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ABSTRACT

In the past several years, considerable attention has been given to the
ultimate horizontal pull-out resistance of vertical deadman anchors, which
are usually used together with earth retaining wall. Unfortunately, no
significant effort has been made to understand/study the behaviour of
discrete deadman anchor in earth retaining wall (anchored wall) subjected
to the deflection of earth retaining wall. Therefore, this research aims to

fill up this gap.

The study on the behaviour of single-plate discrete deadman anchor in
anchored wall subjected to the deflection of earth retaining wall is carried
out by three-dimensional (3-D) finite element analysis adopting finite
element software named PLAXIS. The behaviour of discrete deadman
anchor is studied by investigating the effects of several key factors. These
include the effects of length of tie rod, embedment depth of anchor, spacing
between deadman anchors, friction angle of soil, depth of anchored wall,

and stiffness of anchored wall.

Practicing geotechnical engineers are able to understand the interactions
among soil-anchor-wall by studying the effects of several key factors on the

behaviour of discrete deadman anchor. This allows practicing geotechnical



engineers to determine the potential failure mechanisms and hence
provide the most suitable design of anchored wall in geotechnical

engineering.

Furthermore, the effects of abovementioned key factors are summarised
and design charts are proposed for the preliminary design of anchored wall.
The design charts are developed based on limiting the wall deflection to
0.5% of excavation height. The major contribution of this research is the
development of design charts for the preliminary design of anchored wall.
These design charts may be implemented during early design stages, which
serves the purpose for earthwork planning, cost estimation, bill of quantity
and others. These design charts are set as a guideline for the preliminary

design.

Last by not least, the embedment depth of deadman anchor in this research
is studied up to 3.0m deep. Deadman anchorage system embedded deeper
than 3.0m from ground surface is considered to be impractical due to the

difficulty in installation and increase of construction cost and time.

Keywords: 3-D finite element analysis, discrete deadman anchor, earth

retaining wall, sand.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Throughout the world, the development of infrastructure in urban areas is
growing rapidly (Abdi & Arjomand, 2011). This may be potentially due to
the growth of population and economy in countries such as Hong Kong,
China, Malaysia and others. However, due to the limited urban spaces, the
construction of proposed railways, highways, roads, bridges, tunnels and
buildings are therefore more closer to the existing structures (Chan, 2002).
The construction could become very critical when these existing structures

are sensitive to the surrounding ground movement (Gue & Tan, 1998).

To study and minimise the effects of surrounding ground movement for

new developments, geotechnical engineering applications and designs
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have been introduced. The geotechnical engineering design is aimed to

find a better solution which is more cost efficient.

Anchored wall, which also is known as tieback wall, is one of the solutions.
It is formed by an earth retaining wall with a proper combination of

deadman anchorage system.

Anchored wall provides significant construction advantages as it allows
larger working spaces (Muntohar & Liao, 2013). Besides that, anchored
wall is able to increase the resistance capacity of the earth retaining wall

and reduces the ground movement during construction.

The current geotechnical design solution is no longer concerned on the
stability issues only; it also focuses on the restriction of ground movement.
For example in countries such as Taiwan (Ou, Hsien, & Chiou, 1993),
Singapore (Wong, Poh, & Chuah, 1997), United Kingdom (Carder, 1995;
Fernie & Suckling, 1996) and others are very concerned on the restriction
of ground movement. This is because ground movement is a sensitive
parameter of measurement particularly for those constraint areas where

only limited ground movement is permitted.

Finite element techniques offer efficient and effective estimation of
deformation and stability on the study of anchored wall. This is because
finite element analysis takes into account the construction sequence (David
& Lidija, 2001) of anchored wall, such as installation of anchored wall and

excavation processes, which acts as a whole system.

Page | 2
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The purpose of this chapter is to provide a brief introduction on anchored
wall, which consists of earth retaining wall and deadman anchorage system.

This chapter draws to the end by an overview of the thesis.

1.2 Background

Literally, soil retention is one of the earliest issues in geotechnical
engineering. Some developed fundamental principles during the early
days of soil mechanics are meant for soil retention design (Terzaghi, 1943).

Earth retaining wall is one of the soil retention designs.

1.2.1 Earth Retaining Wall

Earth retaining wall is a rigid structure, which can be used to resist thrust
of a bank of earth. It can also be used to accommodate and redistribute

lateral earth pressure due to sloping effects.

Furthermore, earth retaining wall provides lateral support to vertical slope
that would otherwise collapse into a more natural shape. It substitutes the
steep face of the wall creating a gentle natural slope (Abdullahi, 2009), and
subsequently providing useful platforms at different elevations (e.g.

railways, highways and road cut, buildings, substructures, etc.).
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In general, the earth retaining wall used in civil engineering practice can be

divided into four common types, as shown in Figure 1.1:

a. Gravity wall
b. Cantilever wall
c. Sheet piles wall

d. Anchored wall/ Tieback wall

A more comprehensive review on these walls is presented by Visone (2008)
and Coduto (2011). Gravity wall is the oldest and simplest earth retaining
wall. Itis arigid body, which is thick and stiff in nature. Thus, it can support
itself based on its own weight without any additional supports to resist the

lateral earth pressure.

Cantilever wall is a type of flexible retaining walls, which depends on its
flexural strength to resist the lateral earth pressure. It transmits earth
pressures to a large structural footing, which converts the lateral earth
pressure from behind the retaining wall to the vertical earth pressure to

the ground.

Sheet pile wall is another type of flexible retaining wall. It is usually
implemented in unfavourable soils conditions (e.g. soft soils) and in limited
working spaces. In addition, sheet pile wall is usually driven directly into

the ground.

Anchored wall can be constructed from either gravity wall, cantilever wall

or sheet pile wall. It is constrained against lateral movements by the

Page | 4
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presence of additional anchors supports which are embedded in the soil

behind the retaining wall.

Lastly, for an appropriate earth retaining wall design, the hydrostatic
pressure and the seepage force due to the presence of water must be
included. Thus, the provision of drainage system (seepage holes) is an
important factor for retaining wall design. This allows ground water to
escape and hence release excessive pore water pressure and keep the earth

retaining wall in a stable condition.

Gravity Wall Sheet Pile Wall
Cantilever Wall Anchored Wall

Figure 1.1: Types of earth retaining wall.
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1.2.1.1 Anchored Wall

Initially, anchored wall was used as temporary support for vertical
excavation. Subsequently, the application of anchored wall was extended
and used as permanent retention system for vertical excavation. The use
of anchored wall has become increasingly common as a support for vertical

excavation, especially when only limited ground movement is allowed.

The first classification of the embedded earth retaining wall was based on
the constraints scheme (Visone, 2008). The embedded earth retaining wall

can be categorised as:-

a. Conventional retaining wall, with no constraint, is used to sustain
excavation height (H) of less than 5 to 6m.

b. Anchored wall with single constraint (see Figure 1.2a) is used to
sustain excavation height (H) up to 10m.

c. Anchored wall with multiple constraints (see Figure 1.2b) is used to

sustain excavation height (H) beyond 10m.

The selection of the above classification is dependent on the material of
embedded earth retaining wall (e.g. timber, steel or reinforced concrete

retaining wall) and the embedded depth of earth retaining wall.
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(a) (b)

Figure 1.2: Anchored wall with (a) single and (b) multiple anchorage

system.

The role of anchored wall is generally essential when dealing with the

following circumstances (Visone, 2008):

a. The required excavation height (H) is greater than 5m.
b. The allowable ground movement is limited.
c. The penetration depth of earth retaining wall is limited due to the

presence of bedrock or boulders.

When conventional retaining wall (e.g. gravity wall, sheet pile wall and
cantilever wall) faces these constraints, it is necessarily to introduce
additional support for the wall system (e.g. anchorages) to minimise the

ground movement.

1.2.2 Types of Anchorage for Anchored Wall

Anchorage is a light-weighted structure and is typically attached to earth

retaining wall in common civil engineering practice. It is embedded
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sufficiently to a certain depth in the ground to resist vertical uplift and

horizontal forces.

In general, the types of anchorage for anchored wall can be divided into

four basic categories (Merifield, 2002):-

a. “Deadman” anchor/ plate anchor
b. Screw anchor
c. Groutinjected anchor

d. Anchor pile

All of these anchors are usually made of steel or concrete. Anchor is used
to transmit tensile forces from retaining structure to the surrounding soil.
The tensile forces can be transmitted to the surrounding soil by different

approaches between various types of anchorages.

Deadman anchor and screw anchors transfer tensile force through direct
bearing, whereas grout injected anchors transfer tensile force through
shaft friction. Anchor piles transfer tensile force through a combination of
both direct bearing and shaft friction approaches (Merifield, 2002).

Deadman anchorage system is the subject of interest in this research.

1.2.2.1 Deadman Anchor

Deadman anchor is a structure buried in ground and is placed behind an
earth retaining wall. It is used as tieback support for retaining structure

from excessive lateral movements. Deadman anchor can be continuous
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(e.g. steel sheet piles, strip beams, etc.) or discrete/ individual (e.g. driven

piles, concrete blocks, etc.).
The construction sequence of deadman anchorage system is as follows:

a. An open trench is excavated behind earth retaining wall up to a
desired location.

b. Deadman anchor block/plate is buried in the excavated trench.

c. Atierodis placed between deadman anchor and the earth retaining
wall.

d. The excavated trench is then backfilled with soil.

In general, deadman anchor can be formed in various shapes, for example,
circular, square and rectangle shapes, as illustrated in Figure 1.3. It can

also be positioned horizontally or inclined depending on the requirement.

® o a

Diameter B B
Circular Square anchor Strip anchor
anchor (h=B) (h>B)

Figure 1.3: Shapes of anchorage for anchored wall. (Merifield, 2002)
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Das (1990) detailed these anchorages system in term of their applications,

such as:

a. Tieback support for retaining structure

b. Foundation support for transmission towers, marine moorings and
utility poles (see Figure 1.4)

c. Break-out support for submerged pipelines and other structures,

which is subjected to vertical uplift pressures (see Figure 1.5)

Therefore, it can be concluded that apart from civil engineering practice,
the application of deadman anchors has been widely used in marine

engineering, oil and gas engineering practices etc.

Concrete

Steel - Helical

\\\\\\/&\\\\\\\\\I—l\\\\\ \\\\\?\\‘

Transmission tower foundations

Figure 1.4: Foundation support for transmission tower. (Merifield, 2002)
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/ /

Submerged Pipeline

Figure 1.5: Submerged pipeline support subjected to vertical uplift

pressure. (Merifield, 2002)

1.3 Objectives and Scope of Work

The main objective of this research is to develop design charts for the
application of anchored wall. These design charts are performed by using
finite element approach. The specific objectives of this research are listed

as follows:

1. To emphasize the finite element prototype for numerical studies.

2. To verify the finite element prediction with 1-g small-scale
laboratory test and compare the finite element prediction with
existing analytical solutions in literature.

3. To assess two-dimensional (2-D) finite element analysis (FEA) and

compare with three-dimensional (3-D) finite element analyses.
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4. To study the behaviour of discrete deadman anchorage system by

investigating the effects of the following key parameters:-

a.

b.

e.

f.

Length of tie-rod
Embedment depth of anchor
Spacing of anchor

Friction angle of soil

Depth of anchored wall

Stiffness of anchored wall

5. To develop design charts for earth retaining wall with discrete

deadman anchorage system.

1.4 Thesis Outline

Following the Introduction in Chapter 1, this thesis is divided into nine

additional chapters.

e Chapter 2 reviews the relevant literature and analytical studies. A

thorough review on the pull-out of deadman anchor has been

conducted.

e Chapter 3 introduces the methodology used in this research.

e Chapter 4 presents the 1-g small-scale laboratory test to examine

the accuracy of finite element estimation.

e Chapter 5 presents the comparison between existing analytical

solutions in literature and finite element analysis.
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Chapter 6 assesses the 2-D finite element analyses and compares
with 3-D finite element analyses.

Chapter 7 investigates the simplification of finite element prototype.
Chapter 8 presents the parametric studies of several effects on the
mechanisms of the entire anchored wall system.

Chapter 9 develops the design charts for the preliminary and/or
early stage design of anchored wall.

Chapter 10 draws the thesis to the end by summarising all the main
findings of the research. Recommendations for future research are

also included.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter introduces the theory of lateral earth pressure and potential
failure modes of earth retaining wall. Subsequently, it presents the

relevant literature.

2.2 Lateral Earth Pressure Theory

A comprehensive review of lateral earth pressure theory is given by Visone
(2008). In general, there are two types of lateral earth pressure, namely

active and passive earth pressures.

Active earth pressure is the pressure that causes the retaining wall to move

away from the soil in active zone, which is located behind the wall, thereby
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causing extensional lateral strain in the soil. Passive earth pressure is the
pressure that occurs when the retaining wall moves towards the soil in

active zone, thereby causing compressive lateral strain in the soil.

There are three well-known theories to determine lateral earth pressure,
namely Rankine’s theory, Coulomb’s theory and Logarithmic Spiral theory.
Nevertheless, the result of lateral earth pressure depends on the theories
applied. Different theories may have different assumptions on the nature
of structure (smooth or rough structure), soil type and soil-structure

interface.

2.2.1 Rankine’s Theory

In 1857, Rankine developed the simplest approach to compute active and
passive earth pressures (Rankine, 1857). The assumptions made in this
approach were the soil is cohesion-less, the wall is frictionless, the soil-wall
interface is vertical, and the planar failure surface and the resultant force
are angled parallel to the backfill surface. This theory is satisfied for brittle
materials, but is not applicable to ductile materials. Furthermore,

Rankine’s theory is also known as Maximum Stress Theory.
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2.2.2 Coulomb’s Theory

In 1776, Coulomb was the first person who studied the problems of lateral
earth pressure acting on retaining structures (Coulomb, 1776). Coulomb’s
theory applied limit equilibrium theory and assumed the failing soil block
as a free body in order to determine the magnitude of earth resultant
pressures acting on the wall for both active and passive conditions. Since
the problem is indeterminate, a number of potential failure surfaces must
be analysed to identify the critical failure surface. In addition, Coulomb’s
theory does not precisely predict the distribution of active earth pressure

for dry homogeneous cohesion-less soil.

2.2.3 Logarithmic Spiral Theory

Logarithmic spiral theory is another well-known theory to determine the
lateral earth pressure, which assumes that the critical failure surface
consists of a curve and linear portion for both active and passive earth

pressure conditions.

Log-spiral approach provides slightly more accurate result on both active
and passive earth pressure coefficients compared to Rankine’s or
Coulomb’s theory (Caquot & Kerisel, 1948). This is because Rankine’s and
Coulomb’s theories underestimate and overestimate, respectively, the

maximum passive earth pressure. However, the Coulomb’s theory is
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usually adopted to determine the active earth pressure coefficient, as it is

more convenient and the difference is significantly small.

Apart from these three well-known theories, Slip-line Field Theory
(Sokolovskii, 1965) is another theory which is used to determine lateral

earth pressures.

2.3 Failure Mechanisms of Earth Retaining Wall

The earth retaining wall may fail when the lateral earth pressure exceeds
the resistance capacity of the retaining structure. There are variety of
potential failure models which lead to soil body collapse or otherwise,

structural failure.

A detailed study on the failure mechanisms is given by Weissenbach and

co-workers (2002). The potential failure modes are as follows:-

a. Deep seated failure (see Figure 2.1)
b. Rotational failure (see Figure 2.2)
c. Flexural failure (see Figure 2.3)

d. Anchorage failures (see Figure 2.4)
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2.3.1 Deep Seated Failure

Deep seated failure is a potential rotational failure due to the weight of the
soil itself. It is independent on the structural characteristics of the wall
and/or anchor. Hence, it cannot be resolved by increasing the wall
penetration depth or by repositioning the anchor. However, it can be
minimized by improving the soil strength or by changing the geometry of

the retained material.

2.3.2 Rotational Failure

Rotational failure is due to insufficient pile penetration depth, which causes
excessive lateral earth pressure acting on the wall system. It can be
remedied by providing sufficient sheet pile penetration depth in the wall

system and/or by a proper combination of anchor position.

2.3.3 Flexural Failure

Flexural failure is due to overstressing of the sheet pile in the wall system.
Overstressing the sheet pile tends to the change the property of sheet pile
from elastic to plastic form. Nevertheless, it can be prevented by increasing

the stiffness of sheet pile.
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a. Cantilever wall b. Anchored wall

Figure 2.1: Deep seated failure. (Weissenbach etal., 2002)
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a. Canttlever wall b. Anchored wall

Figure 2.2: Rotational failure. (Weissenbach et al., 2002)
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Figure 2.3: Flexural failure. (Weissenbach et al., 2002)

2.3.4 Anchorage Failures

In general, anchor provides additional support to the retaining structure in

order to resist larger lateral earth pressure. Nevertheless, anchorage itself

may have some weaknesses, which may lead to earth retaining wall failure.

These anchorage failures include:

a. Anchor passive failure (see Figure 2.4a)

b. Tierod failure (see Figure 2.4b)

c. Bearing plate failure (see Figure 2.4c)
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2.3.4.1 Anchor Passive Failure

Anchor passive failure is due to lateral earth pressure acting on the wall

system, leading to the deadman anchor being pulled outwards.

SHIET PLE

DREDGE LINE

GROUND SURFACE

| miceon
| PASSIVE FALURE

uggﬁ SURFACE
X\ | f
1l . :
Wl

OREDGE LME

(a) (b)
CROUND SURF ACE
& TN _
e\ < .

(c)

Figure 2.4: Anchorage failures - (a) anchor passive failure, (b) tie rod

failure and (c) bearing plate failure. (Weissenbach et al., 2002)
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2.3.4.2 Tie Rod Failure

Tie rod failure is due to the pull-out capacity of deadman anchor exceeding

the resistance capacity of the tie rod and hence, failure of the tie rod.

2.3.4.3 Bearing Plate Failure

Bearing plate failure is also named as wale system failure. This potential
failure occurs at the connection between sheet pile and tie rod. It is due to
the resistance capacity of sheet pile that is weaker than the tie rod. Thus,

the sheet pile will fail before the tie rod fails.

2.4 Historical Review

In the past several decades, considerable attention has been given to the
behaviour of deadman anchor in terms of the ultimate pull-out resistance.
One of the earliest research was presented by Balla (1961). Initially, the
application of deadman anchor is focused on resisting vertical uplift force.
As the range of application for anchor expanded to date, the application of
anchor is now extended to restraining vertical structure from lateral

pressure.

Research into the behaviour of deadman anchor can be based on analytical
and/or experimental studies. A brief review on the existing research has

been separated based on this division. In addition, the behaviour of

Page | 22



CHAPTER 2 LITERATURE REVIEW

deadman anchor subjected to the deflection of anchored wall has not been

reviewed.

Many researchers have proposed similar approaches to determine the pull-
out capacity of deadman anchor in numerical studies. Most of the
approaches involve the concept of limit equilibrium, cavity expansion, limit
analysis (upper bound and lower bound limit analysis), and finite element
approaches. On the other hand, conventional approach under “normal
gravity” conditions or centrifuge system was implemented in experimental

studies.

This part categorises the studies of deadman anchor into three principle
divisions, namely analytical studies, experimental studies and field test

studies.

2.4.1 Analytical Studies

In analytical studies, the behaviour of deadman anchor can be divided into
shallow anchor and deep anchor behaviours (Rowe & Davis, 1982a, 1982b).
For shallow anchor, the ultimate pull-out capacity (Tu) is determined based
on earth pressure theory whereas for deep anchor, the ultimate pull-out

capacity is determined based on the modified bearing capacity theory.

In numerical studies, the behaviour of deadman anchor is simulated by
adopting two-dimensional (2-D) numerical analysis, which assumed plane

strain condition and/or by adopting three-dimensional (3-D) numerical
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analysis. Unfortunately, very few 2-D numerical studies can be considered

rigorous in determining the ultimate pull-out capacity of deadman anchor.

Nevertheless, very few researchers take into account the 3-D effect on
deadman anchor. Therefore, the literature contribution in determining the
ultimate pull-out capacity of deadman anchor by adopting 3-D numerical

analysis is still very lacking.

Numerical results are essential to be verified with experimental results as
experimental results are typically problem-specific, which is good for
comparison purpose. But, not every case can be proven experimentally due
to cost constraint. Therefore, numerical analysis can provide reasonable
solution for design purposes. Numerical simulation is highly
recommended when dealing with highly non-linear material and scale

effects.

The existing numerical studies can be found in the works of Meyerhof and
Adams (1968), Meyerhof (1973), Neely, Stuart, and Graham (1973), Rowe
and Davis (1982a, 1982b), Murray and Geddes (1987, 1989a) , Basudhar
and Singh (1994), Dickin and King (1997), Merifield and Sloan (2006),
Premalatha (2009), Kumar and Sahoo (2012), and Bhattacharya and
Kumar (2012). Several research papers were referred as benchmark for

future research.

In 1943, Terzaghi reported that the application of conventional Rankine’s

theory has been widely adopted to determine the ultimate pull-out
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capacity for shallow vertical continuous anchor. The failure zone of a

shallow anchor is extended to the soil surface (Terzaghi, 1943).

45 + ¢/2 45 - ¢/2

N|=.-———

h/

Anchor

Figure 2.5: Shear pattern around shallow anchor in sand. (Terzaghi, 1943)

The conventional Rankine theory assumed that active and passive
pressures are fully developed in front and behind the anchor, which is

illustrated in Figure 2.5.
Thus, the ultimate pull-out capacity can be expressed as:

T,= P,— P, Eq. 2.1

Nevertheless, Terzaghi also reported that this equation is only valid for
anchor embedment ratio (ratio of anchor embedded depth over height of
anchor, d/h) of less than 2 as it failed to address the friction resistance on

the anchor. For single anchor plate, Terzaghi allowed additional shear
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resistance (Ps) on both sides of the wedge of anchor. The sides of the wedge

are assumed to be parallel with the tie rod, as shown in Figure 2.6.

rROoVIIELITLL

2

72 I I I O I O O
Plan

Figure 2.6: Shear resistance (Ps) for single anchor. (Terzaghi, 1943)

Therefore, the ultimate pull-out capacity for single anchor can be further

expressed as:

T,=(P+ P)— P, Eq. 2.2

This equation is adopted in British Code of Practice. The shear resistance

for cohesion-less soil is given by:

d3 0)
P. = K, %tan (45 + E)tan(z) Eq.2.3
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If the height of deadman anchor (h) is smaller than the anchor embedment

depth (d), the anchor would fail by ploughing through the ground without

creating the failure zone that extends to the ground surface. Terzaghi

proposed that the required pull-out force is approximately equal to the

bearing capacity of a continuous footing positioned at a depth of (d - h/2)

below the ground surface. Hence, the pull-out capacity can be expressed

as:

where,

Ny

Nq

T, = syd?N, Eq. 2.4

=(Ng-1) tan (1.4 ¢)

= em™and tan2 (45 + ¢ /2)

Logarithmic Spiral Prandtl Zone

45 - 612 45 - /2

Passive Rankine Zone

90-9 » Tu

Figure 2.7: Failure mechanism for surface anchors proposed by Hansen

(1953).

Page | 27



CHAPTER 2 LITERATURE REVIEW

In 1964, Ovesen (Ovesen, 1964)adopted the failure mechanism that was
proposed by Hansen (1953). For the basic case, the assumed failure zone
combines both Rankine and Logarithmic Spiral Prandtl zones as illustrated

in Figure 2.7.

Ovesen derived a formula with empirical reduction applied to the basic

case. The ultimate pull-out capacity is expressed as:

T, = Tu(B) R,y Eq. 2.5

where the reduction factor (Rov) can be expressed as:

Roy = o fotl Eq. 2.6
To  Cp+9/, a
where,
Ts = pull-out capacity for the buried case.
To = pull-out capacity for the basic case.
Cov =19 and 14 for dense and loose sands, respectively.

In addition, Ovesen also derived a formula for ultimate pull-out capacity of
deep continuous anchor, which is based on deep strip foundation, as

follows:
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1)
T, = ydhK,e™m® tan? (45 + E)dc Eq. 2.7
where,
dc =1+0.35/[h/H + 0.6/(1+7tan* ¢)]
dc =1.6 + 4.1 tan* ¢ (for very deep anchors)
1
d/h >7
d

Figure 2.8: Failure mechanism for deep anchors proposed by Biarez,

Boucraut and Negre (1965).

In 1965, Biarez and co-workers presented mathematical approaches for
vertical deadman anchor that is subjected to translation or rotation. Earth
pressure coefficient was derived from limit analysis and summarised into

design charts (Biarez et al., 1965).
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Biarez and co-workers also reported that the pull-out capacity for shallow
anchor (d/h < 4) depended on the roughness and weight of anchor. The
dimensionless pull-out force coefficient (M,q = Tu/yBh?) for shallow anchor
(d/h < 4) and intermediate anchor (4 < d/h < 7) can be expressed in a

simplified form as:

d 1) K, sin 20

d 2
M =(K—K)(———+ (——1)
vq p a Eq. 2.8
h 2 2tan(45+%> h d

For continuous case, B in the pull-out force coefficient is found to be 1.

In addition, the pull-out force coefficient for single shallow anchor (Mqs)

can be further expressed as:

M

h d 2
yas = Myq + 0% (VKp —/Ka) (E_ §>

Eq. 2.9
tra+e i 'zw(d 1)
2( )B p sin A

Furthermore, the pull-out force coefficient for deep continuous anchor,
which is subjected to rotational mechanism (see Figure 2.8) can be
expressed as:

d
Myq = 4m (= 1) tano Eq. 2.10

In 1973, Meyerhof extended his previous uplift theory (Meyerhof & Adams,
1968), which was used to determine the pull-out capacity of inclined

anchors for both shallow and deep continuous anchor. The earth pressure
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coefficients that were used in Meyerhof’s theory were proposed by Caqout

and Kerisel (1948) and Sokolovskii (1965).

The ultimate pull-out capacity of anchor can be expressed as:

1
T, = E)/dZKb Eq. 2.11

where Kb is the pull-out coefficient that can be obtained from a graph using

soil friction angle (Kame, Dewaikar, & Choudhury, 2012).

In the same year, Neely and co-workers (Neely et al., 1973) used the theory
of plasticity to determine the ultimate pull-out capacity of continuous
deadman anchor. Two approaches adopted in their research, namely
surcharge approach and equivalent free surface approach. The failure
zones are bound by the combination of straight lines and Logarithmic

Spirals failure surface, which is illustrated in Figure 2.9.

Furthermore, Neely and co-workers developed design charts for ultimate
pull-out capacity in terms of the dimensionless pull-out force coefficient
(Myg). They also reported that the surcharge approach provides more
conservative solution in predicting the pull-out force coefficient. This is
because surcharge approach does not take into consideration the shear

strength of soil above deadman anchor.

The second approach, equivalent free surface approach, which was
adopted from Meyerhof (1951) by manipulating the degree of mobilisation
(m) of the shear strength of soil above deadman anchor. Neely and co-

workers also stated that the value of pull-out force coefficient for m=1 is
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10% higher than those for m=0. It should be noted that the active pressure

behind deadman anchor and the kinematic behaviour of material were not

considered in their research.

dlddlidlld

h
Logarithmic Spiral
(a)
ﬁﬁﬁﬁﬁ So=Potand . m
Fo s a0 g
1 . 6tand
sinB cosd e
h d/h=1+
cos(¢+n)
Logarithmic Spiral

(b)

Figure 2.9: Failure surface (a) surcharge analysis method and (b)

equivalent free surface method. (Neely etal., 1973)
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In 1982, the most rigorous numerical study on the behaviour of deadman
anchor up to date was presented by Rowe and Davis (1982a, 1982b). Atwo
dimensional finite element approach with elasto-plastic soil model was
used to study the behaviour of deadman anchor. The behaviour of
deadman anchor was determined based on soil-structure interaction
theory. The soil-structure interaction theory is described in the work of

Rowe, Booker and Balaam (1978).

In addition, the effects of anchor embedment depth, friction and dilation
angle, initial stress state, anchor roughness, associated and non-associated
flow rule were evaluated (Rowe & Davis, 1982b). The non-dimensional
pull-out force coefficient for continuous deadman anchor can be expressed

as:

M

vq - F)/ Rlp RR RK Eq. 2.12

where the anchor is assumed to be thin and perfectly rigid.

Furthermore, the ultimate pull-out capacity used in Eq. 2.12 was
determined based on ks failure concept (see Figure 2.10), which was
proposed by Rowe and Davis (1982a). The k4 failure load corresponds to

an apparent stiffness of one quarter of the elastic stiffness.
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Figure 2.10: k4 failure concept. (Rowe & Davis, 1982a)

The multiple of 4 was chosen because it provides a typical safety factor of
2.5 to 3 in order to ensure that the working load was close to the linear
range. Hence, the displacement of anchor can be predicted by elastic

solution (Rowe & Davis, 1982a).

In addition, the k4 failure load was adopted in order to minimize the
contained plasticity and creep effect at working loads. This is because

increasing plasticity within soil increases the creep effect.

In 1987, Murray and Geddes adopted limit analysis and limit equilibrium
approaches to predict the ultimate pull-out capacity of horizontal deadman
anchors pulled vertically in cohesion-less soil. Subsequently, in 1989,
Murray and Geddes used the similar approaches to estimate the ultimate

pull-out capacity of vertical deadman anchor pulled horizontally. The
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ultimate pull-out capacity of a strip anchor based on lower bound solution
can be expressed as:

B
T, = K, (1 - 0.5 E) yBd Eq. 2.13

In 1994, a generalised lower bound procedure based on finite element and
non-linear programming was proposed by Basudhar and Singh. This
technique is used to predict the ultimate pull-out capacity of strip deadman
anchor (Basudhar & Singh, 1994). Furthermore, the non-linear

programming is similar to that used by Sloan (1988).

In 1997, Dickin and King studied the behaviour of deadman anchor by
using finite element approach. Two constitutive soil models: (1) the well-
established variable-elastic hyperbolic model (Duncan & Chang, 1970) and
(2) elasto-plastic model as proposed by Lade and Duncan (1975)were used

in the plane strain program named SOSTV (Chandrasekaran & King, 1974).

In 2006, another rigorous numerical study on the behaviour of deadman
anchor was presented by Merifield and Sloan. They adopted the numerical
approaches, such as linear finite element coupled with upper and lower
limit analyses, nonlinear finite element coupled with lower bound limit
analyses, and displacement finite element using Solid Nonlinear Analysis
Code (SNAC) to estimate the ultimate pull-out capacity of deadman anchor.

SNAC is an algorithm developed by Abbo (1997), Abbo and Sloan (1998)
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(as cited in Merifield & Sloan, 2006). The ultimate pull-out capacity for

strip anchor can be expressed as

T, = ydhN, Eq.2.14

In addition, Merifield observed that the soil retained behind deadman
anchor can significantly affect the ultimate pull-out capacity of shallow
anchor. Furthermore, the effect of interface roughness that changed from
perfectly rough (6= @) to perfectly smooth (6= 0) led to a reduction as

much as 65% of the anchor capacity.

In the same year, Naser (2006) analysed the ultimate pull-out capacity of
deadman anchor by using limit equilibrium approach. Naser was the only
researcher who took into account the effect of three dimensions. Naser
derived a three-dimensional (3-D) correction factor (M), which can be

expressed as:

M =1+ (K, —K;)*®[ L1E* + _ Lo
p . ' 1+ 5(B/h)
Eq. 2.15
0.4(K, — K,)ESF?
1+ 0.05(B/h)
where,
E = embedment factor = 1- h/ (d+h)
F = shape factor =1 - (B/s) 2
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s = centre-to-centre spacing between two anchors

The correction factor formula takes into account the shape factor (F) and
the embedment factor (E). For continuous anchor, the value of F is 0.0; for

discrete anchor, the value of Fis 1.0.

Figure 2.11: Deadman anchor with acting forces. (Naser, 2006)

Thus, the ultimate pull-out capacity with 3-D correction factor can be

further expressed as (see Figure 2.11):

P,=M(P,—P)+ F,+FE+F, Eq.2.16
where,
Ft = effective friction force at the top of deadman anchor
= Ws*tan o
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Fs = effective friction force at the bottom of deadman anchor
=N*tan &
Fp = effective friction force at two sides of deadman anchor

= 2*K,*y*d tan Sy*h*t

In 2009, Premalatha investigated the effect of tie rod with deadman
anchorage system in berthing structure numerically. The soil model
follows Mohr-Coulomb failure criterion in finite element software named
PLAXIS. Premalatha observed that the increase of tie rod length leads to
reduction in wall deflection. Nevertheless, beyond certain length of tie rod,
the tie rod force and wall deflection have no significant difference and

remain constant thereafter.

In 2012, Kumar and Sahoo studied the behaviour of deadman anchor using
upper bound theorem of the limit analysis in combination with finite
elements. Furthermore, the effect of anchor embedment ratio (d/h),
friction angle (@) and soil anchor interface (0) in influencing the ultimate
pull-out capacity of deadman anchor were evaluated. In this research,
Kumar and Sahoo concluded that the pull-out capacity increased with the
increase in anchor embedment ratio, friction angle and soil anchor

interface.

In year 2012, the behaviour of a group of two strip anchor plates embedded
in sand along the same vertical plane was presented by Bhattacharya and

Kumar. The effect of anchor embedded ratio, friction angle, vertical
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spacing between anchors, and the group efficiency factor (n) were

evaluated by using finite element approach with lower bound limit analysis.

Furthermore, Bhattacharya and Kumar concluded that the ultimate pull-
out capacity of a group of two anchors increased up to a maximum of 43%
compared to a single anchor. In addition, they also reported that deadman
anchor is usually placed in a group. Unfortunately, there is hardly any
literature reviewing on the horizontal pull-out capacity of a group of

deadman anchor.

In the same year, Kame and co-workers (2012) proposed an analytical
solution based on limit analysis and limit equilibrium approaches. This
proposed analytical solution was used to estimate the ultimate pull-out
capacity for strip deadman anchor in terms of dimensionless pull-out force
coefficient (M,;). The proposed failure mechanism consists of the
combination of Logarithmic Spiral and straight lines inclined at 45° - ¢/2 to
the horizontal in the passive zone, whilst a plane failure surface based on

Coulomb failure mechanism in the active zone.

The results from proposed solution are compared with some available
experimental and analytical results. The proposed solution can make
reasonably good prediction for certain experimental tests (Dickin & Leung,
1985) up to anchor embedment ratio (d/h) of 3.0. In addition, Kame and
co-workers also reported that there is no unique analytical solution in
predicting the ultimate pull-out capacity of deadman anchor in cohesion-

less soil.
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2.4.1.1 Summary of Analytical Studies

The summary of analytical studies is as follows:

1. Most of the numerical studies are focused on the behaviour of direct
pull-out for vertical strip deadman anchor.

2. Majority of the existing numerical studies are carried by using 2-D
finite element analysis.

3. The most rigorous numerical paper on the behaviour of deadman
anchor was delivered by Rowe and Davis (1982b). The soil-
structure interaction is discussed.

4. In the real scenario, discrete deadman anchor can only be modelled
in 3-D. The behaviour of deadman anchor between 2-D and 3-D may
be different. Unfortunately, very few researchers take into account
the 3-D effect of deadman anchor.

5. No attempt has been made to determine the behaviour of discrete

deadman anchor together with the retaining wall system.

2.4.2 Experimental Studies

In experimental studies, small-scale laboratory model tests on deadman
anchor can be performed by either conventional approach under “normal
gravity” condition, or centrifuge system, or simultaneously. In
conventional approach, the apparatus required is easy to set up and the

equipment used can be easily obtained. Therefore, the cost for laboratory
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model test under conventional approach is relatively cheaper compared to
the centrifuge test. However, the application of small-scale laboratory test
is limited unless suitable ‘modelling law’ is established and is correctly

applied.

In centrifuge test, the physical scaling law is implemented to meet the
actual field condition. By controlling the gravitational acceleration (g-
value) in centrifuge test, the stress level for centrifuge test can model the

actual field condition accurately.

For centrifuge test, the set-up is set to a static gravitational acceleration,
which is equal to 1-g at rest. In order to simulate the field stresses for
various burial depths, the model is rotated in a centrifugal motion, under
gravitational acceleration greater than 1-g to generate the desired stress
field. For example, a 1m soil model undergoes acceleration of 40-g. This
makes the vertical stress equivalent to that of a depth of 40m below the
ground surface. Nevertheless, the centrifuge machine and the set-up cost
are very costly; therefore, only a few research institutions possess such

equipment.

The main advantage of small-scale laboratory tests over centrifuge tests is
thatitis able to provide closed, controlled conditions during the laboratory
tests. Furthermore, it allows the behavioural trends to be established
economically to develop a better understanding on the performance for
larger scales (Dickin & Leung, 1983). The observations from laboratory

tests can be employed in conjunction with mathematical analysis to
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develop semi-empirical theory, which may solve a wide range of

geotechnical engineering issues.

The main concern associated with the small-scale conventional test is the
presence of scale effects. The stress intensity that arises from the self-
weight of soil body may be lower than the actual field prototype. Therefore,
it may fail to reflect the actual field condition accurately (Dickin & Leung,
1983). In comparison with small-scale laboratory test, full-scale field test
produces the most adequate results. Nevertheless, full-scale test incurs
high cost and is time consuming and unfeasible for most of the cases
(Merifield, 2002). This is due to the difficulties in obtaining reliable field
data under closed, controlled condition, which greatly reduces its viability
for research purposes. Therefore, very few researchers conducted full-
scale field test to investigate the behaviour of deadman anchor.
Consequently, small scale laboratory test is recommended as it is cost

effective and convenient in nature.

The existing experimental studies can be found in the works of Balla (1961),
Neely and co-workers (1973), Akinmusuru (1978), Rowe (1978), Dickin
and Leung (1983, 1985), Murray and Geddes (1987, 1989), Hoshiya and
Mandal (1984), Geddes and Murray (1996), Naser (2006), and El Sawwaf
and Nazir (2006). Several research papers were used as touchstone for

further references.

In 1961, Balla, one of the earliest researchers, investigated the behaviour
of deadman anchor. As mentioned earlier, the application of deadman

anchor in the early stage was used to resist vertical uplift forces, which
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acted as support for transmission towers. Preliminarily, these towers were
supported by large mass concrete blocks (deadman) which provided
sufficient uplift resistance capacity to overcome the vertical uplift force.
Nevertheless, this design was not encouraged as it is very costly and
unpractical. Thereby, Balla carried out a research in order to discover a
more economical solution. The solution developed by Balla is known as

belled piers or mushroom foundation.

In 1973, Neely and co-workers, few of the earliest researchers, who
investigated the behaviour of vertical deadman anchors in sand using
small-scale laboratory test. The laboratory tests were conducted using
anchor, with aspect ratios (B/h) 1 (square), 2 and 5 (both rectangular),
embedded in sand with friction angle of 38.5°. In their experiment, the
anchors were investigated up to anchor embedment ratio (d/h) of 5. The

observations obtained in the experiment were:

i.  The load-displacement relationships were correlated positively
until the end of the tests.

ii.  Square anchors with d/h > 2 had very large movement.

In conclusion, Neely and co-workers were unable to determine the ultimate
pull-out capacity and the critical embedment depth for deadman anchors.
Therefore, an alternative criterion is introduced to determine the ultimate
pull-out capacity, namely typical nature of load-displacement approach

(see Figure 2.12).
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Figure 2.12: Typical nature of load-displacement diagram. (Neely et al,,

1973)

In 1975, Das and Seeley were the first researchers who were concerned on
the allowable pull-out displacement that imposed restrictions on the
design load. In their experiment, deadman anchors with aspect ratio (B/h)
of 1, 3 and 5 with thickness of 50mm were embedded in sand with fiction
angle of 34°. The anchor embedment ratios investigated in this pull-out

test were up to d/h = 4.

Das and Seeley also proposed a simple semi-empirical relation to estimate
the ultimate pull-out capacity of anchor. The semi-empirical relation is

derived from the laboratory model tests. For single anchor, the
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dimensionless pull-out force coefficient from semi-empirical relation can

be expressed as:
-5 3.22 d n E 2 17
M,, = (459x107°) S ¢* (E) qg- 2.

where,
S = shape factor (which is a function of d/h and ¢)

The n value varies linearly from 1.8 to 1.65 for B/h = 1 to 5. The load-
displacement relationship developed is used to assist the design of

structures where total displacement is the controlling criteria.

In 1978, Akinmusuru studied the behaviour of deeper deadman anchors in
sand. Anchor with various shapes, such as square (B/h = 1), rectangular
(B/h =2,10) and circular with embedment ratio of up to 10 were examined
in the small-scale laboratory test. The novelty of this research was that the
soil was simulated using 76mm steel pins in order to provide better
observation on the failure mechanism for deadman anchors, especially for
the case with B/h = 10. The soil also produced fiction angles of 24° and 35°.

In addition, the movement of steel pins was photographed for each test.
The observations made from this experiment were:

i.  The behaviour of deadman anchor changed from shallow to deep at
d/h =6.5.
ii. A circular failure shape formed immediately above the deadman

anchor (see Figure 2.8) for d/h > 6.5.
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iii. ~ Pull-out capacity continuously increased and no peak load was
observed until the end of the test.

iv.  Circular anchor had the largest pull-out force compared to others.

Consequently, Akinmusuru was unable to determine the ultimate pull-out
capacity for deadman anchors even though the critical embedment ratio

was clearly defined at 6.5.

In 1983, the most rigorous experimental study into the behaviour of
deadman anchor in dense sand was presented by Dickin and Leung. Square
and rectangular deadman anchors were used in both conventional and
centrifuge tests in their research. They found that the results obtained
were significantly different between conventional and centrifugal tests.
For a square deadman anchor, the predicted ultimate pull-out capacity

varied as much as 80% for the most extreme case.

Furthermore, they concluded that:

i.  Centrifuge test could successfully predict the field scale behaviour
of deadman anchor, which was better than conventional test.

ii. The errors between these tests arised mainly due to the
characteristic stress-dependent behaviour of dense sand.

iii. The critical embedment ratio decreased with anchor size.

In 1984, investigation on the behaviour of square and rectangular

aluminium anchors in loose sand was presented by Hoshiya and Mandal.
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They adopted the smallest sand box with dimension of 0.3m x 0.4m x 0.4m
for their laboratory test. The purpose of this smallest testing chamber was
to introduce the edge effects into the experimental results. The conclusion
from their research was that the critical embedment ratio for rectangular

anchors is approximately 5.

In 1985, Dickin and Leung extended their previous research in 1983 to
evaluate the existing available analytical solutions and compared them
with their conventional and centrifuge model tests for single and
continuous anchors embedded in dense sand. The observations made by

Dickin and Leung were:

i.  For 50mm anchor, the results were significantly dissimilar with the
existing analytical solutions.

ii. For 1m anchor, the results were in a good agreement with the
analytical solutions developed by Ovesen and Stromann (1972) and
Meyerhof (1973) provided that the mobilised friction angle is in the
mass rather than in the peak.

iii. ~ The design charts developed based on finite element analysis by

Rowe and Davis (1982b) gave slightly overoptimistic prediction.

In 1989, Murray and Geddes extended their early research in 1987 into
investigation on the pull-out tests of vertical and inclined deadman anchors
in dense sand. In contrast to the outcomes of Hoshiya and Mandal (1984),

there was no critical anchor embedment ratio observed in their research.
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In 1996, Geddes and Murray conducted laboratory tests to study the
behaviour of anchor groups pulled vertically in sand. It is worth
mentioning this literature as they studied the effects of anchor groups and
the spacing between anchors (s). These tests were carried out in groups of

two, four and five discrete deadman anchors embedded at a constant depth.

The efficiency of a two-plate group increased from approximately 59% to
approximately 90% for separation ratio (s/B) = 0 to 2. For a four-plate
group in square configuration, the efficiency is less than two-plate group
for specific s/B ratio. For a five-plate group in row configuration, the

efficiency increased from 35% to 100% for s/B = 0 to 2.

The conclusion from this research were:

i.  The efficiency of a group of anchors increases from a relatively low
value as the spacing between anchors is increased.

ii. The maximum efficiency (100%) is reachable at a critical spacing
ratio (s/B) at 2.9 for all configurations and number of anchors. The
maximum efficiency of anchor groups remain at 100% even when
s/B>2.9.

iii. =~ Theindividual load at both ends of the anchors in a five-plate group
with row configuration carried the greatest load, whereas the

central anchor carried the least load.

In 2006, Naser conducted small-scale laboratory tests to investigate the

effect of degree of saturation (wet, dry and saturated conditions) on the
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pull-out capacity of 0.15m3 deadman anchor block. In the experiment, sand
pluviation technique was used to ensure uniform and reproducible density
of soil. Naser derived the 3-D correction factor (M) for the analytical
solution in determining the pull-out capacity of deadman anchor (see Eq.
2.15 and Eq. 2.16). The results with the 3-D effects were in a good

agreement with Rankine’s theory.

2.4.2.1 Summary of Experimental Studies

The summary of experimental studies is as follows:

a. Vertical deadman anchors are usually used as tieback support for
retaining structures, however, the experimental studies on vertical
deadman anchors are still limited compared to horizontal deadman
anchors.

b. Results obtained from experimental studies are limited to specific
cases, however, these results are difficult to extend to solve similar

problems that involve different material and/or geometry variables.

2.4.3 Field Test Studies

Full scale field test produces the most adequate results. However, full-scale
field test is very expensive and is difficult to obtain reliable field data under

closed, controlled test condition that greatly reduces its viability for
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research purposes. Therefore, researchers rarely conducted full scale field

test to investigate the behaviour of deadman anchor.

Geddes and Murray (1996) reported that the horizontal translation of rows
of three square anchor plates pulled vertically in sand, which was
presented by Hueckel (1957), who found that below a particular spacing
between anchor plates, the efficiency of the group of anchor plates

decreased as the spacing was further reduced.

The results reported by Hueckel (1957) under laboratory test were agreed
by Smith (1962), who also carried out experiment on horizontal translation
of groups of three anchor plates pulled vertically in sand under full-scale

field test. (Geddes & Murray, 1996)

Therefore, full-scale field condition can be reasonably simulated by
numerical analysis provided that the numerical analysis has been verified

by laboratory test.

2.5 Summary

A summary on previous analytical and experimental studies is presented

in Table 2.1 and Table 2.2, respectively.
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Table 2.1: Analytical studies on vertical anchors in cohesion-less soils.

Sources

(Biarez et al.,
1965)
(Meyerhof,
1973)

(Neely et al.,
1973)

(Rowe & Davis,
1982a, 1982b)
(Hanna, Das, &
Foriero, 1988)
(Murray &
Geddes, 1989)
(Basudhar &
Singh, 1994)
(Dickin & King,
1997)

(Merifield &
Sloan, 2006)

(Bhattacharya

& Kumar, 2012)

(Kumar &
Sahoo, 2012)

Anchor Friction
Analysis method d/h
shape angle (°)
Limit equilibrium  Strip All All
Limit equilibrium
Strip All All
- semi analytical
Limit equilibrium
and method of Strip 30-45 1-5.5
characteristics
Elasto-plastic
Strip 0-45 1-8
finite element
Strip;
Limit equilibrium All All
inclined
Limit analysis - Strip;
d P 43.6 1-8
upper bound inclined
Limit analysis -
Strip 32;35;38 1-5
lower bound
Finite element 3,5,7,
Strip All
analyses 9,12
Finite element
Square;
upper and lower
rectangular
bound, 20; 30; 40 All
; circular;
displacement
Inclined
finite element
Lower bound
finite element Strip 25-40 5:;7
limit analysis
Upper bound
finite limit Strip 20-45 1-7
analysis
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Table 2.2: Experimental studies on vertical anchors in cohesion-less soils.

Anchor Friction d/h
Type of Anchor

Sources size angle or
testing shape
(mm) (©) d/Dia
(Neely et al., Square;
Chamber 50.8 38.5 1-5
1973) rectangular
Square,
(Das, 1975) Chamber 38-76 34 1-5
circular
(Das & Square,
Chamber 50 34 1-4
Seeley, 1975) rectangular
Square;
(Akinmusuru rectangular
Chamber 50 24;35 1-10
,1978) ; strip;
circular
(Ovesen, Centrifuge 29.5-
Square 20 1-3.39
1981) ; field 37.7
(Dickin & Square,
Centrifuge 1-8; 1-
Leung, 1983, rectangular 25; 50 52
chamber 13
1985) strip
(Hoshiya &
Sand Square;
Mandal, 25.4 29.5 1-6
chamber  rectangular
1984)
(Murray &
Sand Square;
Geddes, 50.8 43.6 1-8
chamber  rectangular
1989)
(Geddes &
Sand
Murray, Square 50.8 43.6 4
chamber
1996)
(Naser, Sand
Square 150 44.9 0.5
2006) chamber
(El Sawwaf & Sand Strip; 1.5-
75 37;41
Nazir, 2006) chamber square 2.5
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The existing analytical studies presented in Table 2.1 are mostly focused
on the ultimate pull-out capacity of strip deadman anchor (2-D condition).
Whereas, the existing experimental studies presented in Table 2.2 are
focused on the ultimate pull-out capacity of discrete deadman anchor (3-D
condition) in both square and rectangular shapes. In fact, deadman anchor
is 3-D in nature. The effect of three-dimensional (3-D) on the behaviour of
discrete deadman anchor is of considerable importance. However, the
literature contribution in determining the ultimate pull-out capacity of

deadman anchor by adopting 3-D numerical analysis is still very lacking.

In addition, none of the literature contribution takes into consideration of
the presence of anchored wall during the study on the behaviour of discrete
deadman anchor. The following chapter presents the methodology of finite
element analysis for the study on the behaviour of discrete deadman

anchor with the presence of anchored wall.
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METHODOLOGY

3.1 Introduction

This chapter discusses the methodology of finite element analysis (FEA) for
both two-dimensional (2-D) and three-dimensional (3-D) models that
were used in this research study. The chapter, furthermore, discusses the
1-g small-scale laboratory test that was used for verification of finite
element prediction. The finite element analysis is carried out by using

finite element software named PLAXIS.

3.2 Finite Element Analysis (FEA)

The previous chapter reported that most of the rigorous numerical

research studies (Merifield & Sloan, 2006; Rowe & Davis, 1982b) were
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carried out using Finite Element Method (FEM). This is because the main
advantage of FEM is that the FEM is capable to simulate complicated
geotechnical problems. The non-linear solver in FEM can solve problem
that involves various types of geometric and material properties (e.g. rock,

soil, concrete, steel, etc.).

FEM solves governing differential equation of a system through
discretisation process. It discretises the whole structure (system) into
finite elements. The computational techniques based on FEM have become
more popular and are used widely to solve the complicated geotechnical
engineering problems, which are unable to be solved by the traditional

analytical analysis methods.

In geotechnical engineering practice, the important phenomena include
behaviour/mechanism, construction sequence and time-dependent
consolidation that can be predicted reasonably well by FEM, provided that
the input parameters are set appropriately. Thus, the complexity of
interactions between soil-anchor-wall in this research can be predicted
reasonably well by FEM. In addition, three dimensional (3-D) finite
element analyses can predict a more realistic scenario on geotechnical

problems.

Therefore, finite element approach was chosen to carry out numerical
simulations in this research. The finite element software named PLAXIS
was adopted. PLAXIS was developed based on a set of complex numerical
formulations. The computational algorithm evaluates the problems by

using an elastic stiffness matrix (Brinkgreve, Broere, & Waterman, 2006).
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The following sub-chapters discuss the finite element model, element,
material property, boundary condition and finite element mesh used in

PLAXIS in this research.

3.3 Prototype Configuration

The prototype adopted in finite element analysis comprises of four types
of elements, which are soil, deadman anchor, earth retaining wall and tie
rod. The configuration of the prototype is that the earth retaining wall is
installed prior to the installation of deadman anchor. Subsequently,
deadman anchor is embedded into an excavated trench behind the earth
retaining wall. The earth retaining wall and deadman anchor are
connected by tie rod, which known as anchored wall and it is illustrated in

Figure 3.1.

Once the installation process is accomplished, the excavation to every 0.5m
interval begins until it reaches the maximum allowable excavation height
(Hmax). The excavation to each 0.5m interval reflects actual scenario on the
construction site. The excavation height for each layer is limited to 0.5m,

which aims to avoid the collapse of soil body due to excavation.
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Figure 3.1: Prototype configuration - a. Site Elevation, b. Plan Elevation and

c. 3-D View.
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3.4 Design Criteria

In this research, the study of behaviour of discrete deadman anchorage
system is subjected to the deflection of earth retaining wall. The maximum
allowable excavation height (Hmax) is determined based on the constraint
of wall deflection that is limited to 0.5% of the excavation height (H). This
is recommended in British Standard BS-8002 (1994): Clause 3.2.2.4, which
is also applied for “unplanned” excavation in front of retaining wall,

minimum surcharge loading and water pressure regime.

Furthermore, Long summarised 300 cases of worldwide histories on
retaining walls and ground movements in deep excavation, 226 cases on
stiff soil and 74 cases on soft soil (Long, 2001). Long observed that there
were approximately 92.5% out of 226 cases of stiff soil in which the wall
deflection did not exceed 0.5% H. This complied with the design criteria

that stated in BS-8002.

3.5 Behaviour of Discrete Deadman Anchorage System

The behaviour of discrete deadman anchorage system in anchored wall are
carried out using parametric studies. The key parameters used to study
the behaviour of discrete deadman anchorage system in anchored wall are

as follows:-

a. Length of tie-rod

b. Embedment depth of anchor
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c. Spacing of anchor
d. Friction angle of soil
e. Depth of anchored wall

f. Stiffness of anchored wall

The behaviour of discrete deadman anchorage system in anchored wall are
studied by investigating the effect of these parameters. During the study
on the effect of these parameters, only a single parameter is investigated,
while the remaining parameters are kept constant. The magnitude used to

study the effect of each parameter is tabulated in Table 3.1.

Table 3.1: Magnitude of key parameter for parametric study.

Influence Factors

Tie rod length, L (m) : 5,10, 15

Anchor embedment depth,d (m) : 1,2,3

Anchor spacing, s (m) : 2,3,5

Friction angle of soil, ¢ (°) : 20, 25, 30, 35,40

Wall depth, D (m) : 10, 15, 20
2.708E+05 (Diaphragm wall)

Wall stiffness, EI (kNm?) : 4.560E+04 (FSP II1A)

1.445E+05 (PU 32)

For this research, the general geometries of deadman anchorage system
comprise of 25mm diameter of tie rod and 1.0m x 1.0m x 0.5m of concrete

deadman anchor.
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3.6 PLAXIS Model

In PLAXIS, a set of pre-processing input is required before the simulation
commences. The pre-processing input comprises of model, element,
material properties, boundary conditions and finite element mesh. The
pre-processing input process determines the accuracy of finite element
analysis (FEA). The pre-processing input for both 2-D and 3-D models is

discussed below.

3.6.1 3-D Model

3.6.1.1 Soil

The soil was modelled using the Hardening Soil (HS) model with ten-node
tetrahedral elements. The HS model was chosen as it takes into account
the variation of stiffness between virgin-loading and unloading-reloading
(Kok, 2010). The ten-node tetrahedral elements allow a second order
interpolation of displacements. It contained three local coordinates (¢, n
and ¢{) and was numerically integrated using four-point Gaussian

integration (see Figure 3.2).

In general, HS model requires some basic soil parameters in PLAXIS, such

as:

a. Stress dependent stiffness according to a power law (m)

b. Secant stiffness for triaxial test (E5¢’
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ref)

c. Tangent oedometer stiffness (E,

d. Elastic unloading/reloading (E;if, Vyr)

e. Mohr-Coulomb failure criterion:
i.  Friction angle (¢)
ii.  Dilatancy angle (¥)

iii. ~ Cohesion (c).

Figure 3.2: Local numbering and positioning of node (¢) and integration

points (x) of a ten-node tetrahedral element. (Plaxis 3D User Manual, 2012)

3.6.1.2 Earth Retaining Wall and Deadman Anchor

The earth retaining wall and deadman anchor were modelled using linear
elastic model with six-node triangular plate elements (structural area
elements). The six-node triangular plate elements have six degrees of
freedom per node, three translational degrees of freedom (Ux, Uy and Uz)
and three rotational degrees of freedom (¢x, ¢y and ¢:). They are directly
integrated over their cross section and are numerically integrated using

three-point Gaussian integration (see Figure 3.3).
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n=0. &=0.
0 0

Figure 3.3: Local numbering and positioning of node (¢) and integration
points (x) of a six-node triangular plate element. (Plaxis 3D User Manual,

2012)

3.6.1.3 Tie Rod

The tie rod was modelled using linear elastic model with structural line
elements (node-to-node anchor). The structural line elements consist of a
two-node element with one degree of freedom per node in the rotated

coordinate system.

3.6.1.4 Material

The general material properties that were assigned to these structural

models are as follows:
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a. Soil Properties:

Unit weight of soil, y (kN/m3)

Secant stiffness for triaxial test, Egc’ (kN/m2)
Tangent oedometer stiffness, E'¢} (kN/m?)
Unloading/reloading stiffness, EZﬁf (kN/m?2)
Friction angle, ¢ (°)

Dilatancy angle, ¥ (°)

Cohesion, ¢, r(kN/m?)

Effective Poisson’s ratio, v,

b. Concrete properties:

Unit weight of concrete, yc (kN/m3)

Concrete cube

(kN/m?)

strength, fcu,28 / fck,cube

Young’'s Modulus of concrete, E. (kN/m?)

Effective Poisson’s ratio, v’

BS 8110 part 2
pg. 52

K, = 20 kN /mm?

Eczs = Ko+ 0.2 fry 28

20.00

30.00E+03

30.00E+03

90.00E+03

30.00

0.00

0.00

0.30

24.00

30.00E+03

26.00E+06

0.18

Eq.3.1
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E. = Ecm
BS,EN 1992-1- cd = Yee
Eg. 3.2
q
1: Clause 5.8.6
Yee = 1.2

The Young’s Modulus of concrete based on the concrete cube strength (fcu,25)
of 30.0MPa for both British Standard (BS 8110-2, 1985) and Euro Code (BS
EN 1992-1-2, 2004) were determined to be 26.0GPa and 25.8GPa,
respectively (See Egs. 3.1 and 3.2). The results from BS and EC were
similarly close, thus the Young’s Modulus of concrete was adopted to be

26.0GPa.

c. Steel properties:

Unit weight of steel, ys (kN/m3) = 78.50
Elastic modulus of steel, E; (kN/m?2) = 20.00e+07
Poisson’s ratio, v = 0.27

The basic physical properties of steel (structural ASTM A7-61T) were

obtained from Rosato and co-workers (2001).
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3.6.1.5 Boundary Conditions

The boundary condition is one of the factors that may influence the
accuracy of finite element analysis (FEA). The boundary condition for the
finite element prototype is illustrated in Figure 3.1. The vertical
boundaries of the prototype were set as roller, which means that it was
restrained from horizontal movement, whilst the bottom boundary was
pinned, which means that it was completely restrained from any
movement. However, this restriction was automatically generated by the

finite element software, PLAXIS 3D.

If the size of prototype was inadequate, the boundary effect might occurs
and influences the accuracy of FEA. Insufficient prototype size might
restrict the soil movement, and might not simulate the actual behaviour of

the problem. Therefore, the boundary effect was necessary to be avoided.

An investigation into the boundary effect was carried out in order to
determine the adequate size for finite element prototype. The longest tie
rod was used for this investigative study. Figure 3.4 shows that the
maximum lateral soil movement did not occur proximate to the boundaries.
This provides sufficient evidence to conclude that the size of prototype was

sufficient for FEA, which able to eliminate the boundary effect.

The result of prototype size for various depths of retaining wall (D) is

presented in Table 3.2.
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#1023 m)

Figure 3.4: Lateral movement of the soil (Ux).

Table 3.2: The size of prototype.

D (m) X (m) Y (m)
10 60 20
15 60 20
20 100 40
25 100 40

3.6.1.6 Mesh Investigation

The accuracy of FEA is not only depending on the type of elements and
boundary condition, but it also depends on the size and arrangement of the

elements (Merifield, 2002). The arrangement of elements is automatically
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distributed by PLAXIS. An investigation into the size of elements (mesh
studies) was carried out to study the effect of mesh size. The main aim of

this study was to emphasize the mesh adopted in FEA.

Five types of mesh (i.e. very coarse, coarse, medium, fine and very fine
mesh) were used in this investigative study (see Figure 3.5). The number
of elements and nodes for each mesh is given in Table 3.3. The result of
this study was determined based on the wall deflection and the pull-out

force.

The very fine mesh has the most amount of elements and nodes compared
to other meshes as shown in Table 3.3. The very fine mesh has greatest
number of elements and nodes aggregated around deadman anchor and tie
rod as shown in Figure 3.5. This allows smoothest deformation, and hence
provides better estimation. In addition, Merifield reported that more
number of elements and nodes could provide better solution (Merifield,

2002).

Table 3.3: Number of elements and nodes for various types of mesh.

Mesh Elements Nodes
Very coarse 3226 5498
Coarse 7120 11349
Medium 15112 23188
Fine 23679 36021
Very fine 48294 71507
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Figure 3.5: Types of meshes - a) very coarse mesh, b) medium mesh and c)

very fine mesh.

Page | 68



CHAPTER 3 METHODOLOGY
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Figure 3.6: Wall deflection (9) for various types of mesh.
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Figure 3.7: Pull-out force (F) for various types of mesh.
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Figure 3.6 and Figure 3.7 show wall deflection and pull-out force
converging from very coarse mesh to very fine mesh. The percentage of
variation from fine to very fine is relatively small compared to other

meshes.

Therefore, it is believed that if the very fine mesh refine to extremely fine
mesh, the percentage of variation may reduce with similar rate as the
refinement from fine mesh to very fine mesh. Thus, the very fine mesh is

considered to be the most suitable mesh for FEA.

3.6.2 2-D Model

In 2-D model, the model elements implemented in modelling are
completely different from 3-D model. However, the size of prototype,
materials, boundary conditions and mesh adopted in 2-D model were

exactly identical with 3-D model.

3.6.2.1 Soil

The soil was modelled using HS model with fifteen-node triangular
elements. Although fifteen-node triangular elements have the same total
number of nodes and stress points as four six-node triangular elements
(see Figure 3.8), however, the fifteen-node triangular elements are more

powerful than four six-node triangular elements. This is because fifteen-
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node triangular elements produce high quality stress results for
complicated problems, which able to provide more accurate estimation on

deformation and stability.

Figure 3.8: Position of stress points (x) and nodes () of a fifteen-node

triangular element. (Brinkgreve et al.,, 2006)

3.6.2.2 Earth Retaining Wall and Deadman Anchor

The earth retaining wall and deadman anchor were modelled using linear
elastic model with five-node beam elements. Beam elements have three
degrees of freedom per node, two translational degrees of freedom (Ux and
Uy) and a rotational degree of freedom (¢:). Five-node beam elements

contain four pair of stress points as shown in Figure 3.9.
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Figure 3.9: Position of stress points (x) and nodes () of a five-node beam

element. (Brinkgreve etal., 2006)

3.6.2.3 Tie Rod

The tie rod was modelled using linear elastic model with node-to-node
anchor element. The node-to-node anchor is a two-node elastic spring

element with constant spring stiffness.

3.7 Verification of Finite Element Software

This section presents the methodology on the verification of finite element
analysis adopting 1-g small-scale laboratory test. Partial verification on the
finite element analysis was carried out with pull-out test of discrete

deadman anchor.

A random test verification was chosen to examine the accuracy of finite
element estimation on the pull-out test of discrete deadman anchor. Prior

to 1-g small-scale laboratory test, the characteristic of soil has to be

Page | 72



CHAPTER 3 METHODOLOGY

determined as the physical properties of soil may have significant effect on

the accuracy of finite element estimation.

The physical properties of soil were identified by a series of laboratory

tests, which are:-

a. Sieve analysis test,
b. Direct shear box test,
c. Oedometer test, and

d. Density test with pre-determined sand placement height.

The schematic diagram of 1-g small-scale laboratory test set up is
illustrated in Figure 3.10 to Figure 3.12. The set-up and procedure of

laboratory test will be detail discussed in Chapter 4.

B : breadth of deadman
1000

anchor

L : length of deadman

anchor

lear
perspex
sheet

EREEy L

T Pull-out with

1000

Deadman GI’IChOI’J hydraulic jack

Tie ro

All dimension in mm

Figure 3.10: Schematic diagram of 1-g small-scale laboratory test (Plan

View).
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base of anchor plate
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|
Pull-out with
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Figure 3.11: Schematic diagram of 1-g small-scale laboratory test (Side

View).
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/»—sond surface
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Figure 3.12: Schematic diagram of 1-g small-scale laboratory test (Front

View).
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3.8 Summary

This chapter presents the methodology of finite element analysis that was
implemented in this research. The finite element analysis was concluded
utilising the finite element software named PLAXIS. The configuration
prototype used in finite element analysis was discussed. The parameters
used to study the behaviour of deadman anchorage system were

introduced.

In PLAXIS, the boundary condition of prototype was examined to ensure
that the size of prototype was adequate in order to eliminate the boundary
effect. Furthermore, the ‘very fine’ mesh was nominated as the most
suitable mesh for the finite element prototype. This is because the results
from mesh investigation converged from very coarse mesh to very fine

mesh.

Moreover, the types of model element and material that were assigned to
the finite element prototype for 2-D and 3-D models in PLAXIS were
discussed. The model elements adopted in 2-D and 3-D models in PLAXIS
were completely different as the 2-D model was in plane strain assumption

whereas the latter reflects more realistic conditions.

In addition, methodology on the verification of finite element analysis using
1-g small-scale laboratory test was presented. Partial verification on the
finite element analysis was carried out with pull-out test of discrete
deadman anchor. A random test verification was chosen to examine the

accuracy of finite element estimation on the pull-out test of discrete
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deadman anchor. The set-up and procedure of 1-g small-scale laboratory

test will be in detail discussed in Chapter 4.
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CHAPTER 4

1-G SMALL-SCALE

LABORATORY TEST

4.1 Introduction

This chapter presents the comprehensive methodology and procedure of
1-g small-scale laboratory test, which includes laboratory test set-up and
all the preparation work prior to laboratory test. The small-scale
laboratory test set-up consisted of a sand box, deadman anchorage system
and a pull-out system. Prior to the small-scale laboratory test, the

characteristics of soil were identified.

Even though PLAXIS is a well-established commercial software with
sufficient verification and validation, a simple verification on the pull-out

test of discrete deadman anchor had been carried out for modelling
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verification purpose. Therefore, the main aim of 1-g small-scale laboratory
test was to examine the capability of finite element prediction on the pull-

out of discrete deadman anchor.

Random test verification, one of the verification approaches, was chosen to
examine the accuracy of finite element estimation on the pull-out model of
discrete deadman anchor. Furthermore, the determination of the
characteristic of soil was very important as the physical properties of soil

may have significant effect on the accuracy of finite element estimation.

4.2 1-G Small-scale Laboratory Test Set Up

4.2.1 Sand Box

A sand box with dimensions of 1.0m x 1.0m x 1.0m was used in the small-
scale laboratory test. The front and back walls of the sand box were made
of plywood with thickness of 25mm. Both sides of the walls were made of
clear perspex sheet (transparent sheet) with thickness of 15mm. The sand
box was stiffened by steel frame, which consisted of four vertical steel
columns and eight horizontal steel beams to sustain the soil pressure, as

shown in Figure 4.1.

The front wall was drilled with 45 holes, orientated with 5 holes in a row
with 0.2m interval spacing and 9 holes in a column with 0.1m interval
spacing (see Figure 4.2). These holes were meant for tie rod installation

purposes. Besides that, the clear perspex sheets for side walls allowed a
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clear visualisation during the preparation and the observation of soil
deformations during the laboratory test. The clear perspex sheets were

adjustable with spacing of every 0.2m increment up to 1.0m.

Figure 4.1: Sand box.

Page | 79



CHAPTER 4 1-G SMALL-SCALE LABORATORY TEST

| 1000 |
200 ‘ 200 ‘ 200 | 200 ‘ 200
| —
= O O et
g__' B e 1] A SR ) S ] ISR drill hole
“u hd B B B R
-1 | __¢',__ | __‘5}__ | _é,__ 1 _*5,__ 1 mr 1
D i i i i i
3| | | | | | |
g_—l “¢:*— | "':}" | “\)::" 1 “l}*— 1 "\‘5}" 1
=1 | O | O U | U | RO
=1 Rl '*.}' | "?" | '?' 1 "‘?' 1 '?' 1
fn o
== T || U W | IR U (U
lC_J 8 | ' | ! | ' 1 ! 1 ! 1
e | [ S S| S |
% | ' | ' | ' 1 ' 1 ' 1
=N Y Y e
(] 1 1 1 1 1 1
= o I (o I
E I ) I , I ) I , I , I
gl
I lE:}—J' I I I I I I
1 | | | | | |
| | | | | |
e | % l‘I‘t | 1 1 1
e | | | | |
i NN

vooden base with 25mm thick
25x50mm wooden stand

All dimension in mm

Figure 4.2: Front elevation of sand box.

4.2.2 Deadman Anchorage System

Deadman anchorage system (see Figure 4.3a) consisted of a steel rod with
diameter of 10mm (see Figure 4.3c) connected to the deadman anchor
(steel plate) with dimension of 0.1m x 0.1m x 0.01m (see Figure 4.3b).

Deadman anchor system was installed to the desired embedment depth
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through the sand passing hole during the model preparation. In addition,
part of the steel rod length is remained at the outside of the sand box for

pull-out purpose.

Figure 4.3: (a) deadman anchor; (b) steel plate; and (c) steel rod.

4.2.3 Pull-out System

The pull-out system consisted of a hydraulic hollow plunger cylinder (see
Figure 4.4) attached to the remained steel rod. The hydraulic hollow
plunger cylinder was connected to hydraulic pump (see Figure 4.5) in
order to apply the pull-out pressure on the plunger. The back face of the

hollow plunger was attached closely to the sand box whereas the front face
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was restrained by a steel plate. A dial gauge (see Figure 4.6) was placed in

front of the steel plate.

The installation of steel plate is very important for the entire pull-out

system as it functions as follows:-

1. To ensure that no movement is allowed before the experiment
starts.

2. To allow the inner cylinder of hydraulic plunger to push against the
steel plate when the pull-out pressure is applied. This indirectly
pulls the deadman anchor outward.

3. To allow the measurement of pull-out displacement to take place
during the laboratory test. The distance of steel plate movement

indicates the pull-out displacement of deadman anchor.

£
©
£
o
=
=5
-

Figure 4.4: Hollow plunger cylinder (Enerpac™ RCH-123).
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Figure 4.5: Hand pumped hydraulic jack (Enerpac™ P-84).

Figure 4.6: Mitutoya™ dial gauge.
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Figure 4.7: SMC™ hydraulic pressure gauge.

In addition, the hydraulic pressure gauge (see Figure 4.7) with a capacity
of 11 bars was used in the small-scale laboratory test. This was because
the pull-out pressure of deadman anchor in this experiment was not more

than 11 bars.

4.3 Soil Characterisation

Prior to the small-scale laboratory test on the pull-out of discrete deadman
anchor, the physical properties of the sand had to be determined. The basic
physical properties of sand were sand grade, grain size distribution,

friction angle, Young’s Modulus and unit weight of sand.
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The sand used in the small-scale laboratory test was selected from local
quarry. The physical properties of this soil sample were identified by a

series of laboratory tests, which included:-

a. Sieve analysis test,
b. Direct shear box test,
c. Oedometer test, and

d. Density test with pre-determined sand placement height.

4.3.1 Sieve Analysis Test

The sieve analysis test was conducted to determine the grade and grain size
distribution of the soil sample in the small-scale laboratory test. This test

was conducted based on the Unified Soil Classification System.

A dry soil sample (dried in an electric oven at 110 °C for 24 hours) with
mass of 1500grams was used to carry out the sieve analysis test. The
arrangement of the test sieve aperture sizes as required by British
Standard (BS 1377-2, 1990) from top to bottom, i.e. 6.3mm , 5.0mm,
3.35mm, 2.00mm, 1.18mm, 0.6mm, 0.425mm, 0.3mm, 0.212mm, 0.15mm

and 0.063mm. The apparatus of sieve analysis test is shown in Figure 4.8.

The detailed procedure for sieve analysis was described in BS 1377-2:

1990, Clause 9.

1. The 1500g dry soil sample was placed on the most top sieve tray

with sieve size of 6.3mm.

Page | 85



CHAPTER 4 1-G SMALL-SCALE LABORATORY TEST

2. The sieve trays were placed on the mechanical shaker machine;
subsequently, they were covered with a lid and secured tightly to
the mechanical shaker machine.

3. The test was carried out for a duration of 30 minutes.

4. Once the test was completed, the weight of retained soil on each
sieve tray was recorded.

5. The grain size distribution curve were plotted based on the

percentage of retained soil on each sieve tray.

Figure 4.8: Mechanical shaker and sieve trays.

The relative grain size distribution of the soil sample from sieve analysis
test is presented in Table 4.1 and the grain size distribution curve of soil

sample is illustrated in Figure 4.9.
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Table 4.1: Sieve analysis results.

Test sieve
aperture
size (mm)
6.300
5.000
3.350
2.000
1.180
0.600
0.425
0.300
0.212
0.150
0.063
PAN

Mass of

Passing (g)

1500.0
1498.0
1492.0
1438.0
1328.0
1078.0
655.0
552.0
276.0
183.0
39.0
0.0

Mass of
Retained
(8)
0.0
2.0
6.0
54.0
110.0
250.0
423.0
103.0
276.0
93.0
144.0
39.0
1500.0

Percentage
of Passing
(%)
100.000
99.867
99.467
95.867
88.533
71.867
43.667
36.800
18.400
12.200
2.600
0.000

Percentage
of Retained
(%)
0.000
0.133
0.400
3.600
7.333
16.667
28.200
6.867
18.400
6.200
9.600
2.600
100.000

From the grain size distribution curve, the values of D19, D30 and Dso were

found to be 0.13mm, 0.28mm and 0.52mm, respectively (see Figure 4.9).

By applying Eq. 4.1 and Eq. 4.2, the coefficient of uniformity (cu) was

determined to be 4.00, and the coefficient of concavity/curvature (cc) was

calculated to be 1.16. Based on the USCS ASTM Designation D-2487, the

soil was categorised as poorly-graded (SP) clean sand.
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Figure 4.9: Grain size distribution curve.
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4.3.2 Direct Shear Box Test

The aim of conducting direct shear box test was to determine the friction
angle of the soil sample. The horizontally split box (top and bottom half)
also known as shear box with dimensions of 60mm x 60mm in plan area,

and two joining screws, two lifting screws, bottom plate, bottom grid, top
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grid and bearing were used in the test. The apparatus of direct shear box

test is shown in Figure 4.10.

The procedure of direct shear box test was conducted based on BS 1377-7

Test 4 (BS 1377-7,1990).

1.

The mass of shear box (both halves), bottom plate, bottom grid and
two joining screws were recorded as M.

The mass of top half of shear box, top grid, screws and bearing were
recorded as Mz.

The two halves of shear box were assembled by adapting the two
joining screws and the bottom plate was placed in the shear box.
The effective thicknesses of the top and bottom grids were recorded
as tr and tp, respectively. The depth to the bottom plate (d:) was
measured from the top edge of the sand box. (**Note: Average
reading was obtained from the four corners)

The soil was filled in three layers (approximately 11mm each)
evenly into the sand box using a measuring tin. Each layer of soil
was compacted five blows using a wooden tamper. The wooden
tamper fell under its self-weight. (**Note: No compaction is applied
in this research.)

The mass of sand box with soil sample was weighed and recorded
as Ms. The mass of the soil sample was recorded as Ms (Ms=M3 - M1).
(**Note: There was no issue if some soil has lost before obtaining

M3).
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7. The upper grid was placed on the soil sample. The depth to the top
grid (dz) was measured from the top edge of the sand box. (**Note:
Average reading was obtained from the four corners)

8. The thickness of soil sample was recorded as t;. The density of the
sand was calculated adapting Eq. 4.3. The bearing was placed on

top of the top grid.

Eq. 4.3

M
P=y

9. The prepared shear box was placed in the digital shear machine and
the load (Ms) was placed on the hanger.

10. The jack screw was contacted with the outer box. The joining
screws were removed and the lifting screws were screwed into
other corners. (**Note: these lifting screws were slightly raised on
the top half of the box, which allowed the soil to shear through)

11. All the dial gauges were set to zero and the test was begun using the
digital shear machine with a shearing constant rate of 1mm/min.

12. The values from the vertical dial gauge and proving ring were
recorded as the horizontal displacement dial gauge reached the
given values.

13. Once the experiments for various loads were completed, the results

were recorded.

Four different loads (0, 20, 40 and 60kg) were applied on the sand sample.

It is important to note that the load on hanger was equivalent to ten times
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of the weight acting on the sand sample. For example, a mass of 2kg
hanging on the hanger was equivalent to 20kg acting on the soil sample).
The direct shear box test was repeated three times in order to obtain an

average result.

The shear strength of soil can be expressed as,

T= c' + o'tan®’ Eq. 4.4

For cohesion-less soil (¢’ = 0), Eq. 4.4 can be simplified as,

T =o'tan®’ Eq. 4.5
where,
T = shear strength of soil (kN/m?)
o’ = effective normal stress of soil (kN/m?)
¢’ = effective friction angle of the soil (°)

The unit weight of the soil sample can be determined from,

Yy =pP49 Eq. 4.6
where,
4 = unit weight of soil (kN/m3)
p = density of soil (mass per unit volume, kg/m3)
g = acceleration due to gravity (on earth usually given as 9.81,

m/s?)
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Figure 4.10: ELE International digital direct shear box test apparatus.

The average friction angle and unit weight of sand were determined to be

28.5° and 15.1kN/m3, respectively.

4.3.3 Oedometer Test

The objective of carrying out oedometer test was to determine the Young's
Modulus of sand. The oedometer test is also known as one-dimensional (1-
D) consolidation test. In oedometer, a cell, cutting ring, locking ring, three
thumb-nuts, cap, top and bottom porous stones were used in the test. The

oedometer test apparatus is shown in Figure 4.11.
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The full procedure of oedometer test is detailed in BS 1377-5 Test 3 (BS

1377-5,1990) and is briefly described as follows:

1. The cutting ring was placed on the rough surface of porous stone at
the bottom. The saturated soil was filled into the cutting ring.

2. Once the saturated soil was filled, the top porous stone was
positioned gently on top of the saturated soil.

3. Then, assembled specimen was placed on the cell base and centered
inside the three studs.

4. The locking ring was fitted onto the cutting ring and hence
tightening the three thumb-nuts onto the three studs.

5. The cap was located on the upper porous stone and the entire cell
was placed onto the consolidation frame.

6. The jack screw was adjusted until there was an approximately 6mm
gap between the upper surface of the beam and the underside slot
of the consolidation frame.

7. The cell was filled up with distilled water to ensure that the
specimen was in fully saturated condition.

8. The load was placed on the hanger and the vertical dial gauge
reading was set to zero.

9. Once the experiments for various loads were completed, the results

were recorded.
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Figure 4.11: ELE International oedometer test apparatus.

Five different loads (0.5, 1.0, 1.5, 2.0, and 2.5kg) were applied on the sand
sample for this test. It is important to note that a mass of 1.0kg weight
hanging on the hanger corresponds to 50kPa acting on the sand sample.
The 1-D consolidation test was repeated three times in order to obtain an

average result.
The constraint modulus of the soil (Eo) sample can be expressed as,

E g
0 &

Eq. 4.7

where,

o = stress applied on the soil sample (kN/m?)
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€ = normalised measurement of deformation representing the
elongation of the sample relative to the reference/origin

length

The Young’s Modulus of soil (E) of the soil can be determined from,

a4+ v)(1 — 2v)E,

A=) Eq. 4.8
where,
Eo = constraint modulus of soil (kN/m?)
14 = Poisson’s ratio of soil

The average constraint modulus of sand obtained was found to be 3971.2
kN/m?. By applying Eq. 4.8 and assuming the effective Poisson’s ratio to be
0.3, the average Young’'s Modulus of the sand was calculated to be 2950

kN/m2.

4.3.4 Density Test with Pre-determined Sand Placement

Height

The purpose of conducting the density test was to determine the unit
weight of sand. During the preparation for 1-g small-scale laboratory test,
a tin container (with known weight and volume) was embedded at pre-

determine heights (0.3m, 0.5m and 0.8m below the sand surface).
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After the sand was filled by pluviation approach, the tin was removed and
the mass was measured and recorded. By using the Eq. 4.3 and Eq. 4.6, the
average unit weight of the sand sample was found to be 15.1kN/m3, which

has similar observation with direct shear box test.

4.3.5 Summary

The physical properties of sand obtained from a series of laboratory tests

is summarised in Table 4.2.

Table 4.2: Physical properties of sand.

Laboratory test Result

Sieve Analysis Test Poorly-graded (SP) clean sand

Direct Shear Box Test Average friction angle = 28.5°
Oedometer Test Average Young’s Modulus = 2950 kN /m?
Density Test Average unit weight = 15.1kN/m?3

4.4 Procedure for 1-G Small-scale Laboratory Test

The procedures for 1-g small-scale laboratory test are as follows:-

1. First of all, unnecessary holes were sealed by masking tape in order

to avoid the sand leakage.
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10.

11.

The sand box was filled with sand by pluviation (rain fall) method
to produce uniform, sand at approximately every 0.1m from bottom
of the sand box.

The sand was rained in layers up to the desired embedment height.
Deadman anchor was placed to the desired distance away from the
front wall of the sand box.

The steel rod was inserted through the front wall and connected to
the deadman anchor (see Figure 4.12 and Figure 4.13).

The sand was backfilled up to the desired height (see Figure 4.14).
Once the sand was completely set up, the steel rod was clamped to
a hollow plunger cylinder. The hollow plunger cylinder was
connected to the hydraulic jack.

A steel plate was screwed and fixed at the front face of the hollow
plunger cylinder in order to restrain the steel rod movement.

A dial gauge was attached to the front face of steel plate in order to
monitor and record the pull-out displacement.

Once the experiment set up was completed, the steel rod was pulled
using the hand pumped hydraulic jack (see Figure 4.15). The
pressure reading was recorded for every 1mm pull-out
displacement.

The small-scale laboratory test was repeated three times in order to

obtain an average result on the load-displacement relationship.
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g SRR

Figure 4.12: Installation of deadman anchorage system (side elevation).

Figure 4.13: Installation of deadman anchorage system (plan elevation).
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Figure 4.14: Sand backfilled up to desire height, 0.8m.

Figure 4.15: Pull-out displacement of the hydraulic plunger.
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4.5 1-G Small-scale Laboratory Test

One of the verification approaches, random test verification, was chosen to
be carried out in 1-g small-scale laboratory test on the pull-out of discrete
deadman anchor, which aimed to examine the accuracy of finite element
estimation. A random set of parameter was nominated for the 1-g small-
scale laboratory test and is tabulated in Table 4.3. Moreover, the schematic
diagram of 1-g small-scale laboratory test is illustrated in Figure 3.10 to

Figure 3.12.

Table 4.3: Parameters adopted for laboratory test.

Parameters

Tie rod length, L (m) : 05
Anchor spacing, s (m) : 0.2
Anchor embedment depth, d (m) : 0.3

Load-displacement Relationship

1.6
14
1.2

[EEN

o
o

Pullout Force, F (kN)
o
[00]

o o
N D

o

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Horizontal Displacement, U, (m)

Figure 4.16: Load-displacement relationship from laboratory test.
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The results on the pull-out of discrete deadman anchor, load-displacement
relationship, obtained from 1-g laboratory test is presented in Figure 4.16.
A three-dimensional (3-D) finite element analysis (FEA) on the pull-out test
was carried out. The dimension of finite element prototype was modelled

identically to the dimension implemented in the 1-g small-scale laboratory

test (see Figure 4.17).

\1 1.0m

0.3m

0.8m

Figure 4.17: Finite element prototype.

The material properties adopted in FEA were exactly same as determined

from a series of laboratory tests. The material properties are as follows:-

a. Soil Properties

Unit weight of soil, y (kN/m?3) = 15.10

Secant stiffness for triaxial test, E5c’ (kN/m2) = 2950.00
Tangent oedometer stiffness, E¢} (kN/m?) = 2950.00
Unloading/reloading stiffness, E.¢/ (kN/m2) = 8850.00
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Friction angle, ¢ (°) = 28.50
Dilatancy angle, 1 (°) = 0.00
Cohesion, ¢.r (N/m?) = 0.00
Effective Poisson’s ratio, v, = 0.30

b. Steel Properties

Unit weight of steel, ys (kN/m3) = 7850
Elastic modulus of steel, Es (kN/m?2) = 20.00e+07
Effective Poisson’s ratio, v’ 0.27

The results on the pull-out of discrete deadman anchor, load-displacement

relationship, obtained from finite element analysis is presented in Figure

4.18.

Load-displacement Relationship

)

0.6

0 0.005 0.01 0.015
Horizontal Displacement, U, (mm)

Finite
element
analysis
(FEA)

Figure 4.18: Load-displacement relationship from finite element analysis.
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4.5.1 Result and Discussion

Load-displacement Relationship

0.7 - " __ = 1-GSmall-
= = scale

;z: 0.6 . / Laboratory
5 05 ; Test

Finite

0.3
/ element
0.2

. analysis
o1 1/ (FEA)

0 0.005 0.01 0.015

Horizontal Displacement, U, (mm)

Figure 4.19: Load-displacement relationship between 1-g small-scale

laboratory test and finite element analysis.

Figure 4.19 shows the load-displacement relationship on the pull-out of
discrete deadman anchor between 1-g small-scale laboratory test and
finite element analysis. In Figure 4.19, the prediction on load-displacement
relationship of deadman anchorage system from finite element analysis
prediction was found to be in a good agreement with the small-scale

laboratory test.

Nevertheless, the accuracy of finite element prediction on 1-g small-scale
laboratory test is very dependent on the input physical parameters, which

determined from a series of laboratory tests.
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The Young's Modulus of sand adopted in finite element analysis were
obtained indirectly from oedometer test. The Young’s Modulus of sand
were found to have a wide range of variation during laboratory test, which
are from 2700kPa to 3200kPa. The may due to errors occur during the
sample preparation stage. The degree of moisture content of the soil

sample may be varied during the initial stage of oedometer test.

Furthermore, the assumption on the effective Poisson’s ratio adopted in
the conversion equation from constraint modulus to Young’s Modulus of
sand may have affected on the load-displacement result in comparison

with 1-g small-scale laboratory test.

Since the Young's Modulus of sand had inconsistent values, hence an
investigation on the effect of Young’s Modulus of sand on the pull-out of
discrete deadman anchor was carried out. The investigation was carried
out using Young’'s Modulus of sand with 3200kPa and 4000kPa and the

results were compared against those presented in Figure 4.19.

Figure 4.20 shows the effect of Young’s Modulus of sand adopted in FEA on
load-displacement relationship for the pull-out of discrete deadman
anchor. From Figure 4.20, the maximum Young’'s Modulus of sand obtained
from laboratory test (E = 3200kPa) have better estimation on the 1-g small-
scale laboratory test for the pull-out of discrete deadman anchor. Whereas,
the Young’s Modulus with 4000kPa gives slight overestimation on the 1-g
small-scale laboratory test for the pull-out of discrete deadman anchor.

Nevertheless, both of these Young’s Modulus results are considered in good
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agreement on the 1-g small-scale laboratory test for the pull-out of discrete

deadman anchor.

Load-displacement Relationship

1
0.9 . = 1-G Small-
0.8 scale
Laborator
0.7 _ y

. Test .

0.6 —— FEA with
i ’ . T E=2950kPa
S 05
: Y
S04 _ FEA with
/// E=3200kPa

0.3 /
0.2 %

—— FEA with
0.1

E=4000kPa

0 0.005 0.01 0.015

Horizontal Displacement, U, (mm)

Figure 4.20: Effect of Young’s Modulus of sand adopted in FEA on load-

displacement relationship.

In conclusion, 1-g small-scale laboratory test on the pull-out of discrete
deadman anchor can be predicted reasonably well by finite element

analysis.

4.6 Summary

This chapter examines the capability of PLAXIS 3D in modelling the pull-out
test of discrete deadman anchor. The accuracy of finite element prediction

is very dependent on material properties.
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The soil characterisation, which determines the physical properties of soil
from laboratory tests, is very important in order to ensure the accuracy of

finite element prediction.

Nevertheless, the Young’'s Modulus determined from oedometer test have
variation from 2700kPa to 3200kPa. An average Young's Modulus with
2950kPa is adopted in FEA to predict the 1-g small-scale laboratory test on
pull-out of discrete deadman anchor. The result from FEA is found to be in

good agreement with the 1-g small-scale laboratory test.

In conclusion, 1-g small-scale laboratory test on the pull-out of discrete
deadman anchor can be simulated by FEA. The result of laboratory test can
be predicted reasonably well by FEA provided that the input parameters

are set appropriately
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ANALYTICAL SOLUTIONS

5.1 Introduction

Previous chapter shows that the finite element software, PLAXIS 3D, can
predict the pull-out test of discrete deadman anchor in 1-g small-scale
laboratory test reasonably well. Subsequently, this chapter further
assesses the pull-out analysis of deadman anchor between the existing
available analytical solutions in literature and finite element prediction.

The strength and weakness of these analytical solutions are discussed.

There are a number of rigorous analytical solutions in determining the
pull-out capacity of deadman anchor that is pulled horizontally. However,
most of the mathematical solutions are based on two-dimensional (2-D)
plane strain assumption. In addition, the breadth of deadman anchor must

be taken into consideration for a more accurate prediction. By considering
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the breadth of deadman anchor, the problems must be treated as three-

dimensional (3-D).

The rigours available analytical solutions were presented by Terzaghi
(1943), Ovesen (1964), Biarez and co-workers (1965), Rowe and Davis
(1982b), Ghaly (1997), Merifield and Sloan (2006) and Naser (2006). The
result from FEA is compared with these available analytical solutions. The

geometry of problem is illustrated in Figure 5.1.

. Deadmananchor/
~ (Anchorplate)

Figure 5.1: Geometry of problem.

The comparison were performed using the non-dimensional pull-out force

coefficient, M,q, which is defined as:

Ty
T Eq. 5.1
where,
My; = pull-out force coefficient
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Tu = ultimate pull-out force of deadman anchor (kN)
Y = unit weight of soil (kN/m?3)

B = breadth of deadman anchor (m)

h = height of deadman anchor (m)

For square discrete deadman anchor, Eq. 5.1 can be further simplified as:

M,, = i Eq.5.2
yh3
where,
My = pull-out force coefficient
Tu = ultimate pull-out force of deadman anchor (kN)
4 = unit weight of soil (kN/m3)
h = height of deadman anchor (m)

5.2 Determination of the Ultimate Pull-out Capacity

There are two alternative approaches that used to determine the ultimate

pull-out capacity of deadman anchor, as mentioned in Chapter 2, namely k+
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failure concept (see Figure 2.10) and typical nature of load-displacement

approach (see Figure 2.12).

A comparison on the pull-out force coefficient, for current small-scale
laboratory test and finite element analyses (FEA), by adopting these
approaches is tabulated in Table 5.1. It was observed that the numerical
error in determining elastic stiffness can be very significant, and hence
leading to a huge variation, especially on the k4 failure approach, which is
three times the value of elastic stiffness. Whereas, the typical nature of
load-displacement approach had less numerical error compared to ks

failure approach.

Therefore, the pull-out force coefficient (M) used in this research was
determined by adopting the typical nature load displacement diagram

from the laboratory model tests by Neely and co-workers (1973).

Table 5.1: Comparison of pull-out force coefficient (M,q) between typical

nature load-displacement and k« failure concept.

My (k4 failure) My (Typical)
d/h=2 d/h=3 d/h=2 d/h=3
Current Small-scale
36.00 52.00 26.00 42.00
Laboratory Test

FEA with E=2950kPa 32.00 50.00 26.00 41.00
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5.3 Comparison of Analytical Solutions with FEA

Figure 5.2 presents the comparison of pull-out force coefficient (M)
between FEA and existing analytical solutions in literature for a similar set
of unit weight (), soil friction angle (¢) and size of deadman anchor (h).
The existing analytical solutions, which were developed based on limit
equilibrium approaches, are over predicted the pull-out force coefficient

compared to those obtained from FEA.

In limit equilibrium approach, a failure surface is assumed along with a
distribution of stress along the failure surface. Equilibrium conditions are
then considered for the failing soil mass, and an estimate of the collapse
load is obtained (Merifield & Sloan, 2006). In addition, limit equilibrium
concept is based on total failure mechanism regardless of large deflection
are developed. These solutions may predict the 2-D plane strain and
continuous deadman anchor problems in ultimate limit state (ULS)

reasonably well.

The closest analytical solution in comparison with FEA is proposed by
Ghaly (1997), which developed from 104 laboratory tests, 15 centrifugal
model tests and 9 field tests. The pull-out force coefficient of FEA was
computed to be 26 and 41 for d/h = 2 and 3, respectively. Whereas the pull-
out force coefficient calculated from the closest analytical solution (Ghaly’s
solution) was determined to be 20.87 and 42.96 for d/h = 2 and 3,

respectively.
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Pull-out Force Coefficient, M.,
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o
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A ® Merifield (2006)

>

® Naser (2006)
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Anchor embedment ratio, d/h

Figure 5.2: Comparison of pull-out force coefficient (M;q) between FEA and

analytical solutions.

The failure displacement of deadman anchor in Ghaly’s analytical solution
that was found to be 7.2% of h, which was close to the failure displacement
of deadman anchor determined in FEA (6.5% and 8.0% of h for d/h = 2 and
3, respectively). Whereas, the rest of the analytical solutions did not

discuss the failure displacement of deadman anchor.

Table 5.2 shows the principle of development of these analytical solutions.
The pull-out force coefficient calculated from these analytical solutions for

embedment ratio (d/h) of 2 and 3 is also shown in Table 5.2.
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Table 5.2: Comparison of pull-out force coefficient (M,q) between finite element analysis and available analytical solutions.

Parameters My
Sources y © h d/h= d/h=
(kN/m3) ¢ (mm) 2 3
Finite Element
26.00 41.00
Analysis (FEA)
Terzaghi
55.23 88.17
(1943)
Ovesen (1964) 51.78 77.79
Biarez et al.
80.63 151.10
(1965) 15.1 28.50 100
Rowe and Davis
78.00 159.30
(1982)
Ghaly (1997) 20.87 42.96
Merifield
110.00 225.00
(2006)
Naser (2006) 94.14 190.77

Remarks

Failure displacement of deadman anchor for d/h = 2 is 6.5% of h and
for d/h = 3 is 8.0% of h.

The earth pressure coefficient is adopting the conventional Rankine
Theory. For single anchors, additional shear resistance on the side
faces of the wedge of anchor is included.

Adopt failure mechanism proposed by Hansen (1953). Furthermore,
empirical reductions were applied to the basic equation.

Use equation developed from limit equilibrium approach.

Use design charts which developed from 2-D finite element analysis
adopting elasto-plastic soil model.

Use equation which developed from 104 laboratory tests, 15
centrifugal model tests and 9 field tests.

Use design charts which developed from finite element analysis
adopting Solid Nonlinear Analysis Code (SNAC).

Using equation which developed from limit equilibrium approach.
Furthermore, 3-D correction factor (M) was applied to the equation.
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Pull-out Force Coefficient, M.,
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Figure 5.3: Comparison of pull-out force coefficient (M,q) in ultimate limit

state between FEA and analytical solutions.

Table 5.3: Comparison of pull-out force coefficient (M;q) in ultimate limit

state between finite element analysis and available analytical solutions.

Parameters My
Sources y 4 ) h d/h= d/h=
(kN/m3) (mm) 2 3

Finite Element
65.00 102.50

Analysis (FEA)
Terzaghi (1943) 55.23 88.17
Ovesen (1964) 51.78 77.79
Biarez et al. (1965) 15.1 2850 100 80.63 151.10

Rowe and Davis
78.00 159.30

(1982)

Ghaly (1997) 52.18 107.40
Merifield (2006) 110.00 225.00

Naser (2006) 94.14 190.77
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Ghaly proposed solution is believed to be in service limit state (SLS)
whereas for those analytical solutions that did not consider the failure
displacement of deadman anchor are believed to be in ultimate limit state
(ULS). Hence, an assumed factor of safety (FoS) of 2.5 is applied for SLS
proposed solution in order for the comparison of pull-out force coefficient

in ultimate limit state condition.

Furthermore, a factor of safety (FoS) of 2.5 is applied for finite element
analysis for the comparison of pull-out force coefficient in ultimate limit
state condition. The results are presented in Figure 5.3 and Table 5.3. The
results show that most of the analytical solutions predict the FEA with a
factor of safety more than 2.5. However, the analytical solutions proposed
by Terzaghi (1943) and Oversen (1964) predict the FEA’s results with
factor of safety more than 1.0 but less than 2.5 (see Figure 5.2 and Figure

5.3).

Similar observations were made in Kame’s work (Kame et al., 2012), who
studies strip anchor (with B/h=5) with the previous experimental works
and analytical solutions. Kame reported that there was no unique
analytical solution for analysis of strip anchor in cohesion-less soil. In
addition, Table 5.2 shows that the capability of current available analytical
solutions are not good enough for the analysis of square discrete deadman

anchor in cohesion-less soil.
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5.4 Comparison of Published Experimental Work with

Analytical Solutions

The published experimental work used for the comparison with analytical

solution is chosen from the work of Hoshiya and Mandal (1984). The

results are presented in Figure 5.4. Figure 5.4 shows there is significant

variation on the pull-out force coefficient (M,;) between Hoshiya and

Mandal’s experimental results and the available analytical solutions for a

similar set of unit weight (), soil friction angle (¢) and size of deadman

A Hoshiya and Mandal

(1984) h=25.4mm
A Hoshiya and Mandal

(1984) h=50.8mm
Hoshiya and Mandal

(1984) h=76.2mm

® Terzaghi (1943)
Ovesen and Stromann
Biarez et al. (1965)

® Rowe and Davis (1982)

® Ghaly (1997)

® Merifield (2006)

® Naser (2006) h=25.4mm

® Naser (2006) h=50.8mm

anchor (h).
Pull-out Force Coefficient, M.,
250
[ J
200
S
-
£ e
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5 (1964)
S
Q
o °
<€ 100 @ S
3 X
: 4
[}
50 ®
A
y \
0
2 3

Anchor embedment ratio, d/h

® Naser (2006) h=76.2mm

Figure 5.4: Comparison of pull-out force coefficient (M,;) between

experimental work of Hoshiya and Mandal and analytical solutions.
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The pull-out force coefficients of Hoshiya and Mandal’s experimental work
were found to be lower compared to the available analytical solutions. All
the available analytical solutions are over predicted the value of M,q. This
may be potentially due to the pull-out force coefficient determined from
Hoshiya and Mandal’s experimental work is in service limit state. Thus, an
assumed factor of safety (FoS) of 2.0 is adopted in Hoshiya and Mandal’s
experimental work for the comparison of pull-out force coefficient in

ultimate limit state condition.

Pull-out Force Coefficient, M.,

250
A Hoshiya and Mandal
° (1984) h=25.4mm
A Hoshiya and Mandal
(1984) h=50.8mm
200 ! Hoshiya and Mandal
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y N
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Biarez et al. (1965)
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[ J .
100 g : ® Rowe and Davis (1982)
x ® Ghaly (1997)
® ® Merifield (2006)
50 @&
® Naser (2006) h=25.4mm
® Naser (2006) h=50.8mm
0
) 3 ® Naser (2006) h=76.2mm

Anchor embedment ratio, d/h

Figure 5.5: Comparison of pull-out force coefficient (M,q) in ultimate limit
state between experimental work of Hoshiya and Mandal and analytical

solutions.
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Table 5.4: Comparison of pull-out force coefficient (M)q) in ultimate limit

state between experimental work of Hoshiya and Mandal and the available

analytical solutions.

Parameters My
Sources y ¢ h d/h= d/h=
(kN/m%) () (mm) 2 3
25.4 70.00 162.00
Hoshiya and Mandal
50.8 5294 148.24
(1984)
76.2 51.76 -
Terzaghi (1943) 58.08 92.68
Ovesen (1964) 54.45 81.77
25.4/
Biarez et al. (1965) 87.58 164.20
14.12 29.5 50.8/
Rowe and Davis (1982) 762 78.00 159.30
Ghaly (1997) " 5008 103.05
Merifield (2006) 110.00 225.00
254 9992 203.70
Naser (2006) 50.8 98.48 200.08
76.2 96.56 195.29

The comparison of pull-out force coefficient (M) in ultimate limit state
between experimental work of Hoshiya and Mandal and analytical
solutions is presented in Figure 5.5. The results show that most of the
analytical solutions predict the experimental work of Hoshiya and Mandal
more than a factor of safety of 2.0. Unlike the analytical solutions proposed
by Terzaghi (1943) and Oversen (1964) predict the experimental work of
Hoshiya and Mandal with factor of safety less than 2.0 (see Figure 5.4 and

Figure 5.5).
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Furthermore, it can be observed that various sizes of anchor gave various
pull-out force coefficient in Hoshiya’s experimental work, which is
illustrated in Figure 5.5 and is tabulated in Table 5.4. Increasing the size of
deadman anchor reduces the value of M,;. This shows that the size of

deadman anchor is one of the factors in influencing the value of M.

In Table 5.4, it can be clearly observed that the value of M4 calculated from
most of the available analytical solutions gave identical results regardless
of the size of deadman anchor. This explains that most of the available

analytical solutions does not take into account the effect of anchor size.

In contrast with these solutions, Naser’s analytical solution (Naser, 2006)
gave different results for different sizes of deadman anchor (see Table 3).
This is because the dimension of sand box used in Hoshiya’s experiment is

remained constant at 0.4m x 0.3m x H+0.0762m.

Increasing the size of deadman anchor reduces the spacing of anchor.
Hence, there were slight variations that occurred in Naser’s analytical
solution for different sizes of deadman anchor due to variation in the
spacing of deadman anchor. In conclusion, Naser was the only researcher
who proposed the analytical solution that took into consideration the

spacing of deadman anchor.
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5.5 Effect of Anchor Size

Table 5.4 shows that anchor size affects the pull-out force coefficient in
Hoshiya’s experimental work. Therefore, an investigation on anchor size
was carried out in order to examine the effect of anchor size in influencing
the value of pull-out force coefficient. Anchor size of 25mm, 50mm, 100mm
500mm and 1000mm were adopted in finite element analysis. Figure 5.6
shows that increasing the anchor size reduces the pull-out force coefficient.
However, the rate of reduction reduces and remain stationary as the

anchor spacing increases.

)

Effect of Anchor Size
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Figure 5.6: Effect of anchor size on the pull-out force coefficient (M;q).
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Moreover, two experimental studies investigated various size of deadman
anchor in influencing the pull-out force coefficient among the rigours
published experimental works, namely by Dickin and Leung (1983, 1985)

and Hoshiya and Mandal (1984).

Dickin and Leung studied larger anchor size, such as 25mm, 50mm, 500mm,
and 1000mm, whereas, Hoshiya and Mandal studied on smaller anchor size,
for instance 25.4mm, 50.8mm and 76.2mm. The results of these

experimental studies and FEA are tabulated in Table 5.5.

Table 5.5: Comparison on the effect of anchor size between FEA and

previous experimental works.

Anchor Size My
Researcher
(mm) d/h =2 d/h=3
25 42.00 60.00
50 31.50 52.00
FEA 100 26.00 41.00
500 20.50 34.00
1000 20.50 31.00
25 50.00 110.00
Dickin and
50 37.00 90.00
Leung (1983,
500 35.00 75.00
1985)
1000 32.00 65.00
25.4 35.00 81.00
Hoshiya and
50.8 26.47 74.12
Mandal (1984)
76.2 25.88 -
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Figure 5.7 shows that the prediction from FEA has the similar observation
with Dickin’s and Hoshiya’s experimental works, whereby increasing the
anchor size reduces the pull-out force coefficient. Nevertheless, the value
of pull-out force coefficient (M,q) is varies among these research. This is
potentially due to the material and experimental set-up that were used in
each research is various. Furthermore, the approaches that were used to
determine the ultimate pull-out capacity of deadman anchor is different.
Nevertheless, these research concluded that increasing the anchor size

reduces the pull-out force coefficient.

Effect of Anchor Size
120
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]
100 '\ —0— Dickin and Leung (d/h=2)
.. _
80 R Hoshiya and Mandal
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o

Pull-out force coefficient, Myq
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Figure 5.7: Comparison on the effect of anchor size between FEA and

previous experimental works.
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5.6 Summary

This chapter examines the capability of the existing analytical solutions in
literature for pull-out analysis. All the available analytical solutions were
found to over-predict the results of finite element analysis. Most of the
analytical solutions predict the FEA result with a factor of safety more than

2.5.

Similar observation was found in Hoshiya’s and Dickin’s experimental
work when compared with these available analytical solution. Most of the
analytical solutions predict the Hoshiya’s and Dickin’s experimental work

with a factor of safety more than 2.0.

Thus, it can be concluded that most of the existing analytical solutions in
literature over-predict the results of finite element analysis and
experimental works with a factor of safety greater than 2.0 except the

analytical solutions proposed by Terzaghi (1943) and Oversen (1964).

Furthermore, Kame (2012), who evaluated strip anchor with previous
experimental works and analytical solutions, also reported that there was
no unique analytical solution for the analysis of strip anchor in cohesion-

less soil.

An investigative study on the effect of anchor size that was carried out by
adopting FEA shows that increasing anchor size decreases the pull-out
force coefficient. This observation agrees with the results of Hoshiya’s and
Dickin’s experimental works. However, most of the analytical solutions

does not consider the dimension of deadman anchor in predicting the pull-
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out force coefficient of deadman anchor as the result was found to be

identical regardless of the size of deadman anchor.
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CHAPTER 6

2-D AND 3-D  FINITE

ELEMENT ANALYSES

6.1 Introduction

The model elements implemented in two-dimensional (2-D) and three-
dimensional (3-D) models in PLAXIS are completely different. This is
mainly because the model in two-dimension is assuming plane strain
condition whereas the latter reflects more realistic condition. Therefore, a
comparison study on 2-D and 3-D finite element analysis (FEA) has been
carried out to investigate the variation between 2-D plane strain
assumption and 3-D realistic condition. The strength and weakness of
these finite element analyses are discussed. Furthermore, the benefits of

3-D FEA are illustrated.
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6.2 Comparison Study on 2-D and 3-D Finite Element

Analyses

The comparison study on 2-D and 3-D FEA was conducted by adopting the
methodology discussed in Chapter 3. The potential variables that may
cause variation between 2-D and 3-D FEA are spacing of discrete deadman

anchorage system and wall thickness (wall stiffness).

This is mainly due to 2-D FEA with plane strain assumption is unable to
model the 3-D nature of discrete deadman anchorage system, especially on
the spacing effect of deadman anchor. In 2-D model, the actual properties
of deadman anchorage system in the out-of plane direction are obtaining
the ‘equivalent’ properties per meter width (Kok, 2010). Therefore, the
nature of deadman anchorage system is then represented by an equivalent

plane element in 2-D FEA.

Furthermore, retaining wall was modelled as a beam element in 2-D FEA.
Hence, only one limited set of wall deflection was observed. This may be
valid for a very rigid wall in real scenario. However, for a very thin wall,

the wall deflection may be vary for different locations.

The prototype used in this comparison study is illustrated in Figure 6.1 and
Figure 6.2, respectively. Five numbers of discrete deadman anchorage
system are modelled in 3-D model. The numbering system for each

deadman anchor used in 3-D model is presented in Figure 6.3.
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Figure 6.2: 3-D finite element prototype.

&)
@
x &5
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Figure 6.3: Numbering system for each deadman anchor.
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A set of basic parameters that used in this comparison study is presented
in Table 6.1. Diaphragm wall was adopted in this investigative study. Thus,

the wall thickness is then represented the wall stiffness.

Table 6.1: Basic set of parameter for 2-D and 3-D finite element analyses.

Parameter

Tie rod length, L (m) : 5
Anchor embedment depth, d (m) : 2
Anchor spacing, s (m) : 5
Friction angle of soil, ¢ (°) : 30
Wall depth, D (m) : 10
Wall thickness, T (m) : 0.5

The comparison study on 2-D and 3-D finite element analysis (FEA) is
studied by investigating the effects of anchor spacing and of wall thickness.
The results presented are determined based on the maximum allowable

excavation height (Hmax).

6.2.1 Effect of Anchor Spacing

The comparison study on the effect of anchor spacing between 2-D and 3-
D FEA was conducted by comparing two different anchor spacing (s), which
are 2.0m and 5.0m. This gave separation ratio (s/B) of 2 and 5, respectively,
while the remaining parameters are kept constant as tabulated in Table 6.1.
The breadth of anchor (B) was adopted as 1.0m, which had been mentioned

in Section 3.4.
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The maximum allowable excavation height (Hmax) reached 6.0m and 5.5m
for anchor separation ratio (s/B) of 2 and 5, respectively. Nevertheless, for
the ease of comparison purpose, all the results presented in this

comparison study were based on Hmax = 5.5m.

Wall Deflection for s/B =2

0 0.005 0.01 0.015 0.02
0 .
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-10

Wall Deflection, & (m)

Figure 6.4: Wall deflection (0) between 2-D and 3-D FEA for s/B = 2.

Figure 6.4 shows the comparison on wall deflection between 2-D and 3-D
FEA for anchor separation ratio (s/B) of 2. The percentage of variation on
wall deflection between 2-D and 3-D FEA was up to 4.0%. In addition, the
wall deflection restrained by discrete deadman anchor at various locations
(3D_1 to 3D_5) and those between anchors (3-D_a) in 3-D model gave

almost identical results.

In contrast to s = 2, the comparison on wall deflection between 2-D and 3-

D FEA for s = 5m is presented in Figure 6.5. The percentage of variation on
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wall deflection between 2-D and 3-D FEA was up to 8.0%. Furthermore,
the wall deflections of s/B =5 in 3-D FEA (3D_1 to 3D_5 and 3-D_a) gave

almost identical results, which had similar observation with s/B = 2.

Wall Deflection for s/B=5
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Figure 6.5: Wall deflection (0) between 2-D and 3-D FEA for s/B = 5.

Figure 6.6 and Figure 6.7 show the pull-out force corresponding to the
excavation level between 2-D and 3-D FEA for s/B = 2 and 5, respectively.
For s/B = 2, the percentage of variation on the pull-out force between 2-D
and 3-D FEA was up to 6%, which was still within the acceptable range. On
the other hand, the percentage of variation on the pull-out force between

2-D and 3-D FEA was up to 25% for s/B = 5.
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Pull-out Force for s/B=2

0 20 40 60 80 100
) 1 1 1 1

——3-D_1
——3-D_2
——3D3
——3D 4
——3-D_5

—%—2-D

Excavation Height, H (m)
A

Pull-out Force, F (kN)

Figure 6.6: Pull-out force (F) between 2-D and 3-D FEA for s/B = 2.

Pull-out Force for s/B=5
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Figure 6.7: Pull-out force (F) between 2-D and 3-D FEA for s/B = 5.
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Furthermore, the percentage variation in 3-D FEA was not more than 1.5%
regardless of the wall deflection restrained by each discrete deadman
anchor or the pull-out force of each tie rod. This may be due to the
automatic feature of meshes in PLAXIS as the meshes may not be

distributed evenly or symmetrically.

From Figure 6.4 and Figure 6.6, it can be clearly observed that there was
slight difference on the wall deflection and pull-out force for the case with
s/B = 2. The percentage of variation on wall deflection and pull-out force

was found to be 4% and 6%, respectively.

Moreover, the wall deflection at various locations (3D_1 to 3D_5 and 3-D_a)
in 3-D FEA gave almost identical result regardless of the anchor separation
ratio (s/B). This may be due to rigid retaining wall was implemented in this
comparison study. Therefore, there is sufficient evidence to conclude that
for a rigid wall (T = 0.5m) with small anchor separation ratio (s/B), 3-D

problems can be simplified as 2-D problems.

In conclusion, as separation ratio (s/B) of discrete deadman anchor
increases from 2 to 5, the wall deflection at Hmax = 5.5m increases by
approximately 43%. Whereas, pull-out force increases to 55% at Hmax =

5.5m as s/B increases from 2 to 5.
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6.2.2 Effect of Wall Thickness

To compare the effect of wall stiffness between 2-D and 3-D FEA, two
diaphragm walls with different thickness (T) were adopted. Wall
thicknesses with 0.1m (Flexible wall) and 0.5m (Rigid wall) were used in
this comparison study while the remaining parameters are kept constant

as tabulated in Table 6.1.

The maximum allowable excavation height (Hmax) achieved 4.5m and 5.5m
for flexible and rigid wall, respectively. Nevertheless, for the ease of
comparison purpose, all the results presented in this comparison study

were based on Hmax = 4.5m.

For rigid wall, the comparison on wall deflection between 2-D and 3-D FEA
is illustrated in Figure 6.8. The results between 2-D and 3-D FEA were
coincidentally in a good agreement with percentage of variation less than

1.0%.

Figure 6.9 shows the comparison on wall deflection between 2-D and 3-D
FEA for flexible wall. The percentage of variation on wall deflection
between 2-D and 3-D FEA was up to 31.20%. In addition, the wall
deflection restrained by discrete deadman anchor at various locations

(3D_1 to 3D_5) had similar observation with rigid wall.

The main variation between rigid and flexible wall was the wall deflection
between discrete deadman anchors (3D_a). For rigid wall, the wall
deflection between discrete deadman anchors (3D_a) and those restrained

by discrete deadman anchor (3D_1 to 3D_5) gave almost identical results.
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Figure 6.8: Wall deflection () for rigid wall between 2-D and 3-D FEA.
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Figure 6.9: Wall deflection () for flexible wall between 2-D and 3-D FEA.
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In contrast to rigid wall, the wall deflection between deadman anchors

(3D_a) for flexible wall had significant variation as shown in Figure 6.9.

The percentage of variation between wall deflection restrained by each
discrete deadman anchor and those between discrete deadman anchors in
3-D FEA was up to 14.0%. In conclusion, the wall deflection between
deadman anchor had larger deflection compared to those restrained by

discrete deadman anchors in 3-D FEA, which is illustrated in Figure 6.9.

Furthermore, the colour contour of lateral movements on the surrounding
soil mass can provide a better understanding on the changes of soil
movement in 3-D models. By observing the colour contour of lateral
movement changes on the surrounding soil for rigid wall (see Figure 6.10),
it is found that the lateral movement of soil for rigid wall follows the plane

strain assumption.

This can be further explained with that the wall is relatively rigid. When a
rigid wall falls, it tends to pull the discrete deadman anchor towards the
passive zone (excavation side), which can cause an equivalent movement.
This equivalent movement acts similar to the plane strain condition in 2-D
model. Therefore, the wall deflections in 2-D and 3-D FEA for rigid wall

have the same trend and results, which are illustrated in Figure 6.8.

Figure 6.11 shows the lateral movement of soil for flexible wall. It can be
clearly observed that the movement of soil completely contradicted with
the plane strain assumption. Hence, if the flexible wall is modelled using 2-

D FEA, which only a limited set of wall deflection result is observed. This
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does not show the variation of wall deflections between deadman anchors
and those restrained between deadman anchors. Thus, 3-D FEA fared
better than 2-D FEA as 3-D FEA can predict the actual scenario more

realistically.

*10° m)
75.00

Rigid Wall

(T=0.5m)

Figure 6.10: Lateral movement of soil (Ux) for rigid wall.
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Figure 6.11: Lateral movement of soil (Ux) for flexible wall
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Figure 6.12: Effective stresses of soil (o'x) for rigid wall.

[k/m?]

Flexible wall

Figure 6.13: Effective stresses of soil (0’x) for flexible wall.

In addition, Figure 6.12 and Figure 6.13 show the colour contour of
effective stresses of soil in x-direction for rigid wall and flexible wall,

respectively. Figure 6.12 shows that the stresses of soil behind rigid wall
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follow the plane strain assumption, as the magnitude of stresses of soil in
plane direction are found to be similar. However, the stresses of soil
surrounding deadman anchor with anchor spacing of 5.0m do not obey the
plane strain assumption as the magnitude of stresses of soil are found to be

discontinued from one deadman anchor to another.

In contrast to rigid wall, the stresses of soil do not obey the plane strain
assumption. The stresses of soil behind earth retaining and surrounding
deadman anchors are found to be discontinued as illustrated in Figure 6.13.

Hence, 2-D FEA prediction on flexible wall may not be accurate.

Moreover, Figure 6.14 and Figure 6.15 show the pull-out force for rigid and
flexible wall, respectively. For rigid wall, the percentage variation of the
pull-out force between 2-D and 3-D FEA was up to 26.0%. However, for
flexible wall, the percentage variation of the pull-out force between 2-D and

3-D FEA was up to 30%.

Therefore, these findings provide sufficient evidence to conclude that the
3-D nature effects are more superior as compared to 2-D FEA, hence 2-D
results may not be reliable for certain case. This observation was agreed
by Leung and co-workers (2011), who investigated the performance of

deep soil mix columns between 2-D and 3-D FEA by using PLAXIS.
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Pullout Force for Rigid Wall
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Figure 6.14: Pull-out force (F) for rigid wall between 2-D and 3-D FEA.
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Figure 6.15: Pull-out force (F) for flexible wall between 2-D and 3-D FEA.
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6.3 Benefits of 3-D Finite Element Analysis

The numerical analysis for continuous deadman anchor can be simulated
as 2-D plane strain assumption and the results can be predicted reasonably
well with 2-D FEA. However, as discussed above, the results for discrete
deadman anchors cannot be realistically simplified as 2-D problems. Thus

3-D FEA is opted to provide high accuracy results.

In addition, 3-D FEA allows a better understanding/study on the plan view
interactions of deadman anchorage system with the surrounding soil mass.
3-D FEA is an excellent technique to study deadman anchorage system
more accurately since it is a more realistic representation of discrete
deadman anchorage system. The colour contour for lateral movements
and effective stresses on the surrounding soil mass clearly indicated the
soil-structure interactions. Moreover, 3-D FEA is able to provide bending
moment profiles in both the vertical and horizontal directions for
structural design on earth retaining wall (see Figure 6.16 and Figure 6.17,

respectively), but 2-D model is not possible.

Conventionally, the design of longitudinal bars in retaining wall depends
on the vertical bars, which is not based on bending moment. The
longitudinal bars are designed based on the minimum percentage of

reinforcement needed (BS 8110-1, 1997), which is expressed as:

minimum percentage of reinforment neeeded = 1004A,/A,
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where,

As = Area of steel.

Ac = Area of concrete.

**Note that in BS 8110-1 (1997): Clause 3.12.7.4 suggested that the
minimum percentage of longitudinal reinforcement for rectangular wall

is:-

a. 0.30% of concrete area for mild steel (fy = 250N /mm?) and

b. 0.25% for high tensile steel (fy = 500N/mm?).

Mmin = -60.86 kNm/m

Mmax = 104.1 kNm/m

Figure 6.16: Vertical bending moment for 3-D model with 7= 0.5m and s/B

=2.
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Mmin = -5.207 kNm/m

Mmax = -4.897 kNm/m

Figure 6.17: Horizontal bending moment for 3-D model with T = 0.5m and

s/B =2 (Plan view).

6.3.1 Study on the Presence of Deadman Anchorage System

in Earth Retaining Wall

This study aims to demonstrate some of the benefits in 3-D FEA by
investigating the presence of deadman anchorages system. In this study,
two models, namely Model A and Model B, were adopted. Furthermore, the

parameters used in this study are presented in Table 6.2.
The models used in this study are:-

a. Model A - Earth retaining wall (without deadman anchorage
system);

b. Model B - Earth retaining wall (with deadman anchorage system).

Page | 142



CHAPTER 6 2-D AND 3-D FINITE ELEMENT ANALYSES

Table 6.2: Parameters for the study of the presence of deadman anchorages

system in 3-D FEA.

Parameter

Tie rod length, L (m) : 5
Anchor embedment depth, d (m) : 2
Anchor spacing, s (m) : 5
Friction angle of soil, ¢ (°) : 30
Wall depth, D (m) : 10
Wall thickness, T (m) : 0.5

Figure 6.18 through Figure 6.20 show the effective stress of soil in X-
direction (0’x) at different construction stages. At initial stage, before
excavation commenced, both models had equivalent stresses of soil as
shown in Figure 6.18. However, when the excavation commenced, the
change of effective stresses occurred at various excavation heights (i.e. H =

4.5m and 6.0m), as illustrated in Figure 6.19 and Figure 6.20, respectively.

With the presence of deadman anchorage system, the effective stress of soil
was no longer accumulated behind the retaining wall. The effective stress
was partially diverted to the rear face of deadman anchors. The soil at the
front face of deadman anchors experienced compression effect (passive
resistance) and hence leading to stress decrease, which is clearly

illustrated in Figure 6.19 and Figure 6.20.

The passive resistance induced in front of deadman anchors attempted to
hold back the earth retaining wall from moving towards the excavated side.

Moreover, the passive resistance reduced the lateral movements of soil and
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hence, reducing the wall deflection, which is illustrated in Figure 6.21 and

Figure 6.22.

Figure 6.18: Effective stresses (0'x) for Models A and B at initial stage.

Retaining wall ...,

Passive Lo
resistance 000

Figure 6.19: Effective stresses (0'x) for Models A and B at excavation height

(H) 4.5m.

Page | 144



CHAPTER 6 2-D AND 3-D FINITE ELEMENT ANALYSES

Retaining wall s
2000

1000

00

00

2000

.

Passive | | .
resistance || .

200

Figure 6.20: Effective stresses (0'x) for Models A and B at H = 6.0m.
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Figure 6.21: Lateral movements of soil (Ux) for Models A and B at H = 6.0m.
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Wall Deflection
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Figure 6.22: Wall deflections (0) for Models A and B at H = 6.0m.

Table 6.3: Percentage of variation on wall deflection between Models A and

B.

Excavation
height, H
(m)

2
2.5
3
3.5
4
4.5
5
5.5
6

Wall deflection, & (m)

Model A Model B
2.96E-04 2.41E-04
1.16E-03 8.63E-04
2.64E-03 1.73E-03
5.01E-03 2.91E-03
9.44E-03 4.54E-03
1.41E-02 6.88E-03
2.53E-02 1.03E-02
4.45E-02 1.69E-02
9.91E-02 2.82E-02

Percentage of

variation (%)

22.74
33.94
52.92
71.85
108.01
105.24
146.52
163.53
251.63
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In Table 6.3, the wall deflection with the presence of deadman anchorage
system at excavation height (H = 6.0m) was reduced as much as 252%
compared to that without deadman anchorage system. This shows that the
earth retaining wall with deadman anchorage system had significant
reduction in terms of wall deflection. At various excavation height, the rate
of reduction in wall deflection with the presence of deadman anchorage
system is tabulated in Table 6.3. Therefore, deadman anchorage system

plays an important role in reducing the wall deflection.

6.4 Summary

This chapter presents a comparison study between 2-D FEA (plane strain
assumption) and 3-D FEA (realistic condition). Two potential variables,
which are anchor spacing and wall stiffness, were studied in both 2-D and
3-D FEA. Results from the discussed variables showed that there are
variations occurred between 2-D and 3-D FEA in terms of wall deflection

and pull-out force.

In 2-D FEA with plane strain assumption, the deadman anchorages system
was modelled as an “infinitely” long plane with thickness. For the effect of
anchor spacing in rigid wall, the percentage of variation for wall deflection
between 2-D and 3-D FEA was up to 4% and 8% for s/B of 2 and 5,
respectively. On the other hand, the percentage of variation for the pull-
out force between 2-D and 3-D FEA was found to be 6% and 25% for s/B of

2 and 5, respectively. In addition, the percentage of variation among

Page | 147



CHAPTER 6 2-D AND 3-D FINITE ELEMENT ANALYSES

deadman anchorage system in 3-D FEA was found to be not more than 1.5%

regardless of wall deflection or pull-out force.

Furthermore, the earth retaining wall was modelled as a beam element in
2-D FEA. Thus, only a limited set of wall deflection and pull-out was
observed. The results may be valid for very rigid wall in real case. This is
because 3-D FEA also provided similar sets of wall deflection and pull-out
force. However, for the pull-out force in rigid wall, the percentage of
variation between 2-D and 3-D FEA was up to 26%. On the other hand, for
flexible wall, the percentage of variation in terms of wall deflection and
pull-out force between 2-D and 3-D FEA were determined to be 31.2% and

30.0%, respectively.

For closer separation ratio of discrete deadman anchor, 2-D FEA can
provide reasonable estimation. Nevertheless, the limitation of 2-D plane
strain condition should be acknowledged and considered separately for
each condition in order to ensure proper finite element modelling. This is

to ensure that reliable estimation is obtained for further assessment.

Last but not least, this chapter also highlights the benefit of adopting 3-D
FEA. 3-D FEA allows a better understanding/study on the plan view
interactions of deadman anchorage system with the surrounding soil mass.
The colour contour for lateral movements and effective stresses on the

surrounding soil mass clearly indicated the soil-structure interactions.

A study on the presence of deadman anchorage system in earth retaining

wall demonstrates the benefits of 3-D FEA. The changes of effective stress
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on plan view for each construction stages clearly demonstrate the
interactions of earth retaining wall with and without deadman anchorage
system with surrounding soil mass for different construction stages.
Furthermore, the colour contour of lateral movement shows movements of

surrounding soil mass caused by the heights of excavation.
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CHAPTER 7

MODEL SIMPLIFICATION

7.1 Introduction

Previous chapter highlights that three-dimensional (3-D) finite element
analysis (FEA) on discrete deadman anchorage system in rigid earth
retaining wall gave almost identical results for wall deflection and pull-out
force regardless of anchor spacing at locations restrained by discrete
deadman anchor (3D_1 to 3D_5). The percentage of variation among
deadman anchorage system in 3-D FEA was found to be not more than 1.5%

regardless of wall deflection or pull-out force.

Hence, it is interesting to know whether the model with more number of
discrete deadman anchors (complex model) can be further simplified to a
model with single discrete deadman anchor (simplified model). This

technique is known as model simplification.
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Model simplification aims to reduce the computational effort and duration.
Besides that, model simplification aims to avoid argument on the number
of discrete deadman anchors implemented to study the behaviour of
discrete deadman anchorage system. The performance of model
simplification is evaluated based on the computed pull-out force, wall

deflection, effective stress and lateral movement of soil.

7.2 Model Simplification

A series of finite element analysis (FEA) was carried out to evaluate the
degree of agreement of simplified model with singular discrete deadman
anchor in comparison with complex models with multiple deadman
anchors. Parametric studies with different manipulation of anchor spacing
(s), anchor embedment depth (d), tie rod length (L) and number of discrete
deadman anchors used for constant friction angle (¢) and wall stiffness (EI)
were carried out to evaluate the degree of agreement of model

simplification and to develop the model simplification chart.

For each anchor spacing (s = 2m, 3m and 5m) and each anchor embedment
depth (d = 1m, 2m and 3m), length of tie rod and number of discrete
deadman anchors used in the parametric studies for friction angle (¢) of
30° and wall stiffness (EI) of 2.708E+05kNm? is presented in Table 7.1. A
total number of 108 finite element analyses were conducted to evaluate the
degree of agreement of simplified model in predicting the complex models

and to develop the model simplification chart.
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Table 7.1: Parametric studies for model simplification.

Tie rod length (L)
Number 5 10 15
of Anchor(s)
1 v v v
3 v v v
5 v v v
7 v v v

Literally, it is believed that the complex models with more discrete
deadman anchors can provide more accurate prediction compared to
fewer discrete deadman anchors as they can simulate the interaction
between soil and their surrounding structure in a more realistic form. For
instance, the variation between models with single and seven discrete
deadman anchors should be larger compare to the variation between

models with five and seven discrete deadman anchors.

Nevertheless, certain cases did not obey the statement above. Hence, the
model simplification is aimed to simplify complex model with multiple
discrete deadman anchors (complex model) into model with singular
discrete deadman anchors (simplified model), and to avoid argument on

the number of discrete deadman anchors used in FEA.

The performances of simplified model are assessed based on the computed,
wall deflection, pull-out force, effective stress and lateral movement of soil.
In addition, the performances of simplified model are also determined

based on the maximum excavation height (Hmax) is limited to the deflection
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of anchored wall not more than 0.5% of the excavation height (H). The
model simplification assessment are made by comparing simplified model
and complex models with percentage of variation not more than 5% of

complex model with seven discrete deadman anchors.

A set of parameter adopted in the study of model simplification is chosen
for detailed discussion. The parameters is presented in Table 7.2. The
maximum allowable excavation height (Hmax) for this set of parameter is up

to 6.5m.

Table 7.2: Parameters adopted in the study of model simplification.

Parameter

Tie rod length, L (m) : 10.0
Anchor embedment depth, d (m) : 2
Anchor spacing, s (m) : 3
Friction angle of soil, ¢ (°) : 30
Wall depth, D (m) : 10
Wall stiffness, EI (KNm?2) : 2.708E+05

7.2.1 Wall Deflection

Figure 7.1 shows that the results of computed wall deflection for various
models are found to be similarly close. Furthermore, the result from
simplified model is found to be almost identical with that from complex

model with seven discrete deadman anchors.
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The results of wall deflection between models with singular and seven
discrete deadman anchors are presented in Table 7.3. The maximum
percentage of variation is found to be 4.70%, which occurred at H = 4.5.
Moreover, the maximum variation in terms of magnitude of wall deflection
between models with singular and seven discrete deadman anchors is

determined to be 0.517mm.

The overall variation on the wall deflection is relatively small, which is less
than 5.00% and the magnitude is less than 1.0mm. This showed that the
performance in terms of wall deflection from simplified model is almost in

a perfectly agreement with that from complex models.

Table 7.3: The variations of wall deflection between simplified and complex

model.
] Wall deflection, 6 (m) Percentage
Excavation

] Variation of

height, H Simplified Complex o
(mm) variation
(m) model model

(%)
2 2.80E-04 2.74E-04 0.0057 2.09
2.5 9.89E-04 9.72E-04 0.0172 1.77
3 2.10E-03 2.07E-03 0.0363 1.76
3.5 3.57E-03 3.50E-03 0.0713 2.04
4 5.46E-03 5.35E-03 0.1192 2.23
4.5 8.41E-03 8.03E-03 0.3772 4.70
5 1.17E-02 1.12E-02 0.5172 4.63
5.5 1.57E-02 1.56E-02 0.1144 0.73
6 2.15E-02 2.11E-02 0.3946 1.87
6.5 2.97E-02 2.92E-02 0.4885 1.67
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Wall Deflection
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Figure 7.1: Wall deflection () at H =6.5m among models.

7.2.2 Pull-out Force

Figure 7.2 shows that the pull-out force for each model gave almost
identical results up to Hmax = 6.5m. By comparing the maximum and
minimum values on the pull-out force among the models, the largest
variation occur at H = 4.5m. This variation occurred between models with
singular and five discrete deadman anchors, and the percentage of

variation was up to 6.08%.

In addition, by comparing the simplified model with the complex model
with seven discrete deadman anchors, the maximum variation also

occurred at H = 4.5m with a percentage of variation of 3.79%.

Page | 155



CHAPTER 7 MODEL SIMPLIFICATION

Since the pull-out force were almost identical among models and the
simplified model was of 3.79% difference from the complex model with
seven discrete deadman anchor, which was less than 5.00%. Therefore, it
is believed that the performance of simplified model is in a good agreement

with complex model in terms of pull-out force.

Pull-out Force

0 20 40 60 80 100 120 140 160
_2 1 1 1 1 1 1 1
—— Simplified model
-2.5
Complex model with
3 -3 3 anchors
T 35 Complex model with
% 5 anchors
':¢IT:J 4 Complex model with
7 anchors
§ -4.5
®
§ -5
]
-5.5
-6
-6.5

Pull-out Force, F (kN)

Figure 7.2: Pull-out force (F) among models.

7.2.3 Lateral Movement of Soil

Figure 7.3 shows the colour contour of lateral movement of soil for each
model at the maximum allowable excavation height (Hmax = 6.5m) and the
results are observed to be of similar patterns. This explains that the
movement of soil is almost identical regardless of the number of anchors

modelled in FEA. This provided sufficient evidence to conclude that the
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simplified model can produce a good estimation on the behaviour of soil

movement in comparison with complex models.
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Figure 7.3: Colour contour for lateral movements of soil at H = 6.5m among

models.
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7.2.4 Effective Stress of Soil

Figure 7.4 shows the colour contour of effective stress for each model at
the maximum allowable excavation height (Hmax = 6.5m) and the results are
found to be of almost identical pattern. This explains that the effective
stress for each discrete deadman anchor do not have significant interaction
with one another regardless of the number of discrete deadman anchors
modelled in FEA. Similar observations were obtained from a closer spacing
(s = 2). Hence, this provides additional evidence to conclude that the
complex model with multiple discrete deadman anchors can be further
simplified into model with singular discrete anchor as the predicted stress

are found to be of almost identical pattern among models.
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Figure 7.4: Colour contour for effective stresses of soil at H = 6.5m among

models.
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7.2.5 Results of Model Simplification

The degree of agreement of model simplification were determined based
on different manipulation of anchor spacing (s), anchor embedment depth
(d), tie rod length (L) and number of discrete deadman anchors used in FEA

model.

In section 7.2.1 to 7.2.4, it demonstrated that the simplified model can
predict the behaviour of complex models with multiple discrete deadman
anchors reasonably well regardless of the wall deflection, pull-out force,

lateral movement of soil and effective stress of soil.

Similar observations were made for the case of the manipulation of each
anchor spacing (s = 2m, 3m and 5m), anchor embedment depth (d = 1m,
2m and 3m), length of tie rod (L = 5m, 10m and 15m) and number of
discrete deadman anchors modelled in FEA (1 no, 3nos, 5nos and 7nos)

with friction angle (¢) of 30° and wall stiffness (EI) of 2.708E+05kNm?2.

Therefore, it provides sufficient evidence to conclude that the complex
models can be simplified into model with singular discrete deadman

anchor.

7.3 Model Simplification Chart

Follows to the evaluation on the degree of model simplification, the results
of model simplification can be presented in a normalised form for each

anchor embedment ratio (d/h).
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Figure 7.5 presents the result of model simplification for anchor

embedment ratio (d/h) of 1.

Anchor embedment ratio of 1

3.5

.- R?=0.9501
3 o .o

25

H/S

1.5 ””,”n e d/h=1
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0.2 0.4 0.6 0.8 1
Lr0.25/S

Figure 7.5: Result for anchor embedment ratio of 1.

In Figure 7.5, the R? value for the linear best fit line of d/h = 1 is found to be
0.9501. The value of R? is a measurement of the goodness-of fit of linear
regression. When R?2 value is equal to 1.0, it means that all the data points
rest exactly positioned on the best fit line. The X- and Y-variables can be
predicted perfectly if the R2 value is 1.0. Otherwise, R2 value of 0.0 means
that although the X-variable is known, the Y-variable still cannot be
determined. This is because none of the data points are close to the linear
best fit line. In addition, the value of Rz above 0.9 can predict the X- and Y-

variables reasonably well.
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Anchor embedment ratio of 2
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Figure 7.6: Result for anchor embedment ratio of 2.

Anchor embedment ratio of 3

2 _
35 o .- Ri=05217

2.5

H/S
N
[
[ J

®d/h=3
15 /

0.5

0.2 0.4 0.6 0.8 1
L"0.25/S

Figure 7.7: Result for anchor embedment ratio of 3.
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The results of model simplification for d/h = 2 and 3 are presented in Figure
7.6 and Figure 7.7, respectively. The R? values for the linear best fit line of
d/h =2 and 3 are 0.9696 and 0.9217, respectively. The linear best fit line
for each anchor embedment ratio is considered good in predicting the data

points as the R? values are beyond 0.9.

By conjoining the results from each anchor embedment ratio, the model
simplification chart, Figure 7.8, which is used to simplify model with
multiple discrete deadman anchors into model with singular discrete

deadman anchor is developed.

Model Simplification Chart
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Figure 7.8: Model simplification chart for friction angle (¢) of 30°.
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The best fit lines shown in Figure 7.8 represent the critical lines for the
simplified model with singular discrete deadman anchor in predicting the
complex models with multiple discrete deadman anchors up to anchor
embedment ratio of 3. The model simplification chart is plotted up to
anchor embedment ratio of 3. The anchor embedment ratio of more than

3 is beyond the research scope.

7.3.1 Verification and Validation of Model Simplification

Chart

The critical lines show that the complex model with multiple discrete
deadman anchor can be simplified to model with singular discrete
deadman anchor. Hence, it is interested to distinguish the zoning of model
simplification chart for variable that is positioned either beyond or below
the critical lines can adopts the model simplification technique in finite
element analysis. Since the model simplification chart is developed based
on friction angle (¢) of 30° and wall stiffness (EI) of 2.708E+05kNm?Z.
Therefore, the effect of friction angle and wall stiffness were carried out to

distinguish the zoning of the model simplification chart.

7.3.1.1 Effect of Friction Angle (¢)

In general, friction angle of soil can be varied from 20° to 40°. Since the

model simplification was developed based on friction angle of 30°. Hence,
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friction angle with 20° and 40° were carried out for anchor embedment
ratio (d/h) of 2.0 in order to distinguish the zoning and capability of model
simplification chart. Moreover, it is believed that the capability of model
simplification chart is capable for denser soil. This is because denser soil

results in less deflection of anchored wall.

Model Simplification of d/h=2

0.2 0.4 0.6 0.8 1
L"0.25/S

Figure 7.9: Effect of friction angle (¢) on model simplification chart of

d/h=2.

The results of the effect of friction angle on model simplification chart for
anchor embedment ratio (d/h) of 2 is presented in Figure 7.9. It can be
clearly observed that the variable is positioned beyond the critical line
when friction angle greater than 30°. Hence, the model simplification chart
is valid for complex model to adopt the model simplification technique in

finite element analysis with friction angle greater than 30°. Whereas, the
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variable is positioned below the critical line when friction angle less than
30°. The model simplification chart is no longer valid, hence, full finite

element analysis is required.

The model simplification chart presented in Figure 7.8 is only valid for
friction angle greater than 30°. Hence, an additional model simplification
chart for loose soil with friction angle of 20° is developed and is illustrated
in Figure 7.10. Figure 7.10 shows that the critical lines in model
simplification chart of friction angle 20° for anchor embedment ratio (d/h)
of 2 and 3 are almost identical. This potentially means that anchor
embedment ratio greater than 2 may adopts the critical line of d/h = 2 for
model simplification technique in finite element analysis. However, the

anchor embedment ratio investigated in this research is only up to 3.0.

Model Simplification Chart
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Figure 7.10: Model simplification chart for friction angle (¢) of 20°.
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7.3.1.2 Effect of Wall Stiffness (EI)

Since the zoning of model simplification chart has been distinguished by
the effect of friction angle. Thus, it is interested to further investigate the
degree of capability of model simplification chart for anchored wall with
less stiffness. Moreover, it is believed that the model simplification chart is
valid for stiffer anchored wall, which results in less deflection of the

anchored wall.

The anchored wall with Young’'s Modulus of concrete (E:) of
26.0E+06kN/m2 was adopted in this investigation study. Since the Young’s
Modulus of concrete is kept constant, thus the variables are dependent on
the wall thickness (7). The wall thickness less than 0.25m
(EI=3.385E+04kNm?) is no longer behaved like rigid wall. Thus, wall
thickness with 0.25m, 0.30m, 0.40m, and 0.75m, which give wall stiffness
of 3.385E+04kNm?, 5.850E+04kNm?, 1.387E+05kNm?, and 9.141+05kNm?,

respectively, was carried out in this investigation study.

The results for the effect of wall stiffness on model simplification chart for
anchor embedment ratio (d/h) of 2 is presented in Figure 7.11. It can be
clearly observed that the variable is positioned beyond the critical line
when the wall thickness greater than 0.50m. Hence, the model
simplification chart is valid for complex model to adopt the model
simplification technique in finite element analysis for wall thickness
greater than 0.50m. Whereas, the variable is positioned below the critical

line when the wall thickness less than 0.50m. Thus, the model
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simplification chart is no longer valid, however, it is slightly under-

predicted the results. Hence, full finite element analysis is required.

Model Simplification of d/h=2

4
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2 (EI=3.384E+04kNm2)
——d/h=2
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Figure 7.11: Effect of wall stiffness (EI) on model simplification chart of

d/h=2.

7.4 Summary

This chapter evaluates the degree of agreement of simplified model in
comparison with complex models for anchor embedment ratio up to 3. The
degree of agreement are assessed by comparing simplified model and
complex models with percentage of variation not more than 5% of complex

model with seven discrete deadman anchors.
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The performances of simplified model is illustrated in the model
simplification chart (see Figure 7.8). Several observations are obtained

from the model simplification chart, such as:

1. The critical lines are developed to distinguish the extent to which
complex model with multiple discrete deadman anchors can be
simplified to model with single discrete deadman anchor.

2. The performances of simplified model are in good agreement with
complex models when the variable is positioned beyond the critical
lines. This means that the complex model with multiple discrete
deadman anchors can be simplified as model with singular discrete
deadman anchor (simplified model).

3. If the variable is positioned below the critical line, the full finite
element analysis is recommended.

4. The advantage of simplified model is that only a set of computed
wall deflection and pull-out force will be obtained. This eliminates
the small variation in computed wall deflection and pull-out force
between deadman anchors in complex models.

5. The model simplification chart are slightly under-predicted the
results for wall stiffness between 3.385E+04kNm? (7=0.25m) and
2.708E+05kNm? (T=0.50m).

6. The model simplification chart is valid for the parameters
mentioned in section 7.2 with anchored wall thickness at least 0.5m

thick (wall stiffness, EI=2.708E+05kNm?) and friction angle of soil
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not less than 30°. For parameters that beyond the scope of research,

case-by-case assessment shall be carried out.
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CHAPTER 8

BEHAVIOUR OF DISCRETE

DEADMAN ANCHORAGE

SYSTEM IN ANCHORED WALL

8.1 Introduction

By understanding the behaviour of discrete deadman anchorage system,
geotechnical engineers can easily interpret the interaction between soil-
structures, determine the potential failure mechanisms and provide the

best design solution in geotechnical practice.

Study on the behaviour of deadman anchorage system was carried out by
adopting the simplified model, which is presented in the previous chapter.

The performances of simplified model in terms of wall deflection, pull-out
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force, lateral movement of soil, and effective stress of soil were in good

agreement with complex models.

8.2 Parametric Study

The key parameters used to study the behaviour of discrete deadman

anchorage system in anchored wall are as follows:-

a. Length of tie-rod

b. Embedment depth of anchor
c. Spacing of anchor

d. Friction angle of soil

e. Depth of anchored wall

f. Stiffness of anchored wall

The prototype used to study the behaviour of discrete deadman anchorage
system in anchored wall are illustrated in Figure 3.1. Moreover, a set of
basic parameters that implements in this research is presented in Table 8.1.
The behaviour of discrete deadman anchorage system in anchored wall are
studied by investigating the effect of these parameters. During the study
on the effect of these parameters, only a single parameter is investigated,
while the remaining parameters are kept constant. The magnitude used to

study the effect of each parameter is tabulated in Table 8.2.
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The effect of these parameters in studying the behaviour of discrete
deadman anchorage system subjected to the deflection of earth retaining

wall is discussed in the following sections.

Table 8.1: Basic set of parameter studies.

Parameter

Tie rod length, L (m) : 10

Anchor embedment depth, d (m) : 2

Anchor spacing, s (m) : 2

Friction angle of soil, ¢ (°) : 30

Wall depth, D (m) : 10

Wall stiffness, EI (kNm?) :  2.708E+05 (Diaphragm wall)

Table 8.2: Magnitude of key parameter for parametric study.

Influence Factors

Tie rod length, L (m) 0 5,10, 15

Anchor embedment depth,d (m) : 1,2,3

Anchor spacing, s (m) : 2,3,5

Friction angle of soil, ¢ (°) : 20, 25, 30, 35, 40

Wall depth, D (m) : 10, 15, 20
2.708E+05 (Diaphragm wall)

Wall stiffness, EI (KNm?2) : 4.560E+04 (FSP IIIA)

1.445E+05 (PU 32)

The general geometries of deadman anchorage system implemented in this
research are comprised of 25mm diameter of tie rod and 1.0m x 1.0m x

0.5m of concrete deadman anchor.
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8.2.1 Effect of Tie Rod Length

Tie rod length (L) of 5.0m, 10.0m and 15.0m were modelled in evaluating
the effect of tie rod length on the response of anchored wall. Figure 8.1 and
Figure 8.2 show the wall deflection and pull-out force at d = 2 and s = 2,

respectively.

From Figure 8.1, the anchored wall with L = 5.0m was able to retain
excavation heights (H) up to 6.0m. The wall deflection for earth retaining
wall without anchorage supports at H = 4.5m was determined to be
15.4mm, whereas the wall deflection for anchored wall with L = 5.0m at H
= 4.5m was found to be 6.92mm. With anchorage supports, the wall

deflection was reduced by 55.06%.

When L increased from 5.0m to 10.0m, the maximum allowable excavation
height (Hmax) increased by 1.0m. At H = 6.0m, the wall deflection for L =
5.0m and 10.0m was found to be 29.9mm and 17.4mm, respectively.
Increasing L from 5.0m to 10.0m, the wall deflection at H = 6.0m reduced

by 41.98%.

Moreover, there was no significant reduction on the wall deflection when
L further increases from 10.0m to 15.0m. At H = 7.0m, the wall deflection
for L = 10.0m and 15.0m was determined to be 35.3mm to 31.9mm,
respectively. Increasing L from 10.0m to 15.0m, the wall deflection at H =

7.0m reduced by 9.59%.
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Furthermore, Figure 8.1 shows that there was no significant response on
wall deflection when the length of tie rod was beyond 10.0m. This means
that longer tie rod does not necessarily produce significant improvement
on the response of anchored wall. This may be due to the elastic shortening
effect of tie rod and the degree of mobilisation of deadman anchor. For this
case, the best performance of tie rod length in influencing the anchored

wall was determined to be 1.43 H.

Wall Deflection

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040

2
—@—wall only
3 —e—L=5m
_4 \ L=10m
R
’ —0—L=15m

Excavation Height, H (m)
&

Wall Deflection, & (m)

Figure 8.1: Effect of wall deflection () on tie rod lengths for d = 2 and s = 2.

Figure 8.2 shows that longer tie rod length had larger ultimate pull-out
capacity, whereas, shorter tie rod length had the lower ultimate pull-out
capacity. This explains that at shallow excavation heights (H), deadman
anchor with longer tie rod length had less mobilisation, which may be due

to the elastic shortening effect of tie rod. As H increased, deadman anchor
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with longer tie rod length started to mobilise, whilst, with shorter tie rod
length, the performance stopped at H = 6.0m, as it is reaches the ultimate

pull-out capacity.

Pull-out Force

0 20 40 60 80 100 120 140

Excavation Height, H (m)
o

Pull-out Force, F (kN)

Figure 8.2: Effect of pull-out force (F) on tie rod length ford = 2 and s = 2.
The elastic shortening effect of tie rod is determined based on:

E=o/e Eq.8.1
This equation can be further expressed as:

_ F/A

AL
E;, °

Eq.8.2

where,

As = cross section area of tie rod
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Excavation Height, H (m)

Es =Young’'s Modulus of tie rod

Lo = original length of tie rod

Wall Deflection and Elongation
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Figure 8.3: Wall deflection and elongation of tie rod for d = 2 and s = 2.

The elastic shortening effect of various tie rods is presented in Figure 8.3.

Figure 8.3 shows the longer tie rod has the larger elongation of tie rod. The

elastic shortening effect affected the degree of mobilisation of deadman

anchor.

This may be due to the load, which developed from the deformation of

surrounding soil and led to wall deflection being partially transferred to tie

rod and caused the elastic shorting effect. The remaining load was

governed by deadman anchor.
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The more the load governed by tie rod (more elongation), the less the
contribution from the deadman anchor. For example, in the case of L = 10m
at H = 5.0m, the elongation of tie rod governed 55.52% of the wall
deflection, whereas the deadman anchor governed 44.48% of the wall

deflection.

8.2.2 Effect of Anchor Embedment Depth

Anchor embedment depth (d) is one of the main concern factors. The
anchor embedment depths were studied up to 3.0m in influencing the
response of anchored wall. The anchor embedment depth beyond 3m was
beyond our scope of studies due to the difficulty in installation, which could
indirectly increase the construction time and cost. The wall deflection and
pull-out force on the effect of anchor embedment depth are illustrated in

Figure 8.4 and Figure 8.5, respectively.

Figure 8.4 shows that deadman anchorage system with anchor embedment
depth of 1.0m could retain excavation heights (H) up to 6.0m. The wall
deflection at the maximum allowable excavation height (Hmax) was
determined to be 27.6mm. When d increased from 1.0m to 2.0m, the
maximum allowable excavation height increased by 1.0m. At H = 6.0m, the
wall deflection for d = 1.0m and 2.0m was found to be 27.6mm and 17.4mm,
respectively. Increasing d from 1.0m to 2.0m, the wall deflection at H =

6.0m reduced by 37.06%.
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Wall Deflection
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Figure 8.4: Effect of wall deflection (J) on anchor embedment depth for L =

10m and s = 2.

On the other hand, deadman anchorage system with anchor embedment
depth of 3.0m had the similar response on the wall deflection with d = 2.0m.
The maximum allowable excavation height for both d = 2.0m and 3.0 was
found to be 7.0m. The wall deflection for both d = 2.0m and 3.0m was found
to be 35.3mm coincidentally. This shows that there was no significant

improvement on wall deflection when d was beyond 2.0m.

Figure 8.5 shows that deeper anchor embedment depth gave larger pull-
out capacity, whilst, shallow anchor embedment depth gave lower pull-out
capacity. The ultimate pull-out capacity of d = 1.0m was found to be

60.52kN, which is less than 50% of the ultimate pull-out capacity of d =
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2.0m and 3.0m. The ultimate pull-out capacity for d = 2.0m and 3.0 was

determined to be 133.85kN and 154.87kN, respectively.

Pull-out Force

0 20 40 60 80 100 120 140 160 180
-2
\ —0—d=1m
-3 d=2m
—0—d=3m

Excavation Height, H (m)
%)

Pull-out Force, F (kN)

Figure 8.5: Effect on pull-out force (F) on anchor embedment depth for L =

10m and s = 2.

The percentage of variation on the ultimate pull-out capacity between d =
2.0 and 3.0m was calculated to be 15.70%. Even though the ultimate pull-
out capacity for d = 3.0m increased by 15.70%, however, the wall deflection

did not have any improvement compared to d = 2.0m.

This can be explained by the anchor embedment depth was affected by
passive resistance, which was generated by the vertical stress of soil. The
deeper the anchor is embedded, the larger the passive resistance is
generated. However, the deeper the anchor is embedded, it may not

necessarily provide better response on the wall deflection of anchored wall.
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The best performance of anchor embedment depth for this case was

determined to be d = 2.0 h.

As the anchor is embedded deeper, the pull-out force increases to
overcome larger passive resistance. Therefore, it has the larger ultimate
pull-out capacity. Nevertheless, the maximum wall deflection occurs at the
tip of the wall. Hence, while the deeper the anchor is embedded, it may not

be beneficial to reduce the wall deflection although it has larger pull-out

capacity.

When deadman anchor with larger pull-out capacity occurs at the same
level as the anchor embedment depth, it may most likely produce
significant improvement to the anchored wall in term of reducing the

maximum wall deflection.

8.2.3 Effect of Anchor Spacing

In general, continuous deadman anchorage system results good in
minimising the deflection of anchored wall. Nevertheless, continuous
deadman anchorage system has lower pull-out force coefficient compare
to discrete deadman anchorage system (Dickin & Leung, 1983, 1985).
Hence, this investigation explains how the anchor spacing affects the
deflection of anchored wall and the contribution of deadman anchorage
system. Therefore, anchor spacing (s) of 2.0m, 3.0m and 5.0m were

modelled to carry out this investigation.
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Figure 8.6 shows that deadman anchorage system with anchor spacing (s)
of 2.0m could retain the maximum excavation height (Hmax) up to 7.0m.
When s increased from 2.0m to 3.0m, the maximum allowable excavation
reduced by 0.5m, which is 6.5m. Moreover, when s further increased from
3.0m to 5.0m, the maximum allowable excavation heights further reduced
by 0.5m, which is 6.0m. The wall deflection for s = 2.0m, 3.0m and 5.0m at
the maximum allowable excavation height was found to be 35.3mm,

29.7mm and 27.8mm, respectively.

Wall Deflection

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040
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-3 S=3m
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Excavation Height, H (m)
&

Wall Deflections, 8 (m)

Figure 8.6: Effect of wall deflection () on anchor spacing for L = 10m and

d=2.

At H = 6.0, the wall deflection for s = 2.0m, 3.0m and 5.0m was found to be
17.4mm, 21.5mm and 27.8mm, respectively. Increasing anchor spacing

from 2.0m to 3.0m, the wall deflection increased from 17.4mm to 21.5mm,
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an increment of 23.65%. When anchor spacing further increased from
3.0m to 5.0m, the wall deflection increased from 21.5mm to 27.8mmm, an

increment of 29.10%.

Fundamentally, the minimum wall deflection is given by deadman
anchorage system which generates huge passive resistance. Deadman
anchorage system with spacing of 2.0m results minimum wall deflection
compared to other anchor spacing as it generates the largest passive
resistance. However, these passive resistance do not fully mobilise the

ultimate capacity of the deadman anchor.

Figure 8.7 shows that the pull-out force (mobilised force) for deadman
anchorage system with anchor spacing (s) of 2.0m was lower compared to
other anchor spacing. This shows that the mobilised force did not reach
the ultimate capacity of deadman anchor, which had similar observation to
the behaviour of deadman anchor pulled vertically in sand (Geddes &

Murray, 1996).

Furthermore, the pull-out force increased as the anchor spacing between
deadman anchorage system increased, as shown in Figure 8.7. This
explains that deadman anchorage system increasing the degree of
mobilisation with increases of anchor spacing in order to retain the
excavation height. Hence, increasing the anchor spacing increases the
efficiency of deadman anchorage system in terms of degree of mobilisation

of deadman anchor.
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Pull-out Force
0 20 40 60 80 100 120 140 160

Excavation Height, H (m)
&

Pull-out Force, F (kN)

Figure 8.7: Effect of pull-out force (F) on anchor spacing for L = 10m and

d/h=2.

8.2.4 Effect of Soil Friction Angle

Generally, the friction angle of soil (#) various from 20° to 40°. Therefore,
the soil friction angle between 20° to 40° with an interval of 5° was carried
out to investigate the effect of soil friction angle in influencing the response
of anchored wall. The wall deflection and pull-out force on the effect of soil

friction angle are illustrated in Figure 8.8 and Figure 8.9, respectively.
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Wall Deflection
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Figure 8.8: Effect of wall deflection (6) on soil friction angle for L = 10m, d

=2ands=2.

Figure 8.8 shows that the maximum allowable excavation height (Hmax) for
soil friction angle between 20° to 40° with an interval of 5° was 4.5m, 5.5m,
6.5m, 8.0m, and 9.0m. At H = 4.5m, the wall deflection for soil friction angle
from 20° to 40° with 5° of increment was found to be 17.60mm, 10.10mm,
6.86mm, 4.68mm, and 2.92mm, respectively. It is clearly shown that the

wall deflection reduces with the increases of friction angle.

The maximum allowable excavation height for ground condition with very
dense sand (¢ = 40°) was found to be twice the maximum allowable
excavation height with very loose sand (¢ = 20°). When H = 4.5m, the wall
deflection for ¢ = 20° and 40° was found to be 17.6mm and 2.92mm,

respectively. By increasing ¢ = 20° and 40° the wall deflection was
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determined to be reduced by 83.41%. In conclusion, soil friction angle has

significant effect on the wall deflection response of anchored wall.

Figure 8.9 shows that the ultimate capacity of deadman anchorage system
with L =10m, d = 2 and s = 2 was found to be approximately 144.44kN. The
capacity of 144.44kN for this deadman anchor was considered ultimate
capacity even the actual ultimate capacity of this deadman anchor was
much higher. Beyond this capacity, the wall deflection may exceed 0.5% of

excavation height (H).

For very loose sand condition (¢ = 20°), the pull-out capacity did not reach
the ultimate capacity of deadman anchor (144.44kN). The pull-out
capacity in very loose sand condition mobilised 56.74% of its ultimate
capacity. This is mainly due to the wall deflection has reached the
maximum allowable excavation height before deadman anchor mobilised

to the ultimate pull-out capacity.

The pull-out capacity of deadman anchorage system for soil friction angle
from 20° to 40° with 5° of interval was found to be 81.96kN, 95.50KkN,
133.85kN, 144.35kN, and 144.44kN, respectively. The pull-out capacity of
deadman anchor for ¢ = 25°, 30° and 35° governed 66.11%, 92.67% and

99.94%), respectively, of the ultimate pull-out capacity of deadman anchor.

Increasing the magnitude of soil friction angle increases the pull-out
capacity of deadman anchor, which is clearly illustrated in Figure 8.9. In
addition, similar observation was obtained from the previous research

(Bhattacharya & Kumar, 2012; Merifield & Sloan, 2006).
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Figure 8.9: Effect of pull-out force (F) on soil friction angle for L = 10m, d =

2ands = 2.

8.2.5 Effect of Wall Depth

In geotechnical engineering practice, the range of wall depth (D) is usually
between 6m and 24m. The investigation on the effect of wall depth was
carried out by adopting wall depth between 5m and 25m with intervals of
5m. The effects of wall deflection and pull-out force for various wall depth

are illustrated in Figure 8.10 and Figure 8.11, respectively.

Figure 8.10 shows that the maximum allowable excavation height (Hmax)
for wall depth from 5m to 25m with intervals of 5m was found to be 4.5m,

7.0m and 8.0m for the remaining wall depths. The results show that as wall
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depth increases, excavation height (H) increases, but remains constant at

H=28.0m.

Wall Deflection

0.000 0.005 0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045

* —8—D=5m
3 ——D=10m
-4 N\ \ D=15m
5 =>¢=D=20m
—8—D=25m

Excavation Height, H (m)
&

Wall Deflections, 8 (m)

Figure 8.10: Effect of wall deflection (J) on wall depth for L = 10m, d = 2

and s = 2.

At H = 4.5m, the wall deflection for wall depth from 5m to 25m with
intervals of 5m was determined to be 15.78mm, 6.86mm, 7.01mm, 5.70mm,
and 5.93mm, respectively. The results showed that increasing wall depth

was able to reduce the wall deflection of anchored wall.

In Figure 8.10, it is clearly observed that when D increased from 5m to 10m,
the maximum allowable excavation height increased from 4.5m to 7.0m.
When D further increased from 10m to 15m, the maximum allowable

excavation height increased by 1.0m.
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Nevertheless, when D further increased from 15m to 20m or 25m, the
maximum allowable excavation height did not increase further. It is
believed that the wall depth beyond 15m does not have further
improvement on the response of anchored wall in terms of allowable

excavation height.

Furthermore, the maximum allowable excavation height for wall depth
beyond 15m was found to be 8.0m. When D increased from 15m to 20m,
the wall deflection for D = 15m and 20m was found to be 39.37mm and
37.25mm, which was 5.40% reduction. In addition, when D increased from
20m to 25m, the wall deflection for D = 20m and 25m was found to be
37.25mm and 32.65mm, which was 12.32% reduction. However, the
design approach for wall depth beyond 15m was considered unpractical
for this case. As the wall depth increased by 5m, the wall deflection did not

have significant reduction.

Figure 8.11 shows that the pull-out force increases with depth of wall (D)
up to 15m. Subsequently, the pull-out force decreases with further
increase of wall depth beyond D = 15m. The depth of wall with D = 5m to
15m have significant improvement on the response of anchored wall.
There is less significant improvement when the depth of wall is beyond

15m.
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Figure 8.11: Effect of pull-out force (F) on wall depth for L = 10m, d= 2 and

s=2.

The pull-out force at D = 5m caused the tie rod to yield and reach the plastic
region, which is illustrated in Figure 8.11. Furthermore, the tie rod was
entering the yield region for the pull-out force at D = 10m. On the other
hand, the tie rod was just about to yield at D = 15m and 20m. At D = 25m,

the pull-out force showed linear relationship, which is in elastic region.

This explains that the pull-out force is transformed from plastic region to
yield and elastic region while the depth of anchor wall increases. In
addition, D = 15m provides the most significant impact on the response of
anchored wall in term of pull-out force. Moreover, the ultimate pull-out
force for various wall depths for this particular case is illustrated in Figure

8.12.
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Figure 8.12: Effect of the ultimate pull-out force on wall depth for L = 10m,

d=2ands=2.

In Figure 8.12, it is clearly observed that the wall depth between 10m and
15m produced the largest ultimate pull-out force, which means that it can

produce the best performance on the response to anchored wall.

Nevertheless, if the boundary of the site does not have enough distance for
longer tie rod, the wall depth may be increased up to 20m or 25m in order
to retain the desired excavation height and achieve the maximum

allowable wall deflection even though it is not encouraged.
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8.2.6 Effect of Wall Stiffness

To investigate the effect of wall stiffness (EI) on the response of anchored
wall, sheet pile wall and concrete wall were adopted in this investigation.
Earth retaining wall with stiffness of 4.560E+04kNm?2 (FSP IIIA),
1.445E+05kNm? (PU 32) and 2.708E+05kNm? (Diaphragm wall), which
commonly used in industry were modelled in investigating the effect of
wall stiffness. Full finite element prototype was adopted for wall stiffness
less than 2.708E+05kNm? used in this investigative study. The results of
wall deflection and pull-out force on the effect of wall stiffness are

illustrated in Figure 8.13 and Figure 8.14, respectively.

Figure 8.13 shows that anchored wall with these wall stiffness was able to
retain the maximum allowable excavation heights (Hmax) up to 7.0m.
Increasing the stiffness of anchored wall was able to reduce the wall
deflection. However, the effect of wall stiffness in influencing the deflection
of anchored wall was not significant in this study. This is because the wall
stiffness (FSP IIIA) varies up to 7 times of Diaphragm wall, the deflection of
anchored wall only differs up to 5%. This may be due to the wall stiffness

adopted in this study is considered rigid wall.

Similar observations were made in terms of pull-out force, which shown in
Figure 8.14. This shows that the behaviour of deadman anchorage system
for these wall stiffness give similar results in terms of wall deflection and

pull-out force.
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Figure 8.13: Effect of wall deflection (0) on wall stiffness for L = 10m, d = 2

and s = 2.
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Figure 8.14: Effect of pull-out force (F) on wall stiffness for L = 10m, d = 2

and s = 2.
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8.3 Summary

This chapter examines the behaviour of discrete deadman anchorage
system due to the effects of tie rod length, anchor embedment depth,
anchor spacing, soil friction angle, wall depth, and wall stiffness on the

response of anchored wall.

The effects of tie rod length, anchor embedment depth and wall depth show
that there are optimal performance on the response of anchored wall.
However, the study of soil friction angle shows that increasing soil friction

angle increases the performance of anchored wall.

On the other hand, anchor spacing has significant impact on the response
of anchored wall. The narrower the spacing of anchor, the minimal the
deflection of anchored wall. Furthermore, the behaviour of deadman
anchorage system for wall stiffness with FSP IIIA, PU32 and Diaphragm
wall (T = 0.5m) give similar results in terms of wall deflection and pull-out

force.

Parametric study shows that there are relationships among these factors
on the response of deadman anchorage system. However, the behaviour of
discrete deadman anchor on the combination of these influence factors is
very complicated in the understanding of the interaction between soil and

structure.

By understanding the soil-structure interaction in the presence of these

parameters, practicing geotechnical engineers are able to determine the
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potential failure mechanisms and provide the best design solution in

geotechnical practice.
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CHAPTER 9

DESIGN CHARTS

9.1 Introduction

The previous chapter shows that anchored wall has an optimal response
on the investigated effects of tie rod length, anchor embedment depth and
wall depth. For soil friction angle, increasing soil friction angle improves
the performance of anchored wall. In addition, the narrower the spacing

of anchor, the minimal the deflection of anchored wall.

Thus, this chapter presents the relationships among these parameters on
the response of anchored wall. Design charts are developed from these
relationships in order to provide a better understanding on the behaviour

of discrete deadman anchor and the soil-structure interaction.
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9.2 Relationship among Tie Rod Length, Anchor

Embedment Depth and Wall Depth

Investigation on the relationship among effects of tie rod length (L), wall
depth (D) and maximum allowable excavation height (H) for anchor

embedment depth (d) up to 3m was carried out.

Figure 9.1 to Figure 9.3 show the relationship among these effects for
anchor embedment depth up to 3m with interval of 1m. The presented

data was determined based on two design criteria:

1. The maximum excavation height is limited to the deflection of
anchored wall that not more than 0.5% of excavation height (H);
2. The response of anchored wall which able to provide the minimum

wall deflection after fulfilling design criteria (1).

In these figures, the BLUE plotted data represents the minimum response
of anchor wall with respect to the length of tie rod (L). The RED plotted
data represents the maximum response of anchor wall with respect to L,
whereas the GREEN plotted data represents the optimum response of

anchor wall with respect to L for various excavation heights (H).

A polynomial trend line (best fit line) is generated in order to fit the
optimum plotted data that is considered good as the R2 value is beyond 0.9.
The R2 value for anchor embedment depth of 1m to 3m with intervals of

1m are 0.9426, 0.9739 and 0.9565, respectively, as shown in Figure 9.1 to
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Figure 9.3. The R2 value beyond 0.9 shows strong relationship between H

and L/D.

Relationship for d = 1.0m
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Figure 9.1: Relationship for D = 10.0m with anchor embedment depth of

1m.
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Figure 9.2: Relationship for D = 10.0m with anchor embedment depth of

2m.
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Figure 9.3: Relationship for D = 10.0m with anchor embedment depth of
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Figure 9.4: Design chart for case of D = 10.0m, s = 2.0m and ¢ = 30°.
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By conjoining the best fit lines from Figure 9.1 to Figure 9.3, the design

chart for case of D = 10.0m, S = 2.0m and ¢ = 30° is developed.

9.3 Relationship of the Load Corresponding to the

Optimum Response of Anchored Wall

The optimum response of anchored wall on the effects of tie rod length (L),
wall depth (D) and maximum allowable excavation height (H) for anchor
embedment depth (d) up to 3m have been determined. This section
discusses the load corresponding to the optimum response of anchored

wall.

The relationship of load corresponding to the optimum response of
anchored wall for anchor embedment depth up to 3m is presented in
Figure 9.5 to Figure 9.7. By conjoining these three charts, the
corresponding load for Figure 9.4 is illustrated in Figure 9.8. The design
chart and the corresponding load are determined based on several

restrictions:

1) The diameter of tie rod is 25mm

2) The size of deadman anchor is 100mm x 100mm x 10mm
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Pull-out force, F (kN)

Corresponding Load for d = 1.0m
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Figure 9.5: Relationship of corresponding load to the optimum response of

anchored wall (D=10.0m) for anchor embedment depth of 1.0m.
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Figure 9.6: Relationship of corresponding load to the optimum response of

anchored wall (D=10.0m) for anchor embedment depth of 2.0m.
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Corresponding Load for d = 3.0m
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Figure 9.7: Relationship of corresponding load to the optimum response of

anchored wall (D=10.0m) for anchor embedment depth of 3.0m.

160

Design Chart

140

120

100

80

60

Pull-out force, F (kN)

40

20

L/D

Figure 9.8: Design chart of corresponding load for case of D = 10.0m, s =

2.0m and ¢ = 30°.
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9.4

Design Charts

The design charts are developed for various cases of anchor spacing (s) and

friction angle of soil (¢) with various wall depth (D). All of these design

charts are subjected to anchor embedment depth (d) up to 3.0m.

The design charts are categorised as in the following cases:

1)

2)

3)

4)

Case 1: Anchor spacing (s) = 2.0m and friction angle of soil (¢) = 30°
with wall depth (D) of 10.0m, 15.0m and 20.0m.
Case 2: Anchor spacing (s) = 2.0m and friction angle of soil (¢) = 40°
with wall depth (D) of 10.0m, 15.0m and 20.0m.
Case 3: Anchor spacing (s) = 5.0m and friction angle of soil (¢) = 30°
with wall depth (D) of 10.0m, 15.0m and 20.0m.
Case 4: Anchor spacing (s) = 5.0m and friction angle of soil (¢) = 40°

with wall depth (D) of 10.0m, 15.0m and 20.0m.

Nevertheless, some assumptions are made during the development of

these design charts, which are as follows:

1)
2)

3)

4)
5)

6)

The Young’s Modulus of soil is assumed to be 30MPa.

The soil is assumed to follow non-associate flow rules.

The soil is assumed to be in drained condition with absence of water
table.

The tie rod diameter is assumed to be 25mm.

The deadman anchor is assumed to be 1.0m x 1.0m x 0.5m.

The thickness of wall is assumed to be 0.5m diaphragm wall.
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9.4.1 Case 1: Anchor Spacing (s) = 2.0m and Friction Angle
of Soil (¢p) = 30°

Figure 9.4 and Figure 9.8 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 2.0m and friction angle of soil

(#) = 30° with wall depth (D) of 10.0m.

9.4.1.1 For Wall Depth (D) of 15.0m

Figure 9.9 and Figure 9.10 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 2.0m and friction angle of soil

(¢) = 30° with wall depth (D) of 15.0m.
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Design Chart
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Figure 9.9: Design chart for case of D = 15.0m, s = 2.0m and ¢ = 30°.
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Figure 9.10: Design chart of corresponding load for case of D = 15.0m, s =

2.0m and ¢ = 30°.
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9.4.1.2 For Wall Depth (D) of 20.0m

Figure 9.11 and Figure 9.12 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 2.0m and friction angle of soil

(¢) = 30° with wall depth (D) of 20.0m.
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Figure 9.11: Design chart for case of D = 20.0m, s = 2.0m and ¢ = 30°.
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Design Chart
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Figure 9.12: Design chart of corresponding load for case of D = 20.0m, s =

2.0m and ¢ = 30°.

9.4.2 Case 2: Anchor Spacing (s) = 2.0m and Friction Angle
of Soil (¢) = 40°

9.4.2.1 For Wall Depth (D) of 10.0m

Figure 9.13 and Figure 9.14 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 2.0m and friction angle of soil

(¢p) = 40° with wall depth (D) of 10.0m.
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Figure 9.13: Design chart for case of D = 10.0m, s = 2.0m and ¢ = 40°.
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Figure 9.14: Design chart of corresponding load for case of D = 10.0m, s =

2.0m and ¢ = 40°.
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9.4.2.2 For Wall Depth (D) of 15.0m

Figure 9.15 and Figure 9.16 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 2.0m and friction angle of soil

(¢) = 40° with wall depth (D) of 15.0m.
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Figure 9.15: Design chart for case of D = 15.0m, s = 2.0m and ¢ = 40°.
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Design Chart
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Figure 9.16: Design chart of corresponding load for case of D = 15.0m, s =

2.0m and ¢ = 40°.

9.4.2.3 For Wall Depth (D) of 20.0m

Figure 9.17 and Figure 9.18 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 2.0m and friction angle of soil

(¢) = 40° with wall depth (D) of 20.0m.
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Figure 9.17: Design chart for case of D = 20.0m, s = 2.0m and ¢ = 40°.
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Figure 9.18: Design chart of corresponding load for case of D = 20.0m, s =

2.0m and ¢ = 40°.
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9.4.3 Case 3: Anchor Spacing (s) = 5.0m and Friction Angle
of Soil (¢p) =30°

9.4.3.1 For Wall Depth (D) of 10.0m

Figure 9.19 and Figure 9.20 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 5.0m and friction angle of soil

(¢) = 30° with wall depth (D) of 10.0m.
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Figure 9.19: Design chart for case of D = 10.0m, s = 5.0m and ¢ = 30°.
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Design Chart
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Figure 9.20: Design chart of corresponding load for case of D = 10.0m, s =

5.0m and ¢ = 30°.

9.4.3.2 For Wall Depth (D) of 15.0m

Figure 9.21 and Figure 9.22 present, respectively, the design charts of the

optimum response of anchored wall and the pull-out force corresponding

to the tie rod length, for anchor spacing (s) = 5.0m and friction angle of soil

(¢) = 30° with wall depth (D) of 15.0m.
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Design Chart
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Figure 9.21: Design chart for case of D = 15.0m, s = 5.0m and ¢ = 30°.
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Figure 9.22: Design chart of corresponding load for case of D = 15.0m, s =

5.0m and ¢ = 30°.
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9.4.3.3 For Wall Depth (D) of 20.0m

Figure 9.23 and Figure 9.24 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 5.0m and friction angle of soil

(¢) = 30° with wall depth (D) of 20.0m.

Design Chart

0.25 0.3 0.35 0.4 0.45 0.5 0.55

Excavation Height, H (m)
S
(03]

L/D

Figure 9.23: Design chart for case of D = 20.0m, s = 5.0m and ¢ = 30°.
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Design Chart
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Figure 9.24: Design chart of corresponding load for case of D = 20.0m, s =

5.0m and ¢ = 30°.

9.4.4 Case 4: Anchor Spacing (s) = 5.0m and Friction Angle
of Soil (¢) = 40°

9.4.4.1 For Wall Depth (D) of 10.0m

Figure 9.25 and Figure 9.26 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 5.0m and friction angle of soil

(¢p) = 40° with wall depth (D) of 10.0m.
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Design Chart
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Figure 9.25: Design chart for case of D = 10.0m, s = 5.0m and ¢ = 40°.
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Figure 9.26: Design chart of corresponding load for case of D = 10.0m, s =

5.0m and ¢ = 40°.
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9.4.4.2 For Wall Depth (D) of 15.0m

Figure 9.27 and Figure 9.28 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 5.0m and friction angle of soil

(¢) = 40° with wall depth (D) of 15.0m.

Design Chart

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Excavation Height, H (m)
[e)}

-10

L/D

Figure 9.27: Design chart for case of D = 15.0m, S = 5.0m and ¢ = 40°.

Page | 218



CHAPTER 9 DESIGN CHARTS

Design Chart
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Figure 9.28: Design chart of corresponding load for case of D = 15.0m, s =

5.0m and ¢ = 40°.

9.4.4.3 For Wall Depth (D) of 20.0m

Figure 9.29 and Figure 9.30 present, respectively, the design charts of the
optimum response of anchored wall and the pull-out force corresponding
to the tie rod length, for anchor spacing (s) = 5.0m and friction angle of soil

(¢) = 40° with wall depth (D) of 20.0m.
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Excavation Height, H (m)
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Figure 9.29: Design chart for case of D = 20.0m, s = 5.0m and ¢ = 40°.
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Figure 9.30: Design chart of corresponding load for case of D = 20.0m, s =

5.0m and ¢ = 40°.
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9.5 Application on the Design Charts

The developed design charts allow engineers to design anchored wall
directly provided that the site conditions are similar to the soil strength

and geometric variables that were used in this research.

The design procedures with the use of design chart are as follows:

1) Determine the height of excavation.

2) Determine the strength of soil.

3) Determine the spacing of deadman anchor.

4) Determine the depth of wall.

5) Select the length of tie rod and embedment depth of deadman
anchor.

6) Revise the determination of the spacing of deadman anchor and/or
depth of wall if the required length of tie rod exceeds the site

boundary.

9.6 Summary

The developed design charts in this chapter can be implemented during
preliminary or early design stages, such as earthwork planning, cost
estimation, bill of quantity, etc. Furthermore, these design charts provide

a benchmark during the design stage.
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For variables, such as friction angle of soil, spacing of deadman anchor, and
wall depth that lie within the range of design charts, the length of tie rod

can be interpolated.
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CHAPTER 10

CONCLUSIONS AND

RECOMMENDATIONS

10.1 Conclusions

The current research developed design charts for the design of anchored
wall with deadman anchorage system. The design charts were developed
via finite element analysis utilising the finite element software, PLAXIS.
This research also aims to provide better understanding on the interaction
between soil, anchor and wall. Hence, this research is of practical
importance to civil engineers in providing them with design charts for the

design of anchored wall in geotechnical engineering.
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The following conclusions can be drawn from the preceding discussion

from Chapters 3 to 9:

1. The finite element prototype is developed for the numerical studies
in this research. Several factors have been taken into consideration
during the development of finite element prototype. These
comprise the type of model, type of element, finite element
discretisation, boundary conditions and the input material
properties.

2. 1-g small-scale laboratory test is concluded for the verification of
finite element prediction. The result of finite element analysis can
predict the result of 1-g small-scale laboratory test reasonably well
provided that the input material properties are appropriate. The
input soil properties are determined from laboratory tests. The
laboratory tests include sieve analysis test, direct shear box test,
oedometer test and density test.

3. The finite element analysis is further verified by comparing the
finite element analysis with the existing analytical solutions in
literature. In contrast to 1-g small-scale laboratory test, the existing
analytical solutions in literature predict the ultimate pull-out
capacity of discrete deadman anchor in ultimate limit state with a
factor of safety more than 2.5. However, the analytical solutions
proposed by Terzaghi (1943) and Oversen (1964) predict the result
of finite element analysis with factor of safety more than 1.0 butless

than 2.5.
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4.

6.

The variation between 2-D and 3-D finite element analyses has been
assessed. Factors such as anchor spacing and wall stiffness cause
significant variation between 2-D and 3-D finite element analyses.
3-D finite element analysis produces a more realistic result.
However, 2-D finite element analysis only produces a limited set of
plane-strain result, which may not be reliable for certain cases. In
addition, the limitation of 2-D FEA with plane strain assumption has
been acknowledged.

The model simplification technique is able to simply complex
models with multiple discrete deadman anchors into simplified
model with single discrete deadman anchor. The performances of
simplified model are almost identical up to certain extent.

A model simplification chart is developed to distinguish the extent
to which complex models with multiple discrete deadman anchors
can be simplified to model with single discrete deadman anchor
with the percentage of variation not more than 5%. The model
simplification technique has an important advantage in studying the
behaviour of discrete deadman anchorage system, which reduces
the computational duration and eliminates the small variations
occurred in the complex model.

One of the main contributions of this research is to
study/understand the behaviour of discrete deadman anchorage
system in anchored wall. Several factors influence the behaviour of
discrete deadman anchorage system in anchored wall. These

include the length of tie rod, embedment depth of anchor, spacing
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of anchor, friction angle of soil, depth of anchored wall, and stiffness
of anchored wall.

8. Design charts for earth retaining wall with discrete deadman
anchorage system are developed based on several key factors.
These factors include the length of tie rod, embedment depth of
anchor, spacing of anchor, and friction angle of soil.

9. The design charts provide the most efficient solution for the design,
in which the wall deflection is limited to 0.5% of excavation height.
These design charts can be implemented during preliminary or
early design stages, such as earthwork planning, cost estimation, bill

of quantity, etc.

10.2 Recommendations for Future Research

Future research work can be conducted on the following aspects:

1. Several factors are beyond the scope of work of the current research.
These include the diameter of tie rod, size of deadman anchor, shape
of deadman anchor, ground water conditions. Hence, future study
can be conducted on these aspects. The behaviour of discrete
deadman anchorage system in anchored wall and current design
charts can be further improved by including the abovementioned

factors.
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2. Extend the current research to study the behaviour of multiple-
plates deadman anchor in anchored wall in sand condition. This
includes the effects of configurations of multi-plates deadman
anchors, numbers of multiple-plates deadman anchor, spacing
between multi-plates deadman anchor, and spacing between multi-
plates deadman anchor.

3. Perform a more extensive numerical study on the behaviour of
deadman anchor in anchored wall in clay condition.

4. Extend the current research to deal with dynamic problems. This is
to be considered when anchored wall is to deal with berthing

structure or to deal with earthquake.
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APPENDIX A

MATETIAL PROPERTIES

A.1 Soil Properties

Soll Classification Chart
Soif Class(fication
Criteria for Assigning Group Symbals and Group Names Using Laboratory Tests Group
Symbol Group Name#
COARSE- Gravels Clean Gravels Cyzdand 1= Cos38 GW Well-graded gravel ¥
GRAINEDSOILS  Marethan50%of  Less than 5% fines Co < tandfor >G> 3 GP  Poorly graded gravelf
More than 50% co:an:sa er';n 4 Gravels with Fines Fines classify as ML or MH GM  Sihy gravel 56K
etained on No,

rained onblo, B8 20 Mora than 12% fines € Fines classify as CL or CH GC Clayey gravelfa
200 sleve sieve

Sands Clean Sands Co=zBand 1=, =3f sW Well-graded sand!

50% or more of Less than 5% fines 2 Cy < Eandlor 1> Ce > 3¢ SP Paorly graded sand’

coarsa lral:tinn- Sands with Fines Flnes classify as ML or MH SM Silty sand5H!

paseas No. 4 sieve Mare than 12 % fines @ Fines classify as CL or CH sC Clayey sandSH!
FINE-GRAINED  Silts and Clays inorganic Pl > 7and plois on or sbove "A” CL Laen clay*H
SOILS Liquid limi less ling?
B50% or more than 50 Pl < 4 or plots below A" ling! ML SiltreM
pass the No. organic Liquid it — ovendred _ oo OL Organit clay’ ™~
200 sieve Liquid limit — not dried £ Organic siff 40

Silts and Clays inorgaric Pl plots on or above “A” lina CH Fat clay®tH

Liquid limit 50 or Pl plots below *A [Ine WMH  Efastic sitan

Ll organic Liquid timit — oven drisd T oA Organlc clay™"

Liguld limit — not dried Organlc silt™>"%
HIGHLY DRGANIC SOILS Primarily arganic matter, dark in calor, and organlc odor FT Peat

Figure A.1: Unified Soil Classification System (ASTM Designation D-2487).
(“Standard practice for classification of soils for engineering purpose

(Unified Soil Classification System),” 2006)
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Young's modulus, kN/m

0 10 20 30 40 50 60
SPT-N value (blows/feet)

Figure A.3: Relationship between SPT ‘N’ value and Young’s Modulus.

(Source: unknown)

A.2 Concrete Properties

Table A.1: Typical range for the static modulus of elasticity at 28 days of

normal-weight concrete. (BS 8110-2, 1985)

fen,28 Ee 28
Mean value Typieal range
N/mm?2 EN/mm? EN/mm?
20 24 18 to 30
25 25 19 to 31
30 26 20 to 32
40 28 2210 34
50 30 24 to 36
60 32 26 to 38
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A.3 Steel Properties

Shear modulus, Shear stress, Poisson®s
Crenenic matecial type MPa MPa Al ratio
ABS L] S0 Lilsrnaie 035
1L PR Ultimnle .35
&0 EXRY Ulnamsate (.35
i) M) Uliimnle (136
Acetal copalymner 10H3 33 Lamate 0.33
Acetal homopolymer 1330 G55 Livimate 0.3s
1330 LED Lilinaie 3%
Acrylic H A
Myloas (ERAM] {0L2% maisiwre) fi2 Liltanaie (b 340043
514 Ultimate 344043
03 Llamana [k Ad=d143
627 Ultimate 34043
Mylon (S0% RH) (2.5% moisiure) (R 35,50k
1354050
35K LiEmate (L35-00.30
(k35050
Phenolc 7 Lltimate
Polycarbonate TES 41.3 Yield )
8.9 Ltimane
Phenylene ether eopolymer G2 Utimate
32 Liltimane
Palysullone 217 414 Yicld 0.37
f2.1 Liltimate
Sicel, struciural ASTM AT-6ET 7o 120 Ticld 027
Brass, naval KEI] e 11 Diltrmane
Aluminum, wrought 2014-Th KM} 240 Yiglhd .33
2Tk LHiimaie
Pine (seacthern bong-leaf) {with grain) 10k
Oak {white] {with grain) 13.0

Figure A.4: Examples of specific room temperature shear stress-strain data

and Poisson’s ratio for several plastics and other materials. (Rosato et al.,

2001)
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Elemgation Elompgation
Moduhus, Field stress, il yield, ak break,
Generic maierial type MPa MPa o T
ADS 2600 52 25 25-75
2 20H1 43 x5 25-T5
220H] 410 x5 25-T5
1,304 34 13 25-T5
Acetsl copolymer 2400 ]| 12 75
280 &l 12 ok
Acetal homopalymer 3,100 3.9 12 73
3,100 65.9 12 4
3,100 63,9 12 25
Acrylic 2,960 72 54
2239 45
1.2 33 50 35
Nylon (DAM) {0.2% meisture) 827 5 &0
£
LU 7 154
51.0 20 2D
Nylon (50% RH) (2.35% moisiure) 58.6 25 =3[K)
2
510 40 Bl ]
AT Jil 283
Phenohe 9310 3532 (1L.29
10,340 56 (+57
7,500 48* 0.63
Polycarbonate 2,150 fi2 -3 1o
2,240 2 68 o)
Folyethylene X vt
] D
4 X}
14 50
Fhenylene ciber copolymer 2500 o] 4t S0-100
2,500 L -4 S0
Polypropylens 1,400 355 12
1,200 273 13 = 30H]
A 20.0 63
Polysiyrene 300 52 2.5
2070 3l ]
2000 25 )
1,930 25 50
Polysulfone 2452 703 5-6 SleT0M3
2 4R* 0.3 5-f Sl1=101)
3a82 68.9 56 S0-100
Sneil, srrucoural ASTM AT-61T H0L0K0 250
Brass, naval Tl 000 170-340
Aluminem, wraught 2014-Th T3.000 410
Pine (southern long-leal) 13,700
Dak {while) 11,200

Figure A.5: Examples of room temperature tensile stress-strain data for

several plastics and other materials. (Rosato et al., 2001)
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A.4 Sheet Pile Wall Properties

Products

N Types Of Sheet Pile

Per Pile Per Linear Meter of Wall
'mcmm ‘ Sectional | Momertof | Section | Sectinal Molnert of | Section
YWaan Hedgta Areat hickiess Mea Welgtd | et odirs Aea Weige Wt | Modds
®) ) ‘ m » W W | W (] (20
Section | |
Type ren tren wm | oun <’ fgm | em' | em' cm'm | kgmt <m'm cm'in
i 400 5 047/ #]  sn 355 598 88 13 888 4500 579
FsP 400 too)r 05 104 6118 4 1,240, 1% 153 120, 8740 &Ny
E 400 120 052 97 5500 432 1.460 160] 1375 108 10,600 880
FsPm | a0 125) 055 13 1642 60, 2220, 223 191 150, 16800 1340
FsP 400 140 057 130 T4 484 2790 250) 186 146 22,800 1.520
FSPN 400 170, 06) 156l 9699 761 4670 o 28 190 38600 2270
FSPVA 400 185, 062, 16y aen 76 5300 400 251 185 41600 22%
: 500 170, 069, 17 879, 69 4420 352 1758, 138 27500, 1,620
PNL .. mf 63 v s 875 7080 470l 223 WS 50000 2500
PV 400 200| o 43 1338 105 7060 5200 2676, 10 63000 3%
[ FSPWIL | s0] 228 o1 el 1%y 120 1400 6eeol 306 40 es000 182
: | |
150 1 %% Me 6590 456 132 fo4 787100 1410
14 " 11025 963 1110 il 147 ns 3890 1600
150 1 11325 ] 1.270 48| 151 19 34270 1665
740 10 1125 885 8,760 554 150 18 39300 1780
et A 1rs 989 960 579 165 129 a0 2000
740 129 12615 997 9590 539 169, 13 g0 2014
=% 13 12975 1021, 9830 579 173, 136, S0700, 2270
750 " 141 104 10.330 601 189 147 56240 2500
750 0 R e 132 rose0  Gop| 192 151 58140 2580
| | | |
0| | 1 ‘ v
600 13 072 L 1 ) 56 1320 150) a7 LI 600
€90 140 07§ . 696, 545 2380, 234 16, _a 11620/ 8%
B | . ) 08 9 8¢ 661 4500 370) 40 10 21600 1200
e 160 o8 1] 888 636 4600 an 148 Me n%e0 1288
620 150 08) 12] 954 147 £600 410 159 2 30400 1600
_&o|  as|  oss] 24| 1os  s43 000, s 180, 141 43000 2000
. . | I 2 SRR ¢ & S T I |- L B S | S L N— 10 2200
600 ?2&[ 092, 14.7) 19¢ 936 5540, 577 193, IREH 56430, 2500
620 226 092 194 1452 140 10950 633 242 190 12320 3200
: : :
T @ 155 el e s | T @ e 2
&0 sl | el me e | T a3 iosa terz3 1208
600 190, I 105] 942 149 | ST, 1235, 3175 1641
Z €00 kil =¥/ 12y 1062 932 | "wr 186 43478 _non
0 b2t | 154 120 2 | 200 1567 26824 2524
€00 225 | 21 4] 1452 139 242 1898 107 3201

Figure A.6: Examples of sheet pile properties (Sum Hup Sheet Piling Sdn

Bhd)
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RESULTS OF SOIL TEST

B.1 Direct Shear Box Test

One of three set of direct shear box test results are presented in this

section. There are as follows:

Table B.1: Summary of the results for direct shear box test.

Mass (kg) p G'n Tmax Tult
0 1.534 47.222 0.000 0.000
2 1.548 100.000 46.125 46.125
4 1.539 155.556 93.375 86.625
6 1.511 208.333 133.875 133.875
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Table B.2: Measurement input table for direct shear box test.

Data (Units converted by multipliers in equations) 0kg 2 kg 4 kg 6 kg
Mass of box+ bottom plate & grid + screws M1 g 1210.8 | 1210.8 | 1210.8 | 1210.8
Mass of top half box + top plate + grid + screws + bearing M2 g 1255.4 | 12554 | 1255.4 | 12554
Mass of box+ bottom plate & grid + screws + sample M3 g 1360.4 | 1366.2 | 1364.8 | 1354.4
Mass of specimen = (M3 - M1) M;s g 149.6 155.4 154.0 143.6
Mass of hanger M4 kg 0.3536 | 0.3536 | 0.3536 | 0.3536
Mass added to hanger Ms kg 0 2 4 6
Plan area of failure = width x breadth A mm? 3600 3600 3600 3600
Effective thickness of bottom grid to mm 3 3 3 3
Effective thickness of top grid te mm 3 3 3 3
Depth to bottom of lower grid d1 mm 36.4 36.4 36.4 36.4
Depth to top of upper grid dz mm 3.3 2.5 2.6 4.0
Thickness of specimen = (dz-dz-te-tp) ts mm 271 27.9 27.8 26.4
Volume of specimen = tsA Vs mm?3 97560 | 100400 | 100080 | 95040
Density of Speciment = (Ms/Vs) x103 Ps T/m3 1.534 1.548 1.539 1.511
Total force acting on shear surface = 9.8 x [(Ms+Ma4) + (M2+Ms/2)x10-3] N N 17 36 56 75
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160
¢ max
140
¢ m ult
=0.5891
120 X ——Linear
(max)
100
2 >
g ] Max
& 80 Cohesion, c'
3 =0
o Shear Angle,
& 60 g'=295
40 * ult
Cohesion, c'
=0
20 Shear Angle,
g'=28.5
0 <
0 50 100 150 200 250

Normal Stress

Figure B.1: Shear stress against normal stress plot for direct shear box

test.

B.2 Oedometer Test

One of three set of oedometer test results are presented in this section.

There are as follows:

Table B.3: Measurement of the consolidation ring for oedometer test.

Measurement of the consolidation ring

Diameter, mm D = 50.10
Height (Original height of the sample), mm Ho | = 19.50
Area, mm?2 A = 1971.36
Initial volume, mm3 Vo | = 38441.47
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Table B.4: Summary of the results for oedometer test.

Pressure stage (kPa)
25 50 75 100 125
Vertical
displacement 0.58 0.77 0.932 1.056 1.19
Ahi (mm)
Strain 0.029744 | 0.039487 | 0.047795 | 0.054154 | 0.061026
140
y =3211.6x - 74.149
120
100
E 80
X /
E 60
) /
40 /
20
0
0.02 0.03 0.04 0.05 0.06 0.07

Strain

Figure B.2: Stress strain plot for oedometer test.
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