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ABSTRACT

The Himalaya has undergone various tectonic activities which resulted in
variant geology in the region. Complex geology and weak geological structures along
with ingress of water give rise to a high degree of fragility and instability in the whole
mountain system. Moreover, the high mountainous topography causes high
overburden pressure in the underground structures causing squeezing and other
stability problems.

During excavation of underground structures, in such areas when overburden
stress exceeds the rock mass strength it will lead to tunnel instability, which causes
squeezing phenomenon along with development of plastic zone around the tunnel
leading to excessive tunnel deformation which can cause man and equipment safety
hazard and tremendous financial loss during construction. Thus the massive tunneling
can only be materialized using professional and scientific approaches.

The main objectives of this thesis are to review and check the validity of
available approaches through squeezing prediction assessment, tunnel stability and
support pressure estimation. Relevant laboratory tests were carried out to determine
rock mass parameters. In addition, numerical modelling was done to compare the
interpreted results and thereafter new correlations were developed for squeezing
prediction using comparative and parametric study.

In this thesis Rohtang tunnel, located in Kullu district, India, has been taken as
the case study. Several tunnel sections while passing through phyllitic quartzite,
quartzitic phyllite, migmatitic gneiss and biotite mica schist type rocks encountered
squeezing condition. The rock mass quality in these squeezed sections is extremely
poor to exceptionally poor.

A comprehensive study has been undertaken for determining physico-

mechanical behavior of these rocks through laboratory tests and its impact during



tunnel excavation. Along with this the squeezing assessment has been done using
empirical, semi-analytical, analytical and numerical approaches.

It was observed that the mechanical properties of metamorphic rocks change
with change in petrographic characteristics and physical properties. The petrographic
and petrofabric analysis was done through scanning electron microscope (SEM), X-
ray powder diffraction (XRD) and thin sections, whereas the other physical and
geotechnical properties are determined through laboratory testing. Various relations
have been developed between porosity, density and mineral compositions of rocks
with the help of SEM, XRD and physical properties. Strength and deformation
behaviour of the rocks were also defined and compared with various physical
properties. The failure pattern under uniaxial compressive strength, Brazilian tensile
strength and triaxial strength tests were discussed.

Numerous studies have been done to study the various aspects of squeezing
and tunnel stability. In this thesis, four main approaches empirical (Jethwa, 1984;
Singh et al., 1992 and Goel, 1994), semi-analytical (Kovari, 1998 and Hoek and
Marinos, 2000), analytical (Duncan-Fama, 1993 and Carranza-Torres and Fairhurst,
2000) and numerical program Phase’ have been used for evaluation of squeezing
phenomenon. In addition, analysis is carried out through convergence confinement
method with Hoek-Brown criteria. Numerical modeling is of utmost importance to
understand rock behavior and deformation mechanisms leading to failure in varying
conditions of stability.

Above approaches were compared and possible reasons for variation in results
by different approaches have been documented in this study and an attempt has been
made to develop new correlations for squeezing predictions through comparative and
parametric study and compared with the existing correlation.

In comparative study 172 tunnel sections from case histories and 64 tunnel

sections of Rohtang tunnel with squeezing and non-squeezing condition have been

Vi



collected from numerous published case histories and compared to develop new linear
classifications for overburden height up to 1900m using parameters rock mass quality
index (Q), rock mass number (N) and overburden height (H) for squeezing prediction.
These linear classification equations obtained for Q and N are
For squeezing H > 390Q%%
For squeezing H > 253N
The parametric study was carried out using 122 tunnel sections (including 65
tunnel sections of Rohtang tunnel) published in literatures and new correlations were
developed using parameters Q, N, ratio of horizontal stress (o) to vertical stress (oy)
i.e. Ko, support stiffness (K), vertical stress (oy), joint factor (J;), tunnel radius (a).

The correlation equations are
Up  1x107"20,J{ " Ky

— TR + 0.005
U, 0.011c,0°°3K125
?p= Iz(i 7 0 4+ 0.005
U, 0.0230,N-03K12
P v ° 4 0.005

a K+ 5.2

These equations can be used for prediction of squeezing in tunnels excavated
through drill and blast method in Himalayan region.
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List of Abbreviations

The following list defines the principle Abbreviations and their definitions as used in

the thesis. Abbreviations not listed here are defined as they appear in the text.

IS
ASTM
ISRM
CPS
ICDD
coD
XRD
PDF
SEM
SDI
PQ
QP
MG

BMS

SQ
L/D
ucs
RQD

RMR

Indian Standards

American Society for Testing and Materials
International Society for Rock Mechanics
Counts per Second

International Centre for Diffraction Data
Crystallography Open Database

X-Ray Powder diffraction

Powder Diffraction File

Scanning Electron Microscopy

Slake Durability Index

Phyllitic Quartzite

Quartzitic Phyllite

Migmatitic Gneiss

Biotite Mica Schist

Phyllite

Sheared Quartzite

Length/Diameter

Uniaxial Compressive Strength

Rock Quality Index

Rock Mass Rating
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SRF

GSI

OB

UG

HRT

SW

MW

HW

CWwW

Sl

NS

LS

FS

VMS

MS

Mod S

HS

SS

VHS

VSS

CCM

Stress Reduction Factor
Geological Strength Index
Overburden
Underground

Head Race Tunnel
Fresh

Slightly Weathered
Moderately Weathered
Highly Weathered
Completely Weathered
Squeezing Index

No Squeezing
Squeezing

Light Squeezing

Fair Squeezing

Very Mild Squeezing
Mild/Minor Squeezing
Moderate Squeezing
High Squeezing
Severe Squeezing
Very High Squeezing
Very Severe Squeezing

Convergence Confinement Method
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GRC

SCC

HB

MC

CTF

ISMB

ISHB

NW-SE

NATM

FEM

FDM

BEM

DEM

DDA

SF

RPZ

MPS

COA

Longitudinal Displacement Profile
Ground Reaction Curve

Support Characteristic Curve
Hoek-Brown Criteria

Mohr-Coulomb Criteria
Carranza-Torres and Fairhurst

Indian Standard Medium Weight Beam
Indian Standard Heavy Beams
Northwest Southeast

New Australian Tunneling Method
Finite Element Method

Finite Difference Method

Boundary Element Method

Distinct Element Method
Discontinuous Displacement Analysis
Strength Factor

Radius of Plastic Zone

Major Principal Stress

Coefficient of Accordance
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List of Notations

The following list defines the principle symbols and their brief definition as used in

the thesis. Symbols not listed here are defined as they appear in the text.

0 Angle in radians

pum Distance in micrometers

°c Degree celcius (temperature unit)
o Wavelength

B Beta particle emission

A Angstrom

mm; cm; m Length S.1. units as millimeters, centimeters and meters

mA Milliamperes (current unit)

kv Kilovolts (voltage unit)

Kg; g Weight S.I. units as kilograms and grams
hr; min; s Time S.I unit as hours, minutes and seconds
MPa; KPa Pressure S.I. unit as megapascals and kilopascals
psi Pressure imperial unit as pound per second
Yary Dry unit weight

Ysat Saturated unit weight

Mp Dry mass

Ms Saturated mass

Pdry Dry density

Psat Saturated density

n Porosity
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Vy Volume of voids

Gt Ultimate tensile strength
Gt(dry) Dry tensile strength

Ot(sat) Saturated tensile strength

Q Ohms (resistance unit)

v Poisson's ratio

Eso Tangent Young's modulus at 50% ultimate strength
o1 Major principal stress

o2 Intermediate principal stress
o3 Minor principal stress

m Gradient or slope

b Intercept on y-axis

T Shear stress

On Normal stress

k Coefficient of hydraulic conductivity or permeability
Jv Volumetric joint count

m® Volume in cubic meter

A Area of cross section

Vp Sound wave velocity

L Length of the specimen

t Time taken in seconds (S)

Q Rock mass quality index

N Rock mass number
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Y Unit weight of rock mass

Jn Joint set number/joint frequency i.e. number of joints per meter in the
direction of loading

Jr Joint roughness number

f Correction factor for tunnel closure
J Joint factor

n Joint inclination parameter

r Joint strength parameter

B 90-0 (degree)

0 Dip angle of joint

PRorS Joint spacing

H Overburden height

f Correction factor for tunnel closure
m; A constant that is defined by the frictional characteristics of the

component materials in these rock elements

GSI A constant that relates the properties of the intact rock elements to
those of the overall rock mass

a Radius of tunnel

b Radius of concentric broken zone

R External radius of the support (taken to be the same as the radius of
the tunnel)

Rp Radius of the plastic zone

Rpp Radius of perfect plastic region

Rpb Radius of residual plastic region

D Diameter or span of the tunnel
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Ov
Gh
Ko
Po
Ps

Pi

Po

Pi

Ve

Tunnel width

Original tunnel diameter

Plastic zone diameter

Distance to the opening face

Vertical insitu stress (0.027H)

Horizontal insitu stress

Ratio between horizontal and vertical stress

In situ stress along the tunnel axis,

Ultimate support pressure

Support pressure

Hydrostatic pressure or in situ stress = depth * unit weight
Internal support pressure

Uniaxial compressive strength of intact rock
Uniaxial compressive strength of rock mass
Unconfined compressive strength of the shotcrete or concrete
Angle of internal friction or angle of shear resistance
Friction angle of intact rock mass

Friction angle of failed rock

Cohesion

Peak cohesion of intact rock

Residual cohesion of failed rock

Dilation angle

Poisson’s ratio for the shotcrete or concrete (dimensionless)
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Eer Critical strain

f Ratio of radial to axial strain, (v) for perfect plastic part
d Radial tunnel deformation in %

U Radial deformation of tunnel

Uao Initial radial tunnel closure before support
Ua Tunnel closure

Oi Tunnel sidewall deformation

Up Predicted tunnel deformation

Uest Estimated tunnel deformation

Uobs Observed tunnel deformation

K Support stiffness

Ks Stiffness of steel ribs

Kp Stiffness of backfill

E Modulus of elasticity

Es Modulus of elasticity of steel

Ep Modulus of elasticity of backfill

Ec Young’s modulus for the shotcrete or concrete
Es Young’s modulus for the steel

Es Young’s modulus for the block material
Es Young’s modulus for the bolt or cable

As Cross sectional area of steel

Oys Yield strength of the steel

S Spacing between ribs or steel sets
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te

ty

ts

As

Sc

S

Thickness of the ring

Thickness of backfill

Thickness of the block

Cross sectional area of the section
Moment of inertia of the section
Overbreak thickness filled with shotcrete
Bolt or cable diameter

Free length of the bolt or cable

Ultimate load obtained from a pull-out test
Circumferential bolt spacing

Longitudinal bolt spacing
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