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Abstract

In this study a three dimensiona numerical analysis by using the finite
element method has been performed to predict the field variables of the soil
around the proposed tunnel (Baghdad metro) which consists of two lines in
Baghdad city with two routes for each line. The first line lies in Rasafa and the
second line extends from Rasafato Karkh. Abagus 2016, was used to simulate the
behaviour of the two routes of the proposed Baghdad metro by using a fully
coupled three dimensional stress-pore pressure model at 38 locations, where 18
and 20 locations on the first and the second lines, were selected respectively. The
ground water table depths at these |ocations were determined by using best of the
best spatial raster surfaces generated from ground surface elevations and static
water levels recorded at 206 wells in Baghdad Governorate using ArcGIS10.5
package. The soil layers were assumed to be an easto-plastic materias
conforming to the Mohr-Coulomb failure criterion together with the
nonassociated flow rule and the shotcrete liners were assumed to behave in a
linear elastic manner.

The actua tunnelling processes of the proposed Baghdad metro in each
model were closely simulated before, during, and after tunnel excavation by using
Model Change Method (MCM) where the tunnel was assumed to be fully
excavated.

The vertical displacements of the soil surrounding liners of the two tunnel
routes in the deformed shapes of three dimensional stress-pore pressure coupled
models for those 38 locations have been computed during and after tunnel
excavation. It was found that maximum downward vertical displacements
occurred at the crown points of the two tunnel routes at location-8/line-1 near
Army canal of about 114.4 mm at the end of the excavation step and so on for
long term after completing the linings installation step. Then, maximum upward

vertical displacements occurred at the invert points of the two tunnel routesin the



same location about 116.6 mm at the end of the excavation step and so on for long
term after completing the linings installation step.

For the proposed Baghdad metro under Tigris River, model of location-11
(under Tigris)/line-2 was used to compute pore water pressures at the soil
surrounding liners of the two tunnel routes and at the bed of river during and after
tunnel excavation. Firstly, the pore water pressures at the soil surrounding the two
liners in the deformed shape of this model were computed. It was found that al
pore water pressures at the end of the excavation step were negative with range
approximately from 0.4 kN/m? to 1.7 kN/m? and at the end of the linings
install ation step were positive with range approximately from 74.1 kN/m?to 140
kKN/m?. Then, they were about 317.7 kN/m? along the crown paths and 383.45
kN/m? along the invert paths of the two tunnel routes after one year from the end
of the lining installation step and so on for long term. Secondly, the pore water
pressures at theriver bed were computed in the deformed shape of the same model
of location-11 (under Tigris)/line-2 during and after tunnel excavation. It was
found that all pore water pressures at this bed along the middle distance between
the two tunnel routes at the end of the excavation and linings installation steps
were about 2 kN/m? smaller than those pressures generated from the water depth
in theriver at the geostatic step which was considered equal to 6 m. Then, it was
found that the water depth in the river rebounded to its level at the geostatic step
approximately after one year from the end of the lining installation step and so on
for long term.

In this study, it has been found that the fully coupled three dimensional
stress-pore pressure model realistically captures the mechanical and hydrological
interaction between the proposed Baghdad metro and ground water. It was found
that no risks have been happened on the ground surface and depth of water in
Tigris at al selected locations.

Vi
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Chapter One

Introduction

1.1 Prelude

The constructions of tunnels are very complex because it involves precise
and accurate planning. Tunnel construction depends mainly on geological study
of the subsurface before determining the type of construction method and costing
involves. This is because the type of soil formation will determine the structural
needs, types of machineries, suitability for that particular location to construct the
tunnel and aso the environmental impact on the society and the natural
surrounding especially the subsurface of the soils such as underground streams
and the stability of the soil (Kannapiran, 2005).

“The effects of ground water in tunnelling are manifold. During tunnel
excavation in a water-bearing ground, seepage flow towards the opening takes
place because the pressure at the excavation boundary is, in general, atmospheric
and the tunndl acts as a ground water drain. The seepage flow may lead to a
drawdown of the water level, to a decrease in the discharge of wells, or to
consolidation and substance. Besides these, in the broader sense, environmental
impacts, larger water inflow may impede excavation works or have a serious
impact on the serviceability of the tunnel during its operation phase” (quoted in
Anagnostou, 2006). Tunnels can be drilled by a TBM to minimize inflows and
ground water impacts, restricting the effect on the tunnel face. This method is
especialy suitable for urban tunnelling where the works are usually undertaken
near the ground surface (Font-Cap0, 2012).

The handling and control of ground water inflow presents one of the most
frequent, hazardous, and troublesome problems encountered in tunnel and cut and
cover construction. Although, these problems are usualy more severe during

actual construction, if not properly resolved they can be a source of continued



concern and expense throughout the life of the structure. While a certain amount
of water inflow may be tolerated during construction, depending on the type of
structure and construction methods employed such a condition may not be
acceptable for long term usage of the structure. There are many factorsthat control
the amount of ground water flow into a tunnel in the absence or failure of
waterproofing methods. The height of the water table above the tunnel determines
the water pressure, and the permeability of the ground affects the possible flow
guantity. The extent in depth and size of the aquifer in which the tunnel islocated
and its distance from a possible source of recharge such as river, lake, etc. aso
affect possible flow (Scheffey, 1982).

Many previous studies were done on the proposed Baghdad metro on one
typical location with assumed soil strata and their properties. Then, the soil strata
were assumed to be fully saturated. All of these studies were used two
dimensional numerical methods to analyze the behaviour of tunnel.

The present study aims to analyze behaviour of the tunnel of the proposed
Baghdad metro at different locations before, during, and after tunnel excavation.
The actual soil strata at these locations and their properties are adopted. The best
predicted water table depths at these locations are depended. In order to
realistically capture the interaction mechanism between the tunnel of the proposed
Baghdad Metro and ground water at different locations, a three dimensional
stress-pore pressure fully coupled formulation is adopted. The famous GIS
software package ArcGIS 10.5 is used to generate best of the best spatial raster
surfacesfor ground surface elevations and static water level sto compute the water
table depths at the locations selected on this metro.

There are amultitude of finite e ement packages can be used for smulation
of tunnel such asFlac, Plaxis, Adina, Abaqus, etc. Inthisstudy, Abagusis sel ected
so as to take advantage of its effectiveness in stress-pore pressure coupled
modelling as well as robustness in the numerical solution strategy for soil

plasticity.



1.2 Objectives of The Present Study
The main objectives of the present study are:

1. Computing the displacements of soil around the proposed Baghdad metro at
crown and invert points of the tunnel at each location before, during, and after
tunnel excavation.

2. Study and investigation of distributions of pore water pressures of the soil
media within the model at the location under Tigris River before, during, and
after tunnel construction. Then, pore water pressures values of the soil around
the tunnel and at the Tigris will be also computed as time dependent values at
observation points and as space dependent values along observation paths
before, during, and after tunnel construction.

3. Study and observation of ground water table depths at different locationson the
proposed Baghdad metro by using GIS software package, ArcGIS 10.5, to
generate best spatial raster surfacesfor ground surface el evationsand best static
water levels for Baghdad Governorate.

4. Analysis of effects of pore water pressures of the soil surrounding liners on the
two tunnel routes under Tigris and water depth response in river. The
displacements of the soil surrounding liners at different locations before,
during, and after tunnel excavation will be also analyzed. The fully coupled
three dimensional stress-pore pressure models will be employed by using the
commercially available finite element package Abaqus/CAE 2016.HF4.



Chapter Two
Review of Literature

This chapter briefly reviews the previous studies related to simulation of
tunnelling in various regions of the world by using Abagus and analysis of
behaviour of the proposed Baghdad Metro by using different techniques. The
theoretical backgrounds for the spatia interpolation techniques and the stress-

pore pressure fully coupled formulation are also reviewed in this chapter.

2.1 Previous Sudies on Simulation of Tunnelling Using Abaqus

Some of available reviews of simulation of tunnelling using the
commercially available finite element package, Abagus, in various regions of
world are presented herein in historical sequence as shown in the following
studies:

Yoo (2005) presented the results of an investigation on interaction
mechanism between tunnelling and ground water using athree dimensional stress-
pore pressure coupled finite element model. A parametric study using a three
dimensional finite element model was performed on atypical horseshoe shape of
tunnel with 10 m diameter and constructed at 25 m below the ground surface in
the ground condition frequently encountered in Seoul, Korea. The commercially
avalable finite element package, Abaqus 2002, was used to simulate the
sequentia tunnelling process by using a fully coupled three dimensional stress-
pore pressure finite element model. It was shown that the ground and lining
responses were significantly influenced by the relative permeability of the lining,
and that the circumferential pre-grouting was an effective means for minimizing
the tunnelling and ground water interaction. Also highlighted was the importance
of the stress-pore pressure coupled analysis in the numerical prediction of tunnel
behaviour. Practical implementations of this study were discussed in great detail.



Anastasopoulos et al. (2007) focused on the analysis and design against the
longitudinal and lateral vibrations with reference to a proposed immersed tunnel
with depth of 70 min ahighly seismic region, in Greece. The multisegment tunnel
was modelled as a beam connected to the ground through properly calibrated
interaction of springs, dashpots, and dliders. The joints between the tunne
segments were modelled realistically with special nonlinear hyperel astic e ements
while their longitudinal prestressing due to the great water pressure (7 bar) was
also considered. The finite element package, Abagqus 2004, was used to perform
nonlinear dynamic transient analysis of the tunnel without ignoring the inertia of
the thick walled tunnel, and the influence of segment length and joint properties
was investigated parametrically. It was shown that despite ground excitation with
acceleration levels exceeding 0.50 g and velocity of about 80 cm/s at the base of
the tunnel, net tension and excessive compression between the segments could be
avoided with a suitable design of joint gaskets and a selection of relatively small
segment lengths. It was concluded that, although this research was prompted by
the needs of a specific project, the dynamic analysis methods, the proposed design
concepts, and many of the conclusions of the study were sufficiently general and
might apply in other immersed tunneling projects.

Chen and Ruan (2007) presented the tunnel excavation and lining
procedures under high initial stresses and high underground water pressures at
Jinping Mountain in China. The Jinping underground hydroel ectric power plant
isone of maor hydropower projectsin China. Four high pressure tunnels at about
2000 m depth below JinPing M ountai n surface act as waterway towards the power
plant. The phreatic water table was located at about 900 m above the tunnels.
Coupled hydro-mechanical (HM) behaviour of fractured rock during tunnel
excavation was analyzed. The finite element package, Abaqus 6.6, was used to
simulate the excavation and lining processes by developing a three dimensional
stochastic continuum model that accounted for the heterogeneity of the
permeability. The random permeability field was generated using sequentid

indicator simulations which was mapped into the finite element mesh. The
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concrete lining was modelled by shell elements and assumed impervious. Truss
elements embedded in a set of three dimensional solid elements were used to
model anchors with the embedded element technique. Some simulation results
were discussed in details in this study.

Yoo et al. (2007) presented the results of three dimensional numerical
anaysis on the interaction mechanism between tunnelling and ground water in
soft ground. A three dimensional stress-pore pressure coupled finite element
anaysis was conducted on atunnelling case of the Seoul Metro expansion project
in Seoul, Korea, in which the tunnelling caused significant ground water
drawdown and associated ground settlements. The subsurface condition for the
site under consideration was characterized by multilayers of soil with high ground
water table equal to 7 m. The tunnel section considered in this study was
approximately 350 m long and consisted of three paralel tunnels with dlightly
varying elevation. The entire tunnels were excavated through the water-bearing
weathered soil deposit. The average cover depth of the tunnels was approximately
equal to 20 m. The three tunnel sections had the same cross section (horseshoe)
of a maximum height and width of 8.4 m and 11.4 m, respectively, giving a net
excavation area of approximately 100 m?. The bench cut method was adopted
with one segment excavation length of 0.8 m. The commercially available finite
element package, Abagus 2003, was used to simulated the actua tunnelling
process consisting of a series of FRP grouting, excavation, and lining installation
stages by using Model Change Method where the tunnel was assumed to be fully
excavated. The dynamic effect of ground water on the tunnel behaviour and the
ground settlements were thoroughly investigated by analyzing the results of
analysis. Theresultshighlighted therole of ground water drawdown on the ground
settlements and on the tunnel behaviour. Based on the results, the ground surface
settlement characteristics associated with ground water drawdown were
identified. Practical implications from this study were discussed.

Yoo and Kim (2008) presented the results of a numerical investigation of

the performance of multifaced tunnelling under a pile-supported building in
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water-bearing soft ground. Spatial attention was paid to the effect of tunnelling
and ground water interaction on the tunnelling performance. A fully coupled three
dimensional stress-pore pressure coupled finite element model was conducted on
a tunnelling case of the Seoul Metro expansion project (line-9) in Seoul, Korea.
The subsurface condition for the site under consideration was characterized by
multilayers of soil with high ground water table of 6 m. The tunnel section
considered in this study was horseshoe of a maximum height and width of 8.4 m
and 11.7 m, respectively, giving a net excavation area of approximately 87 m?.
The entire tunnel was excavated through the water-bearing weathered soil deposit.
The average cover depth of the tunnel was approximately equal to 17 m. The
tunnel was excavated under a three storeys building with a height of 12 m and a
clearance of approximately 4 m between pile tip and the tunnel crown. The
sidewall drift excavation method was adopted with one round advancement length
of 1.0 m. The commercialy available finite element package, Abagus 2007, was
used to simulated the actua tunnelling process consisting of a series of FRP
grouting, excavation, and lining installation stages by using Model Change
Method where the tunnel was assumed to befully excavated. Theresultsindicated
that the ground water drawdown during tunnelling yielded a considerably larger
settlement-affected zone than for cases with no ground water drawdown, with a
tendency for large portions of ground settlement and ground water drawdown to
complete before the tunnel passed a monitoring section. They also revealed that
the presence of a building tended to reduce the ground settlements and caused
subsurface settlements more or less uniformly with depth. It was shown that lining
deformation and its stresses were not significantly affected by the presence of the
building for the multifaced tunnelling considered in this study. Axial loads in the
piles supporting the building tended to either increase or decrease depending on
the pile location relative to the tunnel axis. The patterns of changes in pile axial
|oads were different from the results of previous studies concerning asingle pile.

Fahimifar and Vakilzadeh (2009) described briefly the two closed form

analytical solutions (Wang’s and Penzien’ solutions) used for estimating the oval
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deformations and forcesin circular tunnels due to soil-structure interaction under
seismic loading. Then, a comparison between these methods was made by
changing the ground parameters. Differences between the results of these two
methods in cal culating the magnitudes of thrust on tunnel lining were significant.
For verifying the results of these two closed form solutions, numerical analyses
were performed using finite element code (Abaqus program). These analyses
showed that the two closed form solutions provided the same results for full slip
condition only.

M odlhammer (2010) discussed different methods to simulate atunnel drift
and the installation of a dua lining system (primary shotcrete shell/secondary
cast-in-place concrete inner liner) using the general purpose finite eement
program Abaqus. The influence of long-time deterioration processes around
existing tunnels and itsimpact on the stability conditions of the combined support
system (surrounding ground, shotcrete shell, and inner liner) was al so understand.
Based on a parameter study, different deterioration processes were ssimulated
coupled with elastic as well as elastoplastic material behaviour. Then, under
consideration of the tunnel drift, the interaction between the shotcrete shell and
the ground and between the shotcrete shell and the inner liner was also taken into
account. The results interpreted the main characteristics of the anayzed
deterioration processes on the basis of the obtained stress distributions and
displacements of the support elements.

Namazi et al. (2012) compared three dimensional finite element modelling
of tunnel constructions in stiff soil using nonlinear soil model with low and high
Ko regimes. The Jubilee Line Extension of London's subway consists of the
westbound and eastbound twin tunnel's running through the South and East
London. The westbound tunnel beneath Street James’ Park was re-examined in
this study where it was excavated in London Clay using an open-face shield
machine with tunnel diameter of 4.75 m and depth approximately of 30.5 m. The
commercially available finite element package, Abagus 6.10, was used to

simulated the actual tunnelling process consisting of excavation (deletion of soil
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elements inside the tunnel) and lining construction (activation of shell elements
around the tunndl) by using Model Change Method. Reduced integration with full
Newton solution technique and error-controlled sub-stepping stress point
algorithm for solving the nonlinear finite element equations were adopted. The
analyses were performed in the undrained conditions. A hydrostatic pore water
pressure distribution was defined based on water table 2 m below the ground
surface. It was found that modelling using isotropic nonlinear soil with low value
of Ko gave the best matched-fit data on the observed greenfield surface settlement
as opposed to the other soil models. In addition, the model was able to replicate
the steady state condition of ground movement after the completion of tunnel
construction when the tunnel face had passed seven times of the tunnel diameter
beyond the boundary point. This steady state condition was not possible to
simulate using other soil models.

Yi et al. (2012) built atwo dimensional numerical simulation using thelarge
finite element analytic software Abagus at the period of excavation and theinitial
support in three cross sections located in deeper, shallower, and geological poorer
areain order to anayze the deformation law of surrounding rock and support in
the process of New Austraian Tunnelling Method (NATM) construction. The
first stage construction of 215 sections of Dalian Metro in Dalian city, China, was
adopted in thisstudy. Three dimensional numerical simulation at different footage
excavation size of the same cross section was selected to analyze comparatively
the stratum total deformation, the surface deformation, the lining deformation, the
lining stress and anchor stress and so on. It showed that the effect of footage was
larger and there was a reasonable stage for the primary support of NATM
construction.

Rezaei et al. (2013) studied the effects of soil stratification and building
geometry, position and weight on lining loads. A two dimensional finite e ement
model was applied to simulate the conventiona procedure of tunnel excavation
and lining using Abaqus software 6.10. The geometry of tunnel, lining segments,

injection grout, and around soil properties were adapted from under construction
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Tabriz urban railway, Iran, line 2 project. The results showed that ground
stratification and building properties (especiadly the position of buildings) had
considerable effects on lining loads.

Shuaishuai and Yu (2014) studied the distribution and characteristic of
stress and deformation around tunnel rock with and without supporting structure
during tunnel excavation through large-scale finite element analysis software
Abagus. It was obtained some useful conclusions which may be helpful for the
construction of tunnel.

Wang et al. (2014) used the large scale finite element calculation to analyze
the settlement deformation caused by shallow buried tunnel construction under
complex situations, in order to obtain experiences on design and operation for
similar underground engineering. The project of Hefel city plaza tunnel, China,
was taken as an example. The finite element package, Abaqus, was used to set
three dimensional calculations models to simulate the construction of
underground tunnel and to analyze the displacement and stress dynamic response
during the construction process. The comparison analysis of the field
measurement of the land subsidence was aso carried out. The result indicated that
the simulation objectively reflected the rules of subsidence during the
construction process. Then, evident theory for shallow-buried tunnel construction
safely and rapidly was provided.

As a conclusion from the previous mentioned literature review, the stress-
pore pressure coupled analysis adopted in this study was adopted by Y oo (2005),
Yoo et a. (2007), and Y00 et a. (2008).

2.2 Previous Studies on Simulation of The proposed Baghdad Metro

Some of available studies on the analysis of behaviour of the proposed
Baghdad Metro using different techniques are presented herein in historica
sequence as shown in the following studies:

Al- Siaede (1998) developed analytical models for geotechnical problems

around the proposed Baghdad metro basing on mathematical relations. The
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ground behaviour modes, effective stress variations, and limits of eastic
behaviour for soil surrounding liner aswell asthe ground surface settlement above
tunnels in different soil types for free and compressed air excavation methods
respectively were analyzed at nine locations. The results were compared with
numerical and monitoring studies in different regions of the world. It was
concluded that the analytical techniques adopted in this study gave apractical tool
for analysis and predicting ground behaviour during and after tunnel excavation.

Al-Adili (2002) used two dimensional models to assess the soil behaviour
around liner of the proposed Baghdad metro by using the commercially available
finite element package, Plaxis ver.8. The two dimensional finite element models
at nine locations (one of theselocationsisunder Tigris) for the proposed Baghdad
metro were used to assess the stresses and strains redistribution surrounding the
tunnel and ground displacement. The information about the dimensions and the
material properties of the concrete tunnel and surrounding soil at those nine
locations were obtained from NCCLR. The displacements of the soil clusters and
the differentia settlementsfor the foundations of buildings near and above tunnel
lining at the locations considered in this study had different rates depending on
the soil types and properties, phreatic level, and depth of tunnel. It was noted that
the stresses distributions resulted from the tunnel construction at the most
locations concentrated around the tunnel liner and beneath foundations of the
buildings. It was concluded that the proposed Baghdad metro at the locations
selected in this study had no serious problems in settlements and deformations
with respect to the tunnel boring method.

Salim (2006) used the finite element method to analyze the behaviour of
tunnels in clay soils. Time independent analyses were used to represent the
excavation stage and time dependent analyses were used to represent the
behaviour of the unlined tunnel after along time. Typical location of the proposed
Baghdad metro was considered as a basic problem where one route only was
assumed at thislocation. It was assumed circular cross section of thistunnel with

outer diameter of 5.9 m and concrete liner thickness of 0.45 m. It was aso
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assumed that the tunnel axis at a depth of 18 m below the ground surface. The
subsurface condition for this site was assumed consisting of fully saturated
multilayers of soil. The first, second, and third layers were assumed as silty clay,
sand to silty sand, and sand layer respectively. The entire tunnel was assumed
excavated through the second layer. The finite element program "Modf-CRISP"
was used to analyze the effects of tunnelling this metro at this typical location on
the vertical and horizontal effective stresses and the excess pore water pressure
formation and dissipation. It was concluded that the change in diameter and depth
of thetunnel had asignificant effect on the vertical and horizontal stresses and the
excess pore water pressure. The maximum surface settlement using consolidation
anaysis was approximately twice that using undrained analysis. The propagation
of plastic zone was extent to the surface as the tunnel diameter increases and the
depth of the tunnel decreases. Most of the strains occurred near the tunnel
opening. The magnitude and pattern of the vertical and horizontal strains were
very similar but with opposite signs. Finally, some equations were derived from
those resultsto reduce the risk of damages occurring dueto tunnelling fromwhich
the prediction of the settlement trough width, maximum settlement, and radius of
the plastic zone around the tunnel could be estimated.

Fattah et al. (2012) investigated the validity of transmitting boundariesin
dynamic analysis of soil structure interaction problems. As a case study, the
proposed Baghdad metro line was considered. The information about the
dimensions and the material properties of the concrete tunnel and surrounding soil
were obtained from Salim's study in 2006. A parametric study was carried out to
investigate the effect of several parameters including the peak vaue of the
horizontal component of earthquake displacement records and the frequency of
the dynamic load. The computer program "Mod-MIXDYN" was used for the
anaysis. The numerical results were analyzed for three conditions; finite
boundaries (traditional boundaries), infinite boundaries modelled by infinite
elements (5 nodes mapped infinite element) presented by Selvadurai and

Karpurapu in 1988, and infinite boundaries modelled by dashpot eements
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(viscous boundaries). It was found that the transmitting boundary absorbed most
of the incident energy. The distinct reflections observed in the "fixed boundaries’
case disappeared in the "transmitted boundaries' case. Thiswastruefor both cases
of using viscous boundaries or mapped infinite elements. The type and location
of the dynamic load were the two controlling factors in deciding the importance
of using infinite boundaries. It was found that the results were greatly influenced
when the earthquake was applied as abase motion or the pressure load was applied
at the surface ground. The horizontal displacement on the free surface increased
significantly for infinite boundaries and it increased about 7.0 times the value of
using finite elements only.

Shlash et al. (2014) discussed the stresses around a tunnel during
construction stages. The finite element method was adopted as an effective
approach to analyze the problem using "SIGMA/W" program. The proposed
Baghdad metro at Bab Al-Muaddam substation was considered as abasic problem
where one route only was assumed at this location. It was assumed circular cross
section of this tunnel with outer diameter of 10 m and concrete liner thickness of
0.25 m. It was also assumed that the tunnel axis at a depth of 15 m below the
ground surface. The subsurface condition for this site was assumed consisting of
one fully saturated layer of C-¢ soil. Excavation of tunnel section was assumed
to carry out through six stages. These stages include excavation of each stage and
lining it The research included the study of the behaviour of soil dueto excavation
of tunnel by cal culating the displacements and stressesin three positions of tunnel
(crown, wall, and invert) during the various stages of construction. The finite
element analyses were carried out using elastoplastic and linear el astic models for
the soil and the concrete liner respectively. It was found that increasing the
number of excavation stages of section decreased the displacement comparing
with excavation using one stage.

Asaconclusion from the previous mentioned literature review, thereissome
lack in studies that were conducted to relate the actual soil strata and their

properties and the actual depth of water table. It is also concluded that the
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mechanica and hydrological interaction between the tunnelling and ground water
was not realistically captured. The stress-pore pressure coupled anaysis adopted
in this study was not adopted in those studies.

2.3 Spatial Interpolation Techniques

Most interpol ation methods can be divided into two main types called global
and local. Global interpolators use all the available data to provide estimates for
the points with unknown values; local interpolators use only the information in
the vicinity of the point being estimated. Global interpolators are often used to
remove the effects of major trends before using local interpolators to analyze the
residuals. Kriging is a particular type of local interpolation using more advanced
geodtatistical techniques (Burrough, 1986).

I nterpol ation methods may al so be classified as exact or inexact. Using exact
interpolation, the predicted values at the points for which the data values are
known will be the known vaues; inexact interpolation methods remove this
constraint (i.e. the observed data values and the interpolated values for a given
point are not necessarily the same). Inexact interpolation may produce a smoother
(and arguably more plausible) surface (Burrough, 1986).

Interpolation methods may be ether deterministic or stochastic.
Deterministic methods provide no indication of the extent of possible errors,
whereas stochastic methods provide probabilistic estimates (Burrough and
McDonnell, 1998).

There are two broad approaches to the global interpolation. One uses
classification techniques to infer the values of one variable attribute based upon a
knowledge of the values of another attribute. The other uses regression techniques
to infer the value of the variable of interest based upon a knowledge of attributes
that are easy to measure. The classification techniques may be used if spatial data
are very sparse, although the regression techniques would generally be preferred

if there is sufficient data. The classification techniques are global, inexact, and
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deterministic while the regression techniques are global, inexact, and stochastic
(Burrough and McDonnell, 1998).

In recent years, GIS capabilities for spatia interpolation have improved by
integration of advanced methods within GIS aswell as by linking GISto systems
designed for modelling, analysis, and visualization of continuous fields.

In this study, five interpolation methods provided in the ArcGIS 10.5 are
used with the best options available for each method to generate different spatial
raster surfaces for ground surface elevations and different spatial raster surfaces
for ground water levels. Then, best of the best spatial raster surfaces for ground
surface elevations generated from ground surface elevations recorded at wells in
Baghdad Governorate and Baghdad City and best of the best spatial raster surfaces
for static water levels generated from static water levels observed at wells in
Baghdad Governorate and Baghdad City are depended to determine the water
table depths on the proposed Baghdad Metro. These interpolation methods are
Inverse Distance Weight (IDW), Natural Neighbour (NN), Spline, Trend, and
Kriging.

2.4 Stress-Pore Pressure Coupled Analysis

In order to redlisticaly capture the interaction mechanism between the
tunnelling and ground water, a three dimensiona stress-pore pressure fully
coupled formulation is preferably to be adopted. A commercially available finite
element package, Abagus, is capable of simulating the stress-strain-strength
behaviour of ground in stress-pore pressure fully coupled manner.

In Abaqus, a porous medium is approximately modelled by attaching the
finite element mesh to the solid phase. Liquid can flow through this mesh.
Equilibrium is expressed by writing the principle of virtual work for the volume
(V) under consideration in its current configuration at time t (Abaqus Inc., 2016):

[o:edV = [t.ovdS+[F.ovaV, oo (2-1)
v S v
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where sv isavirtual velocity field, s¢ isthe virtual rate of deformation, ¢ isthe
true (Cauchy) stress, t is the surface tractions per unit area, f isthe body forces
per unit volume, and Sis the surface under consideration.

For the stress-pore pressure coupled analysis, f includestheweight of the wetting
liquid (fw) which is defined as follows:

I € R 0 I N« B O ESU (2-2)

where s is the degree of saturation, n is the porosity, n; is the volume of trapped
wetting liquid per unit of current volume, py, is the unit weight of water, and g is
the gravitational acceleration which it is assumed to be constant and in a constant
direction.

For simplicity it is considered this loading (f,) explicitly so that any other
gravitational term in f is associated only with the weight of the dry porous
medium. Thus, Equation 2-1 can be written as follows:

[o:dedv = [t.ovdS+[f.ovav+ [(sn+n)p, 9.6vaV oo, (2-3)
v S v v

wheref are all body forces except the weight of the wetting liquid.

In afinite element model, equilibrium (Equation 2-3) is approximated as a
finite set of equations by introducing interpolation functions. The interpolation is
assumed to be based on material coordinates in the material skeleton (a
“Lagrangian” formulation).

As mentioned for the equilibrium equation (Equation 2-1), the liquid can
flow through the finite element mesh. Therefore, a continuity equation isrequired
for the liquid, equating the rate of increase in liquid mass stored at a point to the
rate of mass of liquid flowing into the point within the time increment. This
continuity statement is written in a variational form as a basis for finite e ement
approximation. Darcy's law or, aternatively, Forchheimer's law is used to
described the constitutive behaviour for pore-fluid flow. Darcy's law is generally
applicable to low fluid flow velocities whereas Forchheimer's law is commonly
used for situation involving higher flow velocities. Darcy's law ca be thought of

as a linearized version of Forchheimer's law. Darcy's law states that, under
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uniform conditions, the volumetric flow rate of the wetting liquid through a unit
area of the medium is proportiona to the negative of the gradient of the

piezometric head as shown in the following equation (Bear, 1972):

where snv,, isthe volumetric flow rate of the wetting liquid through aunit area of

the medium, where v, is the velocity of the wetting liquid, k is the permesability
of the medium, @ isthe piezometric head, and x isthe unit vector in x-direction.
In Abagus formulation, k depends on the saturation of the phase being considered
and the porosity of the medium as follows:

K KoK 5 et (2-5)
where ky(s) provides the dependency on saturation, with kg(1) equal to one and k
(X, €) isthe permeability of the fully saturated medium (where e is the void ratio
of the medium). In Abagus, K<(s) is defined as suggested by Nguyen and Durso

(1983) asfollows:

The continuity equation is satisfied approximately in the finite element model by

using excess wetting liquid pressure as the nodal variable (degree of freedom 8)

interpolated over the elements. It is defined as follows:

J{&Jw{p—g(sn+ n[)—l{p—vo“(snﬂlt)} }—Atp—ﬁm%.vadV+Atj&pr—gsnn. v, dV =0,
P JL o . j2 S

w 8X w

where p? is the density of the liquid in the reference configuration; &, is an
arbitrary, continuous, variation field, J isthe ratio of the medium volume in the
current configuration (dV) to its volume in the reference configuration (dVy).

The continuity equation (Equation 2-7) is satisfied approximately in the

finite element model by using excess wetting liquid pressure as the nodal variable
(degree of freedom 8) interpolated over the elements.

17



The backward Euler approximation is used to integrate Equation 2-7 over
time. Then, the total derivative of this integrated variational statement of
continuity with respect to the nodal variablesisrequired for the Newton iterations
which are used to solve the nonlinear, coupled, equilibrium and continuity
equations (Equation 2-3 and 2-7).
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Chapter Three
Description of The Proposed Baghdad Metro

This chapter includes description of the layout of the proposed Baghdad
metro. It also viewsthe data of wellsfor Baghdad Governorate and Baghdad City
which are used to generate different spatial raster surfaces for ground surface
elevations and static water levels to compute the water table depths at different
locations for the proposed Baghdad metro form best of the best spatial raster
surfaces for ground surface elevations and static water levels. Then, details of
geometry and depth of thismetro at these |ocations are shown and soil stratawith

their properties for each one are also given.

3.1 Layout and Geometry of The Proposed Baghdad Metro

Baghdad Governorate lies in the middle of Irag within the Mesopotamians
Plain. It is the capital of Irag. The capital city for Baghdad Governorate is
Baghdad City. Six governorates surround Baghdad Governorate. These
governorates are: Babylon, Wasit, Diyala, Salah Al-Din, Karbalaa, and Anbar as
shown in Figure 3.1.
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Figure 3.1: Iragi map showing Baghdad and adjacent gover nor ates.
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One of the two main rivers of Irag, Tigris, passes through Baghdad
Governorate. The another river, Euphrates, borders Baghdad Governorate at the
southwest as shown in Figure 3.2. The main source of Baghdad Governorate is
TigrisRiver.

TigrisRiver passesthrough Baghdad City dividing it to two parts; Karkh on
the west of river and Rasafa on the east of river. Baghdad City is bounded from
the east by Diyalariver which joins Tigrisriver at the southeast of Baghdad City.
The Army Canal, 24 km long, recharges from Tigris river in the northern part of
Baghdad City and terminates in the southern part of Diyaariver (Al-Hiti, 1985).
The satelliteimage (Landsat) of Baghdad City with 60 cm error plotting on it the
information mentioned above is shown in Figure 3.3.

Baghdad City was built on the Tigris flood plain sediments of Recent
Pleistocene period. Below the top layer of artificia sediment (or fill) brought
about by renewing constructions in and around the Baghdad, starts the flood plain
natural sediments. There are composed of a sequence of silty clays, silts, and
sands with some gravelly horizons. These sediments replace themselves
horizontally and vertically (Al-Basrawi et al., 2015).

The proposed Baghdad metro liesin Baghdad City. It has total |ength equal
to 39 km including 42 stations. This proposed project comprises two lines that
connect both sides of Baghdad City; Karkh and Rasafa. The central station in
which the two lines of Baghdad metro encounter each other lies in Rasafa at

Killani Square on the Jamhurriya street as shown in Figure 3.4.
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Table C.35: Initial conditions of pore water pressures and effective stresses

of the three dimensional finite eement mode of location-18/line-2, with

referencing to Table B.35.

I L Por e pressure (KN/m?) Effective stress (KN/m?) Lateral I

| Bottom

ayer no.

Top

Top

Bottom

coefficient (K f

Above W.T.

0.000

0.000

14.880

14.880

47.432

0.000

24.200

47.432

70.059

24.200

89.200

70.059

130.184

| Below W.T.

89.200

174.200

130.184

209.659

0933 |

(6]

I 174.200 232.300 209.659 282.284 0.171 I

Table C.36: Initial conditions of pore water pressures and effective stresses

of the three dimensional finite dement model of location-19/line-2, with

referencingto Table B.36.

Pore pressure (kN/m?)

Effective stress (kN/m?)

Top

| Bottom

Top

Bottom

Lateral
coefficient (K

0.000

0.000

29.760

0.983

29.760

51.827

0.933

0.000

115.900

51.827

160.193

0.933

115.900

287.800

160.193

375.068

0.171

Table C.37: Initial conditions of pore water pressures and effective stresses

of the three dimensional finite dement modd of location-20/line-2, with

referencingto Table B.37.

Por e pressure (KN/m?)

Effective stress (kN/m?)

Top

| Bottom

Top

Bottom

Lateral
coefficient (K4

0.000

0.000

21.655

0.933

0.000

15.800

21.655

36.349

0.933

15.800

29.800

36.349

49.789

1.000

Below W.T.

29.800

58.800

49.789

77.484

1.000

58.800

98.800

77.484

121.484

0.589

98.800

119.800

121.484

152.984

0.271

119.800

304.100

152.984

355.714

0.589



Appendix D
Change Curves of The Vertical Displacements (U3) of The Front
Crown and Invert Points During and After Tunnel Excavation for 37

Locations on The Proposed Baghdad Metro
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Front invert point of the left and right routes = 1.66E-03 mm
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Figure D.1:. Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-2/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.2: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-3/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.3: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-4/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.4: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-5/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.5: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-6/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.6: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-7/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.7: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-8/line-1 during excavation (10
days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.8: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-9/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.9: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-10/line-1 during excavation (10
days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.10: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-11/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.11: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-12/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.12: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-13/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.13: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-14/line-1 during excavation (10
days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.14: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-15/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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(B) Liningsinstallation step (30 hours; 1.25 days)
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(C) Consolidation step (1 year)
Figure D.15: Change curves of the vertical displacements (U3) for the front

faces of the left and right routes at location-16/line-1 during excavation (10
days), liningsinstallation (30 hours), and consolidation (1 year) steps.
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Figure D.16: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-17/line-1 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.17: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-18/line-1 during excavation (10
days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.18: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-1/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.19: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-2/line-2 during excavation (10
days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.20: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-3/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.21: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-4/line-2 during excavation (10
days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.22: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-5/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.23: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-6/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.24: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-7/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.25: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-8/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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(B) Liningsinstallation step (30 hours; 1.25 days)
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(C) Consolidation step (1 year)
Figure D.26: Change curves of the vertical displacements (U3) for the front

faces of the left and right routes at location-9/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (1 year) steps.
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Figure D.27: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-10/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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(B) Liningsinstallation step (30 hours; 1.25 days)
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(C) Consolidation step (1 year)
Figure D.28: Change curves of the vertical displacements (U3) for the front

and rear faces of theleft and right routes at location-11 (under Tigris)/line-2
during excavation (10 days), liningsinstallation (30 hours), and consolidation

(1 year) steps.
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Figure D.29: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-12/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.30: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-13/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.31: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-14/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.32: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-15/line-2 during excavation (10
days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.33: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-16/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.34: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-17/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.35: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-18/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.36: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-19/line-2 during excavation (10
days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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Figure D.37: Change curves of the vertical displacements (U3) for the front
faces of the left and right routes at location-20/line-2 during excavation (10

days), liningsinstallation (30 hours), and consolidation (10 days) steps.
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