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ABSTRACT : In this paper plain strain elasto-plastic finite element analysis of two parallel interacting deep simultaneously excavated 
horse shoe tunnels has been performed considering Hoek-Brown failure criteria. A parametric analysis has been performed considering 

the three in situ stress ratios (Ko = 0.5, 1.0 and 1.5) prevailing in the rock mass and three pillar width to tunnel diameter ratios (W/D = 

0.3, 0.6 and 1.2). Variation of principal stresses and deformations in the pillar zone and at the tunnel boundary have been studied in the 
analysis and compared with the results of a single horse shoe tunnel. It is observed that for larger insitu stress ratio of Ko = 1.5 and 

smaller W/D ratio of 0.3, the area of yielded zone is greatest. From the study of comparison of major principal stresses between 

interacting and single tunnels, it is observed that the percentage difference are largest for Ko = 1.5 and least for Ko = 0.5 at W/D = 
0.3.There is an overall horizontal movement of tunnels towards the abutment side. It is observed that interacting tunnels show major 

increase in displacements at pillar side as compared to single tunnels. The largest variation in displacements are found for smaller insitu 

stress ratio of Ko = 0.5. 

KEYWORDS: elasto-plastic, Hoek-Brown yield criterion, insitu stress ratio, pillar width, tunnel 

1      INTRODUCTION 

Geotechnical engineers are facing great difficulty in developing 
the nation’s infrastructure due to less availability of land. Now 

the area below ground level should be utilized to fix this problem 

i.e., with the help of tunnelling. Generally single horse shoe 
tunnel has been used in various hydroelectric, railways and 

highways projects of the nation. Considering the increase in 

demand, twin or triple horse shoe tunnels can be a feasible option. 
Multiple tunneling projects can cause intolerable deformations 

around the excavation periphery as compared to deformations 

developed due to single excavation (Fotieva and Sheinin, 1966; 
Lo and Ramsay, 1991; Soliman et al., 1993; Kimmance et al., 

1996; Karakus and Fowell, 2003; Mohamad et al., 2010; Chakeri 

et al., 2011; Yan and Yang, 2012; Salim, 2013; Huang et al., 
2014; Satici and Unver et al., 2015; Fu et al., 2015; Fang et al., 

2016). Hence understanding the behavior of interaction between 

multiple tunnels for proper analysis and design purpose is quite 
obvious. Factors influencing the interaction behavior between 

multiple tunnels are pillar width to diameter ratio, depth of 

tunnels below ground surface, type of support, method of 
installation of tunnels, excavation sequence and plastic yielding 

of the surrounding medium (Ghaboussi and Ranken, 1977; Kim 

et al., 1996; Addenbrooke and Potts, 2001; Sharma et al., 2001; 
Chehade and Shahrour, 2008; Chen et al., 2009; Huang et al., 

2011; Zhang et al., 2013). Closed form solutions are used for only 

circular openings and for openings in elasto-plastic medium with 
conventional shapes can only be solved by numerical analysis 

(Gercek, 2005). Hence elasto-plastic finite element analysis 

considering Hoek-Brown criteria have been performed and two 
deep horse shoe tunnels have been considered to be excavated 

simultaneously. Also a parametric analysis considering insitu 
stress ratio (Ko = 0.5, 1.0, 1.5) and pillar width to diameter ratio 

(W/D = 0.3, 0.6, 1.2) have been performed in this paper.  In this 

paper, a 2D plain strain finite element analysis is used to model 

and analyze the present problem of twin tunnels because the 

longitudinal axes of tunnels are parallel to each other and also to 

principal stress components of existing stress field (Gercek, 

2005). Variation of principal stresses and deformations in the 

pillar zone and at the tunnel boundary have been studied in the 
analysis and compared with the results of a single horse shoe 

tunnel. 

2      METHODOLGY  

In this paper Phase2 has been used as a finite element software for 

numerical modeling and analysis. The surroundings of the tunnels 

represent an Indian geological condition like hydroelectric power 
projects, railways or roadways projects (Srivastava, 1985). The 

maximum height and width of the section of the tunnel is 8.0 m 

and depth of tunnels from ground surface have been adopted as 
250 m (Srivastava, 1985). The external boundary of the finite 

element discretization is rigid and fixed and has been fixed at four 

times the maximum width or height of tunnels in order to 
simulate the infinite extent of the geological medium (Kulhawy, 

1974). To study the variation of interaction effects, three pillar 

width to diameter ratios (W/D = 0.3, 0.6 and 1.2) have been 
adopted (Ghaboussi and Ranken, 1976). Finer mesh with three 

noded triangular elements has been used at tunnel boundary and 

on pillar side where more stress concentration is expected and far 
away coarser mesh has been used otherwise calculations will take 

unnecessarily more time. The mesh has 1412, 1602 and 1686 

elements and 797, 892 and 935 nodes for W/D ratios of 0.3, 0.6 
and 1.2 respectively. Numerical model of twin tunnels in basalt 

rock mass with W/D ratio of 0.3 and stress ratio of 1.5 are shown 

in figure 1. For different cases material type has been chosen as 
plastic for the analysis with failure criteria as original Hoek-

Brown because it is a good rock mass controlled by tightly 

interlocking angular rock pieces. With this type of rock masses 
original Hoek Brown criteria works well (Hoek and Brown, 

2002). Tunnels have been assumed to be excavated 
simultaneously. To study the variation of insitu stress in the rock 

mass, field stress ratio (Ko) is considered as 0.5, 1.0 and 1.5 by 

using different approaches (Hoek and Brown, 1982; Sheorey, 

1994; Yokoyama et al., 2003; Zhang, 2005). Vertical stress (σv) 

in the rock mass is 6.75 MPa (Srivastava, 1985). 
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Fig. 1  Numerical model of horse shoe tunnels in basalt rock mass 

with W/D ratio of 0.3 and stress ratio of 1.5 

 

2.1      Geotechnical properties of intact rock and rock mass  

The modeling rockmass is good quality basalt (GSI = 62) found 

mostly in western coast of Indian subcontinent (Srivastava, 
1985). The geological and geotechnical properties are given in 

table no. 1. 

Table 1  Geotechnical properties of intact rock and rock mass 
 

Intact rock properties 

Unconfined 

Compressive 

Strength, (UCS) 

122.364 

MPa 
(Hoek and Brown, 1997) 

Young’s modulus, 

(E) 

35000 

MPa 

(Srivastava, 1985) 

Tensile strength, 

(σt) 

0.2879 

MPa 
(Hoek et al., 2002) 

Poisson’s ratio, (υ) 0.21 (Srivastava, 1985) 

Unit weight, (Ƴ) 0.028 

MPa/m 
(Srivastava, 1985) 

Cohesion, (c) 1.752 

MPa 
(Hoek et al., 2002) 

Friction angle, (ɸ) 48.34o (Hoek et al., 2002) 

Hoek-Brown 

material constant, 
(mi) 

17 (Hoek and Brown, 1997) 

Disturbance factor, 

(D) 
0.8 (Hoek et al., 2002) 

Rock Mass Properties 

mb 1.7 (Eberhardt, 2012) 

s  0.004 (Eberhardt, 2012) 

(Geological strength 

index), GSI  
62 (Hoek and Brown, 1997) 

E 6734 MPa (Hoek and Diederichs, 

2006) 

Residual Values 

mb 0.2206 (residual) (Cai et al., 2007) 

s  0.00001575(residual) (Cai et al., 2007) 

c  0.7010 MPa (residual) (Cai et al., 2007) 

ɸ  32.21o (residual) (Cai et al., 2007) 

GSI  27.01(residual) (Cai et al., 2007) 

3       RESULTS AND DISCUSSIONS  

Figure 2 describes the variation of major principal stress and 

yielded mesh elements around interacting horse shoe tunnels for 
W/D = 0.3, Ko = 1.5, elasto-plastic analysis. The contours of 

major principal stresses  are shown in the figure 2. 

Fig. 2 Variation of major principal stress and yielded mesh 

elements around interacting horse shoe tunnels for W/D = 0.3, Ko 

= 1.5, elasto-plastic analysis 

Variation of displacement around interacting tunnels with 

deformation vectors showing the deform shape of tunnels for 

W/D ratio of 0.3 and insitu stress ratio of 1.5 as a result of elasto-
plastic analysis are shown in figure 3. 

 

Fig. 3 Variation of total displacement with deformation vectors in 

elasto-plastic analysis of interacting tunnels. (Ko =1.5, W/D = 

0.3) 

3.1     Comparison of principal stresses between interacting 

and single tunnels-elasto-plastic analysis 

Variation of percentage difference for principal stresses between 
interacting and single tunnels with W/D for elasto-plastic analysis 

at tunnel boundary and at centre of pillar zone are shown in figure 

4. 

 

 

 
 

 

 
 

 
 

 

 
 

 

Fig. 4 Variation of percentage difference in principal stresses 
between interacting and single tunnels with W/D (elasto-plastic 

analysis) 
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It is observed that at tunnel boundary from W/D = 0.3 to W/D = 

0.6, the slope of the curves representing percentage difference in 

major principal stresses are higher as compared to the slope of the 
curves from W/D = 0.6 to W/D = 1.2. Percentage difference is 

largest for Ko = 1.0 and least for Ko = 0.5. At centre of pillar 

zone, the percentage difference is negative for principal stresses 
at W/D = 0.3 further it become positive and reach highest positive 

value, from where it starts to decrease and tends to reach zero 

value at W/D 1.2. The difference in major principal stresses are 
largest for Ko = 1.5 and least for Ko = 0.5. 

3.2      Comparison of displacements between interacting and 

single tunnels – elasto-plastic analysis 

The variation of percentage difference in displacements between 

interacting and single tunnels with W/D for elasto-plastic analysis 

is shown in figure 5.  

 

  

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Fig. 5 Variation of percentage difference in displacements 
between interacting and single tunnels with W/D (elasto-plastic 

analysis) 

At springing level on pillar side, the percentage difference is 
positive for all insitu stress ratios which decreases on increase of 

W/D ratio, becomes zero and then negative (fig 5a). On further 
increase in W/D ratio, it again tends to reach zero value. At lower 

pillar width interaction causes more displacement and at higher 

pillar width interaction causes less displacement. Ko = 0.5 shows 
the maximum variation while Ko = 1.5 shows the least. At 

springing level on abutment side (fig 5b) the percentage 

difference is small positive value for Ko = 0.5 at W/D ratio of 0.3 
which decreases and becomes negative with increase in W/D ratio 

and finally tends to decrease to reach zero value with further 

increase in W/D ratio. For other two stress ratios the percentage 
difference is negative at W/D = 0.3 which tends to reach zero 

value on increase in W/D ratio. Ko = 1.0 shows the maximum 

variation while Ko = 1.5 shows the least in this case. At crown 

and invert location (fig 5c & 5d) the percentage difference is 

positive for Ko = 0.5 & Ko = 1.0 which decreases on increase of 
W/D ratio, becomes zero and then negative. On further increase 

in W/D ratio, it again tends to reach zero value. For Ko = 1.5 the 

percentage difference is negative at W/D = 0.3 which tends to 
reach zero value on reaching higher W/D ratio. 

 

4    CONCLUSIONS  

From elasto-plastic finite element analysis of two deep interacting 

horse shoe tunnels having three different pillar widths and three 

insitu stress conditions, following conclusions may be drawn. 

  

1) It is observed that for larger insitu stress ratio of Ko = 

1.5 and smaller W/D ratio of 0.3, the area of yielded 

zone is greatest.  

2) It is observed that at lower W/D ratio of 0.3 most of 

the rock mass in the pillar zone yield resulting in the 

development of very low principal stresses. 

3) From the study of comparison of major principal 

stresses between interacting and single tunnels , it is 

observed that the percentage difference are largest for 

Ko = 1.5 and least for Ko = 0.5 at W/D = 0.3. 

4) There is an overall horizontal movement of tunnels 
towards the abutment side. In general, the 

displacement increases at the crown, invert and pillar 

side and decreases on the abutment side. 
 

5) It is observed that interacting tunnels show major 

increase in displacements at pillar side as compared to 
single tunnels. The largest variation in displacements 

are found for smaller insitu stress ratio of Ko = 0.5. 
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