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CHAPTER |

INTRODUCTION

1.1 Introduction

Metropolitan areas today have \"fery high populations and continue to expand
because of their improvedsamenilies, convenient lifestyles and job opportunities. To
support these cities, high-fise buildings elihd public utilities are continuously being built.
However, cities with limited space and Qfdwing economic activities need to be well
planned and managed to provide;--sufﬂcié;ntajnfrastructure and services. Hence, once
ground areas are fully devgloped, social ﬁfrgb]_ems are difficult to solve and problems
are continuously increasing. Thif,s_:__is wh_y;f_._t.he development and management of
underground space is needed.even thoug@fhcture costs are more expensive than
ground structures. Qurrently,-unde’rgroundf;’ébéee is utilized to satisfy a number of
objectives such asiejeciric_power_lmas,_tetecommunica:tio’n networks, water supply
systems, sevverage; ‘failways and roadways. Howevek,--lunderground construction
projects require higherq’l—evels of technology and knowledge than ground construction,
thus, increasing construction costs: Due t6 limited budgety we face many uncertain
design parameters and unpredictable construction accidents. Engineers in many fields
involvedy imisueh construction= must @aim an~understanding=of~underground tunnel
structures, the categories and soil behavior. As a result, many tunnel design lining
methods are now being studied. Finally, currently, the main assumptions of tunnel
design methods are based on elastic and homogenous materials.

With a large underground space and project objectives, the design method can
be divided into two types.The first is the shallow tunnels constructed by a cut and cover
method, or thrusting method, at one to five meter depths. This type of tunnel is very

close to many design assumptions because the tunnel is pre-cast during manufacturing



and soil-structure interaction of the tunnel is not complicated. The second type are the
deep underground tunnels, which are used in mega-projects. The technology for deep
tunnel construction is very complex and has been improving very quickly to ensure the
safety of people around the construction site. Most deep tunnels today are constructed
using shield tunneling methods, which reduce construction time and cost, surface
damage and accidents. Today, these tunnels are constructed in a variety of sizes and
shapes, depending on their use. However, deep _tunnel construction has main technical
problems because shield tunneling mechaniCs-requires a lot of space for an entire
tunnel section. Thereforeytiinnel sections are separated into many segments. Each
segment lining is conmected with' long llsteel polts in shield tunneling mechanics. It
should also be notedsthat ghessizes of _shield tunnels ‘are growing. Thus, joint bolts
diameter have become largen as have:the bolting tools. Construction time has a
tendency to be long, which affects SO|| behawor around tunnels. Therefore, the design
for deep tunnels must consider a number of d?lfferent conditions.

The sequence of the des;gn methods Compnses two main parts. First is the

construction design method that reqwres de’{alled field data. Construction companies

d e

record the data for structure behawor to |mprove construction designs and methods,

primarily to reduce costs and increase safety. Still, Iong—férm tunnel behavior data for
after construction is currently not enough to analyze and improve design methods.
Engineers assumed thatfeffects of segmental joint lining for a whole tunnel structure
were negligible because itg internal location, which remainsgstable because of soil
pressure. Moreover, the underground tunnel is composed of two tunnel segment layers,
pre-casty concrete {(primary! lining) .and.! post-cast.concrete (secondary lining). Most
engineers do not adequately consider the effects on segmental joints because these
would conflict with design assumptions. The results are stiff segment joints because of
incorrect calculation (Yukinori, 2003). Fortunately, serious tunnel structure problems do
not occur. Up till now, some design methods try to consider this parameter problem but

still without a successful conclusion.



Although, predictions of tunnel and soil behavior are difficult to perform, solving
each parameter is possible. Therefore, engineers in related fields study the effects of
segmental joints on entire tunnel structure sections. With such studies, it is possible to
identify the typical types, forms, and reinforcement details of the segmental lining and
steel rods in respect to structure behavior. Then, the capacity and performance of such
vulnerable structures can be improved and design assumptions can be closer real
behavior. To understand structure failure, #the behavior of segmental joints of
underground structures must first be consideréd«However, the behavior of the structure
is very complicated, and*s0 il.is.difficult to find an-exact behavior solution with a
mathematical model. Therefore, the Iimitatlions of results must be considered in any case
problem by setting asstimpiions. These rﬁe;thods can provide overestimated solutions.
On the other hand, ia order/to unders;tand the real behavior of tunnel segment
connections, an experimental methéd mus’fbe employed to explain the behavior of the

structure.

1.2 Purpose

Tunnel segmental joint behavior is dependant on mé‘ny parameters such as sail
properties, soil pressure, properties of the segmental structure and steel bar, rubber
gaskets or sealsibetween segments, tunnelzsegment isizes;-steel bar pre-tension force.
These properties cause the behavior of a segmental joint 0f a whole tunnel structure to
be more, complex and. difficult to, explain. ~Therefore, .most .engineers try to deal to
consider. each parameter separately. A" study ‘on“the ‘effects ‘of segmental joints on
circular tunnel structure has been conducted, but this study was based on the elastic
behavior of sealing cushioning (Zhong, 2006), one other property of segmental joint
behavior. Still research that looks at segmental joints as well as the properties of joint
material is still very limited. This is why intensive studies in segmental joint behavior of
underground structures and designs is so vital. However, it is impossible to find optimal

solutions or solutions for segmental joint behavior because the problems are very



complicated. Therefore, the evaluation of the segmental joint capacity of a given
structure should be limited in scope such as Liner Static Procedure (LSP) or Nonlinear
Static Procedure (NSP). Based on design method and safety specifications, elastic
behavior is considered sufficient for analyzing the behavior of segmental joints.. To carry
out such evaluations, it is necessary to have accurate knowledge of structures and sail
behavior in many conditions.

Studies of structure behavior can condueted following two main approaches:
analytical and experimental:One important and-popular analytical approach, the finite
element method, has been increasingly developed in recent years. Employing this
approach provides many advantages suqlh as easy analysis of complicated phenomena
as well as expense and time reduction. However, the drawbacks and limitations of the

finite element method in€lude potential-difficulties in the task of mesh generation and in

i
'-, #

dealing with bodies undergoing large defor’métion or crack propagation. Elements of the
original mesh may become over—stn‘f dueto. oonﬂlct among multiple fields, high distortion
or cracks segmentation. In addmon finite elements must be determined by researchers

who also require an extenswe database for good assumptions and equations when

employing the finite element method However this method cannot provide completely

reliable results Wlthout verification of results obtalned usmg experimental approach,

especially for non-homogenous material structures. This is due to the fact that structures
now contain many complexsbehaviors. Moréover, in Thailand, experimental results are
still not sufficient to.serve ag a database for creating a reliablesanalytical model. Thus,

for Thailand, the experimental approach seems to be more suitable atsithis time.

1.3 Problem Statement

Investigation reveals that the segmental joints of underground tunnels are
effected much more compared to the entire tunnel structure than one ever expected.
The vulnerability of underground structures and segmental joint structure will be studied

to predict behavior and modify design assumptions to be close to real tunnel behavior.



Because of the amount of time, money and labor required to repair tunnel collapse
under heavy loads, underground tunnel structures require investigation of capacities
and behaviors in resisting structural failure. Most popular underground tunnel structures
are circular because this homogenous shape is assumed to offer high stability and
strong structure while requiring the cheapest construction equipment and cost. These
tunnels are constructed on soft depaosit to stiff deposit clay at depths of 5 to 20 meters.
In the event of underground earth pressure,«the structures will respond to the
surrounding soil in two waystone, they will move-with the soil or two, the clay will resist
of the structure becausesofiinertia interaction. This mevement of the structures creates
moment, shear and torsion of an unstabie structure. [ the moment, shear and torsion
resistance under load«s abeve the expected structure material capacity, the structure

will change some properties t@ non-ductile or collapse or change its original shape

!
A

when that material is clastic. Tunnel sh‘épé is mainly. affected by the stiffness of

segmental joint structures Pecause these and the holes for steel bolts located on each
?
segment are not strong enough when compared to the main segments of a tunnel

.n'

structure. These behaviors are dlfflcult to *analyze with analytical methods, so the

e

response of these segmental Jomt structures during /underground loading is a

requirement for analys_ié of behaviors.
1.4 Objectives

The uncertain real behavior' of segmental joints that affect a whole tunnel
structure under surrounding soil pressure is'a problem in analysis ‘and the modification
of design assumptions of underground tunnel structures. As the problem is very
complicated, this is difficult to evaluate. Because assumptions conflict with real states
and drawbacks in the analytical method, the most popular method for solving highly

complex problems is a combination of experimental and finite elements.



The main objective of this research is to investigate the segmental joint behavior
of circular underground tunnel structures, which are generally used in Thailand, by
employing an experimental and analytical approach. This includes the evaluation of the
relationship between force-displacement behavior and different soil densities and
moment-transfer capacity. Finally, this research focuses on investigating the
performance of a simple numerical method in predicting the behavior of structure
models through a comparison of results with'analytical models from other research and

experimental results.

1.5 Scope

This study foecUses' on the_.evalua?[ion of segmental joint behavior of circular
underground tunnel structures typically uséd for_ electric power lines, telecommunication
networks, water supply systems, -s_e‘:\‘/verag'e-:',;,d_rdai‘lways, and roadways. To demonstrate
the essential factor of segmenial -joints théfl{;affect whole tunnel behavior under
surrounding soil pressure, many.-different sfze,gl.tunnels models and segmental joint
inertias were selectediand tested. In addition, replica external force was limited to the
vertical direction. The .structural performance was evaluatéd on the basis of moment
transfer capacity agalhst deformation of the undergfound tunnel structures. The
vulnerability ofsundengroundstunnelstrueture models; wasseonducted by experimental
testing and anganalytical method. Furthermore, development of moment transfer in
segmental joints.was studied in.detail. Finally, experimental results-were, compared with
predictions‘based on analytical' methodsfor simple*behavior and adapted to the design
process.

To properly determine the effective bending rigidity ratio of jointed, shield-driven
tunnels for both tunnel design and numerical modeling purposes, especially for tunnels
constructed in soft ground, further studies should be carried out. Thus, the objectives of

this study are as follows: (i) to propose a field-observed, long-term earth pressure

distribution pattern developed around shallow tunnels constructed in soft clays; (ii) to



develop a technique to estimate the effective bending rigidity of an equivalent
continuous tunnel lining based on a matching scheme with the internal force of a jointed
segmental tunnel predicted by the analytical solution; in this model, the effects of joint
stiffness, number of joints, and tunnel geometry on the internal force of a circular jointed
segmental tunnel lining can be considered; (iii) to propose simplified design equations

for the estimation of the effective bending rigidity ratio (n); and (iv) to validate the
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CHAPTER I

LITERATURE REVIEW

2.1 Primary information to analyze and tunnel.design

Because of the restrictions in d“e"veloping infrastructure and utilities in densely
populated areas, underground funnels are a good solution, especially for mega-cities.
However, tunnel construciion is difficult t'b set up because most construction sites are
located in congested argés &nd have -an impact on the environment, people and
buildings. In additional, ashigh bu_dgét vs/_gl e required. Hence, giant tunnel projects
must be considered as‘@a figal solution o u'f_rfkg.aq_ problems, but before undertaking such
projects, many factors must be cor],sli__dered.'-'_'.'d;{_._.

Tunnel designh comes firgh: Engineer@ét first study soil behavior to determine

the optimal structure. However; this is difficult because of uncertain factors such as soil

behavior and soil-stfueture-interaction. Therefore, the designer should increase safety

factors for the strucﬂlre, which will increase project bud‘g-élts even further. To reduce
safety factors while opiimizing structure design, it is necessary to understand tunnel
construction infdetail.

Peck (1969) stated that a liner is said to be flexible if it interacts with the
surrounding cgreundsin such a=way that thenspressure;distribution=ongthe liner and the
corresponding deflected shape results in negligible bending moments at all points in the
lining, and a liner is said to be rigid if it deflects insignificantly under the loads imposed
by the ground with very little ground-structure interaction. Whether a liner is flexible or
rigid depends on the relative stiffness between ground and liner and a tunnel diameter.
For example, a liner may be said to be flexible with a stiff surrounding ground and a
large diameter, but the same liner may be said to be rigid with a soft surrounding

ground and a small diameter.



Peck et al. (1972) introduced the definition of stiffness ratios, which are the
flexibility ratio and the compressibility ratio, for tunnel liners with analytic works by Burns
and Richard (1964) and Hoeg (1968).

The flexibility ratio is the flexural stiffness ratio between the ground and the liner
with flexural stiffness defined as the resistance of a change in shape under a state of

pure shear as show in Figure 2.1. The flexural stiffness of the ground can be obtained by

measuring the diametrical change AD/ a state of pure shear with a uniform
external pressure, P, as show v Alametncal strain of the imaginary

(2.1)

and the flexural stiffness of the

where D is the diamé ' mthe Young’s modulus of the

ground, and v is the Pors‘sron s ratio of the ground

ﬂummmwmﬂ‘s

Under a state ofpure shear with a unlform external pressure the diametrical strain of

R AT NNIINYIA Y

AD PR3

D  6E,l

(2.3)

and the flexural stiffness of the liner to consider the plane strain effect is defined as

follows:
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P 6E, 1,

AD/D  RiL-0v?)

(2.4)

where E, is the elastic modulus of the liner, |, is the moment of inertia of the liner of the
cross section per unit length along the tunnel axis of the liner, and R is the radius of the
di

liner. The flexibility ratio (F ) is obtai ividing the flexural stiffness of ground by

E
= (1+ u)
6E, I,
3‘ 2 )
The compressi extension ssS ratio between the ground and the
liner, and the extension iffness, ef it ; k\ﬁ the liner can be obtained by
measuring the diametrical €har ‘_E L a uniform external pressure, P, as

shown in Figure 22 The .:;ﬁ%.;ﬂ ne imaginary circular tunnel (Figure.

22(a))isgivenby 0o -

AIE E(1+u)(1 209 m
ﬂumwﬂmwmﬂ‘s

and the exten3|onal stiffness is defined as follows: s,

ARIANN I AN Y

AD/ D (1+ u)(l— 2v)

(2.7)

where D is the tunnel diameter, E is the Young’'s Modulus of the ground, and v is the

Poission’s ratio of the ground.
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For the uniform external pressure, P, the diametrical strain of the circular tunnel liner

(Figure 2.2(b)) is given by

AD _PR

D Et (2.8)
and the extensional stiffness of %//m is defined as follows:

-—
P —

AD/D R 1 1)1 (2.9)
where E; is the elastic ‘ € line ”-\‘-‘ and t are, respectively, the radius
and the thickness of the )| sibi \ C) is obtained by dividing the
extensional stiffness of ground 1 d is defined as follows:

E
(1+o)i-2v)

Et NG T
RlL-v?) V’ “ (2.10)

For prel ﬁ‘ﬁaﬁ ﬁﬂeﬂﬂpjﬁ ﬁsafe and stable for the
thrust and mo us interaction between the
ground and the Ilner the thrust and Moment in thediner are affected'ly the flexibility and

compuil b6k 4 bird b (5o Ik ok e, o

given condltlon the measure of measure of moment and thrust in the homogenous liner

C=

can be theoretically obtained as follows:

2
Moment (M) = P; {(1+ Ko{%}[l— L, ]} (2.11)
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2
Thrust (T ) = PR

@+ K L-L, ]+ @-K, 1+ J,]cos26} (2.12)

where K, is the earth pressure coefficient at rest, € is the angle measured in
counterclockwise from horizontal plane, F is the flexibility ratio and C is the

compressibility ratio.

L - L-20)C-1)

" 1+(1-20)C E (2.13)
L o lelelhh e sz

" [(3-20)+ (- 20)C R 05(55 6uis 20)C +(6 —8v) o1
N = [1"'(1‘20)0]': —05(1—%,;)}: i

a2 P - w) e

A

il

The moment and thrust that are t%retipally determined are based on the

e

assumption that the !iﬁer has a unifofm thickness along the{"'tqnnel perimeter and there is
no slippage at the cc‘)n_t‘ié\_ct between the ground and the Iine}l-."

For the overview design method, underground tunnel design methods can be
divided into main, three groups: .analytical; .numerical, .and. empirical. The above
examples offal _underisthe “analytieal 'method. 'However, because of limitations of
knowledge of ground and structure behavior, engifneers who establish soil and structure
design models must set! up @ssumptions to simplify behavioriio make it easier to
calculate. In addition, the engineers should consider economic benefits in underground
tunnel construction as well. Due to varying assumptions in each design method, every
method has some advantages and disadvantages. Therefore, a designer must
understand assumptions and basic design concepts for each method before a tunnel
should be designed. Figure 2.3 summarizes a model in a systematic approach for

evaluating the internal force of underground structures.
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2.2 Analytical approach for evaluation of tunnel behavior

Analytical methods for tunnel design involve the analysis of stress and
deformation around an opening. They are a favorite design methodology for tunnels with
common shapes such as circular because of their high stability and behavior
predictability. Most assumptions of material characterization in analytical method are
limited to isotropic, homogeneous, and linear elastic material (LEM). Unfortunately, the
assumptions are not according. o in—sitJu behavierssuch as non-homogenous soil and
tunnel structure, unpredictable soil. behavior, and seil-structure interaction problems,
which are major obstacies ofunderground tunnel structure design. Therefore, analytical
methods generally require asset of sil_mple_ assumptions that may lead to discrepancies

between the structuralsbehavior jof .the :model and that of the actual structure. In

i
\ -

conceptual tunnel designy essential'analyti@:‘,_al method steps are: conceptual modeling of

the boundary values of the tunnel to desc'r'l-b’e‘-’[ne problem in terms of geometry, rock
?

mass classification, boundary condmons a‘hd in-situ stresses. It is therefore an
‘. .H

appropriate technique to analyze problem& In terms of stress concentrations and

-

deformations as well as failure and support me'chamsms

In structural;désign, behavior of surface structn‘r}_e_'-v is closely examined and
recorded to acquire usa_ful information over the long term.,vln addition, most loads which
are applied to the structuresmust be accurately forecasted. This information then serves
as guidelines [for engineers to 'design 'economically viable  structures. In contrast,
underground structure designs suchgas tunnels are more complicated than top ground
structures due to multizphase soil compaosition including soil, water and air, which are
never constant and will change continually because of circumferential environmental
components. This behavior leads into time dependent soil behavior, which is
unpredictable. Moreover, the underground structures are constrained by the
surrounding medium (soil or rock). This will influence soil-structure interface, leading to

unclear behavior. Therefore, the proposed analytical method is to develop underground
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structure knowledge and simplify the understanding of the behavior between soil and
structure to improve designing process.

The behavior of underground structures such as tunnels requires an
understanding of the stress-strain behavior of soil, soil properties and the deformation
induced by disturbing the soil because of construction over the long term. This can be
analyzed by either:

- Free-field deformation method

- Soil Structure interaction approach

Free-field deformation method

)
The free-filed «d€fogmation methad, or uncoupled method, is a simple and

effective design tool when ground distertions are small, i.e. the structure is built in very

i
\ -

stiff ground conditions, or the structure is;’_‘ﬂerxible relative to its surrounding medium.
However, in many cases, gspecially in soff;ébﬂ"s, the method gives overly conservative
. A
¥ K
designs because free-field /ground. distortions.,in soft soils are generally large. For
'y d s i B4

example, rectangular box stru"otur_es in sﬁéoils are typically designed with stiff

configurations to resist static loads and are, thérefore, less tolerant to racking distortions

(Hwang and Lysmer, ,(19_631; TARTS, 1989).-'“Sbil étructure—iﬁteraction effects have to be
included for the design of such structures (Wang, 1993). A comparison of the free field
deformation approach with ether methods fofidesign is given in Table 2.1.

In addition,|the! analyticall advancements'afe laimed atgcase-specific analyses,
while current design guidelines suggest the use of simpler approaghes. Most current
analytical methodologies are based.on twao/basic assumptions. The first is that excited
force and displacement of the circular underground tunnel structure should be elliptical
in shape, while the second assumption states that inertia and kinematics interaction
effects between the underground structure and the surrounding soil can be ignored.
Theoretical arguments and numerical simulations plead for the general validity of the

former statement regarding inertia effects, while the importance of kinematics interaction
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effects can be checked on a case-by-case basis via the flexibility index (This is not the

same as flexibility ratio of Peck (1972)).

_2E,(1-v?)D/2y
- EI (1+Vm)t§

=
(2.16)

Where E_,E, is Young's modulus of the ‘strounding soil and the structure material,

respectively, 3

V...V, is Poisson’s ratio eithe surrounding soil and the structure material respectively

t, is the thickness™of the"Ccross-section
)

D is the structure diameter. s 4

The flexibility index is'related te-the-ability of the lining to resist distortion from the

\ #

ground. Values of the flexibility indéx, hig?fgrrthan 20, are calculated for most common
tunnels and pipelines, indi€ating that ignofing overall the soil-structure interaction is a

i
) ) i
sound engineering approach. :

Soil-Structure interaction approach '

Underground tannel structure design is unique in;_s'everal ways. The essential
behavior of tunnel design is to resist a circumferential_environment caused by soil-
structure interaction. One gproblem is the inability of a tunnel to match the free-field
deformation (kinematics interaction), while the second is |the effect of an inertia force of
the structure on the response of the surrounding soil (inertia interaction) which is
analyzed separately. However,.for, most.hollow underground structures'such as tunnels,
the inertia of the surrounding soil is large relative to the inertia of the structure. Some
studies of tunnel behavior for immersed tube tunnels show that a tunnel’s response is
dominated by the surrounding ground response, and the soil-structure interaction
behavior is strongly dominated when the excavation surface is rough. This behavior is
not according to the free-filed deformation which is based on the assumption that the

tunnel excavation surface is smooth. The focus of underground design in soft ground,
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therefore, is on the free-field deformation of the ground and its interaction with the
structure. The emphasis on displacement is in stark contrast to the design of surface
structures, which focuses on inertial effects of the structure itself. This has led to the
development of design methods such as the relative displacement of underground
tunnel with original shape that explicitly considers the deformation of the ground and the
underground structure together.

The ignored soil structure method is ot adequate to solve underground
structure problems when the flexibility index isowerthan 20. More advanced, analytical
methodologies simulatessoil-strueture interaction effeets, by employing the beam-on-
elastic foundation approach; Winkler—typle soil springs to a tunnel, or modeling the
underground structures@s a“cylindrical shell embedded in an elastic half-space and

accounting for slippagesat the soilsstrueture interface. These methods can explain some

i
\ -

behavior of soil structuge problems; butf_‘a{ the same time, the methods are very
complicated and employ multi-Step proces_s";és' {0 solve underground structure problems.
. i
vl
However, the Winklegmodel-hias several shortcomings; it assumes no interaction
'y d deis fd

through the soil from location to location andﬁ interaction through shear nor volumetric

effects, and the model relies on a definition of soil préssure in terms of absolute

displacement of the ‘pj(pe, not displacement";)f thé pipe reiéﬂve to the soil. Nevertheless,

given all uncertainties in'modeling pipe-soil interaction, itlis an acceptably simple model
to permit the considerationsof axial effect§,/longitudinal bending and radial effects
associated with loverburden pressure |[of internal (pressure. Therefore, this model is
mostly used in a preliminary design process.

Because the'lengths of-underground tunnels are \very longswheh compared with
cross sections, the general behavior of the lining may be simulated as a buried structure
subject to ground deformations under a two-dimensional plane strain condition. To
create more assumptions to simplify and solve the problem, the response of tunnels to
underground forces is studied. In designing underground tunnel, one behavior value
considered by a designer is the axial force from the jack force of tunneling mechanics.

The second value, curvature bending is due to earth pressure and other loading.
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Research has shown that curvature bending will affect the structure in the long term. The
third value, shear force caused by components of earth pressure, affects loads and soil-
structure interaction. However, because of technical construction in limited space in
tunnel boring mechanics, segments of tunnel linings are usually made of reinforced
concrete. The position of the maximum bending moment, which directly affects
maximum stress in the structure, is not the same point for every deformation case. Thus,
it is possible to superimpose the corresponding peak strain to obtain the overall
maximum stress values. 3

From the abovewinformation, many closed form solutions in underground
structure have been researched.by analyfical methods for specific cases. The study of
the analytical method is'a geodJesson o understand the limitations of solutions used for

preliminary experimentation #In additien; the solutions are used to determine estimates

i
|'y N

of stress and deformations of tunnels in varfgus categories.
Most assumptions Jof ana’lytical me't’t'to’ds consider the plane pressure with a
similar magnitude at all Iocat|ons along the tunneJ The pressure scattering and complex

three-dimensional pressure, WhICh can lead te dtfferences in pressure magnitude along

the tunnel, are neglected although SOI| category as mooherence tends to increase the

strains and stresses'in the longitudinal d|rect|on. However,,,the generic case of excited
pressure at a random location relative to the structure is calculated separately. In  soil-
structure interaction case,sthe solutions aré./developed for both full-slip and no-slip
conditions between.the tunnel and the|lining, although the conditions in real behavior
are between full-slip and no-slip. Furthermore, other.assumptions ofianalysis depend on
other research cases™“data. However, results of analyses based on' the assumption
should be interpreted in close conclusion.

This method has many advantages and disadvantages. For example, a linear
elastic assumption, which is used in most models, states that soil and structure behavior
can be independently examined in each factor and then integrated after acquiring the
complete results of each behavior. However, the behavior is not likely to be the same

linear elastic as the assumption. Results must have some faults when compared to real
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behavior, and, thus. This method should include some excess budget in a project plan.
Therefore, some designers use a plastic theory concept to develop their design process
and approach to real behavior. Because the theory is difficult to use in analytical
methods, the model will follow a numerical method.

A. M. Muir Wood, 1975, used a linear elastic analysis to develop a solution for
bending moment and displacement, of tunnel lining due to compression force, shear
force and ground water affect. Because neither the ground around a tunnel behaves in
an elastic manner, it is often-difficult to determine-the magnitude of force that affects a
tunnel structure will dominate a.design. The initial loading on the tunnel causing the
deformation is shown«in Figtres2.4, ThLe assumption of external load as shown in
Figure2.4 is a simplified'loadiusedin the analysis. In‘addition, the solution of the analysis

does not consider the gffeci on cracks. Fherefore, a solution using this method will be

!
A

conservative and uneconomigal However, "thié is a convenient first design stage before
using a computer method.. The maln factor m this design method, the bending moment

on the lining produced by external forces tends to affect behavior of both shallow and

deep tunnel structures. As the radzus of- the tunnel increases, the contribution of

,.—-u

curvature deformahon to axial straln mcreases

Various Notations used. in the equation are given below:

c : cohesion (in effective stress terms)

E : Young'’s modulus faf lining (replaced by E/(l—uf) where lining is continuous
along the tunnel)

E “Young's modulus far ground

. Stress function

¢ : competence factor

: modulus of rigidity of the ground

| : second moment of area of lining per unit length of tunnel
| : effective value of | for a jointed lining

I : effective values of | at ajointin a lining
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o

: ratio of horizontal to vertical
: mode of distortion of li

- number of segme

: mean value

: maximum va

. excess of p

: radius to extrados of t }! r'-‘_
: compressibili
- stiffness fac o‘

: shear stress b ween ground and lining

i?fj‘;ffmﬂﬁmlmmnm
’oT“W”‘]“ﬁﬂﬂ‘jfu URIAINYINY

: circumferential movement of ground at r

: constant

: coefficient of permeability for water
. coefficient of earth pressure at rest
: (as suffix) longitudinal direction

: bending moment in lining per unit length of tunnel

rEsvin the undisturbed ground

: normal pressur:

: discharge of wat elte unit time

)

maximum value of

:ro

: piezometric pressure at steady state of flow of ground water
: uniform radial deflection of lining
 uniform variation in P

: strain in ground

19
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n - ratio of radius of lining centroid to that of extrados
0 - angle (and as suffix in circumferential direction)
A : coefficient of ground reaction
1% : Poisson’s ratio for ground
v, : Poisson'’s ration for lining
o : ground pressure
Tro - shear stress in groun
@ : Aliry stress functio
@' angle of frictio 7
In the simple : . she | tres: een extrados and ground is
neglected from consideration. [ : . 3 implified solution is calculated by

lical mode in elastic ground (typically
Figure2.4.  (Schmid, 1926;
Engelbreth, 1961). From the @ssui ! L tion is solved by using the Airy stress
function in polar co-ordinates. I ft 7 ground, the radial movement of ground
around the lining is & ft | 7 y
YRR Y
u= —%jv)[r‘:" -~ GE;V)rOZrl cos 26 m
o o/
AUEINENINEINT
Because of neggct of shear stress agound the I|n|n2‘surface dlsplaagment of lining is

ARIANNITUANTINE IR Y

U, = 2clf’ (1+v)5—6v)cos20
E. or u, = U, cos26 (2.18)

(2.17)

where £ U, represents the maximum displacements.
On the other hand, because of indefinable relaxation of the initial state of stress

in the design method, p, and p, — P, would represent the initial conditions of vertical
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and horizontal ground loading, which is maximum pressure and minimum pressure
respectively. Taking into account the stiffness of the lining and the loading transmitted to

the ground around the extrados, starting from an applied normal loading to the lining

p=p, -0 (1-cos20)
2 (2.19)

‘ &e being drilled through an elastic

e will be intermediate between the

4 \\
PR ,

Consideration of a
solid suggests that the s
intact and the perforat nel lining can be derived by
considering such an | d excited load around the

lining, maximum bendi e is responded to by change of

(2.20)

On the other hand, ygf rresponding maxim J, be applied by the ground

ﬂ%ﬂ?ﬂﬂﬂiﬂﬂ“ﬂizm

ﬂ A IHABINLIND

The reduction of U, resulting from the stiffness of the lining leads to the following

loading as

relationship between M . and p,

M —4 P’ ENL+v)5-6v)
"X T BEI(L+v)5—-6v)+27°r2E,

(2.22)
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The stiffness ratio, R (Muir Wood, 1970) represents the ratio of the stiffness of
the tunnel lining (to deformation in the ‘elliptical’ mode) to that of the surrounding

ground. Thus,

3EI(L+ v)(5 6v) 9EI

RS

077 r0 ', (223)
And the reduction in ber§en @Ed by the lining is immediately
apparent in relation to its flexi | cethe be written as

Mmax— Por, 077 [R

(2.24)
Lyons and Reid (1974) nd E,

A second coefficien sign method is the coefficient of
ground reaction. This coefficien tiffness of ground around the tunnel with
the coefficient is defi"rzsd as

P (r= ro)m _}

ﬂumwamwmm

However studies have sugg%sted that deforma’uon and thecfndmg moment on
a strucﬂ’ W%ﬂﬂfﬁ@m gde%qug W%lt@ ﬁ Hand the lining.
Therefor&, Muir Wood tried to develop shear force on the surface lining. The theory is not
that complicated if an explicit value for ground/lining shear stress is inserted and a
means provided for establishing its compatibility with these criteria.

Its maximum frictional force value must not exceed permissible shear stress
between a tunnel and surrounding soils. The criterion for stability of the ground,

however, must always satisfy the Mohr-Coulomb condition.
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(2.26)

T <c+ptang'

The related circumferential movement of the ground at r = r,, assumed to be
caused by drag as the ring deforms, must not exceed that of the corresponding point on

the deformed ring. The introduction of shear stress between ground and lining implies

thatfor r = r,
N —— (2.27)

pla \ \ e shown as:

0, 2@0+v) (acr;?

From the assumption,

2cr;’®
(2.28)

Uy === 1+

wqwﬁ NENTNEINT
gﬁ'}mmmumfmmaﬂ
3(p+5T)E,

A e B—6v)p+ 203-150TT]

(6v -1)/(5-9v)

N |'c)

where
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In additional, the coefficient important to explain the type of lining and

surrounding soil is the compressibility factor, R_.. This factor is defined as the

.
compressibility of the tunnel in relation to that of the surrounding ground, which

considers the cylinder of ground displaced by the tunnel.

rE[1-7)
V) (2.31)

In additional, L/ sed ysis expression to determine

le of deformation of a circular

© pE@+

tunnel is elliptical an " : es \ n be expressed as an equation
(2.19). Based on the ela = * ons 1aximum bending moment (M, )
and the horizontal displaceme @@; . ., ing ring can be expressed as
P e
Kb - 2
M__R? —
A, = _—max_ - "'.?-’}‘" TSI
TR — o

(2.32)

where R is the tunnelﬂlcua 0 as the.merage of outer (R,) radii. By

applying equation 232) d the virtual ‘v‘\éork theory, the bending moment in a

wnennf (84249 wg AR E} s o e doriec
Q«i&’lﬁ%ﬂ%ﬂd UA1INYAY

(2.33)

in which 77 is the effective bending rigidity ratio and is expressed as

1+b (2.34)
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where

p - SEl > cosd, cos 26,
Ko i3 [o <6 < %j (2.35)

where El is the bending rigidity of, the tuanel lining per unit length; K, is the flexural
stiffness of the joints, which is defined as thesbending moment per unit length required
to develop a unit rotation angle-along a joint of the.assembled segments; @, is the angle
measured from the vertical direction around the tunnel of the ith joint in the range 0-90;
and m is the number of jointssin/the ré'pge of 0-90. Equations (2.34) and (2.35) are
usually adopted as the first approximatiokg to determine the effective rigidity ratio for a
uniformly distributed segmental lining.’Host{'e\(er, for most shallow tunnels constructed in
soft ground, the earth pressure act.ing arodn]d the tunnel lining cannot be expressed by

the equation (2.26). " = * '
ald o [F
Even when the problemis.treated as an elastic one, in reality, for cohesive
ground, it is known that a visco-elastic con»gﬁipﬂ_ghould be considered. The analytical

method can calculat_é;‘_a conservative solution of the proble_z'"m,“and give upper and lower

limits in solution of th’e"’"‘problem. This solution is postulatedfor particular circumstances
to check the range of“uncertainty in the numerical and experimental methods. It is
generally far easier to,control, the, stiffness. ratio, . R.~of .the~tunnel lining than it is
compressibility’ factor, ‘R, . The'ratie“between stress‘and strain’ at acceptable working
load limit cannot easily be varied but hinges can bé-introduced into‘the lining.

In early studies of ovaling,loriracking deformation, Peck (1972),.based on earlier
work by Burns and Richard (1964) and Hoeg (1968), proposed closed-form solutions in
terms of thrusts, bending moments, and displacements under external loading
conditions. The response of a tunnel lining is a function of the compressibility and
flexibility ratios of the structure, and the in-situ overburden pressure (y,h) and at-rest

coefficient of earth pressure K, of the soil. However, compressibility and flexibility ratios
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of the structure are introduced by many scientists such as Muir Wood with each
parameter has some advantages.

In another example of compressibility and flexibility ratios, the stiffness of a
tunnel relative to the surrounding ground is quantified by the compressibility and
flexibility ratios (CandF ), which are measures of the extensional stiffness and the
flexural stiffness resistance to ovaling, respectively, of the medium relative to the lining

(Merritt, 1985):

o E, (L-v2)r

Et(l+v, J1-2v,) (2.36)
e _E -V R | |

6E1(1+v,) ’ (2.37)

F
#

where E, = modulus of elasiicity. of the medium,
4 o ;‘J‘.;l

I = moment of inertia of the tunnel an per unit width for circular R

-

t =radiusand thickneés of the tunhél lining

These forces and moment are illustrated in Figure 2.5. The relationship between
the full-slip lining response=eoefficient (K, )iand flexibility ratio is shown in Figure2.6.
According to variousistudies; slip lat thel interface isonly passible for tunnels in soft soils
or cases of severe seismic loading intensity. For mest tunnels, the interface condition is
between full-slipand no-slip, soboth.cases should be investigated for critical lining
force and deformations. However, full-slip assumptions under simple shear may cause
significant underestimation of the maximum thrust, so it has been recommended that the
no-slip assumption of complete soil continuity be made in assessing the lining thrust

response (Hoeg, 1968; Schwartz and Einstein, 1980):
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T =TK,T r‘:iKz—Em )r}/max

max max 2(1+Vm (238)
where
Fla-2v, )--2v. )c]- t—2v, } +2
K, =1+ : 2
Fl3-2v,)+(@-2v, )C]+ C[—Svm +6vm2}+6—8vm
2 (2.39)

The normalized lining deflection provides,an inaieation of the importance of the flexibility

ratio in lining response, and'is defined as (Wang, 1993):

|
Ad inin 2 .
——m = SKF RN
Ad :

free— field

(2.40)

According to this equatlon and Flgure 9. 7, a tunnel lining will deform less than
the free field when the erX|b|I|ty rat|o is Iess than one (i.e. stiff lining in soft soil). As the

flexibility ratio increases, the I|n|ng deﬂects more than the free field and may reach an

ot "

upper limit equal to the perforated ground deformatlons. This condition continues as the

flexibility ratio becomes infinitely large (i.e. perfectly: flexible{'lining).

Nowadays, a .lining is composed of many concrete segments with each
connected to the other By#Steel bolts. Therefore, segmental joints in a lining are very
important to the mainistructure lining..For thetMuirWood designimethod, engineers must
consider the stiffness at the joints, which are appreciably less than.elsewhere and, for
abuttingyjoints, theneffective will elearly.increas asgthe ratiol of hoop stress to bending
stress increases. If the second moment of area at the joint is designated as Ij, the
corresponding effective value of | for the ring, c, to be used in design equation for
determining R, may be approximately calculated. For an increased number of equal
segments, say N, we may assume as a first approximation a parabolic envelope to

bending moment around a segment such that
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n 2
|e=|j+(—j |
4 where 1, >1,n>4 (2.41)

and thus, where |, <<I for an expanded and articulating lining of, say, eight

segments, |, =1/4 However, to closely examine the real behavior, a computer

method will be the next step in the design jprocess because a numerical method can
solve more complicated problem than an anaiytieal method.

In most analytical.methods used«in preliminary:design, we assume the absence
of the lining, therefore, ignoringtuanel ground interaction. In the free field, the perforated
ground would yield a muchrgreater distd'[tion than the non-perforated, sometimes by a
factor of two or three. This provides a reasonable distortion criterion for a lining with little
stiffness relative to the'surteunding soil, m}?ﬁil@, the non-perforated deformation equation

_ \

will be appropriate when'the lining stiffness is equal to that of the medium. A lining with

d 4

relative stiffness should experience :distoni@ﬁs even less than those given by adopting
ald ¥ K

an increase of the compressibility ratio (Wang,'_'_‘}_g%).

Furthermore, soil-structure. interactiori..jg_':_a_nother method to be considered in

underground structure ‘problems. The solution from this;"method will show structural

behavior that is closé‘fd real. However, the solution is limited for elastic behavior and a
simple shape model stch as a circular tunnel. In simple examples, the model will
assume the tupnel,and, soiltosbe thesbeam of; an, elastic=foundation approach while
pressure loading’, is assumed to remain‘steady. Furthermore, the solutions ignore inertial
interaction effects. Under load_exciting, ,the, cross=section of .a tunnel will experience
axial bending and " shear! strains™“due to' free Hield! axial,’ curvatdre, and shear
deformations. The maximum axial strain is located at the crown and lining spring line.
Finally, since both the liner and medium are assumed to be linear elastic, these lining
strains and stresses may be superimposed to determine the maximum force on the
lining in a structure design. Since pressure in ground is assumed to be static, both
extremes must be evaluated. The maximum bending moment acting on a tunnel cross-

section can be written as a function of maximum earth pressure.
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A conservative estimate of the total axial strain and stress is obtained by
combining the strains from the axial and bending forces modified from (Power, 1996):

b b
ga = gr?rax + gmax (242)

Again, these equations are necessany only for structures built in soft ground, as
structures in rock or stiff soils can be desighedatising free-field deformations. It should
be further noted that increasing the structural stiffness and the strength capacity of the
tunnel may not result in"reduced iorces; the structure may actually attract more force.
Instead, a more flexible configdration \A/ith adequate ductile reinforcement or flexible
joints may be more efficieni(Wang, 1_993).1 y

Other expressions of maX|mum sectlonal force exist in the literature (Einsrein,
1979; JSCE), with the smajor dn‘ferences‘l mvolvmg the maximization of forces and
displacements with respect to earth pressure JSCE suggests the bending moment in a
segmental joint directly affects @ main seg:neny,structure Therefore, stress in a main

segmental lining must be added by a multrp[ejaﬁe;qr to increase strength of the segment

structure. However, th_e Einsrein method does not account;"fer the affect of a segmental

jointin the lining.

2.3 Numerical approach:for evaluation of tunnel behavior

Compared analysisand*designs oftundergroundistructires aré not as extensive
as for above ground structures. The study of the behavior of long underground
structures, like tunnels, affected by many kinds of pressures is an important engineering
problem. This is particularly true for the complex nature of soil-structure interaction and
unpredictable and inconstant pressure problems as underground structures may
require the use of complicated methods and multi-step procedures. The problems can
be solved accurately, economically and under realistic conditions with the aid of

numerical methods. The approximate methods for solving systems of complex problems
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or partial differential equations have developed significantly and are used increasingly
by engineers, physicists and mathematicians. Many methods for obtaining numerical
solutions to problems have been well developed and possess much versatility in
analyzing complicated phenomena whose behavior is governed by increasingly
complex partial differential equations. However, the aforementioned numerical methods
can be divided into several classes, which have some limitations in their processes. For
example, the Finite Element Method (FEM) is" one of the most popular approximate
methods for solving problems:-ihe FEM,is relatively simple to solve systems of partial
differential equations. The drawbacks and limitations of the FEM include potential
difficulties in the task ef'mesh generatiori and in dealing with bodies undergoing large

deformation or crack propagations Elements of the original mesh may become over-stiff

due to conflict amonggmuliiple fields;-high distortion or segmentation by cracks. In

1l

geotechnical engineering problem solving,f’ghé use of the FDM requires, in addition to an

interior discretization, artifigial Boundaries for the infinite or semi infinite soil medium and
: 7

. Ciendla . . .
hence, an extensive and; uneconomical mesh or extensive special absorbing
'y - de s Ad

boundaries. Thus, other methoas are usegf———to'-fix the limitations, such as Boundary

Element (BEM) or meshless metﬁods, to find gélutions.

Numerical anélysis methods for underground ;Structures include lumped

mass/stiffness, finite element and finite difference methods. To analyze axial and
bending deformation, it fisemost appropriate’to utilize three-dimensional models, as
shown in Figure 2.8a¢ In_the lumped mass method, the tunneliis divided into a number of
segments (masses/stiffness), which @re connected. by springs representing the axial,
shear, ‘and 'bending stiffness.of. the dunnel. The soil reactions, are” represented by
horizontal, vertical and axial springs (Hashash, 1998), and analysis is conducted as an
equivalent static analysis, as shown in Figure 2.8b. These spring constants represent
the ratio of pressure between the tunnel and the medium. On the other hand, the spring
constants represent the reduced displacement of the medium when the tunnel is
present. The springs differ from those of a conventional beam analysis on an elastic

foundation. Not only must the coefficients be representative of the modulus of the
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ground, but the derivation of these constants must consider excited loadingThe ends of
the springs are represented by the soil-tunnel interaction. When using these equations
to calculate the force and moments for tunnels located at shallow depths, the soil spring
resistance values are limited by the depth of cover and lateral passive soil resistance. If
a dynamic, time-history analysis is wanted, appropriate damping factors have to be
incorporated into the springs and the structure.

In finite difference, or finite elementimeodels, the tunnel is discretized spatially,
while the surrounding geologie-medium is €itherdiscretized or represented by soil
springs. Computer codesravailaple for these models FLAC™ include (Itasca, 1995),
SASSI (Lysmer et al., 4991), Fl USH (Lyalmer et al., 1975), ANSYS-III (Oughourlian and
powell, 1982), ABAQUS (Hibiit et al.,. 1999), and others. Two-dimensional and three-

i
\ -

dimensional finite elements and finite-difference models may be used to analyze the

cross section of a bored tunnel or-.cut—anéﬂ‘—cbver tunnel. In cases of movement along

weak plans in the geologicimedia shear zoﬁé’s,’br bedding planes, joints may potentially
. £

cause local stress concentratipné'_"and féifg,Fe?JsJ in the tunnel; then, analyses using

discrete element models may be considered. In these models, the soil rock mass is

considered as an assemblage of distinct bIocké, which may in turn be modeled as either

rigid or deformable ds.éan assemblage of diéiihct blocks, V\—/hjjoh may, in turn, be modeled

as either rigid or deformable materials, each behaving according to a prescribed
constitutive relationship. Thewrelative movements of the blocks along weak planes are
modeled using force-displacement relationships|in_both hormal and shear directions
(Power, 1996). UDEC (ltasca, 1992)sand DDA (Shis. 1989) are twoscomputer codes for
this type.of analysis.

The ability of numerical analyses to improve closed form solutions lies in the
uncertainty of input data. If there is significant uncertainty in the input, refined analyses
may not be of much value (St. John and Zahrah, 1987). A similar cautionary remark was
made by Kuesel (1969), noting that ‘mathematical elaboration of this complex subject
does not necessarily lead to increased understanding of its nature’, and placees high

priority on developing ‘a picture of the action of underground structures subjected to
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earthquakes, with reasonable bounds on the problem’. Finally, both the analytical
approach and the numerical approach lead to the same conclusions to solve specific
problems and set assumptions to reduce problem complications. However, as analytical
and numerical approaches reduce time and product costs, these methods remain

popular.

2.4 Experimental approach for evaluation of tuanelbehavior
v

This study focuses onrthe effect of lining segmental joints on an entire tunnel
structure. In tunnel designgthe parameteﬁs of ground maotion and structure lining details
are very important parameters. 3egimental joint structure is one parameter of a tunnel
that considers deformation and bending?mgment transfer between segments in the
lining. Force response is a wuseful tool for?engir_weers during design or analysis stages.
However, it should not betsed if the soil—st&tj:%;_ttjre system response is highly non-linear.
Current tunnel design philosophyfor-many. c’iVjI;_éngineering structures will be explained

in next chapter. First, though,, a structure s”l:xéU,Ld. be designed with adequate strength

capacity under staticZoading conditions. Generally spe_efking, if the members are to

experience little to no' damage during a lower level event, ’fﬁe inelastic deformations in
the structure members should be kept low.

Reduced:sealesstruetune medels rorreplica modelsyare=defined as any physical
representation "of; strictlire or portion of a structure, (ACI Committee 444). A second
definition states. that a, structural, model.is. any.-=structural element, or assembly of
structural elements-built'to a reduced 'scale for testing and-for which“aws of similitude
must be employed to interpret test results. Physical models are used by many
researchers studying the behavior of structures in different environments. The models
have evolved over the years in various categories, including education, design,
research, and product and concept development in commercial companies. In research
studies, the models are used when a solution cannot be found for structure behavior by

analytical or numerical methods. Structural models can be defined and classified in a
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variety of ways such as: Elastic, Indirect, Direct, Strength, Wind effects, Dynamic,
Instructional, Research, and Design.

Scaled physical methods involve the study of small physical models of a
structure to understand the behavior of its full-scale structure. In general, the size of a
physical model is scaled down to the size of several meters in height and 10 meters or
more in length. Equivalent materials with 'sufficiently low strength are used to build a
model to ensure that it will fail at a relatively low load that can be applied in the
laboratory. Scaled physical methods were a pepular design approach between the
1950’s and the early 1980's"because the analytical methods available at that time were
incapable of dealing with the effects qf heterogeneity. However, the application of
scaled physical models has«declined significantly since then due to their high cost and

the escalating capability of numerical-methods that can handle complex tunnel design

!
A

problems impressively. Infaddition, the ad\(élnfage of a physical model over an analytical
model is that it portrays behavior"of"a combPété structure loaded to the collapse stage.
Although substantial progress |s oontmually made in computer-based procedures for

analysis of structure, we still cannot predlct“analytlcally the failure capacity of many

e

three-dimensional structural systems, espemally under complex loadings.

In design coges in present time, there are numeré_us situations in which these
code provisions might be applied in practice; in most cases it is where the analytical
approach is not fully adequate. Basic doubts’may arise in applying existing analytical
techniques to! new.and' cemplex| structural forms. ' Analyticall methods are not yet
developed to handle the extremely eomplicated behavior of structures loaded to near-
failure ‘or ceftain othenr limit-state, conditions. This.is ‘why modeling /is often used by
engineers studying the failure of structures. Types of structures suitable for possible
structural model studies during the design phase include:

- Shell roof forms of complex configuration and boundary conditions
- Tall structures and other wind-sensitive structures for which wind tunnel
modeling is indicated

- New building structural systems involving the interaction of many components
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- Complex bridge configurations such as multi-cell pre-stressed concrete box
girder highway bridges

- Nuclear reactor vessels and other reinforced and pre-stressed concrete
pressure vessels

- Ordinary framed structures subjected to complex loads and load histories such
as wind and earthquake forces

- Structural slabs with unusual boundary.er loading conditions or with irregular
geometry produced by cutouts and thickness changes

- Dams

- Undersea and offshere structures'l

- Detailing 4 47

Although, physical models are a good method to interpret complicated structure

J
behavior, there is a problemwith measurement accuracy. Thus, modeling development

id 4

requires accurate instruments for measurement of strains, displacements and forces.
vl

Now the most-used measurements fechniques’ of,structural behavior include:

e ) =
g™y =

gl

- Photo-elasticity:for elastic stress analysis of Comple)"( geometries

- Deformeters ;developed by Beggs, Eney, Gottschalk',' and others for introducing
deformations into indirect models and then determining influence lines by use of
the Muller-Bre-slau pringiple

- Mechanical'andoptical strain"gages for measurement of 'surface strain

- _Electrical resistance,strain.gages

- Linear variable "differential” ‘transformers (LVDT),linear*“potentiometers, and
similar devices for electrical recording of displacement

- Brittle coating, moiré and interference fringe methods, and photo-elastic coating
for full-field strain measurements on the surface of a structure or model

- Automated data acquisition systems that use a minicomputer to control and

process many channels of data
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Furthermore, a successful modeling study is one that is characterized by careful
planning of the many diverse steps in the physical modeling process. An experimental
study of an engineering structure is a small engineering project in itself, and as in any
engineering venture, a logical and careful sequencing of events is an absolute
necessity. A typical modeling study can be broken into the following multi-step process:
First of all, researchers should define the scope of the problem. They must select only
the important properties for experimentationstor help to find the solution. Second,
researchers must consider similitude requircinents such as geometry, material, and
loading. Next, model sizesshouldbe considered because it affects level of reliability or
accuracy. If the modelis very small vvlﬁ;len compared to the prototype structure, the
experimental data is difficult to inte{rpret_ because of large systematic model errors.

Therefore, the above information Can-helgwhen selecting model material. One of the

\ #

more important processes is fabfication dufipé which care must be taken in constructing
the model. This can be a frustrating stage in° modeling. After completing the model
i il ']

akd vl
fabrication, instruments will e selected along with its installation in suitable positions to
# | shed e i A4

determine strain, displacement, force arﬁé-ther quantities. Furthermore, loading

equipment must be designed to-dérhonstrate intervals of behavior. Once the model and

instruments are ready:to start experiment, the researcher_iéhould examine behaviors of
structure response and record the data to compare with approximate calculations,
which should be done before the experiment. In addition, data analysis and report
writing report should{be completed/as soan as possible, while the entire test is still fresh
in the mind. The results will help engineers to understand structureybehavior, which will
be followed by mathematic or lempirical \models, However, most existing empirical
models are event-specific and can not be reliably extrapolated to different sites and

thus, their range of applicability in geotechnical engineering may be limited.



Table 2.1: Design approaches after Wang, 1993
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Approaches | Advantages Disadvantages Applicability
Earth Used with reasonable methods Lack of rigorous theoretical For tunnels
pressure results in the past. basis. with minimal
method Require minimal parameters and Resulting in excessive racking soil cover

Computation error. deformations for tunnels with thickness.

Serve as additional safety significant burial.

measures against Loading. Use limited to certain types of

ground properties.

Free-field Conservative foptunpel structu r% Non-conservative for tunnel For tunnel
racking stiffer than ground ‘"_ .| structure more flexible than structures with
deformation | comparatively easy to formutate:=* | ground. equal stiffness
method Used with reasonable reé.ﬁlts in IJ );Overly conservative for tunnel to ground.

the past.  fistructures significantly stiffer than

il ..;'(a f-'g[ound.
__Leé«'s precision with highly
,'-— .“;;/éﬂable ground conditions.

Sail Best reprei'sentation of soil Requires comp;!e_x and time All conditions.
structure Structuré‘ ;';/stem. consuming co_itﬁp"uter analysis.
interaction Best accuracy in determining Uncertainly of design seismic
finite- structure response input parameters maybe several
element Capable/of salving problems with | times the unceftainty of the
analysis complicated tunnel geometry and | analysis.

ground eonditions
Simplified good approximation of soil Less precision with highly All Conditions
frame structure interaction. variable ground. except for
analysis comparatively easy to formulate. compacted
model Reasonable accuracy in subsurface

determining structure response. ground

profiles.
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(b)

(a) (b)

Figure 2.2: Ground and liner under a state of uniform compression (after Peck et al.,

1972)
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Figure 2.3: Structural’'models‘to‘compute member forces (Iftimie, 1994)
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Figure2.4: Reference diagram for initial loading on tunnel prior to deformation (Wood,

1975)
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Figure 2.5: Induced forces and moments (Power. Et al., 1996), a) Induced forces and
moments caused by waves propagating along tunnel axis, b) Induced circumferential forces

and moments caused by waves propagating perpendicular to tunnel axis
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Figure 2.7: Normalized lining deflection vs. flexibility ratio, full-slip interface, and circular

lining (Wang, 1993)
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CHAPTER Il

INVESTIGATION OF TYPICAL DESIGN
AND NUMERICAL ANALYSIS

3.1 Overview

Nowadays, circular shield tunnelsj’ are used in metropolitan transportation and
infrastructure because this tunnel strll_cturéishape is very strong, stable and easier to
construct than others based on hombgenou";s material assumption. In additional, the earth
pressure balance shield method (E,PB,) is ver;'popular when constructing tunnels in soft soil
because equipment can contral soil,rflovemé';]ﬁ--op the construction site and, thus,decrease
damage of surrounding structureé'éui:h as br%g_e’s‘ and buildings. Other benefits include a
decrease in construction costs and time. a*—i’ _.

However, In Earihﬁnessu@Balanee_maehinesregnstéudtion space is usually limited
so a tunnel structure{';hould be separated into many pa'-r't’s-‘. Each segment should be
connected by a steel rod as the lining of a shield tunnel is not a continuous ring structure
since it has joints. Therefore; thelbeliavionofian ehtiré tunnelstrticture on external loading
will not be according to design assumptions, and the effects of the segmental joints on
internal member.forces and-displacements;areynet clear,behavior, During construction and
design processes, an engineer-only tries to check the"maximum force~Capacities of the
shield tunnel structure by applying external loads to the completely assembled full-scale
segmental structure. However, segmental joint behavior is not carefully observed in this
design process. For more information, most designers try to ignore the effects of segmental

joints on the whole tunnel structure.



45

Many researches have shown that segmental joints directly affect the whole
structure. In conclusion, segmental joint structure effects on underground shield tunnel
structure fall into two areas: (1) changing the original shape, which is the most popular
research to consider effects to the structure and (2) maximum resistance force capacity of a
shield tunnel under exciting load with: maximum resistance force capacity, which is less
popular because earth pressure behavior around the shield tunnel is not clear. The earth
pressure is dependant on-many-environmental-parameters and the soil micro-structure at
specific times. However, many=studies show that the average earth pressure in ground
around a lining directly follows earth pres%ure theory. However, deformation of the lining
measured inside a tunnel .section s eaéy»;to calculate and will give reliable results.
Therefore, this study compared the effe(’:ts oTth)e whole shield tunnel structure to segmental
joint behavior based on displacemen.t Controt_Trhis work also only considered external force
in a vertical direction to shield tunné"l rﬁodels.; # .

To simulate the model, WhICH repre;sgr;i\_ltj_sﬁthe behavior of the real structure, the
parameters with significant effevo-tsv pn the kgﬁévior of the model investigated had a

'
g

segmental joint structure. Structural indices were defined as/parameters that represent the

behavior of the structuré under external loading. The studyi@f structure indices will be a
mean to specify the configuration of the test specimens, which are expected to represent
the typical behavior of tunnelss.Therefore, a main objective of experimental application is to
find the elastic' behavior of segmental jointspof a shield tunnelgstructure under external

loading.

3.2 Typical design processes of underground tunnel lining

In tunnel design, there are many factors to be considered that cover all construction

and working stages according to the following steps:
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First: Design of the inner tunnel dimension determined by space demand and
functions such as railway, traffic lane, or water discharge

Second: Engineers determine tunnel lining dependant on factors such as technical

‘ t’//?uch as specific gravity, cohesion, friction

L
nd@ﬁcation code, according to civil

of construction and budget

Third: Engineers determine
angle, and modulus of dk

Fourth, tunnel desi

law N

Fifth: Design evalu v ) \ ' each tunnel section, including
construction and wi ‘ pbssible excited loads.

Sixth: Selectio ion " ial. ing to budget such This step
considers both p andter h ary, struc . Material properties determine
tunnel thickness, s ‘ ction method, process and time
when using a shield t ! __ : ited workspace

Seventh: Structure mqg%@ will input maximum forces determined
in above step . "-. ............ .............................. ] sing the following methods:

® Bedded fraﬂDmodel method
AR TN INeINg
AW TN INga Y

Eighth: Overall conceptual design is completed after structureal forces are
calculated. Structure lining should be designed according to safety standard

criteria. Safety of the most critical sections must be checked using the limit state
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design or allowable stress design method. For example, a minimum thickness for
the segments will be determined according to the bearing capacity to earth
pressure and water pressure and proportion to tunnel outer diameter obtained by an

analysis of damage records.

After the designers determine the liningis:saley economical and optimally designed,
a design document of design-must be approved by-these in charge of the project. In Figure
3.1, these steps are shown on asflow chart for tunnel lining design.

However, tunnel lining design req(ﬁiires much experience as well as practical and
theoretical knowledge. It is_theréfaore not exp;ected that these guidelines will cover every
tunnel lining design point, & but mstead prowde pasic  knowledge useful to design
practitioners. In actual designiand constructlon lining makeup, segment shapes, joint and

waterproofing details, and tolerancesl shoulc}, I?e selected for effective, reliable and rapid
akd vl
erection, considering the foIIowmg =l

.__J

- Method and details of erechon and ere.c_ﬁon equipment

a| Vo

- Functional requwements of the tunnel, |nclud|ngsllfetime and water-tightness

requirements - s
- Ground and groundwater conditions, including seismic conditions

- Usual constructionpraétice in the location of the tunnel

3.3 Earth Pressure and other external loads distribution around a tunnel lining

Lining load conditions'depend on‘the ‘environment surrounding‘the-Construction site,
including existing surface structures, underground geology and construction force as
shown in Figure 3.2. To overcome natural conditions, designers must predict possible loads

that will affect the lining. Load conditions include the following:
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Vertical earth pressure is assumed to be a uniform load, and the pressure will
increase as you go deeper. A popular method to calculate the pressure is
Terzaghi’s formula. The upward earth pressure from the tunnel bottom is assumed to
be the same as the downward earth pressure in magnitude and distribution. Soil unit
weight for the calculation of earth pressure should use a wet unit weight above the
groundwater table, and.the submerged.tnit weight should be used for soil below the
groundwater table. -~

Horizontal earth pressuré isfassumed to be a uniformly varying load that increases
with increasing depth; similar o V(%rtical earth pressure. For calculation, horizontal
earth pressure is the yerical eaﬁ:h*; pressure at same level multiplied by the
coefficient of herizontalfearth ’pres?éu)re as shown in Table 3.1. However, the
coefficient value of lateral earth prestyre varies according to ground conditions. In
most cases, the interval of é-be:fﬂcientyé:]ulé is determined by the difference between
the coefficient value of th,e.:r;édssive Ie;’:@;gahearth pressure and the coefficient value
coefficient of the active I_a_vter_al;lear‘rh pregﬁ;ﬂqjhe designer should decide this value

il

after considering passive and construction conditions/

Water pressuré--’"is assumed to be a uniform load, a-nd the pressure will increase
according to the. water depth at the ground water level. The pressure on the tunnel
is assumed to act in the same directiofito the ring. This pressure acts on the tunnel
when rhe majer portiom of the jsail is gravel or sand (Yukinori, 2003).

Surcharge pressure is assumed to be aguniform load, and the pressure will
decrease with ground depth’ levels! [Therefore, the 'surcharge' lincreases earth
pressure on shallow levels which affect shallow tunnels. For example, a surcharge
source which acts on a lining is road traffic and building weights. There are a
number of formulas to calculate these pressures.

Sub-grade reaction is based on assumptions based on the proportion between

ground displacement and pressure loading at a single point. However, sub-grade
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reaction is difficult to determine because soil behavior is nonlinear inelastic and
depends on the loading rate and magnitude of displacement. Therefore, engineers
should predict displacement and the time to disturb the soil that will occur to

complete a lining. Because of soil plasticity, it is difficult to use to estimate sub-

grade reaction with a linear, bili -linear equation. In most practical cases,
the reaction model will b nd springs located along the whole
periphery of the D eﬁdireotion. Table 3.2 shows the
approximated coeffici »
- Dead load is the g i ntroid of the cross section of a
tunnel. It is ¢ : ultiplied by unit weight of
construction m
- Internal loads cal : : s 7 e ceiling of a tunnel or by inner

- Loads during constitiction = suc acks thrust force , load during

transportation and handling of se J :

=T g

operation Ioa&hould be carefu

ackfill grouting pressure, and equipment

e of their effect on lining

stability. Som ust be examined to confirm

the limit of tolerame.

- Earthquﬁ load arfdﬂher loads shoulébe investiﬁaﬁ if the load effects structure

stey of o panced chdeioetoalofl £) 11173

Y

ARARIRTANBATHEAR L v s

This is tho%ght to result from changes in atmospheric temperature (Ariizumi et al., 1998)
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3.4 Subgrade reaction

Subgrade reaction is a main factor of underground tunnel design that does not have
a constant value. It depends on many parameters of soil and underground structure. When
engineers attempt to calculate member force in.the lining, they must determine the acting
range, magnitude and direction of the subgrade reaction. The subgrade reaction is divided

into v

- the reaction independent of ground“'ldisplacement, and

- the reaction dependent on ground displacement

- =t

|
r

It is assumed that the latter subg'frade reaction is proportional to the ground
displacement, and its factor of proportlonalliy is defined as the coefficient of subgrade
reaction. The value of this fagtor. debends on ground stiffness and the dimension of the

lining (radius of lining). The subgrade reactrorﬂs the product of the coefficient of subgrade

reaction and the d|splaoement of the I|n|ng WhICh is decided by ground stiffness and rigidity

of the segmental Ilnlng.__.-The rigidity of the segmental lining d_epends on the segment rigidity

and number and type of joints.

3.5 Ideal design’ of underground tunnel’lining and ‘'segmental joint

Afteracquiring alliprimary information faor a'liningidesign, a nimerical model should
be created to compute structural forces. The structure model should closely represent the
real behavior of the lining. However, in-situ stress and displacement of soil in the long term
are difficult to predict because of the time dependent effect of soil, which is the result of
inconsistent behavior with the circumstantial environment. Therefore, information based on

experiment or filed measurements are important to set up some assumptions. The existing
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loads and underground structure based on the assumption will be simplified attain a
practical design formula. For example, the concept of a competence factor (Muir Wood,
1972), which shows the ratio of ground strength in simple compression to the vertical
overburden pressure, is one indicator for assessing whether the assumption of linearity is
likely to be acceptable within the limitations of any two dimensional tunnel analyses. Peck
(1969) stated that a liner is said to be flexible.if itfinteracts with the surrounding ground in
such a way that the pressure-distribution on the-liner-and the corresponding deflected
shape result in the lining, and adiner is said to be rigid if it deflects insignificantly under the
loads imposed by the ground'with very Iittl?? ground-structure interaction. Whether a liner is
flexible or rigid depends on.the relative stif‘fpess between ground and liner and the tunnel
diameter. For example,.a lingr may. pe ﬂexil'lol’TeJyvith a stiff surrounding ground and a large
diameter, but the same linersmay be rigidfwi;h a soft surrounding ground and a small

FRAd g
# ‘

diameter. *)
o 1
Moreover, as undergrotind funnels are-{c;)c;?ged at different ground levels depending

on project objectives, economic —issues, ands available space, the circumferential

g =i

environment, like a retaining wall and existing lining, is one factor that should be considered

when evaluating lining behavior because of soil resistance ir]{'each direction. The lateral soil
resistance pressure is _only considered when significant tunnel deformation (squash) is
induced by the soil-struCture, interaction effect of subsequent construction activities.
However, this value can be ignored for a tunnel lining/canstructed n compressible soft clay
when only long-term equilibrium conditions are considered. . Engineering judgments,
thereforg,, must be /exercised to decide which tunnel displacement’ direction should be
adopted as the matching criterion. Figure 3.3 shows some related problems and the
suggested matching directions of the displacement.

In general, if the subsequent construction activities or the existence of a relatively
high vertical overburden pressure are causing the tunnel to “squash” significantly in the

lateral direction, the matching scheme should be conducted in the horizontal direction
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(.ﬁh). The additional lateral soil resistance pressure imposed on the springline of the lining
should then be considered by the effect of lateral soil resistance pressure. On the other
hand, if the subsequent construction activities are causing release of earth pressure in the
vertical direction, the matching scheme should be conducted in the vertical direction (ﬂv).
The effect of lateral soil resistance pressure on the springline of the tunnel can be ignored.
The resulting oval shape of the tunnel lining mayresult in an increase of soil resistance in
the vertical direction acrosssthe-top-and bottom-levels-of the lining system. However, such

an effect should be very smallfor shallow tunnels, as the soil cover above the tunnel crown

cannot generate significant vertical soil resi'gstance.

4 ¥

Based on Peck’s and Wopd’s a'§$qmption, one important parameter is the
: )
segmental joint of a liningg'whi€h is not.focused on presently. Therefore, this parameter will

be considered in this research. Firs't', b:.ecausq; I'i;niﬁg segments are connected by steel bolts,
akd vl

its actual flexural rigidity at the"joint is smaIIer-théthhe flexural rigidity of the segment. The

segmental joint rigidity varies betweén a pe@yl uniform rigid ring and a multiple hinge

ring. If the segments are staggered, the moment at the jointis smaller than the moment of

the adjacent segment'.—-j‘-'-'_he actual effect of the joint should be_jex'/aluated in the design.

3.6 Conceptual numerical modeling, ofi shield tunnel lining

In.this.work, the SAP20Q0. finite, element program.is used to solve, three-dimensional
behavior of tunneliproblems. Circulartunnelsiand steel boltstare modeled-to shell elements
and rigid beam elements, respectively, shown in Figure 3.4. The deformation of the tunnel
structure is limited because the structures are made from reinforced concrete, which is
brittle. Additionally, soil behavior and water pressure around are the tunnel over the long
term have changed when compared to before excavation. Therefore, soil strength can be

considered as an elastic material, with properties based on subgrade modulus. Hence, the
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main analysis focuses on the elastic behavior of both the tunnel structure and soil structure.
Furthermore, this problem analysis focuses on a no-slip surface between soil and tunnel
surface. In this analysis, lining parameters and soil properties are adopted in the modeling
as summarized in Table 3.3 and Table 3.4 respectively. However, the evaluation of the earth

ased on the total weight of the backfill at

)he lining is uniform in both horizontal

pressure loads that may act on a b

the center of the circular linin
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lining is total stress. Ass ) J ter level to be at the surface of
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where ¥; is the total unit weight of the soil layer I; hi is the thickness of the soil layer I; 11
is total number of soil layers above tunnel crown; and (5 is the total earth pressure

developed at the shoulder regions, which can be approximated by

2(1-)

dz = R e
J E—
where R is the calculation t adil : 'rage of the outer and inner radii;
and ¥q4 is the average tot e '«.,;: regions;
Reaction pressure 7, gen ~'~ lining and calculated by taking

where t is the thickness of average unit weight of the lining
material; W,

Total lateral earth preSSE at the crown level ¢ unnel I@vg, D3
‘a | LV
pa = ko AU IVIENIINE N
where Q IW@Mﬂ %gﬁﬂ% G}ﬁ’ﬂrﬁ}%}aﬁ'ﬁctive unit weight
of sails, ]ﬂ” is the unit weight of water, and 1 is the total thickness of the soil layer above

the tunnel crown;

Additional earth pressure developed at the tunnel invert level, P4

p4 - ZKO]!IR + Z]J'WR
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3.7 Flowchart for the proposed research methodology

This study tests plastic structure tunnel models under vertical load to determine the

behavior of segmental joints of a shield tunnel structure under vertical loading response.

Figure 3.6 presents the overall met in this work. Each process is explained in

the next section.

AUEINENINYINS
RN TUUMING AT
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Table 3.1: Coefficient (7\,) of lateral earth pressure in full-circumferential spring model

(RTRI, 1997)
Type of soil A N value
guideline
Soil-water Sandy soil Very dense 0.45 30<N
separated Dénse 0.45-0.50 15SN<30
Mediu’im, Loose 0.50-0.60 N<15
Soil-water Clayey,s6il ﬁ}ard 0.40-0.50 8SN<25
integrated Medium: stiff 0.50-0.60 4SN<8
\ sdﬁ 4 0.60-0.70 2SN<4
) 4 Very soft 4 0.70-0.80 N<2
DAl

Table 3.2: Coefficient (k) of ’.groiu'ndi' reaction* tunnel

Wi
i e

diameter (D) in full-circumferential

spring model (RTRI, 1997) by ol =
Type of soil 3 During grouted é&tgr grouted N valuve
j material hardening maféﬁal hardening guideline
“ (N/mm2) 7 (N/mm?2)
Sandy soil Very;dense 35.0-47:0 55.0-90.0 30<N
Dense 21.5-35.0 28.0-55.0 15SN<30
Mediumloose 2145 528.0 NS15
Clayey soil Hard 31.5- 46.0- 255N
Medium 13.0-31.5 15.0-46.0 8<N<25
Stiff 7.0-13.0 7.5-15.0 4SN<8
Soft 3.5-7.0 3.8-7.5 2SN<4
Very soft -3.5 -3.8 N<2
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Table 3.3: Properties of Elastic Tunnel Ling and soil strength

Parameter Value Unit
Diameter of tunnel vary m
0.3 m

Lining thicknes

W/// TR

lllhr ] _i'

Table 3.4: Properties of‘Elasti

perame //.Q,g, )\\\\ N o

Subgrade cl kN/m®
IE TR = . " 3
kN/m

Unit weight

Coefficient of_" ,mj_.g_:;p

ﬂ‘UEJ’J‘VIUVI?WEﬂﬂ‘i
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Planning of Tunnel Project
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Figure 3.1: Presents the overall guideline used in analysis and designing tunnel lining.
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e of subsequent surcharge

a) Prediction of ground sw
settlement (matching '

ac ~\ ground surface (matching

Ap)
<—
<—
c) The influence of exc i i 0 e mfluer‘@ of excavation

above an existing tunnel (rl*a@mg ﬂ ) adjacent to an existing tunnel (matching ﬂh)

Existing tupnel Construcnon
/ / =

e) The construction of a new tunnel adjacent to an existing tunnel (matching ﬂh)

Figure 3.3: Different types of tunneling-related problems and associated matching criteria
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CHAPTER IV

TEST SPECIMEN AND EXPERIMENTAL SETUP

4.1 Overview

A tunnel is an underground structure widely used for transportation transfer, water
passage as well as electgical and commur‘*ioation cable installation. With the development
and upgrade of infrastructures, tunnéi_oo@&uction is increasing all over the world, and
tunnel engineers must be morg aware of tn}a importance of the safety and economics of
tunnel construction. In relation to tu_nnl_el conéfrycljon, Peck (1969) stated three issues: first,
maintaining stability and safety:during. constr.ﬁg’ﬂpn second, minimizing unfavorable impact
on 3° parties, and finally performmg intended funéflon over the life of a project. Among the
issues, the first issue is d|reotly relatéd:to the ap)preipnate de3|gn of tunnel support system.

The construchon_opetaum_im;sh@ld_tumelmg_oonswts of excavation of a tunnel
face using miners and machlnery protected by a shield. A permanent tunneling lining is
erected within the tail-skin as the shield advances. Grout is usually placed between the
lining and surrgunding (soils"Because! the) process (is! veryscomplicated, it is obviously
impossible to duplicate all of the details of the tunneling process within a small-scale
centrifuge models, Approximations need.to, be.made-in.the .model so that key features in
engineering ‘practice’canbe easily investigated.

The aim of this study is to suggest advances in the design concept of segmental
joints in shield tunnels, which directly affect the behavior of the whole structure. Plastic pipe
lining specimens and half sections of reinforced concrete full-scale specimens were

constructed in this experimental study. However, the plastic model was rescaled to one-
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fortieth of full-scale. Because of its small size, the model can explain only elastic behavior of
segmental joints in a tunnel lining (Harry, 1999).

The segmental joints in the plastic model are plastic pieces of polyvinyl chloride
(PVC) of varied thicknesses and sizes to represent changes in material properties of the
joint. The specimens were constructed to ‘create representative behavior of segmental
joints of an underground circular tunnel lining«" In.general, the underground lining is
composed of many segments;-depending-0n projeci-criteria, tunnel boring mechanics, and
designers. However, this experimental study: focuses on just four to eight segments in each

lining ring. \

4.2 Test Specimen Modeling 4 ,a %

The purpose of this" experimental sthk}yﬂis to investigate the behavior of a typical
segmental joint of a tunnel lining stibjected to @H‘pressure and other loading. Because of
the many patterns and locations-of segmental dei-hié--in a real tunnel structure, it is difficult to

specifically construct §_rnode| very_simitar to g “strdctires/ The practical structure is

composed of two main parts. First, a piece of a segment is méde from reinforced concrete,
or steel which is strong €hough to resist any loading. The s€€ond part is the segmental joint
that is normally made from;high strengthsteel-bat.; Therefore,this=study tries to simplify the
structure to a simple”pattern” similar=to "a” conceptual” design' where every piece of the
segmental lining_is made to_equal size. Furthermore,-because_the whele small models are
made from plastic; whichtisinot closeto real structurefimaterial,/location and material type of
the segmental joints is this study must be simplified. The segmental joints in this study are
made from a piece of plastic and vary thickness and then stuck into the lining’s inner
circumference. In this study, the lining model is 4 to 8 tunnel lining segments. However, to

increase the reliability of the results, a full-scale test should be investigated and compared
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with half sections of the plastic model, but due to a limitation of funds and construction time,
a half-space scale lining is investigated in this research.

There is a good deal of past experience and analytical research to validate this
method of modeling for segmental joint connections. Lee and Ge (2001), using elastic
analyses on steel model lining, indicate thatthe position of the segmental joint model would
change behavior of the whole structure by justa.iew _percent. Cracking around the edge of
a segment will make stiffness-even less sensitive to-the-experimental boundary conditions.
Zhong and Zhu (2006) show that extrapolating the behavior of a half space of lining sub-

assemblage to the behavior ef the completq lining system is a realistic procedure.

4.3 Design and Description of specimen J %

FRAd g

Until now, there are very fevg_gtudies'-_fgp_‘the pbehavior of segmental joints. The only
attempt was to implement existin,g' evaluationﬁ’g’éedures and adjust some specific parts

using available information such-as-sealing cushion, -transmission cushion, and connection

surface (Zhong, 2006): To obtain reliable results, it is clea{rly seen that each evaluation

method should be ba's‘e“d on real behavior that is easy to pred-ilct. It should be noted that a
segmental joint evaluation procedure is intended for general patterns of tunnel structure, not
specific ones. Thereforestesting methods, that-can impose-reakpressure are not necessary.
The test specimen is“designed to' represent the real~behavior of typical segmental joint
connections_under excited loading. An attempt to achieve this concept was conducted by
selecting 'the specimien in a way thatpracesses the value ofistructural indices in the range
of mean value. The main structure of the tunnel lining is real input as much as possible.

The plastic test specimen designed for this study is one fortieth of full-scale. It
should be noted that specimen is scaled down this amount due to economic sample size
and laboratory area limitations. At this scale, the 4.50 m diameter of the full-scale prototype

structure is scaled down to 0.15 m, the 9.00 m length of the lining is scaled down to 0.30 m,
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and the 26 cm lining thickness is scaled down to 0.85 cm. One advantage of the scale
chosen for the test specimen is it can meet a limited budget and it is easy assembly. The
samples in this test are mainly composed of two types of specimen. One is a half structure
of the lining. This model is set up to evaluate angular stiffness of the lining’s segmental
joints. The second specimen type is the lining’s whole structure. This model is set up to
evaluate segmental joint behavior and the efiects because of the number of joints in the
complete structure. Drawings-oi-the plastic model-specimen used in this test is shown in
Figure 4.1 and Figure 4.2. To.accommodate the installation of the segmental joints in the
lining model, two screws must be assembi'iad in the medel and each segmental joint. As a
result, the overall stiffness ofithesstructure ého,uld be stronger than the design and failure of
the structure must be e€curonly at the hoTé However, this study focuses on the elastic
behavior and limits in service load mterval F"or comparison and results reliability, a second
full-scale testing should Conducted. , * .

The full-scale specimen is, }é;nforced{‘c.::)’x}crete and includes two segments of a

water drainage tunnel project in Bangkok ThaTﬁnd The outside diameter of the structure is

4.50 m, the lining th|ckness is 026 m, and each segmen’t has a width of1.00 m. The

concrete segments are assembled with a high-strength steel_--bar. A drawing of the full-scale
structure specimen used in this test is shown in Figure 4.3. This test is designed as a part of
the complete lining which i§ ganstructed underground. In the model test, the the
plastic’s specified vyield strength for the segment and joint is 24 MPa and the modulus of
elasticity is 2400 MPa. For full scale test, the concrete’s specified yield strength segment is
40 MPagand /the modulus of lelasticity is 3040 MPa. The steel barUsed to connect each
segment has a specified yield strength of 480 MPa and the modulus of elasticity is 2.04x10°
MPa.

The objectives of this study are to carry out a structural examination of a tunnel’s
segmental joint behavior obtain the various physical properties of the segmental joints and

segmental lining. Information on segmental joint behavior for tunnel structure numerical
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models found in journals, text books and international proceedings was collected and

reviewed.

4.4 Preparation of Test Specimen

W//

The plastic model lini en sh pared to represent the segmental

joints which influence the whole lining cture focuses on only radial segmental
joints which connect eac form @i 0 e, a plastic model specimen is
only connected in radial directie € ' d, material properties should be

investigated, including ma ' sticity, hysical properties as shown in

This experiment is ba na ' | e n. Hence, longitudinal strain is
= full-scale reinforced concrete
segments once connected. En{@}w : ) reproducing actual construction
procedures to minimize error thaﬂmﬂﬁ‘gﬁ s?a’ i nees in behavior between the specimen
and prototype. For the fu le te he ssy ecimer must-be.prepared by the manufacturer

o

of the segments on site. |

ﬂsaﬁgngm mmswmr p]
Q ﬂ“‘ﬁfﬂ"ﬁm IR

Q cEj lengths. Every
segment is connected, or installed, by a small plastic pieces in a circumferential direction

/

with varying thicknesses and then assembled with steel bolts in a longitudinal direction as
shown in Figure 4.1 and Figure 4.7. This is done to reproduce actual segmental joint
behavior as much as possible. In the model tests, the segmental lining is constructed from

PVC pipe with a Young’s modulus E of 2400 MPa. The lining ring is composed of four and
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six segments. The outer diameter is 150 mm and thickness of the lining is 8.5 mm. The
width of each segmental ring is 300 mm, which is long enough to avoid edge effects. The

four plastic segmental joints are 3 mm x 25 mm, 8.5 mm x 25 mm, and 8.5 mm x 300 mm
respectively. The joints of the plastic lining model are located at 0= 45, 135, 225, 315

respectively for four segmental linings, and @/=:30, 90 150, 210, 270, 330 for six segmental
lining respectively. In the plastie lining model; strain.gauges were attached on the outer and
inner surface of the lining and displacerﬁént transducers were set up in the vertical and
horizontal directions to measuré the lining deformation during testing. Before attaching the
strain gauge to plastic speeimens; the aréa of interest must be selected by engineering
justice and preparation of spécimen sufface had to be completed. To avoid the edge effect,

strain gauges were attached at the, rﬁidpqiht,.of the surface. Then, strain gauges were
. )
attached to transverse the specimen by -a ‘€hemical adhesive. To prevent short circuits,

d 4

strain gauge wires were protected' with norméJ péper tape and strain readings by a data
ald ¥ K

logger were carried out throughout-the attachn}eg_r.;_t.;}procedure that proved to be effective in

this study. L a e

The model fo_r-t“he full-scale test sincludes segmentg'" of a prefabricated reinforced

concrete underground-"'"Water drainage tunnel. Model tests“were conducted using two
connected segments. The test arrangement is depicted in Figure 4.3 and Figure 4.4. Tested
segments were connected by2M22 curved bolts of grade 6.8 (fy = 480 MPa) and supports

were connected at the.same bolts.

4.6 Testing setup

Figures 4.1 to 4.3 show the overall test setup. The test plastic specimen is
supported by two 12 mm diameter steel bars which have the same interval as line loading at
the lining crown. The support is used to restrict movement in a transverse direction and

determine the model tunnel lining joint stiffness. A full-scale model test for loading
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conditions was conducted by two line loadings applied on the tunnel crown by a hydraulic
actuator with a capacity of 10 kN force. The loading and support structure were insprepared
with pre-bored holes produced by an actuator machine using four 12 mm (5/8 inch)
diameter bolts. The bolts were fastened as tight as possible to create pre-stress force in the
bolts, to minimize slippage.

Each support segment is also connected with a steel frame by 2M22 curved bolts of
grade 6.8. These steel frame-assemblies dransier the-reaction force to the strong floor and
are fixed on both ends. Vertical leading from the actuator is transferred to two steel H
sections to represent two lings, the same a§ the for the plastic model. Maximum capacity of
the hydraulic actuator for this testids 120 kN¢ A designed deflection at the tip of reaction
frame for static force of 420 kN'isf0 .8 mm. "

J

dad

4.7 Instrumentation and Data Recording ¥

sl

The test plastic specimen is designediaé'-'shown Figure 4.7 and Figure 4.8 to obtain

data on excited Ioading;,iﬁrtical displacement, and member étrains. Vertical load applied to

the top of the speciméh was measured by load cells attached;to the actuators. The vertical
displacement of the spetimen was measured using LVDT irstalled outside the specimen as
shown in Figure4:1and Figure, 4:84The, VD T-was pplaced-en.a,magnetic stand attached to
a reference based frame: In“another-full-scale test, "a dial gauge placed by a magnetic
stand attached.to a reference frame was used to measure displacement In addition, vertical
load applied to thelcrown of thelspecimens! was measured by load.cells attached to
actuators. Prior to testing, this load cell was calibrated by standard proving ring
(Clockhouse Engineering Ltd., England). Three instruments were also used for data
acquisition: a data logger model, automatic switching box model, and personal computer.
The data logger and automatic switching box read the data from each instrument and

transferred the data to the personal computer in text format.
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4.8 Testing Procedures

When considering the experimental simulation of exited loading on a structure to
study segmental joint behavior, it often happens that a distinction is made between tests
conducted to improve the understanding of material or structural behavior and tests
intended for the verification of response. The first iype. of tests is conceived as an aid in the
development of numerical models for materials or strtuctural elements. The objectives of the
second type of test is considered«to be the verification of the response of structural
elements, or an entire structure subjected"ito excited loading as predicted by a previously
developed model, or toverifythe perfdt:mah_ce'; of a structural'system designed according to
specific methodology (Calvi and thgley", 19?6

The specimen seiup for testlng iS ‘fo facmtate monitoring of deformation during
testing. The basement frame is attached W|th é; measurement meter and grid lines spaced
at 10 mm. The vertical actuator |s attached o) the c,rown of the specimen in all experimental

cases. After preparing the spemmen mstrumentahon that measures the response of the
"]‘ ‘_‘ -

specimen is wired, catlbrated checked and installed onto the test specimen. Next is the

testing. Before beglrtnmg, all instrumentation and data acqwsmon are rechecked and
zeroed. The testing beg_i_ns with the pumping of the vertical actuators to apply vertical
loading. During testing, data.is collected at appropriate intervals (2 seconds). The fifty-two
loading steps (applied vertical load P) are carried out'to a maximum load of 10 kN for the
plastic model test'and 120 kN for the full-scale segment test to determine the joint stiffness
of the model tunnelsWhen the test is completed, equipment lis onee more checked and
corrected. Then, after the instrumentation is removed, the plastic models are discarded and

the full-scale specimen cut into small parts for removal.
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Figure 4.4: Photo of full scale test specimen



Figure 4.6: Testing material property
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Figure 4.8: Photo of full section plastic test specimen
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CHAPTER V

Numerical Result, Experimental Results,

and Discussions

5.1 Overview

The shield-driven tuaneling-method has been widely adopted for construction of
urban underground tunngls inssoft grour;ld. Joined segmental precast concrete linings
connected by steel bolts afe gommonly used in most shield-driven tunnels. As the lining
of a shield-driven tunnel isinotia CQﬂtiI;UOU_"; ring structure due to the existence of joints,
the effects of the joints on internal forces an’d structure deformation should be taken into
consideration in the design of @ tunne! linind.l{_.illn numerical analyses of underground
shield-driven tunnel problems, die ofthe maz-’ﬁ%d’ffficulties lies with the proper simulation
of the structural behavior of the-segmental jé}'ﬁt-‘ih-a tunnel. A way to deal with this issue
is to consider the tunne.l_tmmg_as_a_cocmnuous_mgqmth a discounted rigidity by
applying a reduction factor N, to the bending rigidity ¢ EI of the tunnel lining. The
value of the reduction féctor adopted in the tunnel project is later verified by tests on a
full-scale prototype segmental lining!

The expérimental results obtained from the static loading test of a one-fortieth
plasticsmodeliare presented. Thesspecimen performance wasseyvaltiatedion the basic of
moment ccapacity and deformation behavior. Bending moment at any section of a
specimen was calculated based on static equilibrium. A comparison between the
numerical and experimental results was carried out to investigate the behavior of

segmental joint structure in whole tunnel.
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5.2 Numerical and full scale test Result

In this work, SAP2000, a finite element program, is used to solve three-
dimensional behavior of the tunnel problem. To simulate underground behavior,
circumferential soil around the tunnel is simulated by soil spring stiffness, which is
generated from subgrade modulus. Howeyer, this study does not focus on behavior of
the soil which is not considered a yield failure surface. Therefore, soil spring stiffness is
constant and stays on a linear elastic Z0Né Theweircular tunnels and steel bolts are
modeled to shell and rigid=beam. elements respeetively. This research focused on
segmental joints in a tuane! liaing: However, each tunnel project does not use the same
criteria to design the_lining: Therefqre, thi‘sl research should be studied on affected

segmental parameters as follows: )
J

5.2.1 Effect of number and orlentatlon ofijoints
J -l.
4 .H
First of all, joint onentation eff_t s investigated by rotating the joints and

increasing the, number of Jomts along the tunnel’s cwcumference to find the

absolute maxl_mum moment in the structures. From‘ t_he results, joint orientation is
found to greatlyr_-_affect the amount of maximum Qénding moment acting on the
lining. Every joint grientation patterm_has a maximum moment in the circular
structure as shown in Figure 5.1. A reference joint is defined as the joint located
closest to the tunnel crown in clockwise direction from the tunnel crown. The
variation of maximum bending' moment against joint locationr is sinusoidal in
nature at which frequency increases according to the number of joints.

The maximum bending moment, which is generally used in the design of
aa lining structure, therefore varies within the boundary of oscillation of the
sinusoidal curve, which gives the upper and lower values of maximum bending
moment. The variation can be generally represented as a function as shown

below:



78

M, =(M 5N )+ Asin(Ng - 90)

nonjoint
where N = Number of joints in the lining,
0= Angle of rotation (Figure 5.5)

A = Amplitude of the sinusoidal curve = f(N , K, , k)
k = Subgrade modulus

This empirical equation /s .difficult to normalize to provide a
dimensionless representation. Further-detail-investigation into the analytical

results as describedwin .ithe following paragraphs leads to a more practical

representation. \
Figure 5.1 ¢learly explains the influence of number and orientation of

joints on the maximum vending moment induced in the tunnel lining. If the
: )
number of joints"is /dincreased in the lining structure, the maximum bending

4

moment diagram :will be reduced'.-j'jn the lining. On another hand, minimum

moment on the lining struGture does not show the same pattern as the maximum

bending moment, which can be Q,lés'gified into two groups. The minimum

bending mome’@nt of an even number of joints incre‘éses joint numbers, while the

minimum beh‘ding moment of an odd number of'joints decreases with joint
number. Additionally, the bending moment of €ven joint number has only a
maximum peaks; buty, theybending smoments of Jansedd+joint number has two
maximum; peaks. Moreover, it should be noted that 4 joints induced the highest
and, Jowest maximum bending.moments as compared, to.Other, joint numbers,
and’ maximum bending ‘'moment of" 4 fjoints" is *higher “than=no joint at all.
Furthermore, the interval value between maximum and minimum bending
moment will decrease when the joint number is increased. The different value of
bending moment is lower than 10 percent when the joint number is more than 7,
which achieves maximum bending moment when joint orientation becomes
insignificant for cases involved with a greater number of joints. This reflects the

behavior of rigidity structure distribution and can be explained by the fact that
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for tunnel rings with greater more segments, the span of each segment becomes
shorter. These observations are important in the design of segmental tunnel
rings as the location of each segmental tunnel ring joint varies along the tunnel
alignment. The bending moment is directly related to stress induced in each
segmental tunnel ring. Hence, the stress induced in each segmental tunnel ring
of different joint orientation is different for the same ground conditions and tunnel

depth.

-

5.2.2 Effect of angular joint stiffness

)
Not only"the aumben and orientation of joints but also joint stiffness is a

factor that direcily aifect stress-distribution of a segmental ring. Therefore, joint

i
\ -

stiffness is studied in this resear(‘;t) by varying stiffness values in the tunnel
modeling. It is assumed that the segmental ring is deformed but ignored in the
. )
add v Ak
mechanical analysis of thejoint. Hence, the concrete surface at the joint is
'y d desr gd

considered as a rigid surface; Additigﬁlrly, each segmental ring is connected by
an arc steel Bolt.The result is that each segment can not freely translate in x, vy,

and z directions, but it can rotate in-g'g“hrtIy ih a Iongiﬁdinal direction when enough

force acts on _the structure. Hence, the assumption that joint stiffness of a
segment ring is conmsidered only forfangular joint stiffness. The calculation thus
varies foriangularjoint stiffness and the number of jointsgin a reinforced concrete
tunnel model.

Figure 5.2 'land Figure 5.3 show the.plots between,the upper and lower
values of the maximum bending moment against the angular joint stiffness, K,
The results are obtained from a case where the diameter of the tunnel and
subgrade modulus of surrounding soil are 4 m and 15,000 kN/m” respectively.
When joints are rigid (high value of K,), the maximum bending moment, both
upper and lower values, of the jointed lining becomes natural, approaching the

non-jointed one. However, within the recommended range of the angular joint
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stiffness for design (=& 1,000 — 3,000 kN/rad), the maximum bending moment
decreases to about 0.50 — 0.95 (for upper value of maximum bending moment)
and 0.3 — 0.90 (for lower value of maximum bending moment) of that obtained
from the non-jointed lining, which varies according to the number of joints in the
structure. Maximum bending moment with angular joint stiffness becomes
insignificant for cases involving high: angular joint stiffness. This lining behavior
could be explained by the fact that'fer a‘tunnel ring with greater angular joint
stiffness, the stress can be dispersed throughout the entire segmental lining.
However;the actualangular joint stiffness is very difficult to fit a value for
use in design because ithas mariy parameters that affect it such as type of steel
joint, position of stegl boltin Fhe ségmental ring, pre-tension applied to the steel

bolt, and transmission gushion: Torobtain @ value for the angular joint stiffness,

\ #

the load deformation relatibnship fé)j segmental lining must be determined by

assembling the two actué’l"ségmen{éT:IiHings as in the actual construction of the
akd 3

water supply network'in Bangkok. Te{st:eﬂ segments were connected by 2 M22

curved bolts of grade 6.8 (f,=480 MP‘?) The testing method is to determine two

point loads which eliminate the effect of shear foreelon a joint structure as shown

in Figure 5.45‘?(} estimate the practical range of tk:e"angular joint stiffness, K,
simple FEM analysis using a similar configuration as the main analysis is
conducted to_simulate the test results. The relationships between the vertical
load and' deformation obtained’ from testing=and analytical results are plotted
together in Figure 5.5.

Thedresults showithe relation of lead and.displacement in nonlinear

characteristics. The fitted formula for load-displacement of segments test is

D = 0.006F* +0.0407F (5.2)

where, Dis the vertical deformation and mid curve of segments (mm)

F is the two point load on the structure (kN)
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Nonlinear behavior of load-displacement can be explained by the
segment joint which is connected by a steel bolt with the cross section area of
the bolt being smaller than the cross section of the segment area. Although
stiffness of the steel bolt is higher than stiffness of the concrete segment, it is not
enough to represent all concrete segments. Second, the two segments are not
completely connected to each other; therefore, distribution of stress and stress
transfer are not complete. The bghavior istexplicitly explained when the applied
load is very high«he lower positions of segments are separate to each other. In
this stage, the force and momentl,lof the steel boltincrease rapidly, which is the
trend of angulafF rotation / These .will all directly-affect the behavior of load-

displacement. la addition, angular.—'stiffness is dependant on many factors that

are difficult to clearly expléin Hovt’/ever if the load deformation relationship in
testing is compared with Computer srmulatron the possible range of the angular

joint stiffness for a desrgn should be "1650 KN/m to 2550 kN/m. These angular

.f

stiffness values develop over 80% ofmaxrmum bending moment of a no-joint

,ir g

tunnel structure as shown in Frgure 9.5,

The reduct|on in maximum bending moment called herein moment
reduction factor, T, is also strongly dependenton the number of joints in the
lining. AJining witha larger number-of joints exhibits_ larger value of 1. The

values of T ‘'obtained-from‘other‘analytical cases aré summarized in Table 5.1.

5.2.3 Effect of lining flexibility

The number of joints does not only directly influence the maximum
bending moment induced in a tunnel structure but also affects the bending

moment of all segments in a segmental ring tunnel as shown in Figure 5.6. This
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behavior comes from the flexibility of the lining effect. Ashraf investigated

behavior of lining flexibility with flexibility ratio, F, defined by Peck (1972) in

Equation 5.2.
ES
= (1+ us)

0_between the ground and the

liner, with flexttal sti defi ance of change in shape under a

state of pure shear (Son, 2007). Ashraf found that the number of joints directly
influen ﬁ pT xibility ratio equation,
mverseﬂ gflg bil ﬁm iwljof tﬂes‘je Figure 5.7 expresses

ﬁ |ﬂ pper value of
%ﬁﬁ@@ﬁfﬂ/ﬁiﬁﬂg sﬁdﬁj Ejﬁer soil (higher

value of subgrade modulus), the maximum bending moment acting on the lining
decreases. The increase in tunnel diameter also results in increasing the
maximum bending moment as shown Figure 5.8. Fortunately, the influences of
the subgrade modulus and tunnel diameter are equally applied to both jointed
and non-jointed cases. As a consequence, the relationship between 1| ~ K, is

not affected by the change in stiffness of soil and diameter of tunnel. Similar [
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~ Kg curves, as those shown in Figure 5.2, can be obtained from other
analytical cases with different values of subgrade modulus and tunnel diameter.

Since installation of segmental lining during tunnel construction is
random in process, the upper value of maximum bending moment (Figure 5.2)
should be selected in practice to provide safe lining design. In the present
study, an empirical correlation that best fits the 1] ~ K, curves in Figure 5.2 is
proposed as:

J

_(4/N)2 7 K,
1K 1+ﬂKw
|

(5.4)

where N is the numberof joints in the lining. When K, is equal to zero, the joint

_—

2
, 4
becomes perfectly hinged-and TZ':(-I\T) is attained as recommended by

Wood (1975). Thereforg, the effecti\:-/e moment of inertia of a segmental tunnel

' ¥
ring with a number of equal 's’egmen"té_‘g‘ar_] be expressed as
F. 4 i'J;IJ

ig -
g

[=Inl | S Y (5.5)

5.3 Study of experimental result

The experimental results "obtained from static loading test of a plastic lining
model specimen. are presented.. The specimen performance was evaluated on the basis
of stress-strain behavior, 'deformation ‘and ‘moment’ capacity. Bending“moment at any
section of a specimen was calculated based on static equilibrium and based on plain
strain conditions. A comparison between the predicted and experimental results was
also carried out to investigate the performance of those formulas in predicting the
behavior of the specimens.

To study the structural performance of the multi-joint lining system, the

relationship between deformation of a tunnel section and vertical load must be
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investigated in a laboratory. The overall behavior of the specimen is represented by the
force-displacement relationship at the crown of the lining specimen. In the experimental
data, some information of the specimen behavior can be qualitatively indicated. First,
the overall load resistance of the specimens is directly dependant on the performance of
segment-joint connections. When the connection failed prematurely in bending moment,
the segmental joint could not develop its full flexural capacity and the observed strength
of the specimen was lower than expected.

The test is conducted in-the same, way-asfull=scale testing. The tests started with

determining joint stiffness*by comparing results of ‘a half-section test and numerical

results. After that, the calculated segmen’ial joint stiffness’is used to calculated T factor
to predict inertia of thedlining'section that willbe used in lining design method.

For the purposefof optimizing the @sjgn of a segmental joint in a circular lining,
the experimental tests were conducted on 'Jtvvo test groups according the above details.
The first group was used {0 dete?mfine the;'; J’:czri"gular stiffness of a half section of lining
with varied physical properiies Qf“t_l;ie Seg;;:-eiritﬁl joint. Results of first group are then

compared with numerical results-to find angﬁar joint stiffness in each test. In this study,

gl

numerical studies using the computer program SAP2000 are also conducted using the

material properties acgqrding to experimente;l tesfs. The a—n;cv;ular stiffness of the tests are
shown in Table 5.3 and Fig. 5.19 to Fig. 5.22. The analy&es of flexible rigidity (ET ) of
joints and main_segments‘showed predominant angular stiffness of joint lining which
directly affects the lbehavioriof thelwhale lining structure. fIn' addition, other segmental
joint components such as sealing éushion and surface of connection showed minor
effects 'of angular joint stifiness: Fram the experiment, carrying maximum moment of the
multi segment lining structure should be discounted 50 — 90 % when compared with a
continuous ring as shown in Fig. 5. In lining design, tunnel lining as a multi-segment ring
should discount the bending rigidity factor with a continuous ring.

The plastic specimen was loaded with uni-axial testing mechanic increased to
10000 Newtons in 200 Newtons increments. At each increment, the data accusation

mechanic records vertical displacement and strain at the surface of the plastic
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specimen. Figure 5.9 indicates the relationship between vertical load and vertical
displacement. From the relationships, a non-joint lining section has the straightest
structure when compared with other tests. This test confirms the numerical results that
non-joint lining stiffness is highest, and the summaries of the tests show that the number
of segmental joints mainly affects lining behavior. In addition, the deformation of a lining
section increases as the number of segmental joints is increased while the strength of
segmental joints decreases. However, the weakest segmental joint stiffness in this test is
not a clear behavior because-ifie model failed-before full developed loading was
achieved.

Figure 5.10 and*6.1 1.show . a plotvlof the bending moment on the crown of tunnel
lining against vertical displacement and vertical loading respectively. The results are in

line with numerical results ofibendingmoment that show four segmental joints in a lining

\ #

case are higher than nonsjoint lining. Moreﬁyér, the bending moment in a six segmental

joint case must be lower than the bending:”r'nc'jment in a non-joint lining section case.
. )

| T . . . .
However, one case of the bending moment of four segmental joints in a lining is lower
'y - deis fd

than the bending moment in ﬁon—_joint seﬁh- because of the stiffness of the bolt

connection. Furthermore,; the weakest segmehtal joint stiffness is not clear because the

model structure failed_before full developednlwoédihg.

Figure 5.12 and 5.13 show the relationship. between displacement of a
homogeneous section andsasmulti-section tinhel. This strongly confirms the numerical
results and assumption'that number and strength'ofi segmental joints affect strength and
stability of a whole tunnel structure. In additional, Figure 5.14 and Eigure 5.15 show the
plot between vertical displacement and.vertical loading ofia/half section. This test uses
the two-point load method. The results as agree with the above graph. However, Figure
5.16 does not demonstrate clear behavior because the strain gauge is not in good
condition and thus, the data is questionable. In addition, results from the plastic model
testing show that segmental joint angular stiffness is mainly affected by the flexibility of
the lining structure. Figure 5.30 to Figure 5.34 show the relationship between segmental

joint stiffness and bending moment. The graph shows that resistant bending moment will
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increase when segmental joint stiffness is increased. As a result, the structure can
increasingly afford stress when the segmental joint strength of a structure is increased.
Despite the strength and area of inertia of a segmental joint being equal to the main
segment of the lining, deformation of a multi-segment structure is still higher than
deformation of a homogenous lining structure because of the connectivity of the

structures.

5.4 Comparison between predicted and experimental results

Figure 5.17 and 5.18 show the Sir"pulation model using the SAP2000. This model
compares results with expéeriment testing. Therefore, the loading pattern of the testing
and the numerical model iy actithe sam_f:‘ based on the two-point load method. This
method tries to reduce the effects of shear?and ;onsiders bending moment, deformation
and rotation of the segmental Jomt Fro:'rj,f__dt-he numerical model and half-section
specimens, angular stiffness of /a segmenté[.ﬁiﬂnt in an 8.5 mm thickness along the

tunnel structure should be 7500 -N-rad. Ang;dl_-a,r;stiffness of a segmental joint in N 8.5

mm thickness at some-part of the tunnel structure should _bé 5000 N-rad. Lastly, angular

stiffness of the seghéntal joint in 3.5 mm thickness at som’élpart of the tunnel structure
should be 500 N-rad. The matching solution is shown in Figures 5.19 to 5.22. Although
different typesof segmentalyjoints fon the, plastic specimen~angd-full-scale concrete are
not the same, the pattern of relationship between vertical load and vertical deformation
is the same foe-full-scale_concrete, testing.as shown in-Figure.5.5.and Figures 5.19 to

5.22.

This numerical method is based on a linear elastic model which displays
opposite behavior to real behavior of a plastic material. The plastic specimens tested
are not perfectly linear elastic as assumed. For small and slow rate loading, the plastic
behavior should be linear elastic, while with large and high rate loading, the plastic

behavior will be shown as non-linear elastic when combined with plastic behavior.
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Therefore, loading of the specimen should be done as slow as the testing machine can
do because of the reduced effect of plasticity behavior (Harry, 1999). Finally, the results
in the testing have shown some non-linear plastic behavior because the machine can
operate not slow enough, and the maximum load of the test is over linear behavior
interval. Hence, the results of numerical model and experimental testing should be
slightly different as shown in comparisens in Figure 5.19 to Figure 5.29. However, the
results of the 3.5 mm segmental joint is different.than the numerical results because of
segmental joint failure before the structuge has-been fully loaded. Figure 5.30 to Figure
5.34 shows the effects eirangular stiffness with bending moment of a tunnel structure.
Compared with the numerical results, th? trend of the graphs in Figure 5.30 to Figure
5.34 is close to that in#figure'5.2. This méans the strength of the whole structure as well
as stress transfer mustibe developed vvhen angular stiffness of the segmental joint is
increased according to the first assumptnd‘n However it is very difficult to develop the
real segmental joint strengih to be close to the strength of the lining segment because of

the stress concentration and weakness of the Jomt hole in the segment.

o]
8 J oy
o el

5.5 Designed simulation

In this work, it iS'assumed that the soil pressure iS"based only on the soil weight
and water level~being dower, than lininglocation.; The Joasie, soil profile is stiff clay as
shown in Figure 5.35, where "H " is the tunnel depth, 7 is the unit weight of soil, D is the
external. diameter of tunnel, .4 .is the Jlateral.coefficient, of.soil. and K is the soil
resistance coefficient. Additionally, “structure parameters' of+the segment are as follows:
calculation diameter of segment is 4 meter, elastic modulus of concrete is 2.482x10"
kN/m’, and block partition of the segment is 5, 6, 7 respectively. The segmental joint
stiffness determined by experimental testing is 2100 KN/m”,

Table 5.2 shows the effect on the joint according to the maximum bending
moment in the lining calculated by many design methods such as Muir Wood, Einstein,

JSCE, and Finite Element. There is no joint maximum bending moment by a finite
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element method because of a resemble assumption. Moreover, the results of the joint
effect from a Finite Element method is lower than with the other methods. Maximum
bending moment with 4 joints using a Finite Element method is over the maximum
bending moment with a non-joint lining because of the structure of the lining. With

different model assumptions, the results of calculation are greatly different. However,

increases as well. The main reason at, because of flexibility of tunnel structure, the
pressure on the lining is redueed v in umber of joints, which is to say
that the moment is re the stiffness of the lining is

dependant on the nu

AULINENINYINT
RN IUNRINYIAY



Table 5.1 Moment reduction factors from some analytical cases

89

n n
General No.of | | (Kg =750 kN/rad %) | (Kg = 2,550kN/rad ?)

Description joints N Upper Lower Upper Lower
value value value value

4 0.7 1.04 0.88

Soft soil 0.95

k¥ = 3,750 kN/m’ 0.93
Diameter =4 m 0.93
0.92

0.75

Soft soil 0.88

k *= 3,750 kN/m’ 0.8
Diameter =6 m 0.84

0.8

0.69

Stiff soil \' 0.86

k ”= 45,000 kKN/m” | 0.72

Diameter =4 m 0.8
0.77

q ' “ . - 0. 0.62

'fﬂ m w } éﬁél 0.89

k%= 45%0 r\;]n 6 44 05 A 1197 g8 0.61
Diameter =6 m 7 0.33 0.91 0.69 0.94 0.81
8 0.25 0.8 0.37 0.88 0.66

1) According to Wood (1975), 2) Angular joint stiffness, 3) Soil subgrade modulus
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Table 5.2: Number of joint effect to maximum bending moment in lining in many design

methods
Calculation Muir Wood Eintein JSCE Finite Element
method (kN-m/m) (kN-m/m) (KN-m/m)
No joint 189.63 178.13
4 joint 187.39
(5.2%)
5 joint 169.94
(4.6%)
6 joint 159.96
(10.2%)
7 joint 150.34
(15.6%)
8 joint 145.71
(18.2%)

“TAngularjoint stiffness

: &) HL . | 500
8!.’Inmx25mm 5000
8.5 mm x 300 mm 6000

Q'W']éwﬂim TWTINEa Y
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Figure 5.2: Normalize of Maximum Bending Moment with angular joint stiffness.
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Figure 5.3: Normalize of Minimum Bending-Moment with angular joint stiffness.
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Figure 5.4: Angular Joint Stiffness Testing Equipment.
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Figure 5.5: Relationship -of: ldad with displacement in segments testing
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5.6: Variation of Moment distribution in Lining Structure with Number of joints
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Figure 5.7: Variation of Maximum Bending Moment with soil spring stiffness
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Figure 5.8: Variation of Maximum Bending Moment with diameter of lining
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Figure 5.18: Numerical model for full section of plastic model
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

6.1 Conclusions

This study presents behavior of g segmental joint tunnel in radius direction that
should affect the whole tupnnéel sifucture’s behavior. The behavior is determined by the
number of segments, segmentalsjoint stlr'iength, and soil. subgrade modulus that carry
characteristics of a segmental /tunnel. The proposed behavior employs numerical
analysis, half-section "and full-scale tunn%l testing, and full section of a one-fortieth
plastic specimen tested (@ study. the nﬁje}c.hlanism. From observing behavior of a
segmental joint on experimental tes,t_il_r_lg, ea'c_fr_)'f_jpint can be rotated but translation of each
segment is minimal. Therefore, g joint shoul@’e‘:‘represented by an angular spring with
an angular joint stiffness that ~atlows eaob':;'jéiﬁt to be rotated with no translation.
Henceforth, the resultéiaze_aampared_fm;expemuenialqand: Aumerical methods to verify
the assumption. Méféover, the numerical results sugge—;t a tendency of reduced
segmental joint factor {hat affects the whole tunnel structure. The following conclusions
can thus be drawnibased on'the results of thesé analyses.

- The present solution method is based on linear elastic material which is
dominates ~theq design cassumption. ~“in-~additienaly this method can fix
unpredictable underground behavior.

- Segmental joint strength and tunnel size are mainly affected by bending moment
transfer between joints and segments. Additionally, maximum bending moment
of a lining is affected by these properties, or lining behavior flexibility of lining
depending on lining stiffness.

- Based on a set of numerical and experimental tests, it was found that the

practical range of angular joint stiffness was between 1,000 - 3,000 kN/rad.
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However, this experiment used a curved bolt for the segmental joint, which does
not represent all types of segmental joints in underground lining.

- Jointed lining carried smaller value of maximum bending moment than the non-
jointed lining because jointed lining is more flexible than non-jointed lining.
However, the effect of a flexible structure shows that jointed lining has more
deformation than non-jointed. lining, which should be considered as a design
limitation.

- Orientation of joints in“alining affects the"bending moment of a lining. Hence,
designs should-eonsiderthe position of joints*for maximum bending moment.
However, real construction does hLOt locate the maximum moment position.

- The reductionin bending mo_ment}_ represented by'the parameter called moment
reduction factog can'be simply exgeﬁsed as a function of angular joint stiffness
and segment number. The 'reducticfrg f’actor should be higher than the reduction
factor of Muir Wood becau'éta:' Woodié?eéuotion is based on a hinge structure.

- From full-scale testing, a.-?e*g;nental Ijgifjlt'ﬁole in a segment is a weak point of the

tunnel structure and a fi_rét part qff?frpcture failure that can lead to other

S

problems such‘-_as water leakage and instability ofavhole tunnel structure.

- Finite element’ method results shows a lower ‘reduced maximum bending

moment than other design methods. -

6.2 Recommendations

- This study focused on the segmental joint, which exhibits simple behavior of a
multi-segment tunnel. Further research should be conducted to evaluate the
specific type of each segmental joint connection.

- In this research, full-scale testing of a full tunnel section is not considered
because of budget limitations. Therefore, further studies should focus on

behavior in real soil conditions.



111

The plastic specimen is very small and so test connections can be not interpret
the real failure behavior of a segmental joint. Therefore, new research of a full-
scale tunnel section should be considered.

One shortcoming of the plastic model and two-point loading method is an unexplained

real mechanism of the segmental joint which occurs underground because of different

assembly methods.

¥
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Appendix

Compare result between laboratory testing and numerical testing to find angularstiiiness

¥ |

Half Non-joint Half 3.5 Discent Half 8.5 Discont Half 8.5 Cont
Angular Angulan Angular Angular
Load (N) \
Virtical Stiffness Virtical Stiffness™ Virtical Stiffness Virtical Stiffness
displacement(cm) (N-cm) displacement(em)| /= 500 (N—rad_):; displacement(cm)| = 5000 (N-rad) [displacement(cm)| = 7500 (N-rad)
0 0.000 inf 0.000 e 0.000 0 0.000 0
1000 0.029 inf 0.062 0:014 ‘ 0.045 0.015 0.038 0.013
2000 0.040 inf 0.076 plasy 4 4e. 0,060 0.025 0.053 0.026
3000 0.049 inf 0.087 0.046 i—f","‘ 0.075 0.041 0.065 0.039
4000 0.065 inf 0.097 © 0.06 b ‘0.084 0.055 0.074 0.052
5000 0.073 inf 0.106 ; 0.074 0.093 0.068 0.084 0.066
6000 0.080 inf 0.115 0.092 0.101 0.082 0.092 0.079
7000 0.087 inf 0.125 0.11 0.110 0.096 0.100 0.092
8000 0.094 inf 0.134 0.124 0.117 0.115 0.113 0.105
9000 0.101 inf 0.143 0.4 0.125 0.122 0.122 0.118
10000 0.109 Inf 0.163 0,154 0.183 0.133 0.131 0.131
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Compare result between laboratory testing and numerical testing. (1/3)

118

Vertical Displacement (linear elastic model) Vertical Displacement (plastic model testing)

Load Non joint 4j_8.5C 4j_8.5D 4j_3.5D 6j_8.5C 6j_8.5D 4 6j.3.5D Non joint | 4j.8.5C | 4j.8.5D | 4j_3.5D | 6j_8.5C | 6j_8.5D | 6j_3.5D

0 0.000 0.000 0.000 0.000 0.000 0:000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
200 0.009 0.012 0.012 0.035 0.011 0.012 ‘I|J. 0.027 0.016 0.023 0.022 0.030 0.022 0.029 0.019
400 0.019 0.023 0.024 0.069 0:023 0,024, : 0.054 0.028 0.035 0.034 0.052 0.034 0.041 0.029
600 0.028 0.035 0.037 0.104 0.034 0.035 T‘O.O81 0.087 0.046 0.047 0.066 0.040 0.052 0.038
800 0.037 0.047 0.049 0.139 0.046 0.04!7 %9108 0.045 0.057 0.057 0.080 0.056 0.063 0.048
1000 0.047 0.059 0.061 0.174 0.057 0,059 1-0,'135 0.053 0.068 0.067 0.091 0.067 0.074 0.058
1200 0.056 0.070 0.073 0.208 0.069 0.Q7 % ;-E]c':ﬂﬁgz 0.061 0.079 0.077 0.102 0.078 0.085 0.079
1400 0.065 0.082 0.085 0.243 0.080 0:082 (ﬁg':' 0.069 0.089 0.088 0.113 0.089 0.096
1600 0.075 0.094 0.097 0.278 0.091 .- 0:094 0}2-;1’@ — 0.077 0.100 0.098 0.123 0.100 0.107
1800 0.084 0.105 0.110 0.312 _01.103 0.106 0.244 0.08'5_, 0.110 0.108 0.134 0.111 0.118
2000 0.093 0.117 0.122 0.347 ‘O.;I“‘1_4 0.118 0.271 0052 0.120 0.118 0.144 0.123 0.129
2200 0.103 0.129 0.134 0.382 0.126 0.129 0.298 0.100 0.130 0.128 0.154 0.134 0.141
2400 0.112 0.140 0.146 0.416 0.137 0.141 0:325 0.108 0.140 0.138 0.164 0.145 0.152
2600 0.121 0.152 0.158 0.451 0.149 0.158 0.352 0.115 0.151 0.148 0.174 0.157 0.164
2800 0.131 0.164 0.170 0.486 0.160 0.165 0.379 0.123 0.161 0.158 0.184 0.169 0.176
3000 0.140 0.176 0.183 0.521 0.171 04176 0406 03130 oM 7t 0.169 0.195 0.181 0.188
3200 0.149 0.187 0.195 0.555 0.183 0188 0.433 0137 0.181 0.179 0.205 0.192 0.201




Compare result between laboratory testing and numerical testing. (Continuous)(2/3)
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Vertical Displacement (linear elastic model) Vertical Displacement (plastic model testing)
Load Non joint 4j_8.5C 4j 8.5D 4j_3.5D 6j_8.5G 6/=8:5D | 6j 35D Non joint | 4j.8.5C | 4j.8.5D | 4j.3.5D | 6j.8.5C | 6j_8.5D | 6j_3.5D
3400 0.159 0.199 0.207 0.590 0.194 0,200 0.460 0.145 0.192 0.189 0.216 0.204 0.214
3600 0.168 0.211 0.219 0.625 0.206 W 0.487 0.152 0.202 0.200 0.216 0.227
3800 0.177 0.222 0.231 0.659 0. 28 0.224 , 0.514 0.160 0.213 0.210 0.229 0.239
4000 0.187 0.234 0.244 0.694 0.229 0.235 ;.0.541 0.167 0.224 0.221 0.242 0.253
4200 0.196 0.246 0.256 0.729 0.240 08247 :.-0?568 0.175 0.234 0.231 0.255 0.266
4400 0.205 0.258 0.268 0.764 0.251 0.259 'O__.‘59.5 0.182 0.245 0.242 0.268 0.279
4600 0.215 0.269 0.280 0.798 0.263 0.271 0/622 0.190 0.257 0.253 0.281 0.293
4800 0.224 0.281 0.292 0.833 0.274 0282 0.649 0.197 0.268 0.264 0.295 0.307
5000 0.233 0.293 0.304 0.868 0.286 0.294 07676_ ' 0.204 0.280 0.275 0.310 0.322
5200 0.243 0.304 0.317 0.902 0.297 0.306 0.704 0.215 0.291 0.286 0.323 0.336
5400 0.252 0.316 0.329 0.937 0.309 0.318 0.731 0.219 0.303 0.298 0.338 0.350
5600 0.261 0.328 0.341 0.972 0.320 0.329 0.758 0.227 0.314 0.310 0.353 0.365
5800 0.271 0.339 0.353 1.006 0.332 0.341 0.785 0.235 0.326 0.322 0.369 0.380
6000 0.280 0.351 0.365 1.041 0.343 0.353 0812 0.242 0.339 0.334 0.385 0.395
6200 0.289 0.363 0.377 1.076 0.354 0.365 0.839 0.250 0.351 0.346 0.401 0.410
6400 0.299 0.375 0.390 1.014 0.366 0.376 0866 04258 0363 0.358 0.418 0.425
6600 0.308 0.386 0.402 1.145 0.377 0'388 0.893 0:266 0.875 0.371 0.435 0.443




Compare result between laboratory testing and numerical testing. (Continuous)(8/3)
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Vertical Displacement (linear elastic model) Vertical Displacement (plastic model testing)
Load Non joint 4j_8.5C 4j 8.5D 4j_3.5D 6j_8.5G 6/=8:5D | 6j 35D Non joint | 4j.8.5C | 4j.8.5D | 4j.3.5D | 6j.8.5C | 6j_8.5D | 6j_3.5D
6800 0.317 0.398 0.414 1.180 0.389 0.400 0.920 0.274 0.388 0.384 0.453 0.459
7000 0.327 0.410 0.426 1.215 0.400 0.412 0.947 0.280 0.401 0.396 0.471 0.474
7200 0.336 0.421 0.438 1.249 0.412 0.424 , 0.974 0.290 0.414 0.412 0.489 0.491
7400 0.345 0.433 0.451 1.284 0.428 0.435 ;.1 .001 0.299 0.427 0.425 0.510 0.507
7600 0.355 0.445 0.463 1.319 0.434 0447 1.028 0.307 0.441 0.439 0.529 0.525
7800 0.364 0.457 0.475 1.354 0.446 0.459 '.1__.105.5 0.315 0.454 0.452 0.549 0.543
8000 0.373 0.468 0.487 1.388 0.457 0.471 14082 0.324 0.469 0.466 0.569 0.561
8200 0.383 0.480 0.499 1.423 0.469 0482 1.109 0.332 0.482 0.481 0.591 0.581
8400 0.392 0.492 0.511 1.458 0.480 0.494 17136_ \ 0.341 0.496 0.495 0.614 0.601
8600 0.401 0.503 0.524 1.492 0.492 0.506 1.164 0.349 0.511 0.511 0.636 0.623
8800 0.411 0.515 0.536 1.527 0.503 0.518 1.191 0.359 0.525 0.525 0.658 0.646
9000 0.420 0.527 0.548 1.562 0.514 0.529 1.218 0.868 0.540 0.542 0.683 0.670
9200 0.429 0.538 0.560 1.596 0.526 0.541 1.245 0.376 0.555 0.558 0.709 0.697
9400 0.439 0.550 0.572 1.631 0.587 0.553 172 0.385 0.571 0.573 0.733 0.722
9600 0.448 0.562 0.584 1.666 0.549 0.565 1.299 0.394 0.587 0.591 0.757 0.749
9800 0.457 0.574 0.597 1.704 0.560 0.5676 1:326 0403 0:603 0.608 0.782 0.780
10000 0.467 0.585 0.609 1.735 0.572 0'588 1.853 0413 0.620 0.626 0.808 0.813
10200 0.476 0.597 0.621 1.770 0.583 0.600 1.380 0.422 0.633 0.643 0.838 0.844
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Load Number of Angular Vertical Moment Moment
(N) joint Stiffness displacement Crown Springline
1200 0.061 -693.525 797.554
3400 0.145 -1820.503 2132.589
5600 Non-joint inf 0.227 -3042.840 3623.667
7800 0.315 -4377.876 5314.134
10000 0.413 -5860.285 7316.687
1200 0.102 -8079.565 1072.004
3400 0.216 -21204.523 3441.387
5600 500
7800
10000
1200 0.077 -988.273 1092.302
3400 0.189 -3094.855 3207.552
5600 4 5000 4 030 -5790.933 5981.652
7800 =
10000 \
1200 . 0.079 -320.755 572.158
3400 0102 -1083.633 1837.841
5600 7500 34“-0-.314 -1907.193 3138.200
7800 ‘0484 -2765.430 4395.214
10000 (I)_._sz',o_ . -3831.725 6068.343
1200 0,079 -565.399 398.777
3400 -
5600 500
7800
10000
1200 0.085 *167.602 866.906
3400 0.214 -826.450 2566.042
5600 6 5000 0.365 1722258 4143.811
7800 0.548 -28084/76 5137.863
10000 0.813 -5039.614 7172.203
1200 0.078 -104.029 1022.949
3400 0.204 -520.144 3207.552
5600 7500 0.353 -1066.294 5574.206
7800 0.549 -1759.819 8070.896
10000 0.808 -2722.085 9735.355

Plastic modeling testing result




Physical property of Plastic Material Testing. (1/4)

122

Load(N) stress(N/cm?2) Elongation(mm) | strain(calculation) | strain(measurment)
0 0 0 0.00000 0

100 175 0.08 0.00053 0.00017
200 351 0.18 0.00120 0.00048
300 526 0.28 0.00187 0.00093
400 702 0.39 0.00260 0.00152
500 877 0.5 0.00333 0.00199
600 1053 0.621 0.00413 0.00259
700 1228 0.73 0.00487 0.00305
800 1404 0.851Il 0.00567 0.00367
900 15729 0.97{ 0.00e47 0.00413
1000 1754 1.09 ' 0.00727 0.00477
1100 1930 P 1”.21 _I""v, ‘ 0.00807 0.00526
1200 2105 134 J; 0.00893 0.0059
1300 2281 DRAT A 0.00980 0.00655
1400 2456 2061 7':5_'.:-‘.1:1 0.01073 0.0072
1500 2632 - A TJ‘J_ 0.01167 0.00803
1600 2807 | 1.89 0.01 260 0.00868
1700 2082 2.04 0.01360 0.00936
1800 315? i 0.014:_67 0.0102
1900 3333 2.36 0.01573 0.01105
2000 3509 2.54 0.01698 0.01194
2100 3684 2.72 0.01813 0.01301
2200 3860 o) 0:01933 0:01393
2300 4035 3.12 0.02080 0.01525
2400 4211 3.36 0.02240 0.01659
2500 4386 3.63 0.02420 0.01817
2600 4561 3.94 0.02627 0.01979
2700 4737 4.32 0.02880 0.02249
2800 4912 4.86 0.03240 0.02587
2880 5053
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Load(N) | stress(N/cm2) | Elongation(mm) | strain(calculation) strain(measurment)
0 0 0 0.00000 0

100 175 0.05 0.00033 0.00019
200 351 0.18 0.00120 0.00072
300 526 0.3 0.00200 0.0012
400 702 0.4 0.00267 0.00168
500 877 0.5 0.00333 0.00217
600 1053 062 0.00413 0.00265
700 1228 0473 0.00487 0.0033
800 1404 0:84 “lll 0.00560 0.0038
900 1579 0.96 : 0.00640 0.00447
1000 1754 1 .08_ ¥ 0.00720 0.00498
1100 1930 22 \ |4 0.00813 0.00569
1200 2105 1.33 0.00887 0.0062
1300 2281 ]._{4 X 0:00960 0.00691
1400 2456 1.68 _U 0.01053 0.00761
1500 2632 A2 v?ﬂ .0.01147 0.00832
1600 280% 186 0.01240 [ . | 0.00904
1700 2982 2.01 0.01340 - 0.00976
1800 3158;_ 216 O.O144O_I 0.01068
1900 3333 2.32 0.01547 0.01162
2000 3509 249 0.01660 0.01279
2100 3684 2.67 0.01780 0.01381
2200 3860 2.87 0:019138 0.01527
2300 4035 3.07 0.02047 0.01634
2400 4211 3.3 0.02200 0.01789
2500 4386 3.57 0.02380 0.01975
2600 4561 3.87 0.02580 0.02195
2700 4737 4.25 0.02833 0.02477
2800 4912 4.83 0.03220 0.02971
2885 5061
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Load(N) [stress(N/cm2) Elongation(mm) Istrain(calculation) Strain(measurment)
0 0 0 0.00000 0

100 175 0.05 0.00033 0.00015
200 351 0.17 0.00113 0.00065
300 526 0.27 0.00179 0.0011
400 702 0.37 p.00245 0.00157
500 877 0.47 10,0037 0.00206
600 1053 lGk-ouie J [0.00377 0.00254
700 1228 0.68 0.00450 0.00302
800 1404 Qa8 “.II 0.00517 0.00351
900 1579 9789 : 0.00589 0.00419
1000 1754 o /= p.00es9 0.00471
1100 1930 144 .':J 0.00755 0.00541
1200 2105 rof - s 'i_‘_g.‘op_841 0.00615
1300 2281 1.41 F '-;,945_(‘).0934 0.00691
1400 2456 1,563 0.01033 0.00733
1500 2632 172075 qTQg 139 0.00868
1600 2807 | A 189 0.01252 [, [.0096s
1700 0982 L4 2.09 0.01384 = botoss
1800 3158 0.28 0:01510 0.0121
1900 3333 2.49 0.01649 0.01337
2000 3509 2.73 0.01808 0.01508
2100 3684 3 0.01987 0.01685
2200 3860 3431 0:02192 001892
2300 4035 3.7 0.02450 0.02184
2400 4211 4.26 0.02821 0.02599
2500 4386 5.6 0.03709 0.03884
2600 4561 0.06665
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Load(N) [stress(N/cm2) Elongation(mm)  Istrain(calculation)  [strain(measurment)
0 0 0 0.00000 0

100 175 0.07 0.00046 0.00022
200 351 0.19 0.00126 0.00059
300 526 0.31 0.00205 0.00118
400 702 0.43 0.00285 0.00163
500 877 0.54 0.00358 0.00228
600 1053 0.66 000437 0.00291
700 1228 0. L4 0:00510 0.00338
300 1404 89 0.00589 0.00404
900 1579 1701 1 0.00669 0.00452
1000 1754 113 ;" 0.00748 0.00519
1100 1930 1426 _ '3 10.00834 0.00587
1200 2105 ke O fj—jo.pogm 0.00637
1300 2281 1453 o /p.01013 0.00704
1400 2456 = ~p.01106 0.00789
1500 2632 18470 :003 199 0.00856
1600 2807 | 4 1.96 0.01298 J 0.00943
1700 o8> i 2.11 0.01397 =) oto13
1800 3158 _ .27 0.01503 _ 0.011
1900 3333 .45 0.01623 0.01191
2000 3509 2.63 0.01742 0.01303
2100 3684 2.83 0.01874 0.01416
2200 3860 3:04 0:02013 0401534
2300 4035 3.27 0.02166 0.01675
2400 4211 3.54 0.02344 0.01843
2500 4386 3.85 0.02550 0.02038
2600 4561 4.23 0.02801 0.02309
2700 4737 4.78 0.03166 0.02681
2800 4912 6.19 0.04099 0.03575
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