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Abstract: A numerical code called RFPA-Dynamics was used to study the rockburst mechanism under dynamic load based on 
coupled static−dynamic analysis. The results show that dynamic disturbance has a very distinct triggering effect on rockburst. Under 
the dynamic load, rockburst is motivated by tensile stress formed by the overlapping of dynamic waves in the form of instantaneous 
open and cutting through of cracks in weak planes and pre-damaged areas. Meanwhile, the orientation of joint sets has an obvious 
leading effect on rockburst locations. Finally, a higher initial static stress state before dynamic loading can cause more pre-damaged 
area, thus leading to a larger rockburst scope. 
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1 Introduction 
 

Rockburst is one of the often encountered damages 
during underground excavation, which can not only 
cause construction delay and economic losses, but also 
can be a great threat to the safety of shift members. 

Confusion may arise due to the wide-spread use of 
many different terms to describe a rockburst, including 
seismic event, pillar burst, crush burst, strain burst, and 
fault slip event. KAISER et al [1] gave the definition as: 
damage to an excavation that occurs in a sudden or 
violent manner and is associated with a seismic event. 
MULLER’s definition [2] on rockburst is: an 
unpredictable failure phenomenon of sudden displace of 
surrounding rock mass caused by kinetic energy 
changing from the abrupt released elastic energy. 
Whereas, in Chinese coal mining industry, rockburst is 
often called as coal bumps [3], which refers to the 
instantaneous failure of coal seam accompanied by 
diffused coal powder due to drastic release of elastic 
energy. ORTLEEP and STACEY [4] indicated that the 
common characteristic of rockburst is the fierce ejection 
of rock from tunnel periphery. 

Some researchers summarized the mechanism as 
three factors: intact hard rock, high tectonic stress and 
high ratio of redistributed stress to uniaxial compressive 
strength of rock mass [5−6]. But facts are not always like 
this. For example, during the excavation of horizontal 

inducer of Qinling Railway Tunnel II in China [7], 
intensive rockburst was encountered only at a depth of 
60−100 m. On the contrary, in Lingxiadong tunnel 
section of Qinling railway tunnel with a depth of 1 700 m, 
the intensity of rockburst can only be classified as 
general, and the frequency as well as the intensity of 
rockburst did not increase with depth. During the 
excavation of Hongtoushan Copper Mine located in 
Liaoning Province of China with depth over 1 257 m, 
rockburst was encountered only at a depth of 400 m. The 
intensity of rockburst increased after depth of 700 m, but 
was fairly encountered after a depth of 1 077 m [8]. 
Another example is the construction of Norway Sima 
power plant tunnel. In the intensive rockburst area, the 
ratio of tangential stress to uniaxial compressive strength 
(σθ/σuc) is only 0.2, which is too small for the traditional 
recognition of rockburst threshold [9]. According to LIU 
and XU [10], most of the rockbursts are located near to 
the excavation face instead of right in the excavation area, 
which means that rockbursts may not caused by the high 
value of the ratio, or else the rockburst events should 
only occur at the excavation site. WHYATT and BOARD 
[11] reported that 75% of rockbursts happened on 
blasting or several hours after blasting. Furthermore, 
under the same geological conditions, rockburst is more 
prone to be encountered by drill and blast method other 
than TBM tunnelling method [5, 10]. 

All the facts mentioned above are difficult to be 
explained by static theory unless the contribution of 
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dynamic disturbance on rockbursts is taken into account, 
which includes blasts, shake, stress changing due to the 
nearby rockburst, earthquake and so on [12−13]. 

Based on ORTLEPP’s classification, KAISER et al 
[1] reduced the rockburst mechanism into three 
categories: buckling due to rock breakage, rock ejection 
due to earthquake energy transmission and rock fall due 
to earthquake. The first type of rockburst is self-initiated 
and the locations of rockburst and the seismic source are 
at the same place. However, the last two types of 
rockburst are caused by far field vibroseis. It is very 
important to diagnose the source mechanism of rockburst, 
so that the right support measurements can be adopted 
and the rockburst hazard can be avoided. 

However, most of the studies on rockburst are 
aimed at the self-initiated rockburst, which is generally 
encountered in hard intact rock mass with high tectonic 
stress or high σθ/σuc value. The last two types of rockburst 
are seldom studied. In fact, most of the ejection and rock 
fall are encountered in jointed rock mass, where the far 
field dynamic disturbance is transformed into kinetic 
energy of the rock blocks cut by jointed sets. Based on 
this consideration, a numerical investigation on rockburst 
in jointed rock mass under dynamic load was conducted 
based on static−dynamic coupled method. 
 
2 Mechanical behavior of jointed rock mass 

under static−dynamic load 
 
2.1 Description of RFPA-Dynamics for coupled 

static−dynamic analysis 
In RFPA-Dynamics, the solid or structure is 

assumed to be composed of many mesoscopic elements 
with the same size, whose material properties are 
different from one to another and are specified according 
to a Weibull distribution. Initially, an element is 
considered elastic, with elastic properties defined by 
elastic modulus and Poisson ratio. Damage is modeled 
by degrading the elastic modulus of the element for 
which the following damage criteria are satisfied at the 
element level: 
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            (1) 

 
The first term of Eq. (1) is the simple tensile 

strength criterion whilst the latter one is the classical 
Mohr-Coulomb failure criterion. ZHAO [14] performed 
a series of dynamic uniaxial and triaxial compression, 
uniaxial tension and unconfined shear tests to examine 
the validity and applicability of the Mohr-Coulomb 
criterion. According to ZHAO’s conclusion, the rock 
material strength under dynamic loads can be 
approximately described by the Mohr-Coulomb criterion. 
Thus, element may fail in either shear (corresponding to 

the Mohr-Coulomb failure criterion) or tensile status 
(corresponding to the tensile strength criterion). The sign 
convention used in this work is that compressive stress 
and strain are positive. Once Eq. (1) is satisfied at the 
element level, the elastic modulus of the element is 
reduced by the following formula: 
 

0(1 )E E                                  (2) 
 
where ω represents the damage variable, and E and E0 

are the elastic moduli of the damaged and undamaged 
elements, respectively. The element and its damage are 
assumed to be isotropic and elastic, therefore, E, E0 and 
ω are all scalar quantities. In addition, the following 
relation between dynamic uniaxial compressive strength 
and loading rate, which has been proposed by ZHAO 
[14], is used to reflect the effect of stress rate on the 
dynamic strength: 
 

c0 cs0 cs0( / )f A f f   when cs0f               (3) 
 
where fc0 is the dynamic uniaxial compressive strength 
(MPa),   is the stress rate (MPa/s), fcs0 is the uniaxial 
compressive strength at the quasi-static stress rate cs0f  
that is approximately 5×10−2 MPa/s, and A is a material 
parameter. In addition, the experimental results of ZHAO 
[14] also indicated that the ratio of tensile to compressive 
strength and internal frictional angle are not influenced 
by the stress rate. 

The numerical simulation on the dynamic 
disturbance induced failure of statically stressed rock 
includes two steps: The first step is the deformation and 
damage process analysis of rock (or rock mass) under 
static conditions, where the excavation induced stress 
redistribution around the underground opening can be 
captured. The second step is to carry out failure process 
analysis of pre-stressed rock triggered by dynamic 
disturbance. For more detailed descriptions about 
RFPA-Dynamics, as well as its validations for simulating 
the rock failure under static and dynamic loading, one 
can refer to Refs. [15−18]. 
 
2.2 Numerical model 

The numerical model is 150 mm×150 mm in size 
and is composed of 150×150 iso-parametric elements 
(Fig. 1). The mean compressive strength of rock mass is 
100 MPa and the mean elastic modulus is 60 GPa. The 
Poison ratio and internal frictional angle are 0.25 and 30°, 
respectively. A circular tunnel with a diameter of 26 mm 
is excavated in the middle of the model. Two sets of 
orthogonal joints are included in the model at a dip of 
45° and 135°. The distance between joint sets is 7 mm. 
The mean compressive strength of joints is 30 MPa and 
the mean elastic modulus is 6 GPa. The Poison ratio and 
internal friction angle of joints are 0.4 and 20°, 
respectively. 
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Fig. 1 Numerical model (a) and dynamic disturbance (b) 

 

The model is simplified as a plane strain problem. 
Static stress is first applied on the left and top boundary 
of the model until it increases to a constant value, then a 

trapezoid dynamic disturbance is applied on the top 
boundary of model for 5 μs with amplitude of 30 MPa. 
In order to investigate the location and failure mode of 
rockburst, support is not taken into account. 
 
2.3 Static−dynamic coupled analysis on rockburst in 

jointed rock mass 
The top and horizontal stress load is increased 

gradually to 12.5 MPa with a constant lateral pressure 
coefficient of 1. Then, a dynamic load shown in Fig. 1 is 
applied on the top boundary of the model. At time t=0 μs 
(the vertical and horizontal stresses come to 12.5 MPa 
and no dynamic load is applied), local cracks and shear 
failure begin to initiate at the two sides of the arch crown 
(as shown in Fig. 2), where the rock mass is cut by the 
intersected joint sets. If the static stress load stops 
increasing, then the increase of local cracks will stop 
accordingly. This local failure is called self-initiated 
rockburst. 

At time t=40 μs, cracks are connected rapidly due to 
the arriving of the dynamic stress wave (Fig. 2). This can 
be interpreted that due to the boundary effect of stress 
wave, part of the stress waves are reflected upon its 
arriving at tunnel boundary, and then superimposed with 
the coming stress waves into tensile waves thus leading 
to tensile failure in the weak joint planes above the arch 
crown. This can also be manifested by the changing 
curve of minimum principal stress versus time step of 
elements along AB line shown in Fig. 3 (the location of 
AB line is shown in Fig. 1). 

At time t=45 μs, part of the minimum principal 

 

 
Fig. 2 Rockburst triggered dynamic disturbance: (a) t=0 μs; (b) t=30 μs; (c) t=40 μs; (d) t=45 μs; (e) t=50 μs; (f) t=55 μs 
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Fig. 3 Minimum principle stress along AB line 

 
stress of elements along AB line has been converted into 
tensile stress, where tensile failure has been caused. With 
the downward transmission of stress waves, the range of 
crack opening and connection along joint planes 
increases so rapidly that rockburst is motivated with the 
formation of rock block falls. At this time, the scope of 
rockburst is larger than that under static loading 
conditions. Because the transmission direction of 
dynamic stress wave is from top to bottom of the model, 
the damage extent of rock mass above arch is far more 
extensive than elsewhere. 

From numerical results, it can be concluded that 
dynamic disturbance has an important triggering effect 
on rockburst. Even the rock mass has already been in a 
balanced state, under dynamic disturbance, drastic 
increase of crack opening along the intersected joint 
planes can take place in the form of rockburst. 

2.4 Correlation between joint orientations and 
rockburst locations 

Generally, there are lots of joint sets existing in 
engineering rock mass, and it is rarely to see rock mass 
of one cubic meter containing no joints. These joint sets 
often occur and are more or less parallel to each other, or 
intersect with each other so that rock blocks are formed 
[19]. Due to the different characteristics of rock joints, 
such as orientation, mechanical property and 
connectivity of joint planes, the transmission of dynamic 
stress waves in jointed rock mass can be very complex. 

In order to get some information on correlations 
between joint orientations and rockburst locations, two 
numerical models are built. Joint sets in Model 1 dip at 
angle of 0° and 90°. Joint sets in Model 2 dip at angle of 
45° and 135°. Numerical simulation results are shown in 
Fig. 4. 

The velocity of stress wave is different in two 
models due to the different orientations of joint set. 
Although the transmission velocity in Model 1 is much 
slower than in Model 2, its failure scope of rockburst is 
much larger. This is because the transmission direction of 
dynamic wave is in the same direction with the 
orientation of joint planes. The orientation of joint sets 
has a distinct leading effect on the locations of rockburst. 

 
2.5 Effect of initial static stress state on rockburst 

scope under dynamic disturbance 
In order to investigate the effect of dynamic 

disturbance on rockburst under different static loading 
conditions, two static stress states before dynamic 
loading are modeled. Hydro static load conditions of 
12.5 MPa and 20 MPa are applied on the boundary of 
numerical model, respectively (Fig. 5), and the rockburst 

 

 
Fig. 4 Rockburst process and shear stress distribution under dynamic disturbance in models containing two joint sets with different 

dip angles: (a) Mode 1; (a1) t=48 μs; (a2) t=50 μs; (a3) t=55 μs; (a4) t=62 μs; (b) Mode 2; (b1) t=38 μs; (b2) t=40 μs; (b3) t=43 μs;   

(b4) t=48 μs 
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Fig. 5 Impact of joint orientations on rockburst scope under dynamic disturbance: (a1) ps=12.5 MPa, t=0 μs; (a2) ps=12.5 MPa,   

t=50 μs; (b1) ps=20.0 MPa, t=0 μs; (b1) ps=20.0 MPa, t=50 μs 

 

scope after dynamic loading at time t=50 μs is compared. 
At t=50 μs, the rockburst area for model under 

initial static stress of 12.5 MPa is mainly focused on the 
crown area, whereas for model under initial static stress 
of 20 MPa, the rockburst area is focused both on crown 
and sidewalls. The enlargement of rockburst scope is 
directly due to the increase of damage in weak joint 
surfaces under higher initial static stress state (or σθ/σuc 

ratio) before the application of dynamic stress wave. 
Once the dynamic disturbance is applied, the 
pre-damaged zones are more likely to move into tunnel, 
thus leading to a larger scope of rockburst. 

 

3 Conclusions 
 

1) A numerical code called RFPA-Dynamics is used 
to analyze the mechanism of rockburst in jointed rock 
mass based on static−dynamic coupled analysis. 
Numerical simulation results show that dynamic 
disturbance has a distinct triggering effect on rockburst 
in jointed rock mass. The sudden open and cutting 
through joint planes and other pre-existing weak zones 
by tensile stress wave formed by the boundary effect are 
the main mechanisms of rockburst in jointed rock mass. 
The orientation of joint sets has a leading effect on the 
location of rockburst areas. Rockburst scope under 
dynamic disturbance also depends on the initial static 

stress state of rock mass. A higher initial stress state can 
cause more damage area in rock mass before dynamic 
loading, thus can lead to a larger rockburst scope. 

2) It should be noted that under dynamic 
disturbance, the occurrence of rockburst and its scope 
can be also affected by lateral pressure coefficient ratio, 
excavation method, mode of stress wave application, and 
so on, which should be taken into account in the future 
study. 
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