EXPERIMENTAL AND NUMERICAL STUDIES ON THE
EFFECTS OF RAFT FOUNDATION ON UNDERGROUND
TUNNELS IN COHESIONLESS MATERIAL

SUMEET MAHAJAN

DEPARTMENT OF CIVIL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2020



© Indian Institute of Technology Delhi (I1'TD), New Delhi, 2020



EXPERIMENTAL AND NUMERICAL STUDIES ON THE
EFFECTS OF RAFT FOUNDATION ON UNDERGROUND

TUNNELS IN COHESIONLESS MATERIAL

by

SUMEET MAHAJAN

Department of Civil Engineering

Submitted

in fullfllment of the requirements of the degree of Doctor of Philosophy

to the

INDIAN INSTITUTE OF TECHNOLOGY DELHI
OCTOBER 2020



Dedicated to My Beloved Parents
Shri Narender Kumar Gupta and
Shrimati Sushma Devi



CERTIFICATE

This is to certify that the thesis entitled “EXPERIMENTAL AND NUMERICAL
STUDIES ON THE EFFECTS OF RAFT FOUNDATION ON
UNDERGROUND TUNNELS IN COHESIONLESS MATERIAL” submitted by
MR. SUMEET MAHAJAN to the Indian Institute of Technology Delhi is a record
of the bonafide research work carried out by him under our supervision and guidance.
This thesis work, in our opinion, has reached the standard, fulfilling the requirements
for DOCTOR OF PHILOSOPHY degree. The research report and the results
presented in this thesis have not been submitted, in part or full, to any other university

or institute, for the award of any degree or diploma.

(Dr. R. Ayothiraman) (Dr. K. G. Sharma)

Professor Emeritus Professor

Department of Civil Engineering Department of Civil Engineering
IIT Delhi, New Delhi-16 IIT Delhi, New Delhi-16

INDIA INDIA



ACKNOWLEDGEMENTS

Completion of this doctoral dissertation was not possible with the support of several people.
I would like to express my sincere gratitude to all of them. First of all, I am deeply indebted
to my supervisors, Prof. R. Ayothiraman and Prof. K. G. Sharma, Department of Civil
Engineering, for their fundamental role in my doctoral work. Had they not given me the
opportunity to work, this would not have been possible. Their guidance and matchless
exuberant style of inspiration helped me to complete this dissertation. My supervisors have
amicable and positive disposition, and always made themselves available in every aspect
of work, despite their busy schedules. I am extremely grateful to my supervisors, for their
valuable guidance, scholarly inputs and consistent encouragement; I have been receiving
throughout this research work. I consider it as a great opportunity to do my doctoral
programme under their guidance and to learn from their research expertise. I would like to

sincerely thank my supervisors for all kind of help and support.

The author expresses his gratitude to SRC: Prof. A. K. Nema (Chairman), Prof.
J. T. Shahu (Member) and Prof. B. P. Patel (Member) for their valuable input at

different stages of this thesis work, for improving the quality of the work.

I am thankful to Prof. N. K. Garg, Head of Civil Engineering Department, Prof. Manoj
Datta, Former Head of Civil Engineering Department and Laboratory In-charge(s),
Geotechnical Engineering Lab, for providing necessary space, fund, equipment etc. for

conducting this research work.

I would like to sincerely thank the faculty members of Geotechnical Engineering
Section: Prof. K. S. Rao, prof. G. V. Ramana, Dr. B. Manna, Dr. Tanusree

Chakraborty and Dr. Prashant VVangla for providing encouragement and suggestions.

This thesis would not have come to a successful completion, without the help,
I received from Mr. Ashwinth Raj and Mr. Vinay Kumar Singh. Mr. Ashwinth Raj has
provided me necessary help during the experiments. Mr. Vinay Kumar Singh helped me in
updating the literature and compilation of this thesis. Special note of recognition and deep
appreciation goes to them.

I am also thankful to (Former M. Tech students) Mr. Aishwary Sharma and Mr.
Pamidi Sesha Rao for their help in carrying out the trial experiments.

il



I extend my thanks to all geotechnical lab staff: Mr. Manoj Kumar Neelam,
Mr. D. S. Gusain, Mr. D. Biswas and Mr. Alok Kumar for their kind help and support
during the experimental work. I also acknowledge Mr. Amit Bundela for his help related

to computational lab facilities.

Author would like to acknowledge “The Department of Science & Technology
(DST)”, India for their funding to the project. I am extremely grateful to RITES Ltd. for giving

me a no-objection certificate to commence this research work.

I take this opportunity to thank my friends Dr. Raghvendra Sahu, Dr. Aditya
Singh, Dr. Tanwee Mazumder, Mr. A P Singh and Mr. Biruk Gissila for their emotional

support during the tough period of my research work.

I must thank Mr. Dinesh and Mr. Mukesh for their hard work in preparation of

sand bed for conducting the model and field experiments.

No words are adequate to express my gratitude towards my parents for all their pains and
sufferings to bring me up this stage of life. The consistent encouragement and inspiration
helped me at every stage of my personal and academic life, and longed to see this
achievement come true. I express my thanks to my sister and brother in law for
encouragement provided to me always be like elixir of life. I salute all for the selfless love,

care, pain and sacrifice you did to shape my life.

I am out of words to describe the contribution of my wife, Isha, who has shown faith in me and
been with me all these years. She has made them the best years of my life with her
unconditional love, care, understanding and support. I thank her for being patient and supportive.
I am indebted to my son, Achintya and little daughter, Tanaya who had to bear long hours
of my absence from home and always thought the only holydays destination of their father
was IIT. I acknowledgement you all for their patience and deserve the credit for the
successful completion of my thesis. I consider myself the luckiest in the world to have such

a lovely and caring family, standing beside me.

Above all, I owe it all to Almighty God for granting me the wisdom, health and strength to
undertake this research task and enabling me to its completion.

Date: 20th/October/2020 Sumeet Mahajan

v



ABSTRACT

The present research aims at investigating the effect of basement raft foundation excavation
and loading on the existing tunnels using a comprehensive experimental and numerical
(Finite Element: FE analysis) studies. The study includes characterization of materials, 1-
g model experiments and two-dimensional (2D) and three-dimensional (3D) FE analyses.
The direct shear tests and triaxial tests were conducted to determine engineering properties
of the soil and the interface properties between soil and steel. Model experiments were
carried out considering Yamuna sand as soil, which is filled at medium dense condition
(60% relative density) based on typical field SPT-N values of Delhi region. An
experimental model setup including tunnel excavation system was designed and fabricated
in the laboratory for conducting the model experiments as per the experimental program.
The results obtained from model tests are analyzed and used to validate the FE (2D and
3D) models.

Two-dimensional (2D) and three-dimensional (3D) analyses were carried out in PLAXIS
software. Soil, tunnel lining basement excavation, and raft foundation were modelled with
optimum mesh density. To minimize the boundary effects, sensitivity analysis was carried
out in both 2D and 3D, and the dimensions of the model were arrived at. The behavior of
Delhi silt is analysed using the Hardening soil constitutive model and response of the tunnel
lining is compared with the Mohr-Coulomb constitutive model, widely used in practice.
After analyzing the various geotechnical profiles of the Delhi region, it is noticed that water
table is very deep therefore water table level is considered at a depth of 50 m below the
bottom of the model. Standard boundary/support conditions are used. Fine mesh density
was used for the overall soil model, but closer to the tunnel, fineness of mesh was increased.
The parametric studies were carried out by considering the various important parameters:
cover depth (C/D ratio), clear distance between tunnel and raft (X/D ratio), number of

basements, width of raft foundation, and length of raft foundation (in 3D). It is found from



the results that the construction of basement excavation and foundation loading have
pronounced effect on the existing urban metro tunnels. The effects are significant on all
response parameters of tunnel lining, especially total displacement and strain. 2D-FE
analysis indicated that the total displacement and strain are higher when excavation is closer
to tunnel location and tend to become negligible when excavation is carried out at a distance
greater than 2.5 times the tunnel diameter, for the loading conditions considered. Similar
observation is found in 3D-FE analysis as well. The width of raft foundation and number
of basements are also found to have significant effect on the tunnel response. Additional
bending moments, axial and shear forces are mobilized in the tunnel lining due to
excavation and foundation loading, for which the reinforcement details and thickness of
tunnel lining may have to be verified. 3D-FE analysis indicated that the foundation with
larger dimension placed across the tunnel and smaller dimension placed along the tunnel

direction results in less influence on the tunnel lining due to the raft excavation and loading.
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NOTATAIONS

Units

0 Degree

c Centi

ft Feet
Gram

g

g Acceleration due to gravity
G Giga

k Kilo

M Mega

m meter

mm  millimetre

y7, Micron
N Newton
Pa Pascal

rpm  Rotations per minute

S Seconds

Nomenclature

Asup, Average area of Support (tunnel lining) cross-section per unit length
AF axial force

B Width of raft

Bosmt Basements

BM Bending moment

C Cover depth

C= Cref Cohesion

c’ Effective cohesion

¢ Angle of friction
¢’ Effective friction angle
v Dilatancy angle
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Cu
Cu
Cec

CD

De

Dm

Dr
DCM
DMRC
2D

3D
EPBM

Eu
Eo
Es
Esup

Ec
Eso

ref
E 50
oed

E ref

oed >

Eu

E ref

ur

Enpre
El

Coefficient of Uniformity

Undrained cohesion

Coefficient of Curvature
Compressibility Ratio

Consolidated Drained Test

Diameter of prototype tunnel

Depth of embedment

Diameter of Model tunnel

Relative Density

Displacement Control Model

Delhi Metro Rail Corporation
Two-Dimensional

Three-Dimensional

Earth Pressure Balancing Machine
Young’s Modulus of elasticity
Undrained modulus of soil

Initial tangent modulus of the soil
Deformation modulus of soil

Young’s Modulus of elasticity of support/tunnel lining
Young’s Modulus of elasticity of steel
Young’s Modulus of elasticity of concrete

Secant modulus at 50% strength

Reference secant modulus
Stress-dependent oedometer modulus

Reference Oedometer modulus

Undrained Young’s modulus

Unloading - reloading modulus
Reference unloading-reloading modulus

Young’s Modulus of elasticity of HDPE material
Bending stiffness
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(ENp
(ENp

EA

Exp

fe

fy

£
Fmax,comp

Fmax,tens

FE
FAB
FEM
G

Gs
GM

Lde

<

MC
MCC

Bending stiffness of prototype
Bending stiffness of model

Axial stiffness

Experiment

Strength of concrete

Yield strength of steel

Flexibility ratio

Maximum axial compressive force
Maximum axial tensile force

Finite element

Finite and Boundary Element Model
Finite Element Method

Shear Modulus

Specific gravity

Gravels with sand

Depth of tunnel horizontal axis level;
Depth of excavated soil

Depth of excavation

High-Density Polyethylene
Hardening soil constitutive model
Moment of the Inertia

Moment of the Inertia of Support (Tunnel Lining) Cross-section per
Unit Length

Jaky’s coefficient for in-situ stress.
Length

Length of the Unlined Zone

Out of plane spacing

Power of stress-level dependency of stiffness
Grade Mix

Mohr-Coulomb

Modified Cam Clay
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MRTS
MTS
ML-CL
ML-CL

NATM
NP

Nec, Ng, Nr
Np

p ref
PIV

PI

Vsup

ur

PVC
RCC

PGA
Qu

RCC
Rint

RT
RE

RL

Su,ref

Mass Rapid Transport System

Metro Jet System

Clayey sandy silt

Silty sand

Standard penetration value

Scale Factor

New Austrian Tunnelling Methods

Non Plastic

Bearing Capacity Factors

Number of Basements

uniform pressure applied at the tunnel face
Reference confining pressure

Particle Image Velocimetry Technique
Plastic Index

Poisson’s Ratio

Poisson’s Ratio for Support/Tunnel lining

Unloading-reloading Poisson’s ratio

Polyvinyl Chloride
Reinforcement Cement Concrete
Primary

Peak Ground Acceleration
Ultimate Bearing Capacity
Tunnel Radius

Reinforced Cement Concrete
Strength factor/ Interface properties
Tunnel radius

Right tunnel

Basement raft excavation stage
Final Raft Loading Stage
Number of Storeys

Reference undrained shear strength of soil
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SM-ML
SF
SP

TBM

USCS

X/Dm
X/Dm

Y

Y/Dm

Y/D

z

ZT1 (Crown-D)
ZT2(Crown-L)
ZR1 (Right SL-D)
ZR2 (Right SL-L)
ZBI1 (Invert-D)
7ZB2 (Invert-L)
ZL1 (Left RL-D)
Z12 (Left RL-L)

Sandy silt with gravels

Shear Force

Time

Tunnel Boring Machine

Unified Soil Classification System

Clear Distance from the Edge of Raft and tunnel Surface
lateral distance from tunnel centerline

Normalised Distance perpendicular to the model tunnel axis
Normalised Distance perpendicular to the prototype tunnel axis
Distance Measured along the Length of Tunnel From Cross
Section of The Tunnel Passing through the Center Line of Raft
Normalised Distance along the model tunnel axis

Normalised Distance along the prototype tunnel axis

Depth below ground surface

Circumferential Strain at Crown,

Longitudinal Strain at Crown,

Circumferential Strain at Right Spring Level

Longitudinal Strain at Right Spring Level

Circumferential Strain at Invert Level

Longitudinal Strain at Invert Level

Circumferential Strain at Left Spring Level

Longitudinal Strain at Left Spring Level

Distance Between the Centre of the Tunnel and the Pile Axis
The Distance Between the Pile Tip and the Tunnel Spring-Line
Distance Between the Tunnel Face and the Pile Axis

Ratio of Stress Release

Density of steel

Unit Weight of Soil

Unsaturated Unit Weight of Soil
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Vsat

Txy

o1

G3

01- 03
03

Oxx

Oyy

Oz

Oxy = Oyx
Oyz= Ozy

O7x= Ozx

0.5Dm-EXP,
0.75Dm-EXP,
1.0Dm-EXP

X/Dm = 0.5-Exp
X/Dm = 0.75-Exp
X/Dm = 1.0-Exp

X/IDm = 0.5-2D
X/IDm = 0.75-2D
X/Dm = 1.0-2D

Saturated Unit Weight of Soil
Shear strain

Major principal stress

Minor principal stress
Deviatoric stress

Average effective minor principal stress
Stress in X-Direction

Stress in Y-Direction

Stress in Z-Direction

Stress in XY-Plane

Stress in ZY-Plane

Stress in XZ-Plane

Strain

Ground loss ratio

Elastic Strain

Plastic Strain

Distance Advanced by Tunnel Face in Each Step

Length of the Unlined Zone
Ratio of stress release

Uniform Pressure Applied at Tunnel Face

Experimental Values when X/Dm = 0.5, 0.75 and 1.0

Experimental values when X/Dn = 0.5, 0.75 and 1.0

PLAXIS 2D values when X/Dm =0.5,0.75 and 1.0

xl



X/Dm = 0.5-3D
X/Dm = 0.75-3D PLAXIS 3D values when X/Dm=0.5,0.75 and 1.0
X/Dm=1.0-3D

0.5Dm-P3D

0.75Dm-P3D PLAXIS 3D values when X/Dm =0.5,0.75 and 1.0
1.0Dm-P3D
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