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ABSTRACT:  Recent cases of tunnel damages following seismic events have led to important observations with regard to 

the role of geological setting influencing the seismic behaviour. Observations made from damages have clearly shown that 

tunnels are vulnerable in portal sections, near zones of high impedance contrast or when passing through blocky rock 

masses. In the present study, numerical investigation of dynamic behavior of circular lined tunnel in blocky rock mass has 

been attempted. Voronoi tessellation scheme has been utilized to represent the randomly sized rock blocks generally 

associated with highly fractured zones. The roles of frequency of input dynamic wave and tunnel depth on the 

dynamically induced axial force and bending moment in the tunnel liner have been discussed. It is observed that lower 

frequency waves induce higher axial forces in the tunnel liner and lead to greater extent of joints failing either in tension 

or in shear. In addition, the residual dynamic forces seem to be dependent on the overburden depth. It is believed that the 

findings of the present study will help in understanding some underlying mechanisms and parameters influencing the 

stability of tunnels under seismic conditions. 
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Introduction 

The infrastructural demand of mountainous regions has 

led to a constant increase in construction of tunnels for 

highway and railway networks. However, following 

recent seismic events, the traditional view with regard 

to earthquake resistant characteristics of tunnels as a 

whole have been challenged. Severe cases of damages 

of mountain tunnels have been reported in the 1995 

Hyogoken-Nanbu (Japan), 1999 Chi-Chi (Taiwan), 

2004 Mid-Niigata Prefecture (Japan) and the 2008 

Wenchuan (China) earthquakes (Wang et al. 2001, 

Jiang et al. 2010, Chen et al. 2012, Shen et al. 2014 

etc.). Such poor performances have led scholars and 

engineers to take up research in the area of seismic 

behaviour of tunnel and underground facilities (Roy 

and Sakar 2016, Hashash et al. 2001, Konagai 2005, Li 

2012). The present study aims to evaluate the behavior 

of tunnels in blocky rock masses subjected to dynamic 

loads using a discrete element based formulation. 

Modeling and Analyses 

The numerical modeling of a circular lined tunnel 

subjected to dynamic loads has been carried out in a 

discrete element based software package UDEC. The 

schematic representation of the numerical model 

considered in the present study is shown in Fig. 1. The 

model consists of a circular tunnel having a diameter D 

(10m) located at a variable depth of d (75m and 150m) 

below the ground surface. To simulate the fractured 

nature of the rock mass, Voronoi tessellation scheme 

has been used to represent the blocky nature of the rock 

mass. This feature has been utilized to create randomly 

sized polygons representing the blocky nature of the 

medium around the tunnel. Brittle fracturing is allowed 

to occur along the edge of these voronoi blocks in the 

event of either the shear or tensile strength being 

exceeded. Both the intact rock and the voronoi joints 

have been modeled using the Mohr-Coulomb 

constitutive law. The properties adopted in the study 

have been listed in Table. 1. The properties are 

representative of the fractured nature of rocks 

encountered in case of real projects (Lunardi 2008).  

The lining around the circular tunnel has been 

simulated using beam elements. To ensure no slippage 

between the liner and the surrounding geological 

medium, the properties of the interface has been set to 

very high values so as to effectively glue them together 

(Itasca, 2004). Moreover, elastic behavior has been 

assumed for the liner. 

The mesh size adopted in the numerical model has 

been finalized based on the following considerations: 

 Efficient simulation of propagation of waveforms 

of dominant frequency range associated with the 

adopted earthquake time history.  
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 Simulation of the stress gradient in the geological 

medium close to the tunnel structure. 

In order to ensure the first condition, the mesh size is 

kept smaller than 1/10th of the smallest wavelength of 

interest in the simulation. For meeting the second 

condition, a finer discretization has been selected for 

regions close to the tunnel structure which gradually 

becomes coarser subject to the condition that no 

distortion of the propagating seismic waves occurs in 

the simulation. 

To minimize adverse boundary effects during dynamic 

analysis, free field boundary conditions has been 

invoked at the lateral sides. In addition, viscous 

dashpots have been used at the bottom boundary in 

both the normal and shear directions. Moreover, the 

dimensions of the model have been kept as 200m 

(20D) x 300m (30D) in all the analyses.  

The use of dashpots at the bottom boundary requires 

the dynamic input to be converted into stress waves 

which has been achieved through Eqn.1. 

)(2 tVC sss    (1) 

where represents the mass density of the material, Cs 

is the shear wave velocity and Vs(t) is the instantaneous 

horizontal input motion velocity. Sinusoidal 

acceleration having a PGA of 0.1g and six different 

frequencies between 1Hz to 10Hz has been utilized in 

the study. Prior to every dynamic analysis, an initial 

static in-situ stress state has been invoked keeping 

K=1.0.   

Results and Discussion 

A plot of typical variation of dynamic axial force and 

bending moment along the tunnel liner has been shown 

in Fig. 2 and Fig. 3 respectively. It is seen that the 

variation in the liner force and moment is driven by the 

nature of dynamic input as the recorded response 

comprises of steady state cycles having sinusoidal 

nature during the action of the dynamic wave. At the 

end of the dynamic input, a residual value of force and 

moment remains in the liner. 

The variation of axial forces in the liner for tunnel at 

depths of 150m and 75m are shown in Fig. 4 and Fig. 6 

respectively. It is seen that the forces are greater in case 

of tunnel at a depth of 150m. Moreover, the frequency 

of input motion also has an effect on the maximum 

axial forces recorded during dynamic analyses.  

For both tunnel depths, the maximum axial force is 

largest for the case of 1Hz frequency. A subsequent 

increase in frequency of input motion shows a decrease 

in the axial forces. Such a phenomenon maybe 

attributed to the frequency filtering effect of the 

Voronoi joints incorporated in the present numerical 

model for representation of blocky nature of rock mass. 

Moreover, the fundamental frequency of the geological 

stratum matching with the frequency of motion might 

have caused additional force in the tunnel liner.  

Table 1. Properties adopted in present study 

Property Intact Rock Rock block 

interface 

Density (kN/m
3
) 23 - 

Cohesion (MPa) 3 1 

Friction angle (
0
) 35 20 

Elastic modulus 

(GPa) 

10 - 

Poisson’s ratio 0.2 - 

Tensile Strength 

(MPa) 

0.5 0.0005 

Normal Stiffness 

(GPa/m) 

- 2.2 

Shear Stiffness 

(GPa/m) 

- 1.1 

Fig. 1. Schematic representation of numerical model 

 

The pattern of joints which have failed either in tension 

or shear in the vicinity of the tunnel has been shown in 

Fig. 8 and Fig. 9 respectively. Fig. 8 corresponds to the 

case of tunnel at a depth of 150m subjected to an input 

frequency of 1Hz. It is observed that the stress exceeds 

the strength of the Voronoi joints resulting in 

development of fractures near the left shoulder and the 

lower right portion of the tunnel. This phenomenon 

explains the subsequent higher axial forces recorded in 

the tunnel liner (Fig. 4) at angles of 70
0
-120

0
 and 240

0
 

to 300
0
. Thus it is inferred with reasonable certainty 

that the Voronoi blocks replicate the additional degree 

of freedom associated in case of blocky rock masses 

resulting in subsequent higher forces. 
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In contrast, the stresses along the voronoi joints do not 

exceed the strength for the case of tunnel depth of 

150m subjected to motion of frequency 6Hz. This 

behavior is observed in the failed joint pattern shown in 

Fig. 9. Similarly, the failure development was minimal 

for all the cases of tunnel at depth of 75m suggesting 

the importance of overburden and the static stresses in 

governing rock block movements under dynamic 

action. 

Fig. 5 and Fig. 7 show the variation in maximum 

bending moment along the liner at various frequencies 

of input motion for tunnel at depth of 150m and 75m 

respectively. It is seen that the variation of moment is 

minimal for the various frequencies of input motion 

considered in the present study. 

Fig. 2. Typical axial force time history 

 

Fig. 3. Typical bending moment time history 

 

Fig. 4. Maximum dynamic axial force along liner 

(d=150m) 

 

Fig. 5. Maximum dynamic bending moment along liner 

(d=150m) 

Fig. 6. Maximum dynamic axial force along liner 

(d=75m) 
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Fig. 7. Maximum dynamic bending moment along liner 

(d=75m) 

 

Fig 8. Failed joint pattern around tunnel (d=150m, 1Hz) 

 

Fig. 9. Failed joint pattern around tunnel (d=150m, 6Hz) 

Conclusion 

In the present study, a numerical investigation of 

circular lined tunnel in blocky rock mass subjected to 

dynamic loads has been attempted. Voronoi tessellation 

scheme has been utilized to represent the randomly 

sized rock blocks.  The role of frequency of input 

motion and depth of tunnel on the axial force and 

bending moment along the tunnel liner has been 

investigated. 

It is observed that the jointed nature of the rock mass 

has a filtering effect on high frequency waves resulting 

in lesser extent of joints failing either in shear or 

tension. This consequently leads to lower maximum 

axial forces induced in the liner along the tunnel 

periphery in the higher frequency range. However for 

lower frequency, the filtering effect is low which is 

further coupled with the tuning of dominant frequency 

of motion with the fundamental frequency of 

geological strata. Also, tunnel located at deeper depth 

is observed to experience higher dynamic axial force 

and bending moment. 
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