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CHAPTER 1

INTRODUCTION

1.1 Background and Motivation

Tunneling has become an indispensable component of modern
infrastructure development, particularly in densely populated urban areas where
surface land availability is severely constrained. A tunnel is defined as an artificial
underground passage constructed to by-pass surface obstacles and enable the safe
transport of passengers, water, sewage, and other utilities without disrupting the
overlying terrain (Srinivasan and Bhavsar, 1983). In recent decades, tunnel
construction has gained considerable momentum in India, driven by the large need to
address increasing traffic congestion and to promote sustainable urban development.
Metropolitan cities of India such as Delhi, Mumbai, Chennai, Bangalore, and Kolkata
have increasingly embraced underground metro systems as a strategic solution to
address limited space availability at the surface and growing transportation demands.
Among these, Delhi serves as a prominent example, where extensive underground
tunneling networks have been implemented.

As tunneling in urban areas is typically carried out at shallow depths with
soil as the primary geo-material, the induced ground deformations can easily propagate
up to the ground surface and significantly affect integrity of the existing structures
leading to structural distortion and cracks (Schiena et al., 2024). Several techniques
such as cut-and-fill, blasting, and mechanized tunneling are employed for tunnel
construction, each exerting distinct influences on the surrounding environment (Huat
et al., 2024). Among these tunnel boring machines (TBMs) have revolutionized
modern tunneling by introducing mechanization and automation that accelerate
construction and enhance worker safety (Armaghani, 2015). Although closed-face
pressurized TBMs are capable of significantly reducing deformations around the
excavation cavity and thereby limiting surface settlements, they cannot entirely
eliminate them, as minor over-excavation effects are inevitable (Lee et al., 1992).
Thus, while TBMs have made underground construction faster, safer, and less
disruptive at the surface, tunneling inevitably causes ground movements that may
adversely affect surrounding structures. Consequently, evaluating the impact of
tunneling on existing structures has emerged as a critical concern for both engineers
and researchers for the successful planning and execution of urban infrastructure
projects.
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1.2 Relevance of the study

The success of tunneling projects heavily relies on precise decisions made
during the design, analysis, and construction phases. A key component of this process
is the Building Risk Assessment (BRA), which evaluates the likelihood of damage to
structures potentially affected by tunneling-induced ground movements. BRA
involves estimating possible structural damages based on predicted ground
deformations and the vulnerability of nearby buildings (Guglielmetti et al., 2008).
Below is the summary of tunneling-related incidents in India, which emphasize the
necessity of conducting comprehensive risk assessments before tunneling begins.

e Agra Metro

In Agra, tunneling activities for a 2 km underground metro corridor connecting Agra
College to Mankameshwar Mandir station commenced in October 2023. Residents in
areas such as Moti Katra and Syed Gali have reported cracks in over 150 buildings,
along with signs of structural distress observed in a nearly 200-year-old temple,
reportedly coinciding with nearby tunneling activities. Precautionary measures have
been taken, including the relocation of several families and the installation of iron jacks
to stabilize homes (Times of India, 2024).

e Mumbai Metro Line 7A

During the construction of Mumbai Metro Line 7A, tunneling activity triggered a
significant ground subsidence along Sahar Road at P&T Colony, Andheri East, where
a 24 feet deep and 10 feet wide cave-in occurred in August 2024. As a precaution,
tunneling was suspended, and stabilization was carried out by grouting and concreting,
requiring nearly 20 truckloads of reinforced cement concrete. While no casualties were
reported, nine families from nearby buildings were evacuated and temporarily
accommodated in a hotel by the contractor. Expert assessments suggested that
undetected underground cavities and weak soil conditions were the likely causes,
highlighting deficiencies in prior geotechnical investigation and the challenges of
ensuring ground stability in densely built urban settings (Times of India, 2024).

e Bengaluru Metro

In Bengaluru, tunneling activities for the Namma Metro's underground section
between Dairy Circle and Nagawara (14 km) have raised structural concerns in densely
populated areas such as Shivajinagar and Bamboo Bazaar. Cracks have appeared in
several buildings, and damage to roads has been reported, prompting the temporary
relocation of some residents as a precaution. Additionally, a 10-feet sinkhole was
reported near the Shivajinagar Metro Station, reportedly linked to tunneling-related
disturbances (Times of India, 2020).

e Delhi Metro
A 113-year-old heritage building at Kashmere Gate partially collapsed during Delhi
Metro’s tunneling work for Central Secretariat—Kashmere Gate Line, highlighting the
severe risks posed to historic structures in densely built environments. The incident
was attributed to foundation weakening from sewer leakage and construction
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vibrations (Times of India, 2015; Manchanda and Agarwal, 2022).

e Chennai Metro

Chennai Metro tunneling has caused visible damage to over 300 buildings across the
city, including 212 in Phase-I along a 24 km underground corridor, with at least 99
affected in North Chennai alone—most of which were already structurally weak and
existing cracks widen due to TBM-induced vibrations, especially in areas like
Washermenpet, Egmore, Anna Nagar etc. More notably, two historic churches in
Broadway CSI Tamil Wesley Church (168 years old) and Arcot Lutheran Church (built
in 1892), developed cracks due to metro tunneling (Times of India, 2013, 2017).

These incidents collectively provide quantitative justification for the need
for a systematic BRA framework. The reported structural impacts involving more than
150 buildings in Agra and over 300 buildings in Chennai indicate that tunneling-
induced ground movements can affect a substantial number of structures within
densely developed urban corridors. Furthermore, localized failures, such as the cave-
in reported during Mumbai Metro construction and the sinkhole observed in
Bengaluru, suggest that inadequate prediction of ground response or excessive ground
loss may lead to significant serviceability and stability concerns. From an engineering
perspective, these incidents highlight the importance of predicting tunnelling-induced
ground deformations and associated structural vulnerability within the tunnel influence
zone prior to excavation, thereby enabling the identification and implementation of
suitable mitigation measures before tunnel advancement. Accordingly, the present
study develops a BRA framework integrating tunnel geometry, subsurface soil
conditions, volume loss, and building vulnerability to facilitate quantitative assessment
of tunneling-induced risk under Indian urban conditions.

1.3 Objectives

The present study is undertaken to advance the understanding of analytical
and numerical methodologies for predicting building damage associated with
tunneling, which is of critical importance for ensuring the safety and resilience of
urban infrastructure in rapidly developing cities. A novel aspect of this research lies in
the integration of numerical and analytical methods, which offers a more
comprehensive and robust framework for damage prediction compared to
conventional approaches. In order to achieve the aim of this study, the research has
been structured around the progressive attainment of the specific sub-targets outlined
below:

o Estimate the free-field ground (greenfield) movements caused by the tunnel
excavation.

e Study and compare the deformations and strains developed over the adjacent
structures due to the construction of Tunnel.

e Evaluate the effects of Tunnel parameters such as tunnel diameter, tunnel depth
from the earth surface, and location of tunnel axis with respect to structure.

o Evaluate the effects of soil parameters such as stiffness and strength properties.

o Evaluate the effects of structure parameters such as length, height and stiffness
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etc.
e Study the deformations and strains in adjacent structures in both case of
occurrence and non-occurrence of an earthquake.

1.4 Outline of thesis

The thesis is presented according to the following chapter headings, the
content of which is also briefly described below:

Chapter 2 focuses on literature review of the extensive research
concerning tunneling-induced ground deformations and their impact on surrounding
structures. Current engineering practices for predicting tunneling-induced ground
deformations including currently available empirical, analytical, experimental and
numerical methods are discussed in detail. A substantial review of International and
Indian case studies on prediction of tunneling-induced ground deformations and their
impact on surrounding structures is summarized. The chapter identifies the key
research gaps, emphasizing the need for an integrated analytical-numerical approach
for building risk assessment (BRA) and the limited focus on seismic considerations in
the Indian context.

Chapter 3 details the overall approach and methodology adopted in the
study. A step-by-step approach is introduced to predict ground deformations and
building strains, along with commonly used building damage assessment frameworks
such as Burland’s classification and the Limiting Tensile Strain Method (LTSM). A
methodology flowchart is also presented to explain the stepwise process followed in
this research.

Chapter 4 presents the specific research problem in the context of the
Delhi-Meerut RRTS project, India. It describes the alignment, tunneling details, and
surrounding built-up environment. The geological profile of the site is outlined,
supported by soil investigation data and properties. Tunnel parameters, TBM
specifications, and cover depth are also presented. The chapter establishes the basis
for numerical modelling and analysis in subsequent chapters.

Chapter 5 develops the baseline numerical model for predicting
tunneling-induced ground deformations. The model geometry, mesh configuration,
boundary conditions, and soil constitutive models are described. The simulation of
TBM tunneling stages is explained, and the model is validated against empirical-
analytical solutions. This validation builds confidence in the applicability of the
integrated methodology to Indian tunneling projects.

Chapter 6 presents a detailed parametric investigation of tunneling-
induced effects on ground deformations and building response. Parameters studied
include tunnel depth, diameter, volume loss, soil and structure characteristics. Building
strains are computed using LTSM, and structural damage is classified according to
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standard frameworks. Results of this study are critically discussed in the context of
urban tunneling.

Chapter 7 evaluates the influence of seismic loading on tunneling—
induced ground deformations and building response, an aspect often overlooked in
Indian tunneling projects. Numerical simulations are performed to assess the response
of tunnels and adjacent structures under earthquake loading. The results highlight the
additional risks posed by seismic effects and the implications building safety in
seismically active regions.

Chapter 8 summarizes the key outcomes of the study, emphasizing the
contributions of the integrated analytical-numerical methodology and the findings
from the parametric and seismic analyses. The practical implications for metro and
RRTS tunneling projects in India are highlighted, along with the social impact of safer
tunneling practices in densely populated urban environments. Limitations of the study
are acknowledged, and directions for future research are proposed.

Z"—.I turnltln Page 14 of 117 - Integrity Submission Submission ID  trn:oid:::27535:140828894



z'l_.l turnitin Page 15 of 117 - Integrity submission Submission ID _ trn:oid::27535:140828894

CHAPTER 2

LITERATURE REVIEW

Tunneling invariably leads to ground movements and changes in in-situ
stress conditions, which becomes a major concern in urban areas where tunnels are
constructed adjacent to the foundations of existing structures (EI Naggar et al., 2020;
Fattah et al.,, 2011; Ghahremannejad et al., 2006). The magnitude of ground
movements occurring above a tunnel, is primarily characterized by the parameter
termed ‘volume loss’. This chapter presents an extensive review of existing methods
for predicting tunnelling-induced ground deformations and building response.

2.1 VVolume Loss

One of the primary concerns associated with mechanized tunnelling is
volume loss (VL), a phenomenon where a portion of the ground surrounding the tunnel
cavity moves into the void created during excavation triggered by radial and
longitudinal soil deformations resulting from stress release due to delayed installation
of tunnel lining (Al-Omari et al., 2019; Fu et al., 2016; Islam and Iskander, 2021). This
volume loss leads to settlement of the ground surface, which, in turn, can cause
structural damage to nearby buildings and infrastructure. The volume loss (VL) is
defined as the ratio of volume (per metre length) of soil moving into the tunnel cavity
(V1) to the actual tunnel volume (per metre length) (Attewell and Farmer, 1974;
EIMouchi et al., 2018; Franzius et al., 2006; Loganathan and Poulos, 1998;
Loganathan et al., 2000; Peck, 1969; Shiau and Sams, 2019). Total volume loss around
the tunnel cavity includes: (i) ground loss at the face of the tunnel (caused by
movement of soil towards the excavation chamber), (ii) ground loss along the shield
(due to progressive decrement of shield diameter from the cutter head to the TBM tail),
(iii) ground loss at the tail (Due to the cavity between the tunnel lining and surrounding
soil and movement of soil into the gap caused by reduction in grout pressure), (iv)
ground loss behind the shield tail (caused by consolidation of grout) and, (v) long term
volume loss caused by grout shrinkage and lining deformations (Fig. 2.1) (Al-Omari
et al., 2019; Attewell and Farmer, 1974; Chakeri and Unver, 2014; Devriendt, 2011;
Dias and Bezuijen, 2015; Golpasand et al., 2016; Lee et al., 1992; Vu et al., 2016;). In
case of clay considering non-dilation and undrained condition volume of surface
settlement trough per unit length (Vs) should be equal to the volume of soil moving
into the tunnel cavity (V1) (Attewell and Farmer, 1974; Franzius et al., 2006; Marshall
et al., 2012; Shiau and Sams, 2019). Cohesionless soils like fills, silts, sands, and
unsaturated clays provide some drainage which causes actual surface settlement trough
to have a different volume than the volume of ground that moves into the tunnel cavity
as a result of volume change within the soil (Islam and Iskander, 2021). Consolidation
of clays may also cause sublayer subsidence resulting in additional ground movements
along with those obtained due to volume loss during tunnelling activity (Wu et al.,
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2017). The volume of the surface settlement trough may be less than the amount of
ground that moves into the tunnel due to dilatation and swelling brought on by
unloading that may cause soil expansion (Méller and VVermeer, 2008).

1 Face loss

2 Passage of the shield

3 Closure of the tail void
4 Lining deflection

5 Consolidation

g Long term

Fig. 2.1 Sources of volume loss for a shield driven tunnel (Cording, 1991)
2.2 Prediction Methods for Tunneling-Induced Ground Deformations

Accurate prediction of tunnelling-induced ground deformations is a
fundamental requirement for the successful planning and execution of urban
infrastructure projects. Numerous researchers have investigated this problem and
developed various approaches for estimating the magnitude and distribution of ground
deformations due to tunneling. These approaches can broadly be categorized into
analytical methods, empirical methods, physical modelling techniques, and numerical
simulations. Each method has its own theoretical basis, advantages, and limitations,
which are discussed in following sections (Fattah et al., 2011; Fattah et al., 2013; Wang
etal., 2016).

2.2.1 Empirical Methods

Empirical methods for predicting tunneling-induced ground deformations
are primarily derived from field observations and laboratory results case histories.
These methods establish correlations between settlement and influencing factors such
as ground loss, soil type, and tunnel depth. A major advantage of the empirical method
is that ground settlements in a project of similar geological conditions, construction
methods, and workmanship can be easily and reasonably predicted (Hsieh and Ou,
1998). Although empirical approaches are straightforward and provide quick
estimates, their accuracy is highly dependent on the similarity between the conditions
of the current project and the case histories from which they were developed
(Loganathan et al., 2000; Shinde et al., 2020). Consequently, while they are invaluable
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for preliminary assessments, their applicability is often limited in new or complex
ground conditions. The most widely known and classic empirical approach is the Peck
(1969) formula, which represents surface settlement troughs using a Gaussian
distribution. Firstly, Peck (1969) developed an empirical method to estimate
tunnelling-induced settlement using a Gaussian distribution based on field
observations, which is a widely adopted approach till now and verified by many field
observations in various case studies. This approach has since been modified by many
researchers to suit different ground conditions. O’Reilly and New (1982) extended
Peck’s vertical Gaussian settlement model by introducing a relationship to estimate
horizontal displacements. Mair et al. (1993) proposed a method to better predict
subsurface settlement profiles above tunnels in clays by modifying the trough width
parameter to vary with depth. Celestino et al. (2000) proposed new empirical relation
using a family of density curve functions which offers more flexibility and allow for a
better fit to actual measured settlement troughs, especially when the observed data
shows asymmetry or non-Gaussian behaviour. Jacobsz et al. (2004) proposed a
modified empirical settlement equation based on centrifuge model data, improving
upon the classical Gaussian distribution used in tunneling induced settlement
prediction. Wang et al. (2016) proposed a modified empirical model for tunneling-
induced settlements in sands by incorporating the variation of settlement trough
volume and width with depth.

The empirical method proposed by Peck (1969) is most widely adopted
approach for estimating tunnelling-induced ground settlements, particularly under
greenfield conditions (i.e., in the absence of any adjacent structures). The method
assumes that the transverse settlement profile across the tunnel axis follows a Gaussian
distribution curve, which has been shown to closely approximate both experimental
observations and field measurements. The popularity of this approach is attributed to
its effectiveness, simplicity, and reliance on a few easy to determine parameters. Using
this method, the vertical ground settlement (S,) at a horizontal distance (x) from the
center line of the tunnel, can be calculated by the Gaussian function, as expressed in
Egn. 2.1 (Fig. 2.2).

- i ol
A )
s 4 -
Vs ™ /
. Sx— /Q “~Inflection point of curve
Settlement trough—" e Smax
Vi

£ \".

Y TARERY
\ |l
- D >

Fig. 2.2 Transverse surface settlement trough, Gaussian distribution (Agarwal and
Sarkar, 2024)

Z'l—.l turnltln Page 17 of 117 - Integrity Submission Submission ID  trn:oid:::27535:140828894



(L
68

7) turnitin

('TJ turnitin

Page 18 of 117 - Integrity Submission

Page 18 of 117 - Integrity Submission Submission ID trn:oid:::27535:140828894
2
Sx = Smax €Xp (?) (2.1)
2
Smax = 0.313V, > (2.2)
v
L= nD;r/4 (2.:3)
i=kz (2.4)

Where, k is the trough width parameter which varies from 0.4 to 0.7 for cohesive soils
and 0.2 to 0.3 for cohesionless soils (O’Reilly and New, 1982) and varies from 0.2 to
0.5 for granular soils, from 0.4 to 0.6 for stiff clays and from 0.6 to 0.75 for soft clays
(Mair and Taylor, 1997). z denotes the axial depth of the tunnel, S,,,4, IS the maximum
vertical ground settlement under greenfield condition (Eqgn. 2.2), V; is the volume of
ground loss around a tunnel cavity per unit length, V; is volume of ground loss (Egn.
2.3) around a tunnel cavity (V) with respect to the tunnel volume per unit length and
i Is the distance between centreline of the tunnel and the inflection points (Eqn. 2.4).

Oteo and Moya (1979) proposed empirical correlations between
field/laboratory test results and the geotechnical behaviour of soils during tunneling
(Eqn. 2.5). These correlations served as practical guidelines for engineers working on
underground projects in Madrid.

Sx = P12 (0.85 - v)exp (- 1) 2.5)

2i2

Eqgn. 2.5 represents ground surface settlement expressed as function of soil
properties such as Poisson’s ratio (v), unit weight (y), stiffness (E), and an empirical
parameter (%) derived from monitoring data.

O'Reilly and New (1982) provided an expression (Eqn. 2.6) for calculating
the horizontal ground displacement (H,) resulting from tunnelling, which they
correlated with the vertical ground settlement (S,) at that specific location (Fig. 2.3).

H,=Z5, (2.6)

Many researchers have observed that tunnelling-induced ground surface
settlements generally follow a Gaussian distribution profile, as described by Peck
(1969) (Aoyagi, 1995; Attewell and Farmer, 1974; Attewell, 1978; Camos, 2015;
Dimmock and Mair, 2008; Grant and Taylor, 2000; Moh et al., 1996; Mroueh and
Shahrour, 2003; Rebello et al., 2014). However, the Gaussian curve does not always
precisely model ground settlements (Giardina et al. 2012; Hansmire and Cording,
1972; He et al., 2021; Murphy et al., 2010; EIMouchi et al., 2018; Sugiyama et al.,
1999), especially for tunnels in sandy soils, and may provide a poor fit for such data
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(Marshall et al., 2012). Consequently, many researchers have modified the Gaussian
settlement trough equation to more accurately reflect true surface settlements.

Smax i

(@) Vertical ground settlement (b) Horizontal ground displacement

Fig. 2.3 Empirical-analytical curves for tunnelling-induced deformations in the
transverse direction (Giardina, 2013)

Mair et al. (1993) proposed a formula (Egn. 2.7, 2.8) to calculate the
subsurface settlement (s) at a depth z, from the ground surface, in clay considering
that the volume of the settlement trough caused by tunneling in clay remains constant
along the depth and equal to the volume loss of soil around the tunnel (Fig. 2.4).

2
S _ [;]
$= \2rk (z - zp) exP( V2rk (z - zg) > (2'7)
0.175 +0325(1 - 2)
= — (2.8)
z
Ground surface ] ﬂ
= e | | x
_-—-—_-h"_—_ . . -
Surface Settlement profile Point of inflexion
Zy
s
z

Sub-surface Settlement profile

—0

Fig. 2.4 Surface and Sub-surface settlement profiles (Mair et al.,1993)
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Celestino et al. (2000) developed a three-parameter curve (Egn. 2.9)
presenting the tunneling-induced settlement trough consisted of three parameters: S,
a (length dimension), and b (dimensionless parameter).

s
S — _Smax 29
o 29)
i =aB (2.10)
B—(E)% 211
T \b+1 (2.11)

Where, b = 1to 3
% = 0.39(z/D) + 0.31 (For Stiff Clay) (2.12)

a

L 0.46(z/D) + 0.37 (For Porous Clay) (2.13)

Jacobsz et al. (2004) proposed a modified settlement trough (Eqn. 2.14).
In this modified equation, k’ serves as the modified trough width parameter, and i’ is
the distance from the tunnel's center to the inflection points.

1 1.5
Sy = Sz €XP (— 2 (&) ) (2.14)
i =k'z (2.15)
k' = 0.85K — 0.12 (2.16)

Vorster et al. (2005) proposed a modified Gaussian curve to improve the
fit to the observed soil settlement curve obtained from centrifuge experiments in soil.
This equation (Eqgn. 2.17) features a shape function parameter n that controls the
profile width, and the distance to the inflection point, i is ensured by the parameter a.

S, = MSmax 2.17

x (n—-1) + exp[a(%)z] ( )

n=e*22"141 (2.18)
2aa +1

Where, n = 0.5,1,1.5

11
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Wang et al. (2016) proposed an empirical formula (Eqgn. 2.19) to predict
the subsurface settlement (s) caused by tunneling in sand considering the variation of
settlement trough volume along the depth. This formula was developed based on a lab-
scale 1-g physical model test results.

_ v (2 +05) x 2
5= V2rk (z - zg) exp <_ [\/ﬁk (z - zo)] ) (2.19)
0.44 — 02820
k = 1_—202 (220)

2.2.2 Analytical Methods

Analytical methods offer simplified yet practical approaches for
estimating the deformations resulting from tunnel excavation. Analytical solutions are
derived from explicit theoretical formulations and usually based on simplified soil—
structure interaction theories and assumptions regarding ground behaviour (Fu et al.,
2016; Shinde et al., 2020; Whittle et al., 2001). While these methods are
straightforward to apply and useful for preliminary assessments, they are limited in
their ability to capture the complex nonlinear relationships between ground
movements and the governing parameters. Sagaseta (1987) presented an analytical
method which provides closed-form solutions to predict tunnelling-induced ground
deformations in undrained conditions. Verruijt and Booker (1996) developed an
approximate analytical solution for surface settlements caused by tunnel deformation
in an elastic half-plane, which accounts for both uniform radial displacement (ground
loss) and tunnel ovalization, offering insights into stress and displacement fields using
elasticity theory. Loganathan and Poulos (1998) proposed an analytical solution by
introducing an equivalent ground loss parameter based on the gap parameter to predict
tunnelling-induced ground deformations under undrained conditions, showing reliable
results particularly for tunnels in stiff clays. Bobet (2001) presented analytical
solutions for shallow tunnels in saturated ground, accounting for the effects of seepage
forces and pore water pressure. The study offers valuable insights into tunnel
behaviour under coupled hydraulic and mechanical loading conditions. Vorster et al.
(2005) presented an analytical method for calculating the maximum bending moment
for pipelines that are rigidly joined or continuous and affected by ground movement
resulting from tunnelling, which was found conservative as compared with centrifuge
tests. Fu et al. (2016) developed an analytical method to predict ground movements
caused by a non-uniformly deforming tunnel. Their approach captures complex
deformation patterns more accurately than traditional uniform models. Tian et al.
(2017) conducted a theoretical analysis to evaluate the impact of tunnel excavation on
building strip foundations. Their study offers analytical expressions to assess
foundation responses under various tunnel-induced deformation scenarios. Mei and
Song (2021) derived analytical solutions for tunneling-induced settlements in

12
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homogeneous structures using Winkler beam theory, modified Peck’s formula, and
Laplace transform, validating their efficiency through field and numerical data.

Sagaseta (1987) used the mirror source—sink method to model the soil as
a linear elastic, homogeneous, isotropic, incompressible half-space. From that
framework, he derived closed-form equations for both horizontal displacement (H,.)
and vertical settlement (S,.) at the ground surface in the transverse direction (Eqgn. 2.21,

2.22).
_ _VL X
Hy = T (x2+22) (2.21)
—_n(_z_
Sx = T (x2+zz) (2.22)

Verruijt and Booker (1996) presented a generalization of the closed-form
method proposed by Sagaseta (1987), which is applicable to the soils with arbitrary
values of Poisson’s ratio (v). This approach incorporates the effect of tunnel
ovalization, a deformation mechanism previously examined by Wood (1975) for
tunnels in an infinite elastic medium. Considering a tunnel within a semi-infinite
elastic half-space, Verruijt and Booker (1996) derived expressions for ground surface
settlement (Eqn. 2.23).

z 2 z(x2-22)
z2+x2 (z2+x2)2

S, =41 —v)er? (2.23)

Where r is the tunnel radius (D/2), z is the depth of tunnel axis, ¢ is the equivalent
undrained ground loss and & is shape ovalization factor.

Loganathan and Poulos (1998) developed analytical solutions to predict
tunneling-induced ground movements in soft soils by introducing a modified
equivalent undrained ground loss parameter, derived from the gap parameter (g) of
Lee et al. (1992) (Eqn. 2.24). This parameter accounts for nonlinear ground
movements caused by the formation of an oval-shaped gap, modeled using an
exponential function with appropriate boundary conditions. The modified parameter
is then incorporated into the closed-form elastic solutions of Verruijt and Booker
(1996), enabling prediction of both surface and subsurface settlements due to tunneling

(Eqn. 2.25).
= 2979 100% 2.24
E = oz X 0 ( . )
_ _ 2 Z _1.38x7
Sy =41 —v)er — exp[ (Z+r)2] (2.25)
13
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2.2.3 Experimental Methods

Experimental or physical modelling has been widely employed to study
tunneling-induced ground deformations under controlled laboratory conditions.
Centrifuge modelling and 1g small-scale physical tests allow researchers to simulate
soil-structure interaction mechanisms and settlement development in a scaled
environment (Wang, 2021). These models are particularly useful for visualizing
ground movement patterns, validating theoretical assumptions, and providing
benchmark data for numerical analyses. However, their accuracy is limited by scaling
effects, equipment constraints, and the difficulty of fully replicating in-situ soil
behaviour (Ahmed and Iskander, 2011).

2.2.4 Numerical Methods

Numerical modelling techniques, particularly the Finite Element Method
(FEM) and the Finite Difference Method (FDM), have become powerful tools for
analysing tunneling-induced ground deformations. These approaches enable detailed
simulation of soil nonlinearity, anisotropy, groundwater effects, and complex
construction sequences, which are often beyond the capability of analytical and
empirical methods. Software packages such as PLAXIS, FLAC, and MIDAS GTS are
widely used for simulating tunneling processes, settlement troughs, and building
responses. Although numerical methods require extensive input data and
computational effort, they provide high accuracy when validated with field
measurements and are increasingly integrated with analytical frameworks to enhance
reliability (Schiena et al., 2024). Two-dimensional (2D) methods are widely used for
free-field tunneling simulations, while three-dimensional (3D) modelling provides a
more accurate representation of induced stress distribution and capture ground
deformation mechanisms (EIl Naggar et al., 2000).

Prior studies employing physical modelling and numerical techniques to
assess ground deformations and building response caused by tunnelling are
summarized in Table 2-1.

Table 2-1 Review of Prior Studies

S. . Analysis Type/ Validation Analysis
No. Reference Region Software used Method Scenario
Loganathan et Cambridge, Experl_mental Emp.lrlcal ¥ Tunnel +
1 al. (2000) England (Centrlfuge Published Pile
modelling) Results
Pile deformations, bending moments and axial forces due to tunneling
Findings depend significantly on the tunnel—pile spacing and position relative to
the tunnel-induced settlement trough.

continued on page 15
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Table 2-1 (continued)

S. . Analysis Type/ Validation Analysis
No. Reference Region Software used Method Scenario
University of . Tunnel +
2 |Burd et al. (2000) Oxford, (UK) 3D FEM (OXFEM) Field Data Structure
Soil-structure interaction reduces predicted settlement damage,
Findings especially in sagging modes, but for hogging deformations, a
conventional uncoupled approach may still provide reliable results.
3 gggg';)a”d Dias || isbon, Portugal | 3D FEM (FLAC) Field Data :r:';z:r;
- The more affected direction of the building during tunneling is the
Findings Lo
transverse direction.

4 Jacobz et al. Cambridge, Experimental Empirical Tunnel +
(2004) England (Centrifuge modelling) Pile
Findings Tunneling can cause measurable displacements and bending moments in

piles, especially when tunneling occurs close to the pile toe.
5 ghaihzgqg g)nejad Sydney, Australia | Experimental I(EPI:EII(chg ég) ;;:Znel ¥
1g laboratory model tests demonstrated that tunneling-induced ground
Findings loss in dense sand increases surface settlements and bending moments in
adjacent pile foundations.
. Stuttgart, German
6 Moller and & Rogtterdam, ’ 2D FEM (PLAXIS) Field Data Greenfield
Vermeer (2008)
Netherlands
Case studies on the Steinhaldenfeld and Heinenoord Tunnels showed that
- among various numerical installation techniques, the grout pressure
Findings . L L
method most accurately predicted settlements and lining forces in shield
tunneling.
7 Ahmed and New York Experimental (Trans- | Greenfield
Iskander (2011) | University, US parent soil model)
Settlement trough width parameter is independent of volume loss but
Findings proportional to tunnel depth, with subsurface settlements fitting a normal
probability curve and horizontal displacements governed by trough width
parameter and volume loss.
. Experimental
8 Marshall et al. Cambridge, (Csntrifuge i Greenfield
(2012) England .
modelling)
Gaussian curves poorly fit tunnel-induced settlements in sands, which are
Findings better represented using modified Gaussian or yield-density curves and
significantly affected by tunnel geometry and volume loss.
Mathew and Perth, Western 2D & 3D FEM . .
O |Lehane (2013) | Australia (PLAXIS) Field Data | Greenfield
Numerical back-analyses using PLAXIS often overestimate settlement
Findings trough widths, with prediction accuracy strongly dependent on soil
stratigraphy, model selection, and stiffness assumptions.
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S. . Analysis Type/ Validation Analysis
No. Reference Region Software used Method Scenario
Farrell et al. Experimental . Tunnel +
10 (2014) Bologna, ltaly (Centrifuge modelling) Field Data Structure
Building response to tunneling is strongly governed by soil-structure
Findings interaction, with building and soil stiffness significantly modifying
settlement distortions and risk assessments based solely on greenfield
assumptions may be overly conservative.
1 Mathew and Perth, Western 2D & 3D FEM Field Data Tunnel +
Lehane (2014) Australia (PLAXIS) Structure
Building stiffness significantly influences tunneling-induced settlement
- profiles, with stiff structures tilting uniformly and flexible ones showing
Findings . . e -
sagging and hogging, while finite element analyses can qualitatively
capture these behaviors and the effects of ground improvement.
12 Z%blei;o etal. Bangalore, India izjeDlscrete element Field Data -SrturrL]JZSLIJrJ;
The study found that tunneling-induced displacements in granular soils
Findings decrease with increasing density, while the presence of buildings further
reduced displacements compared to greenfield conditions.
. Empirical
15 | Amorosietal. | poe ttaly 2D FEM (ABAQUS) | (Peck 1969) | JUMel *
(2014) . Structure
+ Field data
Significant differences are observed between uncoupled analysis, where
Findings free-field displacements are directly applied at the foundation level, and
interaction-based analysis, which shows reduced amount of tensile strain.
I Empirical
1 Comodromos et | Thessaloniki, 3D FEM (FLAC) (Peck 1969) Tunnel +
al. (2014) Greece . Structure
+ Field data
The study concludes that tail gap pressures notably affect the ground
- movement and presence of stiff building foundations near the trough
Findings . . . . .
width, can widen settlement profiles and slightly increase volume loss,
though the effects are highly site-specific and not directly generalizable.
. Empirical
15 | Camosetal Barcelona, Spain | 2D FEM (DIANA) | (Peck 1969) | "¢+
(2014) . Structure
+ Field data
Equivalent beam method provides reliable predictions of tunneling-
Findings induced building damage, closely matching field observations, while non-
linear FE models capture the influence of soil-structure interaction.
16 (Zzgalnf) etal. Wuhan, China  |3D FEM (ABAQUS) |Field Data ;tur:ZE:r:,
FEM-based safety management approach effectively assesses and
Findings mitigates risks to nearby buildings during tunnel construction, ensuring
safer and more reliable project execution.
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S. . Analysis Type/ Validation Analysis
No. Reference Region Software used Method Scenario
17 (er:)elnsg) etal. Tianjin, China | 3D FEM (ABAQUS) | Field Data | Greenfield
A practical framework for optimizing earth pressure balance machine
Findings performance is established in soft ground by defining correlations
between mechanical driving parameters and shield advance speed.
El-Nahhas et al. . . .
18 (201;‘) 8 €8l | cairo, Egypt 3D FEM (PLAXIS) | Field Data | Greenfield
Findinas Advanced 3D numerical modeling can reliably predict tunneling-induced
g ground deformations for bentonite slurry tunneling in soft ground.
Zhao et al. Western Scheldt, | 2D & 3D FEM . .
19 (2015) Netherlands (PLAXIS) Field Data Greenfield
3D numerical modeling with optimized parameters via global sensitivity
Findings and back analysis provides reliable predictions of tunneling-induced
surface settlements, outperforming 2D models.
Giardina et al. . Centrifuge Tunnel +
2 K 2D FEM
0 (2015) Cambridge, U tests Structure
The study shows that building response to tunneling depends on both
Findings relative stiffness and building weight, highlighting the need to include
weight in damage assessment procedures.
2D discrete element . Tunnel +
21 | Son (2015 South K Field Dat
on ( ) outh itorea method (UDEC) ield bata Structure
Tunneling-induced building damage strongly depends on structure type,
Findings ground loss, and tunnel depth-to-diameter ratio, with brick-bearing
structures being more vulnerable than brick-infilled frames.
2D discrete element Tunnel +
22 | Son (2016 South K Field Dat
on ( ) outh itorea method (UDEC) eld Data Structure
Structures in clay soils can tolerate larger ground loss with less distortion
Findings than in sandy soils, though building response still strongly depends on
tunnel, ground, structure, and construction conditions.
23 gcc))lfg)sand etal. Tehran, Iran 3D FEM (FLAC) Field Data Greenfield
The study establishes a reliable volume loss of value 0.5 to 0.1% for the
Findings Abuzar tunnel excavation, validated by numerical modeling and field
measurements, which is lower than semi-empirical estimates.
Shahin et al. 2D Non- linear FEM Tunnel +
24 (2016) Nagoya, Japan (FEMIij-2D) Model Tests Structure
Tunneling significantly influences earth pressure distribution, ground
- deformation, and structural response, particularly in closely spaced or
Findings - o A . S
building-loaded conditions, highlighting the importance of considering
tunnel interaction effects for safe and efficient tunnel design.
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Table 2-1 (continued)
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S. . Analysis Type/ Validation Analysis
No. Reference Region Softv)\:are uzsd Method Sceanio
)5 | Choetal. Seoul, South 3D FEM (MIDAS ;Z'I‘:,tiztla: Sreanfiald
(2017) Korea GTS) -
empirical
Findings Lining stresses and ground settlements during tunneling are strongly
influenced by jack force, soil elastic modulus, and lining thickness.
26 I(_2e(;-1l;)|lany etal. Cairo, Egypt (ZI?Li‘)ZDS)FEM Field Data Greenfield
- FEM can effectively simulate tunneling and lining phases, enabling cost
Findings . .. . .
reduction and better decision-making for future tunnel projects.
27 (Bz?)'fg)" etal | Vilan, ttaly 2D FEM (ABAQUS) | - ;;:23'”;
Frame buildings’ response to tunneling depends on eccentricity and
Findings number of storeys, with sagging deflection decreasing and hogging
deflection increasing as building height increase.
. Empirical Tunnel +
28 | Fuetal. (2018) | China 2D FEM (ABAQUS) (Peck 1969) | Structure
Framed building performance under tunneling-induced ground
Findings movement is strongly influenced by soil stiffness, infill configuration,
and interface properties.
29 (Az'(;(l)g?a” etal | g 3D FEM (PLAXIS) | - ;ﬁg”e' ¥
Tunnel advancement near piled foundations can cause pile head
Findings settlements up to three times greenfield values, most critical within two
times diameter of tunnel horizontally and vertically of the pile.
30 '(\;'g'lhgo)”a el india 2D FEM (PLAXIS) | Experiment ;ﬁg”e' ¥
Presence of a nearby utility tunnel within 3-5 times pile diameters
Findings distance can reduce pile capacity by 5-20%, depending on soil and
structural conditions.
Shiau and Sams | Queens-land, 2D finite difference Empirical .
311 2019 Australia method (FLAC) (Peck 1969) | Creenfield
Surface settlement trough width increases with volume loss and is
Findings primarily influenced by soil strength and depth-to-diameter ratio, while
Young’s modulus mainly affects the volume loss magnitude.
32 (';gigt)’az etal | Sydney, Australia | 2D FEM (PLAXIS) | Field Data ;iulzne' ¥
Tunnel construction significantly increases the bending moments as well
- as the flexural and axial loads in piles, and when the bending moments
Findings : : : : - : : .
induced in an edge pile exceed its original design capacity, the pile may
fail due to the nearby tunnel excavation.

Page 27 of 117 - Integrity Submission

continued on page 19

18

Submission ID trn:oid:::27535:140828894



7) turnitin

g'r—.| turnitin

Page 28 of 117 - Integrity Submission

Submission ID trn:oid:::27535:140828894

Table 2-1 (continued)

S. . Analysis Type/ Validation Analysis
No. Reference Region Software used Method Scenario
Miliziano and . Tunnel +
33 Lillis (2019) Rome, Italy 3D FEM (PLAXIS) Field Data Structure
Findinas 3D numerical modeling accurately predicts tunneling settlements, with
g TBM conicity and cutterhead overcut as key factors.
. . Experimental . .
34 | Laietal. (2019) | China (Centrifuge modelling) Empirical Greenfield

A new loess-specific method, developed from centrifuge test data,

Findings accurately predicts tunnel-induced settlements, showing good agreement
with both model and field measurements.
35 Zhao et al. Germany 2D FEM (PLAXIS) Empirical Tunnel +
(2019) (Peck 1969) | Structure
Numerical methods can effectively predict tunneling-induced surface
Findings settlements and deformations, with soil properties, building stiffhess, and
position relative to the tunnel significantly influencing settlement profiles
and structure response.
36 (Szaé;i; etal 1 pethi, india é?;EN'\;'(,('\Ffr:aDsﬁ‘i) Field Data | Greenfield
- Ground settlement decreases with increasing tunnel depth, soil strength
Findings . . . . -
and stiffness, with FEM giving reliable predictions.
Nagvi et al. . . Empirical Tunnel +
37 (2021) Delhi, India 2D FEM (OptumG2) (Peck 1969) | Structure
Tunnel crown experienced the highest displacement, making it the most
Findings critical point for tunnel lining design. Increase in tunnel depth

significantly reduces ground displacements.

Kanagaraju and

38 | Krishnamurthy | Chennai, India 3D FEM (PLAXIS) Empirical Greenfield
(Peck 1969)
(2020)
FEM parametric studies define influence zones based on tunnel and soil
Findings parameters, enabling prediction of vulnerable zones to guide
precautionary measures before tunneling.
Rezaei and adli Empirical
39 Tabriz, Iran 3D FEM (ABAQUS) | (Peck 1969) | Greenfield
(2020) .
+ Field data
Transverse tunnel-induced settlements can be best predicted using
Findings Gaussian methods, validating FE-based settlement analyses while
highlighting potential overestimation by MC models.
Wang and Wen . . Empirical Tunnel +
4 Y h D FEM (ABA .
O | 2021) lyang, China | 3 (ABAQUS) | peck 1069) | pile
Shield tunneling near viaduct pile foundations primarily causes
Findings transverse (sideways) deformation with S-shaped bending and moderate

internal forces near the tunnel axis.
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Table 2-1 (continued)

S. . Analysis Type/ Validation Analysis
No. Reference Region Software used Method Scenario
41 gt(l;;;)et al. Delhi, India 2D FEM (OptumG2) | Experiment | Greenfield

Elliptical linings minimize ground settlements, while square linings
should be avoided in sensitive areas due to higher settlement.

+
Zhang et al. Hohhot, China | 3D FEM (PLAXIS) | Field Data | "™

Findings

42

(2024) Structure
- Increased bond strength and grouting pressure reduces strain and
Findings L T
deformations in building.
i +
43 Dutta and Kolkata. India Finite difference E:Jet::jis(:it; Tunnel +
Ghosh (2025) ' method (MATLAB) Pile
Results
Incorporating non-linear soil behavior using Pasternak’s model provides
Findings a more accurate prediction of pile deflection due to tunneling-induced

ground movements.

Out of the 43 studies reviewed, only seven are directly related to Indian
tunneling conditions, with most investigations focusing on greenfield settlements,
tunnel-pile interaction, or isolated tunnel-structure response. Limited studies have
addressed an integrated Building Risk Assessment (BRA) framework under Indian
conditions that simultaneously considers tunnel geometry, volume loss, soil
characteristics, and structural vulnerability. Furthermore, the combined evaluation of
limiting tensile strain, and seismic influence on different building typologies remains
limited in existing Indian literature. Therefore, the present study attempts to bridge this
gap through a comprehensive BRA framework for tunneling-induced structural risk
assessment under Indian urban conditions.

2.3 Building Risk Assessment (BRA)

The assessment of risk of damage for buildings potentially affected by
tunnelling-induced deformations involves two primary activities: (a) the Building
Condition Survey (BCS), which evaluates the real conditions of buildings before,
during, and after tunnel construction, and (b) the Building Risk Assessment (BRA),
which estimates the potentially expected damages based on predicted deformations
and the inherent vulnerability of the structures (Guglielmetti et al., 2008). BRA is used
to analyse the risk involved with people who are located inside buildings on tunnelling
site. Limiting Tensile Strain Method (LTSM) is a widely used empirical-analytical
approach for assessing and predicting induced damage to buildings, due to ground
movements caused by excavations such as tunneling (Netzel, 2009). First formalized
by Burland and Wroth (1974) and subsequently refined by later researchers, this
method remains a fundamental tool in geotechnical engineering for assessing damage
risk in urban environments. LTSM idealizes a building as a weightless, isotropic,
elastic beam subjected to tunneling-induced ground deformations. Its fundamental
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assumption is that the structure fully follows the settlement profile of the ground,
meaning all differential movements are transferred to the building—while neglecting
soil-structure interaction, which is a conservative simplification. The maximum
tensile strains in the beam, representing the building fagade or wall, are then
analytically calculated using beam theory, with Timoshenko (1957) beam equations to
incorporate both bending and shear effects. Boscardin and Cording (1989) extended
this theory to include horizontal strains, caused by lateral ground movements induced
by adjacent excavation and tunneling activities. The total calculated strains are then
compared to limiting tensile strain thresholds, which are empirically linked to different
damage categories (e.g., negligible, very slight, slight, moderate, severe, very severe),
characterized by the expected crack width and the ease of repair (Boone, 1996; Torp-
Petersen and Black, 2001). These thresholds originate from empirical observations and
are intended to predict not just the presence of damage, but also its functional and
aesthetic significance (Clarke and Laefer, 2014). For typical buildings, the method
distinguishes between zones of sagging and hogging in the settlement profile, each
with different strain distributions and damage sensitivity (Fig. 2.5).

Hogging 4—'—» Sagging
zone . zone

Building

Fig. 2.5 Deformation of building above tunnelling (Harris and Franzius, 2005)

Boone (1996) developed a detailed method to assess building damage from
differential ground movements, considering structural geometry, material strain limits,
and strain superposition. Load-bearing walls are modelled as beams, while damage in
frames and infill walls is linked to column movements and deformations of
surrounding members. Potts and Addenbrooke (1997) proposed a modification factor
approach, modelling buildings as elastic beams to develop design charts linking
building stiffness, geometry, and location with tunneling-induced deformations,
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particularly for masonry buildings. Netzel (2005) proposed adjustments to the shear
form factor in Timoshenko beam equations to reduce errors in strain estimation by
LTSM. Finno et al. (2005) proposed a new simplified laminate model, which accounts
for both bending and shear deformations by assuming stiff floor systems that restrain
bending while walls (load bearing or infill) resist shear and derived closed-form
solutions to estimate deflections, offering a balance between overly simplistic
empirical methods and highly complex numerical models. Giardina et al. (2013)
performed parametric and numerical studies validating and refining the limiting strain
values for wider structural types across various soil conditions. Fok et al. (2012)
proposed a refined framework for assessing excavation-induced building damage by
integrating desk studies on excavation influence zones and the integration of existing
structural conditions from visual inspections with LTSM and provided special
considerations for reinforced concrete frames, piled and mixed foundation systems,
and structurally weak or heritage buildings. Clarke and Laefer (2014) proposed a
vulnerability-based risk assessment method for buildings adjacent to tunneling,
integrating damage predictions with cultural and structural criteria, while also
accounting for initial damage and existing condition to overcome the limitations of the
pure LTSM approach. Goh and Mair (2014) refined modification factors proposed by
Potts and Addenbrooke (1997) for framed buildings by incorporating additional
building features (weight, soil-foundation interface, tunnel depth, and longitudinal
dimensions). Dalgic et al. (2017) reformulated the Burland and Wroth’s (1974)
fictitious deep beam equations into a transfer function between tensile strains and
effecting factors to improve the applicability of this method.

Thus, the Limiting Tensile Strain Method is a practical and useful tool for
assessing structural responses from ground movements. While it provides a rational,
empirically grounded framework for building damage assessment, its accuracy is
strongly influenced by the correctness of its assumptions (especially regarding soil-
structure interaction and structural idealization). Recent research supports its
continued use for preliminary risk screening, provided its limitations are understood
and supplemented by advanced modelling and case-specific studies where higher
precision is required (Camds, 2015; Giardina et al., 2013; Dalgic et al., 2017).

2.4 Research Gaps

A critical review of the existing literature highlights several limitations in
the prediction of tunneling-induced ground deformations and their impact on adjacent
structures. While significant progress has been made through analytical, empirical,
experimental, and numerical approaches, certain aspects remain underexplored or
inadequately addressed. Based on this review, the following research gaps have been
identified:

1. Although extensive research has been conducted globally using analytical,
empirical, physical modelling, and numerical approaches to assess the effects
of tunneling on surrounding structures, very few studies have been carried out
in India, and those that exist are largely limited to greenfield conditions (where
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there are no existing structures). Consequently, the combined effect of
tunneling and structural response in densely built urban areas like Delhi, where
tunneling often occurs in close proximity to existing infrastructure remains
insufficiently addressed.

2. While studies conducted in India employ numerical tools such as PLAXIS to
simulate ground deformations due to tunneling, there is a lack of studies that
transfer these deformations to structural foundations to evaluate potential
damage. This disconnect between numerical modelling and structural response
assessment limits the practical application of existing research.

3. Additionally, methods such as the Limiting Tensile Strain Method (LTSM),
which offer a rational strain-based approach for damage prediction, have rarely
been applied in conjunction with numerical tunneling outputs in Indian
contexts. Integrating LTSM with numerical modelling results for site-specific
tunneling assessments remains an unexplored area with strong potential for
improving damage prediction in urban infrastructure.
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CHAPTER 3

RESEARCH METHODOLOGY

To minimize the potential risk-levels associated with the adjacent
buildings due to tunneling-induced ground movements, it is necessary to conduct a
specific Building Risk Assessment (BRA). The present study introduces a novel
hybrid approach for risk assessment of existing structures adjacent to proposed tunnel
construction, by integrating the limiting tensile strain method with advanced numerical
simulations using PLAXIS 2D (Agarwal and Sarkar, 2025). To provide a clear
overview of the adopted approach, the overall research workflow is illustrated in the
flow chart shown in Fig. 3.1.

Study Area and Input data

A4

Prediction of Greenfield Ground Movements
(PLAXIS 2D + Empirical Validation)

A\ 4

Limiting Tensile Strains Calculations (LTSM)

\ 4

Damage Classification

A\ 4

Parametric Studies
(Tunnel, Soil, and Structure Parameters)

\4

Seismic Analysis

Fig. 3.1 Flow Chart- Approach and Methodology

The BRA of adjacent structures, according to the above mentioned hybrid
method, is conducted using a four-step approach (Dalgic et al., 2017; Fok et al., 2012;
Netzel, 2009), Step 1: Prediction of greenfield ground movements due to tunneling,
Step 2: Projection of greenfield ground movements on the building’s foundation and
determination of building deformation measures, Step 3: Estimation of induced

24

Z'l—.l turnitinﬁ Page 33 of 117 - Integrity Submission Submission ID  trn:oid:::27535:140828894



Z'l_.l turnitin Page 34 of 117 - Integrity submission Submission ID _ trn:oid::27535:140828894

building strains using limiting tensile strain method (LTSM), and Step 4:
Classification of building damage related to the calculated strain levels. The details of
these steps are described in this chapter.

3.1 Prediction of Greenfield Ground Movements due to Tunneling

Tunneling operations inevitably induce vertical and horizontal ground
movements, within the zone of influence. When the ground surface is free of buildings,
the resulting settlement ground displacement curves referred to as the free-field or
greenfield ground displacement profiles. Ground settlement profile transverse to the
tunnel alignment assumes a concave trough shape, where the downward curvature is
termed as sagging and the upward curvature is termed as hogging (Fig. 3.2). Along the
longitudinal direction of the tunnel line, advancing settlements may also occur as
excavation progresses, accompanied by significant horizontal ground movements in
both directions. However, the building is more affected in the transverse direction
during tunneling and transverse loads retain significant values in the final state,
whereas longitudinal loads return to their initial values (Jenck and Dias, 2003). Several
empirical and analytical approaches as described in Chapter 2, have been widely used
to estimate greenfield ground displacements profiles.

P R

Sagging , Hogging

o

\ ‘
Settlementitrough

Inflection point

: O

Tunnel

Fig. 3.2 Different positions of buildings in the transverse settlement trough: (i)
sagging, (ii) at an inflection point and (iii) hogging

Although tunneling is inherently a three-dimensional (3D) process, two-
dimensional (2D) analyses are widely accepted as a practical and reliable tool for
predicting greenfield ground movements, particularly transverse settlement troughs.
Advanced 3D numerical modelling can capture complex soil-structure interactions
and non-linear behaviour with greater detail; however, such analyses are often
prohibitively costly, requiring extensive data preparation, parameter calibration, and
computational time. Moreover, 3D models are more sensitive to mesh dependency,
interface element properties, excavation sequences, and boundary conditions, which
may introduce significant uncertainties (Basile, 2014). For preliminary design and
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routine engineering applications—where multiple tunnel alignments, depths, and
diameters must be assessed—the 2D approach offers an efficient and sufficiently
accurate alternative, provided that appropriate soil models and procedures are adopted
(Yahya and Abdullah, 2014). By assuming tunnels of considerable length with
relatively uniform geometry, 2D simulations can replicate settlement profiles with
reasonable accuracy, thereby serving as a robust design tool (Shiau and Sams, 2019).
In this context, 3D analyses are better reserved for validation of final designs or
benchmarking in major projects, while 2D analyses remain the practical choice for
most design stages, effectively bridging the gap between research insights and
engineering practice.

3.2 Determination of building deformation measures

Building deformation measures are metrics employed to quantify
structural alterations in buildings, particularly those influenced by tunneling-induced
ground movements. These measures capture observable geometrical distortions in
buildings and serve to establish correlations between these distortions and resulting
damages. Commonly utilized building deformation measures include differential
settlement (8S,,), angular distortion (5), deflection ratio (A/L), and horizontal strain
(). These metrics, as highlighted by Skempton and Macdonald (1956), Polshin and
Tokar (1957), Burland et al. (1977), and Dalgic et al. (2017) are pivotal in assessing
the impact of tunneling-induced ground movements on structures.

3.2.1 Differential Settlement (5S,,)

Differential Settlement (6S,,) specifically addresses the displacement of
points A and B on a building perpendicular to the tunneling line, resulting in strain
within the structure. The calculation of §S, between points A and B involves
determining the vertical movement of these points (S, 4, and S, g)(Fig. 3.3). Uniform
settlements (where S,,, = S, ) can also lead to significant serviceability issues,
affecting building access and utility line connections. Thus, evaluating 45, is crucial
for understanding the strain within buildings caused by tunneling-induced ground
movements. The differential settlement §5,, between points A and B can be calculated
using Eqgn. 3.1.

6517 - S‘U,A - S‘U,B (31)
3.2.2 Angular distortion (5)

The concept of angular distortion as a measure of damage due to settlement
was initially introduced by Skempton and Macdonald (1956). They defined angular
distortion as the ratio between the differential settlement of two points on a structure
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and the distance between these points. Specifically, for points A and B, angular
distortion () can be expressed as given in Eqn. 3.2.

©

(3.2)

Ground
surface line

Measured S8
building
response

Fig. 3.3 Deformation measures for a building conforming to a ground settlement
profile in (a) the sagging zone; (b) both the sagging and hogging zones; and (c) the

hogging zone (Dalgic et al., 2017)

Angular distortion, £ indicates whether deformation leads to either a 'sag'
(positive) or 'hog' (negative) effect, resulting in upward or downward concavity,
respectively. This metric proves particularly valuable for predicting crack widths in
buildings, especially in areas where movements occur at existing cracks or lines of
inherent weakness. Boscardin (1980), redefined the definition of # by excluding the
contribution of rigid building rotation (w), sometimes referred to as tilt. This
adjustment was made because » does not contribute to internal straining within the
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structure. In contemporary literature, £ is calculated using an absolute-value
expression as modified by Boscardin (1980) given in Eqgn. 3.3. The calculation of g
requires another geometrical quantity, the slope of the ground settlement profile (¢). It
is important to consider the maximum value of 8 (Bmax). Fig. 3.3 (2)—(c) schematically
illustrate Smax, @, and ¢ on deformed building foundation lines.

B=lw—ol (3.3)

3.2.3 Relative deflection (A) and deflection ratio (A/L)

Polshin and Tokar (1957) introduced the deflection ratio (A/L), which
stands as another significant metric in the literature for assessing damage. In this
context, A signifies the maximum vertical differential distance between the deflected
foundation line and the straight-line connecting points A and B as depicted in Fig. 3.3
(@)—(c). A/L is then calculated by dividing A by the corresponding span length, denoted
as L. When a building spans the inflection point, A/L can be calculated separately for
both the sagging and hogging sections of the structure. This approach allows for the
independent consideration of each part, as noted by Mair et al. (1996). For such
buildings, the deflection ratio is represented as Asag/Lsag for sagging and Anog/Lnog fOr
hogging. Here, Lsag and Lhog represent the lengths of the sagging and hogging sections
of the building, respectively.

3.2.4 Horizontal Stain (&)

Tunneling-induced ground movements involve considerable horizontal
displacement components. Boscardin and Cording (1989) reported that, horizontal
strains transferred from the ground to the structure can remarkably decrease the
settlement tolerances of buildings together with bending and diagonal tensile strains.
Since the fictitious deep beam approach by Burland and Wroth (1974) does not include
the effect of horizontal strain, Boscardin and Cording (1989) considered this effect by
combining the average horizontal strain (g,) with maximum bending tensile strain
(epmax) @nd maximum diagonal tensile strain (€4,,4,) Values.

Although it is assumed that horizontal strain distributes evenly throughout
the height of the structure, in reality, it tends to be significantly higher in the lower
sections, especially those close to the foundation and in the upper portions of the
building, lateral strains may reduce due to the stiffness and restraint provided by the
upper floors (Cording et al., 2010; Son and Cording, 2005). If S, 4 and S, 5 represent
the horizontal displacements at sections A and B of a wall, &;, can be determined using
Eqgn. 3.4. Where §S,, indicates the differential horizontal movement as shown in Eqn.
3.5, while L denotes the distance between the sections A & B. Horizontal strain is
directly involved into the deep beam equations
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& = —/ (3.4)

55h = Sh,A - Sh,B (3-5)

3.3 Limiting tensile strain method (LTSM)

Burland and Wroth (1974) extended the research conducted by Polshin and
Tokar (1957) and proposed a deep beam analogy applicable to both masonry and
framed structures by assuming that visible cracking in a given material is associated
with a limiting tensile strain (g;;,,,). This analogy aims to facilitate the straightforward
calculation of g;;,,, values. In the deep beam analogy framework, it is assumed that the
deflected shape of the beam is already known, and the criterion for initial cracking
deflection is established when the value of ¢, is reached at a specified point within
the beam. Fig. 3.4 shows the representative deep beam model, which is an
approximation of real structures, along with two possible extreme modes of
deformation: bending only and shearing only. The midpoint deflection (A) is assumed
to occur within either the hogging or sagging ground settlement zone. Here, L
represents the length of the beam (which in practice may correspond to the deflected
or total length of the structure), and H denotes the height of the beam (which in real-
world scenarios, corresponds to the height of the building from the foundation level
excluding the roof from calculations). The fictitious deep beam is modelled as elastic,
isotropic, and simply supported. Soil-structure interaction effects are neglected, and
only free-field ground settlements are taken into consideration.

Timoshenko (1957) has given the following expression for the central
deflection of a centrally loaded beam of unit thickness in both shear and bending.

A PpL?
L 48EI

(3.6)

[1 + 18EI]

L2HG

In this Eqgn. 3.6, E and G are the modulus of elasticity and the shear
modulus of the depicted building, respectively. However, they are considered as a
relative stiffness in the form of E/G in calculations, indicating the longitudinal/shear
stiffness ratio of the structure. I, represents the second moment of the area of the
fictitious deep beam, while P represents a central point load.

Egn. 3.6 can be rewritten in terms of maximum bending tensile strain
(€pmax) and A/L can be related to &p,,4, @S Shown in equation below (Burland et al.,
1977).

(3.7)

_ . [ L 3EI ]
L~ “bmax [15¢ T 2t1HG
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Fig. 3.4 Cracking of a simple beam in bending and in shear (Burland et al., 1977)

Eqgn. 3.7 is applicable when the first visible crack is presumed to develop
due to bending, caused by either sagging or hogging of the structure. &,,,,, represents
the maximum tensile strain occurring at the outermost fiber of the fictitious model
beam once the induced A/L is fully realized. In Eqn. 3.7, t denotes the depth of the
neutral axis from the edge of the beam in tension.

Similarly, the Eqn. 3.6 can be reformulated in terms of maximum diagonal
tensile strain (€4max) and the relationship between A/L and &4,,4, 1S Shown in Eqn.
3.8.

A HL2%G
A_ 1 ]
L Sdmax [ + 18EI

(3.8)

Eqn. 3.8 is applicable when the first visible crack is assumed to develop in
shear, caused by either sagging or hogging of the structure. ;4 represents the
maximum tensile strain occurring in the diagonal direction once the induced A/L is
fully realized.
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The above-described equations employ a shear form factor of 1.5, derived
from the maximum shear strain at the neutral axis of the beam. Egn. 3.6 can be
rewritten as

A PL? n 1.5P
L~ 48El = 4HG

(3.9)

Eqgn. 3.9 does not consider the actual variation in shear strains across the
height of the beam. This leads to an overestimation of the shear deflection contribution
and thus to an underestimation of the tensile strains used in the damage prediction
according to the tensile strain method (Netzel, 2005). Netzel (2005) highlighted that
Timoshenko and Gere (1972) also present solutions derived from the more exact
theory of elasticity and the method of virtual work respectively considering the proper
shear strain distribution over the height of the beam while calculating the contributions
of the shear deflections to the overall deflection of the beam. For a rectangular beam a
shear form factor of 1.2 is derived by Timoshenko & Gere (1972), instead of the
simplified shear factor of 1.5 as shown in Eqn. 3.9. With this modified shear form
factor, the equations for the deflection ratio caused by a fictitious point load P can be
written as Eqgn. 3.10.

A _ PLZ | 12P

L~ 48EI ' 4HG

(3.10)

The accurate shear form factor (1.2) results in a strain increase of
approximately 20% to 25% within practical ranges of L/H (between 0.7 and 1.5)
(Netzel, 2005). Therefore, a shear form factor of 1.2 is used for predicting the building
damage using the tensile strain method. Therefore, using Eqgn. 3.10, Eqgn. 3.7 and Eqn.
3.8 can be rewritten as

A L 6El |
L = Ebmax [1_2t StLHG (3.11)
A HL?G]
> = eqmax |08+ ] (3.12)

Boscardin and Cording (1989) emphasized that ground deformations
induced by mining, tunneling, and open excavation can exhibit a significant horizontal
strain component (&5,). Incorporating this horizontal strain into the analyses mentioned
above will lead to the initiation of damage at smaller levels of differential settlement
and angular distortion. Because of this the total tensile strain in bending can be
considered to have two components as shown in Egn. 3.13.

Ept = €pmax T €n (313)
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Similarly, total diagonal tensile strain can be considered to have two

components and determined using Mohr’s circle of strain (assuming Poisson’s ratio as
0.3) as shown in Eqgn. 3.14 (Mair et al., 1996).

Edat = 0'358h + [(0658}1)2 + gdmaxZ]O.S (314)

(3.15)

&im = Max (gbthogging’ gdthogging’ gbtsagging' gdtsagging)

The parameter ¢, obtained from Eqn. 3.15, proves valuable in
identifying structure damages, as it remains independent of the loading direction and
can be applied in various loading conditions.

Boscardin and Cording (1989) has given the expression for determining
the maximum angular distortion (B.) @s depicted in Egn. 3.16.

1+4<§><':—2)]
®(E) (510

_ 34

ﬁmax - T[

3.4 Damage classification

As per Burland et al. (1977), visual appearance, serviceability and stability
are three basic criteria which have to be satisfied when considering limiting
movements. Considering this Guglielmetti et al. (2008) defines three types of damage
classifications for a building namely Aesthetic damages, Functional damages and
structural damages. Aesthetic damages manifest as minor cracks in structures,
predominantly impacting internal walls and surface finishes. These damages are easily
remedied, often requiring only redecoration to conceal the superficial cracks.
Functional damages manifest as the loss of serviceability and functionality or
serviceability building components (e.g., doors and windows becoming stuck,
pipelines sustaining damage) or sensitive equipment housed within the building being
affected; While the structural integrity remains intact, the loss of functionality can
result in commercial and economic repercussions for both the building and its
occupants. Structural damages resulted from cracks or severe deformations in load-
bearing structures, potentially causing partial or complete building collapse. These
damages may occasionally be partially hidden by surface finishes and signs like
whitewash and plaster serve as reliable indicators of crack propagation. However,
Skempton and MacDonald (1956) concluded that for the majority of buildings the
allowable settlement is governed more by architectural damage than by overstressing
of the structure. With reference to the different damage classification available in
literature a consolidated damage classification is given in Table 3-1 and Table 3-2,
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based on influencing parameters such as limiting tensile strains (g;;,,), maximum
settlement of building (Sy;max), @nd maximum angular distortion (B,,qx)-

Table 3-1 Damage classification based on crack width & ¢;;,,, (Boscardin and
Cording, 1989; Burland et al., 1977; Gaba et al., 2003; Guglielmetti et al., 2008;
Mair et al., 1996; Rankin, 1988)

Risk Damage Degree of | Description of Crack Tensile Description of
Category | Category Damage damage (ease of | Width strain action
repair) (mm) (g1im,%0) | required
0 Aesthetic Negligible | Hairline cracks <0.1 0-0.05 No action,
- : except for
1 Aesthetic Very Fine cracks can <1.0 0.05- e
Slight be easily treated. 0.075 _bund_m_gs
Damage generally |den_t|f|ed =
restricted to partl_c glarly
- sensitive for
internal wall ;
. which an
finishes. Some TR
cracks in external individual
brickwork or e
should be
masonry T
2 Aesthetic Slight Cracks easily <5.0 0.075- Crack survey
filled. 0.15 and schedule
Redecoration of defects, to
probably fairly assess &
required. compensate
Recurrent cracks any resulting
can be masked by damage.
suitable linings. Identify any
Cracks can be buildings and
visible externally pipelines
and repointing particularly
may be required vulnerable to
to ensure water- structural
tightness. Doors damage and
and windows may assess
stick slightly. separately.
° g 3 Aesthetic/ Moderate | Cracks require 5-15 | 0.15- Crack survey,
Functional some opening up | (many 0.3 a schedule of
and patched. cracks defects, and a
Repointing of with structural
external width > assessment.
brickwork anda | 3mm) Predict extent
small amount of of structural
brickwork to be damage,
replaced. Doors assess safety
and windows risk, choose
sticking. Service whether to
pipes may accept
fracture. Water- damage and
tightness often repai,
impaired.
continued on page 34
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Table 3-1 (continued)

Risk Damage Degree of | Description of Crack Tensile Description of
Category | Category Damage damage (ease of | Width strain action
repair) (mm) (£1m,%) | required
4 Functional/ Severe Extensive repair | 15-25 >0.3 Crack survey,
serviceability work as (Depend a schedule of
breaking-out and | on the defects, and a
replacing wall number structural
sections. of assessment.
Windows and cracks) Predict extent
door frames of structural
distorted, floor damage,
sloping and walls assess safety
leaning or risk, choose
bulging whether to
noticeably, some accept
loss of bearing in damage and
beams. Service repair, take
pipes disrupted. precautions to
5 Structural Very Major repair job | >25 control
Severe involving partial | (But damage or, in
or complete depend extreme
rebuilding. on the cases,
Beams lose number demolish.
bearing, walls of Buried
lean badly and cracks) pipelines at
require shoring. risk: identify
Windows broken vulnerable
with distortion. services, and
Danger decide
of instability. whether to
repair, replace
with a type
less likely to
suffer
damage, or
divert.

Table 3-2 Damage classification based on Sy ;.4 and Bmax (Guglielmetti et al., 2008;
Rankin, 1988)

Risk Damage Degree of | Description of damage Maximum Maximum
Category | Category Damage (ease of repair) angular Settlement of
distortion Building
(Bmax) (Sbmax’ mm)
1 Aesthetic Negligible | Superficial damage < 1/500 <10
unlikely.
2 Aesthetic Slight Possible superficial 1/500 — 10 -50
damage which is unlikely | 1/200
to have structural
significance
continued on page 35
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Table 3-2 (continued)

Submission ID trn:oid:::27535:140828894

Risk Damage Degree of | Description of damage Maximum Maximum
Category | Category Damage (ease of repair) angular Settlement of
distortion Building
(ﬁmax) (Sbmax’ mm)
3 Functional Moderate | Expected superficial 1/200 - 1/50 | 50 -75
damage and possible
structural damage to
buildings, possible
damage to rigid pipelines.
4 Serviceability | High Expected structural >1/50 >75
and damage to buildings and
structural expected damage to rigid
pipelines; possible
damage to other pipelines.

Limiting strain is preferred over strength for damage classification because
its value tends to remain relatively consistent across a broad spectrum of common
building materials in terms of type and strength. Furthermore, it maintains physical
significance even after cracking, unlike strength. For the practical use of the LTSM,
some diagrams based on the damage classifications given in Table 3-1 and Table 3-2
were proposed by Boscardin and Cording (1989), Burland (1995) and Burland et al.

(2001) shown in Fig. 3.5 and Fig. 3.6.

T T T T T T
1 SEVERE TO VERY SEVERE 1
3F DAMAGE §i
'o § ®-Data From Tunnels
. & Openculs
-} ®-Mine Data From
“ ,_8 Shallow Mines, Marino, 1985 J
c Braced Cuts
®
< & Tunnels T
it MODERATE
- I-Auumoc_l Range
- 1 of Noc.ntonm Rl
S SEVERE DAMAGE Straia
o
T Self -Weight s
lulldln? Settiement
0 1 1

3 4
Angular Distortion, B [x10°)

5

Fig. 3.5 Damage Category- Angular Distortion (8) and Horizontal Strain (&)

(Boscardin and Cording, 1989)
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Fig. 3.6 Damage Category- Deflection ratio (A/L) and Horizontal Strain (&;,) (Burland,
1995 and Burland et al., 2001)

3.5 Staged Assessment

Mair et al. (1996) proposed a three-stage process for Building Risk
Assessment (BRA) in bored tunneling. The process consists of three stages,
Preliminary Assessment, Second Stage Assessment, and Detailed Evaluation, which
has since been widely adopted (Fok et al., 2012; Harris and Franzius, 2005; Torp-
Petersen and Black, 2001).

3.5.1 Stage I: Preliminary assessments

In this stage, all structures and utilities located within the influence zone
defined by the greenfield settlement troughs are identified. Ground surface settlement
contours are prepared, and all buildings predicted to experience settlements of less
than 10 mm and slopes smaller than 1/500 are classified in the negligible damage
category. Such buildings are therefore eliminated from further analysis, allowing
attention to be focused on structures with potentially higher vulnerability.

3.5.2 Stage II: Second stage assessment

In this stage limiting tensile strain (g;,,) is calculated for buildings
experiencing settlements greater than 10 mm and slopes exceeding 1/500, using
limiting tensile strain method discussed earlier in this chapter and damage category is
assigned. At this stage, buildings classified as having negligible, very slight, or slight
damage are considered low risk and are excluded from further evaluation, while those
assigned to moderate or higher damage categories are carried forward to the final stage.
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3.5.3 Stage Ill: Detailed Evaluation

This stage is undertaken for buildings that are assigned a damage category
of 3 (Moderate) or higher during the Stage Il assessment. This stage involves refining
the estimates of ground movement and structural distortion by analysing the effects of
soil-structure interaction, structural details and excavation methods through advanced
computational methods such as finite element or finite difference analysis. These
methods account for three-dimensional geometry, non-linear ground response,
foundation depth, and building stiffness, thereby providing a comprehensive
understanding of soil-structure interaction. Additionally, detailed evaluation considers
the potential for additional stresses induced in structural elements and ensures that
serviceability limit states are not exceeded.

It should be noted that the Stage-1 BRA thresholds of maximum settlement
less than 10 mm and slope less than 1/500 are intended as preliminary screening
criteria for identifying structures with negligible to very slight damage potential under
typical tunnelling conditions. These limits are based on established tunnelling
assessment practices. However, old, weak, and heritage structures may exhibit
increased sensitivity even at lower deformation levels due to material degradation, pre-
existing distress, reduced structural redundancy, or architectural vulnerability.
Therefore, such structures should be subjected to individual assessment and
engineering judgement, irrespective of whether the Stage-I screening thresholds are
satisfied. Also, Neglecting the “cantilever effect” of a structure proceeding beyond the
settlement influence area (ie. Stage ) can lead to a significant underestimation of the
tensile strains. For longer structures this effect has therefore to be considered carefully
in assessing damage risks (Netzel, 2005). Also, the LTSM approach used in Stage Il
IS very conservative as soil-structure interaction is ignored. In reality, presence of the
building tends to reduce both the horizontal displacements and vertical settlements,
thereby also reducing the induced tensile strains. (Amorosi et al., 2014; Camos et al.,
2014; Giardina et al. 2012; Mirhabibi and Soroush, 2012; Potts and Addenbrooke,
1997). The reduction in tunneling-induced strain due to soil-structure interaction is
highly dependent on the stiffness and geometry of the structure, as well as the stiffness
of the surrounding soil. Literature suggests that strain reduction may vary from
negligible to over 90%, with flexible structures tending to approach greenfield
behaviour, while stiff structures exhibit significant interaction effects and substantial
reduction in deformation (Giardina et al. 2012; Mair and Taylor, 1997; Mirhabibi and
Soroush, 2012; Potts and Addenbrooke, 1997). For example, Amorosi et al. (2014)
and Camos et al. (2014) reported reductions in building strains of approximately 50%,
while Farrell et al. (2014) observed a reduction of around 30%.

Therefore, in order to overcome the shortcoming as described, in the
current study Stage Il assessment has been done considering the total length of the
building. In the present study, ground deformation profiles corresponding to a
predefined volume loss (VL), as obtained from PLAXIS 2D analyses, are transferred
to the foundation of an existing building located in the vicinity of the tunneling
alignment. These induced deformations are subsequently utilized to evaluate the
limiting tensile strain within the structure, thereby facilitating the prediction of
potential damage levels in accordance with the LTSM.
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CHAPTER 4

STUDY AREA AND INPUT DATA

The Delhi—Meerut Regional Rapid Transit System (Delhi—-Meerut RRTS)
is a semi-high-speed rail corridor with a total length of approximately 82.15 km,
currently under construction to provide enhanced connectivity between Delhi,
Ghaziabad, and Meerut. The alignment consists of both elevated and underground
sections. The tunnel alignment for Package 4 is shown in Fig. 4.1. The underground
component is divided into two major stretches:

e A 5.6 km section between New Ashok Nagar and Sahibabad (Package
4), which includes an underground station at Anand Vihar.

e A 5.68 km section between Brahampuri DN Ramp and Begumpul UP
Ramp (Package 8), incorporating three underground stations at Meerut
Central, Bhaisali, and Begumpul.

O/

Sahl/babad Station

Study Area

T

Sahibabad UP Ramp

&)

‘astha Station
Ashok Nagar DN Ramp

/

Saral Kale K;@mn New Ash(f[( Nagar Station
Jangpura Stabling Vard\/

Fig. 4.1 Tunnel Alignment
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Excavation will be carried out using four Earth Pressure Balance (EPB)
Tunnel Boring Machines (TBMs), all of which are named Sudarshan. The construction
plan involves:

e TBM Sudarshan 4.1 and 4.2 excavating approximately 2.8 km of twin
tunnels from the Anand Vihar launch shaft to the Khichripur retrieval
shaft, situated at the northern end of the Ashok Nagar down-ramp.

e TBM Sudarshan 4.3 and 4.4 constructing 2.09 km of parallel tunnels
between the Anand Vihar launch shaft and the Sahibabad up-ramp.

For the purpose of the present study, the tunnel alignment considered
extends from the Anand Vihar launch shaft to the Khichripur retrieval shaft (Fig. 4.2).
The necessary technical information and alignment details are primarily sourced from
open-access tender documents and industry databases (e.g., The Metro Rail Guy,
BidAssist).

Ve A N
i YT 2y

@Aamantran
SV < s

VIAIS HAL:
AJ "«

#=

VakiStper SpecialitylHospitalk

.
o

3ZIpUF Mu rga.Mandi

.
E-O-D/AdventuresPark

Fig. 4.2 Study Area- Google Earth View of RRTS Package - 4

The selected tunnel stretch passes beneath densely built-up, non-
engineered residential zones in the Patparganj and Khichripur areas of East Delhi (Fig.
4.3). These localities consist predominantly of unplanned constructions with limited
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adherence to structural codes, making them particularly vulnerable to tunneling-
induced ground movements.

Fig. 4.3 Google Earth View of adjacent surface Structures
4.1 Geotechnical Data

In practice, natural soil deposits are not homogeneous, elastic or isotropic.
The stratification of soil deposit may change greatly within a horizontal distance of 15
to 30 m. The geological data for the study area was obtained from borelogs provided
in tender documents (BidAssist). Fig. 4.4 shows a Google Earth image showing the
locations of the boreholes, drilled down to the stipulated depth of 40.45 m below the
existing ground level in the study area.

4.1.1 Geotechnical Investigations

The geotechnical investigations include exploratory drilling, field and
laboratory tests, ground water table monitoring, data processing, and interpretation of
data for design purpose.

4.1.1.1 Field test- Standard Penetration Test (SPT)

The standard penetration test is an in-situ test that is coming under the
category of penetrometer tests. The test measures the resistance of the soil strata to the
penetration undergone. The standard penetration tests were carried out in all 150 mm
diameter boreholes at 1.5 m intervals and at every change of strata in accordance of IS
2131: 1981. Disturbed and undisturbed soil samples were recovered for the strata
identification and testing purposes.
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Fig. 4.4 Study Area- Borehole Location

SPT N was recorded by counting the number of blows for 30 cm
penetration after an initial seating drive of 15 cm (for which number of blows were not
counted). Corrected SPT Neo is determined using Eqgn. 4.1, as given below (IS 1893:
2016). Variation of SPT N and Neo with depth is shown in Fig. 4.5 and Fig. 4.6.

NGOZNXCEXCBXCRXCS (41)

N = Observed SPT N
Ce = Correction factor for hammer energy ratio = 0.75
Cs = Correction factor for borehole diameter = 1.05

Cr = Correction factor for rod length = 0.75 (< 3m), 0.8 (3 — 4m), 0.85 (4 — 6m), 0.95
(6 —10m), 1 (10 - 30)

Cs = Correction factor for sampler type = 1 (Standard sampler)
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Fig. 4.5 Variation of SPT N with depth
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Fig. 4.6 Variation of Neo with depth
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4.1.1.2 Laboratory Tests

For the design work, it is essential to obtain the actual soil stratification at
the site along with the laboratory test results of soil samples at different depths. The
laboratory tests conducted on the soil samples collected from the boreholes are
presented in the Table 4-1. Variations of dry density, bulk density, undrained cohesion,
undrained friction angle, drained friction angle and plasticity index with depth are
shown in Fig. 4.7, Fig. 4.8, Fig. 4.9, Fig. 4.10, Fig. 4.11 and Fig. 4.12 respectively.

Table 4-1 Laboratory Tests

S.No. | Test Code/ Standard

1. Determination of water content IS : 2720 - 1980 (Part 2)

2. Determination of Specific Gravity: Fine Grained IS : 2720 - 1980 (Part 3/
Soils. Sec 1)

3. Determination of Specific Gravity: Fine, Medium | IS : 2720 - 1980 (Part 3/
& Coarse grained soils. Sec 2)
Grain size analysis IS : 2720 - 1985 (Part 4)
Determination of water content - dry density IS : 2720 (Part 8) -1983
relation using heavy compaction.
Determination of liquid and plastic limit IS : 2720 - 1985 (Part 5)
Determination of shear strength parameters using | 1S 2720-1981 Part 12
triaxial apparatus.

Dry Density (g/cm?)
1.5 1.55 1.6 1.65 1.7 1.75 1.8
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Fig. 4.7 Variation of dry density with depth
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Fig. 4.8 Variation of bulk density with depth

Undrained Cohesion (kg/cm?)
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Fig. 4.9 Variation of undrained cohesion with depth
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Fig. 4.10 Variation of undrained friction angle with depth
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Fig. 4.11 Variation of drained friction angle with depth
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Fig. 4.12 Variation of plasticity index with depth

4.1.2 Subsurface stratigraphy and water table

Based on the soil classification information from borelogs and SPT results,
the subsurface profile has been subdivided into eight distinct layers, as summarized in
Table 4-2. Accordingly, a geological profile has been developed to interpret the
subsurface stratigraphy (Fig. 4.13). The subsurface geology along this alignment
primarily comprises two soil types: Cohesionless: fine silty sand (SM) and Cohesive:
low-plasticity sandy clayey silt (CL). The maximum groundwater level was
encountered at a depth of about 15 meters below ground surface.

Table 4-2 Classification of Subsurface Soil Layers

Page 55 of 117 - Integrity Submission
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Layer No. | Depth (m) | Type SPTN Nso
Layer 1 0-5 SM 13 8
Layer 2 5-10 SM 16 12
Layer 3 10-15 SM 26 20
Layer 4 15-20 CL 20 16
Layer 5 20-25 CL 29 23
Layer 6 25-30 SM 58 45
Layer 7 30-40 SM 65 50
Layer 8 Below 40 | SM 77 60
46
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Fig. 4.13 Study Area- Geological Profile

4.2 Design Geotechnical Parameters

Atterberg’s Limit tests indicate that clayey silts are the border line between
silt and clay, but it shows plasticity. Based on the plastic results of the Atterberg limits,
it is considered that at least in part, the Alluvial Silt with low plasticity and low clay
content may exhibit short term undrained behavior.

4.2.1 Undrained Shear Strength

Equivalent values of undrained shear strength are derived from SPT N
values using published relationship with Plasticity Index (CIRIA Report 143, 1995).
For the range of plasticity index value obtained from the Atterberg’s limit test on
cohesive alluvium soil, a multiplication factor between SPT N and undrained shear
strength, Cy, of between 5 and 7 (Fig. 4.14) is indicated as being appropriate.
Therefore, a value of 5 has been adopted to establish a correlation. The correlated C,
values are found to be reasonably consistent with the undrained shear strength results
available in the Geotechnical Investigation Report, thereby supporting the reliability
of the adopted parameters. Therefore, the selected undrained shear strength values for
the CL layers were based on both available Gl test results and established empirical
correlations. For the cohesive (CL) layers, the undrained friction angle is
conservatively considered as 0°, consistent with undrained behavior assumptions
commonly adopted for short-term tunnel stability analyses in low-plasticity cohesive
soils.
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4.2.2 Modulus of Elasticity of Soil

Field tests were not performed, so modulus of Elasticity of Soil shall be
based on SPT N value as per CIRIA Report 143 (1995) shown below:

For Granular Soil

£~ 1 (MPa) 4.2)

For Cohesive Soil
= = 1(MPa) 4.3)
E' = 0.73E, (4.4)
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Fig. 4.14 Relationship between Cy/N and Plasticity Index (CIRIA Report 143, 1995)

4.2.3 Poisson’s ratio of soil

Field tests were not performed to obtain the Poisson’s Ratio of the soil. In
the absence of field test data, the following literature from Bowles (1996) is used to
obtain the Poisson’s ratio for different soils as given in Table 4-3.

The geotechnical parameters adopted for the analyses in the present study are
summarized in Table 4-4.
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Table 4-3 Range of Poisson’s ratio values for different types of soils (Bowles, 1996)

Type of soil Poisson’s ratio (v)
Clay, Saturated 04-05

Clay, Unsaturated 0.1-0.3

Sandy clay 0.2-0.3

Silt 0.3-0.35

Sand, gravelly sand commonly used | -0.1 —1 (0.3 - 0.4)
Rock 0.1 — 0.4 (depends on type of rock)
Loess 0.1-0.3

Ice 0.36

Concrete 0.15

Steel 0.33

Table 4-4 Soil Properties

Soil Layer & | Layer-1 | Layer-2 | Layer-3 | Layer-4 | Layer-5 | Layer-6 | Later-7 | Layer-8
Parameter
Layer type SM SM SM CL CL SM SM SM
Drainage type | Drained | Drained | Drained Undlglned Undglned Drained | Drained | Drained
Depth (m) 0-5 5-10 10-15 15-20 20-25 25-30 | 30-40 |Below 40
Unsaturated
unit weight, 17 17 18 19 19 20 20 20
Yunsat (kN/m3)
Saturated unit
weight, Ysa: 18 18 19 20 20 21 21 21
(KN/m?)
Young’s
modulus, E’s | 8000 | 12000 | 20000 20000 29000 45000 | 50000 | 60000
(kPa)
POISS;’?”Z;”‘O’ 038 | 038 | 038 | 035 035 | 038 | 038 | 0.38
Friction angle
b oy 30 30 32 - - 34 35 35
¢ (phi)(°)
Cohesion, C’ref I i
(kPa) 0 0 0 0 0 0
Undrained
Shear Strength, - - - 90 130 - - -
sy (kPa)

4.3 Tunnel and Lining Parameters

Tunnel is having an internal diameter of 6.5 m which is bigger than the
other metro tunnels due to the bigger rolling stock and a high design speed of 180
kmph. Depth of Tunnel axis is varied approximately from a minimum of 8 meters at
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the Anand Vihar Station to approximately 25 meters in other sections. Tunnel lining
Is assumed to be made of 300 mm thick M50 grade concrete segments. Table 4-5

shows material properties of TBM and lining.

Table 4-5 Material properties of TBM and lining

Material parameters Lining TBM
Material Type Elastic | Elastic
Unit Weight, w (kN/m?) 7.5 195
Axial Stiffness, EA (kN/m) 10.6*10° | 50*10°
Bending Stiffness, EI (kN-m?/m) | 79.5%10° | 260*10°
Poisson’s ratio, v (nu) 0.15 0.3
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CHAPTER 5

NUMERICAL MODELLING AND VALIDATION

The Finite Element Method (FEM) is widely employed in geotechnical
studies to investigate soil behaviour. Computer programs based on FEM have been
developed and are extensively used as powerful tools for solving complex geotechnical
problems (Potts and Zdravkovi¢, 2001). FEM is a numerical technique for obtaining
approximate solutions to boundary value problems governed by partial differential
equations (Zienkiewicz Taylor, 2000). The fundamental concept of FEM is that the
numerical model is divided into non-overlapping elements of simple geometry,
referred to as finite elements. These elements are interconnected at nodes, with each
node possessing a finite number of degrees of freedom (Chen, 2011). Fig. 5.1 presents
the fundamental workflow of the finite element modelling process, in which a real-
world problem is first idealized into a simplified physical model, subsequently
expressed as a mathematical model, and finally discretized into a mesh model suitable
for numerical analysis. In this study, numerical simulations have been performed using
the finite element program PLAXIS 2D to estimate the tunneling-induced ground
deformations.

Simplified

,—' S 3 1 — 3
Real W Orld I[ (ldaahz i ) Discre € ‘
ode | Mesh) Mode

Physical Mode

Fig. 5.1 Schematic representation of the Finite Element Method modelling process

5.1 Material Models used in simulation

A material model gives a relationship between stress and strain in the form
of mathematical equations.

5.1.1 Linear elastic model

The linear elastic model well represents the engineering materials up to
their elastic limit. This model is based on Hook’s law of isotropic elasticity. It involves
two basic elastic parameters, i.e. Young’s modulus E and Poisson’s ratio v. It also
represents the complete stress-strain response up to the point of fracture of materials.
Linear elastic model is suitable to model stiff volumes like concrete walls. The
response of a linear elastic material, where the stress is proportional to the strain, is
shown in Fig. 5.2.
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Fig. 5.2 Linear elastic model

@ 5.1.2 Mohr-Coulomb model

Mohr-Coulomb model is an elastic-perfectly plastic model which is often
used to model soil behaviour in general. The basic principle of elasto-plasticity is that
strains and strain rates are decomposed into an elastic part and a plastic part (Fig. 5.3).
Stress-strain curve behaves linearly in the elastic range, this behaviour can be defined
by two parameters from Hooke’s law. These parameters are Young’s modulus (E) and
Poisson’s ratio (v). Parameters which define the failure criteria are the friction angle

(¢), cohesion (c) and dilatancy angle ().

Stress

’ "o Strain
Fig. 5.3 Elastic-perfectly plastic model (PLAXIS 2D Material Models Manual, 2013)

In general, for drained condition the friction angle (¢’) is used to model
the effective friction of the soil, in combination with an effective cohesion (c').
Alternatively, the soil strength is modelled by setting the cohesion parameter equal to
the undrained shear strength of the soil, in combination with ¢ = 0. Fig. 5.4 represents
Mohr-Coulomb failure criterion for soils, shown using Mohr’s circles.
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Fig. 5.4 Stress circles at yield; one touches Coulomb's envelope. (a) Using effective
strength parameters; (b) Using undrained strength parameters (PLAXIS 2D Material
Models Manual, 2022)

>

5.2 Numerical modelling

A 2D plain strain 15-noded element model is created in PLAXIS 2D, with
dimensions set at 10 times the diameter of the tunnel in all directions to minimize
boundary effects. Previous numerical studies have adopted model boundaries ranging
from approximately 4D to 15D horizontally and 3D to 8D vertically, depending on
tunnel geometry, tunnel depth, and ground conditions (Aswathy and Mittal, 2022;
Golpasand et al., 2016; Moller and Vermeer, 2008; Zheng et al., 2015). The model
incorporates standard fixities as per PLAXIS 2D Tutorial and Reference Manuals. In
this study, soil layers are modelled using the Elastoplastic soil constitutive Mohr—
Coulomb model, with soil properties summarized in Table 4-4. The TBM and tunnel
lining are simulated using plate elements with material properties outlined in Table
4-5. Fig. 5.5 and Fig. 5.6 shows the model geometry and meshing respectively for FE
analysis with tunnel diameter (D) of 6.5 m, axial depth (z) of 15 m, and volume loss
(VL) of 1.5%. The adopted volume loss (VL = 1.5%) is selected considering the range
commonly reported for EPB-TBM tunnelling in soft ground and alluvial deposits.
Previous studies indicate that most commonly reported values of volume loss falling
within the range of about 0.2%—2.0% for well-controlled mechanized tunnelling (Mair
et al., 1996; Mair and Taylor, 1997; Moller and Vermeer, 2008; O’Reilly and New,
1982; Sarkar et al., 2021). Therefore, a representative intermediate value of 1.5% is
adopted to reflect practical EPB-TBM tunnelling conditions in mixed alluvial ground
while remaining reasonably conservative for settlement and damage assessment.
Furthermore, the adopted value produced realistic surface settlement behaviour
consistent with expected tunnelling performance.

The model is discretized into triangular finite elements. A finer mesh is
applied in the vicinity of the tunnel to accurately capture the stress and strain variations
in this critical zone. Away from the tunnel, a relatively coarser mesh is adopted to
minimize computational demand while still accounting for boundary effects. For
simulating the interaction between ground and TBM as well as ground and linings
interface elements with strength reduction factor (Rinter = 0.67) for all the soil layers
are provided. The water table is assigned to produce the hydrostatic initial pore water
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pressure and phreatic analysis has been done with the assumption of no groundwater
flow during excavation and lining is impermeable.

-50.00 -25.00 0.00 25.00 50.00

n_mllllll'lllllll]l'llll]IIl|]lIIII]II|I]lIIIIll||ll|l

Fig. 5.5 PLAXIS 2D model of existing ground conditions with tunnel
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Fig. 5.6 PLAXIS 2D model after meshing

The process of tunnel construction has been modelled through step-by-step
method in 5 phases consists of: (i) Initial phase includes setting up of initial conditions
(effective stresses and pore pressures) for the model before excavation with KO
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procedure calculation type, (i) TBM phase includes the excavation of soil and
activation of TBM, (iii) TBM Conicity phase includes contraction of tunnel lining
simulation due to the volume loss resulted from the cone shape of TBM, (iv) Tail void
grouting phase includes the simulation of application of grout pressure at the tail of
the TBM. The grouting process is simulated by applying a pressure on the surrounding
soil, (v) Lining installation phase includes the activation of final lining (Agarwal and
Sarkar, 2024).

5.3 Results and Validation

Deformed mesh, total deformations, total vertical displacements and total
horizontal displacements after calculations are shown in Fig. 5.7, Fig. 5.8, Fig. 5.9 and
Fig. 5.10 respectively. The maximum displacements are observed directly above the
tunnel crown, propagating upward towards the ground surface in a funnel-shaped
parabolic form, consistent with observations reported by Ahmed and Iskander (2011),
Lei-Kilany et al. (2017) and Naqgvi et al. (2021). This deformation pattern is
characteristic of tunneling-induced settlement troughs, where the soil mass above the
tunnel tends to move downward and inward due to stress relief during excavation. In
contrast, displacements extending below the tunnel are relatively smaller in
magnitude.
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Deformed mesh |u| (scaled up 50.0 times)
Maximum value = 0.05250 m (Element 0 at Node 2002)

Fig. 5.7 PLAXIS Output - Deformed Mesh after Calculations

In current study numerical model is verified and validated with the help of
empirical methods, since numerous researchers have reported that the surface
settlement profile induced by tunneling follows a Gaussian curve (Camos et al., 2014;
Rebello et al., 2014). This verification and validation are carried out to ensure the
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reliability and accuracy of the numerical model, thereby increasing confidence in its
ability to realistically simulate tunneling-induced ground deformations. Greenfield
ground surface deformations curves obtained by numerical modelling are compared
with those obtained from empirical methods available in literature and discussed in
Chapter 2. Fig. 5.11 and Fig. 5.12 represent the PLAXIS output for vertical ground
surface settlements and horizontal ground surface displacement respectively.
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Maximum value = 0,05154 m (Element 146 at Node 2649)

Fig. 5.8 PLAXIS Output — Total deformations
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Fig. 5.9 PLAXIS Output —Total Vertical Displacements
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Fig. 5.10 PLAXIS Output —Total Horizontal Displacements
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Fig. 5.11 PLAXIS Output —Vertical ground surface settlement
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Fig. 5.12 PLAXIS Output — Horizontal ground surface displacement

Fig. 5.13 and Fig. 5.14 represent a comparison between vertical ground
surface settlement and horizontal ground surface displacement profiles due to the
excavation of the proposed tunnel, analysed using both numerical and empirical
methods. By idealizing the settlement trough profiles obtained from PLAXIS 2D as
Gaussian curves, the settlement trough parameters were derived, with i values of 7.92
corresponding to k-value of 0.528. Since the subsurface profile consists of alternating
SM and CL layers, a single soil-type-dependent k-value could not be selected directly
from literature. Therefore, an effective trough width parameter was obtained through
back-analysis of the settlement trough derived from PLAXIS 2D by fitting a Gaussian
distribution to the computed greenfield settlement profile. The resulting k-value of
0.528 represents the combined influence of mixed soil strata and lies within the
acceptable range reported for tunnelling in transitional ground conditions. Using these
parameters, Gaussian and modified distribution curves are superimposed on the
ground surface deformation profiles from PLAXIS 2D, enabling a comparison with
empirical methods. The results show good agreement in the overall settlement profile
shapes; however, the finite element model predicts a narrower settlement trough. This
discrepancy can be attributed to the influence of the layered soil profile below the
water table (Lee, 2002; Ghahremannejad et al. 2006) as well as the rigidity of the
tunnel lining, the initial stress state, and soil stiffness (Mathew and Lehane, 2013; Zhao
et al.,, 2019). The obtained settlement trough volume at the ground surface,
approximately 1%, does not correspond exactly to the imposed tunnel volume loss of
about 1.5%, a trend also reported by previous researchers (He et al., 2021). The
difference between the imposed tunnel volume loss (1.5%) and the resulting surface
settlement trough volume is primarily attributed to the layered ground conditions and
progressive increase in soil stiffness with depth. The stiffer and denser strata
surrounding the tunnel provide greater confinement and redistribute part of the
deformation within the subsurface, resulting in attenuation of settlement before it
reaches the ground surface. Minor soil heave was observed, likely caused by
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dissipation of small negative excess pore pressures in clay layers and the assumption
of equal loading and unloading stiffness moduli in the Mohr-Coulomb model (Obrzud,
2010). Furthermore, higher horizontal displacements predicted by PLAXIS 2D
compared with empirical methods provide a more conservative basis for tensile strain

assessment.
X (m)
=50 -40 =30 =20 -10 0 10 20 30 40 50
0 I — ————— |
S
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-30 Celestinoetal ; 2000
Vorster etal | 2005
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Fig. 5.13 Comparison of vertical ground surface settlements obtained from PLAXIS
2D and empirical methods
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Fig. 5.14 Comparison of Horizontal ground surface displacement obtained from
PLAXIS 2D and empirical methods
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CHAPTER 6

PARAMETRIC STUDY — RESULTS AND DISCUSSION

Parametric studies are essential in tunneling research to systematically
evaluate the influence of key parameters on ground deformations and structural
responses. Tunneling-induced ground deformations under greenfield conditions are
influenced by tunnel parameters, soil properties, and construction effects, with a
complex nonlinear relationship existing between these factors (Huat et al., 2024; Leca
and New, 2007). In the present study, a series of numerical analyses are conducted to
investigate the effects of soil and tunnel parameters on tunneling-induced ground
deformations and the subsequent response of surface structures. The chapter is
organized into two main parts. The first part focuses on greenfield conditions, where
the influence of soil and tunnel parameters on ground surface settlement (S,) is
examined in the absence of surface structures. The second part extends the
investigation to assess how these parameters influence building deformation measures,
induced tensile strains, and potential damage categories. In addition, the effects of
structural parameters on these response measures are also analysed. The results are
presented in the form of ground surface deformations profiles and structural response
measures followed by detailed discussions highlighting the observed trends and their
implications for design and risk assessment.

6.1 Greenfield Settlements: Parametric Study

In this study, both tunnel and soil parameters are varied within
representative ranges based on practical tunneling conditions, with the aim of assessing
the sensitivity of ground surface settlements under greenfield conditions to changes in
these influencing parameters. The tunnel parameters considered for analysing their
effect on ground surface settlements include tunnel diameter (D), tunnel axis depth (2),
and Volume loss (Vv). The soil parameters examined are the undrained shear strength
(su) and the young’s modulus of soil (£ re) corresponding to the strata through which
the tunnel is excavated. The influence of each of these parameters on tunneling-
induced ground surface settlements is evaluated.

Table 6-1 presents the range of parameters investigated in the present
study. The rationale behind selecting these ranges was to gain a comprehensive
understanding of how variations in these parameters influence the magnitude and
distribution of surface settlements due to tunneling operations. While determining the
effect of one parameter, the other parameters are kept equal to the base values as given
in Table 6-1.
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Table 6-1 Range of parameters variation for Greenfield settlements: parametric study

Parameters Range Increment Base Value
Tunnel Diameter, D (m) 55-85 1 6.5
Tunnel Depth, z (m) 10- 30 5 20
Volume Loss, Vi (%) 05-2 0.5 15
Undrained Shear Strength, 0.75 s, - 175 s, 0.25 s, Su (90 & 130 fqr layer4 & 5
su (kPa) respectively)

Young’s modulus, E 'ref E’rer (20%10° & 29*10° for
IS5 Eei-1.75E’ 25 E’ .
(kPa) 0.75 Eret = 1.75 E'wet | 025 E'ret layer 4 & 5 respectively)

6.1.1 Effect of Tunnel Parameters

While analysing the influence of tunnel parameters, the soil parameters are
kept constant at their respective base values, as presented in Table 6-1. The effects of
tunnel diameter (D) and tunnel axis depth (z) are investigated by maintaining a
constant volume loss (VL) of 1.5%. Conversely, the effect of volume loss is examined
by fixing the tunnel diameter at 6.5 m and the tunnel axis depth at 20 m below the
ground surface. A detailed discussion on the influence of individual tunnel parameters
Is presented in the following sections.

6.1.1.1 Effect of Tunnel Diameter (D)

One of the most influential factors governing tunneling-induced ground
surface settlements is the tunnel size (Aswathy et al., 2022). To investigate the effect
of Don S,, four cases are analysed by varying D from 5.5 m to 8.5 m with an increment
of 1 m, while keeping the tunnel depth constant at 20 m below the ground level. The
surface settlement troughs presented in Fig. 6.1 indicate that an increase in D leads to
a significant rise in the magnitude of S,., with the settlement trough becoming deeper
and sharper. This trend is further reflected in Fig. 6.2, which shows that the
Smax INCreases consistently with increasing D, in agreement with earlier studies
(Aswathy et al., 2022; Kanagaraju and Krishnamurthy, 2020; Shiau and Sams, 2019).

Table 6-2 summarises S,,,4, along with its increment rates and percentage
increase with D. The results indicate that while the absolute increment in settlement
increases with larger tunnel sizes, the relative percentage increment reduces
progressively as the tunnel diameter increases. A total increase of 112.4% in S, 4, Was
observed as the D increased from 5.5 m to 8.5 m. Additionally, the grout pressure (GP)
required to maintain the V. at 1.5% decreases with larger tunnel diameters (Fig. 6.1).
This indicates that less GP is needed to sustain equal V. for larger tunnels, which in
turn results in higher settlement magnitudes.
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Fig. 6.1 Variation of Surface Settlement Profiles with D
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Table 6-2 Relative change in S,,,4,, With D

:::27535:140828894

Tunnel Diameter Maximum Surface Rate of increment | % Increase
(D, m) Settlement (S,,qx, MM) (mm/m) iNSax
55 13.62 - -
6.5 18.08 4.46 32.75%
7.5 23.23 5.15 28.49%
8.5 28.93 5.7 24.53%

6.1.1.2 Effect of Tunnel Axial Depth (2)

To investigate the effect of z on S, five cases are analysed by varyin
from 10 m to 30 m with an increment of 5 m, while keeping the tunnel diameter as
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m. The surface settlement troughs presented in Fig. 6.3 indicate that an increase in z
leads to a significant decrease in the magnitude of S, near tunnel centreline. This trend
is further reflected in Fig. 6.4, which shows that the S,,,, decreases consistently with
increasing z, in agreement with earlier studies (Ahmed and Iskander, 2011; Golpasand
et al., 2016; Mirhabibi and Soroush, 2020; Sarkar et al., 2021; Zhang et al., 2016).
However, at locations farther away from the centreline, the opposite trend is observed,
with settlements increasing slightly at greater depths. Furthermore, the settlement
trough widens with increasing tunnel depth, which is consistent with observations
reported in previous studies (Franza et al., 2019; Marshall et al., 2012). The flattening
of the settlement trough with depth indicates a more distributed settlement pattern at
the ground surface. Table 6-3 summarises S,,,,, along with its decrement rates and
percentage decrease with z.
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Fig. 6.3 Variation of Surface Settlement Profiles with z
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Fig. 6.4 Variation of S, 4, with z
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Table 6-3 Relative change in S,,,, With z

Tunnel Depth Maximum Surface Rate of decrement | % Decrease in
(z, m) Settlement (S;,qx, MM) (mm/m) Sonax
10 34.18 - -
15 25.24 1.8 26.15
20 18.08 14 28.38
25 14.87 0.6 17.76
30 12.8 0.4 13.91

The results indicate that both absolute and relative percentage decrement
in settlement decreases with increase in depth of tunnel axis. A total decrease of
62.55% in S,,,,,, Was observed as the z increased from 10 m to 30 m. Additionally, the
GP required to maintain the Vi at 1.5% increases with larger axial tunnel depth (Fig.
6.3). This indicates that more GP is needed to sustain equal V. for tunnels situated at
larger depths, which in turn results in lower settlement magnitudes.

6.1.1.3 Effect of Volume Loss (VL)

To investigate the effect of VL on S,, four cases are analysed by varying
VL from 0.5% to 2% with an increment of 0.5%. The surface settlement troughs
presented in Fig. 6.5 indicate that an increase in Vi leads to a significant increase in
the magnitude of S,. This trend is further reflected in Fig. 6.6, which shows that the
Smax INCreases consistently with increasing Vi, in agreement with earlier studies
(Ahmed and Iskander, 2011; Golpasand et al., 2016; Kanagaraju and Krishnamurthy,
2020; Lei-Kilany et al., 2017; Miliziano and Lillis, 2019; Shiau and Sams, 2019).

X (m)
-50 -40 -30 -20 -10 0 10 20 30 40 50
0
_-10
2
\-;q '20 T 0 37T
A VL=05% (GP=237 kPa)
-30 VL=1% (GP=200kPa)
——— VL=1.5% (GP=175.6 kPa)
-40
—— VL=2% (GP=154.2 kPa)
=50

Fig. 6.5 Variation of Surface Settlement Profiles with Vi
Table 6-4 summarises S,,,4, along with its increment rates and percentage

increase with V.. The results indicate that while the absolute increment in settlement
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increases with larger Vi, the relative percentage increment reduces progressively as
the Vi increases. A total increase of 321% in S,,,, Was observed as the V. increased
from 0.5 % to 2%. Furthermore, the ground pressure (GP) required to achieve Vi
values of 0.5%, 1.0%, 1.5%, and 2.0% was found to be 237 kPa, 200 kPa, 175.6 kPa,
and 154.2 kPa, respectively (Fig. 6.5). This trend indicates that higher grout pressure
results in lower volume loss, which is consistent with the observations reported by

other researchers (Aswathy et al., 2022; Fargnoli et al., 2013; Moller and Vermeer,
2008).

Vi (%)
0 0.5 1 1.5 2 2.5

-10

-15

Sinax (M)

-20

-25

-30

Fig. 6.6 Variation of S,,,, with V.

Table 6-4 Relative change in S,,,4, With V_

Volume Loss Maximum Surface Rate of increment % Increase in
(Vi, %) Settlement (S,,qx, MM) (mm/m) Smax
0.5 6.08 - -
1 11.77 5.69 93.58
1.5 18.08 6.31 53.61
2 25.6 7.52 41.59

6.1.2 Effect of Soil Parameters

While analysing the influence of soil parameters, the tunnel parameters are
kept constant at their respective base values, as presented in Table 6-1. For the
parametric study, the properties of the soil layers through which the tunnel passes (i.e.,
Layers 4 and 5) are varied within a practical range. The effects of soil parameters are
examined under two conditions: (i) by maintaining the volume loss (V) at 1.5%, and
(i1) by maintaining the ground pressure (GP) at 175.6 kPa. A detailed discussion on

the influence of individual soil parameters under both conditions is presented in the
following sections.
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6.1.2.1 Effect of Undrained Shear Strength of Soil (su)

To investigate the effect of undrained shear strength (su) on surface
settlements, five cases are analysed by varying the s, for layers 4 and 5 from 0.75 sy to
1.75 sy, with an increment of 0.25 sy, relative to the base values presented in Table 6-1.
The surface settlement troughs presented in Fig. 6.7 and Fig. 6.8 indicate that an
increase in sy leads to a significant decrease in the magnitude of S, under constant V.
and constant GP conditions respectively. This trend is further reflected in Fig. 6.9 and
Fig. 6.10, which shows that the S,,,, decreases consistently with increasing sy under
constant V. and constant GP conditions respectively. These findings are consistent
with the observations reported by other researchers (Kanagaraju and Krishnamurthy,
2020; Rebello et al., 2014; Sarkar et al., 2021; Shiau and Sams, 2019). However, under
constant V. the reduction in S, is mild and nearly linear, whereas under constant
GP the reduction is much sharper and nonlinear.

X (m)
-50  -40  -30  -20  -10 0 10 20 30 40 50
. | JE———
g -10
=
b
A 20 0.75su (GP=202 kPa)
—— su (GP=175.6 kPa)
1.25su (GP=158.5 kPa)
-30
1.5su (GP=149.4 kPa)
1.75su (GP=144 kPa)
-40

Fig. 6.7 Variation of Surface Settlement Profiles with sy under constant V.
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0
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o 20

———0.75su (VL=2.34%)
-30 —u (VL=1.5%)
1.25su (VL=1.22%)
1.5su (VL=1.13%)
1.75su (VL=1.09%)

-40

-50

Fig. 6.8 Variation of Surface Settlement Profiles with sy under constant GP
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Fig. 6.9 Variation of S,,,, with s, under constant V.
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Fig. 6.10 Variation of S,,,, with sy under constant GP

Table 6-5 and Table 6-6 summarises S,,,, along with its decrement rates

and percentage decrease with s, under constant Vi and constant GP conditions
respectively.

Table 6-5 Relative change in S,,,, With sy under constant Vi

Undrained Shear Maximum Surface Rate of decrement % Decrease in
Strength (sy, kPa) | Settlement (S,;,q, mm,) | (Mmm/0.25 times sy) Simax
0.75 sy 21.53 - -
1sy 18.08 3.45 16.02
1.255s, 16.03 2.05 11.33
1.5y 15.16 0.87 5.42
1.755s, 14.55 0.61 4.02
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Table 6-6 Relative change in S,,,4, With s, under constant GP

Undrained Shear Maximum Surface Rate of decrement % Decrease in
Strength (su, kPa) | Settlement (S, 4, MM) (mm/0.25 times sy) Smax
0.75 sy 34.64 - -
1s, 18.08 16.56 47.80
1.25s, 12.78 5.3 29.31
15s, 11.22 1.56 12.20
1.75 s, 10.49 0.73 6.50

The results indicate that both absolute decrement and relative percentage
decrement reduces with larger sy, under both constant Vi and constant GP conditions.
A total decrease of 32.41% and 69.71% in S,,,,, Was observed under constant V. and
constant GP conditions respectively, as the sy increased from 0.75 s, to 1.75 s,.

6.1.2.2 Effect of Soil modulus (£ 'rer)

To investigate the effect of soil modulus (E 'rer) on surface settlements, five
cases are analysed by varying the E ref for layers 4 and 5 from 0.75 E ref t0 1.75 E ref,
with an increment of 0.25 E ', relative to the base values presented in Table 6-1. The
surface settlement troughs presented in Fig. 6.11 indicate that an increase in £ ref
results in only a marginal change in the settlement profile, as the curves remain almost
overlapping, indicating limited sensitivity to stiffness variation under constant Vi
condition. In contrast, Fig. 6.12 indicate that an increase in E re leads to a significant
decrease in the magnitude of S, under constant GP conditions, with lower stiffness
producing deeper and wider troughs and higher stiffness leading to a reduction in
settlement magnitude.

X (m)
-50 -40 =30 -20 -10 0 10 20 30 40 50

-10

———0.75E'ref (GP=184.5 kPa)
E'ref (GP=175.6 kPa)
1.25E'ref (GP=169 kPa)
1.5E'ref (GP=164 k)
1.75E'ref (GP=159.5 kPa)

S, (mm)

-20

-30

-40

Fig. 6.11 Variation of Surface Settlement Profiles with £ 'ref under constant Vi
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X (m)
S0 -40 30 =20 -10 0 10 20 30 40 50
0 = — —_ =]
_-10
g 0.75E'ref (VL=1.71%)
s -20 E'ref (VL=1.5%)
1.25E'ref (VL=1.36%)
-30 1.5E'ref (VL=1.28%)
1.75E'ref (VL=1.22%)
-40

Fig. 6.12 Variation of Surface Settlement Profiles with E ret under constant GP

This trend is further reflected in Fig. 6.13, which shows that the
Smax decreases consistently with increasing E ref under constant GP condition. These
findings are consistent with the observations reported by other researchers (Aswathy
et al., 2022; Cho et al. 2017; Kanagaraju and Krishnamurthy, 2020; Rebello et al.,
2014; Sarkar et al., 2021; Shiau and Sams, 2019).

E'.s Times (kPa)

0 0.5 1 1.5 2
0
g -10
G
5
w:
-20
-30

Fig. 6.13 Variation of S,,,,, wWith E et under constant GP

Table 6-7 summarises S,,,, along with its decrement rates and percentage
decrease with E"rer under constant GP condition. The results indicate that both absolute
decrement and relative percentage decrement reduces with larger E 'rer, under constant
GP condition. A total decrease of 32.63% in S,,,, Was observed under constant GP
conditions, as the E rer increased from 0.75 E ref t0 1.75 E ref.
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Table 6-7 Relative change in S,,,,, With E et under constant GP

Young’s modulus Maximum Surface Rate of decrement % Decrease in
(E rer, kPa) Settlement (S;qx, MM) | (Mmm/0.25 times E’rer) Simax
0.75 E ref 21.12 - -
1 E et 18.08 3.04 14.39
1.25 E vt 16.03 2.05 11.24
1.5 Eret 15.08 0.95 5.93
1.75 E vt 14.23 0.85 5.63

6.2 Analytical Assessment of Existing Structures using LSTM

The ground deformations obtained under greenfield conditions using
PLAXIS 2D, as presented in Chapter 5, are imposed on a simplified building model
following the methodology described in Chapter 3. Fig. 6.14 presents the vertical
ground settlements and horizontal displacements obtained from PLAXIS 2D
simulations under greenfield conditions, together with the location and dimensions of
a representative building. While these deformations profiles form the basis for
assessing potential building deformations, it should be acknowledged that the actual
magnitudes may be influenced by the presence, geometry, and stiffness of the
overlying structures (Comodromos et al., 2009). Depending on the structural type, i.e.,
masonry or framed, the ratio of longitudinal stiffness to shear stiffness (E/G) is
assigned to the beam, with values of 2.6 for masonry structures and 12.5 for framed
structures, as suggested by Burland and Wroth (1974) and Son and Cording (2007).

X (m)
-40 -30 -20 -10 0 10 20 30 40
30
20 :
15m
4—F»
10 :
i i 9m
0 I
1
-10 Sx (mm) :
1
Hx (mm 1
-20 ¢ ) |
HEH 1 .
Building i Centerline of Tunnel
-30 ,' & Structure
1
-40 L

Fig. 6.14 Ground deformations (S, and H,.) and Building
Epmax aNd  €gmax are calculated using Egn. 3.11 and Egn. 3.12,

respectively. The limiting tensile strain (g;;,,,) is determined using Eqgn. 3.13, Eqgn. 3.14

70

Z"—.I turnltln Page 79 of 117 - Integrity Submission Submission ID  trn:oid:::27535:140828894



z'l_.l turnitin Page 80 of 117 - Integrity submission Submission ID _ trn:oid::27535:140828894

and Eqgn. 3.15, while Egn. 3.16 is employed to calculate S,,,,. Following this damage
classification is done on the basis of Sy,0x Bmax and &;,. FOr the study area,
buildings with varying dimensions and storeys are considered at different distances
from the tunnel axis. A masonry building of 15 m length, 9 m height and located
exactly above the tunnel axis is taken as a base reference for parametric study. The
same building is analysed as both a masonry and a framed structure, and the
corresponding results are summarized in Table 6-8.

Table 6-8 Results of the LTSM application

Mode Sagging/Hogging Sagging Masonry Building Framed Building
(E/G = 2.6) (E/G =12.5)

Max Settlement Shmax, MM | 25.24 25.24

Slope Bmax 0.00161 0.00161

Maximum horizontal strain | epmqy (%) | 0.1384 0.1384

Deflection ratio A/L (%) 0.0803 0.0803

Total bending tensile strain | &, (%) 0.2745 0.1836

Total diagonal tensile strain | €4, (%) 0.1529 0.1720

Limiting Tensile strain E1im (%) 0.2745 0.1836

Category based on Spax 2- Slight 2- Slight

Category based on S,4x 1- Negligible 1- Negligible

Category based on &, 3- Moderate 3- Moderate

6.3 Limiting tensile strains (&;,,)- Parametric Study

The limiting tensile strain (&;;,,,) and the associated damage category due
to tunneling-induced ground deformations are influenced by various factors, including
tunnel parameters, soil properties, and structural characteristics (Singh et al., 2020).
The present study aims to assess the influence of each of these parameters on &;;,,and
the resulting damage classification. Table 6-9 summarises the range of parameters
considered in the analysis. While evaluating the effect of a particular parameter, the
remaining parameters are maintained at their respective base values as specified in
Table 6-9. Each case is analysed considering both masonry (M) and framed (F)
structural types. It is observed that, for identical ground movements, the &;;,,, is higher
in masonry buildings compared to framed buildings in all the cases studied. This
difference arises due to the higher stiffness ratio (E/G) associated with framed
structures (Netzel, 2009; Mathew and Lehane, 2014; Son, 2015, 2016; Zhao et al.,
2019; Mirhabibi and Soroush, 2020). In the comparison between the two structural
types, the &, is greater in masonry buildings, whereas the ¢4, is higher in framed
buildings. Similar findings were also reported by Netzel (2009). Furthermore, the
damage categories assigned based on the S;,,,4x aNd Bonax, aS proposed by Boscardin
and Cording (1989), Burland (1995), and Burland et al. (2001), remain the same for
both masonry and framed buildings. This is because these classification approaches do
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not explicitly incorporate €pmqax aNd €4max, Which are dependent on the stiffness ratio
(E/G) of the building. It is also noted that the damage category derived from &;;,,
represents the critical condition in all the cases analyzed.

Table 6-9 Range of parameters variation for ¢;;,,, and damage category: parametric
study

Parameters Range Increment Base Value
Tunnel parameters
Tunnel Diameter, D (m) 5.5-75 1 6.5
Tunnel Depth, z (m) 10-20 5 15
Volume Loss, V. (%) 1-2 0.5 15

Soil Parameters

Young’s modulus, E fef E ter (respective value for

0.5 E e -1.5 E vet 0.5 E Tet

(kPa) each layer)
Shear Strength parameters | 0.75s,-1.25s, 0.25 sy Sy & ¢ ’(respective values
of soil, sy (kPa) & ¢’(°) (¢°-2) - (9 #2) 2 for each layer)
Structure Parameters
Building Height, H (m) 3-15 3 9
Building Length, L (m) 6-21 3 15
Building Location, X (m) 0-24 6 0

6.3.1 Effect of Tunnel Parameters

While analysing the influence of tunnel parameters such as D, z, and Vi,
the soil and structural parameters are maintained at their base values, as specified in
Table 6-9, for both masonry and framed buildings. It is noteworthy that, across the
entire range of tunnel parameters considered in this study, the damage categories
derived from g;;,,, for framed buildings are consistent with those determined using the
criteria proposed by Boscardin and Cording (1989), Burland (1995), and Burland et
al. (2001). A detailed discussion of the effects of tunnel parameters is presented in the
subsequent paragraphs.

6.3.1.1 Effect of Tunnel Diameter (D)

The effect of D on ¢;;,, and the associated damage category has been
investigated by varying D from 5.5 m to 7.5 m, with an increment of 1 m. A total of
three cases have been analysed, keeping z and V. constant at 15 m and 1.5%,
respectively, for both masonry and framed buildings. Fig. 6.15, Fig. 6.14, and Fig. 6.16
present the vertical settlement (S,.) and horizontal displacement (H,,) profiles, together
with the building location and dimensions, for D equals to 5.5 m, 6.5 m, and 7.5 m,
respectively. Table 6-10, together with Fig. 6.17 and Fig. 6.18, presents the
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deformation measures and the corresponding damage categories for both masonry and
framed buildings. It is evident from Table 6-10 that sagging occurs along the entire
length of the buildings for all tunnel sizes, with the &, consistently emerging as the
critical deformation measure when compared to the &4 in both structural types.
Furthermore, Table 6-10 and Fig. 6.19 illustrate that, for masonry buildings, &,
increases by approximately 70% as D increases from 5.5 m to 7.5 m. This increase
results in a shift in the damage category from '3 — Moderate' at D equals to 5.5 m and
6.5 mto'4to 5 — Severe to Very Severe' at D equals to 7.5 m.
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20
ISIm
‘+—>
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1
| I 9m
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1
1
1
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1
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e e i Centerline of Tunnel
Building enterlme of Tunne
I & Structure
=30 1
1
1
-40 '

Fig. 6.15 Ground deformations (S, and H,,) and Building (D = 5.5 m)
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1
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-40 '

Fig. 6.16 Ground deformations (S, and H,) and Building (D =7.5 m)

A similar trend is observed in framed buildings, where ¢g;;,,, increases by
about 71.8% over the same range of D, leading to a change in the damage category
from '2 — Slight' at D equals to 5.5 m to '3 — Moderate' at D equals to 6.5 m and 7.5 m.
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Table 6-10 Effect of D on building deformation measures and damage categories

(r[:]) Type |Mode i:’n’"r;;‘ Brmax 8}(13};‘;’6 éf) 22,3 (gojot) ié/o")l SbCategC;ry baSEd:n
max max lim
M Sag. 19.1 | 0.0012 | 0.1024 | 0.0607 | 0.2053 | 0.1136 | 0.2053 | 2-SI. |1- Neg. |3- Mod.
> F Sag. 19.1 | 0.0012 | 0.1024 | 0.0607 | 0.1365 | 0.1282 | 0.1365 | 2-SI. |1- Neg. | 2-Sl.
M | Sag. | 2524 | 0.0016 | 0.1384 | 0.0803 | 0.2745 | 0.1529 | 0.2745 | 2-SI. |1- Neg. |3- Mod.
O T T sag. | 2524 | 0.0016 | 0.1384 | 0.0803 | 0.1836 | 01720 | 0.1836 | 2.1, |1- Neg. |3 Mod.
| ™ | s | 5178 00020 | 01777 | 01011 03491 |0.1956 | 03491 | 2-SI. | 251 4t;°v535
F Sag. | 31.78 | 0.0020 | 0.1777 | 0.1011 | 0.2346 | 0.2194 | 0.2346 | 2-SI. | 2-SI. |3- Mod.

4
3
E
e 2
@
1
0
0 1 2 3 4 5 6 7
Brax X 1072

Fig. 6.17 Damage category for various D as per Boscardin and Cording (1989)

0.4
0.3
4 &5

0.2
-2 0.
5'—/ D=6.5m D=7.5m
=
=]

0.1

0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

€ (9/0-)

Fig. 6.18 Damage category for various D as per as per Burland (1995) and Burland et
al. (2001)
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These results clearly demonstrate that an increase in D causes a significant
rise in ground deformations beneath the building, which in turn amplifies g;;,,, and the
associated damage category. Comparable observations have also been reported by
other researchers (Mei and Song, 2021; Son, 2015, 2016; Tian et al., 2017).

0.5
0.4
0.3
—
Q\O\
e
&£ 02
0.1 Masomy (E/G = 2.6)
Framed (E/G=12.5)
0
5 5.5 6 6.5 7 7.5 8

D (m)

Fig. 6.19 Variation of g;;,,, with D
6.3.1.2 Effect of Tunnel Axial Depth (z)

The effect of z on g, and the associated damage category has been
investigated by varying z from 10 m to 20 m, with an increment of 5 m. A total of three
cases has been analysed, keeping D and V. constant at 6.5 m and 1.5%, respectively,
for both masonry and framed buildings. Fig. 6.20, Fig. 6.14, and Fig. 6.21 present the
vertical settlement (S,) and horizontal displacement (H,) profiles, together with the
building location and dimensions, for z equals to 10 m, 15 m, and 20 m, respectively.
Table 6-11, along with Fig. 6.22 and Fig. 6.23, summarises the various deformation
measures and the corresponding damage categories for both structural types. It is
observed from Table 6-11 that, for z equals to 10 m, the building experiences partial
sagging and partial hogging, with sagging identified as the critical mode in terms of
deformations. In contrast, sagging occurs along the entire building length for z equals
to 15 m and 20 m. For both masonry and framed buildings, €,; is generally identified
as the critical deformation measure when compared to &4, except in case of frame
building at z equals to 10 m, where &,; exceeds &,; . Furthermore, Table 6-11 and Fig.
6.24 indicate that ¢;;,,, decreases substantially, by approximately 68.3% as z increases
from 10 m to 20 m for masonry buildings. This reduction results in a shift in the
damage category from '4 to 5 — Severe to Very Severe' at z equals to 10 m to '3 —
Moderate' at z equals to 15 m and 20 m. A similar trend is observed in framed
buildings, where ¢;;,,,decreases by about 65.1% over the same range of z, leading to a
change in damage category from '4 to 5 — Severe to Very Severe' at z equals to 10 m
to '3 — Moderate' at z equals to 15 m and finally to '2 — Slight' at z equals to 20 m.
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Fig. 6.20 Ground deformations (S, and H,,) and Building (z = 10 m)
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Fig. 6.21 Ground deformations (S, and H,,) and Building (z = 20 m)

Table 6-11 Effect of z on building deformation measures and damage categories

z Sbmax Enmax A/L Ept Eat €lim Category baSEd on
Type | Mode Bimax
(m) (mm) (%) (%) (%) (%) (%) Sbmax ﬂmax Elim
Sag. 0.2692 | 0.1656 | 0.5387 | 0.3141 4t05S.
M 34.18 | 0.0034 0.5387 | 2-SI. | 2-Sl.
Hog. 0.1996 | 0.0009 | 0.1997 | 0.1996 toV.S.
10
Sag. 0.2692 | 0.1656 | 0.3473 | 0.3493 4t05S.
F 34.18 | 0.0034 0.3493 | 2-SI. | 2-Sl.
Hog. 0.1996 | 0.0009 | 0.1996 | 0.1996 toV.S.

continued on page 77
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Table 6.11 (continued)

z Spmax Ehmax | AL Ept Ear | Eum Category based on
Type | Mode Bnax
(m) (mm) (%) (%) (%) (%) (%) Sbmax ﬁmax Elim
M Sag. | 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.2745 | 0.1529 | 0.2745 | 2- Sl. | 1- Neg. | 3- Mod.
15
F Hog. | 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.1836 | 0.1720 | 0.1836 | 2- Sl. | 1- Neg. | 3- Mod.
M Sag. | 18.08 | 0.0009 | 0.0975 | 0.0432 | 0.1708 | 0.1037 | 0.1708 | 2- Sl. | 1- Neg. | 3- Mod.
20
F Hog. | 18.08 | 0.0009 | 0.0975|0.0432 | 0.1218 | 0.1122 | 0.1218 | 2-SI. |1- Neg.| 2-Sl.
4
z=10m
3
E
o 2
o
1
0
0 1 2 3 4 5 6 7

Brax X 1072
Fig. 6.22 Damage category for various z as per Boscardin and Cording (1989)
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0.2 25 . 0.35
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Fig. 6.23 Damage category for various z as per as per Burland (1995) and Burland et
al. (2001)

These findings clearly demonstrate that an increase in tunnel depth
significantly reduces ground deformations beneath the building, thereby decreasing
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euim and the associated damage category, consistent with observations reported by
other researchers (Mei and Song, 2021; Son, 2015, 2016; Tian et al., 2017; Zhao et al.,

2019).
0.6
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s 03
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Framed (E/G=12.5)
0
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Z (m)

Fig. 6.24 Variation of g;;,,, with z
6.3.1.3 Effect of Volume Loss (VL)

The effect of VL on g;;,,, and the associated damage category has been
investigated by varying V. from 1% to 2%, with an increment of 0.5%. A total of three
cases has been analysed, keeping D and z constant at 6.5 m and 15 m, respectively, for
both masonry and framed buildings. Fig. 6.25, Fig. 6.14, and Fig. 6.26 present the
vertical settlement (S,) and horizontal displacement (H,) profiles, together with the
building location and dimensions, for Vi equals to 1%, 1.5%, and 2%, respectively.
Table 6-12, along with Fig. 6.27 and Fig. 6.28, summarises the various deformation
measures and the corresponding damage categories for both structural types. It is
observed from Table 6-12 that sagging occurs along the entire length of the buildings
for all Vi values, with the ¢, identified as the critical deformation measure compared
to the &4, in both masonry and framed buildings. Furthermore, Table 6-12 and Fig.
6.29 show that ¢;;,,, increases substantially, by approximately 66.6% as V. rises from
1% to 2% for masonry buildings. This increase causes the damage category to shift
from '3 — Moderate' at Vi equals to 1% and 1.5% to '4 to 5 — Severe to Very Severe' at
VL equals to 2%. A similar trend is observed in framed buildings, where &;;,,,increases
by about 78.8% over the same range of Vi, resulting in a change in damage category
from '2 — Slight' at V. equals to 1% to '3 — Moderate' at V. equals to 1.5% and 2%.
These results demonstrate that an increase in Vi leads to a significant rise in ground
deformations beneath the building, thereby increasing &;;,,and the associated damage
category, consistent with observations reported by other researchers (Boonpichetvong
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et al., 2006; Giardina et al., 2015; Jenck and Dias, 2003; Netzel, 2009; Son, 2015,
2016; Tian et al., 2017; Zhang et al, 2014; Zhao et al., 2019).
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Fig. 6.25 Ground deformations (S, and H,.) and Building (VL = 1%)
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Fig. 6.26 Ground deformations (S, and H,) and Building (VL = 2%)

Table 6-12 Effect of V. on building deformation measures and damage categories

Vi S € AL | € £ & Category based on
Type Mode bmax ,Bmax hmax bt dt lim

(%) (mm) (%) (%) (%) (%) (%) Sbmax ﬁmax Elim
M Sag. | 18.15 | 0.0013 | 0.0960 | 0.0663 | 0.2085 | 0.1099 | 0.2085 | 2-SI. | 1- Neg. | 3- Mod.

F Sag. | 18.15 | 0.0013 | 0.0960 | 0.0663 | 0.1333 | 0.1273 | 0.1333 | 2-SI. |1-Neg.| 2-Sl.

Continued on page 80
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Table 6-12 (continued)

Vi Spmax Ehmax | AL Ept Ear | Eum Category based on
Type | Mode Bmax
(%) (mm) (%) (%) (%) (%) (%) Sbmax ﬁmax Elim
M Sag. | 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.2745 | 0.1529 | 0.2745 | 2-SI. |1- Neg. | 3- Mod.
1.5
F Sag. | 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.1836 | 0.1720 | 0.1836 | 2-SI. | 1- Neg. | 3- Mod.
4t058S.
M Sag. | 32.88 | 0.0019 | 0.1843 | 0.0962 | 0.3474 | 0.2001 | 0.3474 | 2-SI. | 1- Neg. VS
2 oV.S.

F Sag. | 32.88 | 0.0019 | 0.1843 | 0.0962 | 0.2384 | 0.2215 | 0.2384 | 2-SI. | 1- Neg. | 3- Mod.

g, x 107

Bax X 1072

Fig. 6.27 Damage category for various V. as per Boscardin and Cording (1989)

0.4

0.3 4&S

V,=1.5% Vi=2%

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Sh (O/KO)

Fig. 6.28 Damage category for various V. as per as per Burland (1995) and Burland et
al. (2001)
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Fig. 6.29 Variation of g;,,, with Vi
6.3.2 Effect of Soil Parameters

While analysing the influence of soil parameters such as E tef, Sy and ¢ ; the
tunnel and structure parameters are maintained at their base values, as specified in
Table 6-9, for both masonry and framed buildings. A detailed discussion of the effects
of these soil parameters is presented in the subsequent paragraphs.

6.3.2.1 Effect of Shear Strength Parameters of Soil (s, and ¢)

The effect of sy and ¢’ on g;;,,, and the associated damage category has been
investigated by varying sy from 0.75 sy to 1.25 sy, in increments of 0.25 syand ¢’ from
(¢ —2)° to (¢" + 2)° in increments of 2°, across all soil layers. A total of three cases
has been analysed while maintaining E ’ref at the base values provided in Table 6-9, for
both masonry and framed buildings. The three cases analysed here are defined as
follows:

e Casel:sy=0.75syand ¢’ = (¢'-2)

o Case 2:sy=syand ¢’ = ¢’ (base case)

e Case3:sy=125syand ¢’ = (¢'+2)

Fig. 6.30, Fig. 6.14, and Fig. 6.31 present the vertical settlement (S,,) and
horizontal displacement (H,) profiles, together with the building location and
dimensions, for Case 1, Case 2 and Case 3 respectively. Table 6-13, along with Fig.
6.32 and Fig. 6.33, summarises the various deformation measures and the
corresponding damage categories for both structural types. It is observed from Table
6-13 that sagging occurs along the entire length of the buildings for all the cases, with
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the &, identified as the critical deformation measure compared to the &4 in both
masonry and framed buildings.
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Fig. 6.30 Ground deformations (S, and H,,) and Building (Case 1)
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Fig. 6.31 Ground deformations (S, and H,) and Building (Case 3)

Furthermore, Table 6-13 and Fig. 6.34 show that ¢;;,,, decreases by only
10.8% as when s, and ¢’ increase from Case 1 to Case 3, for masonry buildings. A
similar trend is observed in framed buildings, where ¢;;,,, decreases by only 11% over
the same range of sy and ¢’. Despite this reduction, the damage category remains
unchanged at '3 — Moderate' across all cases and both building types.
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Table 6-13 Effect of sy and ¢’ on building deformation measures and damage
categories
Case Spmax Ehmax | OL | &t Ear | Eum Category based on
Type |Mode Bimax
No. (mm) (%) (%) (%) (%) (%) Sbmax .Bmax Elim
M | Sag. | 289 [0.0017]0.14910.0866 |0.2960 |0.1648|0.2960 | 2-SI. | 1- Neg. [3- Mod.
1
F | Sag. | 289 [0.0017[0.1491]0.0866|0.1979|0.1854[0.1979| 2-SI. | 1- Neg. |3- Mod.
M | Sag. | 25.24 [0.0016]0.1384(0.0803 |0.2745[0.1529 | 0.2745 | 2-SI. | 1- Neg. [3- Mod.
2
F | Sag. | 25.24 [0.0016[0.1384[0.0803|0.1836 | 0.1720 | 0.1836 | 2-SI. | 1- Neg. |3- Mod.
M | Sag. | 23.65 |0.0016]0.1324(0.0775]0.2639 | 0.1465[0.2639 | 2- SI. | 1- Neg. [3- Mod.
3
F | Sag. | 23.65 [0.0016 |0.1324]0.0775|0.1760 | 0.1651|0.1760 | 2- SI. | 1- Neg. |3- Mod.
4
3
E
b 2
&
1
0

Boax X 1072

Fig. 6.32 Damage category for various sy and ¢’ as per Boscardin and Cording (1989)

0.4

0.3

& (%)

Fig. 6.33 Damage category for various sy and ¢’ as per as per Burland (1995) and
Burland et al. (2001)
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It is further noted that, within the investigated range of sy and ¢’, the
damage categories derived from ¢g;;,,, are consistent with those predicted using the
criteria proposed by Boscardin and Cording (1989), Burland (1995) and Burland et al.
(2001). The observed trend, whereby an increase in sy and ¢’ reduces ground
deformations beneath the structure, leading to lower &;;,,,, has also been reported by
other researchers (Rebello et al., 2014; Son, 2015, 2016).

0.4

0.35 Masonry (E/G = 2.6)

0.3 Framed (E/G=12.5)

0 1 2 3 4
Case No.

Fig. 6.34 Variation of g;;,,, with s, and ¢’
6.3.2.2 Effect of Soil modulus (E 'rer)

The effect of E et ON g, and the associated damage category has been
investigated by varying E ret from 0.5 E e t0 1.5 E ret, in increments of 0.5 E 'ref, aCross
all soil layers. A total of three cases has been analysed while maintaining s, and ¢ at
the base values provided in Table 6-9, for both masonry and framed buildings. Fig.
6.35, Fig. 6.14, and Fig. 6.36 present the vertical settlement (S,) and horizontal
displacement (H,.) profiles, together with the building location and dimensions, for 0.5
E’rer, E'ret and 1.5 E rer respectively. Table 6-14, along with Fig. 6.37 and Fig. 6.38,
summarises the various deformation measures and the corresponding damage
categories for both structural types. For the case of 0.5 E ', the building experiences
a combination of sagging and hogging, with sagging being identified as the critical
deformation mode. By contrast, for £t and 1.5 E v, Sagging deformation occurs
along the full length of the building. In all cases, the ¢, is observed to be the critical
deformation measure compared to the €;;, for both masonry and framed structures.

As shown in Table 6-14 and Fig. 6.39, &;;,, decreases by approximately
30.3% as E’rer increases from 0.5 E’f to 1.5 E’t for masonry buildings. This
reduction results in a shift in the damage category from '4 to 5 — Severe to Very Severe'
at 0.5 E ref to '3 — Moderate' at £ 'ref and 1.5 E 'rer. For framed buildings, ¢;;,,, decreases
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by 27% over the same range of E ’ref, although the damage category remains unchanged
at '3 — Moderate'. It is further noted that, for the entire range of E ref values examined,
the damage categories derived from ¢g;;,,, are consistent with those predicted by the
criteria proposed by Boscardin and Cording (1989), Burland (1995), and Burland et
al. (2001), particularly for framed buildings. The general trend, whereby an increase
in E’ret leads to a reduction in ground deformations beneath the structure and a
consequent decrease in g;;,, and associated damage category, is in agreement with the
findings of other researchers (Fu et al., 2018; Rebello et al., 2014; Son, 2015, 2016).
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Fig. 6.35 Ground deformations (S, and H,,) and Building (0.5 E rer)
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Fig. 6.36 Ground deformations (S, and H,.) and Building (1.5 E ref)

85

Z"—.I turnltln Page 94 of 117 - Integrity Submission Submission ID  trn:oid:::27535:140828894



Z'l_.l turnitin Page 95 of 117 - Integrity submission Submission ID _ trn:oid::27535:140828894

Table 6-14 Effect of E 'ret 0n building deformation measures and damage categories

E e Shmax Ehmax | AL | &pe Eat | Eiim Category based on
Type | Mode Bmax
(kpa) (mm) (%) (%) (%) (%) (%) Sbmax ﬁmax Elim
Sag. 0.1931 | 0.1095 | 0.3712 | 0.2209 4t058S.
M 29.27 | 0.0022 0.3712 | 2-SI. | 2-Sl.
05 & Hog. 0.0108 | 0.0006 | 0.0109 | 0.0108 toV.S.
. f
* Sag. 0.1031 | 0.1095 | 0.2447 | 0.2431
F 29.27 |0.0022 0.2447 | 2-Sl. | 2-Sl. |3- Mod.
Hog. 0.0108 | 0.0006 | 0.0108 | 0.0108
5 M Sag. | 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.2745 | 0.1529 | 0.2745 | 2-SI. |1- Neg.|3- Mod.
f
* F Sag. | 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.1836 | 0.1720 | 0.1836 | 2- SI. |1- Neg.|3- Mod.
L5 M Sag. | 24.63 | 0.0014 | 0.1389 | 0.0706 | 0.2586 | 0.1503 | 0.2586 | 2- SI. |1- Neg.|3- Mod.
. f
* F Sag. | 24.63 | 0.0014 | 0.1389 | 0.0706 | 0.1786 | 0.1657 | 0.1786 | 2- SI. |1- Neg.|3- Mod.
4
3
=
e 2
Por
1
0
0 1 2 3 4 5 6 7
Brax X 1072

Fig. 6.37 Damage category for various E rer as per Boscardin and Cording (1989)
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Fig. 6.38 Damage category for various E ref as per as per Burland (1995) and Burland
et al. (2001)
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Fig. 6.39 Variation of g;;,,, with Eret

6.3.3 Effect of Structure Parameters

1

1.5 2

E' . Times (kPa)

Fig. 6.40 illustrates the vertical settlements and horizontal displacements
obtained under greenfield conditions using PLAXIS 2D, together with the location and
dimensions of the building. The effects of structural parameters such as building height
(H), length (L), and offset distance (X) are investigated for both masonry and framed
buildings, while maintaining the tunnel and soil parameters at their base values as
specified in Table 6-9.
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Fig. 6.40 Ground deformations (S, and H,.) and Building for structure parameters

effect
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The range of variation of structural parameters has been selected to reflect
the typical storeys, dimensions, and setback distances of non-engineered buildings in
the Patparganj and Khichdipur areas. A detailed discussion of the effects of these
structural parameters is presented in the subsequent paragraphs.

6.3.3.1 Effect of Building Height (H)

The effect of H on the g;;,,, and the associated damage category has been
evaluated by varying H from 3 m (single-storey building) to 15 m (five-storey
building) in increments of 3 m. A total of five cases has been analysed while
maintaining L and X at 15 m and 0 m, respectively, for both masonry and framed
buildings. The various deformation measures and corresponding damage categories
for all values of H are summarised in Table 6-15 and further illustrated in Fig. 6.41
and Fig. 6.42.

From Table 6-15, it is observed that sagging deformation develops along
the entire building length for all values of H. For masonry buildings, the g, is
consistently identified as the critical deformation measure compared with the &,4,. For
framed buildings, €5, governs the response when H ranges from 3 m to 9 m. However,
at H equals to 12 mand 15 m, &4, becomes the critical deformation measure, exceeding
&pe- As indicated in Table 6-15 and Fig. 6.43, &;,,for masonry buildings increases by
approximately 22.5% as H increases from 3 m to 9 m, followed by a 7% decrease when
H increases further from 9 m to 15 m. In contrast, for framed buildings, &;;,,, decreases
by about 11.2% as H increases from 3 m to 12 m, with a subsequent marginal increase
of 1.3% as H increases from 12 m to 15 m. Despite these variations, the damage
category remains unchanged at '3 — Moderate' across all five cases for both masonry
and framed structures.

Table 6-15 Effect of H on building deformation measures and damage categories

H Spmax Ehmax | ML | epe it | Eum Category based on
Type |Mode Prmax

(m) (mm) @) | ) | ) | %) | ) | Spmax | Brar | €uim
M | Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.2240 | 0.1391 | 0.2240 | 2- SI. | 1- Neg. | 3- Mod.
° F Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.1986 | 0.1460 | 0.1986 | 2- SI. | 1- Neg. |3- Mod.
M | Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.2669 | 0.1444 | 0.2669 | 2- SI. | 1- Neg. | 3- Mod.
° F Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.1951 | 0.1629 | 0.1951 | 2-SI. | 1- Neg. | 3- Mod.
M Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.2745 | 0.1529 | 0.2745 | 2-Sl. | 1- Neg. | 3- Mod.
? F Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.1836 | 0.1720 | 0.1836 | 2- SI. | 1- Neg. | 3- Mod.
M Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.2670 | 0.1605 | 0.2670 | 2- Sl. | 1- Neg. | 3- Mod.
12 F Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.1747 | 0.1763 | 0.1763 | 2-Sl. | 1- Neg. | 3- Mod.
M Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.2553 | 0.1662 | 0.2553 | 2- SI. | 1- Neg. | 3- Mod.
o F Sag. | 25.24 |0.00161| 0.1384 | 0.0803 | 0.1685 | 0.1786 | 0.1786 | 2- SI. | 1- Neg. | 3- Mod.
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It is further noted that, for the entire range of H examined in this study, the
damage categories derived from ¢g;;,,, are consistent with those predicted using the
criteria proposed by Boscardin and Cording (1989), Burland (1995), and Burland et
al. (2001). Similar trends in the variation of g;;,,,with increasing building height have
also been reported by other researchers for both masonry and framed structures
(Boldini et al. 2018; Mirhabibi and Soroush, 2020; Franzius et al., 2006; Tian et al.,
2017; Yiu et al., 2017).

4&5

H=3m. 6m. 9m. 12m. 15m

Brax X 107
Fig. 6.41 Damage category for various H as per Boscardin and Cording (1989)

0.4

0-3 4&5

H=3m., 6m. 9m. 12m. 15m

0.2 0.25 0.3 0.35
&y (0/0)

Fig. 6.42 Damage category for various H as per as per Burland (1995) and Burland et
al. (2001)
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Fig. 6.43 Variation of &, with H
6.3.3.2 Effect of Building Length (L)

The effect of L on the g;,, and associated damage category has been
evaluated by varying L from 6 m to 21 m in increments of 3 m. A total of six cases has
been analysed while maintaining the H and X at 9 m and 0 m, respectively, for both
masonry and framed buildings. The deformation measures and associated damage
categories are presented in Table 6-16 and further illustrated in Fig. 6.44 and Fig. 6.45.

From Table 6-16, it is observed that buildings experience sagging
deformation along their entire length when L ranges from 6 m to 15 m. For longer
buildings with L equals to 18 m and 21 m, a combination of sagging and hogging is
observed, with sagging identified as the critical mode of deformation. Across all values
of L, the &, is found to be the governing deformation measure, exceeding the &4, for
both masonry and framed structures. As shown in Table 6-16 and Fig. 6.46, for
masonry buildings, &;;,, increases by 4.2% as L increases from 6 m to 12 m, followed
by a decrease of 8.5% as L increases further from 12 m to 18 m. Beyond L = 18 m,
£:m Stabilises and remains constant. In contrast, for framed buildings, &;;,,, decreases
by approximately 26.8% as L increases from 6 m to 18 m, after which it remains
constant. Despite these variations, the damage category remains unchanged at '3 —
Moderate' across all six cases for both masonry and framed buildings. It is further
noted that, over the entire range of L examined in this study, the damage categories
derived from ¢g;;,,, are consistent with those predicted by the criteria proposed by
Boscardin and Cording (1989), Burland (1995), and Burland et al. (2001) for both
masonry and framed structures. Similar trends in the variation of &;;,,,with increasing
building length have also been reported by other researchers for both masonry and
framed structures (Mirhabibi and Soroush, 2020; Franzius et al., 2006).
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Table 6-16 Effect of L on building deformation measures and damage categories

L Shmax Ehmax | AL Ept Ear | Eum Category based on
Type | Mode Bmax
(m) (mm) (%) (%) (%) (%) (%) Sbmax [))max Elim
M Sag. | 25.24 | 0.0009 | 0.2245 | 0.0459 | 0.2760 | 0.2329 | 0.2760 | 2-SI. | 1- Neg. | 3- Mod.
6
F Sag. | 25.24 | 0.0009 | 0.2245 | 0.0459 | 0.2364 | 0.2348 | 0.2364 | 2-SI. | 1- Neg. | 3- Mod.
M Sag. | 25.24 | 0.0013 | 0.1882 | 0.0638 | 0.2811 | 0.2023 | 0.2811 | 2-SI. | 1- Neg. | 3- Mod.
9
F Sag. | 25.24 | 0.0013 | 0.1882 | 0.0638 | 0.2122 | 0.2093 | 0.2122 | 2-SI. | 1- Neg. | 3- Mod.
M Sag. | 25.24 | 0.0015 | 0.1684 | 0.0729 | 0.2876 | 0.1829 | 0.2876 | 2-SI. | 1- Neg. | 3- Mod.
12
F Sag. | 25.24 | 0.0015 | 0.1684 | 0.0729 | 0.2032 | 0.1955 | 0.2032 | 2-SI. | 1- Neg. | 3- Mod.
M Sag. 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.2745 | 0.1529 | 0.2745 | 2-Sl. | 1- Neg. | 3- Mod.
15
F Sag. | 2524 | 0.0016 | 0.1384 | 0.0803 | 0.1836 | 0.1720 | 0.1836 | 2-SI. | 1- Neg. | 3- Mod.
Sag. 0.1199 | 0.0848 | 0.2631 | 0.1331
M 25.24 | 0.0017 0.2631 | 2-SI. | 1- Neg. | 3- Mod.
Hog. 0.0675 | 0.0008 | 0.0675 | 0.0675
18
Sag. 0.1199 | 0.0848 | 0.1730 | 0.1567
F 25.24 | 0.0017 0.1730 | 2-SI. | 1- Neg. | 3- Mod.
Hog. 0.0675 | 0.0008 | 0.0675 | 0.0675
Sag. 0.1199 | 0.0848 | 0.2631 | 0.1331
M 25.24 | 0.0017 0.2631 | 2-SI. | 1- Neg. | 3- Mod.
21 Hog. 0.0588 | 0.0006 | 0.0589 | 0.0588
Sag. 0.1199 | 0.0848 | 0.1730 | 0.1567
F 25.24 | 0.0017 0.1730 | 2-SI. | 1- Neg. | 3- Mod.
Hog. 0.0588 | 0.0006 | 0.0588 | 0.0588
4

L=6m L=9m

e, x 1073

Boax X 107

Fig. 6.44 Damage category for various L as per Boscardin and Cording (1989)
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0.4

0.3

E'\i 0.2 L=21m L=15m
= L=18m L=
<

0.1

4&5

0
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
Eh (0/0)
Fig. 6.45 Damage category for various L as per as per Burland (1995) and Burland et
al. (2001)
0.35
0.3
0.25
£ 02
<%}
0.15 Masonry (E/G= 2.6)
Framed (E/G =12.5)
0.1

6 8 10

Fig. 6.46 Variation of g;;,,, with L

6.3.3.3 Effect of Building Location (X)

The effect of X on the ¢,

12 14 18 20 22 24

L (m)

16

and associated damage category has been

investigated by varying X from 0 m to 24 m in increments of 6 m. A total of five cases

has been analysed while maintaining the
both masonry and framed buildings. The d
categories are summarised in Table 6-17
6.48.
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Table 6-17 Effect of X on building deformation measures and damage categories

X Shmax Ehmax | AL Ept Ear | Eum Category based on
Type | Mode Bmax
(m) (mm) (%) (%) (%) (%) (%) Sbmax ﬁmax Elim
M Sag. | 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.2745 | 0.1529 | 0.2745 | 2- SlI. | 1- Neg. | 3- Mod.
0
F Sag. | 25.24 | 0.0016 | 0.1384 | 0.0803 | 0.1836 | 0.1720 | 0.1836 | 2- SI. | 1- Neg. | 3- Mod.
Sag. 0.1359 | 0.0790 | 0.2587 | 0.1599
M 25.24 | 0.0016 0.2587 | 2-SI. | 1- Neg. | 3- Mod.
Hog. 0.0757 | 0.0096 | 0.0804 | 0.0771
6
Sag. 0.1359 | 0.0790 | 0.1694 | 0.1742
F 25.24 | 0.0016 0.1742 | 2-Sl. |1- Neg. | 3- Mod.
Hog. 0.0757 | 0.0096 | 0.0767 | 0.0772
Sag. 0.0496 | 0.0030 | 0.0522 | 0.0498
M 19.5 | 0.0021 0.0999 | 2-Sl. 2-Sl. 2- Sl.
12 Hog. 0.0801 | 0.0193 | 0.0999 | 0.0845
Sag. 0.0496 | 0.0030 | 0.0502 | 0.0498
F 19.5 |0.0021 0.0852 | 2-SlI. 2-Sl. 2-Sl.
Hog. 0.0801 | 0.0193 | 0.0846 | 0.0852
M Hog. | 7.664 | 0.0005 | 0.0637 | 0.0235 | 0.0946 | 0.0702 | 0.0946 | 1- Neg. | 1- Neg. | 2- Sl.
18
F Hog. | 7.664 | 0.0005 | 0.0637 | 0.0235 | 0.0712 | 0.0724 | 0.0724 | 1- Neg. | 1- Neg. | 1- V. SI.
M Hog. | 1.23 | 0.0001 | 0.0284 | 0.0041 | 0.0337 | 0.0288 | 0.0337 | 1- Neg. | 1- Neg. | 1- Neg.
24
F Hog. | 1.23 | 0.0001 | 0.0284 | 0.0041 | 0.0297 | 0.0290 | 0.0297 | 1- Neg. | 1- Neg. | 1- Neg.

Fig. 6.47 Damage category for various X as per Boscardin and Cording (1989)

From Table 6-17, it is observed that when X equals to 0 m, the buildings
undergo sagging deformation along their entire length. For X values 6 mand 12 m, a
combination of sagging and hogging is observed, with sagging governing the response
for X equals to 6 m, and hogging governing for X equals to 12 m. At larger offsets, X
equals t018 m and 24 m, hogging deformation dominates along the entire building
length. For masonry buildings, the &,, is consistently identified as the critical
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deformation measure compared with the &;4.. For framed buildings, &, governs at X
equals to 0 m and 24 m, while &4, becomes critical at X equals to 6 m, 12 m and 18 m.
As shown in Table 6-17 and Fig. 6.49, &, for masonry buildings decreases
substantially by approximately 87.7%, as X increases from 0 m to 24 m, rendering &;;,
negligible at large offsets. This reduction shifts the damage category from '3 —
Moderate' for X equals to 0 m and 6 m, to '2 — Slight' for X equals to 12 m and 18 m,
and finally '0 — Negligible' for X equals to 24 m.

0.4

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
&, (%)

Fig. 6.48 Damage category for various X as per as per Burland (1995) and Burland et
al. (2001)

0.35

0.3

Masonry (E/G = 2.6)

Framed (E/G=12.5)

0 2 4 6 8 10 12 14 16 18 20 22 24
X (m)

Fig. 6.49 Variation of g;;,,, with X
A similar trend is observed for framed buildings, where ¢;;,,, decreases by

83.8% as X increases from 0 m to 24 m. This corresponds to a shift in the damage
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category from '3 — Moderate' for X equals to 0 m and 6 m, to '2 — Slight' for X equals
to 12 m, '1 — Very Slight' for X equals to 18 m, and finally '0 — Negligible' for X equals
to 24 m. It is further noted that, for the entire range of X considered, the damage
categories derived from g;;,,, are generally consistent with those predicted using the
criteria proposed by Boscardin and Cording (1989), Burland (1995), and Burland et
al. (2001), with the exception of X equals to 18 m. At this offset, the damage category
determined using Boscardin and Cording (1989) aligns with that obtained for framed
buildings, while the damage category determined using Burland (1995) and Burland
et al. (2001) corresponds more closely with that of masonry buildings. Overall,
increasing X significantly reduces ground deformations beneath the structure, thereby
lowering &;;,, and the associated damage category, a trend also highlighted by several
other researchers (Boldini et al., 2018; Franzius et al., 2006; Giardina et al., 2015; Son,
2015, 2016; Zhao et al., 2019).

6.4 Discussion on Outcomes

1. Theincrease in tunnel diameter within the studied range significantly increased
the S, Dy approximately 100% under a constant volume loss of 1.5%
imposed on the tunnel cavity. Larger tunnel diameters result in greater
excavation-induced ground disturbance and stress redistribution, thereby
increasing soil deformation and enlarging the settlement influence zone. This
trend can also be verified by Eqgn. 2.2, which indicates that the S, I directly
proportional to the square of the tunnel diameter (D?) under a constant
percentage of volume loss imposed on the tunnel cavity. Therefore, an increase
in tunnel diameter leads to higher ground deformations.

2. The increase in tunnel depth within the studied range significantly reduced the
Smax- This reduction can be attributed to greater soil confinement and stress
arching effects at larger depths, which dissipate excavation-induced stress
redistribution before reaching the ground surface. It is observed that the
reduction in settlement was substantial up to a tunnel depth of 2025 m (Table
6-3). However, beyond this depth, the rate of reduction became comparatively
smaller. Therefore, within the studied conditions, a tunnel depth of
approximately 20-25 m may be considered an effective axial depth range for
reducing settlement-related risks, although the optimum depth remains
dependent on site-specific ground conditions, tunnel geometry, and allowable
settlement criteria.

3. The increase in volume loss significantly increased the S,,,,, demonstrating
the high sensitivity of ground response to TBM operational control. This
substantial increase is attributed to greater excavation-induced ground loss and
associated soil deformation around the tunnel cavity. In TBM tunnelling,
volume loss is governed by operational factors such as face pressure, shield
overcut, tail void grouting, and TBM conicity. Therefore, effective operational
control is essential to maintain low volume loss and reduce settlement-induced
damage risk to nearby structures.
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4. The different settlement responses observed under GP and V. are observed.
Under constant V. conditions, the percentage of ground loss around the tunnel
cavity remains fixed irrespective of the soil stiffness, resulting in only marginal
variations in the settlement profile with changing stiffness. In contrast, under
constant GP conditions, the induced ground deformations depend on the
stiffness of the surrounding soil. Lower stiffness soils undergo greater
deformation under the same grout pressure, resulting in larger settlements,
whereas higher stiffness soils exhibit reduced deformations and lower
settlement magnitudes. Therefore, increasing E’.; produces a significantly
greater reduction in settlement under constant GP conditions compared to
constant V. conditions.
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CHAPTER 7

SEISMIC ANALYSIS

Tunnels behave differently from surface structures under the effect of
seismic forces due to their full enclosure in soil and their significant length (Hashash
et al., 2001). Pseudo-static analysis is a simplified method that approximates seismic
forces as static loads used to evaluate the effects of seismic loading on tunneling-
induced ground deformations. This study presents a two-dimensional (2D) simplified
pseudo-static analysis of a soil-tunnel system using PLAXIS 2D, with a tunnel
diameter of 6.5 m and at axial depths of 10m, 15 m and 20m. The model, shown in
Fig. 5.5 and Fig. 5.6, is used to perform the pseudo-static analysis, and the results,
including ground deformations, limiting tensile strains (&;;,,,), and damage categories
are compared before and after the application of seismic forces.

In pseudo-static analysis using PLAXIS 2D, horizontal and vertical
seismic acceleration coefficients are applied to simulate the effects of earthquake
loading. As per IS 1893 (Part 1): 2016, the horizontal seismic coefficient (k) is
determined using the design horizontal seismic acceleration, which is calculated using
Eqn. 7.1.

x S x%a (7.1)

Where, Z is zone factor (based on seismic zone), I is importance factor of
the structure, R is response reduction factor and S, /g is design acceleration coefficient
(based on soil type and natural period). Study area, Delhi is situated in zone IV as per
seismic zonation map given in 1S 1893 (Part 1): 2016, therefore Z can be taken as 0.24.
I and R both can be taken as 1.5. Also, for pseudo-static seismic analysis, a spectral
acceleration value of S,/g = 1.0 can be adopted for rigid or short-period structures
(Jain et al., 2025: Wang, 1993), assuming a negligible fundamental period where the
response spectrum reaches its maximum. Using this horizontal seismic acceleration
(kp) is calculated as Z/2 in lined with as suggested in IRC: 6-2017. IS 1893 (Part 1):
2016 gives the vertical seismic coefficient (k,,) as a fraction of k;, (Egn. 7.2).

k, = 0.65 X kj, (7.2)

Using Egn. 7.1 and Eqgn. 7.2, values of k, and k, are calculated as 0.12 and 0.8
respectively. Using these coefficients analysis is done and results are presented here.
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7.1 Effect of seismic loading on ground deformations and &;;,,,

Fig. 7.1, Fig. 7.2 and Fig. 7.3 present the vertical settlement (S,) and
horizontal displacement (H,,) profiles along with the building location and dimensions,
following the earthquake for z equals to 10 m, 15 m and 20 m respectively. It is
observed that ground deformations increase significantly in both vertical and
horizontal directions after the earthquake, as compared to Fig. 6.20, Fig. 6.14 and Fig.
6.21 for z equals to 10 m, 15 m and 20 m respectively, indicating greater structural risk
due to seismic loading. Table 7-1 along with Fig. 7.4 and Fig. 7.5 summarises the
various deformation measures and the corresponding damage categories for all values
of z, for both masonry and framed buildings, under both pre and post-earthquake

conditions.
X (m)
-30 =20 -10 0 10 20 30
50
P I5m o
! 9m
; 1
1
Sx (mm) :
-50 Hx (mm) |
1 -
1 Centerline of Tunnel
——Buildin ¢
100 g i & Structure
|
1
|
-150 :
1
1
-200 :

Fig. 7.1 Ground deformations (S, and H,) and Building (seismic load, z = 10 m)

X (m)
-30 -20 -10 0 10 20 30
50
15m
1
0 | : | 3 9m
1
1
1
50 Sx (mm) :
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1
1
-150 :
1
1
1
-200

Fig. 7.2 Ground deformations (S, and H,) and Building (seismic load, z = 15 m)
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Fig. 7.3 Ground deformations (S, and H,) and Building (after earthquake, z =20 m)

Table 7-1 Effect of Seismic Loading

Seismic Type |Mode | Somax | g | Enmas AL | ey | ear | eum | CALEQOry based on
max 0, 0, 0 0, 0,
load (mm) (%) | %) | () | %) | ) | Spas] Brmax | E1im
z=10m
Sag. 0.2692 | 0.1656 | 0.5387 | 0.3141 4t058S.
M 34.18 [ 0.0034 0.5387 | 2-Sl. | 2- Sl
Hog. 0.1996 | 0.0009 | 0.1997 | 0.1996 toV.S.
Before
Sag. 0.2692 | 0.1656 | 0.3473 | 0.3493 4t058S.
F 34.18 [ 0.0034 0.3493| 2-Sl. | 2-Sl.
Hog. 0.1996 | 0.0009 | 0.1996 | 0.1996 toV.S
Sag. 0.3118 | 0.1665 | 0.5826 | 0.3521 4t058S.
M 47.7 10.0042 0.5826 | 2-SI. | 2-Sl.
Hog. 0.1400 | 0.0027 | 0.1404 | 0.1400 toV.S
After 4t058S.
Sag. 0.3118 | 0.1665 | 0.3903 | 0.3847 | 0.3903 | 2-SI. | 2- Sl
F 47.7 10.0042 toV.S
Hog. 0.1400 | 0.0027 | 0.1404 | 0.1400
z=15m
M Sag. | 25.24 |0.0016 | 0.1384|0.0803 | 0.2745 | 0.1529 | 0.2745 | 2- Sl. |1- Neg.|3- Mod.
Before
F Sag. | 25.24 | 0.0016 | 0.1384|0.0803 | 0.1836 | 0.1720 | 0.1836 | 2- SI. |1- Neg.|3- Mod.
4t058S.
M Sag. 40 |0.0027 |0.1866 | 0.0795 | 0.3215|0.1976 | 0.3215 | 2-Sl. | 2- Sl
After toV.S.
F Sag. 40 |0.0027 |0.1866 | 0.0795|0.2314 | 0.2128 | 0.2314 | 2-Sl. | 2-Sl. |3- Mod.
z=20m
M Sag. | 18.08 [0.0009 | 0.0975|0.0432|0.1708 | 0.1037 | 0.1708 | 2- SI. |1- Neg.|3- Mod.
Before
F Sag. | 18.08 | 0.0009 | 0.0975|0.0432|0.1218 | 0.1122 | 0.1218 | 2- SI. |1- Neg.| 2-Sl.
M Sag. 33 [0.0020{0.1474|0.0440|0.2220|0.1517 | 0.2220 | 2-Sl. | 2-Sl. |3- Mod.
After
F Sag. 33 [0.0020{0.1474|0.0440|0.1721|0.1580|{0.1721| 2-Sl. | 2-Sl. |3- Mod.
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A ® Before Seismic Load

“\. \. B After Seismic Load
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Fig. 7.4 Damage category for various z and seismic loading as per Boscardin and
Cording (1989)

0.4
@ Before Seismic Load

B After Seismic Load
0.3

T 7=90m

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35
& (%)

Fig. 7.5 Damage category for various z and seismic loading as per as per Burland
(1995) and Burland et al. (2001)

It is observed that for all tunnel depths considered, both masonry and
framed buildings experience significant increases in €nmax: Svmax: Bmax and &y after
seismic loading. These increments result in a shift of damage categories towards more
severe levels, Among these, the damage category based on ¢;;,, is identified as the
critical one and is consistent with the damage classifications proposed by Boscardin
and Cording (1989), Burland (1995) and Burland et al. (2001) for both masonry and
framed buildings, except in the case of masonry building with z equals to 15. Table
Table 7-2 presents the relative change in Sy,,4, and &, for masonry and framed
buildings due to seismic loading at different tunnel depths.
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It is observed that with increasing tunnel depth, the absolute increase in
Symax and &, 1S not significant whereas the percentage increases in Spqx and &im,
consistently rise for both masonry and framed buildings. This trend is primarily
attributed to the lower pre-earthquake (static) settlement and strain values at greater
tunnel depths, making the seismic-induced increment proportionally more significant.
Hence, within the investigated conditions of the present study, the relative influence
of seismic loading on damage potential becomes more pronounced at greater tunnel
depths when compared to static conditions. Similarly the percentage increase in &;;,,
found to be greater for framed buildings than for masonry buildings, suggesting a
comparatively higher relative sensitivity of framed structures to seismic-induced
tunnel deformations with respect to their static condition. Similar trend of increasing
ground deformations and strains is observed by others (Azadi and Hosseini, 2014;
Singh et al., 2017; Zlatanovi¢ et al., 2015; Cilingir and Madabhushi, 2011).

Table 7-2 Relative change in Spnqx and &, due to Seismic loading

7 (m) increase in | % increase in | increase in | % increase in | increase in | % increase in
Shmax Shmax Eim (M) &im (M) €im (F) &im (F)
10 13.52 39.6 0.0439 8.15 0.0410 11.73
15 14.76 58.5 0.0470 17.12 0.0478 26.03
20 14.92 82.5 0.0512 29.9 0.0503 41.2
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CHAPTER 8

CONCLUSION, FUTURE SCOPE, AND SOCIAL IMPACT

8.1 Conclusion

This research examined tunneling-induced ground deformations and their
impacts on nearby buildings through an integrated analytical-numerical approach,
with specific reference to the Delhi—-Meerut RRTS project. Ground deformations were
predicted using step-by-step tunnel construction simulations in PLAXIS 2D. Results
are validated against empirical approaches and subsequently applied to building
foundations using the Limiting Tensile Strain Method (LTSM) for determination of
associated risk to adjacent structures. Parametric studies on tunnel, soil, and structural
factors, along with the influence of seismic loading, were systematically evaluated.
The key conclusions drawn from this research are summarised below.

e PLAXIS 2D demonstrated strong reliability in predicting ground
surface deformations in layered soils, showing good agreement with
established empirical approaches.

e Tunnel diameter had a pronounced effect on ground and structural
response. Increasing the tunnel diameter from 5.5 m to 7.5 m caused a
66.4% rise in maximum surface settlement, while limiting tensile
strains increased by 70% for masonry buildings and 71.8% for framed
buildings, elevating their respective damage categories.

e Tunnel depth played a critical role in reducing deformations.
Increasing the tunnel axis depth from 10 m to 20 m reduced maximum
surface settlement by 47.1%. Correspondingly, limiting tensile strains
decreased by 68.3% in masonry buildings and 65.1% in framed
buildings, thereby lowering the predicted damage category.

e Volume loss was found to be one of the most sensitive parameters.
Doubling the volume loss from 1% to 2% resulted in an 81.2% increase
in maximum surface settlement, with limiting tensile strains rising by
66.6% in masonry structures and 78.8% in framed structures,
significantly escalating the associated damage risk. Increasing grout
pressure was found to be highly effective in reducing volume loss,
thereby minimizing ground deformations and mitigating tunneling-
induced damage. Hence, proper tail void grouting is essential as a
construction control measure to keep volume loss within safe limits.
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e An increase in undrained shear strength from 0.75 to 1.25 times the
base values, along with a 4° increase in friction angle for the respective
soil layers, resulted in an 18.16% reduction in maximum surface
settlement. Correspondingly, the limiting tensile strains decreased by
10.8% in masonry buildings and 11% in framed buildings.

e An increase in soil stiffness from 0.5 to 1.5 times the base values for
the respective layers led to a 15.85% reduction in maximum surface
settlement, with limiting tensile strains decreasing by 30.3% in
masonry buildings and 27% in framed buildings.

e Both soil strength and stiffness moderately influenced ground
deformations and structural response without significantly altering the
overall damage category. However, shear strength had a more
dominant effect on settlement control, while stiffness was more
influential in governing structural response.

e Based on the parametric analyses, the governing parameters can be
ranked according to their relative influence on tunnel-induced
response. For both maximum surface settlement and limiting tensile
strains, the order of influence is found to be: Volume Loss = Tunnel
Depth > Soil Stiffness, indicating that both volume loss and tunnel
depth exerted a comparatively stronger effect on settlement than soil
stiffness.

e Masonry buildings experienced up to 55% higher bending tensile
strains compared to framed buildings, highlighting their greater
vulnerability to tunneling-induced damage. In contrast, framed
buildings became more critical in shear response, particularly with
increasing height.

e The limiting tensile strains in masonry buildings increase as the height-
to-length ratio (H/L) rises up to 0.75. Beyond this threshold, the
limiting tensile strains begin to decrease with further increases in the
ratio. For framed buildings the limiting tensile strains decrease as the
height-to-length ratio (H/L) rises up 0.8. Beyond this value, the
limiting tensile strains exhibit a slight increase with further increases
in the ratio, rendering framed buildings more critical in shear beyond
this threshold. However, structure parameters including building
height and length, do not appear to impact the damage category.

e Anincrease in the horizontal offset from the tunnel centerline to 24 m
resulted in a reduction of limiting tensile strains by 87.7% and 83.8%
in masonry and framed buildings respectively along with a
corresponding reduction in damage category. This indicates that the
location of a building relative to the tunnel alignment is a critical factor
in mitigating tunneling-induced impacts.
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e Seismic loading significantly  amplifies  tunneling-induced
deformations, with notable increases in maximum surface settlement
and limiting tensile strains for both masonry and framed buildings.
These increments shift the damage categories to more severe levels,
with limiting tensile strain-based classification emerging as the most
critical.

e Where the predicted risk of damage remains unacceptable, mitigation
measures can be introduced, which may include internal structural
measures (e.g., wall thickening, strut stiffening, or sequencing
changes), external structural measures (e.g., underpinning or structural
strengthening), and ground treatment methods (e.g., jet grouting or
compensation grouting). This stage therefore provides the most
comprehensive framework for safeguarding structures located within
zones of significant tunneling-induced ground movements.

In summary, the study concludes that structural stiffness, building
location, and tunnel parameters exert the most significant influence on limiting tensile
strains and the resulting damage categories, whereas building height, length and soil
parameters have comparatively lesser impact.

8.2 Recommended Threshold Values for Practical BRA Design in Indian Urban
Tunnelling

Based on the present numerical analyses and observed transition in
damage categories, the following threshold values are recommended for practical
implementation of the proposed Building Risk Assessment (BRA) framework for
Indian tunnelling projects.

Table 8-1 Recommended Threshold for V.

VL (%) Recommended Risk Level
<1 Low Risk
1-2 Moderate Risk
>2 High Risk — mitigation required

Table 8-2 Recommended Threshold for z

z/D Recommended Risk Level

>3 Low Risk

2-3 Moderate Risk

<2 High Risk — mitigation required
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Table 8-3 Recommended Threshold for X

X/ID Recommended Risk Level
>2 Low Risk

1-2 Moderate Risk

<1 High Risk — mitigation required

Table 8-4 Recommended Threshold for &;;,,

£1im (%) Recommended Risk Level
>0.15 Low Risk
0.15-0.3 Moderate Risk
<0.3 High Risk — mitigation required

8.3 Future Scope

While the present research provides valuable insights into tunneling-
induced building damage, several simplifications and assumptions were adopted to
ensure tractability. Future studies can address these limitations to enhance the accuracy
and applicability of results:

8.3.1 Adoption of Advanced Soil Models

The present study employed the Mohr—Coulomb (MC) soil model for its
simplicity and wide acceptance in preliminary tunneling design. Future research
should incorporate advanced constitutive models, such as the Hardening Soil or
Hardening Soil with Small-Strain (HSsmall) models, which capture stress-path
dependency, stiffness variation, and non-linear soil behaviour more realistically. This
would improve the accuracy of predicted deformations and settlement profiles.

8.3.2 Three-Dimensional Modelling

Since tunneling is inherently a three-dimensional process, future
investigations should employ 3D numerical analyses to capture longitudinal effects,
stress redistribution, and complex soil-structure interaction mechanisms. While 2D
plane strain analyses provide reliable predictions of transverse settlements, extending
the study to 3D would yield more comprehensive insights, particularly for shorter
tunnels or variable-depth alignments.
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8.3.3 Seismic—Soil-Structure Interaction (SSI)

The present research used the Limiting Tensile Strain Method (LTSM),
which assumes that buildings deform according to free-field ground movements,
neglecting SSI effects. Future work should explicitly incorporate SSI in numerical
models to evaluate the redistribution of strains and potential reduction in building
damage, thereby providing a more realistic assessment of structural vulnerability. In
addition, dynamic soil-structure interaction models should be employed to better
assess earthquake-induced risks in tunneling projects.

8.3.4 Refined Validation Approaches

Model outputs were validated using empirical-analytical methods such as
Peck’s Gaussian settlement profile and related frameworks, which themselves have
inherent limitations. Future studies should expand validation by comparing results
with centrifuge modelling, large-scale laboratory tests, or advanced field
instrumentation to improve confidence in the predictions. Incorporating in-situ
monitoring data such as settlements, structural strains, and crack surveys, combined
with back-analysis, would enable more robust model calibration and strengthen the
link between numerical predictions and actual building performance.

8.3.5 Probabilistic Risk Assessment

Current analyses are deterministic. Incorporating probabilistic frameworks
and reliability-based methods could better account for uncertainties in soil properties,
construction parameters, and building variability.

8.3.6 Integration of Machine Learning for Tunnel-Induced Risk Assessment

The present study adopts a deterministic, simulation-based framework for
evaluating tunnel-induced ground deformation and building damage. Future research
may explore the integration of Machine Learning techniques to develop a faster,
probabilistic, and adaptive risk assessment framework for urban tunneling
applications. Machine Learning models can be trained using numerical simulation
outputs together with field monitoring data, including surface settlement, volume loss,
structural response, and geotechnical instrumentation records, to improve prediction
accuracy and computational efficiency. Such an approach may enable rapid
forecasting of tunneling-induced impacts under varying geological and construction
conditions, thereby improving real-time decision-making during tunnel construction.
The successful implementation of ML-based frameworks would require
interdisciplinary collaboration among geotechnical engineers, data science
researchers, tunnel construction agencies, and instrumentation specialists to ensure the
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availability of reliable datasets and standardized monitoring protocols for model
training and validation.

8.4 Social Impact

The findings of this study extend beyond academic and engineering
significance, carrying substantial social implications for urban infrastructure
development and community safety. The key social impacts are outlined below:

8.4.1 Enhanced Public Safety

By identifying how tunneling parameters, soil conditions, and structural
characteristics influence building response, the study contributes directly to reducing
risks of structural damage and potential collapse. This ensures the safety of residents,
workers, and commuters in densely populated urban areas where tunneling projects
are increasingly undertaken.

8.4.2 Protection of Heritage and Vulnerable Structures

Many Indian cities, including Delhi, Mumbai, and Kolkata etc., have
historically significant and structurally fragile buildings located near proposed tunnel
alignments. The insights from this research help in assessing damage potential more
accurately and implementing protective measures, thereby safeguarding cultural
heritage and community assets.

8.4.3 Minimization of Social Disruption

Unplanned or poorly assessed tunneling activities often lead to cracks,
service interruptions, and the displacement of residents. The predictive framework
developed in this thesis enables proactive identification of at-risk zones, minimizing
forced relocation and associated social stress, while maintaining trust in large-scale
public infrastructure projects.

8.4.4 Support for Sustainable Urban Development

Urban tunneling, particularly for metro and RRTS systems, is critical for
easing congestion and reducing environmental pollution. This research facilitates the
safe execution of such projects, thereby supporting sustainable mobility and improving
the quality of life in rapidly urbanizing regions.
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8.4.5 Economic and Livelihood Security

Damage to residential and commercial buildings not only imposes repair
costs but also disrupts livelihoods. By providing a robust risk assessment framework,
the study reduces the probability of property damage and business interruptions,
ultimately protecting household and community-level economic stability.

8.4.6 Informed Policy and Regulatory Frameworks

The outcomes of this study can serve as a reference for policymakers and
urban planners to strengthen tunneling-related safety codes and guidelines in India.
Establishing evidence-based standards will enhance accountability in construction
practices and ensure equitable protection for vulnerable communities.

8.4.7 Community Confidence in Infrastructure Projects

Public opposition to underground construction often stems from fear of
structural damage and inadequate risk communication. By demonstrating reliable and
transparent methods for predicting and mitigating risks, this study contributes to
building public trust and acceptance of large-scale infrastructure projects.
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