter
decreases (Eq. (7)). Martin et al. (1999) points out, with the
decrease of the hole diameter, the size effect and structure
effect of the strength of the surrounding rock become more
and more obvious, which makes the stress value for the failure
of the inner wall of the tunnel increase significantly, leading
to the corresponding increase of the bearing capacity of the
surrounding rock.

Analysis of the prediction effects of SR-SG

Comparative analysis of the rockburst case
predictions

A comparison was made of the accuracy of the rockburst
intensity predictions obtained with the different rockburst
criteria according to the statistical data shown in Table 2.
The results are shown in Table 4. The predictions of the
traditional rockburst criteria based on strength theory are
found to have an accuracy of no more than 50%, whereas the
prediction accuracy of the SR-SG in this study, which had

Table 4 Comparison of the prediction accuracy of the relevant rock-
burst criteria

Criterion SR-SG  Russense Turchaninov Hoek Xu
criterion criterion  criterion criterion
Prediction 94.01% 29.27%  47.56% 41.46% 45.12%

accuracy

considered the stress gradient, was determined to be more
than 90%. These results indicated that the proposed criterion
is more applicable to rockburst prediction.

Rockburst predictions of the Bayu Tunnel
in the Lalin Railway

The Bayu Tunnel is located in the lower reaches of the
Sanga section of the southern Tibetan Valley in China.
The ground elevations of the tunnel are a range between
3260 and 5500 m, and accordingly, the height difference is
about 2300 m. The study area is considered to be a typical
alpine valley landform. The mileage of the tunnel is between
DK190+ 388 and DK203 +461. The total length is 1307 m;
the maximum buried depth of the tunnel is approximately
2080 m; and the equivalent diameter of the excavation sec-
tion is 9 m. The lithology of the rock in the study area is
singular, and the majority is composed of tertiary medium-
angled hornblende black cloud granite. The surround-
ing rock masses of the tunnel area are relatively complete
and mainly composed of types II and III surrounding rock
masses, storing high amounts of elastic strain energy. The
parameters of the surrounding rock masses are shown in
Table 5. It can be seen from the tunnel depth and the param-
eters of the surrounding rock masses of the project area that
the Bayu Tunnel has high-stress field conditions and the
lithological conditions which are appropriate for rockburst
phenomena to occur.

On October 6 of 2015, the Bayu Tunnel had suffered a
rockburst event. As of November 30, 2018, rockburst had
frequently occurred during construction activities in the
Bayu Tunnel. According to the statistical data, the cumula-
tive length of the rockburst had reached up to 12,111 m.
This included 5636 m for the light rockburst, 4944 m for
the medium rockburst, and 1531 m for the violent rockburst.
These rockburst phenomena had seriously affected the safety

Table 5 The parameters of the surrounding rock masses of the tunnel
excavation area

Lithology o/MPa c/MPa Integrity factor K|,

Granite 120 7.6 50t07.5
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Table 6 Rockburst situation and prediction results of the Bayu Tunnel of the Lalin Railway

Prediction of  Prediction

Rockburst Destruction phenomenon and Rockburst damage patterns at the Stress
SR-SG of Table
location rockburst intensities project site Imethod
On September 11, 2016, the vault
o1=31
collapsed in a large area, and
0,=20.6
a blasting pit with a length of 8 m,
03=7.63 Medium Violent
DK193+566 ~ maximum depth of approximately 3 m,
Oomax=13.6 rockburst rockburst
and a circumferential direction of
R=0.613
approximately 7 m was formed
TSGC=16.3
(Medium rockburst).
On July 26,2017, an  “explosive”
rockburst occurred in the middle and 01=27.5
lower parts of the face. The right side 0,=10.5
Light or
wall formed an irregular curved 03=10.5 Light
DK201+520 medium
blasting pit with a length of 5.0 m; a Opmax=T1.2 rockburst
rockburst
depth of approximately 2.0 m; and a R=0.59
height of approximately 3.0 m. TSGC=12.73
(Light rockburst)
On August 29, 2017, a rockburst
0, =29
lasting for 45 hours had occurred,
g, =10
DK201+410 which had caused cracks behind the
g, =10 Light Medium
to tunnel face within 60 m. Also, debris
Opmax = 60.5 rockburst rockburst
DK201+402  was peeled off in large areas, causing a
R=0.504
local blasting pit.
TSGC=139
(Light rockburst)
On November 20, 2017, a rockburst
occurred on the left side of the tunnel
o, =43
face for approximately 3 m. The
o, =229
rockburst event lasted for more than Medium or
o, =72 Medium
DK195+443 90 hours. An irregular blasting pit had Violent
Opmax = 95.4 rockburst
formed, with a longitudinal length of rockburst
R=0.796
approximately 8 m, and a maximum
TSGC=24.03
depth of approximately 7 m.
(Medium rockburst)
On November 15, 20138, a strong
0,=42.45
rockburst had occurred in the vault in
3 o, =22.8
the range of approximately 6 m in the
o, =8.76 Violent Violent
DK196+726 DK196+726 section, which lasted for
Oomax = 93.8 rockburst rockburst
50 hours. The rockburst caused a large
2ok R=10.988
collapse of the vault.
P Kn‘ 24 n=467
(Violent rockburst) i
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Table 6 (continued)

On September 6, 2016, a rockburst

event had suddenly occurred on the o =312
right side of the DK190+545, which o, =204
Light or
had rapidly expanded into the deeper o, =7.63 Violent
DK193+545 Medium
part of the surrounding rock masses to Opmax = 13.4 rockburst
rockburst
form a large-scale wedge-shaped R=0.459
cavity with an influence depth of 3 m. n=23.84
(Violent rockburst)
On May 11, 2017, on the left side of
the DK 194+637, a rock-blast had
o, =404
occurred accompanied with a
0, =224
squeaking sound and a crisp popping
o =7.1 Medium Violent
DK194+637 sound. The rock mass was lenticular,
Opmax = 89.4 rockburst rockburst
ribbed, and was ejected out. A wedge-
R=0.745
shaped cavity with a depth of
TSGC=24.73
approximately 1.5 m was formed.
(Medium rockburst)
On December 2, 2017, on the right
g =38.1
side of the DK200+091 section, a large
o, =14.1
number of rock plates were burst off or Medium or
a, =9.6 Light
DK200+091  ejected, and the blasting pit was a pan- Violent
Opmax = 78.08 rockburst
shaped cavity with an influence depth rockburst
R=0.65
greater than 0.5 m.
TSGC=21.87
(Light rockburst)
On December 11, 2016, at the vault of
DK 1934955, a large piece of the 0, =348
surrounding rock masses had 0, =213
continuously burst, and a large volume o, =74 Medium Violent
DK193+955
of rock had appeared to be ejected, Comax = 97 rockburst rockburst
forming a “V” shaped shear rock R=038
blasting pit. TSGC = 20.66
(Medium rockburst)
On May 11, 2017, a rockburst event
occurred on the left side of the
o, =26
DK202+569, in which some of the
o, =112
surrounding rock masses had been Violent or
o, =112 Light
DK202+569 loosened and peeled off. The Medium
Ogmax = 006.8 rockburst
destruction was dominated by rockburst
R=0.56
cracking, with fresh shell-like failures
TSGC=12.6

of the surface areas observed.

(Light rockburst).
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and progress of the tunnel construction. The rockburst char-
acteristics and prediction results of the typical rockburst sec-
tions are detailed in Table 6.

As can be seen from the prediction results shown in
Table 6, the prediction results of each traditional rockburst
criterion based on strength theory are quite different, and
the overall prediction accuracy of these rockburst criteria
was low, which was due to the inconsistent division of the
rockburst intensity intervals. However, the early predictions
of the rockburst for the Bayu Tunnel are consistent with the
actual intensities when the rockburst criterion proposed in
this study was based on SR-SG. Therefore, the results had
indicated that the proposed criterion is applicable for the
predictions of rockburst phenomena.

Conclusions

In this study, based on the analysis results of the main influ-
encing factors of rockburst, the concept of stress gradient was
introduced, and a simplified calculation method was pro-
posed. A large number of rock burst engineering examples
were used to establish an empirical two-parameter rockburst
criterion that comprehensively considered the stress—strength
ratio and stress gradient. Main findings are as follows:

1. The concept of stress gradient was proposed to describe
the concentration levels of the tangential secondary stress
of the surrounding rock masses. The physical meaning
was as follows: Change rate of tangential stress on wall
of surrounding rock. In terms of its definition, the stress
gradient was mainly related to the initial in situ stress,
lateral pressure coefficient, and tunnel diameter.

2. It was determined from the statistical analysis results of
the engineering rockburst examples that the rockburst
intensities were related to the stress magnitudes and stress
gradient. The different rockburst intensities had displayed
apparent intervals in the two-dimensional plane, which
had been determined by the stress gradient and the stress—
strength ratio. The prediction accuracy of the empirical
relationship of rockburst criterion established in this study
which was based on strength theory and had considered
the stress gradient had reached more than 90%. Therefore,
it had displayed good adaptability potential for actual rock-
burst predictions in underground projects.

3. The rockburst criterion proposed in this study overcame
the problems related to the non-uniformity of the indi-
cator intervals of traditional rockburst criteria based on
strength theory. Meanwhile, since the stress concentra-
tion is related to the tunnel diameter, the proposed cri-
terion is of great guiding significance for future under-
ground engineering designs, construction projects, and
indoor rockburst simulation experiments.

@ Springer

There was observed to be a clear correlation between the
rockburst phenomena and the stress gradient. However, due
to the limited number of collected rockburst examples in this
study, the boundaries of the proposed rockburst criterion
could not be accurately classified. Therefore, a large num-
ber of engineering examples will still be needed to further
improve the proposed rockburst criterion.
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