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ABSTRACT

Numerous methods have been used to construct a tunnel, Earth Pressure Balance Tunnel Boring
Machine (EPB — TBM) method has been found to be more suitable than others. EPB — TBM has to
balance earth and water pressure with the tunnel face pressure. This research deals with the movement
of tunnel using EPB-TBM in homogenous sandy layer only. Ground conditions have been modelled in
PLAXIS 3D software to estimate results for static (long term) and seismic loading. The site under
consideration contains two layers of soil such as upper clay layer and lower sand layer respectively.
Thickness of clay and sand layers are 3.5m and 24m respectively. Lateral and longitudinal dimensions
of finite element models are 30m and 80m. Movement of tunnel depends on many parameters. Major
parameters are relative depth (An/Dy) and tunnel length (y,). Movement of tunnel is affected by surface
settlements. Strain induced volume loss is an important parameter for tunnel movement. In this research,
five depths of tunnel crown (A1, Az, Az, As and As), three diameters (D1, D, and Ds) and three lengths
(y1,y2 and y3) variations have been considered to predict ground movement of tunnel under seismic and
static loading. Many researches have already been done considering plain strain conditions. Previously,
empirical and analytical formulas are developed based on plain strain (2D) assumption. But that method
is not fully able to estimate the settlement correctly. The present researcher has modified these empirical
and analytical formulas to estimate settlements. Empirical and analytical formulas results are compared
with each other. Longitudinal, lateral and vertical surface settlements have varied with the variation of
relative depths, diameters and phased construction modes of tunnel. Seismic loading has been applied

in the model in free field condition and duration of seismic shaking used is five seconds.

PLAXIS 3D software has been used for numerical modelling in the present research. Relevant model
of existing literature has been validated using PLAXIS 3D. Maximum vertical surface settlement of
literature data was 8.53mm. Present researcher reanalysed the model of literature by PLAXIS 3D and
obtain vertical surface settlement of 8.54mm. Also, author modified empirical and analytical formulas
have been validated by using previous researchers formulae based on case study related issue. Results
of settlements obtained from present study and case study are close. Results present two different types
of settlements such as surface and total settlement (bottom of tunnel). Settlements of three directions
varied with the variations of relative depths of tunnel. Settlements values of static loading are higher
than the seismic loading because of short duration of seismic shaking. Minimum values of vertical,
lateral and longitudinal surface settlements are Smm, 2.5mm and 3mm respectively at As/D; location
for static loading based on numerical analysis. Maximum value of major principle stress is 160 KN/m?
at As/D; location based on static loading. Minimum value of acceleration is 0.2 m/s* at relative depth
As and diameter D, for dynamic time 0.48 seconds. Maximum vertical surface settlement is 1.2mm at
0.6s at As/D; location during seismic loading. To obtain more accuracy of results, larger model sizes
and more data are required. The finding from this research offer significant new information about
settlements of segmental bored tunnel such as EPB — TBM and which as guide for future

implementation in geotechnical applications.
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CHAPTER ONE
GENERAL OVERVIEW

1.1 INTRODUCTION

The word tunnel means that ‘underground passage’. Although this meaning is true, it shows the different
roles in the world. Tunnels are used as various purposes such as corridors for road and rail networks,
utilities, pedestrian movement etc. Shapes (e.g. oval, circular or square) of tunnel to constructed over

many years using various tunnelling techniques.

Initially tunnels were constructed to carry various types of water in the major cities. Some of these
tunnels are still used today for the same purpose in Egypt, Greece and Rome. In ancient, tunnels were
constructed in hard rock by hand mining methods with based on the design of the arch using temporary
timber supports. Hand mining method gave little safety to the workers inside the tunnels and was the
cause of destructive collapses where many lives were lost. Tunnel construction method was unnecessary
until Brunel. The tunnelling shield was invented in 1819. The shield was prevented to ingress of material
into the face of the tunnel when constructing a tunnel under the River Thames, where soil conditions
were poor. Ground movement was reduced by the shield and shield was provide greater safety for the
workers within, although collapses (overlying silt and water) still occurred during the tunnel’s

construction between 1825 and 1843.

Construction method of tunnel was modified slightly during its use in the 20" century and has proved
to be so successful that it is still in use today. Currently says that the method is ‘open-faced’ method,
due to the fact that the face is exposed during construction. Replacement of arched roof tunnels with
perfectly circular tunnel linings has the advancement in tunnel design during the 20" Century. These

liners expressed as excellent way for carrying soil loading.

Peoples of last thirty years, caused by an expanding global economy, are travelling in congested city
centres. Space has necessitated the movement of the transport infrastructure below ground and has seen
the birth and subsequent growth of many modern underground Metro systems. The increasing
competition for space below ground in modern urbanised cities is almost as large as that above. Many
new tunnel and sewer networks are being constructed within the vicinity of existing structures and

services.

Modern day engineer has a much-improved knowledge about tunnelling projects and understanding of
the possible ground movements that can occur above single tunnels. The mechanism of tunnelling has

undergone many innovative changes from the early tunnelling days of Brunel. The modern engineers

1



consider various factors for designing new tunnels such as various sizes, depths, construction methods
and soil type. This improved knowledge has helped the engineer to assess all possible risks and
minimise them in order to avoid damage to existing overlying buried structures. The major risk to these
structures due to ground movements (vertical, horizontal and longitudinal displacements), which will

be predicted accurately than their effects may be minimised/eliminated (if possible).

Two ways to decrease these ground movements and hence decrease the risk of buildings. The first is
minimisation at the face and the second is compensation in the ground as the settlements occur (Hunt
2004). Reduction of movements at the face of the tunnel can be achieved through improvement in
tunnelling method (i.e tunnelling machine or the use of reinforcement methods for the soil at the face)
and tunnel liner design (Hunt 2004). An example of a modern innovation in the tunnelling method has
Earth Pressure Balance Machine (EPBM), which balances the forces at the tunnel face between the soil
and the machine and hence reduces ground movements. Using sprayed concrete, immediately after
excavation in over consolidated clay, known as the New Austrian Tunnelling Method (NATM), has
also helped in reducing ground movements over the last thirty years (Hunt 2004). The second approach
of ground movements as they occur is by compensation grouting (Harris et al., 2000). Overlying
buildings are monitored for movements as tunnel construction occurs below. For apparent (above a
specified tolerance) movement, concrete is pumped into the soil above the tunnel and below the building
in order to compensate these movements. By undertaking many projects today, some or all of the

minimisation methods referred to above are now adopted.

These progresses in tunnelling method have clearly helped to minimise the ground movements
occurring due to tunnelling in sand operations. For new tunnel construction, the assessment of risk to
existing overlying structures or sub-surface structures is only as accurate as the prediction of ground
movements that are made. For many years, empirical methods have been used to predict surface and

sub-surface ground movements that occur above a single tunnel.



1.2 OBJECTIVES

This research is presented according to the following objectives, which are described below:

a. To conduct numerical analysis of tunnel to obtain immediate ground movement above tunnel
under seismic loading.

b. To conduct numerical analysis of tunnel to obtain time dependent ground movement above
tunnel under static loading.

c. To compare immediate and time dependent ground movement above tunnel under seismic and
static loading.

d. To conduct analytically initial stress state of tunnel and stress-strain behaviour of soil around

tunnel under seismic loading.

1.3 OUTLINE

This research is presented according to the following chapter headings, the contents are described

below:

Chapter 2 describes the literature review for predicting surface and sub-surface settlements above a
tunnel in sands, seismic consideration of tunnel, calculation process in PLAXIS 3D, material model and

volumetric strains.

Chapter 3 describes modified empirical and analytical formulae, validation of modified formulas,
results of vertical, lateral and longitudinal ground movements by considering present research model

using modified formulae, strain induced volume loss by modified formulae.

Chapter 4 describes finite element methods, material properties, loading mechanism of EPB-TBM,
meshing effect, validation of PLAXIS 3D model, comparison of 2D and 3D analysis results, numerical
results of ground movement for three directions, volumetric strain, stress — strain behaviour of soil

around tunnel, surface acceleration and displacement during seismic shaking.

Chapter 5 describes the conclusion of this research and future recommendation for further study.



CHAPTER TWO
LITERATURE REVIEW

2.1 INTRODUCTION

Ground movements of sands are caused by the construction of bored tunnel. In practically, sands
behaves as anisotropy which is more complex to analysis. So neglect complexity, constant strain
induced volume loss and poission’s ratio are considered for analysis of tunnel. Horizontal and vertical
movements have been reported by many authors for different tunnelling practices. The most important
papers have been created by Zhou (2014), Marshall & Franza (2017), A. Franza et al., (2018), Marto et
al., (2014) etc. Tunnels are lower performed under seismic shaking than ground structures such as
bridges and buildings. Tunnel structures are constrained by the surrounding ground and it can’t be
excited independent of the ground as like the inertial response of a bridge structure during earthquakes.
Another factor contributing to the reduced damage of tunnel is that the amplitude of seismic ground
motion tends to reduce with depth below the ground surface. Major damage of tunnels has been
experienced during earthquakes, as summarized by Sharma & Judd (1991), Pescara et al., (2011), Power
et al., (1996) etc., among others. Fault rupture through a tunnel, land-sliding (especially at tunnel
portals), soil liquefaction, are not considered in this thesis. The most recent Kobe earthquake (1995) in
Japan that causes several damage and collapse at the Daikai and Nagata subway stations (Kobe Rapid
Transit Railway). The general procedure for seismic design and analysis of tunnel structures has based
primarily on the ground deformation approach (as opposed to the inertial force approach); i.e., the
structures have designed to accommodate the deformations imposed by the ground. The analysis of the
structural response can be conducted first by ignoring the stiffness of the structure, leading to a
conservative estimate of the ground deformations. This simplified procedure is generally applicable for
structures embedded in rock or very stiff/dense soil. In cases where the structure is stiff relative to the
surrounding soil, the effect of soil-structure interaction must be taken into consideration. In this
research, ground movements above a tunnel are influenced by variations of tunnel diameter, relative

depth and tunnel length.

2.2 VOLUME LOSS

The magnitude of the ground displacements which occur above a tunnel of any diameter can be related
to a parameter called the ‘volume loss’. Volume loss is also known as ground loss. In plain strain
condition, ground loss is represented by two parameters such as (a) tunnel volume loss, Vi, (b) soil
volume loss, Vs by A. Franza et al. (2018). Cording and Hansmire (1975) considered these losses to be
divided into four stages: (A) face loss, (B) shield loss, (C) losses due to erection of the shield and (D)



time dependent losses. Attewell et al., (1986) gives an empirical formula for tunnel volume loss which

is given below.

Vi= Vit Ve + V + Vot Vit Voo (2.1a)

Where,
V= face loss
Vy, = shield loss (radial)
Vy.,V, =losses attributable to mechanics of shield driving
V. = losses after lining erection

V; = losses after grouting

A. Franza et al., (2018) gives an empirical formulae for tunnel volume loss and soil volume loss which

are given below.

V= (AV/VO) * 100%.crmroereeeeeeeeeeeeeeeeessessessesesesseesssseseseseeseseeees (2.1b)

A AV A N 1110 (2.2a)

Where,
Vi1 = volume of the settlement trough per unit length of tunnel
Vo = notional final area of the tunnel cross-section

AV = ground loss at the tunnel periphery

British Research Establishment (BRE) and the Transport and Road Research Laboratory (TRRL) give

an equation of volume loss of the surface settlement trough which is shown in below.

Where,
D is the tunnel diameter.

Vi is percentage fraction of excavated area of tunnel.
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Figure 2.1: Circular and Oval Ground Deformation Patterns Around a Tunnel (N. Loganathan (2011)
and A. Franza et al. (2018))
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Figure 2.2: Volume loss assumption for sand (after D. Hunt, 2004)

Five main components of ground movements are associated with shield tunnelling as reported by

Cording (1991) as shown in given below.



1 Face loss

2 Passage of the shield

3 Closure of the tail void
4 Lining deflection

5 Consolidation
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Figure 2.3: Sources of volume loss for a shield driven tunnel (Cording 1991).
2.3 SURFACE SETTLEMENTS
2.3.1 Vertical Surface Settlement (Transverse to Tunnel Axis)
2.3.1.1 Empirical Formulae
The shape of the surface settlement trough above a single tunnel has been tried to model accurately by

several authors. In sandy soil, Vorster et al. (2005) suggested to find out vertical surface settlement by

using modified Gaussian curve.

V =0) — Vi =0), . . .
(z=0) (z=0),max oDrexp a(i((z=°)))2]
z=0

«2021 (2.3b)
n=e dee e e e ree ree eee e ee e ee een een een een een bes een ten pen e ee nee e s (20
200+ 1
i(Zzo) = K H (2.30)

Where,
V(2= 0) = vertical surface settlement
V(2= 0), max. = maximum vertical surface settlement
o = fitting parameter

X = = horizontal distance from the tunnel centre line at surface



i = 9 = horizontal distance from the tunnel centre line to the point of inflection on the
settlement trough

n = shape function parameter

K =(0.25~0.45) for sands (Mair and Taylor, 1997)

H = vertical distance from ground surface to tunnel centre line.

Gaussian curve is used with the replacement of modified Gaussian curve by using o = 0.5 (B. Zhou,

2014). Finally, the empirical equation of vertical surface settlements is given below:

1
Vig=0y = V(2= TR (%< 17 )
(z=0) (z=0),max. X(—
exp [0.5(.(2—‘0))2]
L(z=0)
Mair (1993) proposed maximum surface settlement as shown in equation (2.3e).
% _ 03135 2.3
(z=0),max. = Y- KH ( . e)

Earth pressure balance (EPB) and slurry machines can achieve a high degree of settlement control,

particularly in sands with volume losses as low as 0.5% (Mair and Taylor, 1997).

Z (Transverse to Tunnel
A Axis, Vertical Plane)

-------- » X (Transverse to Tunnel
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¥
Y (Tunnel Axis (Longitudinal

Axis), Horizontal Plane)

Figure 2.4: Typically representation of a tunnel.
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Figure 2.5: Tunnelling induced ground movements (N. Loganathan, 2011).

2.3.1.2 Analytical Formula

Verruijt and Booker (1996) gives general (sand, clay etc.) closed formed solutions for the estimation of

the vertical surface settlement due to a uniform radial ground loss as shown in equation (2.4).

4 4

Z2) | sp2 21 (kx? — z3) N zy(kx? — z%) N 2eR%[(m + 1)z,
T1 TZ m ,r.22

— 26R?H [xz — 222] (2.4)

Where,
¢ = uniform radial surface movement as shown in Fig. 2.1

6 = long — term surface deformation due to the ovalization of tunnel lining

z1=—H
22:H

rZ =x*+z?
rZ=x>+2z2

R =radius of the tunnel
m=1/(1-2v)
k=v(1 -v)

v = poisson’s ratio of sand. (Assume isotropic)



2.3.2 Lateral Surface Settlement (Transverse to Tunnel Axis)

2.3.2.1 Empirical Formula

O’Reilly and New (1982) gives an empirical formulae to predict lateral surface settlement (clay, sand

etc.) above a tunnel which is expressed as equation (2.5).

*(z=0)
Ux(z=0):V(Z=O)[ ; ] PR ¢ )

Where,

Uxz=0) = lateral surface settlement
2.3.2.2 Analytical Formula

Verruijt and Booker (1996) gives closed from solutions for the estimation of the lateral surface

settlement in soil (sand, clay etc.) due to a uniform radial ground loss as shown in equation (2.6).

z, (x% — kz?) N x(x? — kz3) B 2eR?x 46R%*xHz,

X X
Uyypeoy = —6R?*| = + = | + 6R? - )
x(z=0) (rlz rzz) [ r14' r24' mrzz T24 (m + 1)

. (2.6)

2.3.3 Longitudinal Surface Settlement (Along the Tunnel Axis)
2.3.3.1 Empirical Formula

Attewell and Woodman (1982) gives an empirical relation to predict longitudinal surface settlement

above a tunnel in soil (sand, clay etc.).
_ Y(z=0)
Uyiz=0) = Viz=o) [T] ........................................................ 2.7)

Where,
Uyz=0) = longitudinal surface settlement

y(z=0) = horizontal distance from the tunnel centre line at surface
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2.3.3.2 Analytical Formula

Most of tunnel has been analysed by plain strain consideration. Therefore, lack of predicting ground
settlement along the tunnel axis. No suitable analytical formulae have developed to describe

longitudinal ground movement above a tunnel.

2.4 SUB-SURFACE SETTLEMENTS

2.4.1 Vertical Sub Surface Settlement (Transverse to Tunnel Axis)

2.4.1.1 Empirical Formulae

The shape of the sub surface settlement trough above a single tunnel has been tried to model accurately

by several authors. In sandy soil, Vorster et al. (2005) suggested to find out vertical sub surface

settlement by using modified Gaussian curve.

n

(n—1)+exp [a(.—)z]
1)
g 2a—1
=e® o ——+1. (2.8b)
l(z) = K(H - ) .......................................................................... (2 80)

Where,
V() = vertical ground settlement
V (2, max. = maximum vertical ground settlement
X¢) = horizontal distance from the tunnel centre line at ground
iz = horizontal distance from the tunnel centre line to the point of inflection on the settlement
trough

z = vertical distance from free surface

Gaussian curve is used with the replacement of modified Gaussian curve by using o = 0.5 (B. Zhou,

2014). Finally, the empirical equation of vertical ground settlements is given below:

Viz) = V(@)ma. ..(2.8d)

exp [0 5(—= (Z)) ]
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2.4.1.2 Analytical Formula

Verruijt and Booker (1996) gives general (sand, clay etc.) closed from solutions for the estimation of

the vertical ground settlement due to a uniform radial ground loss as shown in equation (2.9).

ka_ 2 ka_ 2
Z§>+6R2 [Zl( Zz)+22( Zz)]

z
Vizy = —¢R? <_; T3 4 %
non n )

2¢R?*[(m+ 1)z, mz(x? —z2
N [( )z+ ( 2)]

2

4
m 165 T,

N X))

_ 26R%H [xz —z, _m 2270x7 - 222)]

o m+1 e
Where,
z1i=z—H

znn=z+H
2.4.2 Lateral Sub Surface Settlement (Transverse to Tunnel Axis)
2.4.2.1 Empirical Formula

O’Reilly and New (1982) gives an empirical formulae to predict lateral sub surface settlement (clay,

sand etc.) above a tunnel which is expressed as in equation (2.10).

- *@ 2.10
Ux(z) — V(Z) m 25N SE8 NES S8 SEN EGG RGE SAN SEE SN SES SN G8A NG GGS AGG GEs Rae eEE @ ( . )

Where,
Uy = lateral ground settlement

2.4.2.2 Analytical Formula

Verruijt and Booker (1996) gives closed from solutions for the estimation of the lateral sub surface

settlement in soil (sand, clay etc.) due to a uniform radial ground loss as shown in equation (2.11).

12
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(m+1)

. (2.11)
r2

2.4.3 Longitudinal Sub Surface Settlement (Along the Tunnel Axis)

2.4.3.1 Empirical Formula

Attewell and Woodman (1982) gives an empirical relation to predict longitudinal sub surface settlement

above a tunnel in soil (sand, clay etc.).

— V(@)
Uy(ey = Viay [Gpgg] o o ot (212)

Where,
Uy» = longitudinal ground settlement

V() = horizontal distance from the tunnel centre line at ground
2.5 SEISMIC ANALOGY

Accelerations on surface and depth of tunnel axis are major important parameters to evaluate stability

of tunnel under seismic loading.
2.5.1 Case Histories

In previous, seismic analysis has been conducted for surface structures. Some data are available to
introduce damage of tunnels after earthquake before 70’s. Sharma & Judd (1991) was collected a total
number of 192 cases for 85 different earthquakes which described some factors such as tunnel cover,
subsoil type, peak ground acceleration, magnitude of the earthquake, distance from the epicentre and
type of lining support. Most of the damages (60%) occurred in the shallow tunnels (depth lower than
100m) by Sharma & Judd (1991). Several earthquakes were occurred in different countries such as
California, Japan, Taiwan, Turkey, Italy etc. have a moment magnitude of 6.7 to 7.8. Power et al. (1996)
were collected 217 cases of bored tunnels only which described damage of tunnels during the extremely

severe earthquake of Kobe (1995).

13



2.5.2 Ground Shaking

Ground shaking refers to the vibration of the ground produced by seismic waves propagating through
the earth’s crust. The area experiencing this shaking may cover hundreds of square miles in the vicinity
of the fault rupture. The intensity of the shaking attenuates with distance from the fault rupture. Ground
shaking motions are composed of two different types of seismic waves, each with two sub-types,

described as follows:

(a) Body waves traveling within the earth’s material. They may be either longitudinal P waves or
transverse shear S waves and they can travel in any direction in the ground.
(b) Surface waves traveling along the earth’s surface. They may be either Rayleigh waves or Love

waves.

As the ground is deformed by the traveling waves, any tunnel structure in the ground will also be
deformed, since tunnel structures are constrained by the surrounding medium (soil or rock). As long as
the ground (i.e., the surrounding medium) is stable, the structures cannot move independently of the
ground. Therefore, the design and analysis of underground structures is based on ground
deformations/strains rather than ground acceleration values. If the magnitude of ground deformation
during earthquakes is small, the seismic effect on tunnels is negligible. In loose or soft soil deposits, on
the other hand, the soil deformation developed during the design earthquake(s) should be estimated and
used for the structure’s design and analysis. In general the potential effects of ground shaking range
from minor cracking of a concrete liner to collapse of the liner and major caving of geologic materials

into the tunnel.

2.5.3 Ground Failure

Ground failure broadly includes various types of ground instability such as fault rupture, tectonic uplift
and subsidence, land-sliding, and soil liquefaction. Each of these hazards may be potentially

catastrophic to tunnel structures, although the damages are usually localized.

If an active fault crosses the tunnel alignment, there is a hazard of direct shearing displacement through
the tunnel in the event of a moderate to large magnitude earthquake. Such displacements may range
from a few inches to greater than ten feet and, in many cases, may be concentrated in a narrow zone

along the fault. Fault rupture can and has had very damaging effects on tunnels.

Land-sliding through a tunnel, whether statically or seismically induced, can result in large,

concentrated shearing displacements and either full or partial collapse of tunnel cross sections.

14



For tunnels located in soils below the groundwater table, there could be a potential for liquefaction if

loose to medium-dense cohesion less soils (sands, silts, gravels) are adjacent to the tunnel.

Neglecting complexity, these types of failure during tunnelling under seismic loading will not be

considered to analysing tunnel.

2.5.4 Lateral Settlement Due to Seismic Loading

An underground tunnel structure undergoes three primary modes of deformation during seismic shaking

(M. Pescara, 2011) as shown in Figure 2.6 and Figure 2.7.

(a) ovaling deformation
(b) axial deformation

(c) curvature deformation

The ovaling deformation means that seismic waves propagating perpendicular to the tunnel longitudinal
axis. The definition of axial and curvature deformations are components of seismic waves that
propagate along the longitudinal axis or spatially varying ground motions resulting from local soil / site

effects.

Tunnel Before
Wave Motion

Tunnel During
Wave Motion

* * A * * * * 4— Shear W

ave Front

Ovaling Deformation of
a Circular Cross Section

Figure 2.6: Tunnel Transverse Ovaling and Racking Response to Vertically Propagating Shear Waves
(Wang, 1993; Owen and Scholl, 1981)
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Figure 2.7: Tunnel Longitudinal Axial and Curvature Response to Traveling Waves (Wang, 1993;
Owen and Scholl, 1981)

Effect of the seismic loadings on the tunnel stability is the free-field shear deformation method [Wang,
1993, Power et al. 1996; Hashash et al. 2001], which has most conservative. This approach assumes

that deformation of the structure and soil are coincide in the free-field under the design earthquakes.

The site-specific Peak Ground Acceleration (amaxs) is given by the equation (2.13), where S is the soil

factor, defined in terms of the ground type [Eurocode 8]:

Amaxs = STAGR. « - ettt ettt (2.13)
Where,
agr = Peak Ground Acceleration (PGA)
amaxs = Peak Acceleration at the ground surface above a tunnel

S = Soil Factor

[Hashash et al., 2001] was considered the depth of tunnel to define the peak acceleration a,max, this
consists in the determination of a reduction coefficient C for the peak acceleration on the surface

depending on the depth of the tunnel (Table 2.3) as for equation (2.14):

Az,max = CF AImaxs. - e venenenenetet et (2.14)
Where,
a,max = Peak Acceleration at the depth of tunnel

C = reduction coefficient

The value of S as shown in given below, suggested in Eurocode 8, is based on the types of elastic

response spectra.

e Table 2.1 refer to conditions characterized by My, < 5.5.

e Table 2.2 refer to conditions characterized by My, > 5.5.
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Table 2.1: Values of the parameters describing the recommended Type 1 elastic response spectra

[Eurocode 8§].

Ground type S Ty (s) Te (s) Ip (s)
A 1,0 0,05 0,25 1,2
B 1,35 0,05 0,25 1,2
C 1.5 0,10 0,25 1,2
D 1.8 0,10 0.30 1,2
E 1.6 0,05 0,25 1,2

Table 2.2: Values of the parameters describing the recommended Type 2 elastic response spectra

[Eurocode §].

Ground type S Tp(s) T (s) I (s)
A 1,0 0.15 0,4 2.0
B 1,2 0,15 0,5 2,0
C 1,15 0.20 0.6 2.0
D 1,35 0,20 0.8 2,0
E 1.4 0,15 0,5 2.0

Table 2.3: Ratios (C) of ground motion at depth to motion at ground surface [Power et al. 1996].

Tunnel Ratio of ground motion
depth at tunnel depth to

(m) motion at ground surface
=6 1.0

6—15 0.9

15-30 0.8

> 30 0.7

M. Pescara, (2011) gives some empirical relations which is shown in below.

'/
Yimax C—S ..(2.15)

S
Vs k az’max ....................................................................... (2 16)
Amax, = Ymax(H) .................................................................... (2. 1 7)

Where,
V; = peak ground velocity
C, = apparent propagation velocity of S-wave, several authors [O’Rourke & Liu, 1999; Power
et al., 1996; Paolucci & Pitilakis, 2007] have suggested values between 1 and Skm/s.
k = ratio of peak ground velocity to peak ground acceleration, as shown in Table 2.4.

Ymax. = Maximum shear deformation
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Amax. = Maximum lateral displacement at surface.

Table 2.4: Ratios of peak ground velocity to peak ground acceleration in different grounds and for

increasing source to-site distance [Power et al. 1996].

Moment Ratio of peak ground velocity (cm /s)
magnitude to peak ground acceleration (g)
(M,) Source-to-site distance (km)
0-20 20-50 50-100
Rock’
6.5 66 76 86
1.5 97 109 97
8.5 127 140 152
Stff soil’
6.5 94 102 109
1.5 140 127 155
8.5 180 188 193
Soft soil'
6.5 140 132 142
(&) 208 165 201
8.5 269 244 251

“In this table, the sediment types represent the following shear
wave velocity ranges: rock > 750 m/s; stiff soil is 200-750 m/s; and
soft soil <200 m/s. The relationship between peak ground velocity
and peak ground acceleration is less certain in soft soils,

2.5.5 Damages of TBM Tunnels Due to Seismic Loading

In this section, damage guidelines of TBM tunnels are presented considering empirical observations of
tunnel performance during earthquakes. Figure 2.8 represents a summary of empirical observations of
the effects of seismic ground shaking on the performance of TBM tunnels. The figure is from the study
by Power et al. (1998), which updates earlier presentations of tunnel performance data by Dowding and
Rozen (1978), Owen and Scholl (1981), and Sharma and Judd (1991). The data are for damage due only
to shaking; damage that was definitely or probably attributed to fault rupture, landsliding, and

liquefaction is not included.
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Figure 2.8: Summary of Observed TBM Tunnel Damage under Ground Shaking Effects (Power et al.,
1998)

Figure 2.8 incorporates observations for 192 tunnels from ten moderate to large magnitude earthquakes
(moment magnitude Mw 6.6 to 8.4) in California, Japan, and Alaska. Ninety-four of the observations
are from the moment magnitude Mw 6.9, 1995 Kobe, Japan earthquake. This earthquake produced by
far the most observations for moderate to high levels of shaking (estimated peak ground accelerations,
PGA, at ground surface above the tunnels in the range of about 0.4 g to 0.6 g for the Kobe data). Peak
ground accelerations in Figure 2.8 are estimated for actual or hypothetical outcropping rock conditions
at ground surface above the tunnel. Other observations are from moderate to large (Mw 6.7 to 8.4)
earthquakes in California and Japan. Figure 2.8 shows the level of damage induced in tunnels with
different types of linings subjected to the indicated levels of ground shaking. Damage was categorized
into four states: none for no observable damage; slight for minor cracking and spalling; moderate for
major cracking and spalling, falling of pieces of lining and rocks; and heavy for major cave-ins,

blockage, and collapse. The figure indicates the following trends:

(a) For PGA equal to or less than 0.2 g, ground shaking caused essentially no damage in tunnels.
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(b) For PGA in the range of 0.2 g to 0.5 g, there are some instances of damage ranging from slight
to heavy. Note that the three instances of heavy damage are all from the 1923 Kanto, Japan,
earthquake. For the 1923 Kanto earthquake observation with PGA equal to 0.25 g shown on
Figure 2.8 the investigations for this tunnel indicated the damage may have been due to land-
sliding. For the other two Kanto earthquake observations, collapses occurred in the shallow
portions of the tunnels.

(c) For PGA exceeding about 0.5 g, there are a number of instances of slight to moderate damage
(and one instance of heavy damage noted above for the Kanto earthquake).

(d) Tunnels with stronger linings appear to have performed better, especially those tunnels with

reinforced concrete and/or steel linings.

2.6 CONSTITUTIVE MODEL

Constitutive model is most important for understanding about failure mechanism of any material. 3D
model has better performance over 2D model. In this thesis, Mohr — Coulomb failure criteria has been

discussed. In PLAXIS 3D, stresses are based on Cartesian coordinate system as shown in Figure 2.9.
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Figure 2.9: Coordinate system and indication of stress components
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Figure 2.10: Mohr — Coulomb model (Elastic — Perfectly Plastic)

Mohr-Coulomb model consists of five parameters such as elastic modulus (E), poission’s ratio (v), angle
of internal friction (¢), cohesion (C) and angle of dilatancy (y). These model describes ‘first — order’
approximation of soil behaviour. For first analysis of any problem, to use this model. Only one constant
average stiffness calculates for each layer and stiffness increases linearly with depth. Elastic part of
Mohr-Coulomb model is based on Hooke’s law of isotropic elasticity and perfectly plastic part is based

on the Mohr-Coulomb failure criterion, formulated in a non-associated plasticity framework.

Linear elastic perfectly-plastic Mohr-Coulomb model describes only limited features of soil in reality.
Although variation of stiffness with depth can be taken into account, the Mohr-Coulomb model does
neither include stress-dependency nor stress-path dependency nor strain-dependency of stiffness or
anisotropic stiffness. Effective stress state at failure are well described using Mohr-Coulomb failure

criterion with effective strength parameters ¢’ and C’.
In elastoplasticity model, strains and strain rates are decomposed into an elastic part and a plastic part:

€= €4 EP L e e e e e e (2.18)
Eo = EE H €L ot it e et et e e e e e e e e e e e (2019)

Where, ¢, €°, €P, &, €F, sf are the total strain, total elastic strain, total plastic strain, effective strain,

elastic effective strain and plastic effective strain. Hooke’s law established relationship between elastic

stress rates to the elastic strain rates.
O = DO (€0 — €F) e et et et et e e e 22 (2.20)

Where, ag,, D are the effective elastic stress and elastic modulus. According to the classical theory of

plasticity Hill (1950), plastic strain rates are proportional to the derivative of the yield function with
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respect to the stresses. This means that the plastic strain rates can be represented as a vectors
perpendicular to the yield surface. This classical form of theory is referred to as associated plasticity.
However, for Mohr-Coulomb type yield function, the theory of associated plasticity overestimates
dilatancy. Therefore, in addition to the yield function, a plastic potential function g is introduced. The

case g # f'is denoted as non — associated plasticity. In general, the plastic strain rates are written as:

ag

P=2
Ee do,

. (2.21)

In which A is a plastic multiplier. For purely elastic behaviour A is zero, whereas in the case of plastic

behaviour A is positive:
- . . fT e o
A=0 for: f<0 or ?D & <0 (Elasticity)....ccoovieviiiiniiininen. (2.22a)
) _ T . -
A>0 for: f=0 and: gD & >0 (Plasticity).....cceovvviiniiiiiinnnn. (2.22b)

The full Mohr-Coulomb yield condition consists of six yield functions when formulated in terms of

principal stresses (Smith & Griffiths, 1982):

1 1 ,
fia = E(O'ez — 0Op3) + E(G"Z + 0,3)SINP — CcoSP < 0 v vev e et e e e e (2.230)
1 1 _
fip = 5(063 —0,) + 5(063 + 0,2)SinQP — CcoSP < 0 v v e v e e e e v (2.23D)
1 1 _
foa = 5(083 —0p1) + 5(083 + 0,1)SINP — CcoSP < 0 v vev v e e v e e e e e (2.230)
1 1 .
fop = E(O-el — Op3) + E(O'el + 0,3)SINP — CcoSP < 0 v v v e ee e e e e e (2.23d)
1 1 .
fza = E(O'el — 0p) + E(ael + 0,2)SINP — CcoSP < 0 v v e et (2.23€)
1 1 ]
fap = E(Gez — 0p1) + E(aez + 0,1)SinQ — CcoSP <0 v v e ve e e e . (2.23f)

Where, 0,1, 0.y, 0.3 are the effective elastic principal stresses. The two plastic model parameters

appearing in the yield functions are well known friction angle (¢) and cohesion (C). The condition f; =
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0 for all yield functions together (where fi is used to denote each individual yield function) represents a

fixed hexagonal cone in principal stress space as shown in Figure 2.11.

Figure 2.11: The Mohr-Coulomb yield surface in principal stress space (C = 0)

In addition to the yield functions, six plastic potential functions are defined for the Mohr-coulomb

model:

1 1
Jia = E(aez — 0g3) + 5(0"2 + 0e3)SINY v e e (2.240)
1 1 .
J1p = 5(06,3 —0g) + 5(093 + 002)SINY v ev v (2.24D)
1 1 .
J2q = 5(063 —0p1) + 5(093 + 0e1)SINY v s v e (2.240)
1 1 .
ga2p = E(Uel — 0g3) + E(%l + 03)SINY v (2.24d)
1 1 ,
J3a = E(ael —0g2) + E(Gel + 0e2)SINY v (2.24€)
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1 1

The plastic potential functions contain a third plasticity parameter, the dilatancy angle y. This parameter
is required to model positive plastic volumetric strain increments (dilatancy) as actually observed for
dense soils. When implementing the Mohr-Coulomb model for general stress states, special treatment
is required for the intersection of two yield surfaces. In PLAXIS 3D, however, the exact form of the

full Mohr-Coulomb model is implemented, using a sharp transition from one yield surface to another.

For C > 0, the standard Mohr-Coulomb criterion allows for tension. In fact allowable tensile stresses
increase with cohesion. In reality, soil can sustain none or only very small tensile stresses. This
behaviour is expressed as tension cut-off in PLAXIS 3D. In this case, Mohr circles with positive
principle stresses are not allowed. The tension cut-off introduces three additional yield functions,

defined as:

fa = (o1 = 01) S0 et et et et s et et e e e e e e e e e e e (2.250)
f5 = 0oz = 01) S 0 it et et s et vt v e et e e et e e e e e e e (2.25D)
fo = (Ooz3 = 0) S 0 et et et e et et e et et e et et e et e e e e e (2.25C)

Where, o, is the allowable tensile stress. For stress states within yield surface, the behaviour is elastic
and obeys Hooke’s law for isotropic linear elasticity. And outside the yield surface, the behaviour is

plastic.

]2 = _(O-elo-ez + Opp0,3 + 0-630-61) Mas mEs BEE SEE See ses GeE GEE REE es Ges wEE RRe e wen (2.27)
]3 = 001002003 ot v van tre tre sne sin ans sen sin s sen ses res aee aee es ses es s see e s see e (2.28)

Where, /4, J,, J3 are the first, second and third stress invariants. For simplicity to consider that the

principal directions as the directions of the co-ordinate axes.

J1 = Oex F Ocy F oz e e e e e e s st s s s s e e e e e e e e e (2.29)

Jo = Thxy + Toyz + Tosx — (OexOey + OoyOez + Ooz00x) cov vee vee vee vee vee wee 1 (2.30)
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— 2 2 2
]3 = OexOcy0ez + 2Texyﬁ[eyz'fezx - (O-exreyz + OeyTezx + UezTexy) RUESEEE (2-31)

Where, O¢yx, Oey, ez, Texys Teyz> Tezx are the elastic effective normal and shear stresses in X, Y and Z
directions. Invariants are the function of co-ordinate stresses as well as principle stresses. Principle

stresses are physical quantities and obviously do not depend on the co-ordinate axes chosen.
2.7 CALCULATION PROCESS IN PLAXIS 3D
2.7.1 Soil Elements

The basic soil elements of the 3D finite element mesh are the 10-node tetrahedral elements as shown in
Figure 2.12. In addition to the soil elements, special types of elements are used to model structural
behaviour. For beams, 3-node line elements are used, which are compatible with the 3-node edge of a
soil element. In addition, 6-node plate and geogrid elements are used to simulate the behaviour of plates
and geogrid respectively. Moreover, 12-node interface elements are used to simulate soil-structure

interaction behaviour.

>

Figure 2.12: 3D soil elements (10-node tetrahedrons)

The 10-node tetrahedral elements are created in the 3D mesh procedure. This type of element provides
a second-order interpolation of displacements. For tetrahedral elements there are three local co-
ordinates (&, 7 and (). The shape function N; have the property that the function value is equal to unity

at node 1 and zero at the other nodes.
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2.7.2 Global Settings

The mesh generator requires a global meshing parameter that represents the target element size, L. In
PIAXIS 3D this parameter is calculated from the outer geometry dimensions (Xmin, Xmax, Ymin, Ymax, Zmin,

Zmax). The target element dimension is calculated according to the formulae:

lp = ;_Z\/(xmax - xmin)2 + (Ymax - ymin)2 + (Zmax - Zmin)2 R R (2-32)

The target element dimension or average element size, (I.) is based on a parameter called relative
element size factor (r.). Regarding the element distribution, distinction is made between five global
levels. The values of the parameter, r. for the element distributions predefined in the PLAXIS 3D are

given below:

Very coarse:  1.=2.0

Coarse: re=1.5
Medium: r.=1.0
Fine: re=0.7
Very fine: r.=0.5

The exact number of elements depends on the shape of the geometry and optional local refinement

settings. The number of cores is set to 256 for these model.

2.7.3 Phased Construction

Tunnel structure have been excavated with the several phases. In this research, three phase have to be
consider for excavation. Each calculation phase corresponds to a particular loading or construction
stage. The construction stages can be defined in the staged construction mode. The phases have the
settings of the parent unless they are defined differently. In this case it is required that the next phase is
fully redefined, since the start conditions have changed. This may also have consequences for the phases
thereafter. The name of the phases is determined consecutively by the program and it cannot be
modified. The order of calculation phases is defined by selecting the reference phase (parent phase) first

and then adding a phase, or selecting the reference phase.
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2.7.4 Initial Stress Generation

A lot of analysis problems in geotechnical engineering require the specification of a set of initial
stresses. The initial stresses of a soil body are influenced by the weight of the material and the history
of its formation. This stress state is usually characterised by an initial vertical effective stress (c°v,).
The initial horizontal effective stress 6’np is related to the initial vertical effective stress by the
coefficient of lateral earth pressure Ko (6’10 =Ko 6’v,0). In PLAXIS 3D, initial stresses may be generated
by using KO procedure or by using gravity loading. To generate and inspect results from initial stresses

first before defining and executing other calculation phases.

KO0 Procedure: KO procedure is special calculation method available in PLAXIS 3D to define the initial
stresses for the model, taking into account the loading history of the soil. Two Ko values can be

specified, one for the x-direction and one for the y-direction.

Ko 3 = Osx/ Ogz weeoveoeeee e et e e e e e s e e e e e nan e ean een e (2.330Q0)

QR 2N T (< 577

Where, o5y, 0y, 05, are effective stress components of X, Y and Z directions. In practice, the value of
Ko for a normally consolidated soil is often assumed to be related to the friction angle by Jaky’s

empirical expressions:

Ko =1 = SINQ et ettt et et et et e e e e e e e e e e e ene e e e e (2.34)

In an over-consolidated soil, Ko would be expected to be larger than the value given by the expression.
Using very low or very high K, values in the KO procedure may lead to stresses that violate the Mohr-
Coulomb failure condition. In this case software automatically reduces the lateral stresses such that the
failure condition is obeyed. Hence, these stress points are in plastic state and are thus indicated as plastic
points. Although the corrected stress state obeys the failure condition, it may results in stress field which
is not in equilibrium. It is generally preferable to generate an initial stress field that does not contain
Mohr-Coulomb plastic points. For a sand, it can be easily be shown that to avoid Mohr-Coulomb

plasticity, the value of Ko is bounded by:

1-sing < 1+sing

. oo (2.35)

1+sing 1—sing es e sar Gee EE BEs BEs N GEE RS eeE GEE BeE GEs Gee R Bes en
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When KO procedure is adopted, software will generate vertical stresses that are in equilibrium with the
self-weight of the soil. Horizontal stresses, however, are calculated from the specified value of Ko. Even
if the value of Ky is chosen such that plasticity does not occur, the KO procedure does not ensure that
the complete stress field is in equilibrium. Full equilibrium is only obtained for a horizontal soil surface
with any soil layers parallel to this surface and a horizontal phreatic level. Therefore, the KO procedure
is not recommended when dealing with non-horizontal surfaces. If the stress field requires only small
equilibrium corrections, then these may be carried out using the KO procedure followed by a plastic nil-
step. If the stresses are substantially out of equilibrium, then the KO procedure should be abandoned in

favour of the gravity loading procedure.

Gravity Loading: Gravity loading is a type of plastic calculation, in which the initial stresses are
generated based on the volumetric weight of the soil. If gravity loading is adopted, then the initial
stresses are set up by applying the soil self-weight in the first calculation phase. In this case, when using
an elastic perfectly-plastic soil model such as Mohr-Coulomb model, the ratio of horizontal effective
stress over vertical effective stress, Ko, depends strongly on the assumed values of poisson’s ratio. It is
important to choose values of poisson’s ratio that give realistic values of Ko. If necessary, separate
material data sets may be used with poisson’s ratio adjusted to provide the proper Ko-value during
gravity loading. These sets may be changed by other material sets in subsequent calculations. For one-

dimensional compression an elastic computation will give:

IR 3% 1:) |

If a value of K¢ of 0.5 is required, for example, then it is necessary to specify a value of poisson’s ratio
of 0.333. As a poisson’s ratio must be lower than 0.5, it is not straightforward to generate K values
larger than 1 using gravity loading. If K values larger than 1 are desired, it is necessary to simulate the
loading history and use different poisson’s ratio for loading and unloading or use the KO procedure. In
some cases plastic points will be generated during the gravity loading procedure. For sand, in one-
dimensional compression, for example, plastic Mohr-Coulomb points will be generated unless the

following inequality is satisfied:

1 —sing v

1+sing 1-—v ( )

Results: After the generation of initial stresses the plot of the initial effective stresses can be inspected.

It is also useful to view the plot of plastic points. Using Ko values that differ substantially from unity

may sometimes lead to an initial stress state that violates the Mohr-Coulomb criterion. If the plot of the
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plastic points shows many red plastic points (Mohr-Coulomb points), the value of Ko should be chosen

closer to 1.0. If there are a small number of plastic points, it is advisable to perform a plastic nil-step.

2.7.5 Plastic Calculation

A plastic calculation is used to carry out an elastic-plastic deformation analysis in which it is not
necessary to take the change of pore pressure with time into account. The stiffness matrix in a normal
plastic calculation is based on the original un-deformed geometry. This type of calculation is
appropriate in most practical geotechnical applications. A fully drained analysis can assess the
settlements on the long term. This will give a reasonably accurate prediction of final situation, although
the precise loading history is not followed and the processes consolidation is not dealt with explicitly.
An elastic-plastic deformation analysis where the un-drained (A) behaviour is temporarily ignored and

the stiffness of water is not taken into account.

In a plastic calculation loading can be defined in the sense of changing the load combination, stress
state, weight, strength or stiffness of elements, activated by changing the load and geometry
configuration or pore pressure distribution by means of staged construction. In this case, the total load
level that is to be reached at the end of the calculation phase is defined by specifying a new geometry

and load configuration, and/or pore pressure distribution, in the staged construction mode.

2.7.6 Dynamic Calculation

In PLAXIS 3D it is possible to perform a dynamic analysis after a series of plastic calculations. The
applied dynamic load is the product of the input value of the defined dynamic load and corresponding
dynamic load multiplier. Besides the activation of the dynamic load or dynamic prescribed
displacement, absorbent (viscous) boundary conditions can be defined for a dynamic calculation. In a
dynamic calculation loading can be defined in the sense of applying a predefined combination of
external loads as dynamic forces using dynamic multipliers activated in the staged construction mode.
The basic equation for the time-dependent movement of a volume under the influence of a (dynamic)
load is:

Mil4 Cldr KU SF oo coe oo oot oo eee e eee e eee e ee aee o ene - (2.38)

Here, M is the mass matrix, u is the displacement vector, C is the damping matrix, K is the stiffness
matrix and F is the load vector. The displacement, u, the velocity, ©t and the acceleration, ii, can vary
with time. The last two terms in equation (2.38) (Ku = F) correspond to the static deformation. Here the
theory is described on the bases of linear elasticity. In the matrix M, the mass of materials (soil + water

+ any construction) is taken into account. In this software, the mass matrix is implemented as a lumped
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matrix. The matrix C represents the material damping of the materials. In reality, material damping is

caused by friction or by irreversible deformations (plasticity or viscosity).

In the case of static deformation analysis, prescribed boundary displacements are introduced at the
boundaries of a finite element model. The boundaries can be completely free or fixities can be applied
in one or two directions. Particularly the vertical boundaries of a mesh are often non-physical (synthetic)
boundaries that have been chosen so that they do not actually influence the deformation behaviour of
the construction to be modelled. In other words: the boundaries are ‘far away’. For dynamic
calculations, the boundaries should in principle be much further away than those for static calculation,
because, otherwise, stress waves will be reflected leading to distortions in the computed results.
However, locating the boundaries far away requires many extra elements and therefore a lot of extra
memory and calculating time. For the implementation of dynamic effects in these software the viscous

boundaries are created with the use of viscous boundaries (dampers).

The natural frequency of vibration of a soil deposit may be calculated from the following equation (page

261 of Kramer, 1996).
Vs

Where, V; is the shear wave velocity, H is the thickness of soil layer, f;, is the n" natural frequency of

the soil deposit in Hzand n=0,1,2,....... n.

2.8 STRAIN INDUCED VOLUME LOSSES

Volumetric strains are influenced to the ground movement due to tunnelling in soil. These types of
strains are represented as the volume losses. Two types of volumetric strains are seen due to tunnel
construction such as strain due to long term loading and seismic shaking.

2.8.1 Volumetric Strains in Long Term Loading

N.Loganathan, 2011 gives an analytical formulae for calculating volumetric strain in plain strain

consideration. These types of strain behaves as non-linearly around tunnel soil interface (N.Loganathan,

2011). This equation is shown in below:

30



2gD + g2 1.38x2 0.69z2
€y = Texp - >+ R ¢4 10) |

(e ) "

Where, g is the diametric deformation (Figure 2.1), x is the any distance from tunnel centre line along

lateral direction and & is the long term volumetric strain.
2.8.2 Volumetric Strains in Seismic Shaking

Volumetric strain due to seismic loading has expressed that the combination of the axial and curvature
deformations of the ground in the free-field (i.e., without the presence of the tunnel). St. John and
Zahrah (1987) developed solutions for these strains due to compression seismic waves. This equation

1s shown in below:

%4

A
Eps = Esimpcosq) + Ylﬁcos%o TR 2.3

Where, &y is the volumetric strain under seismic shaking, V is the maximum velocity of seismic
shaking, A is the maximum acceleration of seismic shaking, C is the velocity of apparent propagation
which varies 2 to 4 km/s (FHWA-NHI-10-034), Y, is the distance from neutral axis of tunnel cross

section to the lining extreme fibre, @ is the angle at which seismic waves propagate in the horizontal

plane with respect to the tunnel axis.
2.9 CONCLUSIONS

This chapter is highlighted of behaviour of sands for construction of a single tunnel and is reviewed the
previous empirical and analytical methods for prediction of ground displacements. Empirical methods
are developed based on field observation. Horizontal and vertical displacements above a tunnel are
estimated by empirical formulae. Finite element methods are expressed more accurate settlements
profile than empirical and analytical formulae. However, this method is expensive in terms of resources
and still has a long way to go in predicting accurately the actual magnitudes of displacement that occur
above a tunnel in the field. Mohr-Coulomb material model contains some limitation but it’s more
suitable for finite element analysis. Volumetric strains based on numerical analysis are expressed more
accurate behaviour than empirical and analytical formulae. These formulae are provided by different
authors. Behaviour of soil around tunnel are evaluated from volumetric strains. Seismic analysis is
advance technology for construction of underground tunnel. Underground structures are less damage

than surface structures under seismic loading during tunnelling. It has necessary for analysis to evaluate
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transverse racking effect and longitudinal movement of tunnel under seismic loading. Transverse
racking effect is dangerous for tunnel structures. Large amounts of lateral spreading occurs due to
racking effects. Empirical and analytical formulae are not expressed properly of racking effects and
longitudinal movements of tunnel. That is why, numerical analysis has necessary to evaluate proper

behaviour of tunnel under seismic loading.
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CHAPTER THREE
MODIFIED EMPIRICAL AND ANALYTICAL FORMULAS

3.1 INTRODUCTION

This chapter deals with modified empirical and analytical formulae. Modified formulae contains some
short terms such as MEF-LTL (Modified Empirical Formulae Long Term Loading), MAF-LTL
(Modified Analytical Formulae Long Term Loading), MEF-SL (Modified Empirical Formulae Seismic
Loading), MAF-SL (Modified Analytical Formulae Seismic Loading). Long term loading means static
loading. Firstly, modified formulae are validated than it is implemented to the present research. In
present research, some parameters are — lengths of tunnel (y; = 27m, y2 = 29m, y3 = 31m), diameters of
tunnel (D; = 10.5m, D, = 10.8m, D3 = 11.0m) and depths of tunnel crown (A; =4.5m, A, =5.5m, Az =
6.5m, A4 = 7.5m and As = 8.5m). Relative depths are expressed by A./Dx. Pre-cast concrete segments
are used for ring of tunnel. Width of ring is 2m. Shape of ring is circular. Most of the case, results are

nearly close of empirical and analytical formulae.

3.2 MODIFIED FORMULAS

Modified formulas are two types such as empirical and analytical. By using these formulae to get the

value of maximum settlements and strain induced ground losses.

3.2.1 Modified Empirical Formula for Maximum Vertical Settlement

Practically, maximum value is most important than others value. Most of the case, maximum value is
critical for design purpose. Vertical ground settlements are most important during tunnelling under
static and seismic loading. In present research, modified Mair (1993) maximum ground settlement
formula with the consideration of 0.5 percent uniform volume loss (Mair and Taylor, 1997) and 35

percent of K factor (Mair and Taylor, 1997) as shown in given below:

2

Visymax. = 0.0045 e (3D

Where, D, H, z, V() max. are represented by inner diameter of tunnel (m), vertical distance (m) from free
surface to tunnel centre line, any distance (m) from free surface and maximum vertical settlement (m).
For surface settlement, z is equal to zero and for total settlement z is equal to summation of depth of

tunnel crown and outer diameter of tunnel.

33



3.2.2 Modified Analytical Formulae for Maximum Vertical Settlement

Verruijt and Booker (1996) shows a closed formed general solutions for the calculation of the vertical
ground settlement under uniform radial ground loss. In present research, modified this formula for static
and seismic loading for 0.5 percent volume loss. Long term ground deformation is taken 1mm based on
following authors observations (Rankin, 1988 (Damage Risk Chart) and N.Loganathan et.al 1998).
Maximum ground settlement for long term and seismic loading are expressed as equations (3.2) and

(3.3) which is shown in below:

!
V(z)max. = —0.005R - +

Z Z —Z Z Z
3) 0001R2[ 1( - 2 2( 2)
£} )

n

0.01R?[(m + 1)z, mz(-=z
4 ( )z+ (- z)]

)
—z2 m 2zz,(—z
— 0.002R%H [ 2+ 2 2)] ..(3.2)
r, m+1 e
z;  Z;\ O0.01R?[(m+ 1)z, mz( zz)
V(z)max. = —0.005R? <? + E) + m 7'22 e e (323)

Where, z; =z—H,z, =z + H, 18 =z2,v2 =22,R = D/2, m = 1/(1 - 2v), k = v(1 — v). v is the poisson’s

ratio of soil. Long term ground deformation due to ovalization is equal to zero for seismic loading.
3.2.3 Modified Empirical Formulae for Maximum Lateral Settlement

Maximum lateral settlement is most important for practical purpose. Surface structures have to be
design based on maximum settlements above a tunnel. Lateral ground settlements are disturbed surface
structures and underground facilities. O’Reilly and New (1982) gives an empirical formula to predict

lateral surface settlement. In present research, modified this formula which is shown in below:

A+D
U(X),max. = V(Z),max.m T TT A T (34)

Maximum lateral ground settlement (m) and distance (m) from free surface to tunnel crown are

expressed by Ugy)me. and A4 in equation (3.4).
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A lot of seismic analysis have been performed for surface structures. A few amount of data are available
to express damage of tunnels after earthquake before 70’s. M. Pescara, (2011) gives an empirical
relations to predict lateral settlement under seismic loading by using Eurocode 8. In present research,

modified M. Pescara, (2011) formula which is shown in below:

a,gSCk
Atoymax. = [ — - (Ca = (H = 2)) oot et e e e e o2 (3.5)
S

Where, 44 max, a1, g S, C, k, Cy, fand C;are represented by maximum lateral settlement (mm), seismic
coefficient such as 0.15 (Bangladesh National Building Code (BNBC) 2006), gravitational acceleration
(9.81m/s?), soil factor (1.15) based on Eurocode 8 which equivalent to BNBC 2006, factor of ground
motion (0.9) (Power et.al 1996), factor which depends upon seismic data (142) (Power et.al 1996), total
depth (27.5m), modified factor (10) and apparent propagation velocity of S-wave. Several authors
[O’Rourke & Liu, 1999; Power et al., 1996; Paolucci & Pitilakis, 2007] have suggested values between
1 and Skm/s for apparent propagation velocity of S-wave.

3.2.4 Modified Analytical Formulae for Maximum Lateral Settlement

Verruijt and Booker (1996) gives a closed from general solutions for the calculation of the lateral ground
settlement under uniform radial ground loss. In present research, modified this formula for 0.5 percent
volume loss based on Hunt (2004) and Zhou (2014) consideration of lateral distance from tunnel axis
(lateral distance equal to twenty five percent of summation of tunnel diameter and depth of tunnel

crown) for static and seismic loading which is shown in below:

A+D) (A+D
U(x),max,=0.00125R2<( 2 ) ¢ )>

2
ry ry

2, ((A + D)? — 16kz?) LA D)3 — (A + D)16kz2)

—0.0000625R? [

r} 4ry
N 0.0025(A+D)R? /(1 2mzz,
m r3 ry
0.001R?(A+ D)H [z, mz((A+ D)? —48z2) 3.6)
CEEY - Tort TSR < %
,((A+D) (A+D)\  0.0025(A+D)R?(1 2mzz,
U(x)max. = 0.00125R —+—— + — == | e (3.7)
ry ry m ry r,

Where, equation (3.6) represents the maximum lateral settlement for static loading and equation (3.7)

represents the maximum lateral settlement for seismic loading.
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3.2.5 Modified Empirical Formula for Maximum Longitudinal Settlement

Two dimensional plain strain analysis can’t described the length effect of tunnel. Settlement along
length of tunnel is necessary. In previous, most of tunnelling analysis has been completed based on
plain strain consideration which are not included longitudinal settlement profile of tunnel. A few
amount of research are expressed in longitudinal settlement above a tunnel based on field observations.
Attewell and Woodman (1982) gives an empirical relation to predict longitudinal ground settlement

above a tunnel. In present research, modified this formula which is shown in below:

V(z),max.

U(y),max. = m (38)

Where, Up),max. €xpresses maximum longitudinal ground settlement (m). Unit length is considered along

the length of tunnel.
3.2.6 Modified Analytical Formulae for Strain Induced Volume Loss

Settlement of tunnel is caused by the strain induced volume loss. N.Loganathan et.al. (1998) provided
a formula of strain induced volume loss for static loading. In present research, modified this formula
based on some considerations such as 0.5 percent volume loss, maximum surface settlement

(N.Loganathan et.al. (1998)). This modified formula is shown in below:

0.69

&, = 0.01003exp |— e e e =2 (3.9)

t—DZ Mas mer mex was mEs mss smE smE mEm smE wn
A+5+50

Where, # is the thickness of tunnel lining (pre-cast concrete segment) and &, is the strain induced volume
loss for static loading. St. John and Zahrah (1987) gives an analytical formula to evaluate strain induced
ground loss for seismic loading. In this formula, following considerations have been taken such as
apparent propagation of velocity (3km/s, FHWA-NHI-10-034), seismic wave propagation angle in
horizontal plane with the tunnel axis (45°, D.M.Worky, Open-File Report 01-0440, USGS). In present

research, modified this formula based on above considerations.

v A.(2t + D)
Y6000  36000000v2

e (3.10)
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Where, V' is the maximum velocity of seismic shaking, 4. is the maximum acceleration of seismic

shaking, &, is the volumetric strain due to seismic shaking.

3.3 VALIDATION OF MODIFIED FORMULAS

Validation of modified formulas will be required for comparison between actual and modified formula.
Validation has been performed some terms such as modified empirical formula for maximum vertical
surface settlement, modified analytical formula for maximum vertical surface settlement and modified
analytical formula for strain induced volume loss. Maximum lateral and longitudinal settlements are the

function of maximum vertical settlement. Validation results are very close with each other for every

casc.
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Figure 3.1a: Comparison of maximum vertical surface settlement between empirical and modified
empirical formula.
Difference of settlement between Mair (1993) formula and present study (modified) formula is 2 percent

for every location of relative depth of tunnel in Figure 3.1a. This variation indicates good accuracy of

modified formula of present research.

3.3.1 Validation of Modified Empirical Formula for Settlement

Table 3.1: Validation of modified empirical formula for maximum vertical surface settlement

Maximum vertical surface settlement

Tunnel Tunnel (mm)
Location of
Depth, H | Diameter, Present Reference
Case Study Mair et al. Clough et
(m) D (m) Study (Eq.
(1981) al. (1981)
3.1)
Barcelona
Subway
Loganathan
Network
) 10 8 29 30.3 28.8 Poulos
Extension
(1998)
Tunnel,
Barcelona
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3.3.2 Validation of Modified Analytical Formula for Settlement

Table 3.2: Validation of modified analytical formula for maximum vertical surface settlement

Maximum vertical surface settlement
Tunnel Tunnel
Location of (mm)
Depth, H | Diameter, Reference
Case Study Loganathan et al. Present Study
(m) D (m)
(1998) (Eq. 3.2)
Barcelona
Subway
Loganathan
Network
) 10 8 23.2 24.6 and Poulos,
Extension
(1998)
Tunnel,
Barcelona

3.3.3 Validation of Modified Strain Induced Volume Loss Formula

Table 3.3: Validation of modified strain induced volume loss analytical formula for long term loading

Tunnel Tunnel Volume Loss (%)
Location of .
Depth, H | Diameter, Loganathan et al. Present Study Reference
Case Study
(m) D (m) (1998) (Eq. 3.9)
Barcelona
Subway
Loganathan
Network
) 10 8 0.8 0.78 and Poulos,
Extension
(1998)
Tunnel,
Barcelona

3.4 IMPLEMENTATION OF MODIFIED FORMULAS IN PRESENT RESEARCH
It is necessary to implement modified formulas in present research for observe settlements and

volumetric strains with the variation of diameters, lengths and relative depths of tunnel. Results of

modified formulas deals with two types of settlements such as surface and total settlements. Total
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settlements defined as the overall settlements of tunnel which occurs bottom of tunnel. Present research

model of tunnel and its various parameters are shown below:

Level of Ground Surface

D1=10.5m.D2=10.8m.D3=11.0m Hu= An+ (Dy2)

7

A1=45m. A2=55m, As=6.5m, A+=7.5m, A5=8.5m

Ha

i
Tunmnel :
:
yo =25m
y1=27m L X =2m
y2=29m
y3=31lm

Figure 3.1b: Configurations of present research tunnel and its components.

3.4.1 Vertical Surface Settlements

Surface settlements are important for surface structures. If surface has to be settle due to tunnelling than
surface structures must be settle which is dangerous for human and others. Empirical and analytical
formulas express surface settlements based on plain strain condition. Variation of depths of tunnel
crown are influenced surface settlements. Surface settlements are varied with the variation of relative

depths of tunnel. Such types of settlements are expressed by modified empirical and analytical formulas.

Maximum values of vertical surface settlements are decreasing gradually with the increment of relative
depths as shown in Figure 3.2. Decreasing rates are similar for three diameters. Difference between
MEF-LTL and MAF-LTL are less than 5 mm. During seismic loading, settlements values are low but
difference of decreasing rates are high. Minimum settlement is located at As/D;. So this location is

suitable for construction of tunnel based on modified empirical and analytical formulae.
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Figure 3.2: Vertical surface settlement for long term and seismic loading based on modified formulae

3.4.2 Total Vertical Settlements

Total vertical settlements are represented as the settlements of bottom of tunnel. Figure 3.3 shows
settlements of tunnel based on empirical and analytical formulae. MEF-LTL and MAF-SL are expressed
constant settlements with the variation of relative depths. On the other hand, MAF-LTL shows linear

variations of settlements for various diameters. Settlements values are negative which means uplift.
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Figure 3.3: Total vertical settlement for long term and seismic loading based on modified formulae

3.4.3 Lateral Surface Settlements

Lateral surface settlements above a tunnel consists of lateral movements of surface structures. Lateral

surface settlements are shown in Figure 3.4 based on modified empirical and analytical formulae.

MAF-LTL and MAF-SL are expressed very similar results of settlements for diameters Dy, D, and Ds.
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MEF-LTL and MEF-SL are expressed little difference of settlements for all diameter. As/D; indicates

the minimum lateral settlement.
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Figure 3.4: Lateral surface settlement for long term and seismic loading based on modified formulae

3.4.4 Total Lateral Settlements

Total lateral settlements are expressed overall settlements of tunnel structures. Figure 3.5 represents
lateral settlements based on modified empirical and analytical formulae. MEF-SL shows straight line
variation of settlements. MAF-LTL and MAF-SL are very close to each other and slightly increase with
the increment of relative depths. MEF-LTL shows linear increment of settlements for all diameter.

Minimum settlement is 10 mm at As/D;.
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Figure 3.5: Total lateral settlement for long term and seismic loading based on modified formulae

3.4.5 Longitudinal Surface Settlements

Modified empirical formula deals with the longitudinal surface settlements of various diameters as

shown in Figure 3.6. Longitudinal surface settlements are decreasing gradually with the increment of
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depth of tunnel crown for diameters D1, D, and Ds. Three diameters are shown nearly similar settlement

profile. Minimum settlement is 2.6 mm at As/D.

5.5

5 _
- — = D] --&--D2 ——D3
E 45
T4
2 35 4

3 _

2.5 T T T T
4.0 5.0 6.0 7.0 8.0 9.0

Depth of Tunnel Crown, An (mm)

Figure 3.6: Longitudinal surface settlement for long term loading based on modified formula
3.4.6 Total Longitudinal Settlements

Total longitudinal settlements of tunnel are shown in Figure 3.7 based on modified empirical formula.
Constant variations of settlements show with the increment of depth of tunnel crown for diameters D;,
D, and Ds. These types of settlements can’t vary with relative depths. Settlements are decreasing

gradually with increment of diameters. Minimum settlement is 16.25mm for diameter, Ds.
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Figure 3.7: Total longitudinal settlement for long term loading based on modified formula
3.4.7 Strain Induced Volume Loss

Volume loss at the face of tunnel causes settlements of tunnel in any directions. Volume loss of tunnel
are discussed here with consideration of modified formula as shown in Figure 3.8. Volumetric strain

does not vary with the increment of depth of tunnel crown for seismic loading. Minimum volumetric
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strain is 0.78 percent for diameter, D; under long term loading and minimum volumetric strain is

0.002491 percent for diameter, D; under seismic loading.
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Figure 3.8: Volumetric strain for long term and seismic loading based on modified formulae

3.5 CONCLUSIONS

Results are nearly close for modified empirical and analytical formulae. Difference of vertical surface
settlement between modified empirical and analytical formula has been found to be 4.7% under static
loading. Minimum vertical surface settlement is 30 mm at As/D; location based on modified analytical
formula of seismic loading. Difference of settlement between static and seismic loading has been found
to be less than 1% at relative depth, As/D; using modified analytical formulae. Minimum lateral surface
settlement is 9 mm at As/D; based on modified analytical formula of seismic loading. Minimum value
of total lateral settlement is 10 mm at As/D; based on modified analytical formulae of seismic and long
term loading. Differences of settlements among various diameters have been obtained to be 2% under
static loading. Minimum longitudinal surface settlement is 2.6 mm at As for diameter D; based on
modified empirical formula. Differences of strain induced volume losses among various diameters have
been found to be 0.5%. under static loading. Minimum difference of strain induced volume loss between
diameters D, and D3 has been obtained to be less than 0.1% under seismic loading. Minimum value of

volumetric strain is 0.78 percent at As/D; based on modified formula for long term loading.

Based on above analysis results, it has to be noted that suitable depth of tunnel crown and tunnel
diameter are 8.5 m (As) and 10.5 m (D1). Good accuracy has beem performed of validation results.
Results differences are very small between modified empirical and analytical formulas. That is why,

modified formulas will be used in practical work for optimise time of engineers, workers and others.
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CHAPTER FOUR
RESULTS AND INTERPRETATION OF NUMERICAL ANALYSIS

4.1 INTRODUCTION

In this chapter contains numerical modelling and analysis of tunnel under static and seismic loading.
Numerical analysis is more accurate than 2D plain strain analysis. Two types of tri-axial tests have been
performed in laboratory such as consolidated drained (CD) and consolidated un-drained (CU). Both
tests results are implemented in the present research. Numerical analysis is performed by PLAXIS 3D,
finite element based commercial package software. Firstly, PLAXIS 3D model is validated than it is
used for present research. In this chapter deals with some terms such as numerical model, soil
parameters, mesh generations, mesh effects, analysis process and results. Numerical model contains
some short terms such as lengths of tunnel (y1 = 27m, y» = 29m, y3 = 31m), diameters (D; = 10.5m, D>
= 10.8m, D3 = 11.0m), depths of tunnel crown (A; = 4.5m, A, = 5.5m, A3 = 6.5m, A; = 7.5m, As =
8.5m) and relative depth (A./Dy). Seismic analysis is performed to consider effective portion of seismic
duration which is five seconds. Numerical analysis results are expressed some terms such as settlements,
strain induced volume loss, stress — strain behaviour of soil around tunnel, accelerations and
displacement under static and seismic loading. In this research, long term loading means static loading

and total settlement means overall settlement (settlement of bottom) of tunnel.

4.2 FINITE ELEMENT MODEL

Numerical model is created for analysis based on practical site condition. Fixed parameters of this
model are soil volume, material properties of soil, location of bore hole etc. Similarly, variable
parameters are tunnel length, diameter and depth of tunnel crown. Finite element model is shown in

below:

Free Surface

Figure 4.1: Finite element model based on site soil condition.
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Here, X, Y, Z are the model co-ordinate axes and its directions are positive. Tunnel passage through a
homogeneous sand layer with no seismic fault region. Neglecting seismic refraction phenomena in two
layers such as upper clay and lower sand layer. Any depth from free surface is represented by z. Distance
between free surface to centre line of tunnel is H. A, is the depth of free surface to tunnel top surface
(depth of tunnel crown). The fixed thickness of clay and sand layers are shown in Figure 4.1 which are
selected from construction site. Dy is the diameter of tunnel. Half circle is considered for analysis
because of symmetry. Initial length of tunnel is 25m. Ring (pre-cast concrete segment) width is 2m.
This model is used for static and seismic loading. Length and width of soil are shown in Figure 4.1

which are fixed. Thickness of tunnel lining (pre-cast concrete segment) is 0.5m.

4.3 MATERIAL PROPERTIES OF SOIL AND TUNNEL LINING

Sample was collected from site and tri-axial test was performed in laboratory. Tri-axial tests are two
types such as consolidated drained (CD) for static loading and consolidated un-drained (CU) for seismic
loading. Mohr-Coulomb material model is considered for analysis in PLAXIS 3D. Material properties
of CD and CU test are shown below:

Table 4.1: Material properties of tunnel lining

Parameter Name TBM Unit

Lining Thickness d 0.50 m

Unit weight Y 24 kN/m?
Material behavior - Linear, Isotropic -

Young’s modulus E’ 2.8 x 107 kN/m?
Poission’s ratio V' 0.20 -

Shear modulus G 1.17 x 107 kN/m?

Width of ring

(Excavation phase) * >0 "
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Table 4.2: Material properties of soil in the specified site and PLAXIS 3D, inputting material parameters
for consolidated drained test (CD)

Lining
Upper silty Lower fine
Parameter Name segment Units
clay sand
(Concrete)
Material Mohr- Mohr-
Model Linear elastic -
Model Coulomb Coulomb
Drainage
Type Drained Drained Non porous -
Type
Bulk unit
. Yunsat 16.40 18.6 24 kN/m3
weight
Saturated unit
) Ysat 18.90 20 - kN/m?
weight
Young’s
E’ 14400 26097 2.8x 107 kN/m?
Modulus
Poission’s
) % 0.310 0.250 0.20 -
Ratio
Cohesion Clret 30 1.0 - kN/m?
Friction
Q' 23 36 - degree (%)
Angle
6[(y=9'-
Dilatancy
v 0 30), Bolton, - degree (%)
Angle
(1986)]
Interface
Rigid Rigid Rigid Rigid -
Strength
Ko
o Automatic Automatic Automatic Automatic -
determination
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Table 4.3: Material properties of soil in the specified site and PLAXIS 3D, inputting material parameters

for consolidated un-drained test (CU)

) Lining
Upper silty Lower fine
Parameter Name segment Units
clay sand
(Concrete)
Material Mohr- Mohr-
Model Linear elastic -
Model Coulomb Coulomb
Drainage Undrained Undrained
Type Non porous -
Type (A) (A)
Bulk unit
. Yunsat 1700 1900 24 kN/m3
weight
Saturated unit
. Ysat 19.00 20 - kN/m?
weight
Young’s
Ey 22450 40818 2.8x 107 kN/m?
Modulus
Poission’s
) V' 0.310 0.250 0.20 -
Ratio
Cohesion Cret 30 1.0 - kN/m?
Friction
Q' 23 29 - degree (%)
Angle
Dilatancy
v 0 0 - degree (%)
Angle
Interface
Rigid Rigid Rigid Rigid -
Strength
Ko
o Automatic Automatic Automatic Automatic -
determination

PLAXIS 3D is considered effective stress during analysis. Mohr-Coulomb material model consists of
two parts such as linear elastic and perfectly plastic. Seismic data has been collected from respective
site. Rayleigh damping coefficient a and P are related with earthquake frequency and damping ratio.

Range of earthquake frequency is less than 20Hz. In this research, damping ratio is taken 5% and

seismic frequency is taken 4Hz, 8Hz and 12Hz.

47



Acceleration, a in m/s?

—4 T T T T T

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Dynamic time, t in second

Figure 4.2: Input value of seismic data

4.4 LOADING MECHANISM OF EPB - TBM

Mainly three types of loads are applied to the tunnel during construction such as tunnel face pressure,
grout pressure and jacking force. Analysis of tunnel in PLAXIS 3D consists of full construction

mechanism. Loading mechanism and calculation process are shown in below:

Pimposed + l:’!::uildings;—b " ] ‘ \ Pimposed 5 Pbulldings

Pv={h-hw)xy+hwxf——i ‘IR ‘F P,=hxy

IDw=r"w><ﬂf\.r.l

I::'h crown = K x (Pv + Pimposed + Pbulldings)

I
\3
I\&
©
115
o
15}
|
j— i bk
ﬁ&l (ds x 1) x K (dg x 7) X K

l:’w invert

pv total = Pv +P imposed + F’huildmgs 1 Pw invert Pv total = Pv + Pimnosed + F:'buildings

Figure 4.3: Loading assumptions for ground and water pressures perpendicular to shield (Bernhard et.

al, 2011)
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Figure 4.4: Loading and construction mechanism of EPB — TBM of present research.
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Figure 4.5: Relationship between the maximum thrust/jacking force, Pv and the shield diameter, D

(Bernhard et. al, 2011)

Length of EPB — TBM is 12m which is used in this research. 0.5 percent volume loss of tunnel has to

be consider in this thesis with axial increment of 0.05 percent.
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Table 4.4: Tunnel face pressure, grouting pressure and jacking force for CD test

Depth
Tunnel | Increment Increment
Tunnel of Quarter Grout Jacking
Area, face of face of grout
Diameter, | tunnel perimeter, pressure Force
m’ pressure | pressure pressure
D, (m) | crown, (m) (KN/m?) (KN/m?)
(KN/m?) | (kKN/m?) (KN/m?)
A, (m)
4.5 65.1 14.9 86.2 20
5.5 80.1 14.9 106.2 20
10.5 6.5 86.6 8.25 95.0 14.9 126.2 20 785.3
7.5 109.9 14.9 146.2 20
8.5 124.8 14.9 166.2 20
4.5 65.1 14.9 86.2 20
5.5 80.1 14.9 106.2 20
10.8 6.5 91.6 8.48 95.0 14.9 126.2 20 775.0
7.5 109.9 14.9 146.2 20
8.5 124.8 14.9 166.2 20
4.5 65.1 14.9 86.2 20
5.5 80.1 14.9 106.2 20
11.0 6.5 95.0 8.64 95.0 14.9 126.2 20 599.8
7.5 109.9 14.9 146.2 20
8.5 124.8 14.9 166.2 20
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Table 4.5: Tunnel face pressure, grouting pressure and jacking force for CU test

Depth
Tunnel | Increment Increment
Tunnel of Quarter Grout Jacking
Area, face of face of grout
Diameter, | tunnel perimeter, pressure Force
m’ pressure | pressure pressure
D, (m) | crown, (m) (KN/m?) (KN/m?)
(KN/m?) | (kKN/m?) (KN/m?)
A, (m)
4.5 65.3 14.9 86.5 20
5.5 80.2 14.9 106.5 20
10.5 6.5 86.6 8.25 95.1 14.9 126.5 20 785.3
7.5 110.0 14.9 146.5 20
8.5 124.9 14.9 166.5 20
4.5 65.3 14.9 86.5 20
5.5 80.2 14.9 106.5 20
10.8 6.5 91.6 8.48 95.1 14.9 126.5 20 775.0
7.5 110.0 14.9 146.5 20
8.5 124.9 14.9 166.5 20
4.5 65.3 14.9 86.5 20
5.5 80.2 14.9 106.5 20
11.0 6.5 95.0 8.64 95.1 14.9 126.5 20 599.8
7.5 110.0 14.9 146.5 20
8.5 124.9 14.9 166.5 20
4.5 MESH GENERATIONS

Model geometry is divided into finite elements for calculations. A composition of the finite element is

called a mesh. The mesh is created in the mesh mode. Fine mesh is used for analysis to obtain accurate

numerical results. On the other hand, very fine meshes are avoided because of it’s taken to excessive

calculation times. The PLAXIS 3D programme allows automatic mesh generation. The mesh generation

process takes into account the soil stratigraphy as well as all structural objects, loads and boundary

conditions. Analysis is continuing until convergence achieved.
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Figure 4.6: Fine meshing of model

4.6 ANALYSIS PROCESS

Firstly, static analysis is performed and secondly, performed seismic analysis with considering
appropriate boundary conditions. In static analysis, software automatically selected suitable parameters
which maintain analysis process. In dynamic analysis, different parameters are selected by user. In this
research, free-field boundary condition has to be consider along lateral direction of tunnel and other
two directions have to be consider fixed boundary condition. Seismic source is located far away from
the tunnel. Dynamic displacement multipliers are provided along lateral directions of tunnel which are
contained accelerations with drift. Static analysis consists of minimum two and maximum four phases.
Completing static analysis, dynamic analysis is started which connects with first phase. Duration of

seismic analysis is five seconds.
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4.7 MESHING EFFECTS ON THE RESULTS

Mesh is the most important for finite element analysis. Medium and fine meshes are contained more
accurate analysis than coarse mesh. On the other hand, very fine mesh takes longer time to complete
analysis than other types which seems to be difficult to solve full scale model for used in practical

purpose. Meshing effects are shown in Table 4.6 and Figure 4.7.

Table 4.6: Meshing effect on the results of this research model

Tunnel length, y,(m) A,/D, Maximum total vertical settlement (V(,;)) in (mm)
Coarse Medium Fine
27 0.4286 -44.7 -44.5 -44.5

i ]
50

1w
0
kg ]
BT
1w
0
| uw
|55

29

(a) Coarse mesh
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Figure 4.7: Meshing effect of total vertical settlement for D; = 10.5m, A; =4.5m, y; =27m

4.8 VALIDATION OF PLAXIS 3D

Validation of PLAXIS 3D model is performed by existing literature (Kilany et al. 2017). Existing

literature consists of under construction tunnel of Cairo Metro—Line III in Egypt. Most of the length of
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this line were constructed by Tunnel Boring Machine (TBM). Outer diameter of tunnel was 8m and

thickness was 0.40m. Length of EPB — TBM was 6m. Length of tunnel was 6m. In this analysis, only

considered tunnel face pressure. Volume loss of tunnel was 0.5 percent and axial increment of volume

loss along length of TBM was 0.10 percent. Mohr — Coulomb material model was used in this analysis

and 10 — nodded tetrahedral soil element was used for finite element analysis. Along length of tunnel

dimension of model was 18m and other horizontal dimension was 30m. Lining segment of tunnel was

concrete whose modulus of elasticity, unit weight and poission’s ratio were 2.8 x 107 kN/m?, 24 kN/m?

and 0.15. In present research, validated above mentioned literature with considering its parameters.

Table 4.7: Material Properties and Geotechnical soil parameters and the interfaces (Kilany et al. 2017)

Sand- | Clay- Grav | Sand | Cla | San
Parameter Name Fill Sand-2 Units
1 1 el -3 y-2 | d4
Drainage T Drain | Drain | Drain | Draine | Drain | Drain | Drai | Drai
e -
Type P ed ed ed d ed ed ned | ned
Bulk unit
) Yunsat 15 16 15 17 18 18 16.5 | 17 | kKN/m®
weight
Saturated unit
) Vsat 17 18 17 19 20 20 185 ] 19 | kN/m®
weight
Young’s
Ev 2.5 35 12 40 100 40 14 45 Mpa
Modulus
Poission’s
_ V' 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 -
Ratio
Cohesion C’ret 5 5 75 5 1 5 150 5 | kKN/m?
Friction Angle [0} 25 37 20 39 42 38 20 40 | degree
Dilatancy
\j 0 7 0 9 12 8 0 10 | degree
Angle
Interface Rigid
Strength
Ko Automatic
determination
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Figure 4.8: Geotechnical soil layers (Kilany et al. 2017)

Table 4.8: Validation Results of PLAXIS 3D

Kilany et al. (2017)

Type o
[3D analysis using PLAXIS]

Present Research

[PLAXIS 3D]

Maximum Vertical Surface 053
Settlement (mm) '

8.54
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Figure 4.9: PLAXIS 3D model of validation paper

4.9 COMPARISON AMONG PLAXIS 2D AND MODIFIED FORMULAE RESULTS WITH
PLAXIS 3D RESULTS

4.9.1 Comparison between PLAXIS 2D and PLAXIS 3D Results

A case study was performed by salimi et. al. 2013 which was located in Sanat square in the route of
seventh line (w7 section) of Tehran subway in Iran. This case study was performed by numerically in

PLAXIS 2D. In this research, compare PLAXIS 2D results with PLAXIS 3D results.

Tunnelling method was Earth Pressure Balance Tunnel Boring Machine (EPB — TBM). Shield length
and machine weight were 9m and 1250ton. Inner diameter was 8.29m and thickness of concrete lining
segment was 0.35m. In that section, depth of tunnel and water were 16.1m and 6.6m with the unit weight
of dry, total and saturation of soil 16.30KN/m?, 19KN/m? and 20KN/m’ respectively. Loads including
the surface weight and traffic load were considered in modelling in terms of distributed loads such as
40Kpa in 16m lengths. Material model was Mohr-Coulomb. It specifications were elastic module (2.25
x 107 kN/m?), axial stiffness (EA) (3.66 x 10° kN/m) and bending stiffness (EI) (3.74 x 10* kN-m).
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Table 4.9: Geotechnical specification used for soil layers of the model (Salimi et. al., 2013)

Internal _ Young Soil material
friction angle Cohesion Module Poisson Ratio (BSCS Soil depth (m)
(degree) (MPa) (MPa) classification)
32.5 29.42 64.74 0.285 CLG/GCL 0-1.7
30 29.42 49.03 0.30 CLG 1.7-4
35 29.42 78.45 0.27 GCL 4-10
325 29.42 63.74 0.285 CLG/GCL 10-18
27 39.23 29.42 0.35 CL 18<
Table 4.10: Characteristics of segments (Salimi et. al., 2013)
Unconfined
Density (T/m3) Poisson Ratio Compression Strength | Young Module (GPa)
(MPa)
2.4 0.15 34.32 22.5

Table 4.11: Geotechnical specifications used for soil layers of the model (Salimi et. al., 2013)

Elastic ' Cohesion (KPa) Internal Friction Angle
Poisson
Type Module _ Deep (m)
Ratio Dry Saturated Dry Saturated
(Kpa)
Upper
40000 0.28 25 20 30 18 4
Gravel
Gravel
7845 0.28 29.4 22 30 22 4
and Clay
Deep
Gravel 6374 0.285 29.4 22.5 27.5 21 27
and Clay

In present research, used previous paper (Salimi et. al., 2013) data for analysis in PLAXIS 3D. The

variation of results is shown in below. PLAXIS 3D model and results are shown in Figure 4.10.




Table 4.12: Comparison of PLAXIS 2D results with the help of PLAXIS 3D based on a case study

settlement

Salimi et. al., (2013) Present research
Types of settlements
[PLAXIS 2D] [PLAXIS 3D]
Maximum vertical surface
Scm 3.6cm

Maximum vertical surface
settlement = 3.56em

Figure 4.10: Material model and vertical surface settlement of case study paper
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4.9.2 Comparison of Modified Formulae Results with PLAXIS 3D Results

Modified formulae have been developed by considering lot of assumptions. Numerical method gives

more accurate results than plain strain analysis. In this research, comparison are performed for modified

empirical and analytical formulae with numerical results. Representation of PLAXIS 3D results are

shown in Figure 4.11.

Table 4.13: Comparison between modified formulae results and PLAXIS 3D results

Results of maximum settlements in (mm)
Longitudi
Vertical Lateral Numerical
nal
Modified | Modified
Modified | Modified
Analytical | Empirical
Analytical | Analytical
Types of settlements Formula — | Formula— | PLAXIS | PLAXIS
Formula — | Formula —
Long Long 3D (Long 3D
Seismic Seismic
Term Term Term (Seismic
Loading Loading
. ] Loading Loading | Loading) | Loading)
(Equation, | (Equation,
(Equation, | (Equation,
(3.3) 3.7)
(3.6)) (3.9))
Total vertical
settlement for
diameter, 10.5m at -30 -44 -15
depth of tunnel crown
4.5m
Total lateral
settlement for
diameter, 10.5m at 12 12 12 9
depth of tunnel crown
4.5m
Longitudinal surface
settlement for
diameter, 10.5m at 5.25 6.5 1
depth of tunnel crown
4.5m
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Figure 4.11: Total settlement for D; = 10.5m, A; =4.5m, y; =27m

4.10 RESULTS OF VERTICAL SETTLEMENTS

4.10.1 Vertical Surface Settlements

Numerical results are more accurate than empirical and analytical results because empirical and
analytical formulae are developed by considering lot of assumptions. Finite element analysis results are
shown in Figure 4.12. Figure 4.13 expresses vertical surface settlements profile. Settlements profiles
are maintained symmetric Gauaaian curve. Plain strain analysis has not expressed the uplift effects
when structures stand on soft soil. Uplift is maximum when length of tunnel is 31m. Diameter, D
represents this uplift. Vertical surface settlement is less than 10 mm at As for various diameters.
Settlements are match at As for all diameter. Also, As expresses minimum value of settlement for
diameter D;. This value is Smm. Settlements jumps are observed some locations such as A»/D; at second
construction phase, As/D, at three construction phases. In these locations, shear strength of sands are
much lower than others locations because of various types of loss TBM tunnel. So, soil particles are not

sustain external load and suddenly occurs larger settlement either uplift.
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Figure 4.12: Vertical surface settlement for long term loading based on finite element method
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(¢) Diameter, D; = 11.0m

Figure 4.13: Vertical surface settlement of long term loading effect for As = 8.5m, y1 =27m

Seismic loading is applied along lateral directions of the tunnel in free field conditions. Variation of
settlements are shown in Figure 4.14a and Figure 4.15. Uplift shows when length of tunnel is 31m.
Uplift also occurs for two various lengths of tunnel such as 27m and 29m. Minimum value of uplift is
less than 3mm at relative depth Ai/D;. Minimum value of settlement is 2mm at As for diameter D;.
Figure 4.14b represents vertical surface settlements of various frequencies. Difference of settlements
among various seismic frequencies are very low which is 4 percent. This difference is constant along
various depths of tunnel crown and dimeters. So, in this case liquefaction of soil layers is not occurred

during seismic shaking.
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Figure 4.14a: Vertical surface settlement for seismic loading based on finite element method
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Figure 4.14b: Vertical surface settlements for various frequencies under seismic loading

Figure 4.15 represents vertical surface settlements profiles. These settlements curve do not maintain

symmetric Gaussian curve. Also, settlements are observed at opposite side from tunnel alignment.
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Figure 4.15: Vertical surface settlement of seismic loading effect for Ay = 7.5m, y; = 27m
4.10.2 Total Vertical settlement
Plain strain analysis can’t described the length variations of tunnel. Numerical analysis results are
described in Figure 4.16, Figure 4.17, Figure 4.18 and Figure 4.19. Figure 4.16 represents results for

long term loading and Figure 4.17 expresses PLAXIS 3D representation. Uplifts occurs static loading

for all diameter. Uplift gradually decreases with the increment of relative depths except As/D> and
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As/Ds. Uplift increases with the increment of lengths of tunnel for all diameter. Minimum uplift is

38mm at As/D;.
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Figure 4.16: Total vertical settlement for long term loading based on finite element method
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(b) Diameter, D> = 10.8m
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Figure 4.17: Total vertical settlement of long term loading effect for As = 8.5m, y3=31m

Completing static analysis, seismic analysis is performed. Settlements are recorded at various locations
of tunnel as shown in Figure 4.18. Figure 4.19 represents total vertical settlements profiles for all
diameter. These profiles are formed under seismic loading. Settlements are expressed by two various
lengths of tunnel such as 27m and 29m. Settlements are decreasing gradually for diameter D, and Ds
when lengths of tunnel are 27m and 29m. Minimum uplift is nearly 8mm at As/D;. Minimum settlement

is nearly 7mm at A4/Ds.
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Figure 4.18: Total vertical settlement for seismic loading based on finite element method
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Figure 4.19: Total vertical settlement of seismic loading effect for A4 =7.5m, y; =27m
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4.11 RESULTS OF LATERAL SETTLEMENTS

4.11.1 Lateral Surface Settlement

Figure 4.20 represents lateral surface settlements for long term loading. Figure 4.21 represents
settlements profiles. PLAXIS 3D gives these settlements profiles. Settlements are increasing with the
increment of relative depths. Maximum settlement is 14mm at As/D,. One direction settlements are
increasing with the increment of lengths of tunnel. Another direction settlements are decreasing with
the increment of lengths of tunnel. Minimum settlement is 2.5mm at As/D;. Settlements jumps are
observed at A3/D; for three construction phases. In this locations, shear strength of sands are much
lower than others locations because of various types of loss TBM tunnel. So, soil particles are not sustain

external load and suddenly occurs larger settlement.
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(a) Diameter, D; = 10.5m
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Figure 4.21: Lateral surface settlement of long term loading effect for As = 8.5m, y3 =31m

Seismic shaking is provided in software after long term loading. Lateral surface settlements are shown
in Figure 4.22a. Figure 4.23 expresses PLAXIS 3D representation. Lateral settlements are nearly
constant for all length and diameter of tunnel. Minimum lateral settlement is 1.8mm at As/D.
Settlements are similar for all length of tunnel. Settlements are almost constant with the increment of
relative depths. Figure 4.22b represents lateral surface settlements of various frequencies. Difference
of settlements among various seismic frequencies are very low which is 4.8 percent. This difference is
constant along various depths of tunnel crown and dimeters. So, in this case liquefaction of soil layers

is not occurred during seismic shaking.
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Figure 4.22a: Lateral surface settlement for seismic loading based on finite element method
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Figure 4.22b: Lateral surface settlements for various frequencies under seismic loading
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Figure 4.23: Lateral surface settlement of seismic loading effect for As = 8.5m, y3 =31m

4.11.2 Total Lateral Settlement

Variation of lengths of tunnel are called phased construction. Phased constructions are influenced by
lateral movements. Variations of lateral settlements are shown in Figure 4.24. Figure 4.25 expresses
PLAXIS 3D representation. Red zone of soil cluster indicates maximum settlements of tunnel. Total
lateral settlements are decreasing gradually with the increment of relative depths except some points
such as Aj/D,, A4/D,. Settlements are match at As/D;. Fluctuation of settlements are observed for
diameter D,. Minimum total lateral settlement is 10mm at As/D;. Settlements jumps are observed some

locations such as As/D, at third construction phase, As/D, at three construction phases. In these
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locations, shear strength of sands are much lower than others locations because of various types of loss

TBM tunnel. So, soil particles are not sustain external load and suddenly occurs larger settlement.
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Figure 4.24: Total lateral settlement for long term loading based on finite element method
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Figure 4.25: Total lateral settlement of long term loading effect for As = 8.5m, y; =27m
Lateral settlements are occurred by seismic loading. Figure 4.26 represents total lateral settlements for
various diameters and lengths of tunnel. Figure 4.27 expresses PLAXIS 3D representation. Change of
soil cluster are similar for all diameter. Settlements are varied linearly for diameters D, and D;. For
these diameters, settlements are nearly same for variations of lengths of tunnel. Minimum total lateral
settlement is 10mm at As/D;. Settlements jumps are observed some locations at As/D; for three
construction phases. In this locations, shear strength of sands are much lower than others locations
because of various types of loss TBM tunnel. So, soil particles are not sustain external load and suddenly

occurs larger settlement.
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Figure 4.26: Total lateral settlement for seismic loading based on finite element method

75



1105 m)

00

EEEEEONO0OODDE AN EEEN

(a) Diameter, D; = 10.5m

EREROPDODNON S EEENN
E

(b) Diameter, D> = 10.8m

102 m)
-8.00

EEEEEOOONEN N EENEN
E

(c) Diameter, D3 = 11.0m

Figure 4.27: Total lateral settlement of seismic loading effect for A; =4.5m, y3 =31m
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4.12 RESULTS OF LONGITUDINAL SETTLEMENTS

4.12.1 Longitudinal Surface Settlement

Modified methods can’t describe extension and contraction of length of tunnel. Numerical method
expresses extension and contraction of length of tunnel. Figure 4.28 expresses longitudinal surface
settlements for long term (static) loading. Also, Figure 4.29 expresses PLAXIS 3D representation.
Contour line indicates maximum and minimum settlements on surface. Longitudinal settlements are
decreasing gradually with the increment of relative depths except some locations. Settlements are
decreasing with the increasing of tunnel lengths. Positive settlements called extension and negative
settlements called compression. Extension converts compression with the increment of relative depths.
Extension means the settlements along the tunnel axis and compression means the settlements along
the tunnel axis in reverse direction. Minimum value of extension is 2mm at As/D; and minimum value
of compression is 3.0mm at As/D;. Compression settlements are more effective than extension
settlements. Settlements jumps are observed some locations at A3/D» for three construction phases. In
this locations, shear strength of sands are much lower than others locations because of various types of

loss TBM tunnel. So, soil particles are not sustain external load and suddenly occurs larger settlement.
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Figure 4.28: Longitudinal surface settlement for long term loading based on finite element method
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Figure 4.29: Longitudinal surface settlement of long term loading effect for A3 = 6.5m, y3 =31m
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Seismic analysis has necessary to evaluate longitudinal settlements of soil at surface above a tunnel.
Longitudinal surface settlements are expressed by Figure 4.30a. Figure 4.31 expresses graphical
representation of PLAXIS 3D. Contour line indicates amount of settlements on surface. Longitudinal
surface settlements are decreasing gradually with the increment of relative depths of tunnel. Settlements
are very close with the variations of lengths of tunnel. Minimum value of compressive longitudinal
settlement is 0.2mm at As/D;. Figure 4.30b represents longitudinal surface settlements of various
frequencies. Difference of settlements among various seismic frequencies are very low which is 4.8
percent. This difference is constant along various depths of tunnel crown and dimeters. So, in this case

liquefaction of soil layers is not occurred during seismic shaking.

8 1 8 1 8 -
—e—yl —o—yl —o—yl
. oy s 8-y . ey
_ --A-y3 --A--y3 --A-y3
: £ : T o Beatcee
g 0 |$=b=-t=—0-—9 E  bt-ee E 0
E -4 A E -4 - f 4 -
-} ) =
-8 A -8 A -8 A
-12 T " -12 : : -12 T 1
0.4 0.7 0.9 0.4 0.7 0.9 0.4 0.7 0.9
A,/D, A,/D, A, /D,

Figure 4.30a: Longitudinal surface settlement for seismic loading based on finite element method
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Figure 4.30b: Lateral surface settlements for various frequencies under seismic loading
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Figure 4.31: Longitudinal surface settlement of seismic loading effect for As = 8.5m, y; =27m
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Figure 4.32 (a) shows the upward settlements along the length of tunnel. These types of settlements
occur for presence of upper clay. Figure 4.32 (b) shows the settlements which maintains symmetric

Gaussian curve.

(a) Uplift along length of tunnel

(b) Settlement along length of tunnel

Figure 4.32: Longitudinal surface settlement profile

4.12.2 Total Longitudinal Settlement

Numerical methods are described the settlements with the variation of relative depths. Numerical
methods can be solved the limitation of empirical and analytical formulae. Plain strain analysis can’t
expresses the compression settlements of tunnel. Figure 4.33 expresses the total longitudinal
settlements of long term (static) loading. PLAXIS 3D representations are shown in Figure 4.34. For
diameter D3, compressive settlements are decreasing with the increment of relative depths except As/Ds.
Diameter D1 and D2 are expressed settlements due to compression and extension. Minimum settlement
due to compression is 11lmm at As/D;. Minimum settlement due to extension is 8mm at Ajz/D».
Settlements jumps are observed some locations such as As/D; at second construction phase, As/D, at
first construction phases. In these locations, shear strength of sands are much lower than others locations
because of various types of loss TBM tunnel. So, soil particles are not sustain external load and suddenly

occurs larger settlement.
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Figure 4.33: Total longitudinal settlement for long term loading based on finite element method
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Figure 4.34: Total longitudinal settlement of long term loading effect for A3 = 6.5m, y; = 27m

Total longitudinal settlements under seismic loading are presented by Figure 4.35. Figure 4.36
expresses PLAXIS 3D representation of settlements. Total settlements are decreasing gradually with
the variation of relative depths. Minimum settlement due to compression is 3mm at As/D;. Minimum

settlement due to extension is 3mm at A,/D;.

—_—
[\e]
)
—_—
[\

—o—yl

8 ey2 8

4 4

R E o

S -4 S 4

- 8 =g

-12 - -12
-16 T 1 -16 T 1 '16 T 1
0.4 0.7 0.9 0.4 0.7 0.9 0.4 0.7 0.9

Ay/D, A,/D, A,/D;

Figure 4.35: Total longitudinal settlement for seismic loading based on finite element method
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Figure 4.36: Total longitudinal settlement of seismic loading effect for A> = 5.5m, y; =31m
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4.13 RESULTS OF STRAIN INDUCED VOLUME LOSS

Numerical methods are described the volumetric strains which are shown in Figure 4.37 and Figure
4.38. Figure 4.38 expresses PLAXIS 3D representation. Soil clusters are similar for all diameter.
Numerical methods solve the limitation of modified formula. Modified analytical formula is developed
based on plain strain assumptions which is not described the length effects of tunnel. For diameter Dy,
volumetric strains are decreasing gradually with the increment of relative depths. Other two diameter
express the fluctuation of settlement with the variation of relative depths and lengths of tunnel.

Minimum volumetric strain is 1.5 percent at As/D;.
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Figure 4.37: Volumetric strain for long term loading based on finite element method
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Figure 4.38: Volumetric strain of long term loading effect for A4 = 7.5m, y; = 27m

Figure 4.39 and Figure 4.40 represent the volumetric strain under seismic loading. Figure 4.40
expresses PLAXIS 3D representation of volumetric strains. Soil clusters are nearly same for all
diameter. Volumetric strains are fluctuating with change of relative depths. Volumetric strain represents
two types of strain induced volume loss such as extension and contraction. Extension means positive
volume loss and contraction means negative volume loss. Minimum value of volumetric strain is 0.03
percent due to contraction at As/D;. Minimum value of volumetric strain is 0.03 percent due to extension
at As/D,. Volumetric strains jumps are observed some locations such as A»/D; at second construction
phase, A»/D, at second construction phase, As/D, at three construction phases, Ai/D; at first
construction phase and As/D; at three construction phases. In these locations, shear strength of sands
are much lower than others locations because of various types of loss TBM tunnel. So, soil particles are

not sustain external load and suddenly occurs larger settlement.
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Figure 4.39: Volumetric strain for seismic loading based on finite element method
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(b) Diameter, D, = 10.8m
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Figure 4.40: Volumetric strain of seismic loading effect for As = 8.5m, y, =29m

4.14 STRESS — STRAIN BEHAVIOUR OF SOIL AROUND TUNNEL

Stress — strain behaviour of soil around tunnel expresses stability of tunnel under long term and seismic
loading. Stress — strain varies with soil particle to particle. This behaviour is not same in every particle
of soil. Strain induced volume loss of soil particles are evaluated by this behaviour. In long term (static)
loading, simultaneous loading-unloading —reloading has not possible but in seismic loading these
mechanism has possible. In this paper, stress — strain behaviour of soil around tunnel describes only for
one point (0, 20) of various depths of tunnel crown. These points are indicating the change of major
principle stresses with the variation of volumetric strains. Volumetric strains are defined the strain

induced volume losses.

4.14.1 Long Term Loading

Stress — strain varies with long term (static) loading. These variations are not same at surface and a
point around tunnel. Volumetric strains and major principle stresses are shown in Figure 4.41. Stress —
strain behaviour changes with the variation of diameters. Major principle stresses are increasing
gradually with the increment of depths of tunnel crown. Major principle stresses are decreasing with
the increment of volumetric strain. Major principle stress and strain are 140 kN/m? and 0.0095 percent
at As for diameter D; which indicates the critical highest stress against lowest strain value. Maximum
value of stress is 160 kN/m? at As for Di. Minimum volumetric strain is 0.0045 percent due to extension
at As for D,. Minimum volumetric strain is 0.002 percent due to contraction at As for Ds. Extension

means positive volumetric strain and contraction means negative volumetric strain.

88



200

o E 180 A ——Al -k =-A2 --¢--A3 --@- A4 —O—AS
&z 160 -
S
£ =140 A .0%*? .-
£ €120 1 S it~ SORT 2
.%§100- L Y
2% 504

5 60 T T T T T T T

-0.0002 -0.0001  0.0000  0.0001 0.0002 0.0003 0.0004 0.0005 0.0006
Volumetric Strains, €,
(a) Diameter, D,

200
o & 180 1 —Al —&k-A2 --6--A3 ---@---A4 —O— A5
&2 160 -
2 < 140 A
E 6—. 120 i w-.___‘ ..-_-._..-,.-_-."
‘égloo_ ‘-‘-*___‘____,A__‘-—-‘w
<% 80 -

% 60 T T T T T T T

-0.0002  -0.0001  0.0000  0.0001 0.0002  0.0003  0.0004  0.0005  0.0006
Volumetric Strains, €,
(b) Diameter, D>
200

o E 180 — Al —&k=A2 --¢--A3 @Al —@—AS
£ 160 A

2 é 140 A -

& 6120 A Al PR S 2 o ¢ ke

8 £ 100 e R

s %

=& 80

o 60

-0.0002 -0.0001  0.0000  0.0001  0.0002 0.0003 0.0004 0.0005 0.0006
Volumetric Strains, €,

(c) Diameter, D3

Figure 4.41: Stress — strain behaviour of soil around tunnel for long term loading
4.14.2 Seismic Loading

Seismic loading deals loading-unloading-reloading mechanism as shown in Figure 4.42. More yield
points are created under seismic loading. Stresses and strains are fluctuating for various relative depths
and diameters. Maximum major principle stress is 158 kN/m? at As for D;. Rate of volumetric strain is
very low. Minimum volumetric strain is less than 0.0005 percent for various relative depths and

diameters.
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Figure 4.42: Stress — strain behaviour of soil around tunnel for seismic loading

4.15 SURFACE ACCELERATION DURING SEISMIC SHAKING

Accelerations are taken at a fixed point in surface. After one second, accelerations are almost constant
because of failure of soil particle at this point but overall not. Soil cluster not fail in case of failure of
only one particle. So seismic shaking is not further proceed for this point. Surface accelerates gradually
during seismic shaking. Super structures stands on the surface, so it has necessary to evaluate how much
accelerate under seismic loading. Accelerations diagram are shown in Figure 4.43 at various depths of
tunnel crown. Acceleration takes at a point (-3.5, 15.5, -1.5) for various diameters and relative depths.
Accelerations are decreasing gradually with the increment of dynamic times. Vertical accelerations are
major part under seismic loading. Lateral, longitudinal and vertical accelerations at 0.25s are 0.9m/s?, -

0.05m/s? and 0.1m/s? at As location for diameter, D.
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Figure 4.43: Surface acceleration during seismic loading for diameter, D;

Variation of accelerations with dynamic time are shown in Figure 4.44 for diameter D,. Maximum
vertical acceleration is 4.5m/s? at A; for diameter D». Accelerations of lateral, longitudinal and vertical

directions are 0.9m/s?, -0.05m/s? and 0.7m/s? in 0.25s at As location for diameter, D..
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Figure 4.44: Surface acceleration during seismic loading for diameter, D,
Variations of accelerations of various depths of tunnel crown are shown in Figure 4.45 for diameter
Ds. Maximum acceleration is 5.4 m/s* at A; for diameter, Ds;. Acceleration is nearly zero after one
second for all depth of tunnel crown. Accelerations of lateral, longitudinal and vertical directions are

1.0 m/s%, -0.1 m/s?> and 0.7 m/s? in 0.25s at As for diameter, D;.
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Figure 4.45: Surface acceleration during seismic loading for diameter, D3

Variations of accelerations in lateral direction are expressed for various depths of tunnel crown and

diameters which are shown in Figure 4.46. Accelerations are decreasing gradually with the increment

of dynamic time. Maximum acceleration is 1.8 m/s? at A, for diameter, D; and is -1.8 m/s” at A4 for

diameter, D>. Acceleration is 0.9 m/s? in 0.25s at A4 for diameter, D.
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Figure 4.46: Lateral surface acceleration of various relative depth during seismic loading

Analysis results of PLAXIS 3D are shown in Figure 4.47 and Figure 4.48 for accelerations and

velocities in lateral, longitudinal and vertical directions respectively.
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(b) Longitudinal acceleration
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(c) Vertical acceleration

Figure 4.47: Accelerations for D; = 10.5m, A4 =7.5m, y; =27m
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Figure 4.48: Velocities for D; = 10.5m, A4 = 7.5m, y; =27m

4.16 SURFACE DISPLACEMENT DURING SEISMIC SHAKING

Displacements are taken at a fixed point in surface. After two second, displacements are almost constant
because of failure of soil particle at this point but overall not. Soil cluster not fail in case of failure of
only one particle. So seismic shaking is not further proceed for this point. Surface displacements during
seismic shaking are influenced to the surface structures. Surface displacements are changing with the
variation of depths of tunnel crown which are shown in Figure 4.49 for diameter D;. Displacements are
taken nearly at a point such as (-3.5, 15.5, -1.5) for all depth of tunnel crown. Displacements are
decreasing gradually with the increment of depths of tunnel crown and dynamic times. Maximum

vertical displacement is 3.2 mm in 0.3s at A; for diameter, D; which indicates uplift. Maximum lateral
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settlement is 1.8 mm in 0.25s at A; for diameter, D;. Vertical settlement is 0.6 mm in 0.65s at As for

diameter, D;.
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Figure 4.49: Surface displacement during seismic loading for diameter, D,

Surface displacements for Diameter D, are shown in Figure 4.50. Uplift decreases with the increment
of depths of tunnel crown and also, it decreases with the increment of dynamic time. Maximum uplift

1s 3.4 mm at A, for diameter, D,. Vertical settlement is 0.65 mm at As for diameter, D».
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Figure 4.50: Surface displacement during seismic loading for diameter, D,
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Surface displacements of diameter, D3 are shown in Figure 4.51. Longitudinal surface displacement
rates are very low because seismic shaking is applied along lateral directions. Maximum uplift is 3.6
mm at A; for diameter, Ds. Vertical and lateral displacements are decreasing with increment of dynamic

time. Vertical settlement is 0.6 mm at As for Ds.
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Figure 4.51: Surface displacement during seismic loading for diameter, Ds

Only vertical displacements are shown in Figure 4.52 for diameter, D, D> and D;. Maximum uplift is
3.7 mm in 0.35s at A; for D;. Maximum settlement is 1.2 mm in 0.60s at As location for diameter D;.
Settlements are nearly at zero after 2.5s. Minimum difference of settlements is 4.2 percent at dynamic

time 0.6s. This difference consists of depths of tunnel crown such as A4 and As.
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Figure 4.52: Vertical surface displacement of various relative depth during seismic loading

4.17 CONCLUSIONS

Numerical results are not exactly same with modified formulae results because modified formulae are
developed based on plain strain consideration. Seismic loading has considered in analysis because
evaluated behaviour of settlements under construction of TBM tunnel. Liquefaction has not occurred

because variations of settlements are very low for various frequencies.

Differences of vertical surface settlements among various diameters have been found to be 7% at
specific depth of tunnel crown, As under static loading. Minimum vertical surface settlement is 5 mm
at As/D; based on static loading and is 2 mm at As/D; based on seismic loading. Minimum differences
of settlements among various lengths of tunnel have been found to be 2.5% for diameter, D; (10.5m)
under static loading. Minimum value of total vertical settlement is 7 mm at A4/Ds based on seismic
loading. Total vertical settlements are expressed uplift for static loading. Difference of settlement
between static and seismic loading has been obtained to be 28% at depth of tunnel crown, As for
diameter D;. Minimum lateral surface settlement is 2.5 mm at As/D; based on static loading and is 1.8
mm at As/D; based on seismic loading. Minimum differences of settlements among various lengths (y;
=27m, y2 = 29m and y3 = 31m) of tunnel have been obtained to be 5% at depth of tunnel crown, As
(8.5m) for diameter, D; (10.5m) under static loading. Minimum value of total lateral settlement is 10

mm at As/D; location based on static and seismic loading. Differences of compressive settlements

104



among various lengths of tunnel have been obtained to be 13% at depth of tunnel crown, As for diameter,
D, under static loading. Minimum longitudinal surface settlement is 3 mm at As/D; based on static
loading and is 0.2 mm at As/D; based on seismic loading. Minimum value of total longitudinal

settlement is 11 mm at As/D; based on static loading and is 3 mm at As/D; based on seismic loading.

Minimum differences of volumetric strains among various lengths (y; =27m, y> = 29m and y3 = 31m)
of tunnel have been obtained to be 2.3% under static loading. Volumetric strain varies with the
increment of relative depths of tunnel during seismic loading. On the basis of numerical analysis,
minimum volumetric strain is 1.5 percent at As/D; for static loading and is 0.03 percent at As/D; for

seismic loading.

Maximum major principle stress is 160 KPa at As/D; for static loading and is 158 KPa at As/D; for
seismic loading. On the basis of numerical analysis, minimum volumetric strain is 0.002 percent at

As/Ds for static loading and is 0.0005 percent at A,/D, for seismic loading.

Lateral and longitudinal accelerations are relatively lower than vertical accelerations. Lateral surface
accelerations in 0.25s is 0.9 m/s? at A4/D;. Accelerations are fluctuating from zero to one second. This

fluctuation rates are relatively high.

Vertical surface displacement is 1.2 mm in 0.6s at As/D;. Initially uplifts are occurred under seismic
loading. Uplifts are higher than settlements. Rate of longitudinal surface settlements are lower than

vertical surface settlements. Maximum value of lateral spreading is -1.8 mm at As/Ds.
Longitudinal and lateral settlements are the function of vertical settlements. Based on above analysis

results, it is to be noted that suitable depth of tunnel crown and tunnel diameter are 8.5 m (As) and 10.5

m (Dl).
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Settlements are major issues for tunnel movements. Surface settlements above a tunnel affects the super
structures. Settlements of bottom of tunnel generally express the overall (total) settlements of tunnel
structures. Such types of settlements are calculated by modified formulae and PLAXIS 3D for long
term (static) and seismic loading. Modified formulae are developed by the author, considering plain
strain condition. Lateral and longitudinal settlements are the function of vertical settlement based on
empirical and analytical formulae. In tunnel structure, strain induced volume losses are the function of

settlements. Summary of this research are presented below:

Case study of a tunnel constructed in Barcelona Subway Network Extension Tunnel, Barcelona City,
Spain has been used for validation purpose. The results of vertical surface settlements of that study are
very close with modified empirical and analytical formulas of the researcher. Difference of vertical
surface settlement using modified empirical formula and case study of the Barcelona Subway Network
Extension Tunnel, Barcelona City, Spain has been found to be 0.7% under static loading. Case study of
a tunnel constructed in Cario Metro — Line III in Egypt has been used for validation purpose. The results
of vertical surface settlement of that study is similar with PLAXIS 3D results of the present analysis.
Difference of vertical surface settlement between PLAXIS 3D and the case study of Cario Metro — Line
IIT in Egypt has been found to be 0.1% under static loading. This result shows good accuracy of present

model.

Modified empirical and analytical formulae results are expressed below. Minimum vertical surface
settlement has been found to be 30mm at relative depth (ratio between depth of tunnel crown and
diameter), As/D; using modified analytical formula under seismic loading. Vertical settlements of
bottom of tunnel have been found to be 25mm and 100mm for seismic and static loading using modified
analytical formulae. Minimum lateral surface settlement has been found to be 9 mm at relative depth,
As/Di using modified analytical formulae under static and seismic loading. Minimum lateral settlement
at bottom of tunnel has been found to be 10mm at relative depth, As/D; using modified analytical
formulae under static and seismic loading. Minimum longitudinal surface settlement has been found to
be 2.6mm at depth of tunnel crown, As (8.5m) for diameter, D based on modified empirical formula
for static loading. Variations of longitudinal settlements at bottom of tunnel are constant along depth of
tunnel for various diameters based on modified empirical formula. Minimum strain induced volume

loss (volumetric strain) has been found to be 0.78% at depth of tunnel crown, As (8.5m) for diameter,
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D: (10.5m) under static loading. Strain induced volume losses are constant along depth of tunnel for

various diameters under seismic loading.

Numerical analysis results by PLAXIS 3D are expressed below. Minimum vertical surface settlement
has been found to be 5mm at depth of tunnel crown, As for diameter, D, under static loading. Minimum
vertical surface settlement has been found to be 2mm at depth of tunnel crown, As for diameter, D,
under seismic loading. Upward settlement at bottom of tunnel has been found to be 38mm at depth of
tunnel crown, As (8.5m) for diameter, D; (10.5m) under static loading. Minimum vertical settlement at
bottom of tunnel has been found to be 7mm at depth of tunnel crown, A4 (7.5m) for diameters D»
(10.8m) and D3 (11m) under seismic loading. Minimum lateral surface settlement has been found to be
2.5mm at relative depth, As/D; under static loading. Minimum lateral surface settlement has been found
to be 1.8mm at relative depth, As/D; under seismic loading. Minimum lateral settlement at the bottom
of tunnel has been found to be 10mm at depth of tunnel crown, As for diameter, D, under static and
seismic loading. Minimum longitudinal surface settlement has been found to be 3mm at relative depth,
As/D under static loading. Minimum longitudinal surface settlement has been found to be 0.2mm at
depth of tunnel crown, As (8.5m) for diameter, D; under seismic loading. Minimum longitudinal
settlement at bottom of tunnel has been found to be 11mm at depth of tunnel crown, As (8.5m) for
diameter, D; (10.5m) under static loading. Minimum longitudinal settlement at bottom of tunnel has
been found to be 3mm at depth of tunnel crown, As (8.5m) for diameter, D; under seismic loading.
Minimum value of volumetric strain has been obtained to be 1.5% at depth of tunnel crown, As for
diameter, D; under static loading. Minimum volumetric strain has been found to be 0.03% at depth of
tunnel crown, As for diameter, D; under seismic loading. Maximum major principle stress has been
obtained to be 160 kN/m? for depth of tunnel crown, As for diameter, D; under static loading. Maximum
major principle stress has been found to be 158 kN/m? at depth of tunnel crown, As for diameter, Dy
under seismic loading. Minimum lateral surface acceleration has been obtained to be 0.2 m/s? at depth
of tunnel crown, As for diameter, D; in dynamic time, 0.48s. Maximum vertical surface displacement

has been found to be 1.2mm at depth of tunnel crown, As for diameter, D; in dynamic time, 0.60s.

Maximum surface settlement generally varies from 10mm to 30mm for sandy soil. In this research,
most of the surface settlements have been found to be less than 10mm based on numerical analysis
under static and seismic loading at depth of tunnel crown, As (8.5m) for diameter, D; (10.5m). In others

depth of tunnel crown and diameters, settlements slightly differs from those required ranges.
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5.2 RECOMMENDATIONS FOR FUTURE STUDIES

Breaking the limitation of this research, future studies have to be necessary. Probable types of future

studies are shown in below:

(1) Tunnel should be passes through the two or three layers that means replacement of homogenous

layer with the heterogeneous layers.

(2) Depth of sand layer should be takes as longer than present depth.

(3) Tunnel should be analyses for strong seismic loading.

(4) Inclination of tunnel should be consider for analysis and confliction of soil layer in longitudinal

directions would be analyses.

(5) Seismic fault reason should be consider for analysis and formulae should be develop for that

casc.

(6) Lateral movement of tunnel should be consider for analysis.

(7) More phase should be consider for analysis.

(8) User define material model should be consider in analysis with the replacement of Mohr-

Coulomb material model.

(9) Small scale laboratory model should be perform for present studies.

(10) Formulae would be developed for liquefaction analysis.

A lot of future studies are possible based on human thinking power. Such types of future studies are

better effect upon underground space technology.
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APPENDIX A

A.1 Calculation of Maximum Vertical Surface Settlement for Long Term Loading by Modified

Empirical Formula

Author modified equation of maximum vertical surface settlement is —

DZ
Viz)ymax. = 0.0045? (A.1)
Taken some value such as

Diameter of Tunnel, D =10.5m
Thickness of Tunnel, t = 0.5 m
Depth of Tunnel Crown, A; =4.5m
Tunnel Depth, H=4.5 + (10.5/2)+0.5 = 10.25m
Now,

(10.5)2

1025 0.0484m = 48.4mm

V(z),max. = 0.0045

Maximum vertical surface settlement for long term loading is 48.4mm.

A.2 Calculation of Maximum Vertical Surface Settlement for Long Term Loading by Modified

Analytical Formula

Author modified equation is —

5 ol 1 , oo [1 1] 001RZ[(m+ DH
Vioymar. = To55 R2H (5= = | + 0.001R?H? |5 — | + — .

non n E

0.002R?H?3

— (A.2)
p)

Where,
Radius of Tunnel, R = 10.5/2 = 5.25m
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Thickness of Tunnel, t = 0.5 m

Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H = 4.5 + (10.5/2)+0.5 = 10.25m

r2 = (—10.25)2 = 105.0625m?

r2 = (10.25)% = 105.0625m?

=

Soil poisson’s ratio, v = 0.250

m=1/(1 - (2 *0.250)) =2

Now,

= 0.04034 + 0.00538

0.01(5.25)2 [(2 + 1)(10.25)]  0.002(5.25)2(10.25)3
V(z)max. =04+0+
2 105.0625 11038.1289

= 0.0457m = 45.7mm

Maximum vertical surface settlement for long term loading is 45.7mm.

A.3 Calculation of Maximum Vertical Surface Settlement for Seismic Loading by Modified

Analytical Formula

Author modified equation is —

- (A.3)

v — 0.005R2H 1 1 + 0.01R?[(m + 1)H
(@max. — Y- > r22 - rzz

Where,
Radius of Tunnel, R =10.5/2 = 5.25m

Thickness of Tunnel, t = 0.5 m
Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H = 4.5 + (10.5/2)+0.5 = 10.25m
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rZ = (—10.25)% = 105.0625m?
r¢ = (10.25)% = 105.0625m?
2 =12
Soil poisson’s ratio, v = 0.250
m=1/(1-(2*0.250)) =2

Now,

v Cos 0.01(5.25)2 [(2 + 1)(10.25)
(Zymax. = 2 105.0625

] = 0.04034m = 40.34mm

Maximum vertical surface settlement for seismic loading is 40.34mm.

A.4 Calculation of Maximum Total Vertical Settlement for Long Term Loading by Modified

Empirical Formula

Author modified equation is —
2

Visymax., = 0.0045 A2

(A.4)

Where,

Diameter of Tunnel, D =10.5m

Thickness of Tunnel, t = 0.5 m

Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H = 4.5 + (10.5/2)+0.5 = 10.25m

Any distance from free surface, z=4.5+10.5+ 1.0 = 16m

Now,

(10.5)2
= —0.0863m = —86.3mm

v, =0.0045———F =
(2)max. (10.25 — 16)
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Maximum total vertical settlement for long term loading is -86.3mm.

A.5 Calculation of Maximum Total Vertical Settlement for Long Term Loading by Modified

Analytical Formula

Author modified equation is —

Zy | 2 z1(—z Zz( Zz)
Vizymax. = —0.005R? <? + g) + 0.001R? [ T ]

0.01R?[(m + 1)z, mz(-=z
4 ( )z+ (- z)]

'
2
—z5 m  2zz,(—z3)
— 0.002R?*H |—; (A.5)
r,, m+1 7y

Where,
Radius of Tunnel, R =10.5/2 = 5.25m

Thickness of Tunnel, t = 0.5 m

Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H = 4.5 + (10.5/2)+0.5 = 10.25m

Any distance from free surface, z=4.5+10.5+ 1.0 = 16m

z; = 16 — 10.25 = 5.75m

z, =16+ 10.25 = 26.25m

22 = (5.75)% = 33.0625m?
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22 = (26.25)% = 689.0625m?

2 = 33.0625m?

2 = 689.0625m?

rif =1093.1289m*

ry = 474807.1289m*

r2 =327171787.3m®

Soil poisson’s ratio, v = 0.250

m=1/(1 - (2 *0.250)) =2

Now,

5.75 26.25

33.0625 689.0625)

(5.75)(—689.0625)  (26.25)(—689.0625)
1093.1289 474807.1289

. 0.01(5.25)2 [(2 + 1)(26.25) . (32)(—689.0625)
2 689.0625 474807.1289

V(z)max. = _0-005(5.25)2 (

+0.001(5.25)2 [

—689.0625 2 (840)(—689.0625)
474807.1289  2+1 3271717873

= —0.02922 — 0.10095 + 0.00935 + 0.00149 = —0.1193m = —119.3mm

—0.002(5.25)2(10.25) [

Maximum total vertical settlement for long term loading is -119.3mm.

A.6 Calculation of Maximum Total Vertical Settlement for Seismic Loading by Modified

Analytical Formula

Author modified equation is —

- (A.6)

z 0.01R?[(m + 1)z, mz(—z%
_z>+ [( - ) 2, (—z3)
5

v = —0.005R? [ 2
(2)max. — — Y- E + r22 m T24

Where,
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Radius of Tunnel, R =10.5/2 = 5.25m

Thickness of Tunnel, t = 0.5 m

Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H=4.5+ (10.5/2)+0.5 = 10.25m

Any distance from free surface, z=4.5+10.5+ 1.0 = 16m

7, =16 — 10.25 = 5.75m

zZ, =16 +10.25 = 26.25m

22 = (26.25)% = 689.0625m?

rZ2 = 33.0625m?

T2 = 689.0625m?

r4 = 474807.1289m*

Soil poisson’s ratio, v = 0.250

m=1/(1 - (2 *0.250)) =2

Now,

575 2625 )
33.0625 ' 689.0625

0.01(5.25)* [(2 + 1)(26.25)  (32)(=689.0625)
T2 [ 689.0625 T7i807 1780 | = —0:02922 +0.00935

Visymaz. = —0.005(5.25)2 (

= —0.01987m = —19.9mm

Maximum total vertical settlement for seismic loading is -19.9mm.

A.7 Calculation of Maximum Lateral Surface Settlement for Long Term Loading by Modified

Empirical Formula
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Author modified equation is —

A+D
U(x),max. = V(z),max. W (A- 7)

Taken some value such as
Diameter of Tunnel, D = 10.5m
Thickness of Tunnel, t = 0.5 m
Depth of Tunnel Crown, A; =4.5m
Tunnel Depth, H=4.5 + (10.5/2)+0.5 = 10.25m

V(z),max. = 48.4mm
Now,

=48 4(4'5 +105) _ 17.71
Y 025 T

Maximum lateral surface settlement for long term loading is 17.7 1mm.

U(x),max.

A.8 Calculation of Maximum Lateral Surface Settlement for Long Term Loading by Modified

Analytical Formula

Author modified equation is —

A+D) (A+D
U(x),max_=0.00125R2<( - ) 4 ! )>

ry r3
z,((A + D)% — 16kz?) N ((A+ D)3 — (A + D)16kz3)

4 4
ry 4r;

—0.0000625R? [

. 0.0025(A + D)R? < 1)
m

2
ry

0.001R*(A + D)H [z_z] (A.8)

(m+1) ry

Where,
Radius of Tunnel, R = 10.5/2 = 5.25m

Thickness of Tunnel, t = 0.5 m
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Diameter of Tunnel, D = 10.5m

Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H=4.5+ (10.5/2)+0.5 = 10.25m
z; =0—-10.25=-10.25m

z, =0+ 10.25 =10.25m

22 = (10.25)2 = 105.0625m?
2 = [(0.25(4.5 +10.5))" + (—10.25)2] m? = 119.125m?

rZ = 119.125m?

r4 = 14190.766m*

Soil poisson’s ratio, v = 0.250
m=1/(1-(2*0.250)) =2
k=0.250 (1 -0.250) = 0.1875

Now,

119.125 * 119.125

(—10.25)((4.5 + 10.5)2 — 315.1875)
14190.766

,((45+105) (45 +10.5)
Utymax. = 0.00125(5.25)

— 0.0000625(5.25)2

N ((4.5+10.5)* — (4.5 + 10.5)(315.1875))
56763.064

. 0.0025(4.5 + 10.5)(5.25)2 ( 1 )
2 119.125

. 0.001(5.25)2(4.5 + 10.5)(10.25) [ 10.25 ]
2+1) 14190.766

= 0.00868 — 0.00007 + 0.00434 + 0.00102 = 0.01397m = 14.0mm

Maximum lateral surface settlement for long term loading is 14.0mm.
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A.9 Calculation of Maximum Lateral Surface Settlement for Seismic Loading by Modified

Empirical Formula
Author modified equation is —

a,gSCk
A(x),max. =f C (Cd —H) (A.9)
s

Taken some value such as Diameter of Tunnel, D = 10.5m

Thickness of Tunnel, t = 0.5 m

Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H = 4.5 + (10.5/2)+0.5 = 10.25m

Factor, a; = 0.30

g=9.81 m/s?

Soil Factor, S=1.15

Factor, C=0.9

Factor, k = 142s

Modified Factor, f= 10

Cs = 3km/s
Cy4=27.5m
Now,
Ay max. = 10 (0.30+9.81+ 1.15+0.9 « 142) (27.5 —10.25) = 24.87mm

3000

Maximum lateral surface settlement for seismic loading is 24.87mm.
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A.10 Calculation of Maximum Lateral Surface Settlement for Seismic Loading by Modified

Analytical Formula

Author modified equation is —

2
r;

(A.10)

2
ry r;

- ,((A+D) (A+D)) 0.0025(A+D)R? (1
U(x),max. = 0.00125R > + + =

Where,
Radius of Tunnel, R =10.5/2 = 5.25m

Thickness of Tunnel, t = 0.5 m

Diameter of Tunnel, D =10.5m

Depth of Tunnel Crown, A; =4.5m
Tunnel Depth, H=4.5 + (10.5/2)+0.5 = 10.25m
z; = 0—-10.25=10.25m

z, =04+ 10.25 = 10.25m
2 = 119.125m?

rZ = 119.125m?
Soil poisson’s ratio, v = 0.250

m=1/(1 - (2 *0.250)) = 2

Now,

,((45+105) (45 +10.5)
Utymax. = 0.00125(5.25)

119.125 119.125

, 0:0025(45 + 10.5)(5.25)2
2

1
(119125) = (0.00868 + 0.00434 = 0.01302m

=13.02mm

Maximum lateral surface settlement for seismic loading is 13.02mm.
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A.11 Calculation of Maximum Total Lateral Settlement for Long Term Loading by Modified

Empirical Formula
Author modified equation is —

A+D
U(x),max. = V(z),max.m (A.11)

Taken some value such as

Diameter of Tunnel, D = 10.5m

Thickness of Tunnel, t = 0.5 m

Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H = 4.5 + (10.5/2)+0.5 = 10.25m

V(z)max. = —86.3mm

Any distance from free surface, z=4.5+10.5+ 1.0 =16m
Now,

. g (451105
max. = =EOS 025 —16) | Do

Maximum total lateral settlement for long term loading is 56.3mm.

A.12 Calculation of Maximum Total Lateral Settlement for Long Term Loading by Modified

Analytical Formula

Author modified equation is —
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(A+D) (A+D)
Uy max. = 0.00125R? ( — +

2
ry r;

2, ((A + D)? — 16kz2) Lt D)3 — (A + D)16kz2)

—0.0000625R? [

r} 4ry
, 0.0025(A+ D)R? (1 2mzz,
m r3 ry

0.001R2(A + D)H [Z_z mz((A +D)* — 482%)] (A.12)

(m+1) ry 1618

Where,
Radius of Tunnel, R = 10.5/2 = 5.25m

Thickness of Tunnel, t = 0.5 m
Diameter of Tunnel, D = 10.5m
Depth of Tunnel Crown, A; =4.5m
Tunnel Depth, H=4.5 + (10.5/2)+0.5 = 10.25m
z; =16 —10.25 = 5.75m

z, =16 + 10.25 = 26.25m

z2 = (26.25)? = 689.0625m?

r2 = 47.125m?

rZ = 703.125m?

Ty = 494384.766m*

Soil poisson’s ratio, v = 0.250
m=1/(1-2 *0.250)) =2

k=0.250 (1 —0.250) = 0.1875
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Any distance from free surface, z=4.5+10.5+ 1.0 = 16m

r$ = 347614288.3m®

i = 2220.766m*

Now,

45+ 10.5 45 +10.5
U(X),max. = 0-00125(5.25)2 <( ) ( ))

27125 703125
(5.75)((4.5 + 10.5)2 — 99.1875)

— 0.0000625(5.25)2 [

2220.766
((4.5 + 10.5)3 — 31007.8125)
1977539.064
. 0.0025(4.5 + 10.5)(5.25)2( 1 1680 )
2 703.125 494384.766

s 0.001(5.25)2(4.5 + 10.5)(10.25)[  26.25 L 32045+ 10.5)% — 33075)
2+1) 494384.766 5561828613

= 0.01170 — 0.00054 — 0.00102 — 0.00019 = 0.00995m = 10mm

Maximum total lateral settlement for long term loading is 10.0mm.

A.13 Calculation of Maximum Total Lateral Settlement for Seismic Loading by Modified

Empirical Formula
Author modified equation is —

a,9SCk
Aymax. = f—F—(Ca = (H = 2)) (A.13)
S
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Taken some value such as
Diameter of Tunnel, D = 10.5m
Thickness of Tunnel, t = 0.5 m
Depth of Tunnel Crown, A; =4.5m
Tunnel Depth, H=4.5 + (10.5/2)+0.5=10.25m
Factor, a; = 0.30
g=9.81 m/s?
Soil Factor, S=1.15
Factor, C=0.9
Factor, k = 142s
Modified Factor, f=10
Cs = 3km/s
Ca=27.5m
Any distance from free surface, z=4.5+10.5+ 1.0 = 16m

Now,

(0.30%9.81 % 1.15% 0.9 * 142)

Aoymax. = 10 2000 (27.5 — (10.25 — 16)) = 47.94mm

Maximum total lateral settlement for seismic loading is 47.94mm.
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A.14 Calculation of Maximum Total Lateral Settlement for Seismic Loading by Modified

Analytical Formula

Author modified equation is —

(A.14)

(A+D) (A+D)\ 00025(A+D)R?/1 2mzz,
U(x).TTlax. = 000125R2 ( 5 + + = B

2 2 4
ry r; r; r;

Where,
Radius of Tunnel, R = 10.5/2 =5.25m

Thickness of Tunnel, t = 0.5 m
Diameter of Tunnel, D = 10.5m
Depth of Tunnel Crown, A; =4.5m
Tunnel Depth, H=4.5 + (10.5/2)+0.5 = 10.25m
z; =16 —10.25 =5.75m

7z, =164+ 10.25 = 26.25m

z2 = (26.25)? = 689.0625m?

2 = 47.125m?

rZ2 = 703.125m?

Ty = 494384.766m*

Soil poisson’s ratio, v = 0.250
m=1/(1-(2 *0.250)) =2

k=0.250 (1 —0.250) = 0.1875
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Any distance from free surface, z=4.5+10.5+ 1.0 = 16m

r$ = 347614288.3m®

i = 2220.766m*

Now,

4.5+ 10.5 454105
U(X),max. = 000125(525)2 <( ) ( ))

47.125 * 703.125

4 0.0025(4.5 + 10.5)(5.25)? ( 1 1680
2 703.125 494384.766
= 0.01068m = 10.7mm

) = 0.01170 — 0.00102

Maximum total lateral settlement for seismic loading is 10.7mm.

A.15 Calculation of Maximum Longitudinal Surface Settlement for Long Term Loading by

Modified Empirical Formula
Author modified equation is —

V(z),max.

Uyymax. = — 5 (A.15)

Taken some value such as
Diameter of Tunnel, D =10.5m
Thickness of Tunnel, t =0.5 m
Depth of Tunnel Crown, A; =4.5m
Tunnel Depth, H=4.5 + (10.5/2)+0.5 = 10.25m

V(z),max. = 48.4mm
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Now,

U(y),max. = ——=47mm

Maximum longitudinal surface settlement for long term loading is 4.7mm.

A.16 Calculation of Maximum Total Longitudinal Settlement for Long Term Loading by
Modified Empirical Formula

Author modified equation is —

_ V(z),max.

Uy)max. = H=2) (4.16)

Taken some value such as

Diameter of Tunnel, D = 10.5m

Thickness of Tunnel, t =0.5 m

Depth of Tunnel Crown, A; =4.5m

Tunnel Depth, H = 4.5 + (10.5/2)+0.5 = 10.25m

V(z),max. = —86.3mm

Any distance from free surface, z=4.5+10.5+ 1.0 = 16m

Now,

U =% s
Omax. = 1025 _16) "

Maximum total longitudinal settlement for long term loading is 15mm.
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A.17 Calculation of Volumetric Strain for Long Term Loading by Modified Analytical Formula

Author modified equation is —

0.69
(1+t+0.5D)?

&, = 0.01003exp |— (A.17)

Where,
Thickness of Tunnel, t = 0.5m

Diameter of Tunnel, D = 10.5m

Now,

0.69
£y = 0.01003exp |~ germe | = 000988

Volumetric strain for long term loading is 0.00988.

A.18 Calculation of Volumetric Strain for Seismic Loading by Modified Analytical Formula

Author modified equation is —

vV  A.(2t+D)

£y = + A.18
" 6000  36000000v2 (4.18)

Where,

Seismic Wave Velocity, V =0.14472m/s

Seismic Acceleration, A = 3.5m/s>

Thickness of Tunnel, t = 0.5m

Diameter of Tunnel, D = 10.5m
Now,

0.14472 N 3.5(1 + 10.5)
S =
S 6000  36000000v2

= 0.000025

Volumetric strain for seismic loading is 0.000025.
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APPENDIX B

B.1 Variation of Diameter

Symbol, D, Value in meter
D, 10.5
D> 10.8
Ds 11.0

B.2 Variation of Longitudinal Length of Tunnel

Symbol, ya Value in meter
i 27
y2 29
ys 31

B.3 Variation of Depth of Tunnel Crown

Symbol, A, Value in meter
Al 4.5
A 5.5
Az 6.5
As 7.5
As 8.5
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B.4 Maximum Vertical Surface Settlement for Diameter, D; Above A Tunnel (mm)

Modified
o o empirical | Modified Modified
Longitudi Long term Seismic
formulae | Analytical Analytical
nal length | Ratio loading loading
(long formulae formulae
of tunnel, | A./D; (PLAXIS (PLAXIS o
term (long term (seismic
ya (M) 3D) 3D)
loading) | loading) (2D) | loading) (2D)
(2D)
27.00 0.4286 -11.60 -2.30 50.60 48.10 42.40
0.5238 -8.50 -1.90 45.90 43.60 38.50
0.6190 3.60 1.60 42.00 39.90 35.20
0.7143 4.70 1.70 38.70 36.80 32.40
0.8095 6.70 1.70 35.90 34.10 30.10
29.00 0.4286 -14.00 -3.30 50.60 48.10 42.40
0.5238 9.80 -2.60 45.90 43.60 38.50
0.6190 -3.60 -2.30 42.00 39.90 35.20
0.7143 -4.70 -2.00 38.70 36.80 32.40
0.8095 6.70 1.80 35.90 34.10 30.10
31.00 0.4286 -15.70 -4.40 50.60 48.10 42.40
0.5238 -10.70 -3.40 45.90 43.60 38.50
0.6190 -4.60 -2.90 42.00 39.90 35.20
0.7143 4.90 -2.60 38.70 36.80 32.40
0.8095 6.80 -2.20 35.90 34.10 30.10

132




B.5 Maximum Vertical Surface Settlement for Diameter, D, Above A Tunnel (mm)

Modified

Modified Modified

Longitudin Long term Seismic empirical ) )
Analytical Analytical

al length of | Ratio loading loading formulae

formulae formulae

tunnel, yn | An/D: (PLAXIS (PLAXIS (long term o
' (long term (seismic

(m) 3D) 3D) loading) _ _
loading) (2D) | loading) (2D)
(2D)

0.4167 -12.20 -2.40 52.70 50.10 44.20

0.5093 -8.70 -2.90 47.80 45.50 40.10

27.00 0.6019 -23.50 -1.80 43.80 41.70 36.80

0.6944 5.20 1.80 40.40 38.40 33.90

0.7870 7.30 1.90 37.50 35.70 31.50

0.4167 -14.70 -3.60 52.70 50.10 44.20

0.5093 -10.00 -2.80 47.80 45.50 40.10

29.00 0.6019 -27.90 -2.40 43.80 41.70 36.80

0.6944 5.10 -2.10 40.40 38.40 33.90

0.7870 7.30 1.90 37.50 35.70 31.50

0.4167 -16.70 -4.60 52.70 50.10 44.20

0.5093 -11.10 -3.70 47.80 45.50 40.10

31.00 0.6019 -30.90 -3.10 43.80 41.70 36.80

0.6944 5.10 -2.70 40.40 38.40 33.90

0.7870 7.30 -2.30 37.50 35.70 31.50
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B.6 Maximum Vertical Surface Settlement for Diameter, D; Above A Tunnel (mm)

Modified

Modified Modified

Longitudin Long term Seismic empirical _ )
Analytical Analytical

al length of | Ratio loading loading formulae

formulae formulae

tunnel, yn» | An/Ds (PLAXIS (PLAXIS | (long term o
] (long term (seismic

(m) 3D) 3D) loading) _ _
loading) (2D) | loading) (2D)
(2D)

0.4091 -12.40 -2.50 54.10 51.40 45.40

0.5000 -8.90 -2.10 49.20 46.80 41.30

27.00 0.5909 -6.40 -1.80 45.10 42.90 37.80

0.6818 5.70 1.90 41.60 39.60 34.90

0.7727 7.60 2.00 38.60 36.70 32.40

0.4091 -15.00 -3.70 54.10 51.40 45.40

0.5000 -10.30 -2.90 49.20 46.80 41.30

29.00 0.5909 -7.20 -2.40 45.10 42.90 37.80

0.6818 5.60 -2.20 41.60 39.60 34.90

0.7727 7.60 2.00 38.60 36.70 32.40

0.4091 -17.20 -4.80 54.10 51.40 45.40

0.5000 -11.50 -3.70 49.20 46.80 41.30

31.00 0.5909 -7.70 -3.20 45.10 42.90 37.80

0.6818 5.50 -2.70 41.60 39.60 34.90

0.7727 7.60 -2.40 38.60 36.70 32.40
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B.7 Maximum Total Vertical Settlement for Diameter, D; of a Tunnel (mm)

Modified
o o empirical Modified Modified
Longitudin Long term Seismic
formulae | Analytical Analytical
al length of | Ratio loading loading
(long formulae formulae
tunnel, y, A./Dy (PLAXIS (PLAXIS o
term (long term (seismic
(m) 3D) 3D)
loading) | loading) (2D) | loading) (2D)
(2D)
0.4286 -44.5 -13.3 -93.9 -138.1 -21.9
0.5238 -42.7 -7.8 -93.9 -157.9 -22.1
27 0.6190 -41 7.4 -93.9 -179.3 -22.3
0.7143 -39.4 -5.5 -93.9 -202.2 -22.5
0.8095 -37.8 -5.5 -93.9 -226.6 -22.7
0.4286 -46.8 12.5 -93.9 -138.1 -21.9
0.5238 -44.7 8.9 -93.9 -157.9 -22.1
29 0.6190 -42.9 -6.7 -93.9 -179.3 -22.3
0.7143 -41.2 -6.8 -93.9 -202.2 -22.5
0.8095 -39.3 -6.7 -93.9 -226.6 -22.7
0.4286 -48.5 -8.1 -93.9 -138.1 -21.9
0.5238 -46.2 -7.8 -93.9 -157.9 221
31 0.6190 -44.3 -7.8 -93.9 -179.3 -22.3
0.7143 -42.4 -7.7 -93.9 -202.2 -22.5
0.8095 -40.4 -7.6 -93.9 -226.6 -22.7
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B.8 Maximum Total Vertical Settlement for Diameter, D, of a Tunnel (mm)

Modified
Modified Modified
Longitudin Long term Seismic empirical ) )
Analytical Analytical
al length of | Ratio loading loading formulae
formulae formulae
tunnel, yn | An/D: (PLAXIS (PLAXIS (long term o
' (long term (seismic
(m) 3D) 3D) loading) _ _
loading) (2D) | loading) (2D)
(2D)
0.4167 -46 14.1 -96.6 -139.6 -22.5
0.5093 -43.7 9.6 -96.6 -159.2 -22.7
27 0.6019 -41 9.2 -96.6 -180.4 -22.9
0.6944 -40.3 6.5 -96.6 -203 -23.1
0.7870 -38.5 -5.7 -96.6 =227 -23.3
0.4167 -48.5 13.1 -96.6 -139.6 -22.5
0.5093 -45.8 10 -96.6 -159.2 -22.7
29 0.6019 -45.9 -7 -96.6 -180.4 -22.9
0.6944 -42.1 -6.9 -96.6 -203 -23.1
0.7870 -40.1 -6.9 -96.6 =227 -23.3
0.4167 -50.3 8.7 -96.6 -139.6 -22.5
0.5093 -47.4 -8.1 -96.6 -159.2 -22.7
31 0.6019 -50.3 -8 -96.6 -180.4 -22.9
0.6944 -43.2 -7.8 -96.6 -203 -23.1
0.7870 -41.3 -1.7 -96.6 =227 -23.3
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B.9 Maximum Total Vertical Settlement for Diameter, D; of a Tunnel (mm)

Modified

Modified Modified

Longitudin Long term Seismic empirical _ )
Analytical Analytical

al length of | Ratio loading loading formulae

formulae formulae

tunnel, yn» | An/Ds (PLAXIS (PLAXIS | (long term o
] (long term (seismic

(m) 3D) 3D) loading) _ _
loading) (2D) | loading) (2D)
(2D)

0.4091 -46.7 15.4 -98.4 -140.6 -22.8

0.5000 -44.6 10.8 -98.4 -160.1 -23.1

27 0.5909 -42.8 7.9 -98.4 -181.1 233

0.6818 -38.7 6.7 -98.4 -203.5 -23.5

0.7727 -38.9 -5.8 -98.4 -227.3 -23.7

0.4091 -49 12.6 -98.4 -140.6 -22.8

0.5000 -46.7 8.7 -98.4 -160.1 -23.1

29 0.5909 -44.7 -7.1 -98.4 -181.1 233

0.6818 -40.4 -7 -98.4 -203.5 -23.5

0.7727 -40.6 -6.9 -98.4 -227.3 -23.7

0.4091 -51 -8.5 -98.4 -140.6 -22.8

0.5000 -48.3 -8.3 -98.4 -160.1 -23.1

31 0.5909 -46.2 -8.1 -98.4 -181.1 233

0.6818 -41.3 -8 -98.4 -203.5 -23.5

0.7727 -41.7 -1.7 -98.4 -227.3 -23.7
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B.10 Maximum Lateral Surface Settlement for Diameter, D; Above A Tunnel (mm)

Modified
Modified | Modified | Modified
Long o empirical ) ) o
Seismic Analytical | Analytical | empirical
Longitudinal term formulae
Ratio loading formulae | formulae | formulae
length of loading (long o o
An/Dq (PLAXIS (long term | (seismic | (seismic
tunnel, y, (m) (PLAXIS term
3D) ) loading) loading) | loading)
3D) loading)
(2D) (2D) (2D)
(2D)
0.4286 -3 -1.7 19.4 15.1 14.2 25.6
0.5238 23 -1.7 17.1 133 12.6 24.1
27 0.6190 1.8 -1.7 15.2 11.9 11.3 22.7
0.7143 2.2 -1.7 13.6 10.8 10.2 21.3
0.8095 2.7 -1.6 12.4 9.8 9.3 19.8
0.4286 -3.8 -1.7 19.4 15.1 14.2 25.6
0.5238 -2.9 -1.7 17.1 13.3 12.6 24.1
29 0.6190 1.7 -1.7 15.2 11.9 11.3 22.7
0.7143 2.1 -1.7 13.6 10.8 10.2 21.3
0.8095 2.6 -1.6 12.4 9.8 9.3 19.8
0.4286 -4.6 -1.8 19.4 15.1 14.2 25.6
0.5238 -3.4 -1.7 17.1 13.3 12.6 24.1
31 0.6190 1.5 -1.7 15.2 11.9 11.3 22.7
0.7143 2 -1.7 13.6 10.8 10.2 21.3
0.8095 2.5 -1.6 12.4 9.8 9.3 19.8
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B.11 Maximum Lateral Surface Settlement for Diameter, D; Above A Tunnel (mm)

Modified
Modified
Analytic | Modified | Modified
Long empirical
Longitudinal Seismic al Analytical | empirical
term formulae
length of Ratio loading formulae | formulae formulae
loading (long o o
tunnel, y, Av/Ds (PLAXIS (long (seismic (seismic
() (PLAX 3D) term loading) loading)
m term oadin oadin
IS 3D) loading) _ s s
loading) (2D) (2D)
(2D)
(2D)
0.4167 -3.1 -1.8 20.4 15.7 14.9 254
0.5093 2.4 -1.8 17.9 13.9 13.2 23.9
27 0.6019 -10.3 -1.8 15.9 12.5 11.8 22.5
0.6944 2.4 -1.8 143 11.3 10.7 21
0.7870 2.9 -1.7 13 10.3 9.7 19.6
0.4167 -4 -1.8 20.4 15.7 14.9 25.4
0.5093 -3 -1.8 17.9 13.9 13.2 23.9
29 0.6019 -12.5 -1.8 15.9 12.5 11.8 22.5
0.6944 23 -1.8 14.3 11.3 10.7 21
0.7870 2.8 -1.7 13 10.3 9.7 19.6
0.4167 -4.9 -1.9 20.4 15.7 14.9 254
0.5093 -3.5 -1.8 17.9 13.9 13.2 23.9
31 0.6019 -14.2 -1.8 15.9 12.5 11.8 22.5
0.6944 2.2 -1.8 14.3 11.3 10.7 21
0.7870 2.7 -1.7 13 10.3 9.7 19.6
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B.12 Maximum Lateral Surface Settlement for Diameter, D; Above A Tunnel (mm)

Modified
Modified Modified | Modified
o Long o o Analytical ) o
Longitudinal Seismic | empirical Analytical | empirical
term formulae
length of Ratio _ loading formulae formulae | formulae
loading (long . I
tunnel, yn An/D3 (PLAXIS | (long term (seismic | (seismic
(PLAXIS term
(m) 3D) loading) ) loading) | loading)
3D) loading)
(2D) (2D) (2D)
(2D)
0.4091 -3.1 -1.8 21 16.2 15.3 25.2
0.5000 -2.4 -1.8 18.4 14.4 13.6 23.8
27 0.5909 1.9 -1.9 16.4 12.9 12.2 22.3
0.6818 24 -1.8 14.8 11.6 11 20.9
0.7727 3 -1.8 13.5 10.6 10.1 19.5
0.4091 -4 -1.8 21 16.2 15.3 25.2
0.5000 -3 -1.8 18.4 14.4 13.6 23.8
29 0.5909 2.2 -1.9 16.4 12.9 12.2 22.3
0.6818 24 -1.8 14.8 11.6 11 20.9
0.7727 2.9 -1.8 13.5 10.6 10.1 19.5
0.4091 -5 -2 21 16.2 15.3 25.2
0.5000 -3.6 -1.8 18.4 14.4 13.6 23.8
31 0.5909 -2.6 -1.9 16.4 12.9 12.2 22.3
0.6818 2.3 -1.8 14.8 11.6 11 20.9
0.7727 2.8 -1.8 13.5 10.6 10.1 19.5
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B.13 Maximum Total Lateral Settlement for Diameter, D; of a Tunnel (mm)

Modified
Modified Modified | Modified
o Long o empirical ) ) o
Longitudinal Seismic Analytical | Analytical | empirical
term formulae
length of Ratio _ loading formulae formulae formulae
loading (long
tunnel, y, A/Dy (PLAXIS (long term | (seismic (seismic
(PLAXIS term
(m) 3D) ' loading) loading) loading)
3D) loading)
(2D) (2D) (2D)
(2D)
0.4286 11.3 -10.4 67.1 11.5 12.1 47.2
0.5238 10.4 9.4 71.5 11.7 12.4 47.2
27 0.6190 9.6 10 76 11.9 12.6 47.2
0.7143 9.5 10.6 80.5 12 12.8 47.2
0.8095 9.3 11.2 85 12 12.9 47.2
0.4286 12.5 -10.5 67.1 11.5 12.1 47.2
0.5238 11.4 9.4 71.5 11.7 12.4 47.2
29 0.6190 9.5 10 76 11.9 12.6 47.2
0.7143 10.2 10.6 80.5 12 12.8 47.2
0.8095 9.8 11.1 85 12 12.9 47.2
0.4286 13.2 8.9 67.1 11.5 12.1 47.2
0.5238 11.9 9.4 71.5 11.7 12.4 47.2
31 0.6190 9.6 4.1 76 11.9 12.6 47.2
0.7143 10.7 10.6 80.5 12 12.8 47.2
0.8095 10.4 11.1 85 12 12.9 47.2
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B.14 Maximum Total Lateral Settlement for Diameter, D, of a Tunnel (mm)

Modified
Modified Modified | Modified
o Long o empirical ) ) o
Longitudinal Seismic Analytical | Analytical | empirical
term formulae
length of Ratio _ loading formulae formulaec | formulae
loading (long
tunnel, yn A/D> (PLAXIS (long term (seismic (seismic
(PLAXIS term
(m) 3D) ' loading) loading) loading)
3D) loading)
(2D) (2D) (2D)
(2D)
0.4167 11.9 9.4 68.4 11.8 12.4 47.4
0.5093 10.5 9.9 72.9 12 12.7 47.4
27 0.6019 -20.4 10.6 77.4 12.2 12.9 47.4
0.6944 9.7 11.2 81.8 12.3 13.1 47.4
0.7870 9.6 11.8 86.3 12.3 13.2 47.4
0.4167 12.9 9.4 68.4 11.8 12.4 47.4
0.5093 11.5 10 72.9 12 12.7 47.4
29 0.6019 -23.4 10.6 77.4 12.2 12.9 47.4
0.6944 10.4 11.2 81.8 12.3 13.1 47.4
0.7870 10.1 11.7 86.3 12.3 13.2 47.4
0.4167 13.8 9.4 68.4 11.8 12.4 47.4
0.5093 12.2 10 72.9 12 12.7 47.4
31 0.6019 -24 10.6 77.4 12.2 12.9 47.4
0.6944 10.9 11.2 81.8 12.3 13.1 47.4
0.7870 -10.7 11.7 86.3 12.3 13.2 47.4
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B.15 Maximum Total Lateral Settlement for Diameter, D3 of a Tunnel (mm)

Modified Modified | Modified | Modified
Longitudinal Long Seismic empirical | Analytical | Analytical | empirical
length of Ratio lcjae;rirrllg loading formulae formulae | formulae | formulae
tunnel, ya An/Ds (PLAXIS | (longterm | (longterm | (seismic (seismic
(m) (FLAXIS 3D) loading) loading) loading) | loading)

D) (2D) (2D) (2D) (2D)

0.4091 12.1 9.8 69.3 12 12.6 47.6

0.5000 10.9 10.3 73.8 12.2 12.9 47.6

27 0.5909 10.4 11 78.3 12.4 13.2 47.6

0.6818 9.4 11.6 82.7 12.5 133 47.6

0.7727 9.8 12.2 87.2 12.6 13.5 47.6

0.4091 13.2 9.8 69.3 12 12.6 47.6

0.5000 11.8 10.4 73.8 12.2 12.9 47.6

29 0.5909 11.1 11 78.3 12.4 13.2 47.6

0.6818 10 11.6 82.7 12.5 133 47.6

0.7727 10.4 12.2 87.2 12.6 13.5 47.6

0.4091 14.1 9.8 69.3 12 12.6 47.6

0.5000 12.5 10.4 73.8 12.2 12.9 47.6

31 0.5909 11.8 11 78.3 12.4 13.2 47.6

0.6818 10.5 11.6 82.7 12.5 133 47.6

0.7727 10.9 12.2 87.2 12.6 13.5 47.6
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B.16 Maximum Longitudinal Surface Settlement for Diameter, D; Above A Tunnel (mm)

Longitudinal length

Long term loading

Seismic loading

Modified

empirical

of tunnel, yo (m) | 0 AP (PLAXIS 3D) PLAXIS3D) | rmulae (long
term loading)
(2D)
0.4286 6.7 0.6 5.2
0.5238 42 05 43
27 0.6190 14 0.4 3.6
0.7143 2.1 0.4 3
0.8095 27 0.3 2.6
0.4286 6.6 0.8 52
0.5238 3 0.6 43
29 0.6190 13 0.5 3.6
0.7143 27 0.5 3
0.8095 32 0.5 2.6
0.4286 63 1 52
0.5238 37 0.8 43
31 0.6190 13 0.7 3.6
0.7143 33 0.6 3
0.8095 3.6 0.5 2.6
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B.17 Maximum Longitudinal Surface Settlement for Diameter, D, Above A Tunnel (mm)

Longitudinal

Long term loading

Seismic loading

Modified

empirical

length of tunnel, y, | Ratio An/D> formulae (long
@ (PLAXIS 3D) (PLAXIS 3D) term loading)
(2D)
0.4167 7.1 0.7 53
0.5093 4.4 0.5 4.4
27 0.6019 5.8 0.4 3.7
0.6944 -2.2 0.4 3.1
0.7870 -2.9 0.3 2.7
0.4167 6.9 0.9 53
0.5093 4.1 0.7 4.4
29 0.6019 -6.6 0.6 3.7
0.6944 -2.9 0.5 3.1
0.7870 -3.4 0.5 2.7
0.4167 6.7 1.1 53
0.5093 3.8 0.9 4.4
31 0.6019 -9.7 0.7 3.7
0.6944 -3.5 0.6 3.1
0.7870 -3.8 0.6 2.7
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B.18 Maximum Longitudinal Surface Settlement for Diameter, D; Above A Tunnel (mm)

Modified
Longitudinal empirical
length of tunnel, | Ratio A./Ds Long term loading Seistnic loading formulae (long
o () (PLAXIS 3D) (PLAXIS 3D) term loading)
(2D)
0.4091 7.2 0.6 54
0.5000 4.5 0.5 4.5
27 0.5909 2.4 0.4 3.8
0.6818 2.2 0.4 3.2
0.7727 -3 0.4 2.8
0.4091 7 0.9 5.4
0.5000 4.2 0.7 4.5
29 0.5909 2.2 0.6 3.8
0.6818 -2.8 0.5 32
0.7727 -3.5 0.5 2.8
0.4091 6.8 1.1 5.4
0.5000 4 0.9 4.5
31 0.5909 -3 0.8 3.8
0.6818 -3.3 0.7 3.2
0.7727 -3.9 0.6 2.8
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B.19 Maximum Total Longitudinal Settlement for Diameter, D; of a Tunnel (mm)

Modified
Longitudinal length Long term loading Seismic loading empirical
of tunnel, y, (m) Ratio Av/Dr (PLAXIS 3D) (PLAXIS 3D) formulae
(long term
loading) (2D)

0.4286 10.1 4.8 17.9
0.5238 -8.8 34 17.9
27 0.6190 -8.5 3.1 17.9
0.7143 -7 -3.7 17.9
0.8095 -11 -3.1 17.9
0.4286 9.9 4.1 17.9
0.5238 -8.6 34 17.9
29 0.6190 -8.3 29 17.9
0.7143 -6.9 -2.8 17.9
0.8095 33 -3.7 17.9
0.4286 9.8 34 17.9
0.5238 -8.4 24 17.9
31 0.6190 -8.1 -2.6 17.9
0.7143 -6.7 -3.5 17.9
0.8095 -11.9 -4.3 17.9
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B.20 Maximum Total Longitudinal Settlement for Diameter, D, of a Tunnel (mm)

Modified
Longitudinal empirical
length of tunnel, | Ratio Ay/D» Long term loading Seistnic loading formulae (long
va () (PLAXIS 3D) (PLAXIS 3D) term loading)

(2D)

0.4167 -11.2 4.8 16.9

0.5093 -9.5 4.4 16.9

27 0.6019 8.2 -4.2 16.9
0.6944 -7.1 3 16.9

0.7870 -11.2 -33 16.9

0.4167 -11.1 4.5 16.9

0.5093 -9.3 3.9 16.9

29 0.6019 -8.2 33 16.9
0.6944 -7 -2.9 16.9

0.7870 -11.7 -3.9 16.9

0.4167 -10.8 3.9 16.9

0.5093 -9.2 3.1 16.9

31 0.6019 -12 2.7 16.9
0.6944 -6.9 -3.7 16.9

0.7870 -12 -4.5 16.9
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B.21 Maximum Total Longitudinal Settlement for Diameter, D; of a Tunnel (mm)

Modified
Longitudinal empirical
length of tunnel, | Ratio Ax/D3 Long ferm loading Seistmic loading formulae (long
o () (PLAXIS 3D) (PLAXIS 3D) term loading)

(2D)

0.4091 -11.2 4.9 16.3

0.5000 -9.7 4.3 16.3

27 0.5909 -8.9 3.5 16.3
0.6818 -7.1 -3.4 16.3

0.7727 -11.3 -3.4 16.3

0.4091 -11 43 16.3

0.5000 -9.5 32 16.3

29 0.5909 -8.7 3 16.3
0.6818 -7 -3.1 16.3

0.7727 -11.8 -3.8 16.3

0.4091 -10.8 3.6 16.3

0.5000 9.3 2.9 16.3

31 0.5909 -8.5 -2.8 16.3
0.6818 -6.8 -3.6 16.3

0.7727 -12.3 -4.6 16.3
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B.22 Maximum Volumetric Strain for Diameter, D

Modified
Modified
o o analytical )
Longitudinal Long term Seismic Analytical
Ratio formulae
length of loading loading formulae
Aw/Dy (long term
tunnel, y, (m) (PLAXIS 3D) (PLAXIS 3D) (seismic loading)
loading)
(2D)
(2D)
0.4286 3.60 -0.037 0.9879 0.002491
0.5238 3.30 -0.026 0.9879 0.002491
27.0 0.6190 2.80 -0.045 0.9879 0.002491
0.7143 3.00 -0.036 0.9879 0.002491
0.8095 1.90 -0.032 0.9879 0.002491
0.4286 3.50 -0.033 0.9879 0.002491
0.5238 3.20 0.029 0.9879 0.002491
29.0 0.6190 2.70 -0.026 0.9879 0.002491
0.7143 2.80 -0.029 0.9879 0.002491
0.8095 1.80 -0.032 0.9879 0.002491
0.4286 3.70 -0.026 0.9879 0.002491
0.5238 3.20 -0.028 0.9879 0.002491
31.0 0.6190 2.70 -0.029 0.9879 0.002491
0.7143 2.90 -0.033 0.9879 0.002491
0.8095 2.00 -0.034 0.9879 0.002491
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B.23 Maximum Volumetric Strain for Diameter, D,

Modified Modified
Longitudinal
Long term Seismic analytical Analytical
length of Ratio
loading loading formulae formulae
tunnel, ya A./D> ..
() (PLAXIS 3D) | (PLAXIS 3D) (long term (seismic
m
loading) (2D) | loading) (2D)

0.4167 3.20 -0.038 0.9886 0.002493

0.5093 2.60 -0.037 0.9886 0.002493

27.0 0.6019 4.20 -0.038 0.9886 0.002493
0.6944 1.60 0.036 0.9886 0.002493

0.7870 2.10 -0.035 0.9886 0.002493

0.4167 3.40 -0.044 0.9886 0.002493

0.5093 3.30 0.034 0.9886 0.002493

29.0 0.6019 4.50 -0.028 0.9886 0.002493
0.6944 2.50 0.036 0.9886 0.002493

0.7870 2.00 0.029 0.9886 0.002493

0.4167 4.00 -0.047 0.9886 0.002493

0.5093 3.30 -0.028 0.9886 0.002493

31.0 0.6019 5.10 -0.032 0.9886 0.002493
0.6944 2.50 0.036 0.9886 0.002493

0.7870 2.00 -0.037 0.9886 0.002493
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B.24 Maximum Volumetric Strain for Diameter, D;

Modified
Modified
o o analytical )
Longitudinal Long term Seismic Analytical
Ratio formulae
length of loading loading formulae
Aw/D; (long term
tunnel, y, (m) (PLAXIS 3D) | (PLAXIS 3D) loading) (seismic
oadin
. loading) (2D)
(2D)
0.4091 4.50 0.043 0.9890 0.002494
0.5000 2.80 -0.034 0.9890 0.002494
27.0 0.5909 2.00 -0.038 0.9890 0.002494
0.6818 1.40 -0.035 0.9890 0.002494
0.7727 1.50 0.040 0.9890 0.002494
0.4091 4.40 -0.050 0.9890 0.002494
0.5000 3.40 -0.031 0.9890 0.002494
29.0 0.5909 2.10 -0.031 0.9890 0.002494
0.6818 2.30 -0.034 0.9890 0.002494
0.7727 2.50 0.040 0.9890 0.002494
0.4091 4.30 -0.041 0.9890 0.002494
0.5000 3.50 -0.036 0.9890 0.002494
31.0 0.5909 3.70 -0.031 0.9890 0.002494
0.6818 2.20 -0.035 0.9890 0.002494
0.7727 2.40 0.040 0.9890 0.002494

152




APPENDIX C

C.1: Calculation of validation of modified empirical formula for maximum vertical surface
settlement
Here, H=10m, D = 8m

Now, V(). max. = (0.0045 * (8%/10)) * 1000 = 28.8 mm [Use equation 3.1]

C.2: Calculation of validation of modified analytical formula for maximum vertical surface
settlement

Here, z = 0 (for surface); zi=0—-H=0-10=-10; zz2=0+H=0+ 10=10;
12 =2z72=(-10>=100; 1> = 2= 10> = 100; R =D/2 = 8/2 = 4;
Poission Ratio, v =0.20; m = 1/(1-(2*0.20)) = 1.67
k=v/(1 -v)=0.20/(1-0.20) = 0.25
Now, Viz), max. = 0 + 0 + [((0.01%42)/2) * (((1.67 + 1) * 10)/100)] — [(0.002 * 4% * 10) * (-100/100%)]
V), max. = 0.02136 + 0.0032 = 0.0246m = 24.6mm [Use equation 3.2]

C.3: Calculation of validation of modified strain induced volume loss analytical formula for long
term loading
Here, t = 0; means that inner and outer diameter of tunnel are same.

D=8m; A=H-D/2=10-(8/2) =6m

gu = 0.01003exp[ - (0.69/(1+(8/(2*6)))?)] = 0.78% [Use equation 3.9]

C.4: Calculation of tunnel face pressure and grout pressure for CD test at A; =4.5m, D; = 10.5m
(Bernhard et. al, 2011):

Lateral earth pressure coefficient, K = 0.5 (Duddeck (1980)

(A) Tunnel Face Pressure, T = Ghcrown = [(Y1sat— Yw)*(3.5)*(0.5) + (Y2,5ae— Yw)*(1)*(0.5) + (Y * 3.5)
+(Yw * 1)]=[(18.9-9.81)*(3.5)*(0.5) + (20-9.81)*(1)*(0.5) + (9.81*3.5) + (9.81*1)]
T = Oherown = 15.9 + 5.1 +34.3 + 9.9 = 65.2 kKN/m?
Ohinvert = Oh.crown + (Y252t — Yw)*(10.5)*(0.5) + (Y * 10.5) = 65.2 + 53.5 + 103 = 221.7 kN/m?
Linear increment along depth of tunnel, T¢inc. = (Gh,invert = Oh.crown)/D = [(221.7 — 65.2)/10.5]
Teine. = 14.9 kKN/m*/m

(B) Grout Pressure, Tg = Gv.erown = [(Y1sat— Yu)*(3.5) + (Yasa— Yor)*(1) + (Y * 3.5) + (Y * 1)] =[(18.9-
9.81)%(3.5) + (20-9.81)*(1) + (9.81*3.5) + (9.81*1)]

e = Gverown = 31.8 + 10.2 + 34.3 + 9.81 = 86.1 kN/m?
Guinvert = Gverown + (Yasat— Yo)*(wD/4) + (Y * (nD/4))
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=86.1 +((20-9.81)*((n*10.5)/4)) + (9.81 * ((n*10.5)/4)) = (86.1 + 84 + 80.9) KN/m?
Gv,jnvcrt = 251 kN/m2
Linear increment along peripheral depth of tunnel, Tg inc. = (Gv,invert — Ov.crown)/(TD/4)

Taine. = (251 — 86.1)/(10.51/4) = 20 KN/m?m

(C) Jacking Force, Ty = 68000 kN
1t = Tye/(nD?/4) = 68000/((*10.5%)/4) = 785.3 kN/m?

C.5: Calculation of axial increment of volume loss of tunnel

Length of tunnel boring machine = 12m
Surface contraction which equivalent to volume loss = 0.5%
Advancement of tunnel = 2m

Now, Axial increment = 0.5%/(12-2) = 0.05%/m

C.6: Calculation of tunnel face pressure (Kilany et al. 2017)

(A) Tunnel Face Pressure, Tt = Oh.crown = [(15)*(2)*(0.5) + (16)*(2)*(0.5) + (18 — 9.81)*(1)*(0.5) + (17
—9.81)*(3)*(0.5) + (9.81*1) + (9.81*3)]; where, lateral earth pressure coefficient, K = 0.5
Tf = Oh,crown — 90.1 kN/l’I'l2

Ohjinvert = Ohcrown + (17— 9.81)*(2)*(0.5) + (19 — 9.81)*(6)*(0.5) + (9.81 * 8) =203.5 kN/m?

Linear increment along depth of tunnel, Ttinc. = (Gn,invert = Gherown)/D = [(203.5 — 90.1)/8]
Teine. = 14.2 kKN/m*/m

C.7: Calculation of maximum vertical settlement for A; = 4.5m, D; = 10.5m by Mair (1993)
empirical formula
Vs =10.5% = 0.005 K=34%=0.34 D=10.5m H=4.5+(10/2)=9.75m
Now, Vi, =opmax. = 0.313 * [(V,D?)/(KH)]
=0.313 * [(0.005*%(10.5%))/(0.34*9.75)]*1000 = 52.05mm

C.8: Calculation of maximum vertical settlement for A; = 4.5m, D; = 10.5m by present research
modified formula
D=10.5m H=4.5+(10/2)=9.75m z = ( (for surface)
Now, V(= 0)max. = 0.0045 * [D*(H - z)]
=0.0045 * [10.5%(9.75)] * 1000 = 50.88mm

THE END
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