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Summary
Appropriate design of underground excavations is essential for the sustainable development, safety and long life of any project. The state of stress
and mode of deformation are important design parameters for the construction of underground openings, and requires a careful assessment of risk.
Stress magnitude further plays an important role in the development of brittle fractures, rock strength degradation and rock mass instabilities; thus,
analysis of such changes has become standard practice in most rock excavation designs. This paper deals with designs of underground openings
during the advancement of a circular tunnel, and analyzes induced stress distribution, deformation failure and displacement vectors to investigate
the thorough understanding of the stability of the tunnel excavations in the complex geological setting of the Himalayan brittle rocks. To quantify
the stress state and deformation for the designs of circular tunnel, a two-dimensional boundary element numerical modelling have been performed.
Modeling results highlight that the shape and size of the tunnel alignment, existence geological structures and rock-mass parameters have significant influence to the mining induced stress field and rock deformation which directly controls the stability of the underground excavation design.
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1. Introduction
In the recent years, with the development of hydropower infrastructures in Nepal, more attention has been paid to the progress of underground excavation and design of tunnel development (e.g., Panthi and Nilsen, 2007). In the Himalayan
region, for the successful underground excavation is great challenge due to complex geology and active tectonic setting. Thus,
excavation of tunnel in the Himalayan region has imposed
many problems related to heavy inflows of groundwater, excessive rock covers, geothermic flowing, squeezing ground
conditions, cavity formation and many more. The quality of
rock mass assessment, stress analysis along the tunnel alignment and appropriate design selection are essential factors for
the successful completion of any tunnel project. The states of
stress describe by the magnitude and orientations of the principal stresses are important design parameters for the construction of underground openings (Zou and Kaiser, 1990). Therefore, during the design and construction of any underground
excavation, it is important to know the state of stress and induced deformation for careful assessment of the possible instability and risk (Duddeck,1991, Eberhardt,2001).
This paper presents the result of an advance boundary element analysis that was conducted in order to have detail understanding of the underground excavations induced complex rock
stresses and deformation for the circular tunnel in Himalayan
brittle rocks.
2. Geological condition
The Himalayan mountain chain extended more then 2500
km from east to west is massive arc, and evolved as result of
the collision between Indian and Eurasian plates about 50 Ma
(Dewey and Bird, 1970; Powell and Conagan, 1970). This continuous process of collision made the Himalaya tectonically
unstable and seismically active mountain range of the world.
The high topography, steep slope, intense rainfall and active
nature of the Himalaya further manifested the inherently week
geological condition of the region.

Geologically, the Nepal Himalaya is divided into Tethys Himalaya, Higher Himalaya, Lesser Himalaya Sub-Himalaya and
Indo-gangetic basin from north to south, respectively.
The development of tunneling works mainly carried out between the Lesser Himalayan and Sub-Himalaya region due to
the major sites of hydropower projects. This is the major part
of the Himalayan fold-and-thrust belt, and exhibits structurally
complex and highly deformed rock strata. These units of the
Himalaya mainly composed of thick pile of sedimentary (i. e.
sandstone, siltstone, mudstone and conglomerate), metasedimentary (i.e. quartzite, limestone, slate, siltstone, phyllite,
schist) and crystalline (i.e. schist, marble, granitic gneiss, granites) rocks. The major geological complexity of the region
which caused major stability problems during the tunneling
are; (i) rock stresses (ii) weak rock mass quality (iii) high degree of weathering and rock fracturing (iv) complex climatic
condition, and (v) excess groundwater effect. In present study,
major concerns have been paid to numerical modelling during
the advancement of the circular tunnel design in metasedimentary rocks in the Sub-Himalayan region of Nepal.
3. Numerical modelling
2D boundary element method (BEM) was applied to simulate the circular underground openings in the tectonically active Himalayan brittle rocks to predict mining-induced stress
state and deformations of the surrounding rock masses during
the excavation phase of circular tunnel.
4. Model geometry and mechanical parameters
In this study, circular tunnel geometry is considered for the
design of underground excavation of tunnel. Figure 1 represents tunnel-face and assumes the circular-shaped geometries,
while Figure 2 represents tunnel-wall and considers rectangular-shaped geometry.
All models were constructed on the basis of plane strain
condition and therefore, the vertical cross-section of the under
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ground excavation has been taken in consideration with including overburden thickness is 700 m. Overburden unit weight is
assumed 0.026 MN/m3 which is consistent with Himalayan
rocks.
The other rock parameters adopted for modelling are Young’s modulus (E), Poison’s ratio (ν), tensile strength cohesion (c) and angle of internal friction (φ) are 3000 MPa, 0.25, 3
MPa, is 10 is 21 taken in consideration, respectively. The
Mohr-Coulomb failure criterion was used to determine the
crack, faulting and failure elements. The maximum and minimum principal stresses occurs in x-and y-directions, while the
gravitational stress is applied along z-direction (σ2 = γ H).
5. Modeling results and analysis
The results of the numerical modeling are 1illustrated in
Figs 1-8. The modeling results presented here are the basis on
(1) Distribution characteristics of the maximum (σ1) and
minimum (σ3) principal stresses, (2) Characteristics
distribution of deviatoric stresses, (3) Distribution and
concentration of τmax contour (4) Distribution characteristics of
failure trajectories within rock strata, (4) Magnitude and
orientation of horizontal and vertical displacement vectors and
(5) Characteristics distribution of volumetric strain and mean
stresses.

positive sign mean tensional stress. The maximum principal
stress (σ1) shows the horizontal stress and minimum principal
stress (σ3) represent vertical stress in the model. Figs. 1 and 2
show the magnitude and distribution of the principle stress
trajectories along the tunnel. The distribution of maximum
principal stress (σ1) at the roof and floor of the tunnel face are
noticeably different.
The characteristics distribution of σ1 stresses are mainly
concentrated in and around the tunnel face and maximum
concentration lies at the upper (21.1 MPa) and lower ends
(27.4 MPa). While minimum principal stresses (σ3) are largely
concentrated in both rib sides and considerably dominated by
tensional stress (9.9 MPa) (Fig. 1). Interestingly, the tensile
horizontal stress is negligible. In general horizontal stress may
be the explained by the effect of plate tectonics (Iannacchione,
et al., 2002; Dolinar, D., 2003). Tectonic loading is related to
the movement of the Indian plate as it pushes towards north
causing the development of constant strain field that is
associated with the tectonic loading which induces higher
horizontal stresses in the Himalayan rock strata.
The excess horizontal stress can initiated failure within roof
to buckle and shear failure can initiate as guttering in one
corner and propagate to a large-scale roof collapse of the
excavation (Iannacchione, et al., 2003). Falls related to
horizontal stress typically line up in the direction perpendicular
to the regional maximum horizontal stress and generally an
oval shaped when see in the plan view.

Fig. 1. Plot of the magnitude and distribution of (a) maximum
(σ1) and (b) minimum (σ3) principal stresses trajectories
developed around the rock strata during the advancement of
circular tunnel opening.
5.1. Distribution characteristics of maximum (σ1) and minimum (σ3) principal stress

Fig. 2. Plot of the magnitude and distribution of (a) maximum
(σ1) and (b) minimum (σ3) principal stresses trajectories
developed around the rock strata during the advancement of
tunnel wall.

Stresses were analyzed along the tunnel wall boundary and
ahead of the face lining parallel to the tunnel axis. The stress
value indicated in minus sign mean compressive stress and the
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5.2. Distribution of the failure trajectories
The failure trajectories in and around rock strata due to the
excavation of tunnel are illustrated in the Figs. 3a and 4a. The
damage zone was distributed about 5 m towards the roof and
floor and about 3 m around the both side walls of the tunnel
face. The minimum value of strength factor is 1.4 at the roof of
the tunnel and 0.8 at the tunnel floor which indicates that roof
and floor of the circular tunnel are possible damage zones of
rock failure, and required major support during the advancement of tunnel.

Fig. 4. Plot of the magnitude and distribution of (a) failure trajectories and (b) volumetric strain around the tunnel wall.

Fig.ure.1

Fig. 3. Plot of the magnitude and distribution of (a) failure trajectories, and (b) volumetric strain around the circular tunnel
face.
5.3. Distribution and magnitude of volumetric strain
Figs. 3b and 4b show the magnitude and distribution of the
volumetric strain developed around the circular tunnel face and
tunnel wall, respectively. The maximum value of the volumetric strain was observed at the floor of the tunnel, while the
minimum values were obtained at the either side of the tunnel
face. This high volumetric strain observed around the roof and
floor of the tunnel face indicate maximum volume change toward those regions. These results indicate that excess volume
change toward the roof and floor of the tunnel may require
tunnel support to prevent harmful deformation and collapse in
the rock strata around tunnel.

Fig.5. Plot of the magnitude and orientation of (a) horizontal
and (b) vertical displacement vectors around the circular tunnel
face.
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5.4. Distribution characteristics of maximum shear strain
(τmax stresses)
The characteristics distribution of maximum shear stress
(τmax) of the tunnel face and tunnel wall illustrate in Figs. 7a
and 8a. The modeling result of maximum shear strain distribution shows that stresses are mostly concentrated in roof and
floor of the tunnel face, while the maximum shear stress in the
tunnel face mainly concentrated in the two corners and the
value gradually reduces toward the center of the excavation
body. Its value ranges from 0.15 MPa to 1.5 MPa in the tunnel
face and 0.2 MPa to 2.2 MPa in the tunnel body, respectively.

decreased gradually up to 3 mm, while horizontal compressive
displacement vectors shows maximum value -5 mm, which
gradually reduced up to -1 mm. The vertical compressive displacement was mainly concentrated in the roof of the tunnel
face, while the vertical tensional displacement was largely concentrated in the tunnel floor (Figs. 5b and 6b). The vertical
compressive displacement value ranges from 1 mm to 4 mm,
while vertical tensional displacement in the floor shows maximum value was -4 mm and decreased up to -1 mm. displacement mainly concentrated at the roof and the floor of the circular tunnel, respectively.

Fig. 7. Plot of the magnitude and distribution of (a) maximum
shear strain (τmax) contour and (b) deviatoric stress developed
around the circular tunnel face.
Fig. 6. Plot of the magnitude and orientation of (a) horizontal
and (b) vertical displacement vectors around the circular tunnel
wall.

5.6. Distribution of deviatoric stresses
The high deviatoric stress particularly concentrated in and
around the tunnel face. This value ranges from minimum 2.5
MPa in the two sides of the tunnel face to maximum 47.5 MPa
at the roof of the tunnel (Figs. 7b and 8b). In the tunnel body,
the modeled deviatoric stress values mainly concentrated in the
two corners of the tunnel. The maximum values of deviatoric
stress in the two corners show up to 48 MPa, but these stress
values were decreased toward the rock strata. These results indicate that the tendency of the rock slab failure mainly concentrated around the face of the tunnel and end of the tunnel, while
right side of the tunnel body shows minimum values (6 MPa)
of deviatoric stress. These results show that failure mainly concentrated around the floor and the roof of the tunnel.

5.5. Distribution and orientation of displacement vectors
During underground excavation and mining, vertical loading
and horizontal displacement on the rock strata can change noticeably. Figs. 5 and 6 illustrate the horizontal and vertical displacement vectors at the tunnel face and tunnel wall. The horizontal compressive displacement is mainly concentrated in the
left side, whereas horizontal tensional displacement is particularly concentrated at the right side of the tunnel face (Figs. 5a
and 6a). The horizontal compressive displacement of the left
side of the model shows maximum value was 16 mm and this
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mechanical parameters), and applied boundary condition have
important influence to the development of mining induced
stress field and characteristics of rock deformation, which directly controls the stability and safety of the underground excavation of the tunnel.
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Fig. 8. Plot of the magnitude and distribution of (a) maximum
shear strain (τmax) and (b) deviatoric stress around the circular
tunnel wall. The maximum values of deviatoric stresses about
47MPa and 60 MPa predicted at the circular tunnel face and
end of the tunnel wall, respectively.
6. Conclusions
The deformation characteristic and rock mass quality of the
Himalayan brittle rocks are complicated due to complex structure, weak geological nature, active tectonics, and monsoon effects. Therefore, careful examination of mining induced state
stress and deformation for any tunneling project is essential for
successful complication and safety of the project. In this paper,
we have investigated the characteristic stress state and deformation that developed during the advancement of underground
excavation of a circular tunnel alignment using advance BEM
numerical analysis. Modeling results illustrate significant examples of excavation induced stress state and possible deformation along the circular tunnel face and tunnel wall in the
Himalayan brittle rocks. These results helps to engineers, geoscientist and tunnel designer to understand mining induced
stress state and possible deformation that developed for the advancement of circular tunnel and its possible influences on the
Himalayan rock strata. Moreover, modeling result reveals that
the shape and size of the tunnel alignment (i.e. tunnel design),
existence geological structures, rock-mass quality (i.e. adopted
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