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1. Introduction 
 

A rockburst is defined as a violent explosion of a block 

causing a sudden rupture in the rock. Rockbursts are quite 

common in deep tunnels (Li et al. 2019). A rockburst can be 

accompanied by rock splitting, flake peeling, ejection of 

rock pieces with noise, and even the sudden collapse of a 

tunnel (He et al. 2018, Keneti and Sainsbury 2018, Ma et al. 

2018). Due to their frequent occurrence and terrible  
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destruction, rockbursts in deep rock masses have drawn the 

attention of many engineers and scientists. When a 

rockburst phenomenon occurs, the existing support design 

and tunneling methods must be reconsidered carefully 

(Ulusay 2016). 

To investigate the prediction of rockbursts, methods 

based on the strength criterion have been introduced, such 

as the Russense (1974), Barton et al. (1974), Turchaninov 

(Turchaninov, 1981), and Hoek methods (Hoek and Brown 

1980), Huang et al. (2017), Wang et al. (2018). These 

methods mainly depend on the ratio between the uniaxial 

compressive strength and parameters such as the tangential 

stress, maximum geostress, and axial stress of caverns. 

Many laboratory tests were conducted to obtain these data. 

Considering the transformation of energy during a rockburst, 

scholars have proposed various energy theories, including 

the energy consumption index method (Kidybinski 1981), 

orientation index method (Mazaira and Konicek 2015), and 

energy ratio method (Chen et al. 2015). Pu et al. (2019) 

employed a support vector classifier (SVC) to predict 

rockburst in kimberlite pipes at a diamond mine, and the 

processed prediction data was fed into the trained SVC 

model, the prediction results were obtained, which matched  
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Abstract.  A rockburst is a common disaster in deep-tunnel excavation engineering, especially for high-geostress areas. An 

anomalously low friction effect is one of the most important inducements of rockbursts. To elucidate the correlation between an 

anomalously low friction effect and a rockburst, we establish a two-dimensional prediction model that considers the 

discontinuous structure of a rock mass. The degree of freedom of the rotation angle is introduced, thus the motion equations of 

the blocks under the influence of a transient disturbing force are acquired according to the interactions of the blocks. Based on 

the two-dimensional discontinuous block model of deep rock mass, a rockburst prediction model is established, and the initiation 

process of ultra-low friction rockburst is analyzed. In addition, the intensity of a rockburst, including the location, depth, area, 

and velocity of ejection fragments, can be determined quantitatively using the proposed prediction model. Then, through a 

specific example, the effects of geomechanical parameters such as the different principal stress ratios, the material properties, a 

dip of principal stress on the occurrence form and range of rockburst are analyzed. The results indicate that under dynamic 

disturbance, stress variation on the structural surface in a deep rock mass may directly give rise to a rockburst. The formation of 

rockburst is characterized by three stages: the appearance of cracks that result from the tension or compression failure of the 

deformation block, the transformation of strain energy of rock blocks to kinetic energy, and the ejection of some of the free 

blocks from the surrounding rock mass. Finally, the two-dimensional rockburst prediction model is applied to the construction 

drainage tunnel project of Jinping II hydropower station. Through the comparison with the field measured rockburst data and 

UDEC simulation results, it shows that the model in this paper is in good agreement with the actual working conditions, which 

verifies the accuracy of the model in this paper. 
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real rockburst cases that recently occurred at this mine. Zou 

(2016) proposed an approximate solution of a circular 

tunnel based on the generalized Hoek-Brown failure 

criterion. Many other methods, mainly based on 

experimental approaches, have been proposed, such as a 

brittleness index method (Shi et al. 2021) and a supervised 

learning method (Zhou and Mitri 2016). 

The above methods are mainly based on laboratory tests 

and mechanical theory. Although the relations between the 

influencing factors and rockbursts were studied, those 

methods are insufficient in both explaining the inner 

rockburst mechanism and simulating the real state of the 

deep rock mass. To overcome this deficiency, field test 

methods were adopted, through which real-time data could 

be acquired (Stacey 2016). Also, the corresponding 

relationship between the monitoring information and the 

specific phenomenon occurring in excavation could be 

established. So far, techniques such as acoustic emission 

(Hardy 1972, Lei et al. 2000), the microgravity method 

(Fajklewicz 1983), and the electromagnetic radiation 

method (Frid 2001) have been used to establish the 

corresponding relationship between them. In particular, 

Yang et al. (2019) adopted the borehole overcoring method 

to carry out the in-situ stress for field test, and judged the 

rock burst level of the tunnel according to the russens 

criterion. But the shortcomings of in situ tests are obvious, 

such as the high expense and poor anti-interference 

performance. 

On the other hand, to use only one method to predict the 

probability of rockbursts has limited accuracy and reliability. 

Therefore, it is necessary to establish an appropriate 

evaluation method to assess the tendency of rockburst 

accurately by considering multiple influencing factors. 

Many mathematical evaluation methods have been adopted 

for this purpose. Familiar methods are fuzzy mathematics 

(Wang et al. 2015, Wang et al. 2019), neural networks (Di 

and Wang, 2021), ant colony optimization (Dorigo and 

Birattari 2010), and improved support vector machines (Ji 

et al. 2020). 

Numerical methods have also been widely used to 

predict rockbursts. Based on the boundary element method, 

Shen (2011) modeled the fracturing process in a  

 

 

surrounding rock mass using the FRACOD program. Zuo 

(2012) performed numerical analysis on the zonal 

disintegration of rock mass using realistic failure process 

analysis (RFPA3D). Shi and Chen (2014) conducted 

numerical simulation research on a deeply buried coal 

roadway fault rockburst. He et al. (2016) proposed a 

discontinuous rock-mass model to predict rockbursts.Based 

on finite element model (FEM) software, the Abaqus 

explicit code was used to simulate dynamic rock failure in 

deep tunnels. Material heterogeneity was considered using 

Python scripting in Abaqus, and Rockbursts near fault 

regions in deep tunnels under static and dynamic loads were 

studied (Manouchehrian and Cai 2017). Sepehri et al. (2020) 

used the results of the numerical model, two rockburst 

criteria (Ts and BPI) have been used to assess the rockburst 

tendency in the understudy domain.  

Most current predictive methods can only evaluate the 

probability of occurrence of rockbursts. However, it can not 

predict the location, range and strength of rockburst from 

present models. Since the quantitative level is not 

sufficiently applicable as a basis for further research in 

rockburst prevention, it is necessary to develop a new 

rockburst prediction method. Sadovsky (1979) proposed 

that it is necessary to account for the discrete structure of a 

real rock mass. The discrete structures of the material at 

various scale levels were considered in the solution of the 

dynamic crack propagation problem (Slepyan 2012, 

Kazarinov et al. 2021). Aleksandrova (2004) used the visco-

elastic and elastic models to simulate wave propagation in 

block media. Kurlenya (1998) first discovered a 

phenomenon that occurs among deep masses: the friction 

among interacting geo-blocks disappears quasi-periodically 

at some discrete points along the direction orthogonal to the 

external pulse. For this reason, the phenomenon was later 

named anomalous low friction (ALF). As one of the typical 

nonlinear dynamic responses in deep rock masses, the ALF 

phenomenon is related to rockburst, especially the fault 

movement of rockburst in deep coal mine excavation (Wu 

et al. 2008). And more experimental investigations of the 

ALF phenomenon were conducted by Wu et al. (2008), who 

explored and explained the ALF phenomenon by 

establishing a similar one-dimensional dynamic analysis  

  

(a) Experimental model (b) Theoretical model 

Fig. 1 Anomalous low friction effect model: (a) experimental model and (b) theoretical model (Wu et al. 2008) 
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experimental model in different materials. The 

corresponding numerical model was also built (see Fig. 1).  

The research on the occurrence mechanism, prediction 

mechanism and preventive measures of rock burst is also 

promoted by scholars all over the world. However, there are 

many reports of disasters and accidents caused by rock 

burst to deep engineering, and the problem of high death 

rate of rock burst has not been well solved. Therefore, the 

research on rockburst prediction still needs to be carried 

out. 

The purpose of this paper is to clarify the physical 

mechanism of rockburst generation due to the ALF 

phenomenon in an elastic rock mass. On this basis, a more 

quantitative rockburst prediction model is established 

compared with the previous prediction. By extending from 

Saraikin’s model (Saraikin et al. 1998), the proposed model 

can evaluate the detailed intensity parameters of rockburst 

such as the location, depth, rockburst area, and velocity of 

ejected pieces. Specifically, to explain the mechanism of an 

anomalous low-friction type rockburst, the formation of the 

rockburst is illustrated, step by step. The changing behavior 

of the rockburst configuration in the tunnel’s radial 

direction is comprehensively studied. The results can 

provide guidance on the design and construction of deep 

excavated tunnels. 

 

 

2. Two-dimensional discontinuous block model 
 

2.1 Construction of the two-dimensional 
discontinuous block model 

 

In this section, a two-dimensional discontinuous block 

model is established on the basis of the one-dimensional 

discontinuous block model. The degree of freedom of the 

rotation angle is introduced, thus the motion equations of 

the blocks under the influence of the transient disturbing 

force are acquired according to the interactions of the 

blocks. 

As shown in Fig. 2, the two-dimensional discontinuous 

block model consists of rigid blocks and deformation blocks.  

 

 
The length of rigid blocks in the x- and y-directions are 

2Lx
 

and 2Ly, respectively. The deformation blocks are 
divided into two kinds: vertical deformation blocks with a 
length of 2lx in the x-direction and 2Ly

 
in the y-direction, 

and horizontal deformation blocks with a length of 2Lx in 
the x-direction and 2ly in the y-direction. The dimensions of 
the deformation blocks are much less than those of the rigid 
blocks. This assumption corresponds to the concept of 
lithospheric structure defined by Sadovsky (1979), in which 
a hierarchy of blocks (elements) is separated by relatively 
thin, pliable boundary zones. 

 

2.2 Derivation of the motion equations of the 
deformation blocks 

 

For convenience in calculations, the rigid blocks are 

numbered using the indices i horizontally and j vertically. It 

is assumed that each rigid block (i, j) only interacts with its 

four nearest neighbor blocks: (i, j+1), (i, j-1), (i+1, j), (i-1, j). 

Using global coordinates, the motion of rigid block (i, j) is 

described by the two displacements ui, j, vi, j and the rotation 

angle φi, j. The motion of a deformation block is described 

by the two displacements ul, vl. 

Associated with its center of gravity, the motion of each 

rigid block in the rectangular coordinate system is described 

by two displacements u , v  and the rotation angle φ, 

where φ is relatively small (|φ| << 1). Then we have 

u u y

v v x





 


   

(1) 

where u, v are the respective displacements of the block in 

the x- and y-directions in the coordinate system. 

Assuming that the displacements of the deformation 

block vary linearly with the length along the x and y axial 

directions, then we have 

for the vertical deformation block,  

1 2

1 2

l

l

u a a x

v b b x

 


 

 ( )xx l  
(2) 

 
Fig. 2 Two-dimensional discontinuous block model, in which the shaded areas stand for deformation blocks and the other 

spaces represent rigid blocks 
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for the horizontal deformation block, 

3 4

3 4

l

l

u a a x

v b b x

 


 

  ( )yy l  
(3) 

The coefficients a1, …, a4 and b1, …, b4 can be 

determined by the boundary conditions of the elastic block 

and the corresponding adjacent rigid blocks. Taking the left 

vertical deformation block and the upper horizontal 

deformation block (i, j) for example, we have 

, 1,

, 1,

x xx x

x xx x

l i j l i jx l x lX L X L

l i j l i jx l x lX L X L

u u u u

v v v v

  

  

  



 


 

( )x xx l X L     

(4) 

, 1,

, 1,

y yy y

y yy y

l i j l i jy l y lY L Y L

l i j l i jy l y lY L Y L

u u u u

v v v v

  

  

  



 


 

 y yy l Y L     

(5) 

Substituting Eqs. (2) and (3) into Eqs. (4) and (5), the 

displacements of the deformation blocks can be expressed 

in terms of the displacements of the rigid blocks. 

For vertical deformation block (i, i+l), we have 

1, , 1, , 1, , 1, ,

1, , 1, , 1, , 1, ,

1
( ( )) ( ( ))

2

1
( ( )) ( ( ))

2

l i j i j i j i j i j i j i j i j

x

l i j i j x i j i j i j i j x i j i j

x

x
u u u y u u y

l

x
v v v L v v L

l

   

   

   

   

  
         

  


 
        

 

 
(6) 

Similarly, for horizontal deformation block (j, j+l), we 

have 

, 1 , , 1 , , 1 , , 1 ,

, 1 , , 1 , 1, , , 1 ,

1
( ( )) ( ( ))

2

1
( ( )) ( ( ))

2

l i j i j y i j i j i j i j y i j i j

y

l i j i j i j i j i j i j i j i j

y

y
u u u L u u L

l

y
v v v x v v x

l

   

   

   

   

  
         

   


 
        

  

 

(7) 

Considering the elastic-brittle property of rock, the 

stress and displacement of the deformation block are related 

with Hooke's law of an elastic period. Under the two-

dimensional condition, we have 

( 2 )

( 2 )

( )

x

y

l l
n

l l
n

l l
xy

u v

x y

u v

x y

u v

y x

   

   

 

  
  

 

  

  
 

  
 

 

 
(8) 

   1 1 2

Ev

v v
 

 
 (9) 

2(1 )

E

v
 


 (10) 

Substituting Eqs. (6) and (7) into Eq. (8), the stress in 

the deformation blocks can be expressed in terms of the 

displacements and rotation of the rigid blocks under the 

assumption (lx, ly)<<(Lx, Ly). 

For a vertical deformation block 

1, , 1, ,

1, , 1, ,

1, , 1, ,

2
( ))

2

( ))
2

( ))
2

x

y

n i j i j i j i j

x

n i j i j i j i j

x

xy i j i j x i j i j

x

(u u y
l

(u u y
l

(v v L
l

 
  


  


  

 

 

 

 
   




   



   


 
(11) 

1, , , 1 ,

, 1 , , 1 ,

, 1 , , 1 ,

( ))
2

2
( ))

2

( ))
2

x

y

n i j i j i j i j

y

n i j i j i j i j

y

xy i j i j y i j i j

y

(v v x
l

(v v x
l

(u u L
l


  

 
  


  

 

 

 


   


 

   


    


 
(12) 

Hence, the motion equations of a rigid block (i, j) are 

derived. If a block is not a boundary block, we have 

,

,

,
( )

2

i j

x x2

L

2

i j

y y2

L

2

i j

y x 02

L

u
m p dl F

t

v
m p dl F

t

J xp yp dl M
t



 
 


 

 


 
  
 







 (13a) 

where 

x ym 4 L L  (13b) 

( )2 2

x y x y

4
J L L L L

3
   (13c) 

x

y

x n x xy y

y xy x n y

p n n

p n n

 

 

 


 

 (13d) 

m and J are the mass and central moment of the block, 

respectively; ρ is the density of the block; px and py are 

the projections of the stress vector acting on a block 

contour L onto the respective x- and y-axes; and nx, ny 

are the projections of the normal vector to contour L 

onto the respective x and y axes. Fx, Fy, and M0 are the 

external forces and moment applied to the block. 
Substituting px and py in Eqs. (11) and (12), then 
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integrating the expressions on the right side of Eq. (13), the 

motion equations of the rigid blocks are obtained as follows 

,

, . , , . , , ,( ) ( ( ))

2

i j x1 2
i 1 j i j i 1 j i j 1 i j i j 1 y i j 1 i j 12

x x y y

u FV V
u 2u u u 2u u L

t L l L l m
      


        



 
(14) 

,

, . , , , , . ,( ( )) ( )

2

i j y2 1
i 1 j i j i 1 j x i 1 j i 1 j i j 1 i j i j 12

x x y y

v FV V
v 2v v L v 2v v

t L l L l m
      


        



 
(15) 

,

, , , , , ,

, , , , ,

, , , , ,

( ) ( )

(( ) ( ))

(( ) ( ))

2 2 2
i j 1 y 1 x

i 1 j i j i 1 j i j 1 i j i j 12 2 2

x x y y

2
i j 1 i j 1 y i j 1 i j i j 12

y

02
i 1 j i 1 j x i 1 j i j i 1 j2

y

V L V L
2 2

t L l H L l H

3V
u u L 2

l H

M3V
v v L 2

l H J


     

  

  

   

   

   


     



    

     

 

(16) 

where  
1

2

4
V

 




 , 

2
4

V



 , 2 2 2

x yH L L  . 

As for boundary blocks, the equations describing the 

motion of the rigid blocks must be specifically derived. The 

contour L in Eq. (13) must be divided into two parts; one 

interacts with its neighbors through the inner deformation 

block and the other bears external forces and moments. 

We transform Eqs. (14), (15), and (16) into the finite 

difference expression as 

  

 

1 1 2
, 1, , 1, , 1 ,

2 1

, 1 , 1 . .

2 2

2

t t t t t t

i j i j i j i j i j i j

x x y y

yt t t t

y i j i j i j i j

V V
u u u u u u

L l L l

F
L t u u

m
 



  



 


     



    



 
(17) 
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1 2
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1

2
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x x
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i j i j i j i j i j

y y

V
v v v v L +

L l

FV
v v v t u u

L l m
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

 


   



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


 

(18) 

   

      
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2 2
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20
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2 2

3 3
   2

2 2

yt t t t t t tx
i j i j i j i j i j i j i j

x x y y

t t t t t t t

i j i j y i j i j i j i j i j

y y

t t t t t

x i j i j i j i j i j

V L V L

L l H L l H

V V
u u L v v

l H l H

M
t

J

=

L
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  

    



   

     

 

     

      


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








1

 

(19) 

An absorbing boundary is introduced to reduce 

boundary reflection of the finite-width numerical model. 

The expressions describing the blocks in the absorbing 

boundary are as follows. 
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for the left absorbing boundary 
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for the upper absorbing boundary 
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and for the lower absorbing boundary 
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where c1, c2 are the wave velocities. 

 

 

3. Quantitative prediction model of low friction-type 
rockburst 
 

3.1 Theoretical analysis of the occurrence of low 
friction-type rockburst 
 

Rockburst usually occurs in elasto-brittle rock. Unlike 

other forms of rock, the stress-strain relationship of elastic 

brittle rock mass has the following characteristics, when the 

rock mass reaches the stress peak, the strain level remains 

unchanged, the stress drops obviously, or even falls to zero. 

Then strain acutely increases while stress remains 

unchanged (see Fig. 3). 

Consistent with this characteristic, it is assumed that the 

deformation blocks will turn to a failure state when the axial 

strain reaches its ultimate value. The failure impairs the 

interaction between the adjacent blocks and leads to the 

formation of cracks at the macro level. When the 

deformation sub block reaches the ultimate compressive 

strain or tensile strain at a certain time, the deformation sub 

block will be crushed or pulled, and obvious cracks will 

appear between the blocks. When these transverse and 

vertical cracks penetrate, the accumulated potential energy 

is converted into kinetic energy. As a result, the blocks near 

the free surface will more easily slip at a certain velocity. 

For example, in Fig. 4, When the left and right sides and 

upper deformation sub blocks of block A near the free face 

are subject to tensile failure or compression failure under 

excavation disturbance. Then, driven by high speed, the 

block A may break away from the surrounding rock and 

eject into the free face to form rock burst, falling into the 

tunnel. In the actual rock burst, this phenomenon is not 

limited to a block, and the peripheral deformation sub 

blocks of blocks with different numbers and positions may 

reach the failure state. In this way, rockburst phenomena 

with different positions, fragment sizes and fragment 

ejection speeds may occur. 
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3.2 Occurrence mechanism of low friction-type roc
kburst 

 

A two-dimensional model of a rectangular tunnel is 

shown in Fig. 5. The model consists of 30 x 30 rigid blocks, 

including the absorbing boundary blocks. The excavation 

tunnel is equivalent to 10 x 10 blocks in the middle of the 

model. The horizontal and vertical geostress, denoted 

respectively as 1 and 3, is distributed homogeneously on 

the boundary. 

The values of model parameters are based on a certain 

drainage tunnel in the second-cascade hydropower station 

in Jinping, and the specific parameters are as follows. The  

 

 

block dimensions are Lx = 1 m, Ly = 1 m, lx = 0.05 m, and 

ly = 0.05 m. The time step is Δt = 0.0001 s. The minimum 

principal stress is 3= 20 MPa. The maximum principal 

stress is 1 = 80 MPa. The density of a block is ρ = 2,500 

kg/m3. The Lamé constants of the deformation block are λ = 

8 GPa and μ = 4 GPa. During the period 0-10,000Δt, the 

model is in the period of static equilibrium when the tunnel 

has not been excavated. During the period 10,000Δt < t < 

15,000Δt, the model is under the state of excavation 

unloading. 

According to a series of measured values obtained from 

indoor tensile tests (Yu et al. 2010), the ultimate axial 

tensile strain of the deformed sub block in this model is  

 

Fig. 3 The stress-strain relation of elasto-brittle rock 

 
Fig. 4 Mechanism of rockburst, where block A might be driven out due to the tensile or compressive failure of the 

surrounding deformation blocks 

 
Fig. 5 Two-dimensional model of rectangle tunnel, where the large central rectangle represents the tunnel and the 

surrounding small rectangles represent rigid blocks 
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1.0×10-4. According to the stress-strain curve obtained from 

the rock axial compression experiment (Yu et al. 2010), the 

ultimate axial compressive strain of the deformation sub 

block is -1.4×10-2. Negative represents compression and 

positive represents tension. 

Through MATLAB programming, a two-dimensional 

tunnel rockburst prediction model is established, and the 

example above is calculated. By observing the failure 

phenomenon of the surrounding rock mass, the mechanism 

and characteristics of an anomalously low friction-type 

rockburst can be explained in terms of the strain-time curve 

of the deformation block. The analysis of the crack 

propagation pattern among the surrounding rock and the 

velocity-time curves of the blocks are presented in the 

following sections. 

 

3.2.1 Analysis of the strain-time curve of the 
deformation blocks 

Figs. 6 and 7 depict the strain-time curves of the 

horizontal deformation block between blocks (15, 9) and 

(15, 10), and the vertical deformation block between blocks 

(15, 9) and (16, 9). In the period of static equilibrium (0-1 s), 

the horizontal and vertical deformation blocks are in a 

compression state with strain values of -2.8×10-3 and -

1.1×10-2. The value is lower than the ultimate compressive 

strain-1.4×10-2. Therefore, under the action of original in-

situ stress, the two deformation sub blocks are in the elastic 

undamaged stage. After the excavation, the strain changes 

 

 
of the two deformation sub blocks show different trends 
under the disturbance of unloading. Unloading produces 
instantaneous tension, which makes the horizontal 
deformation sub block transition from compression to 
tension in a very short time, and finally return to 
compression, but the value of compressive strain decreases 
significantly. In this transient process, if the tensile strain 
reaches the limit tensile strain, the deformation sub block 
will be pulled out and form cracks. In Fig. 6, the strain 
value of the horizontal deformation sub block reaches the 
maximum value of 1.088×10-3 at 1.0035s, exceeding the set 
limit tensile strain value 1×10-4. The horizontal deformation 
sub block is in a broken state and forms cracks. In the 
unloading process, the vertical deformation sub block is still 
in the compression state, and the strain value increases in 
the negative direction. In this instantaneous process, if the 
compressive strain reaches the limit compressive strain, the 
deformation sub block will be crushed and form cracks. In 
Fig. 7, the strain value of the vertical deformation sub block 
reaches -2.06×10-2 at 1.2140s, exceeding the set limit 
compressive strain value of - 1.4×10-2. According to the 
failure criteria set in the previous section, the vertical 
deformation sub block is in the crushing state and forms 
cracks. 

 

3.2.2 The crack evolution pattern of the low friction-
type rockburst 

The crack propagation pattern of the surrounding rock is 

shown in Fig. 8. The dotted line in Fig. 8 shows the  

 

Fig. 6 Strain of the horizontal deformation block between block (15, 9) and block (15, 10) versus time 

 

Fig. 7 Strain of the vertical deformation block between block (15, 9) and block (16, 9) versus time 
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deformed sub block in all directions, and the thick solid line 

shows the cracks generated after the deformed sub block is 

damaged. The oblique shadow area is a free block that may 

be separated from the surrounding rock, the fine oblique 

shadow area (A and B) is flake fragments, and the thick 

oblique shadow area(C and D) is massive fragments. From 

this we can see clearly that under the influence of 

excavation unloading, tensile failure takes place in vertical 

deformation blocks of the left and right sides and horizontal 

deformation blocks of the upper and lower sides. A large 

number of tensile cracks within the surrounding rock and a 

small number of compressive cracks on the four cross-

corners of the tunnel can also be observed (see Fig. 8(a)). In 

addition, free block zones A and B are formed due to the 

connection of the vertical cracks and the former tensile 

cracks. Afterward, tensile failure occurs in the horizontal 

deformation blocks on the left and right side. As a result, 

free block zones C and D are formed due to the connection 

of the tensile cracks and previous vertical cracks (see Fig. 

8(b)). It should be noted that at this stage, the tensile strain 

value decreases from the middle to the sides in free block 

zones C and D. The depth and area of free block zones A 

and B still increase due to the continuous extension of the 

vertical compressive cracks. In the next phase, new free 

block zones that are farther from the upper and lower sides 

of the tunnel are formed (see Fig. 8(c)). Note that the strain 

value decreases from middle to sides in the newly formed 

 

 

free block zones, suggesting rockburst in the form of 

massive debris will take place in this area. Simultaneously, 

tensile failure continues to develop to the horizontal 

deformation blocks on the left and right sides, hence free 

block zones that are farther from the inner face of the tunnel 

are formed. Since the effect of rockburst falls off as the 

distance increases from the inner rock face, the final shape 

of the free blocks takes on a "V" type distribution. Finally, 

all deformation blocks fail. As shown in the final crack 

propagation pattern (see Fig. 8(d)), the generation of free 

block zones depends mainly on the interpenetration of 

horizontal and vertical cracks within the surrounding rock. 

Moreover, it is verified that rockburst zones of different 

sizes and shapes can form due with different position of the 

cavern. 

 

3.2.3 Analysis of the velocity-time curve of the block 
Figs. 9 and 10 are the respective velocity-time curves of 

the x-direction of block (16, 10) in free block zone C and in 

the y-direction of block (10, 16) in free block zone B. The 

velocity of block (10, 16) in the x-direction is 1.972 m/s 

when separating from the surrounding rock at 1.01 s. In the 

same layer, the velocity of block (10, 13) in the x-direction 

is 0.2 m/s when separating from the surrounding rock at 

1.03 s. In the second layer, the velocity of block (9, 16) in 

the x-direction is 0.1 m/s. As shown in Fig. 11, in free block 

zone C, the velocity distribution corresponds to the strain  

  
(a) Step 10050 (1.0050 s) (b) Step 10100 (1.0100 s) 

  
(c) Step 10600 (1.0600 s) (d) Step 11500 (1.1500 s) 

Fig. 8 Crack propagation pattern after different steps: (a) Step 10050 (1.0050 s), (b) Step 10100 (1.0100 s), (c) Step 10600 

(1.0600 s) and (d) Step 11500 (1.1500 s) 
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distribution. From the data above, it is easy to see that for 

the same layer, the block located in the central part of a 

rockburst zone has a greater velocity than those in the other 

parts. Also, a block that is farther from the free face has a 

relatively smaller velocity. The difference of the initial  

 

 

velocity in horizontal projectile movement forms the 

scattering appearance of blocks on the ground. For block 

zone D, the situation is analogous to that of zone C in Fig. 

11. 

In free block zone B, the velocity of block (16, 10) in  

 

Fig. 9 Time curve of x-direction velocity of block (10, 16) 

 

Fig. 10 Time curve of y-direction velocity of block (16, 10) 

 

Fig. 11 Crack propagation pattern within the surrounding rock 
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the y-direction is 0.85 m/s. Its kinetic energy can be 

calculated as follows 

2

1

1

2

n

k i iE m v  (24) 

where m is the mass of each block, v is the velocity vector 

of each block, and n is the number of blocks. 

Based on the conservation of energy 

21

2
kE mv Mgh   (25) 

where M is the mass of whole blocks in the zone and h is 

the ejection height. 

The ejection height for free block zone B is 0.036 m. At 

the macro level, it shows a slight uplift of the ground. Since 

 

 
it does not conform to the high-
speed characteristic of rockburst, free block zone B will not 
be defined as a rockburst zone. Whereas, for the symmetric
al position, rockburst of free block zone A behaves approxi
mately in the form of free-
fall. From the above, the possible rockburst zones are A, C, 
and D. 

 

3.3 Influence on rockburst of different principal stress 
ratios, rock mass parameters 

 
3.3.1 Influence of different principal stress ratios on 

the intensity of rockburst 
Keeping the other parameters invariant, five groups of 

minor and major principal stresses are set as follows: 3 = 

120 MPa, 1 = 80 MPa; 3 = 80 MPa, 1 = 80 MPa; 3 = 40  

  
(a) (b) 

  

(c) (d) 

 
(e) 

Fig. 12 Prediction results of rockburst under different principal stress ratios; the pictures, in the order presented, correspond 

to principle ratios (3/1) of 2:3, 1:1, 2:1, 4:1, and 8:1 
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MPa, 1 = 80 MPa; 3 = 20 MPa, 1 = 80 MPa; and 3 = 10 

MPa, 1= 80 MPa. (For the first set, the direction of major 

principal stress is vertical. For the remaining sets, the 

direction of major principal stress is horizontal). The values 

of the principal stress ratio 3/1 are 3:2, 1:1, 2:1, 4:1, and 

8:1, respectively. The respective directional principal stress 

ratios x/y are 2:3, 1:1, 2:1, 4:1, and 8:1. The prediction 

results of rockburst under different principal stress ratios are 

shown in Fig. 12. 

When the principal stress ratio changes from 3:2 (the 

direction of major principal stress is vertical) to 1:1, as 

shown in Figs. 12(a) and 12(b), the massive ejection in 

rockburst zones A and B disappears. The forms of rockburst 

are mainly flake drops in the upside, left side and right side 

of the cavern. In the four corners of the rectangular cavern, 

free block zones are formed (the shadow area in black and 

white in the figure). Taking the location into consideration, 

these free blocks cannot get out of the surrounding rock. As 

the principal stress ratio increases from 1:1 to 8:1 [Figs. 

12(b) to 14(e)], for rockburst zone C, the damage form is 

always flake drops. However, for rockburst zones A and B, 

the form of rockburst turns from flake drops to massive 

ejection. In addition, the damage does not appear when the 

principal stress ratio is 2:1. Meanwhile, a certain number of 

vertical compressive cracks can be seen in the four corners 

of the rectangular cavern for all ratios. 

 

 

Fig. 13 illustrates the changes of rockburst areas and 

maximum velocity under different principal stress ratios. 

For zones A and B, the rockburst depth ratios are 0.4, 0.1, 0, 

0.2, and 0.3 according to the simulation results, and the 

corresponding damage areas are 32 m2, 8 m2, 0 m2, 10 m2, 

and 24 m2. Obviously, with the increase of the principal 

stress ratio, the depth and area of zones A and B first 

decrease to zero, and then increase. As for zone C, the 

variations of depth ratio are 0, 0.1, 0.1, 0.1, and 0.2. The 

corresponding damage areas are 0 m2, 8 m2, 8 m2, 8 m2, and 

14 m2. The variation tendency of depth and rockburst areas 

are consistent with the principal stress ratio. In accordance 

with the depth ratio categorization in the delimitation of the 

intensity of rockburst proposed by Tan (1991) (see Table 1), 

when the principal stress ratio is 3:2, extremely intensive 

rockburst occurs in zones A and B, but there is no rockburst 

in zone C. When the principal stress ratio increases from 

1:1 to 8:1, the rockburst develops from weak to medium 

level for all rockburst zones. As the principal stress ratio 

increases, the maximum velocities of zones A and B are 

3.35 m/s, 3.13 m/s, 0 m/s, 2.88 m/s, and 2.75 m/s, and for 

zone C the values are 0 m/s, 3.13 m/s, 1.79 m/s, 1.11 m/s, 

and 0.77 m/s. Neglecting the zero value, the velocity of all 

rockburst zones decreases with the decrease of the minor 

principal stress. According to the velocity categorization in 

the intensity delimitation of rockburst (Tan 1991), the  

 

Fig. 13 Variation of rockburst area and maximum velocity under different principal stress ratios 

 
Fig. 14 Analysis of the mechanism underlying the failure of deformation blocks, where Region B and Region A represent 

the compressive cracks of vertical and horizontal deformation blocks, respectively 

123



 

J.W. Zhan, G.X. Jin, C.S. Xu, H.Q. Yang, J.F. Liu and X.D. Zhang 

 

Table 1 Delimitation of the intensity of rockburst (Tan 

1991) 

Ruckburst 

intensity 
Weak Medium Strong 

Extremely 

strong 

Depth ratio 0.1 0.1~0.3 0.3~0.5 0.5 

Width ratio 0.25 0.25~0.5 0.5~0.75 0.72 

Initial velocity 2 m/s 2~5 m/s 5~10 m/s 10 m/s 

 

 

rockburst intensity under all the stress ratios in zones A and 

B belong to the medium level, whereas for zone C, the 

results vary from medium to weak level. It should be noted 

that the decreasing tendency of velocity in zone C is much 

greater than in zones A and B. 

The cause of the phenomenon above can be explained 

by noting that when the major principal stress 1 is constant, 

the compressive strain of the horizontal deformation block 

(A in Fig. 14) decreases with decreasing minor principal 

stress 3, and the compressive failure of the horizontal 

deformation block decreases correspondingly. The 

horizontal deformation block starts to assume a tensile state 

as the minor principal stress 3 decreases to a certain value.  

 

 
Subsequently, tensile cracks initiate gradually when the 
horizontal deformation block reaches the ultimate tensile 
strain. In addition, the compressive strain of the vertical 
deformation block (B in Fig. 14) increases and the 
compressive cracks grow gradually during the process. This 
characteristic is similar to the phenomenon in the rock 
triaxial compression test, in which a decrease of the 
confining pressure leads to the decline of the axial 
compressive strength of the rock. 

 

3.3.2 Influence of rock mass parameters on rockburst 
The material properties of rock mass are also important 

factors that influence the intensity of rockburst. Here we 
choose three groups of Lamé constants as follows: λ1 = 16 
GPa, μ1 = 8 GPa; λ2 = 12 GPa, μ2 = 6 GPa; and λ3 = 8 Pa, μ3 

= 4 GPa. 
Fig. 15 depicts the variation trend of the rockburst 

maximum velocity with the increase of the Lamé constant. 
For zones A and B, the rockburst maximum velocities are 
3.08 m/s, 2.8 m/s, and 2.65 m/s. For zone C, the values are 
1.1 m/s, 1.05 m/s, and 1.02 m/s. The velocities of all 
rockburst zones decrease gradually. This is because a large 
amount of the elastic energy disperses among the 
deformation blocks with the increase of the Lamé constant, 
and consequently, the strain energy is greatly impaired. 

 

Fig. 15 Variations in the maximum rockburst velocity for different Lamé constants 

 

Fig. 16 Area of rockburst region C under different ultimate compressive strains 
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Acting as the thresholds in rockburst prediction, the 

ultimate compressive strain c
 
and tensile strain t play a 

major role when judging the occurrence of a rockburst. Fig. 
16 shows the rockburst area variation in zone C with 
different ultimate compressive strain values. Fig. 17 shows 
the area variation in zones A and C under different ultimate 
tensile strain values. As shown in Figs. 16 and 17, with the 
increase of c

 
and t, both the rockburst area of zones C and 

A decrease as the increment of Lamé constant increases. 
This is because the number of compressive and tensile 
cracks that initiate at the unloading moment tend to 
decrease due to the increase of ultimate compressive and 
tensile strain threshold. 

 

 

4. Comparison of results from the analytical solution, 
numerical simulation, and field-measured data 
 

4.1 Comparison of results of rockburst prediction 
model for construction drainage tunnel and field 
measured data 

 

In order to verify the reliability of the proposed 

analytical calculation mode in this article, this section will 

compare the results of the construction drainage tunnel 

rockburst prediction model with the field measured data. 

Then we compare numerical simulation results using UDEC  

 

Fig. 17 Area of rockburst regions A, B, and C under different ultimate tension strains 

 
(a) Location of Jinping second hydroelectric power station 

 
(b) Local rockburst events in a certain drainage tunnel 

Fig. 18 Introduction of engineering example:(a) Location of the second Jinping hydroelectric power station and (b) local 

rockburst events in a certain drainage tunnel 

 

125



 

J.W. Zhan, G.X. Jin, C.S. Xu, H.Q. Yang, J.F. Liu and X.D. Zhang 

 

 
discrete element analytical software and field-measured 
data of the rockburst for a certain drainage tunnel in the 
second-cascade hydropower station in Jinping, Sichuan 
Province, in China (see Fig. 18). 

In this section, a circular tunnel with a diameter 7.2 m in 
the dimensions of 51 m × 51 m is introduced to investigate 
the influence of a dip of principal stress on rockburst. 

The mechanical parameters of the model are set as 

follows. The block dimensions are Lx=1 m, Ly=1 m, lx=0.05 

m, and ly=0.05 m. The time step is Δt =0.0001 s. The 

minimum principal stress is 3=32 MPa. The maximum 

principal stress is 1=62 MPa. The block density is ρ=2500 

kg/m3. The Young’s modulus and Poisson's ratio of the 

deformation block are E=20 GPa and ν =0.245, respectively.  

Based on the stress-strain curve of the compression and 

tensile experiment, the ultimate compressive and tensile 

strain are set as 0.005 and 0.0001, respectively. 
Four sets of dip levels, which are 0, 45, 90, and 150°, 

are selected, with rockburst prediction results as shown in 
Fig. 19. When the dip changes from 0° to 90°, the rockburst 
location gradually moves from the arch to the left and right 
walls. When the dip changes from 90° to 150°, the 
rockburst location moves from the left and right walls to the 
arch again. Fig. 20 describes the variation of the rockburst 
area and the maximum velocity as the major principal stress 
dip changes. The rockburst area reaches a maximum value 
of about 15 m2 when the principal stress dip is 60° and 120°, 
and the maximum velocity is 1.88 m/s when the major 
principal stress dip is 45° and 135°. 

According to the results in Figs. 19 and 20, the 
relationship between the dip of the major principle stress  

 

 

and the rockburst zones can be summarized as follows. 

Generally, rockburst zones always appear in pairs and 

symmetrically. When the direction of the major principle 

stress is vertical or horizontal, the rockburst zones tend to 

appear in the orthogonal direction to the major principle 

stress. With the increase or decrease of the dip of the major 

principal stress, rockburst zones move to a place that is 

parallel to the direction of major principal stress, but the 

rockburst area and depth are much smaller than in the 

former situation, suggesting that horizontal or vertical 

principal stress conditions are more likely to cause the 

formation of rockburst. 

Furthermore, as shown in Table 2, there is little 

difference between the calculated location and depth of the 

rockburst and the field-measured data. The comparisons 

above indicate that the analytical model proposed in this 

article can dependably predict the occurrence of rockburst. 

 

4.2 Comparison of rockburst prediction model 
simulation results of construction drainage tunnel with 
UDEC rockburst simulation 

 
As shown in Fig. 21, the UDEC prediction model is 60 

m x 60 m, and the diameter of the central circular tunnel is 

7.2 m. Detailed rock mass parameters are presented in Table 

3. Horizontal and vertical virtual joints at 0.5-m intervals 

are set in a 25 m x 25 m area around the rock mass. Then 

the geostress is exerted at each boundary and the tunneling 

process is started after the initial forces come to a balanced 

condition. 

  
(a) (b) 

  
(c) (d) 

Fig. 19 Rockburst prediction results of circular tunnel 
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According to measured data of the studied area, the 

most likely principle stress dip angles of 120, 135, and 

150 are selected in the comparison analysis. The rockburst 

prediction results of the UDEC simulation model and the 

 

 

analytical method in this article are provided in Fig. 22. To 

be specific, when the principle dip angle is 120, rockburst 

mainly occurs in the left and right walls. At 135, rockburst 

areas appear on the left wall and right spandrel initially,  

 

Fig. 20 Variation of rockburst area and maximum velocity under different major principal stress dips 

 

Fig. 21 Rockburst prediction model in UDEC 

Table2 Comparison table of field data and prediction model at SK-14 section (Liu et al. 2011) 

Stake number 

(m) 

Surrounding 

rock mass level  

Rockburst location Rockburst depth(m) 

Measured  This article Measured  This article 

SK14+415-14+390 Ⅲ Right wall 
Left and right walls, 

vault 
1.8 

3(Left and right walls) 

2(vault) 

SK14+415-14+390 Ⅲ Left wall, vault 
Left and right walls, 

vault 
2.1 

3(Left and right walls) 

2(vault) 

SK14+230-14+227 Ⅱ Right spandrel Right spandrel 1.5 
 

1.5(Right spandrel) 

SK14+252-14+250 Ⅲ Right spandrel 
Left and right walls, 

right spandrel 
1.0 

1.5(Right spandrel) 

1(Left and right walls) 
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then extend to the right wall and right haunch. When the dip 

angle is 150, rockburst takes place on the right haunch and 

right spandrel, and then extends to the vault. The simulation 

results show good agreement with the analytical solution of 

the present model. 

 

Fig. 23 shows the comparison of the maximum 

rockburst depth and rockburst area obtained by this model 

and UDEC model. As shown in Fig. 23, the difference 

between the maximum pit depth obtained by the rockburst 

prediction model in this paper and the results obtained by  

  
(a) Principle stress dip angle of 135 

  

(b) Principle stress dip angle of 120 

  
(c) Principle stress dip angle of 150 

Fig. 22 Rockburst prediction under different dip angles by UDEC and present model: (a) Principle stress dip angle of 135, 

(b) principle stress dip angle of 120, (c) principle stress dip angle of 150 
 

Table 3 Physical and mechanical parameters of rock mass in UDEC model 

 
Normal stiffness 

(GPa) 

Shear stiffness 

(GPa) 
 Frictional angle 

Cohesive force 

(MPa) 

Tensile Strength 

(MPa) 

Block 14.255 12.44 / / / 

Discontinuous surface  

original value 
10 10 42 2 1 

Discontinuous surface 

residue value 
5 5 12 0.1 0 
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UDEC simulation is 25%, which occurs at 120. The 

maximum difference between the results of the two models 

is 20%, which occurs at 135 Fig. 24 is the horizontal 

velocity time history of the block (34,31) at the lower 

position of the right spandrel at 150. The horizontal 

velocity of the block when it is separated from the parent 

rock is 1.51 m/s. In Fig. 20, the velocity of the model at 

150 is 1.357 m/s, and the difference is within 10%. This 

verifies the feasibility of the model in this paper to predict 

the range, depth and velocity of rockburst. 

 

 

5. Conclusions 
 

Based on the two-dimensional discontinuous block 

model, a prediction model has been established to 

reproduce the initiation process of anomalously low 

friction-type rockbursts. The investigation of this paper 

reveals that rockburst is a characteristic of the rock mass 

and is mainly affected by the brittle property of the rock 

material and by geostress. Based on the numerical 

simulation results, the following conclusions can be drawn. 

 As the principal stress ratio increases, the 

mechanism of the rockburst zone which is parallel to the 

direction of the principal stress transforms from 

compressive damage to tensile damage, and the depth ratio  

 

 

and rockburst area decrease first, and then increase. 

However, the mechanism of the rockburst zone that is 

vertical to the direction of the principal stress is always 

compressive damage, and both the depth ratio and rockburst 

area increase invariably. For all the rockburst zones, the 

maximum velocity decreases during the process. 

Furthermore, the influence of geostress is more obvious for 

rockburst depth and area in the compressive zone than in 

the tensile zone. In addition, the increase of the Lamé 

constant is unfavorable for the occurrence of rockburst. 

Also, with the increase of the compressive strain threshold, 

areas of all rockburst zones decrease, but with the increase 

of the tensile strain threshold, only the rockburst area that is 

vertical to the principle stress decreases. Finally, rockburst 

is more likely to take place when the major principal stress 

is in the vertical or horizontal direction. The conclusion in 

this paper shows good consistency with Kaiser’s opinion 

(Kaiser 1996), which considers that a mass of cracks may 

initiate and propagate when the stress exceeds the strength 

of the rock mass, and as a result the volume of rock mass 

expends sharply, then rockburst is formed due to the sudden 

release of the elastic energy inside the rock mass. The 

prediction result indicates that the location, rockburst depth, 

damage area, and maximum velocity of the block can be 

obtained by using the anomalously low friction-type 

rockburst prediction model. 

  

Fig. 23 The rockburst prediction of maximum depth and area under different dip angle by present model and UDEC model 

 

Fig. 24 The time curve of velocity of block (34,31) in x direction 
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 The model presented in this paper can be used as a 

tool to predict rockburst. Nevertheless, some deficiencies 

exist. For example, this model considers only rectangular 

and uniform blocks, which will result in many limitations in 

its practical application. Also, to obtain realistic results, the 

influence of elasto-plastic behavior of a rock mass remains 

to be extensively studied. Moreover, we would like to 

extend the present model to consider detailed geological 

factors.  
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