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Abstract 

 

Tunnels are key essentials of the nation’s infrastructure. Predominantly hidden and out of sight, it plays a 

key role in urban transportation, water and sewerage transportation, and in hydroelectric power and many 

other sectors. Himalayan geology is highly influenced by rock formations of different ages and represents a 

mixed lithology. Changes in geological conditions are therefore frequent in Himalayan tunnels and flexible 

rock support methods are required to deal with constant variation of rock mass properties. No stable plan 

may begin before recognizing the material sorts and the motivation behind the designing structure. 

Tragically, the errand of classifying the ground and recognizing the rockmass is a tricky undertaking in 

rock mechanics. The trouble stimulates on the grounds that the ground to be excavated shows heterogeneity 

and anisotropy for the vast majority of the geotechnical properties of concern, also the relative 

unavailability before the excavation takes place. It is often assumed that underground structures (in rock) 

are safe against earthquakes and that earthquake action does not have to be considered in the design, and 

that deep structures are safer than surface structures. Unfortunately none of these assumptions is correct. 

Today, tunnels and underground structures can be damaged during strong earthquakes. 

 

Main focus of this paper is to study the effects of seismicity in the tunnels that suffer from the existence of 

planes of weakness. A parametric study was conducted to study the effect of seismicity on tunnels with 

multiple joint sets. The outcomes represent that weak rock with joints is less sensitive to seismicity in 

comparison to weak rock without joints. Generally dispersed joint produces larger tunnel deformation.  In 

this study, numerical modeling approach has been used to analyze circular tunnels using the Phase2 

software. The models were simulated in a similar way to the earlier models by Bhasin and others in 2006.  

 

The effect of discontinuities was investigated using two and multiple layers of discontinuities. The joints 

were simulated as one at the time in three different inclinations. The seismic loads were applied in the form 

of quasi-static loads and generated in different directions and combinations for each model. 

 

1. Introduction:  

 

The investigation of seismic reaction might be drawn closer by numerous strategies, for 

example, static methodology, pseudo-static methodology, and dynamic methodology. 

The pseudo-static methodology has increased more prevalence as it is neither simple like 

the static nor intricate and prolonged like the dynamic. In spite of the fact that deformity 

along a weak joint under a strong seismic occasion can damage the tunnel, the impact of 

joint has not yet been surely knew or evaluated. A series of pseudo-static finite element 

analyses were performed to evaluate the effect of deformation along rock joint on the 

seismic response of circular tunnels. The joint stiffness and shear strength have crucial 

influence on the tunnel response. The tunnel reaction is highest for vertical and horizontal 

joints and the lowest when the joint dips at an angle of 45°. Effect of jointed rock on 



Journal of Engineering Geology  Volume XLIII, Nos. 1 & 2 

A bi-annual Journal of ISEG  June-December 2018 

 

123 

 

tunnelling has been a topic of interest (Barton, 1995). Researchers used the discrete 

element method to investigate how the joints influence the tunnel (Bhasin and Høeg, 

1998; Hao and Azzam, 2005; Vardakos et al., 2007). Studies on the influence of jointed 

rock mass on blast induced vibration propagation have been performed. Hao et al. (2001) 

used the measured motions under in-situ blasting to identify the effect of the joint layout 

on propagation of stress waves. Li and Ma (2010) studied the interaction between the 

blast wave and arbitrarily positioned rock joint. Ma and Brady (1999) investigated the 

performance of an underground excavation in jointed rock under repeated loading. In this 

study, a series of finite element analyses (FE) were performed to evaluate the influence of 

rock joints on the seismic response of tunnels.  

 

2. Numerical Analysis: 

 

For this study the finite element modelling (FEM) program Phase 2 from Rocscience Inc. 

is used. In pseudo-static approach the additional seismic force is calculated as product of 

the specified seismic coefficient, a dimensionless vector and the amplitude of the body 

force, which is the self-weight of a finite element. Then, to simulate seismic loading 

during earthquakes, the calculated seismic force is vectorially added to the downward 

acting body force as an additional load to each finite element in the mesh (Rocscience 

Inc., 2001). The seismic coefficients are dimensionless coefficients which represent the 

(maximum) earthquake acceleration as a fraction of the acceleration due to gravity. 

Typical values are in the range of 0.1 to 0.3. 

 

Figure 1 illustrates the computational domain and the boundary conditions applied in this 

study. The lower boundary was fixed in the vertical and horizontal directions, whereas 

the lateral boundaries were fixed in the vertical direction. The tunnel was modelled as a 

circular opening at the centre of the field with a radius of 6 m and 12m respectively. A 

0.1 m thick liner was inscribed around the circumference of the tunnel. Plane strain 

condition was used in all analyses. The  vertical  in-situ  stress  was  considered  to  be  

litho static  (based  on  the  weight  of  the  rock  above) and for sake of simplicity, 

hydrostatic condition is assumed. The depth of the excavation has been kept at 100 m 

from the surface, a horizontal seismic coefficient of 0.3 and a downward vertical seismic 

coefficient of -0.2 (negative for downward direction) have been adopted. The axial force 

developed in the lining under static loading and seismic loading conditions have been 

checked for three different values of rock mass quality Q. Three sedimentary rock mass 

classes with different Q value which represent "very poor"(Q = 1) to "very good" rock 

masses (Q = 30). The effect of discontinuities was studied under the static and seismic 

conditions of loading and the same types of materials. Mohr-Coulomb failure criterion 

was employed to describe the behaviour of the rocks under loading. The unit weight for 

the rock was set to 0.026 (MN/m³).  The discontinuities were described as joints in Phase 

2 program. The joints were described by Mohr-Coulomb slip criterion. Neither 

groundwater pore pressure nor any additional pressures were added into the joints.The 

geotechnical parameters assigned for these studies are shown in Table 1 and Table 2 

respectively. The models were all run for elastic-perfectly plastic mediums and for both; 

the static and the dynamic (seismic) cases of loading. Phase 2 offers different types of 

finite element meshes. For all the models, the graded type finite element mesh was used 
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with a three nodded triangles. The gradation factor was 0.1 and the default number 

suggested is 75 as per the program settings. 

 

 
Figure 1 Joint model for a circular tunnel with horizontal joint under a combination of 

quasi-static seismic loads. 

 

 
Figure 2  Joint model for a circular tunnel with diagonal joint under a combination of 

quasi-static seismic loads. 

 

Figure 3 Joint model for a circular tunnel with vertical joint under a combination of 

quasi-static seismic loads. 
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Figure 4 A set of eleven parallel horizontal joints crossing a 12 m in diameter circular 

tunnel and spaced 1.2 meters under a combination of quasi-static seismic loads. 

 

Table 1  

Geotechnical Parameters 

 
Q value Rrockmass (GPa) Cohesion (MPa) Friction (Degree) 

30 10.78 1.7 51 

10 8.3 1.1 50.5 

1 3.5 0.6 44.8 

 

Table 2   

Typical joint properties assigned for the models 

 
Parameter Value 

Cohesion 0 MPa 

Friction 20° and 10° 

Normal Stiffness 10,0000 MPa/m 

Shear Stiffness 10,000 MPa/m 

 

The effect of discontinuities was investigated using identical loads and material 

configurations for 12m dia tunnel with Q value 10. The joints were simulated as one at 

the time in three different inclinations. The inclination was described by an angle from 

the x axis as in the typical the Cartesian coordinates and in the counter clockwise 

direction. Based on this, the joints are sometimes refereed at to as 0, 45, and 90 to 

describe the horizontal, diagonal and vertical joints sequentially. A set of parallel 

horizontal equally spaced (1.2 m) joints are configured for 12m dia tunnel for weak 

rockmass(Q=1) and strong rockmass(Q=30). All The joints cross and intersect with the 

tunnel lining. The joints were given a friction angle =10°, normal and shear stiffness 

10000MPa/m and 1000MPa/m successively.  
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3. Analysis Results: 

 

The maximum axial force in the shotcrete lining for different values of Q for a single 

horizontal joint are given in the Table 3.  

Table 3  

Summary of the numerical results for different joint inclination 

 
Q 

value 

Dia. Of 

Tunnel 

(m) 

Maximum Axial 

Force in lining 

for Static Case 

(MN) 

Maximum Axial 

Force in lining for 

Seismic Case (MN) 

for Horizontal joint 

Maximum Axial 

Force in lining for 

Seismic Case (MN) 

for Vertical joint 

Maximum Axial 

Force in lining for 

Seismic Case 

(MN) for diagonal 

joint 

1 6 0.88 1.44 1.54 1.53 

10 6 0.44 0.72 0.78 0.79 

30 6 0.35 0.58 0.62 0.61 

1 12 1.15 1.9 1.8 1.8 

10 12 0.49 0.84 0.87 0.85 

30 12 0.37 0.66 0.67 0.66 

 

Figures 5 to 12 depicts a summary of the numerical results for the maximum axial force 

in lining for the different cases of loading and the different joint orientations.  Those 

figures intend to compare the strong rock and weak rock simulations. For strong rock, the 

maximum axial force increases in seismic scenario in comparison to static case. This 

behaviour is observed regardless of the joint orientation. It was expected that the 

maximum axial force increases when the medium that enclose the tunnel is weakened by 

introducing a crossing joint in the tunnel.  For the horizontal joint, the locations of the 

maximum axial force changed after applying seismic loads. The locations of the 

maximum axial force did not occur at the point of intersection between the horizontal 

joint and the tunnel lining. The vertical joint simulations produced different locations for 

the maximum axial force. Similar case is observed for the diagonal joint orientation. As it 

can be observed from the results of weak rockmass (Q=1), joint weakening effects do not 

work in a similar way as in the strong rock situation.  

 

 
 

Figure 5  Maximum axial force in lining for weak rock (Q=1) for single horizontal joint 

simulation for a 6 m diameter circular tunnel under the static loading 
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Figure 6 Maximum axial force in lining for weak rock (Q=1) for single horizontal joint 

simulation for a 6 m diameter circular tunnel after superimposing the seismic load 

combination 

 

 
Figure 7 Maximum axial force in lining for weak rock (Q=1) for single diagonal joint 

simulation for a 6 m diameter circular tunnel after superimposing the seismic load 

combination 

 

 
Figure 8 Maximum axial force in lining for weak rock (Q=1) for single vertical joint 

simulation for a 6 m diameter circular tunnel after superimposing the seismic load 

combination 
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Figure 9 Maximum axial force in lining for strong rock (Q=30) for single horizontal joint 

simulation for a 6 m diameter circular tunnel under the static loading 

 

Figure 10 Maximum axial force in lining for strong rock (Q=30) for single horizontal 

joint simulation for a 6 m diameter circular tunnel after superimposing the seismic load 

combination 

 

Figure 11 Maximum axial force in lining for strong rock (Q=30) for single diagonal joint 

simulation for a 6 m diameter circular tunnel after superimposing the seismic load 

combination 
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Figure 12 Maximum axial force in lining for strong rock (Q=30) for single vertical joint 

simulation for a 6 m diameter circular tunnel after superimposing the seismic load 

combination 

  

In figure 13 and 14 the locations of the MAFL are shown for the static loads and the 

seismic loads in the case of the strong rock (Q=30) for multiple parallel joint sets. The 

increase in MAFL is higher than in all the previous simulations in the case of the strong 

rock. The locations of the MAFL occurred at the point of intersection the joint and the 

tunnel lining for strong rock. The highest peak values occur at the bottom and on the roof 

of the tunnel (See figure 15). The peak values increase as the joints become closer to the 

bottom or to the roof of the tunnel. The results showed that the MAFL is sensitive to the 

location of the joint to some extent. It was seen that the closer the joint to the tunnel 

periphery the higher the MAFL. The Q system states that in hard rocks, deformations will 

occur as shear displacements along the joints (Barton et al., 1974).Hence significance of 

the joints is going to be more pronounced than the effect of an earthquake on the tunnel.  

The friction along the joints will therefore be considerable for the stability. 

 

 
 

Figure 13 Maximum axial force in lining for strong rock (Q=30) for multiple parallel 

horizontal joints simulation for a 12 m diameter circular tunnel for static case 
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Figure 14 Maximum axial force in lining for strong rock (Q=30) for multiple parallel 

horizontal joints simulation for a 12 m diameter circular tunnel after superimposing the 

seismic load combination 

 

 
 

Figure 15 Distribution of the MAFL along the tunnel lining in strong rock (Q=30) with 

multiple parallel horizontal joints 

 

For weak rock case, the MAFL location and value increases in most cases but not always. 

Also deformation is independent of the joint intersection with the tunnel lining.  As 

suggested by Q system manual that soft rock may deform independent of the joints 

(Barton et al., 1974). 

 

 
Figure 16 Distribution of the MAFL along the tunnel lining in weak rock (Q=1) with 

multiple parallel horizontal joints 



Journal of Engineering Geology  Volume XLIII, Nos. 1 & 2 

A bi-annual Journal of ISEG  June-December 2018 

 

131 

 

4. Conclusions: 

 

A series of pseudo-static finite element analysis were performed to evaluate the effect of 

joint on the seismic response of circular tunnels. The effect of seismicity on tunnels in 

rocks with limited number of joints was studied. The Q system also stated that weak 

jointed rocks may deform regardless of its joints which is confirmed by the analysis 

performed. The joint orientation and the spacing between the joint affects the stability of 

the tunnels. The effects of single joints were studied in terms of orientation and the effect 

of multiple joints. The numerical analysis performed shows that seismicity has no 

significant effect on tunnels in strong rocks with. On the contrary, it was shown that 

seismicity has a distinct effect on tunnel in weak rock with joints. It is concluded that 

joints in competent rocks increase the MAFL more than in the joints in weak rocks. The 

joints at the top and the bottom of the tunnel have higher peaks than those close to the 

middle of the tunnel. Weak rock with joints is less sensitive to seismicity in comparison 

to weak rock without joints. The Q system stated that the deformations in strong jointed 

rocks are controlled by the joints, and that they occur along the joints.  
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