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Nowadays, a wide accessible network requires a com-
bination of tunnels and roads through highly undulat-
ing surfaces. This study aims to assess the stress due 
to surrounding slope on a tunnel using ANSYS soft-
ware. A circular tunnel with varying distance between 
the tunnel and slope, and berm width has been used 
for the analysis. For multiple tunnel cases, distance 
between the tunnels was also varied for assessing 
stresses. In this study, maximum and minimum 
stresses were obtained for a berm width of 4 and 7 m 
respectively, which showed that stress decreases with 
an increase in berm width. For multiple tunnels cases, 
variations in distance between two tunnels provided 
significant insights in the analysis of stress between 
the slope and tunnel. 
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LONG and narrow underground openings known as tun-
nels are drilled through mountains, rocks, soils, etc. to cut 
down the time and energy needed to facilitate transporta-
tion using highways and railways, or for other purposes. 
These openings are confined except at both ends and are 
mainly affected by factors such as blocky nature of rocks, 
fault zones, or as in the case of large-diameter tunnels, 
the stand-up time of softer ground. The analysis of stress 
around a tunnel gives us significant information regard-
ing the displacement that its periphery might be prone to. 
Research has been carried out on a sandstone specimen 
having a circular opening based on biaxial compression 
test to imitate the failure of an underground excavation1. 
Various researchers have also carried out numerical mod-
elling analysis to assess stress-induced displacements 
around the walls of an underground opening for checking 
its stability2–4. Due to decline in the availability of physi-
cal space and with advancement in the stresses and dis-
placements analysis for an underground space has led to 
the idea of drilling multiple openings. 
 When the in situ stresses around an excavated region 
are within permissible limits, it behaves in an elastic 
manner, similar to shallow openings in relatively compe-
tent geomaterials not subjected to high tectonic stresses. 

For multiple tunnels construction, important interaction 
effects such as unacceptable distortions or bending  
moments in the existing tunnel liner should/must be con-
sidered. The nature of these interactions depends signifi-
cantly on the tunnel spacing, size of the tunnels, liner 
stiffness, and the method used to drill the tunnels. Inte-
raction between closely spaced tunnels has been studied 
in the past using a variety of approaches. Computation of 
stress distribution around an underground opening gives 
important information about its stability and the existing 
stresses around the tunnel periphery have always  
attracted the attention of researchers in rock mechanics. 
 Earlier studies related to analysis of rock behaviour 
around tunnels were based on analytical solution of stress 
distribution in a stressed elastic plate around a circular 
hole5. The general case of biaxial stress field was studied 
for three different cases6: (a) hydrostatic pressure 
(Ko = 1), where Ko is the initial stress ratio; (b) case of 
Ko = ʋ/l – ʋ, where ʋ is the Poisson’s ratio, and (c) in case 
of no lateral stress. The effect of proximity of boundary 
on stress concentration under horizontal in situ stress was 
also analysed7. A study on discontinuous rock mass as an 
assembly of quasi-rigid blocks through deformable joints 
of definite stiffness was first considered by distinct ele-
ment method8. 
 In Europe, an alternative tunnel-support design was 
used based on the development of a plastic zone sur-
rounding the tunnel of approximately one tunnel diameter 
thickness in the rock mass9. According to observations 
collected from a field in Mont Terri, Switzerland contain-
ing hardened, over-consolidated clay, the shape and ex-
tent of excavated damaged zone around the tunnel 
periphery were dependent upon the relative orientation 
between bedding planes and the axis of excavation10. Ac-
cording to some studies, the most severe conditions were 
experienced when excavation was performed in a direc-
tion parallel to the bedding plane strike due to the prolife-
ration of delamination mechanisms (e.g. shearing, 
bending and buckling of layers), in response to the exca-
vation-induced stress redistribution11,12. Various exam-
ples of premature borehole collapse have been reported in 
extended reach and horizontal wells in shale formations 
with pronounced bedding13–15. Increased instabilities with 
unpredictable failure patterns under isotropic material 
conditions have also been reported due to the low-
strength properties of the bedding planes16. 
 A comprehensive knowledge of the manner in which 
the rock or soil around a tunnel(s) opening deforms elas-
tically due to variations in stress is of key interest for un-
derground engineering problems. In fact, accurate 
prediction of the field in situ stresses and modulus of  
deformation by back-analysis of tunnel convergence mea-
surements and by the ground reaction curve, is necessary 
for the design of reliable support elements for tunnels17,18. 
According to some studies, for tunnels constructed in soft 
ground below water table, the water flow regime also 
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needs to be considered for a realistic analytical  
model19,20.  
 Stresses induced due to weight of overlying strata and 
horizontal stresses of tectonic origin have been reported 
to dominate those occurring on the rock at a depth21. Stu-
dies on rocky strata have shown, that new stresses were 
induced due to excavation near an existing tunnel, which 
was attributed to the rearrangement of in situ stresses 
(during excavation)22. The existence of geological struc-
tures, rock-mass quality and applied boundary conditions 
in an anisotropy system of rocks has an affect on the in-
duced stresses23. A study on the stress distribution around 
a circular opening established that before an opening is 
excavated, the underground stress distribution is uniform 
and the magnitude of vertical stress increases with depth. 
After excavation, the portion of strata directly above the 
opening loses its original support, disturbing the original 
stress equilibrium24. Subsequently, abutment pressure 
will be developed as the load of immediate roof is trans-
ferred on both sides of the opening and the roof starts to 
sag under gravitational force. The opening will fail either 
due to fracturing or by deforming excessively, when the 
stress on an underground opening from the surrounding 
rock exceeds its tolerable strength. 
 The stress distribution around an opening in competent 
rocks, can be approximated from either elastic theory 
(mathematical models) or from measurements on physical 
models; these stresses will generally be larger than those 
obtained at corresponding points on the prototype struc-
ture. Thus, a design based on modelling results will be on 
the conservative side25. For careful assessment of possi-
ble instability and risk, it is important to identify the state 
of stress and induced deformation around the tunnel,  
during the design and construction of any underground 
excavation16. 
 Results from numerical modelling analysis and in situ 
observations conducted on twin tunnels have shown that 
for some orientations, the interaction between the twin 
tunnels could largely influence the soil settlement. Thus, 
a design for twin tunnels requires numerical analysis 
along with monitoring them during construction26,27. Re-
searchers have also conducted several large-scale model 
tests to assess the ground behaviour around tunnel-
crossing zones and the behaviour of tunnels located 
above newly excavated ones28. The interaction between 
twin tunnels, with particular importance on the optimiza-
tion of both the relative positions of the twin tunnels and 
construction, the procedure using finite element program 
PLAXIS, has also been studied in the past29. Limited stu-
dies have been done for assessing the twin tunnel-induced 
ground movement and their interaction with one another 
using an analytical solution. The added advantage of such 
research consists of stress analysis besides a slope adja-
cent to a modelled highway for both single and multiple 
tunnel scenarios. The novel part of the present study is 
the widespread assessment of stresses between the tunnel 

and slope; this facilitates proper berm width construction 
as well as present slope failure and collapse of under-
ground openings. 
 The main objective of this study was to analyse the 
stress distribution between the slope and tunnel using 
numerical modelling and by varying (a) berm width, (b) 
distance between the tunnel and slope, and (c) distance 
between two tunnels in the case of multiple tunnel scena-
rio. 
 The finite element method (FEM) is a numerical  
methodology for solving problems of engineering and 
mathematical physics. It is a computerized method to un-
derstand how a model will react when it is subjected to 
forces and other physical effects. The simulations were 
done using static structural module of ANSYS 14.0  
Mechanical APDL software, which uses FEM to analyse 
the design. Tunnel position(s), changes in berm width, 
distance between tunnel and slope as well as distance  
between two tunnels were varied to prepare different 
models, each being analysed for stress distribution  
between tunnel and slope. The Solid 65 element with the 
Drucker–Prager model was used to incorporate cohesion, 
friction angle and dilatancy angle. The Solid 65 element 
is defined by eight nodes having three degrees of freedom 
at each node. 
 Subsequently, nodes representing different layers were 
defined and connected in a layer-to-layer format using 
area tool to represent different soil/rock layers. A tunnel 
was constituted by subtracting a circular area equal to the 
tunnel diameter from the material layers using the ‘Boo-
leans’ tool. Extrude option has been used to convert the 
2D structure to 3D, and material properties were assigned 
to the generated model. A ‘Quadrilateral’ mesh element 
was chosen for analysis. For lower mesh size, stress is 
underestimated, while it is overestimated for a model 
having a larger mesh. Rigid support was assigned to the 
base to restrict displacements along all directions; and 
roller support was assigned to the side and faces to allow 
displacement along only one axis. The loads incorporated 
in the model were: (a) gravity load (9.81 m/s2) to incor-
porate self-weight of the model, and (b) 0.8 MPa pressure 
applied on the berm width to replicate the live load com-
ing from vehicular movements. The stresses induced due 
to such pressures are prominent and vital in analysing 
stress in the tunnel system. The model was analysed for 
large displacements. Small displacement analysis was 
avoided in this case, as nodes with small areas get stuck 
in an infinite loop, and consequently increases the com-
putation time. 
 A 6 m diameter, circular underground opening was 
made in the model at a depth of 12 m and running 
through the soil strata over a layer of highly weathered 
rocks, on a hard rock formation. In this analysis, fault 
planes or other discontinuities like fractures or joints 
have not been considered. Table 1 shows the material 
properties used to design the model, which were taken 
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Table 1. Material properties used in the model for various soil layers30 

 
Soil layer and depth (m) 

Saturated unit  
weight (kg/m3) 

Young’s  
modulus (N/m2) 

Poisson’s 
ratio 

Cohesion 
(N/m2) 

Angle of  
friction (°) 

Dilatency 
angle (°) 

Clayey silt (0–3) 19 5e6 0.35 1e3 40 10 
Silty sand (3–8) 21 7e6 0.30 1e3 37 15 
Highly weathered rock (8–11.50) 24 3e7 0.35 2e6 50  0 
Hard rock (11.50 onwards) 27 7e7 0.35 0  0  0 

 
 

 
 

Figure 1. Model showing various soil layers for a single tunnel case. 
 
 

 
 
Figure 2. Model depicting two excavated tunnels along with berm 
width. 
 
 
 
from an open source30. Figure 1 is a pictorial representa-
tion of a single tunnel model showing its different soil 
layers. Variables used in this study are depicted in Figure 
2 for multiple tunnels, which are: (a) berm width of 4, 5, 
6 and 7 m; (b) distance between tunnel and slope of 3, 4, 
5 and 6 m, (c) ratio of distance between the two tunnels 
to radius of the tunnel of 2, 2.5, 3, 3.5 and 4, i.e. distance 
between the two tunnels is varied as 6, 7.5, 9, 10.5 and 
12 m respectively. 
 The stress analysis was carried out by varying the berm 
width and distance between tunnel and slope. In the case 
of twin tunnels, the distance between the tunnels was also 
varied and subsequently stress was measured between the 
tunnel and slope. The maximum horizontal and vertical 
stresses among all the points computed along the tunnel 
width were taken into consideration. 
 For a single tunnel scenario, the vertical stress between 
tunnel and slope for berm width of 4 and 7 m was 
1643.947 and 1391.102 N/m2 respectively, while the  

horizontal stress was 2333.16 and 2095.63 N/m2 respec-
tively, at 3 m distance between tunnel and slope (Figure 
3). The horizontal as well as vertical stresses were found 
to be lower for the maximum berm width case, i.e. 7 m. 
The model also showed higher vertical and horizontal 
stresses when the distance between tunnel and slope was 
reduced to 3 m for any constant berm width scenario. 
 Figure 4 shows the maximum horizontal and vertical 
stress by varying the distance between tunnel and slope 
for different berm width scenarios. The distance between 
the two tunnels was kept constant at 6 m. The maximum 
horizontal and vertical stresses were 2140.81 and 
2934.44 N/m2 respectively, for berm width of 4 m at 3 m 
distance between the tunnel and slope. The minimum ho-
rizontal and vertical stress were obtained for berm width 
of 7 m, for 6 m distance between tunnel and slope. 
 Further analysis was carried out for multiple tunnel 
scenarios, where the distance between two tunnels was 
varied as 7.5, 9, 10.5 and 12 m. Horizontal and vertical 
stresses were measured between the tunnel and slope 
(distance = 3 m) for berm widths of 4 and 7 m (Table 2). 
 For all the multiple tunnel cases, the maximum hori-
zontal and vertical stresses decreased with increase in 
berm width. The model depicted higher vertical as well as 
horizontal stresses when the tunnels were closer to each 
other, while these stresses decreased with increase in the 
distance between the two tunnels. 
 Figure 5 shows the maximum horizontal and vertical 
stresses by varying berm width and distance between 
tunnel and slope for 12 m distance between the two tun-
nels. For berm width of 4 m, the percentage decrease in 
maximum vertical and horizontal stresses was 18 and 26 
respectively, with 3 to 6 m increase in the distance  
between tunnel and slope. Similar trends of decrease in 
both vertical as well as horizontal stresses were observed 
for different berm width scenarios. The above analysis of 
stresses with variations in berm width and distance  
between tunnel and slope for single as well as multiple 
tunnel scenarios provides insight regarding stress distri-
bution around the area between tunnel and slope. 
 The present study provides important evidences related 
to stress in both vertical and horizontal directions  
between tunnel and slope by changing the distance  
between tunnel and slope as well as berm width. The 
study demonstrates the following. 
 (1) For single tunnel models, a maximum stress of 
2333.16 and 1643.94 N/m2 was observed in horizontal 
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Table 2. Maximum horizontal and vertical stresses between the tunnel and slope by varying berm width for multiple tunnels scenarios 

Distance between the two tunnels (m) 7.5 9 10.5 12 

Berm width (m)  4 7 4 7 4 7 4 7 

Maximum horizontal stress (N/m2) 2805.1  2341.98  2774.49  2261.20  2550.39  2169.84  2362.42  1995.11 
Maximum vertical stress (N/m2) 1978.57  1616.84  1962.44  1638.05  1746.9  1534.27  1757.71  1497.93 
 
 
 

 
 
Figure 3. The horizontal and vertical stress distribution along the tunnel 
width for a single tunnel. 
 
 

 
 
Figure 4. Maximum stress (N/m2) in the horizontal and vertical direction 
for different berm widths for multiple tunnels with r/a = 2. 
 
 
and vertical directions respectively, for smaller berm 
width. 
 (2) For the multiple tunnel scenario with lowest dis-
tance between two tunnels, a maximum stress of 2934.44 
and 2140.81 N/m2 is observed between tunnel and slope 
in horizontal and vertical directions respectively, for 
berm width of 4 m. 
 (3) The maximum horizontal and vertical stresses are 
observed to decrease with increase in the distance  
between two tunnels, which shows lower magnitude of 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Maximum stress (N/m2) in the horizontal and vertical direction 
for different berm widths for multiple tunnels with r/a = 4. 
 
 
 
stress experienced between the tunnel and slope with 
greater distance between the two tunnels. 
 (4) Results indicate that with increase in the distance 
between the tunnel and slope and keeping the berm width 
constant, there is decrease in maximum horizontal and 
vertical stresses. This trend of decrease in stresses in both 
directions has been observed for both single and multiple 
tunnel scenarios. 
 (5) Maximum stress was observed for berm width of 
4 m and minimum stress for 7 m. Also, maximum stress 
in the vertical direction was found to be lower than that 
obtained in the horizontal direction. 
 (6) Comparison between single tunnel and twin tunnel 
scenarios depicts that the maximum horizontal and  
vertical stresses are observed for twin tunnel in compari-
son to single tunnel case. 
 
 This study on the stress analysis between tunnel and 
slope for various scenarios provides insights regarding 
stress distribution for both single as well as multiple tun-
nel scenarios. The analysis of stresses between tunnel and 
slope helps us predict the distance at which the tunnel 
should be placed from the slope without causing slope 
failure. The assessment of stresses for multiple tunnel 
scenarios provides an added advantage for proper plan-
ning and construction of a new tunnel in the vicinity of an 
existing tunnel. Such studies will help us to design and 
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construct safe underground openings as well as provide 
added safety to nearby structures. 
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