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ABSTRACT

This study analyzes the effect of adjacent pile under loading on the existing tunnel by
3D finite element method. It aims to get better understanding on the interaction
between existing tunnel and adjacent loaded pile. The case study is the tunnel of
MRTA project subjected to an adjacent 1 m bored pile under loading with various
lengths and clearances. The bored pile is subjected to its working load in the analysis.
The ground profile is varied while the tunnel depth is fixed at 20 m from ground surface.
The results indicate that the significant factors are the relative position of the pile tip
with respect to the tunnel position as well as the soil type in which the tunnel is
constructed. The additional forces (bending moment and axial force) in tunnel lining
and the tunnel deformations (A@ and A¢H) are similar tendency. In addition, the
maximum changes of tunnel diameter suitably assessed the tunnel deformation due to

pile loading are proposed.
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CHAPTER 1

INTRODUCTION

1.1 State of Problem

Many cities have problems due to the rapidly increasing population, especially
traffic congestion problems. To solve these problems, the underground subways have
continuously been constructed over the recent few decades. Besides, several utility
tunnels become popular in urban development making the underground space under
public area occupied by huge number of tunnels. Generally, the tunnels are aligned
below major road and passed indirectly under buildings. With the continuous
development, numbers of new constructions of building and infrastructures are
increasing in these cities. Most of new construction projects using a deep pile
foundation are unavoidably close to the existing tunnels. Consequently, the adjacent
piles may have an impact on tunnel lining as shown in Fig.1, i.e., the additional

deformation and change of structural forces (bending moment and axial force). A

reliable assessment and appropriate protection are required to avoid or minimize these

2

impacts.

Existing
Tunnel |20m

Y
Adjacent Pile @

NN

Figure 1.1 New construction adjacent to existing tunnel in urban environment.
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To protect the tunnels, tunnel owners usually establish the guidelines for
future constructions close to their existing tunnels. They are commonly in terms of
maximum allowable tunnel deformation, stress change in the lining and/or minimum
clear distances from tunnel, which is generally defined as a protection zone [1-2].
These guidelines are basically based on experiences rather than on theoretical
understanding of interaction behavior of the new construction and existing tunnel.
They are thus defined for all possible construction activities resulting to a large
protection zone. With this restriction, the new constructions are thus easily fallen into
this protection zone and cases to ask the permission from the tunnel owners becomes

increasing.

To minimize the cases for impact assessment, more comprehensive and
specific zone for only tunnel-pile interaction should be focused. Based on the
consideration of tunnel deformation in terms of changes in tunnel diameter [3], an
influence zone for existing tunnel from pile under loading is proposed by Lueprasert
et al. (2015) [4]. The zone is smaller than those established in the past [1-2]. However,
the consideration was only from the view point of tunnel deformation. The induced
structural loads in tunnel lining from the adjacent pile have not been taken into

consideration yet.

In recent years, 3D finite element method (FEM) was used to analyze the effect
on existing tunnel due to loaded bore pile in London [5], the effect of surface
construction of multi-storey commercial building on two existing tunnels of Toronto
subway in Canada [6] and the effect of a deep open face excavation on existing tunnel

in Prague-Czech Republic [7].

However, those researches focused only on the tunnel deformation and did
not consider the additional forces in lining. Only a few works considered the effect on
the structural forces in lining. The 2D and 3D FEM are used to study the structural
forces during tunnel excavation or even additional forces in tunnel lining affected by
ground stratification, surface buildings and tunnel depth [8]. The numerical and finite

element analyses have also been utilized in design of tunnel lining [9-11]



Although the current design practice for tunnel lining considers all possible
load scenarios during service of the tunnel, however, the future activities have not
been included. It is then necessary to evaluate the possible effect of adjacent pile
under loading on tunnel lining in terms of additional structure forces. The appropriate
mean can then be prepared to tackle this problem. Therefore, this study investigates
the effects of adjacent pile under loading on existing tunnel in terms of the structural

forces (bending moment and axial force) by 3D FEM program.

1.2 Objectives
This research aims to study the effect between existing tunnel and pile under

loading.  The main objectives are as follows:

1. To evaluate the structural forces in tunnel lining affected from adjacent
pile under loading.
2. To determine the change of tunnel diameter affected from adjacent pile

under loading.

1.3 Scope of Study

This study uses the three dimensional finite element program, PLAXIS 3D, to
analyses the effects of existing tunnel due to adjacent loaded pile. The undrained
analysis was simulated throughout in this study. The parametric study is varied in
simulation to investigate the significant influence factors. The properties of soil and

structure are obtained from MRTA project.
The scopes of this study are as follows.

1. Only single tunnel is considered in this study

2. Adjacent piles are located on one side of a tunnel.

3. The effects due to the stage of bored pile construction are not considered

1.4 Flow of thesis

The chapters presented in this thesis, are presented as follows;



Chapter 2 mentioned to the previous studies related to this study including the
study of tunnel construction, the stress distribution and soil movement of soil
surrounding pile under loading, the effect of new construction on the existing structure
and structural force in tunnel lining. The theory of finite element method is also

represented briefly in this chapter.

Chapter 3 described the methodology that is used in this study including
analysis details, simulation method, meshes, material properties and constitutive
models for soils and structures used in these analyses, boundary conditions and initial
conditions. Two categories of study case which consist of tunneling effect and the
effect of adjacent pile under loading on existing tunnel. Calculation methods for the
changes of tunnel diameter and changes of structural forces are also shown in this

chapter.

Chapter 4 presented the results from chapter 3, the effect of adjacent pile
under loading on existing tunnel represented in term of change of additional force in
tunnel lining comprising of bending moment and axial force. In addition, the results in

term of the change of tunnel diameter is also presented.

Chapter 5 concluded the main results reached in this thesis and discussed the
effect of adjacent pile under loading on existing tunnel in terms of both the tunnel

deformation and the structure force in tunnel lining.



CHAPTER 2

LITURATURE REVIEW

2.1 Tunnel Excavation

There are many cities built on soft ground which are experiencing population
explosions and cities where redevelopment projects are underway to improve the city
center functions. Tunnels, which form a part of each city’s mass transit system, are
important structures providing underground transportation functions central urban
districts. Main pipelines used to carry fresh water or sewage, and which lie close to
these tunnels, are mostly large diameter structures lying deep beneath the ground.

Although not called tunnels, they are constructed using tunneling methods.

Tunneling on soft ground causes ground movements which may induce
damage or failures in adjacent existing structures. This problem is encountered in urban
areas where a rapid concentration of population and many underground construction
projects are taking. Many tunnels are now constructed for underpasses/subway, or for
underground railways in urban areas. Method of tunneling in soft gsround included the
cut-and-cover tunneling method, the shield tunneling method, and the sprayed

concrete lining (SCL) method.

The cut-and-cover tunneling method has been used as a soft ground tunneling
method for a long time, and is particularly advantageous for shallow tunnels. The
method is also employed for braced excavations for deep building basements and it
is possible to regard it as a firmly established branch of construction technology. It is,
however, being used less frequently, because it occupies a considerable ground area,

obstructs traffic, and is noisy.

The shield tunneling method is generally effective for deep tunnels, and can
be used to drive tunnels under existing buildings and structures, but advanced

construction technology and experience are required to use this method. The use of



the latest balanced face type shield machines equipped with automatic operating
control systems and the new backfill grouting systems for the tail void have almost
completely minimized ground surface settlement. A large initial investment is required,

but the method has little effect on the environment.

2.1.1 Open faced shield tunneling

Tunnel shields are designed to protect against falls of ground, see Fig 2.1. They
do not provide permanent support, and a lining is usually constructed within or just
behind the shield. The shield itself is jacked forwards through reaction against the
complete lining. Excavation method in the shield can vary, hand excavation, hydraulic

backhoe excavation or road headers mounted within the shield.

Figure 2.1 Schematic view of shielding during tunnel excavation. [12]

2.1.2 Tunnel is construed by Tunnel Boring Machines

TMB are closed face systems which advanced through the ground by rotation
of a cutting head, propelled by reaction against the constructed lining, see Fig. 2.2.
Face support is provided through controlling the applied thrust and rate of removal of

excavate material. Tunnel headings may be additionally supported through application



of slurry or EPB machines. These TBMs pressurize the face. A slurry machine used a
bentonite slurry pressurized within the cutting bulkhead. An EPB machine controls the
pressure of the excavated material itself against the face within the bulkhead, so

balancing the earth pressure in the ground.

Figure 2.2 Schematic view of the TBM [12]

2.1.3 The sprayed concrete lining (SCL) method

The SCL method is a soft ground application of the New Austrian Tunneling
Method (NATM). SCL can be used in component ground to create large non-circular
openings. The method of excavation is usually by independent track or wheel
mounted hydraulic excavators as shown in Fig.2.3. Support is provided as soon as
possible by the application of sprayed concrete. This is often reinforced by a steel
mesh or a series of steel hoops or arches installed before concreting. A permanent
reinforced lining is usually create at a later date. For large openings using SCL it is
always the case that the tunnel is created by the method of advanced headings. This
can involve excavation of the crown first, leaving a temporary invert, or the use of the
right side drifts, or a combination depending on the ground quality and the size of

opening.



sprayed concrete lining

excavator

Figure 2.3 Schematic view of SCL method [12].

Phien-wej (1998) [14] described that Bangkok is situated on the low lying Chao
Phraya plain which is covered by a thick series of marine and alluvial soil deposits. In
the upper 35 m depth zone where most foundation and excavation works are placed,
the subsoil profile is relatively uniform throughout the whole city area which is an ideal
condition for tunneling work. From the eround surface it consists of layers of soft to
medium clay, stiff to hard clay and dense sand exist to a ereat depth. Bedrock was
found at depths more than 500 m. the soil parameters are described in Table 2.1. the
sand layer is saturated but the water pressure has been drawn down from the
hydrostatic pressure. The drawdown was a result of excessive deep well pumping from
aquifers at depth of 100 — 300m. it caused serious land subsidence throughout the city
area during the last 40 years. The drawdown ranged from 12 — 20 m. the subsidence

still continues at a rate of 10 — 20 mm./year within the inner city.



Table 2.1 Subsoil Condition in Bangkok [14]

Soft to medium Fine to medium
Properties Stiff clay
stiff clay dense sand
Undrained shear strength (C)) 10 - 20 kPa 50 - 150 kPa
Sensitivity 3-8 3-8

Water content (%w) 70 - 120 % 25-40 %
PI (%) 60 - 65 % 15-30 %

Depth (m.) 0-15m. 2-20m. 20 - 36 m.

Thickness (m.) 12 - 15 m. 5-15m. 5-16 m.

N Value 10 - 25 30 - 60

In Bangkok, the major tunnel project is the 22 km. long subway tunnel of the

Bangkok MRTA Blue Line project. This 5.7m. internal diameter was mainly constructed

in stiff clay layer using tunnel boring machine with EPB shield method. Besides shield

tunneling, pipe jacking or micro tunneling is also adopted in construction of small size

tunnel in a large number of projects in Bangkok.

Table 2. 2 Allowable and Notifiable Structure Movement Caused by Adjacent tunnel. [15]

Owner

Type of Structures

Allowable Movements

(Notifiable Movement)

Japan Railways
Metro. Rapid Trans. Corp.
Osaka Mass Transit Div.

Nagoya Mass Transit Div.

Tokyo Elect. Power Co.
Tokyo Gas Co.

Tunnel

Tunnel

Underground Railway

Vertical £ 5 mm
Vertical £ 5 mm

Settlement 9 mm (6 mm)

Buried Structures
Underground Railway
Buried Structures
Outlet Tunnel

Buried Gas Pipe

Inclination (80°)
Settlement 5 mm
Inclination (180°)

Vertical + 5 to - 40 mm

Movement Settlement

In order to prevent damage to existing structures by adjacent construction,

some owners have established their own guidelines and recommendations. The

allowable movements or notifiable values for underground structures caused by
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tunneling, which are taken from these guideline and recommendations are show on

table 2.2

Due to the pressure of the thick soft clay layer for central plain of Thailand,
most buildings and bridges must be founded on piles. For old or small structures, short
friction piles (6-8 m. long) floating in the soft clay layer are common. In modern
practice, driven concrete piles with tips extending to the first sand layer at depths of
25-30 m. are normally employed for light to medium sized structures. For heavy
structures or high rise building, large diameter (1-1.5 m.) bored piles with tip depth of

40-60 m. are commonly used.

2.2 Pile behavior and surrounding ground under pile loading

2.2.1 Bore Pile behavior

Pile foundations are extensively used in civil engineering. The behavior or such
foundation is influenced not only by supported structure but also the embedded soil.
To be able to evaluate the construction possibility and damage potential of existing
structures from those pile-supported structures, understanding the behaviours of soil
surrounding the loaded piles is most important. The studies on the behaviour of pile
under loading and its soil surrounding were done by several investigators in the last

many years.
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Figure 2.4 Vertical stress and maximum shear stress distribution in the soil around:

a). single pile; b). pile group [16]
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The finite element method has been applied to study the behaviour of
vertically loaded single piles and pile groups in a homogeneous linearly elastic medium
by Ottaviani (1975) [16]. The shear stress and vertical stress distribution in the soil
around  single pile and pile group are shown in Fig. 2.4. It has been found that the
shear stresses in the soil around the piles are not constant with depth and that such
stresses are very high just above the pile tip. Furthermore, there is no radial symmetry
of maximum shear stress around each pile of the group and the shear stresses are very
low in the soil internal to the group as shown in Fig. 2.5. In addition, the concrete cap
of pile group has a significant influence on the magnitude of the shear stress and
vertical stress in soil surrounding. Namely, the contacting cap greatly reduces the shear
stress in the soil around the upper portion of the piles and at the same time, increases
the vertical stresses in the soil underneath the pile tip. It has also been found that
the settlements of a group of piles are confirmed as being larger than those of the
single pile comparably loaded, in the same soil. The settlements of the pile groups
examined depend to a large extent on the thickness of the compressible soil located
underneath the piles base while this is not true for the single pile. This is also due to
the larger loaded area but mainly to the relatively large values of the vertical stresses
transmitted to the soil for some distance below the base of the piles. Furthermore,

the settlements are still large at a considerable distance from the pile group.

Figure 2.5 Shear stress distribution on horizontal cross section just above the pile tip

of pile group [16].
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Three years later, the behaviour of single piles embedded in nonhomogeneous
soils was studied by Banerjee and Davies (1978) [17]. They have proposed the method
for the analysis of the behaviour of single piles embedded in nonhomogeneous soils.
It has been found that the distribution of shear stress for plain piles embedded in
highly nonhomogeneous are approximate linear increase with depth for a relatively

rigid pile. This distribution is strongly affected by the pile compressibility.

In 1989, the characteristics of behaviour of single piles and pile groups under
static axial loading, cyclic axial loading, and when subjected to externally-imposed soil

movement was investigated by Poulos (1989) [18].

Poulos proposed that there are several circumstances under which loading may
be induced in piles by external soil movements, but attention will be confined into

two problems.

(i) End bearing piles subjected to negative friction by settlement of the
surrounding soil; the soil movement is assumed to occur over the entire

depth of the soil layer, and to vary linearly with depth.

(ii) Floating piles in a relatively stiff expansive clay, subjected to swelling
or shrinking movements; these movements are generally assumed to
vary linearly with depth, but to extend to only a limited distance below

the surface.

At present, the numerical modelling has been widely used for analyzing
geotechnical problem. This is because there are many complex issues which are
specific to geotechnical engineering and which have only been resolved relatively
recently. The apparent advantage of numerical modelling is the completeness of the
available information. For example, complete sets of stress and strain fields and pile
capacities as well as their sensitivity to various soil and pile parameters can be
obtained. One of the major difficulties in numerical modelling of piles is the modelling

of the true installation procedure of the pile or the pile group as shown in Fig. 2.6.
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Figure 2.6 Stress contours at the end of pile installation; unit kPa. [19]
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Figure 2.7 Volumetric strain developed during pile installation (left: plastic

volumetric strain; right: total volumetric strain) [19]

Recently, the stress and displacement characteristics during the installation and
loading of displacement piles were studied by Sheng, et al. (2005) [19]. The computed
stress paths indicate that both the mean and deviator stresses first increase when the
pile cone is above or at the level of the observation point in the soil, and then
decreases once the pile cone has moved below the observation point. The stress
contour at the end of pile installation. Figure2.7 shown the volumetric strain
developed during pile installation. It can be seen that there is a plastic expansion
(softening) zone of soil occurred around the top part of the pile. As the pile penetrates
deeper, this softening zone expands downwards. The plastic compression zone is
occurred just outside the thin softening zone and beneath the pile. This hardening

zone also expands downwards as the pile penetrates deeper. The plastic compression
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zone is largest at the depth of the cone and then gradually decreases towards the soil

surface, but does not reach the surface.

Foundations are an important part for a construction. Foundations of the
structure are many types, generally divided into 2 types which are shallow and deep
foundation. Deep foundations or Pile foundations are deep and cost more than
shallow foundations, which are the part of a structure used to carry and transfer the
load of the structure to the bearing ground located at some depth below ground
surface. Piles are long and slender members which transfer the load to deeper soil or
rock of high bearing capacity avoiding shallow soil of low bearing capacity. The main
types of materials used for piles are Wood, steel and concrete. Piles made from these
materials are driven, drilled or jacked into the ground and connected to pile caps.
Depending upon type of soil, pile material and load transmitting characteristic piles

are classified accordingly.

2.2.2 Load transfer mechanism

When the ultimate load applied on the top of the pile is Q ,, a part of the load
is transmitted to the soil along the length of the pile and the balance is transmitted
to the pile base. The load transmitted to the soil along the length of the pile is called
the ultimate friction load or skin load Q ¢ and that transmitted to the base is called
the base or point load Q . The total ultimate load Q  is expressed as the sum of

these two, that is,
Qu= Qu+C; (2.1)
where, Q , = ultimate load applied on the top of the pile

Figure 2.8 (a) gives a single pile of uniform diameter d (circular or any other
shape) and length L driven into a homogeneous mass of soil of known physical
properties. A static vertical load is applied on the top. It is required to determine the

ultimate bearing capacity Q , of the pile.
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Figure 2.8 Load transfer mechanism: (a) Single pile, (b) load-transfer curves, (c) load-
settlement curve, (d) load settlement relationships for large-diameter

bored and cast-in-place piles (after [20])

Consider the pile shown in Fig. 2.8(b) if the pile is instrumented, the load distribution
along the pile can be determined at different stages of loading and plotted. In Fig.
2.9(0), it shown that if settlement of the top of the pile is measured at every stage of
loading after equilibrium condition is attained, a load settlement curve can be
obtained like in figure. A typical load-settlement relationship of friction load and base

load is shown in Fig. 2.9(d) [20] for a large diameter bored and cast-in-situ pile in clay.
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Factor of Safety

In almost all cases where piles are acting as structural foundations, the
allowable load is governed solely from considerations of tolerable settlement at the

working load.

The working load for all pile types in all types of soil may be taken as equal to
the sum of the base resistance and shaft friction divided by a suitable factor of safety.

A safety factor of 2.5 is normally used. Therefore, we may write

Qp+Q
Q= == (2.2)

Ultimate Bearing Capacity

According to Vesic (1967) [21], only punching shear failure occurs in deep
foundations irrespective of the density of the soil so long as the depth-width ration
L/d is greater than 4 where L = length of pile and d= diameter (or width of pile). The
types of failure surfaces assumed by different investigators are shown in Fig. 2.9 for the
general shear failure condition. The detailed experimental study of Vesic indicates

that the failure surfaces do not revert back to the shaft as shown in Fig. 2.9(b).
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Figure 2.9 The shapes of failure surfaces at the tips of piles as assumed by: (a) Terzaghi,

(b) Meyerhof, and (c) Vesic.
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The total failure load C_?u may be written as follows
Q,= Q,+W,=Q,+Qs+W, (2.3)
where, Q, = load at failure applied to the pile
Qp = base resistance
Qs = shaft resistance
W,= weight of the pile

The general equation for the base resistance may be written as

] 1
Q,=(cN.+q N+ : YaN, A, (2.0

where, d = width or diameter of the shaft at base level
q;) = effective overburden pressure at the base level of the pile
A, = base area of pile
€ = cohesion of soil
Y = effective unit weight of soil
NC,Nq,NY = bearing capacity factors which take into account the shape factor.

For cohesionless soils

Q=G NoAy+Aq K, tan 0 (2.5)
where, A, = surface area of the embedded length of the pile
ao = average effective overburden pressure over the embedded depth of
the pile
K, = average lateral earth pressure coefficient

) = angle of wall friction



For cohesive soils
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or Qu:CbNCAb+A5aCu (2.7
where, O = adhesion factor
C, = average undrained shear strength of clay along the shaft
R = Undrained shear strength of clay at the base level
N = pearing capacity factor
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Figure 2.10 Comparison of Adhesion Factor @, Suggested by Different Researchers

with the Actual Mobilized in the Stiff Clay Layers. [22]

For Bangkok soft clay Thasnanipan et al., (2000) [22] present o value were

plotted as shown in Fig. 2.10 along with the suggested curves by different researchers.

For Bangkok soft clay in Fig.2.11 shows the shaft friction factors B of sand layers

for polymer-based bored piles in comparison with the design line of bentonite bored

piles.
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Figure 2.11 values of Polymer Bored Piles at Maximum Test Load Plotted on design

Line of Bentonite Bored Pile [22]

For Bangkok, the first wet-process large diameter bored pile was constructed
for Pinklao Bridge 30 years ago. Using reverse circulation method, a 1.50m diameter
bored pile was installed up to 45m in second sand layer. Three major bridges were
constructed by bored pile using the reverse circulation method in Bangkok from early

1970 to 1980. [22] The summarized information of these bridges is tabulated below.

The first wet-processed bored pile utilizing the rotary-drilling method down to
first sand layer was constructed in Bangkok in the late 1970s for high-rise building
project, the Royal Orchid Hotel located at the bank of Chao Phraya River. Since then
bored piles constructed by rotary-drilling method have been extensively used for
foundation of various heavy structures such as high rise buildings, elevated
expressways, overpass-bridges, underground car park buildings, waste-water treatment

plants and most recently underground train stations of Bangkok’s first subway project.

By mid 1980s, bored piles became the foundation of choice for heavy
structures particularly in the urban area of Bangkok. The versatility of the construction
method and the high-load capacity which in turn offered the constructability and cost-
saving, are the main factors contributing to the increasing use of deep-seated large

diameter bored piles. Most of the early wet-process bored piles (1980s) in Bangkok
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were constructed up to 50 m depth. Sizes of bored piles constructed in early days

ranged from diameter 0.6 to 1.5 m. Summarized information of early major Bridges

Constructed and high-rise building projects in Bangkok is presented in Table 2.3

Table 2.3 Major Construction by Large Diameter Wet-Processed Bored Piles in

Bangkok. (adapted from [22])

Year of

Building

auger and bucket

Construction Diameter Depth
Project Name
Construction Method (m) (m)
Pinkloa Bridge 1971 Reverse circulation 1.5 a5
Sathorn Bridge 1979 Reverse circulation N a6
New Memorial 1982 Reverse circulation 1.5 a9
Bridge
Royal Orchid Hotel LPYD Rotary-drilling with 0.8-1.0 33
auger and bucket
Taiping Tower 1980 Rotary-drilling with 0.8-1.5 32
auger and bucket
River city Hotel 1982 Rotary-drilling with 0.8-1.0 27.5
auger and bucket
Asoke Tower 1983 Rotary-drilling with 0.8-1.5 50
auger and bucket
Time Square 1983 Rotary-drilling with 0.8-1.5 50
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2.3 Tunnel and Pile Analysis

There are many non-numerical ways to analysis and obtaining good predictions
of the likely ground response to tunneling, and the likely loads in a tunnel lining. These
ways are arguably cheaper and quicker to use but they are characteristically
uncoupled, i.e. the load are determined by one technique, and movement by another,
the two not being link together. In a real tunnel, the different facets are clearly coupled
and the problem is complex, Numerical procedures such as finite element technique,

lend themselves to the analysis of such complex problem.

The finite element method can simulate the complex construction sequence,
deal with complex ground condition, model the various realistic soil behavior, account
for adjacent services and structures, handle complex hydraulic conditions, etc., this

establishes a strong case for using the finite element method.

Tunnel construction is a three dimensional engineering process. If restricted to
two dimensional analyses, then one must consider either plane strain or axially
symmetric representations, depending on what the analysis aims to achieve. The
method of simulating tunnel construction in plane strain requires at least one
assumption: the volume loss to be expected; the percentage of load removal prior to
lining construction or the actual displacement of the tunnel boundary. It is important
to select constitutive models capable of reproducing field behavior. For example, in a
situation where pre-yield behavior dominates the ground response, it is essential to

model the nonlinear elasticity at small strains.

In 1996, the NATM tunnel in London Clay was modeled by using the finite
element method by Dasari et al. (1996) [23]. London Clay was modeled by a strain
Dependent Modified Cam Clay (SDMCC) model and the tunnel lining was modeled by
constant and time-dependent elastic models. The approximations made to model the
three dimensional construction sequence in each type of two dimensional analysis to
account for the three dimensional redistribution of stresses around the heading

broadly may be classified into three categories:



(i)

(ii)

(iii)

(iv)

(i)

(ii)

(iii)

(iv)

(V)
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Percentage unloading method where the lining is introduced after

removing a certain percentage of the initial stress.

Volume loss method. where the initial stress is reduced until a given

volume loss is achieved, and the rest of the load is left in place.

Gap parameter method. Where the deformation prior to the contact of
the lining (hence the surface settlement) is controlled by a gap

parameter.

And the conclusions from the NATM analysis under two dimensional

and three dimensional are

The construction sequence has a significant effect on the predicted

ground movements.

There is an upper limit to the useful stiffness (or lining thickness) for a
given soil. In order to reduce movement, it is the early placement of

the shotcrete which is more important than the eventual stiffness.

If an unlined elastic tunnel is analyzed in two dimensional plane strain
and progressive construction in three dimensional, then the ultimate

settlements reached in both cases are the same.

If a lined tunnel is analyzed in two dimensional and three dimensional
using a non-linear soil model, as in the present study, the result will

differ, because of the interaction between the soil and the tunnel lining.

The introduction of lining elements at a section restricts further
deformation in a three dimensional analysis. This is important because
it is wrongly thought that ultimate conditions due to tunneling can be

obtained with a two dimensional analysis
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(Vi) The surface settlements obtained in two dimensional plane strain
analysis of sequential construction are about 3 times greater than the
corresponding three dimensional analyses. This explains the reasons for
reduction of only 34% of nodal forces to obtain observed settlement

in an approximate two dimensional plane strain analysis.

In addition, an elasto-plastic two-dimension finite element base on the couple
theory of mixture for inelastic porous media for finite deformation and two-
dimensional computation model were developed and used to simulate the Earth
Pressure Balance (EPB) tunneling process in cohesive soil by Abu-Farsakh and Voyiadjis
(1999) [24]. This model has been used to analyses the N-2 tunnel project constructed
in 1981 in San Francisco. Base on this analysis, a number of conclusions may be drawn
from the comparisons between the predicted and field measurements. The predicted
longitudinal and lateral displacement profiles are in reasonable agreement with the

observed field displacements.

Usually, the tunnel excavation process is simulated step by step with finite
element modelling. The numerical modelling often relies on a two dimensional
analysis and implementing elasto-plastic constitutive models, which are supposed to
capture the limit-state behavior of drained and undrained soils. However, the use of
three dimensional modeling is almost mandatory if one wants to correctly evaluate
the effects of the excavation process, so that three dimensional models are under

continuous development, and are being applied to increasingly complex problems.

Galli et al. (2004) [25] applied a three dimensional finite element method to
simulate the conventional procedure of tunnel excavation and lining. Both shallow
and deep tunnels are considered in soils modeled with Mohr-Coulomb elasto-plastic
constitutive equation. The use of three dimensional models can be useful to analysis
the real sequence of soil excavation, face reinforcing and tunnel lining, the finite
element method technique of activation/deactivation of the structure element is

helpful to develop a simple procedure for the excavation phases. The results show
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the efficiency of three dimensional model to analyses the face deformation and the
ground settlement in the lining element in the subsequent construction phases. The
distribution of the predicted surface final settlement (after consolidation) agrees well
with the observed field measurements. The calculated centerline surface settlement

with time compares reasonably well with field measurements.

Arunkumar (2010) [26] studied the Tunnel excavation due to effects on nearby
existing structures/foundations in urban areas. The analysis focused only on influence
of tunnelling on nearby existing building and foundations. The three-dimensional finite
element program was used in this study. The result of analysis carried out to investigate
the effects of pile loading on existing tunnels embedded in cohesive soil. It is found
that the effects on tunnel lining depend on horizontal separation distance between
pile and tunnel as well as location/elevation of pile tip with respect to tunnel location.
The vertical and horizontal stress in crown and springing line were shown in term of

change force in lining.

Jonpradist et al. (2012) [27] used the three-dimensional elasto-plastic numerical
to investigate the influences of tunnel excavation on existing loaded piles. The existing
loaded pile were divided in three case as shown in Fig. 2.12. The result form this

analysis was used to considers the new influences zone.
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Figure 2.12 Tunnel pile relative position: deep and shallow tunneling conditions. [27]
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Francesco Basile (2013) [28] presented for estimating the effects induced by
tunneling on existing pile foundations. The finite element method is based on a two-
stage procedure: (1) an estimate of the free-field ground movements caused by the
tunnel excavation, and (2) an analysis of the pile group subjected to the computed
free-field ground movements. The results indicate that the method is capable of
generating reasonable predictions of pile response for many cases of practical interest,
thus offering substantial cost savings over a complete 3D analysis of tunnel-soil-pile

interaction.

Lueprasert el al. (2014) [4] studied the effect of adjacent pile under loading on
existing tunnel in Bangkok subsoil by three-dimensional finite element program. The
analyses are carried out to investigate factors in tunnel deformations. The results show
that the significant factors are the relative position of the pile tip with respect to the
tunnel position as well as the soil type where the tunnel is located. In addition, this
paper tentatively proposes a new influence zone for pile construction adjacent to the

existing tunnel as shown in Fig. 2.13.
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Figure 2.13 Developed tunnel influence zone from nearby pile tip position. [4]
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2.4 Additional force in tunnel lining

The additional forces in tunnel lining is shown in designing process. In designing
a tunnel lining, engineer must be considered in all details: geology, geotechnical
engineering, excavation technology, supporting structural element, including long-term
behavior of materials, contract principles and law, calculation method, etc. The several

methods to calculate the structural forces in tunnel lining with a many theory.
Muir Wood’s theory (1975)

The Muir Wood’s theory determines the tunnel in term of circular shape. The
elastic ground induces the tunnel deformation in term of ellipse shape as shown in
Fig. 2.14. In this theory use the elastic analysis and ignores shear force between tunnel

lining and soil surrounding tunnel.

Figure 2.14 Muir Wood’s theory, the tunnel deformation shape. [9]

Einstein’s theory (1979)

The Einstein’s theory was developed form elastic theory. Soil surrounding
tunnel are homogeneous and isotropic as shown in Fig. 2.15. The tunnel lining is

assumed thin-walled and flexibility. The pressure in vertical direction was considered
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at the center of tunnel. The pressure in horizontal direction equals the pressure in

vertical direction with coefficient of lateral earth pressure
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Figure 2.15 Tunnel loaded in homogeneous and isotropic soil. [9]

Erdmann’s theory (1985)

Erdmann’s theory considers the tunnel located in homogeneous and isotropic
soil. The analysis uses plane strain. The maximum earth pressure in horizontal direction

occurs at spring line as shown in Fig. 2.16.
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Figure 2.16 Forces distribution in Erdmann model. [9]
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JSCE’s theory (1996)

the external forces induce the tunnel as shown in Fig. 2.17. the calculation
method is divided in many parts: earth pressure in vertical and horizontal direction,

water pressure, weight of tunnel lining, surcharge load and soil resistivity.
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Figure 2.17 Details of external forces in JSCE’s theory. [9]

Beam-spring model

Beam-spring model was developed form field-test and many researches with
trial and error method. The beam-spring model considers tunnel lining simulated by
beam and shear spring joint as shown in Fig. 2.18. This method uses the earth pressure
in vertical and horizontal direction, water pressure, soil stiffness and weight of tunnel

lining. The Beam-spring model are commonly used with large tunnel diameter.

.~ Radial ground reaction spring

"~ Tangential ground reaction spring

Figure 2.18 Beam-spring model. [9]
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In addition, the numerical and finite element analyses have also been utilized
in design of tunnel lining. The finite element method has a wide range of engineering
applications. It has been used in many fields of engineering practices and it was
probably first exposed to the geotechnical engineering profession when Clough and
Woodward (1967) demonstrated its usefulness for the analysis of stress and strain in
earth dam. The most significant aspect of this method is the use of non-linear stress-
strain characteristics in the analysis. It was given a great potential to use in the problem
of geotechnical field. The method also has other unique capabilities, such as the
incorporation of problem involving nonhomogeneous materials, complex boundary
conditions, sequential loading etc. For details of tunnel construction are shown in

chapter 3.

The basic concept of the finite element method is the idealization of an elastic
continuum as an assemblage of discrete element interconnected at their nodal points.
A displacement pattern is assumed within the element, from which a stiffness matrix
relating the element nodal forces and displacement can be determined from the
principle of virtual work. The work done by the internal stress depends upon the stress-

strain relation of the soil.

In recent years, many researches use the finite element method to analyze the
problem. Ngoc-AnhDo el al. (2015) [29] presented a two-dimensional finite difference
element model, which has been performed under seismic circumstance, to investigate
the factors that affect segmental tunnel lining behavior. The numerical results show
that a segmental lining can perform better than a continuous lining during earthquake.
It has been seen that the influence of the joint distribution, the joint rotational stiffness,
the joint axial stiffness, Young's modulus of the ground surrounding the tunnel, the

lateral earth pressure factor and the maximum shear strain should not be neglected.

Katebi el al. (2015) [8] studied the effects of ground stratification, surface
buildings specifications and tunnel depth on lining loads. The 3D finite element model
was used in this study. The results show that the studied parameters have considerable

effects on lining loads. The geometry of surface buildings influences the internal forces
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of the tunnel lining and increase of buildings width and length increases the lining
loads as shown in Fig. 2.19. The comparison of obtained results in this study with
results of 2D analysis and 3D analysis was presented in term of increasing of additional

forces in tunnel lining.
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Figure 2.19 The effect of surface building on existing tunnel (a) 10 story building (b) 5
and 10 story buildings.



CHAPTER 3

METHODOLOGY

3.1 General

This chapter describes the methodology of analysis, soil parameters, problem
modeling, structure parameters and the boundary condition used in this study. These
particulars and material properties have been employed to simulate the effects of
single pile under loading adjacent on existing tunnel by using the finite element
method. Three-dimensional condition was adopted to simulate and investigate the
interaction between tunnel and single pile. Studies were accomplished with the

software program PLAXIS 3D.

There are four parts of analyses in this study. The first part shows the analysis
detail, the geometric parameters and case studies. The second part is the three-
dimensional simulation of interaction between existing tunnel and single pile. The
meshes, boundary conditions and the model parameters are shown in this part. The
third part describes the tunnel simulation of excavation processes. The fourth part
performs the calculation method in term of both the structural forces and
deformations in tunnel lining. The lining behavior in terms of both the structural forces
and deformations in tunnel lining affected by single pile under loading are shown in

this study.

3.2 Considered Problem and variables

The evaluation of the effects of adjacent single pile on existing tunnel was
accomplished with the 3D-finite element program- PLAXIS3D. The analysis did not
consider the influence of pile construction. The length and applied working load of
the single pile are varied in the analysis. The working loads are derived using the o -
method [30]. In this study, the geometric parameters in the study case are depicted in

Fig 3.1(a). The tunnel diameter (D7) of 6.3 m, the lining thickness (T) of 0.3 m and the
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tunnel depth (L) of 20.0 m below the ground surface, the bored pile dimeter (D) of
1.0 m were considered. In addition, the clearance (C) between the bored pile to the

edge of tunnel and the bored pile length (L) are varied as shown in Fig 3.1(b).

"%Eg&dSur‘flace : : :
________ —D——D———D——ﬂ --3.0D
________ H__D_P__0 55
G;ro-.indSurfar:\e - R v B v R v A v 2.0D
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Soft Clay 2 ] 0__0_ 0 _0 40
N 2 DD D 8 4
Ly \ "E ____|b__1b___|b_——|b- 0.0D
§‘§ L S . [ __D_ D _{ gs0
RN R0 D0 e
o Clearance § _________ U_ __D___D___D_- 13D
B | A= ____N Q._ 0 __U__U 50
TR0 g
NS PR e QL — =Moo 30D
, 5 | DAt O (U — TR 0009 55
i ARY. & 'L Y He DD 0 40
a) . rIl.:.laerz.alr:nce "

Figure 3.1 Geometric parameters of the tunnel and bored pile considered in this

study.

Case study

Although many foundations consist of rows or group of pile rather than
individual piles, but it is necessary to start with the simple case to clearly get
understand the tunnel-pile interaction behavior prior to the complex problem. There
are four study cases regarding subsoil condition to investigate the effects of soil type
that the tunnel is located as shown in Fig 3.2. The tunnel axis depth is kept constant
at 20.0 m below the surface and the soil layer is varied. The first case considers the
tunnel constructed in soft clay layer. In the second case, the tunnel is constructed in
the soft clay and lie on the stiff clay layer. The third case, tunnel is constructed in
both soft clay layer and stiff clay layer, a half over tunnel axis is in soft clay layer and
the rest is in stiff clay layer. Tunnel in stiff clay is considered as the last case. All case

analyses, the position of pile tip are varied to investigate its influences.

b)
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0.0 m. DMEEE CE) 0 e BN EEE 0.0 m.

RS : . Soft clay
Tunnel depth .

Soft clay -20.0m

1:@:1 -23.6m.

o | S“'V% oam

Figure 3.2 Geological profile of four case studies for Tunnel-single pile analyses.

3.3 Numerical model and model parameters
Three fundamental components of a problem are essential in the analysis.

They consist of;

1) a finite element mesh
2) constitutive model and materials properties

3) boundary and initial condition

3.3.1 Mesh and Finite Element Program
PLAXIS 3D program is one of many programs that were developed from finite
element method. This program was manufactured for analysis of geotechnical

problems, especially tunnel problem.

PLAXIS 3D includes the following features:



35

1) Capabilities for both static and dynamic problems.

2) The ability to model very large shape changes in solids, two dimensions.

3) A very extensive element library, including a full set of continuum
elements, beam elements, shell and plate elements, among others.

4) A sophisticated capability to model contact between solid.

5) An advanced material library, including the usual elastic and elastic plastic
solids; models for foams, concrete, soils, piezoelectric materials, and many

others.

To create the finite element mesh on this problem, the soil as well as structure
is discretized into elements. During the creation of mesh, the elements were generated
in wedge element. A wedge element consists of 6-stress point and 15-nodes element
as shown in Fig 3.3. Finer discretization mesh is used for the region of greater interest
to obtain accurate solutions especially in the tunnel lining and the area between pile

and tunnel.

(a) (b)

Figure 3.3 (a) 6-stress point (b) 15-node elements

3.3.2 Constitutive Model and Materials Properties

Constitutive Model

Figure 3.4 depicts the 3D-finite element mesh and modelled in this analysis.
The dimension of model is 80 m (= 12.5D;) in the transverse direction, 60 (= 9.5D;)
in the longitudinal direction and 60 m (= 9.5D;) in the vertical direction. The
monitoring plane was assigned at the center of longitudinal direction. To directly obtain

the tunnel deformations and structural forces, shell elements are used to model



tunnel lining with grouting layer [31-32].

60 m.

Tunnel

Figure 3.4 Three dimensional mesh used for modeling of tunnel-single pile.

Model parameters

36

The linear elastic was assumed for tunnel lining, pile and grouting layer. The

soft and stiff clay was modeled by hardening soil model (HS) [33]. The properties of

soil were determined from MRT projects [34]. The material parameters of the

simulations with geotechnical work in Bangkok subsoil were calibrated by Rukdeechuai

et al,, (2009) [35].

Table 3.1 Soil model parameters. [27]

. \ g - Eref Eref
Soil | Material | E Eoy &0 ur o 4 0) C o Pre
3 o

layer | model | [kPa] | [kPa] [kPa] [kPa] [kN/m?] [°] | [kPa] [kPa]
Soft

HS 80000 80000 24000 16 0.33 239 9.5 1 100
Clay
Stiff

HS 13000 13000 390000 18 0.33 23 18 1 100
Clay
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Table 3. 2 Material properties of the bore pile, tunnel lining and grouting layer. [27]

Young’s Modulus

of Concrete, E

Poisson’s ratio of

concrete, V

Unit weight of

Concrete,

kN/m? kN/m?
Bored pile
3.1 x 10’ 0.20 24
Tunnel lining
3.1 x 10’ 0.20 24
Grouting layer* 1 % 10° 0.30 21

* (Kasper et al., 2004; Kasper et al., 2006) [31-32]

3.3.3 Boundary condition and initial conditions

Boundary conditions

Displacement boundary condition is used in simulation of this problem. Side
and bottom boundaries are sufficiently extended from the area of greatest change in
the model to avoid the boundary effects and not have a significant impact on the

results of the analysis.

In the three dimensional analysis, the sides of the mesh including front side
and rear side are restrained against lateral movements but free to move vertically, so
no movement perpendicular to their side of meshes. The bottom of the mesh is fixed
(no vertical and horizontal movement). The surface had no restrained and free to
move. These conditions were used for all finite element meshes throughout of the

analysis.
Initial conditions

The initial distribution of vertical effective stress and horizontal effective stress
are controlled by the given soil unit weight and the coefficient of earth pressure at
rest, K, for all strata and the hydrostatic pore water pressure conditions in equilibrium

with a water table at the ground surface.
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3.4 Tunnel Simulation of tunnel Excavation

Tunnel lining
element
+
Grouting Grouting
element Pressure EPBS element

A A A
4 ( \
0.15m Grouting element
Tunnel lining element
6.3m Face pressure
0.15m
W 19m Tunnel Lining Cross Section

Figure 3.5 Tunnel excavation model.

The simulation processes of EPB shield tunneling were modeled using a step-
by-step approach. Each excavation step corresponded to an advancement of the
tunnel face of 1.2 m, which was equal to the width of tunnel lining. A simplified
geometry is assumed, with the original cone-shaped shield replaced by a cylindrical
shape. The simulation of EPB shield excavation processes was shown in Fig. 3.5 and

the details are as following;

Step 1 the soil elements in the EPB shield diameter were deactivated and
modelled face support on the excavation face by applying a pressure distribution with
linear increase of pressure with depth. The face pressure in this study is 150 to 200
kPa [9]. Then the EPB shield elements were installed with contraction ratio around the
shield to complete this step. The contraction ratio of 0.4% calibrated from recent
tunneling project in Bangkok subsoil is adopted in this study. These procedures were
repeated until the advancement of shield elements was completed with seventh rings

(about 8.4 m.) in shield longitudinal direction.

Step 2 the liquid state of grouting process was simulated by applying a pressure
of 200 kPa [9] on soil around tunnel (circumferential direction). The excavation
processes in step 1 and 2 were similar to those suggested in PLAXIS 3D program

manual.
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Step 3 the solid state of grouting process was simulated by adding solid

elements having the properties in tables 3.1 and 3.2.

Step 4 the tunnel lining was modeled by shell element in each simulation
patterns. Step 1 to step 4 are repeated to complete the simulation of excavation

process of 50 rings.

3.5 Computation of Additional Forces and Tunnel Deformation

Additional forces in tunnel lining

Crown

Axial Force
Left Side Right Side

In{rert Bending Moment

Figure 3.6 Positions to observe the structural forces in tunnel lining.

The tunnel deformation is generally considered in term of the changed tunnel
diameter on the tunnel axis with vertical (tunnel crown and Invert) and horizontal
(tunnel spring line) directions. Therefore, the maximum bending moment and axial
force were measured from the corresponding positions as shown in Fig. 3.6. The
considering method of the change of bending moment and axial force are shown in

Eg. (3.1) and (3.2).
AM = change of bending moment

AM = M, - M, (3.1)
When M; and M, are bending moments in tunnel lining before and after pile under

loading, respectively.
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AN = change of axial force

AN=N, - N, (3.2)

When N, and N, are axial forces in tunnel lining before and after pile under loading,

respectively.

tunnel lining deformation

< »|
< »|

@VZ

----Tunnel before loading —— Tunnel after loading

Figure 3.7 The calculation method of tunnel lining deformation in term of both the

vertical and horizontal directions.

Figure 3.7 depicts the considering method of tunnel deformations. The changes

of tunnel diameters were computed following Eq. (3.3) and (3.6). When ¢1 and ¢2 are

tunnel dimeters before and after pile under loading, respectively.

Agﬁv = change of vertical directions

A ¢v - ¢vz- ¢v1 (3.3)

When ¢v1 :\/ [(XC+UXC)'(X/+UXI)]2+ [(YC+YXC)'(Y/+YX/)]2 (3.4)

¢VZ:\/ [xex 2+ vev ]2 (3.5)




41

A¢H = change of horizontal directions

A9-9 -8, (3.6)

When ¢H1 :\/ [(XL+UXL)'(XR+UXR)]2+ [(YL+YXL)'(YR+YXR)]2 (3.7)

¢H2:\/ [XL'XR]2+ [YL'YR]Z (3.8)

Maximum tunnel lining deformation

(Xi+Uxi, YitUy)

---- Tunnel before loading

— Tunnel after loading

Figure 3. 8 The calculation method of tunnel lining deformation in term of both the

maximum of contraction and the maximum of extension directions.

However, The shape of tunnel deformation due to pile loading is the non-
symmetric nature. The shape of tunnel is ellipse having rotation degree as illustrated
in Fig. 3.8. The measurement in both vertical and horizontal directions is then

unsuitable to compute the maximun change. Thus this research proposed the
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measurement of changed maximum tunnel diameter which is more appropriate. The
changed maximum tunnel dimeter can be calculated in both directions that are the
maximum of contraction (A¢C_MA><) and the maximum of extension (A¢E_MAX). The
changed tunnel dimeter is established from the contraction behavior and the

extension behavior of tunnel as shown in Eqg. (3.9) and (3.12).

A¢GMAX = change of maximum of contraction

Ap =9 -¢@ (3.9)

C-MAX cmax 2 cmax 1

When ¢CW2:\/[XW — X, 1>+ [Y, = Y, ]? (3.10)
¢ =100 O ) P[0 +r) - ()P (3.11)

cmax 1

A¢E_MAX: change of maximum of extension

AP =¢  -¢ (3.12)

E-MAX E-MAX 2. E-max 1

When ¢E.MAX1:\/[X/“XJ]2+[Y/—Y/]2 (3.13)

E-MAX

¢ = \/ [(x,+ux,)-(xj+uxj)]2+[(Y,+YX,)-(YJ+YXJ.)]2 (3.14)



CHAPTER 4

ANALYSIS RESULTS AND DISCUSSION

4.1 General

In this chapter, the effects of adjacent pile under loading on existing tunnel are
presented. In the study, the positions of pile tip with respect to the tunnel depth and
the clearance between the bored pile to edge of tunnel are varied. The results from
the analyses are shown in terms of both the change of structural forces and the

deformations in tunnel lining. There are three parts to be presented in this chapter.

The first part shows the evaluation of the effects of a single pile under loading
on existing tunnel in Bangkok subsoil. The responses of tunnel lining are demonstrated
in terms of both vertical and horizontal deformations. The effects of pile tip position
and clearance are also investigated. In the second part, the movements of the
surrounding soil together with the change of tunnel shape are observed and discussed.
Based on the shape of tunnel deformation observed in the previous section, the
modification of how to evaluate the tunnel deformation is proposed in the final part.
The tunnel deformation in term of the maximum change of tunnel diameter is shown

in this section.

4.2 Change of Tunnel Lining in term of both Vertical and Horizontal
Axis
In this chapter, the case studies of soil stratum are discussed only the tunnel
constructed in soft clay layer (CASE 1) and the tunnel located in stiff clay layer (CASE
4). These cases can clearly show the results of the effects of adjacent pile under
loading on existing tunnel. The details of case 2 and 3 are shown in appendix A. The
tunnel depth, Lt is fixed at 20 m below the ground surface throughout all analyses.

The positions of pile tip are varied from about 0.05 L7 to 2.25 L+ and the clearances
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between the surface of pile and the surface of tunnel lining are 0.50 m, 1.50 m, 3.50

m and 4.5 m respectively.

4.2.1 structural forces

The bending moments and axial forces were measured from the corresponding
positions (crown, invert, left and right spring line). The calculated bending moments
and axial forces are obtained by the difference of structural forces in tunnel lining

between after and before having a loaded pile that the same as tunnel deformation

terms. The change of bending moment (AM) and axial force (AN) in tunnel lining due
to adjacent pile with various clearance are shown in Figs. 4.1 and 4.2, respectively.
Only the case of tunnel located in soft clay (CASE 1) and at the invert is shown. The
values shown in the figure are normalized by the initial bending moment (M) and axial
force (N,) (after completion of tunnel construction) at their positions. The change of

bending moment and axial force decrease when clearance increases.

Case 1
o 3
004" Soft Clay
1 ‘. ” -
R L]
0.54 ey 'y ", J &
Bl e n
] o - s
1.0 «) Ae 9 » | 1°
r- 3 4 = . 4.1 -]
< A e P . S
= 1 sJ Ao - O
Ae + 2
& . ¢ 2
b 3 i~ Momentiat Invert a
2.0+ AR £ B T Craance 05 muiiM = 1085 kNovmy |
[ SR o @ - Clearance 1 5 m_ (M=
- ' i 4 Clearance 38m (M
A Cisardnce 35 m. (M» 105
B B e
0.0 0.1 0.2 0.3 04 0.5

Change of bending moment, /‘M/M,

Figure 4.1 The change of bending moment in tunnel lining at invert due to adjacent

loaded pile in soft clay.
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“l> Clsacance 4.5 m (N* 574 66 kNm
25 v — — T —
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Figure 4.2 The change of axial force in tunnel lining at invert due to adjacent loaded

pile in soft clay.

Bending moment

Figure 4.3 depicts the change of bending moment, A/\/I, at crown, invert, left
and right spring line in non-dimensional form when the tunnel is located in soft clay
(CASE 1) and the clearances between the pile and the tunnel are 0.5 and 4.5 m. The

values shown in the figure are normalized by the initial bending moment (M,) values

at their positions. When the pile tip is above the tunnel axis, AM gradually increases

with pile length and the maximum value occurs when the pile tip is at the depth of

0.70Ly. After that, AM gradually decreases with increasing pile length. The minimum

value occurs at a depth in the range of 1.00L to 1.25L7. When the pile tip extends to

the depth of 1.25L+to 1.75L7, AM becomes increasing again and gradually decreases
until constant or remains unchanged with extending pile tip position underneath this
level. For clearance of 1.5 m and 3.5 m, the graphs of bending moment are shown in

appendix B.
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Figure 4.4 depicts the analysis results when the tunnel is located in stiff clay

(CASE 4). With increasing depth of the pile tip above the tunnel axis, AM gradually

increases and the maximum occurs at a depth of 0.80L+, where the pile tip penetrates

into the stiff clay layer. After that AM decreases until the pile tip is located at depth

in the range of 1.00L; to 1.25 L7 before increasing with pile length again. However, the

ratios of increase of moment (AM/M,) in this case are much smaller than those of the
previous case (tunnel in soft clay). For clearance of 1.5 m and 3.5 m, the details of

bending moment are shown in appendix B.

CASE 1, the maximum increments of bending moment at crown and invert
increase 8-10 and 5-35 percent, respectively. While at the left and right sides of spring

line, 3-5 and 10-25 percent of maximum additional bending moments are observed.

CASE 4, the maximum increments of bending moment at crown and invert
increase 10-20 and 10-55 percent, respectively. While at the left and right sides of
spring line, 5-10 and 8-50 percent of maximum additional bending moments are

observed.

The details of The maximum increment of bending moment in case 2 and 3 are shown

in appendix B.
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Figure 4.5 depicts the change of axial force, AN, at the same position of bending
moment when the tunnel constructed in soft clay (CASE 1). Figure shows the changes
of axial force at clearance of 0.5 m and 4.5 m. the values are normalized by the initial
axial forces (N). AN dramatically increases when the pile tip is upper the tunnel axis.
When the pile tip at the depth of 0.8L; (0.5D+ above the tunnel spring line), AN is
maximum. Unlike the bending moment, the maximum value occurs at the right side
of spring line. After that, AN gradually decreases with increasing pile length. The
minimum value occurs at a depth in the range of 1.00L; to 1.25L+. In all clearances,
AN becomes constant or remains unchanged when the pile tip extends to the depth
below the tunnel axis. For clearance of 1.5 m and 3.5 m, the details of the change of

axial force are shown in appendix B.
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Figure 4.6 The change of axial force in tunnel lining due to adjacent loaded pile in

stiff clay.



52

Figure 4.6 depicts the change of axial force, AN, in lining when the tunnel is

located in stiff clay (CASE 4). When the pile tip is situated at depth in the range of
0.05L to 1.25L7, AN is similar tendencies to case of tunnel located in soft clay. After

that, AN increases with pile length again.

CASE 1, the maximum increments of axial force at crown and invert increase 1-
2 and 0.5-1 percent, respectively. While at the left and right sides of spring line, 0.5-1

and 1-4 percent of maximum additional axial forces are observed.

CASE 4, the maximum increments of axial force at crown and invert increase 1-
7 and 0.5-1 percent, respectively. While at the left and right sides of spring line, 5-10

and 0.5-10 percent of maximum additional axial forces are observed.

The details of The maximum increment of axial force in case 2 and 3 are shown in

appendix B.

Note that the ratios of increase of additional forces in this case are much
smaller than those of the tunnel located in soft clay (CASE 1). For clearance of 1.5 m

and 3.5, the graphs of additional forces are shown in appendix B.

In all cases, the values of change of additional forces in case of clearance of
4.5 m are much smaller than those in case of clearance of 0.5 m. The distribution
patterns and magnitudes of additional forces in tunnel lining at the clearance of 3.5 m
are similar to the clearance of 4.5 m which the values of additional forces are small.
However, the changes of structural forces in tunnel lining are emphatically influenced
at the clearance of 0.5 m and 1.5 m. The maximum and minimum structural forces in
tunnel lining occur when the pile tip located in the range of 0.40L+ or +2D+ above and
1.60L+ or -2D+ underneath the tunnel axis. Comparing with the result form the changes
of tunnel diameter and structural forces in tunnel lining. The position of pile tip to

induce tunnel deformations are similar tendency wait additional forces in tunnel lining.



53

4.2.2 tunnel deformations.

Generally, the tunnel deformations are considered in term of the change
tunnel diameter on both tunnel axes. The vertical (between crown and invert of
tunnel) and horizontal (between both sides of tunnel spring line) directions are usually
referred. The calculated deformations are obtained by the difference of tunnel

diameter between before and after having a loaded pile.

Figure 4.7 illustrates the changes of tunnel diameters in vertical (A@) and
horizontal (A¢H) directions for the tunnel located in soft clay (CASE 1) with all
clearances. The changes of tunnel diameter are normalized by the tunnel diameter
(D7) and plotted against the normalized depth of pile tip, Lg/LT. The normalized depth
of tunnel position to tunnel diameter, C+/D+, is also provided in the y-axis on the right
side. The negative and positive signs of magnitude in the x-axis denote a contraction
and extension of the tunnel diameter respectively. The magnitudes of A@ and A¢H
decrease when the clearance increases. At the pile tip is located above the tunnel
axis, A@ gradually increases with pile length until the maximum value occurs at of
0. 70Ly. After that, A@ gradually decreases with increasing the pile length. The

minimum value occurs at a depth of 1.0L+(at the tunnel spring line). When the pile tip
is extended below to the depth of 1.00L+to 1.25L7, A@ increases again. Then, A@
gradually decreases until the pile tip is located about 1.75L7. The change rate of A@
becomes insignificant or remains unchanged when the pile tip is extended below to
the depth of 1.75L;. For A@,, a similar tendency to A@, can be observed and the
magnitude is also similar but A¢H becomes slightly increasing when the pile tip is

extended below to the depth of 1.75L+.
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The results of tunnel deformation for tunnel located in stiff clay are shown in
Fig. 4.8. The tunnel deformations in both vertical (A¢,) and horizontal (A@,) directions
gradually increase when the pile tip is located above the tunnel axis. The maximum
value occurs at pile tip of 0.70L7. When the pile tip is extended to stiff clay, A@ and
Ag, decrease. The minimum value occurs at a depth of 0.80L; (at the tunnel crown).
After that, A@ and A¢H have similar tendency to case of tunnel located in soft clay,
when the pile tip is extended below to the depth of 1.00L+. Unlike the case of tunnel

located in soft clay, the magnitude of A¢, and A, in this case are smaller than case

of tunnel embedded in soft clay.

In all cases, the distribution patterns and magnitudes of changes in tunnel
diameter in both vertical (A@) and horizontal (A@) directions at the clearance of
3.5 m are similar to those of the clearance of 4.5 m. Nevertheless, the changes of
tunnel diameter in both directions are emphatically influenced at the clearance of 0.5
m and 1.5 m. The tunnel deformation dramatically decreases and increases when the

pile tip is situated in the range of 0.7L+to 1.25Dr.

Clobrice®0.5 m. Clearance of 4.5 m.
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Figure 4.9 The shapes of deformation.

In addition, the shapes of tunnel deformation performed in Fig. 4.9 are also

observed and compared with the original shape. In all clearances, the shape of tunnel
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deformation is symmetric shape when the pile tip is located above tunnel axis. The
range of pile tip is situated at the top of tunnel (crown) to the tip of pile of 2.25L+ or

-4.0D7 in this study. The shape of tunnel deformation is non-symmetric shape.

4.3 Investigation on the movement of surrounding soil

The pile-soil interactions are complicated to define. This involves the load
transfer mechanism and the movement of a soil or a pile. These results can be
evidently traced by FEM to investigate pile-soil interaction as shown in Figs. 4.10 and
4.11. These figures show the vectors with different magnification ratio of the movement
of soil due to the pile under loading which the tunnel is constructed in different soil
types at clearance of 0.5 m. The circle represents the position of tunnel lining but the
lining elements are not activated yet. Generally, the movements of the surrounding
soil of the tunnel established by the inducement of pile movements due to the load
on the pile at ground surface is gradually increased. This load will be resisted by the
side friction developed along the shaft of pile (skin friction forces) and the soil below
the tip of pile (end barring forces). Thus, the stresses increased by transmission of these
forces in soil lead to the movement of pile which interact and induce additional forces,

stresses and displacements or distortion of the soil around tunnel.

The movement of the soil around the tunnel constructed in soft clay are
depicted in Fig.4.10. When the tip of pile is located above the tunnel, the movement
of the soil is induced in oblique direction (down and left directions) by the influence
of the end bearing stress as shown in Fig. 4.10(a). The movements in oblique direction
of the soil obviously occur when the pile tip is located at the same level of tunnel
spring line. Moreover, the vertical movements of the soil are also influenced by the
skin friction resistance of the pile occur at this position of pile tip. These behaviors of
the soil are illustrated in Fig.4.10(b). The movements of the soil mainly occur in vertical

direction when the pile tip is located at below the tunnel as shown in Fig. 4.10(c).
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Figure 4.11 depicts the movement of the soil around the tunnel constructed
in stiff clay. The behavior of soil surrounding the tunnel is similar to the case of tunnel

constructed in soft clay but magnitudes are smaller.
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Figure 4.10 The vector of soil movement due to adjacent pile under loading that the

tunnel located in soft clay.
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Figure 4.11 The vector of soil movement due to adjacent pile under loading that the

tunnel located in stiff clay.

The measured deformations illustrated in Figs. 4.7 and 4.8 initially indicate the

measurement of the changes in tunnel diameters in vertical (A@) and horizontal

(AQL) directions. They are not suitable for evaluating the effect of existing tunnel due

to pile under loading in term of the changes in tunnel diameters. The distortion shapes

of tunnel lining with the same mignification ratio are depicted in Figs. 4.12 and 4.13.

The non-symmetric nature of the tunnel deformation shapes or the tunnel distortion

can be observed in cases of soil profile. The nature of the tunnel deformation is in

accordance with soil deformation vectors investigated inprevious section.

The

deformations induced by the pile tip located in soft clay at the same clearance are

larger than those of the case of tunnel located in stiff clay due to large movement of
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the soil. The tunnel and soil deformations are similar shape in the case of tunnel
situated in stiff clay. Whereas, the deformation of tunnel in the soft clay case is
significant different with the soil deformation because of the influence of material

stiffness of which the soft soil is less than the concrete of tunnel lining.
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Figure 4. 12 The shape of tunnel deformations and soil movement in soft clay.
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Figure 4. 13 The shape of tunnel deformations and soil movement in stiff clay.
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4.4 The deformations in term of maximum of tunnel diameter.

As mentioned in section 4.3, the behavior of tunnel deformation is similar to
the movement of surrounding soil nearby the tunnel due to adjacent loaded pile
which are non-symmetric shape. Therefore, the change of tunnel deformation in term
of both verical and horizontal directions may not be appropriate for investigation of
tunnel deformation since the maximum change in tunnel deformation is not always at
the horizontal or vetical axes. The assessment is therefore modified as presented in

section 3.5. The concept is to trace the maximum values of change in tunnel diameter.

By using the proposed method for assessing the tunnel deformation, the
changes of tunnel diameter are presented again in this section. The change of
maximum tunnel diameter is normalized by the tunnel diameter (D7) and plotted
against the normalized depth of pile tip, Ls/ L The normalized depth of tunnel
position to tunnel diameter, C7/Dy, is also provided in the y-axis on the right side. The
negative and positive signs of magnitude in the x-axis denote a contraction and

extension of the tunnel diameter respectively.

Figure 4.14 depicts the change of maximum extension diameter, A¢E_MAX, for
the tunnel located in soft clay case with all clearances. The change of the maximum
extension diameter, the magnitudes are very close and similar at the clearances of 3.5
m and 4.5 m. A¢£—MAX begins to noticeably change with influence from pile tip at
about 0.5 Ly or 1.5 Dy above tunnel spring line when compares with all clearances in
this case. A@MAX gradually increases until the pile tip located above tunnel axis about
0.8L7 or 0.5D7 and then A¢E-MAX slightly decreases. After this pile tip position, A¢E-MAX
slightly increases to the maximum value at the depth of about 1.3L7or 1.0 Dy below
tunnel spring line at the clearances of 0.5 m and 1.5 m. The change rate of A¢;MAX
approaches zero after the maximum point as shown in Fig. 4.14(a). For the change of
maximum contraction diameter, A¢C,MAX, a similar tendency to that of A¢EMAX can be

observed is also similar as shown in Fig. 4.14(b).
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Figure 4.14 The change of maximum tunnel diameter due to adjacent loaded pile in

soft clay.

Figure 4.15 shows the changed diameter of tunnel subjected to pile row loading

with various pile tip positions for tunnel located in stiff clay. When the pile tip is
situated upper the tunnel, A¢C_MAX and A¢E_MAX are similar tendency with the case of

tunnel located in soft clay. Nevertheless, A¢C_MAX and A¢E_MAX are different tendency

when the pile tip penetrates into the stiff clay layer (the pile tip is located below the
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tunnel). At the tips of pile located in soft clay, A¢C_MAX and A¢E_MAX slightly increases
until the pile tip is 0.68L+ of pile tip. After this pile tip position, A¢C_MAX and A¢E_MAX
dramatically increases and slightly decreases at the pile tip located at the tunnel spring
line. The A¢C_MAX and A¢E_MAX gradually increase when the location of pile tip is

situated in the range of 2D; to 4Dy underneath the tunnel spring line as detailed in Fig.

4.15.
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Figure 4.15 The change of maximum tunnel diameter due to adjacent loaded pile in

stiff clay.
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To recap, the influence of shear stress induced by skin friction resistance along
the pile shaft significantly affects on the tunnel deformation which is much larger than

the bearing stress of the pile tip.

The case of pile tip is located upper the tunnel, the nature of tunnel
deformation is contraction at the top of tunnel nearby the pile. These behaviors are
influenced by the bearing stress of pile tip. In case 4, the transmission of this stress is
less than that case 1, which the cause of that is the different of stiffness of soil layer
(stiff clay is stiffer than soft clay). Thus, the maximum diametrical change of tunnel

located in stiff clay (case 4) is less than that of tunnel located in soft clay (case 1).

The distortion shapes can be obviously seen in the case of pile tip of which
the position begins at top of tunnel until the pile tip is located underneath the tunnel
(+1.0D7 to -4.0D;). The distortion shapes are induced by the shear stress along the pile
shaft inducing the soil around the tunnel more than the bearing stress. In the case
where soils along the shaft are soft layer which allows the displacement of the pile
rapidly, the maximum frictional resistance will be fully mobilized. At this point, the
pile-skin friction almost disappears and then the maximum diametrical changes of
tunnel become constant with extending pile tip position. However, in the case where
soils along the shaft are stiff layer, the skin friction resistance still affects on soils along
the pile. Thus, the maximum diametrical changes of tunnel gradually increase with
extending pile tip position. The full mobilization of the maximum frictional resistance

in this case is established when the length of pile which is more longer.



CHAPTER 5

CONCLUSION

This paper analyzes the effect on existing tunnel due to adjacent single
pile under loading by 3D finite element method. The adjacent 1 m bored pile
subjected to its working load is positioned near the tunnel with various lengths and
clearances. The changes of structural forces in tunnel lining and tunnel deformation

are observed and discussed. The main results of the analysis are as follows:

1. The tunnel deformation (A@ and A¢H) of tunnel located in stiff clay
are smaller than those of tunnel located in soft clay. Nevertheless, the additional
forces in tunnel lining that is located in stiff clay are larger than those of tunnel
located in soft clay. This is due to that the working load applied to the pile in stiff

clay is larger than that in soft clay.

2. The tunnel deformation (A@ and A@) and additional forces
decrease when the clearance increases and becomes insignificantly increasing when

the clearance is larger than 3.5 m. The additional forces (bending moment and axial

force) in tunnel lining and the tunnel deformations (A@ and A@) similar tendency.
3. It is possible that the increase in structural forces in the lining due to
adjacent pile is significant and cannot be neglected. The possible increasing
structural forces due to future construction should be considered in tunnel lining
design. Otherwise, the lining must be checked if it can resist the additional forces due
to the planned construction.
4.  The movement of surrounding soil nearby the tunnel due to adjacent

loaded pile induces the tunnel deformation as rotated ellipse or kidney shape. The

A@ and AQL are not the maximum tunnel deformations. Consequently, they seem
to be inappropriate to be used for suggesting the development of influence zone as

done in the past research. The change of maximum tunnel diameter in compression

(A¢C_MAX) and extension (A¢E_MAX) directions are proposed in this study.
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Appendix A

Results of tunnel deformation (A¢V and A¢H)
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Figure A 1 Changes of tunnel diameter due to adjacent pile in soft clay, case 1.

71



Case 2

0.0

- Soft Clay 1°
4 @ ‘N]\ 1
/0 A 42
0.5 & 5 AT
] o/ LA o 41
o-/ A st |
1.0 —) cr/'\ A ]\'/ 40
ey A . 1
4 i Stiff Clay |
o 2 i
— 154 o
.;’J ‘. - 72
1 (f)‘ ;|
1 s 4-3
2.0 y C-': 4 u “*eeq-”” - Clearance 0.5 m
1 \ Clearance 1.5 m
i Dk t | ¥~ Clearange 3.5m - -4
~—@- Clearance’4.5m
R NN ERERE R ' L SRe—7 ' e BAEEENAREREE R B W
0.05 0.00 -0.05 -0.10 -0.15 -0.20 -0.25
£ % 4
Change of vertical diameter, A¢,,/D_, (107)
Case 2
0.0 A3
R Soft Clay
- kAL :
/0; 4 A i
0.5 1
0 NW |
] o A m -}
p"/ A Loy
e . oAl Lo - : «
\ Nua 2 e sttt clay/ |
b/ Ny & [%] %
N\ 1.8 o3 877, 1
& 7 -2
V5P A : 1
‘ 4 i 4-3
2.0 ('f, » 7 <l 7 =@ Clearance 05m |
i \ ! h~Clearance 1.5 m
B (W 7k o “% Clearance 3.5m - -4
<~ Clearance 4.5m |
2.5 T T~ VS ——— T T
-0.05 0.00 0.05 0.10 0.15 0.20 0.25

Change of horizontal diameter, A¢,, /D, (1 0%

C./D,

72

Figure A 2 Changes of tunnel diameter due to adjacent pile in soft clay is above the

stiff clay, case 2.
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Figure A 3 Changes of tunnel diameter due to adjacent pile in soft clay and stiff clay,

case 3.
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Figure A 4 Change of tunnel diameter due to adjacent pile in stiff clay, case 4.
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Appendix B

Additional Forces

Appendix B-1: Bending moment in tunnel lining.

Appendix B-2: Axial force in tunnel lining.
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Appendix B-1: Bending moment in tunnel lining.
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Figure B-1 1 Changes of bending moment in lining due to adjacent pile in soft clay,

case 1 (clearance of 0.5 m and 1.5 m).
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Figure B-1 2 Changes of bending moment in lining due to adjacent pile in soft clay,

case 1 (clearance of 3.5 m and 4.5 m).
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Figure B-1 3 Changes of bending moment in lining due to adjacent pile in soft clay is

above the stiff clay, case 2 (clearance of 0.5 m and 1.5 m).
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Figure B-1 4 Changes of bending moment in lining due to adjacent pile in soft clay is

above the stiff clay, case 2 (clearance of 3.5 m and 4.5 m).
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Figure B-1 5 Changes of bending moment in lining due to adjacent pile in soft clay

and stiff clay, case 3 (clearance of 0.5 m and 1.5 m).
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Figure B-1 6 Changes of bending moment in lining due to adjacent pile in soft clay

and stiff clay, case 3 (clearance of 3.5 m and 4.5 m).
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Figure B-1 7 Changes of bending moment in lining due to adjacent pile in stiff clay,

case 4 (clearance of 0.5 m and 1.5 m).
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Figure B-1 8 Changes of bending moment in lining due to adjacent pile in stiff clay,

case 4 (clearance of 3.5 m and 4.5 m).



Appendix B-2: Axial force in tunnel lining.
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Figure B-2 1 Changes of bending moment in lining due to adjacent pile in soft clay,

case 1 (clearance of 0.5 m and 1.5 m).
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Figure B-2 2 Changes of bending moment in lining due to adjacent pile in soft clay,

case 1 (clearance of 3.5 m and 4.5 m).
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Figure B-2 3 Changes of bending moment in lining due to adjacent pile in soft clay is

above the stiff clay, case 2 (clearance of 0.5 m and 1.5 m).
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Figure B-2 4 Changes of bending moment in lining due to adjacent pile in soft clay is

above the stiff clay, case 2 (clearance of 3.5 m and 4.5 m).
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Figure B-2 5 Changes of bending moment in lining due to adjacent pile in soft clay
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Figure B-2 6 Changes of bending moment in lining due to adjacent pile in soft clay

and stiff clay, case 3 (clearance of 3.5 m and 4.5 m).
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Figure B-2 7 Changes of bending moment in lining due to adjacent pile in stiff clay,

case 4 (clearance of 0.5 m and 1.5 m).
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Figure B-2 8 Changes of bending moment in lining due to adjacent pile in stiff clay,

case 4 (clearance of 3.5 m and 4.5 m).
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Appendix C

Results of maximun tunnel deformation (A uxand A )
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Figure C 1 The change of maximum tunnel diameter due to adjacent loaded pile in

soft clay, case 1.
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Figure C 2 The change of maximum tunnel diameter due to adjacent loaded pile in

soft clay is above the stiff clay, case 2.
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Figure C 3 The change of maximum tunnel diameter due to adjacent loaded pile in

soft clay and stiff clay, case 3.
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