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l| Abstract |l

The soil found in most of the coastal region is soft marine clay which is
usually under- consolidated with low shear strength. Most of the coast line have
surface which are sloping towards water front. The method of foundation
normally adopted under such soil condition is a pile foundation. Such vertical
piles are often subjected to a significant amount of lateral loads in addition to the
axial loads. The critical lateral loads applied at the head of the pile in a sloping
ground are due to earth pressure from the soil in the sloping surroundings, wind
acting on the superstructure, mooring pull from the ship in berthing structures
etc.. The analysis of this problem is complex due to the high nonlinearity of the
stress-strain behaviour of soil. The response of piles under lateral loading also
nonlinear even for low levels of applied loads. The proper assessment of the
lateral displacement and internal forces for the design of structures is of

paramount importance.

Under the above circumstances a study on the influence of bed slope of soil
and slenderness ratio of pile is carried out using a series of laboratory model
tests, analytical investigations and numerical studies for the optimum design of
piles in sloping ground. Laboratory tests are carried out on laterally loaded
aluminium model piles embedded in sloping clay bed. The pile top deflection
and the strain along the length of the pile are measured and studied. The study
has been conducted for different diameters and length of pile and also for
different bed slope. The model test results are compared with the results obtained
from the program developed in MATLAB, based on the classical analytical

formulations.

Laboratory tests are also modeled in finite element software PLAXIS-3D
and the results are validated. The work is further extended for various bed slopes
and the variation in bending moment, depth of fixity and deflection of pile top

are studied. A set of multivariable regression equations are also developed to

vi



predict the maximum bending moment, depth of fixity of pile and deflection of

pile top with the change in diameter of pile, length of pile and the bed slope.

The influence of pile diameter and the soil modulus in the structural
behaviour of pile under dynamic loading was also investigated. The study has
been conducted using a MATLAB program developed based on the classical

theories and by developing a numeric model in PLAXIS-3D.

The findings are also extended to predict the behaviour of piles in berthing
structures under lateral load. A series of numerical analyses has been conducted
in PLAXIS-3D on a typical frame of a ship berthing structure and the influence
of pile diameter, soil modulus and bed slope on the structural behaviour of the
piles are studied. A set of multivariable regression equations are also developed
to understand the contributions of pile diameter, soil modulus and bed slope in
predicting the maximum bending moment, depth of fixity of pile and deflection

of the pile top.

Keywords: Soil-Structure Interaction, Laterally Loaded Pile, Ship Berthing
Structure
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Chapter 1

Introduction

1.1 General
¥ 1.2 Scope of the Present Study
E 1.3 Objectives
| 1.4 Methodology

1.5 Organization of the Report

1.1 General

Soil structure interaction (SSI) analysis is the study on the influence of the
behaviour of soil in the structural response and vice versa. To predict the
behaviour of a structure, it is necessary to consider the properties of structure as
well as properties of surrounding soil, especially when the structure is founded in
a weak soil stratum. Traditional methods of structural analysis and design neglect
the SSI effects. The effect of SSI will be prominent for structures resting on
relatively soft soils. Most of the coastal and offshore structures such as bridge
abutment on river shore, open type berthing structures etc., are heavy concrete
structures founded on piles in soft soil and these structures are subjected to
significant amount of lateral loads due to wind, mooring pull, lateral soil

movement and earthquake forces.

The present study focuses on the soil structure interaction analysis of
laterally loaded piles in ship berthing structures. Berthing structures are
constructed to facilitate berthing and mooring of ships. Berthing structures are of

two types namely vertical face structures and open type structures. Open type
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berthing structures which are commonly adopted in Cochin Port area is considered

in this study.

Fig. 1.1 A Ship Berthing Structure
(courtesy: http://www.thehindubusinessline.com)

Berthing structures are subjected to considerable amount of lateral loads in
addition to vertical loads. The vertical loads on the structure include the self-
weight of the structure and the weight of the cargo and machinery operating on
the deck of the structure. The lateral loads on the structure are the berthing force,
mooring force, wave force, current force, seismic force, active earth pressure and

differential water pressure.

The lateral loads acting on berthing structures are primarily resisted by
fenders and bollards (Fig.1.2 and Fig.1.3). Fenders provided on the berthing
structures transfers the berthing forces from the ship to the structure as a reaction
force. The mooring force from the ship is transferred to the structure using the
bollards provided on the berthing structure. The wave force, current force and the
differential water pressure enhances the berthing and mooring forces on the
structure. The active earth pressure from the shore side of the berthing structure
may cause additional load on the piles of berthing structure. The dynamic lateral
load like earthquake, changes the soil structure interaction behaviour and hence it

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Chapter 1 Introduction

causes changes in the structural response. The nonlinear behaviour of soil and
the interaction of the soil-structure system necessitate the need of a thorough

analysis.

Largest Vessel

.

Fig. 1.2 Fenders in a Ship Berthing Structure
(courtesy: http://www.portfenders.com)

'-""-"‘“!ﬂnt\\\\\\\iﬁi\'\\\\\\‘i"' |

Fig. 1.3 Bollards in a Ship Berthing Structure
(courtesy: http://www.popularmechanics.com)

Pile foundations are adopted to construct heavy structures like berthing
structures since in most of the cases they are founded in soft soil stratum.
Based on the load transfer mechanism, pile foundations can be classified into
axially loaded piles and laterally loaded piles. Load carrying capacity of axially
loaded pile is due to the frictional resistance developed at the surface of pile as
well as due to the bearing capacity of end bearing stratum. Load carrying capacity
of a laterally loaded pile depends on the stiffness of the pile as well as the
depth of fixity of the pile. The stiffness of pile depends on the material of pile
and the diameter of pile. The depth of fixity of pile depends on the soil
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structure interaction effect. The behaviour of soil being highly nonlinear in
nature, a detailed investigation on the soil structure interaction analysis is
required for the better understanding of the structural behaviour of laterally
loaded pile.

The failure pattern of laterally loaded pile foundations are of two types,
failure by rotation and failure by bending. Short piles fails by rotation at the
point of rotation and long piles (flexible piles) fail by bending at the depth of
fixity where the maximum bending moment acts (Fig.1.4).

H H
Point of Bending
- : Failure at
Rotation ..
Depth of Fixity
Short Pile
Soil Bed Long Pile

Fig. 1.4 Failure Mechanism in a Laterally Loaded Pile (Tomlinson, 1987)

The load carrying capacities of short piles are less compared to those of
long piles. Hence when a heavy structure is to be built in a weak soil stratum
long piles are preferred over short piles. The structural behaviour of a long pile is

shown in Fig.1.5.
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Fig. 1.5 Behaviour of a Laterally Loaded Long Pile [71]

In a laterally loaded pile the depth of fixity is decided by the passive wedge
of soil offering resistance to the external lateral load as shown in Fig.1.6. The
problem of laterally loaded piles becomes critical when it is founded in sloping
ground. It is due to the fact that as the bed slope increases the volume passive
wedge decreases. It is a complex soil-structure interaction problem and needs to

be investigated in detail.

Load

Active
‘edze B Passive
Wedge
45+¢/2 45-/2

Fig. 1.6 Active and Passive Wedge of Soil in
a Soil-Pile System [134]
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1.2 Scope of the Present Study

The soil found in most of the coastal region is soft marine clay which is
usually under- consolidated with low shear strength. Most of the coast line have
surface which are sloping towards water front. The method of foundation
normally adopted under such soil condition is a pile foundation. Such vertical
piles are often subjected to a significant amount of lateral loads in addition to the
axial loads. The critical lateral loads applied at the head of the pile in a sloping
ground are due to earth pressure from the soil in the sloping surroundings, wind
acting on the superstructure, mooring pull from the ship in berthing structures
etc.. The analysis of this problem is complex due to the high nonlinearity of the
soil stress strain behavior. The lateral pile response is also nonlinear even for low
levels of applied loads. The proper assessment of the lateral displacement and
internal forces for the design of structures is of paramount importance. Under the
above circumstances soil-structure interaction of laterally loaded piles is intent to
study the influence of bed slope of soil and slenderness ratio of pile on the
structural behavior of a laterally loaded pile. This can be carried out using a
series of model tests, analytical investigations and numerical studies for the
optimum design of pile in sloping ground. The analyses are extended to predict

the behaviour of piles in berthing structures also.

1.3 Objectives

The main objectives are:
1) To study the soil-structure interaction effect and the significance of
laterally loaded piles in ship berthing structures by conducting a detailed

literature survey.

2) To analyze the soil pile behaviour in a sloping ground for different
diameters and lengths of pile and in different bed slopes by conducting

model tests.

3) To develop a MATLAB code for a laterally loaded pile in sloping bed

using classical theories and compare the results with the model test results.
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4)  To simulate the model tests in PLAXIS 3D and extend the analysis for

various bed slopes.

5) To conduct numeric analysis of a typical ship berthing structures with
laterally loaded piles in sloping ground by considering the mooring pull
on piles. The diameter of pile, soil modulus and bed slope are to be varied

and its influence are to be studied.

6) To develop a set of multivariable regression equations based on
numerical analysis of laterally loaded piles for both single pile and a

typical frame in a berthing structure.

1.4 Methodology

The analysis of a laterally loaded pile becomes critical when it is embedded in
sloping clay ground. The present study addresses the problem using model
investigation, analytical investigation and numerical investigation. The study has
been done to analyze the effect of static lateral loading on a pile in sloping clay
bed. As an appendix, the conceptual behavior of the soil-pile system under

dynamic loading is also studied.

An extensive literature review has been conducted to understand the present
scenario of the problem considered. Initially a single pile in sloping clay bed has
been analyzed for a static lateral load at the pile top. Since prototype study is
tedious and costly, model investigations are adopted for the present study. The
structural behaviour of laterally loaded piles with change in pile diameter, pile
length and bed slope are studied.

An analytical solution of the problem has been derived from the governing
equation suggested by Reese et al. [71] The solution of the finite difference
equations is very tedious for manual calculations and hence MATLAB coding is
adopted for the same. The analytical solution is also validated by an onsite pile
load test results. Model Tests are also simulated using analytical formulations and

the results are compared.
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Numerical models of the above problem is also created in PLAXIS-3D and
validated with the model test results. A detailed parametric study of the laterally
loaded pile is conducted by varying the bed slopes. The influence of change in
bed slope in the structural behaviour of pile is studied. A set of multivariable
regression equations are also developed to predict the maximum bending moment,

depth of fixity and deflection at the pile top.

The study is then extended to the lateral behaviour of a berthing structure
under static loading. Numerical investigations are suggested for the solution of
the problem. The finite element software PLAXIS-3D which can be used for
solving SSI problems is adopted for the present study. PLAXIS-3D models created
for the study is validated with the experiments in the literatures as well as with the
present model investigations and analytical investigations. A typical berthing
structure has been modeled with the dimensions, soil conditions and loading
details adopted from the berthing structure details of Cochin Port Trust. A detailed
parametric study has been done and multivariate regression analysis has been

adopted to generate a set of design equations to represent the analysis results.

1.5 Organization of the Report

The present work deals with the static and dynamic analysis of laterally
loaded pile embedded in sloping clay bed. The organization of the chapters is a

follows.

The first chapter is an introduction to the problem, scope and objectives of
the present study and the methodology adopted in the study.

The second chapter is a detailed review of the related works carried out so far.
Around hundred literatures from national and international journals/proceedings are

critically reviewed.

The third chapter contains the details of model investigation carried out on

laterally loaded single piles on sloping clay bed. A set of model tests on laterally
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loaded pile are carried out by varying the pile diameter, embedment depth of pile
and bed slope. The variations in pile top deflection and bending moment on the

piles are studied.

The fourth chapter discusses the analytical formulation and the solution of
the governing equation. Since the procedure being lengthy and tedious,
MATLAB coding is adopted to solve the governing equation.

The fifth chapter presents the numerical simulation of the problem using
PLAXIS-3D, finite element software. A detailed parametric study has also been

done to study the structural behaviour of the soil-pile system.

The sixth chapter describes the extension of the above work to the analysis
of ship berthing structures embedded in sloping clay bed. It explains the
behaviour of berthing structures under static lateral loading. A detailed parametric
study and a multivariable regression analysis are done for the better representation

of the analysis results.

The seventh chapter gives the summary and conclusions based on the

present study and the scope of further study.
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Literature Review

2.1 Introduction

2.2 Types of Investigations

2.3 Factors Influencing Soil Structure Interaction
of Laterally Loaded Pile

2.4 Review on Analysis of Ship Berthing Structures

2.5 Summary

2.1 Introduction

The pile foundations are adopted to transfer the load from the structure to
soil when the structure is embedded in a weak soil stratum. In an axially loaded
pile the load is transferred to the soil through the side friction at the soil pile
interface and base resistance offered by the soil bed. Pile foundations are subjected
to significant amount of lateral forces in addition to the vertical forces. The lateral
forces are due to the wind, wave, earthquake, dredging and impact loads [25, 41,
80, 83,88]. When the pile is subjected to lateral loads the load carrying mechanism
changes. The lateral load is resisted by the soil pile interaction effect [125], which
in turn depends on pile material, pile diameter, soil properties and bed slope of
ground. Studies showed that the influence of vertical load on the lateral response is
not so significant when the vertical load is applied simultaneously with the lateral
load [68]. The current design practices consider the influence of these two
loadings independently and hence pile designs are carried out separately for
vertical and lateral loads. The effects of vertical loads on the piles are well
established through these years whereas studies on vertical piles under lateral
loads are limited and are continuing to establish a well-defined method of
analysis considering the effect of all the influencing parameters [33]. The present

study focuses on the significant factors affecting the soil structure interaction of
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laterally loaded pile foundation (LLP). For better understanding, the literatures
have been grouped into different categories based on: type of investigations,

characteristics of soil, characteristics of pile and type of loading.

2.2 Types of Investigations

Reviewing the available literatures it was observed that, the studies on
laterally loaded piles (LLP) are generally carried out by conducting the
theoretical, numerical and experimental investigation of soil-pile system. For
better understanding of the literatures, they are grouped based on the type of

investigation carried out to study the behaviour of laterally loaded piles.

2.2.1 Theoretical Investigation

Theoretical investigations are the basis of numerical formulations. The
theoretical formulations are to be studied for the advanced modifications in the
numerical formulations. Earlier developments in the theoretical formulations are
also discussed here. Lateral loads on piles causes deflection and rotation of pile
caps. To calculate the pile cap deflection and rotation the pile has been idealized
as a beam. Laterally loaded pile analysis had been conducted by considering a
cantilever action with tip load. Further the soil structure interaction can be
incorporated by considering the effect of soil parameters. Such an attempt was

done by Mazurenko et al. to analyze the behaviour of a laterally loaded pile [75].

Fig. 2.1 General Beam Column Element [23, 25]
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In a laterally loaded pile the point of zero deflection or the point of
maximum bending moment is considered to be the point at which failure of the
soil-pile system occurs. An analytical method to calculate the point of zero
deflection and the point of maximum bending moment was suggested by
Mironov [76]. To develop this general method the factors considered are,
flexural rigidity of the pile, nature of variation of stiffness of soil mass with
depth and the ratio between the deflections and soil reactions. Better
understanding on the behaviour of laterally loaded piles can be obtained from the
soil reaction — pile deflection (p-y) curves of the soil. Reese et al. [115] have
developed non-dimensional curves from the numerical solution of the differential
equation describing the pile behaviour and it can be used to estimate the p-y
curves. He had further suggested p-y method of analysis for laterally loaded piles
by taking into account, the nonlinear and in-elastic characteristics of soil [117].

Moment

Loading Deflection M = EI d?y/dx?

F

Fig. 2.2 Behaviour of Laterally Loaded Pile [152]

Later p-y analysis method was modified by Duncan et al. and is referred as
the characteristic load method [31]. It is simpler than p-y analyses initially
developed by Reese et al. The method used dimensional analysis to characterize

the nonlinear behaviour of laterally loaded piles and drilled shafts by means of
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relationships among dimensionless variables. The characteristic load method has
been found to be in good agreement with values measured in field load test also.
More advancement in this was suggested by Brown et al. and his analytical
method proves a rigorous and reliable method of interpreting lateral load tests on
piles or drilled shafts using inclinometer data [20]. The method utilizes a least
square regression technique that will converge to a solution for analytical p-y
curves which produce minimum error between the predicted and measured

deflection versus depth profile over a range of loading.

LA

Fig. 2.3 Basic Strain Wedge Model [55]

Further, the strain wedge (SW) model was suggested and was found to
have advantages over p-y curve method [5, 6]. SW model analysis predicts the
response of laterally loaded piles and had shown very good agreement with
actual field tests in sand, clay and layered soils. The advantage of the SW model
is that it is capable of taking into account the effect of changes in soil and pile

properties on the resulting p-y curves.

The studies on laterally loaded single pile were extended to pile groups
also. Reese et al. who have already developed p-y method for laterally loaded

single pile have presented the analysis of a cluster of piles [118]. The importance
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of various parameters involved in the solution is studied using different
analytical approaches. A modification of this has been suggested by Poulos-
Focht-Koch in which the pile group has been considered as a large diameter pile.
Later, Chore et al. have extended the work of Reese and derived finite element
formulation for the non-linear analysis of pile groups subjected to lateral loads
using p-y curves [25,26, 129]. In the study, pile was idealized as one dimensional
beam element, pile cap as two dimensional plate element and soil as non-linear
elastic springs using modified p-y curves [37]. It was observed in the study that
the nonlinearity of the soil is found to increase the top displacement of the pile
group and decrease the fixed moments and positive moments. Kim et al. have
conducted studies on pile-soil system subjected to lateral loads in clay soil by
improved wedge failure model and hyperbolic p-y criteria [58]. The proposed p-y
curves with an improved wedge model are more appropriate and realistic for

representing a pile-soil interaction for LLP in clay than the existing p-y method.

The behaviour of soil becomes complex when the change in its property along
the vertical profile is considered. In a simplified analysis the vertical soil profile was
considered uniform as suggested by Reissner. It was modified by Horwath [47] with

additional case of Young’s modulus varying with depth for layer of finite thickness.

M~

F

Artificial
Boundary

for
Displacements

Fig. 2.4 Reissner Type Simplified Elastic Continuum
Applied to Laterally Loaded Pile [47]

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Chapter 2 Literature Review

The response of single pile subjected to lateral load in layered soil was
further studied by Rongqing et al. and developed an analytical method which
uses fundamental basis of structural mechanics to obtain the governing equation
of the soil-pile system [69]. Both free head and fixed head methods are considered
here. The pile deflection, bending moment and soil reaction can be calculated

using this method.
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Fig. 2.5 Degradation Curve of Shear Modulus of Soil [38]

The modulus of soil resistance was further modified as an exponential
function with depth and derived a new y parameter to predict the pile response
[56]. The direct shear test was used to determine modulus of soil resistance and
ultimate soil resistance. The existing methods were later modified considering the
nonlinear elastic properties and modulus degradation characteristics of soil [154].
The stress strain behaviour of most geo-materials is highly nonlinear at all phases
of loading and s-shaped degradation curve as shown in Fig. 2.5 is commonly
found. Further, certain studies suggest two dimensional mapped infinite elements

and non-linear stress-strain behaviour of the soil using hyperbolic fit [40].

Later, a detailed investigation by Banerjee et al. incorporated layering
effect of soil in finite element method (FEM) and boundary element method
(BEM). Studies presents inelastic pile-soil-structure interaction under static
loading with piles modeled using linear beam column finite elements and soil

was modeled using nonlinear springs [13]. Researchers have developed finite

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Chapter 2 Literature Review

element formulations and its MATLAB coding by considering modulus of
subgrade reaction approach to analyze fixed head and free head single piles in
cohesion-less soil [82, 101, 102, 129, 144]. Solutions are obtained for pile response
with various cohesionless soils taking into account the short pile and long pile

behavior.

Through these years theoretical investigations have developed solutions for
laterally loaded piles and pile groups embedded in homogeneous as well as
layered soil. Even though the incorporation of soil layering in the theoretical
formulation of laterally loaded pile makes the solution more complicated,
adopting finite element analysis techniques as well as computational power of

latest computers can produce accurate results.

2.2.2 Numerical Investigation

A set of numerical formulations for advanced analysis of soil structure
interaction are developed by many researchers [59, 60, 63,140, 141]. A new
frequency domain method for evaluating the earthquake input energy to a
structure-pile system or a superstructure alone subjected to horizontal ground

motion was developed by Takewaki ef al. [141].

NN

WAL LA o

= L~ W

() Force at the side of Soil (b) Force at the Pile Tip (c) Force at the bottom of the Building

Fig. 2.6 Free-body Diagram Showing the Forces in a Soil-Pile-Structure System [141]
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The soil-pile-structure system is idealized as shown in Fig. 2.6 and derived
the energy transfer function, which plays a key role in the input energy

calculation. Input energy was expressed in time domain as,
EA = fjooo Fy(w) |A(w)|?dw and E;° = ffooo Fs(w) |[A(w)|?dw ... (2.1

Where F,(w)and Fs(w) are called the energy transfer function for the soil-
pile system and the energy transfer function for the structure respectively. The
method was developed in frequency domain approach and hence has the
advantage of being able to include directly the frequency dependent characteristics
such as stiffness and damping of the soil considered. Takewaki et al. [140] have
also incorporated the effect of pile group on the seismic stiffness and strength
design of buildings. Pile group effect is taken into account through the
influence coefficients among piles which are defined for inter-story drifts and
pile head bending moments. It has been shown that pile group effect reduces
the inter-story drift of buildings and increases the bending moment of pile at

the top.

Takewaki et al. [59] have further extended the method to analyze the
earthquake energy input in soil pile structure system with uncertain soil
parameters. Taking the advantage of frequency domain approach the
earthquake input energy to the structure can be obtained in a compact form.
The method was further modified as a unified response spectrum method
incorporating the kinematic and inertial effects [60, 63]. The equilibrium
equation is derived for the structure-pile-soil system and is represented

in eq. 2.2. Where m and k are the mass and stiffness of the system considered.

Thomi(ig + ;) + ki (uo® 4+ ue™ —ug) + kp(ue® +uy®) =0........ (2.2)
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Fig. 2.7 Simple structure-pile-soil system connected to free-field ground [63]

In order to verify the numerical model with winkler type soil model,
Takewaki et al. have considered an onsite building pile system in Yokohama,
Japan. The building consist of 12 storied steel frame structure supported by 20 cast
in situ concrete piles of 35 m long and 1.7 m in diameter. The numerical model
adopted for the analysis is as shown in Fig. 2.7. The bending strains at the top of
the pile were compared and it was found that the strain values obtained using
continuum model with winkler type soil element was in good agreement with the

measured values of stains.

A newly developed updated reference point (URP) method was used by
Okada et al. [95], to study the seismic pile response of a structure pile soil system
with uncertain soil and concrete properties. A ten storied building was modeled and
the pile head bending moments were compared in URP and NURP methods. It was
confirmed in the studies that the NURP method can be applied to the seismic pile
response in terms of the structure pile soil system with an acceptable accuracy and
the worst variation for weak soil parameter are to be clarified. It was also found that
the variability of equivalent shear wave velocities of soil, even at a deep

underground influences the bending moment at the pile head.
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Analysis by 1-D wave
propagation theory

Si=kxifriowcu
\

Free-field ground

4
o | N FRAAA 1>
Uilz1, 4 upi(Z1, 2
ANA/NAS
HRARA 6.4
mAVAA A

Engineering bedrock

ET lF AVAYAVamm=, =

Fig. 2.8 Building Pile System Supported by the Free-Field
Ground through Winkler Type Soil Model [S0]

Seismic soil structure interaction of a pile group was studied using
equivalent pier method (EPM) by Badry et al. [12]. The study was conducted on
an axisymmetric multistoried building and the peak response of the building under
fixed base condition and flexible base condition were studied. It was observed that
the response of flexible base structure was more, about 15-20% compared to fixed
base structures. Also it was concluded that EPM approach reduces the analysis
time by 68%, since in this method, equivalent piers gives rise to larger elements
during meshing, which facilitates to take larger time steps and hence less duration

of analysis.

Increased computational power of computers has made the numerical
investigations the most cost effective and accurate method of investigation. Most
of the numerical investigations reported, include the analysis based on the finite
element method using software such as ABAQUS [27], ANSYS [137], FLAC
[73], FLIPER [152], GROUP [126], LPILE [77], PLAXIS Foundation 1.1
[11,24,87, 144], PLAXIS 3D [133] etc.

Studies on the coupled bridge foundation-superstructure finite-element was
conducted by Zhang et al. [152] using the finite element code FLPIER to predict
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the lateral response of the single piles and pile groups (3X3 to 3X7 pile groups)
founded in both loose and medium dense sands. FLIPER incorporates Reese
et al.’s p-y curves, Brown et al.’s p-multiplier approach and Mc Way et al.’s
p-multiplier factor for large pile groups [20]. The studies involved the predictions
of lateral load versus lateral deflection of the group, the shears and bending
moments developed in the individual piles, and the distributions of the lateral
loads in each pile row, which were all in good agreement with the measured
results. The suggested variation of bending moment in a fixed head pile group is
shown in Fig. 2.9.

Lateral Load

Ground surface

Pile

Fig.2.9 Sketch of Bending Moment Distribution in
Fixed Head Pile Group [152]

The effect of pile-soil interaction was effectively represented using
CONTACT 49 element (5 node, 3 DOF) element in ANSYS in a set of analyses
conducted by Soltani ef al. [137] and the results were compared with linear method
of Hetenyi, non-linear method of Matlock and finite element program of Bowles.
The 3D pile-soil interaction effect was incorporated in ANSYS model and it lead
to the difference in maximum bending moment and pile top deflection in
comparison to the others methods. Many researchers have performed the finite

element analysis using the software PLAXIS- 3D FOUNDATION using embedded
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pile element and the analysis results are in good agreement with the pile load
test conducted by various researchers such as Ismael et al. [50] and Y.

EI-Mossallamy [150] .

Piles in cohesive soil were analysed by a series of numerical analysis
conducted by Moayed et al. [77] using the LPILE software. Broms (1964)
proposed graphs to obtain ultimate lateral bearing capacity of such piles. Broms
solution does not consider the effect of vertical loading on lateral bearing
capacity of piles. This study incorporates the effect of vertical load also in
predicting the lateral capacity of pile. Avaei et al. [8] have investigated the effects
of different parameters such as pile properties, soil stress-strain behaviour,
pile-soil interaction etc. on the behaviour of pile subjected to lateral load. A
comparison has been made between the results derived from finite difference and
equivalent spring methods. Finite difference program has been developed in
Turbo Pascal and the equivalent spring method is solved using SAP 2000
package. The results obtained using both the methods are found to be in good
agreement. Parametric study on a laterally loaded pile with length 15m and
diameter 1m subjected to a lateral load of 300 kN showed that the properties of
soil near the pile head greatly influence the pile head displacement. It was also
noticed that the pile end displacement was influenced by the pile length and after
a particular length (9m in this case) the influence of pile length decreases and

this length is called the depth of fixity.

The lateral behaviour of single pile in cohesionless soil subjected to both
vertical and horizontal loads were studied by Chik et al. [149] by conducting
numerical analysis using the software PLAXIS 3D FOUNDATION 1.1. The
verification of the model is done by comparing the results with the pile load test
conducted by Jamaludun & Hussein, 1998. Babaei [11] performed numerical
investigation on axial bearing capacity of piles embedded in sloping sandy
ground, using PLAXIS 3D FOUNDATION. The verification of the model is
done by compairing with the field test data conducted by Ismael et al. [50] and Y.
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EI-Mossallamy [150]. The results have shown that the pile axial capacity
increases with increase in upward slope and decreases with increase in
downward slope. Nonlinear finite element modeling using PLAXIS 3D
Foundation wad done by Kim et al. [58] to investigate numerically pile
deflection, bending moment and p-y curves along the length of the pile. Based on
the findings of this study it was found that pile elastic modulus (E,), interface
property (Rineer), and pile toe condition exerts no significant influence on the

p-y characteristics.

Conte et al. [27] have used the finite element code ABAQUS to predict the
response of reinforced concrete pile to horizontal loading. Finite element codes
are supplied with several constitutive models. However, the choice of a
constitutive model is generally influenced by the material parameters that are
available for the case study. Sophisticated soil models could not be justified if all
the material properties related to the model are not available. Hence, the present
study uses a linear elastic perfectly plastic soil model with Mohr-Coulomb
failure criteria which uses five soil parameters such as shear modulus (G),
poisson’s ratio (v’), shearing resistance angle (¢’), effective cohesion (¢’) and

angle of dilatancy (y).

2.2.3 Experimental Investigation

Experimental investigations were conducted either on full scale field piles
or on model piles. Though the full scale test results are considered to be more
reliable, the costs of full scale tests being very high, properly engineered model
tests were usually adopted for the studies. Even though the experimental
investigations are costly and difficult, the most commonly adopted numerical
investigation results are validated with properly conducted experimental results.
Some of the widely used experimental results are also discussed here. Rollins
et al. [122-125] and Gandhi et al. [35] have conducted a number of full scale
tests on LLP and the same has been adopted for many researchers for the

verification of other studies. Experimental model tests are also conducted to
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study the behaviour of laterally loaded piles by researchers like Gandhi, Mostafa,
Rao, Cox etc. [28, 33, 34, 100, 113,131, 135].

Full scale field tests conducted by a number of researchers had studied
the behaviour of group piles in comparison to single pile with the intension of
predicting the group effect from the behaviour of a single pile. The pile group
deflection and the maximum bending moment under the same average load per
pile are reported to be almost twice as that of a single pile. Similar investigations
were conducted using model piles also by applying laws of similitude and
experiments were carried out similar to that of field tests. Laws of similitude are
adopted to model the piles from the available field piles. Field piles are generally
concrete or steel. A suitable material capable of predicting the deflection and
bending moment is adopted for a model pile. Model piles can be made using

aluminium [33, 81, 135], mild steel [28, 113, 131] or PVC [62].

It was observed from the studies that for a particular load aluminium pipe
piles showed more deformation at the top of the pile and strains along the length
of the pile, compared to steel pipe piles [127]. Considering the above facts
aluminium pipes piles are more suited for model studies since it can give strain
readings even for a small variation of load. Model tests were conducted to plot
the load deflection curve as well as the bending moment variation along the
depth of pile. Based on the studies it was observed that individual pile efficiency
can be increased by increasing the spacing between the piles. Researchers have
suggested that at a spacing of eight to nine times the pile diameter the individual
piles attain 100% efficiency [28]. A similar study revealed that the optimum
spacing between piles for maximum resistance to be about two times relative

stiffness factor T [33].

T = (E—;)l/s ............................................................................................ 2.3)

n

Where El is the flexural rigidity of the pile material and ny, is the coefficient of

modulus variation (possible range values of n, from 2.5MN/m*® to 20MN/m?
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(Terzaghi 1955)) [14, 29]. Studies have also inferred that the pile group efficiency
decreases with increase in the number of piles in the group even for same
spacing between the piles. Piles embedded in slopes showed a decreased load
carrying capacity in comparison to piles in level ground. Model studies on
sloping ground have found that the effect of slope on the strength reduction of
the pile soil system could be neglected for piles located beyond five pile

diameters from the crest of the slope [135].

The pile cap imparts fixity to the pile head. Experiments show that fixed
head pile exhibit 40% reduction in pile head deflection in comparison to free
head pile [35].The influence of pile cap on the lateral load carrying capacity of
piles were also studied by Nath et al. [93] and it was found that an increase in
embedment depth of pile cap increase the lateral resistance offered by the pile

cap to the pile group.

2.3 Factors Influencing Soil Structure Interaction Analysis of Laterally
Loaded Pile
From the detailed review of the different investigation methods, it was
understood that, proper assessment of the characteristics of soil and pile, loading
details etc. are essential in the accurate modeling of the soil-pile system. Hence a
brief review on the characteristics of soil, characteristics of pile and type of

loading are also incorporated in the present study.

2.3.1 Characteristics of Soil

In soil structure interaction analysis the distribution of load from the
structure to the soil is investigated. In this load transfer mechanism, the
characteristics of soil has very important role. The behaviour of soil is predicted
based on the engineering properties of soil, vertical soil profile and the alignment

of ground surface.
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2.3.1.1 Soil Properties

The behavior of soil is anisotropic, nonlinear and time dependent [38].
However, the soil parameters such as unit weight (y), shear modulus (Es),
poisson’s ratio (v), shearing resistance angle (o), effective cohesion (c) and
angle of dilatancy (y) plays a very important role in representing the soil
behaviour. Soil properties vary from very soft to very stiff consistency, based
on which there will be changes in the soil-structure interaction. Most of the
studies on LLP are conducted with piles embedded sandy soil [5, 29, 33, 34,
109]. Only a very few studies are available for LLP embedded in clay [112,
135, 140].

The engineering properties of soil could be found out using the standard
test methods like ASTM, BIS methods [135]. Proper assessment of the properties
of the soil is required for the prediction of the behaviour of the structure under
external loading. It is also required for the accurate modeling of soil during
numerical analysis. It was observed in certain studies that reduction in soil
moisture content causes an increase the lateral soil resistance [66]. In clayey soil,
studies revealed that drying the soil sample for affects the index properties and
on the compressibility and the shear strength behaviour especially for clays in

which Kaolinite is the major constituent [99,114].

The improvement of lateral capacity of pile can be achieved by compaction
of surrounding soil and thereby reducing the number of piles and hence saving
the cost [29, 101, 102]. This is true only upto a certain depth and it was found
that when the thickness of densified soil increases beyond a certain height there

is not much increase in lateral load.

2.3.1.2 Vertical Soil Profile

In the actual ground surface the vertical soil profile is always layered and
the properties vary from layer to layer though it is considered to remain constant

for a particular layer for the purpose of analysis [10]. For example in the
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Winkler approach which considers the soil as a layered system to study the
lateral resistance of piles, the soil pressure p is related to lateral deflection y

through the modulus of subgrade reaction kj, of the particular layer,

Various geotechnical engineers such as Terzaghi, Broms, Poulos, Matlock and
Reese have suggested an equation for subgrade reaction in terms of Es, the soil

modulus and D, the diameter of the pile [108].
_ Es
K = (04810 1.8) 7/ coovoooeeoeeeeeeeeseee (2.5)

2.3.1.3 Alignment of Ground Surface

Generally a level ground surface is assumed in a soil structure system. But
when the ground surface is sloping or when the slope of the ground is varying
with time, it is found that the surface profile of the ground affects the structural
behaviour of the pile. Hence if there is a sloping ground surface that should be

taken into consideration while analyzing a soil-pile system.

Prediction of the behaviour of a laterally loaded pile could be obtained
from the theoretical solution derived based on the force-equilibrium model of
rigid piers embedded in cohesionless and c-¢ soil profiles in sloping ground
surfaces [32]. A parametric study indicated that the amount of reduction in load
carrying capacity due to the slope is dependent on the value of the surface slope
angle 0 and soil strength properties. Later operating charts were developed using
finite element method for estimating behaviour the slopes under different
submergence conditions under complex geometries and properties of slope
stability problems [67]. The charts developed using finite element method are
claimed to be superior to the traditional charts of Morgernstern, used for the

Same purposc.

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Chapter 2 Literature Review

The load carrying capacity of a laterally loaded pile decreases as the bed
slope increases [135]. The decrease in the load carrying capacity is due to the
decrease in the resistance offered by soil at the top portion of the soil mass, as
there is a reduction in soil mass due to the formation of sloping bed. It was found
that as the slope increases there is an increase in the magnitude of maximum
bending moment [14]. The increase in relative density is found to be significant
for piles embedded in sloping ground [52]. The relative stiffness between the pile
and soil has an importance in determining the failure mode of the pile [73]. It
was also found that in a pile groups, with the increase in the pile spacing, the
critical slip surface becomes deeper [149]. Scour can also cause reduction in

lateral load carrying capacity [61, 62].

Researchers have developed relationships to predict the pile top
displacement and the maximum bending moment of a laterally loaded pile in
sloping ground based on the corresponding values for the piles embedded in
horizontal ground [130]. Based on the experimental results it was concluded that
slope reinforcement significantly increases the lateral capacity of pile groups.
Geo-grid layer provided with sufficient length and breadth beyond the potential

failure surface could improve the slope stability [131].

Sleeving can also be provided to minimize the transfer of lateral loads from
the buildings to shallow depths of slopes [23]. The load transfer mechanism from
the laterally loaded sleeved pile to sloping ground is through a shear load transfer
mechanism in the vertical plane. Under large lateral loads, the influence of the
sleeving on pile performance appears to diminish because of the wide spread

plastic zone developed around the pile.

2.3.2 Characteristics of Pile

The characteristics of pile also play a very important role in determining
the behaviour of pile under external loading. The characteristics of pile include

the length of pile, stiffness of pile, and the arrangement of pile.
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2.3.2.1 Flexibility of Pile

Based on the flexibility condition, piles can be categorized into short and
long piles. The influence of pile length in the variation of bending moment was
studied and it was concluded that short piles behave linearly and long piles
behave nonlinearly [9]. Unlike long piles, in short piles maximum bending
moment is affected by the length of the pile. It is also observed that in the
displacement plots, the pile length could have a substantial influence on the
maximum displacement at the pile end. However this influence decreases from a
particular length. Beyond that length the pile is considered to be a long pile. Thus
for a long pile the changes in the length of the pile will not considerably affect

the displacement as well as bending moment.

2.3.2.2 Stiffness of Pile

Stiffness properties of a pile depend on the Young’s modulus of the
material of the pile and the cross sectional area or moment of inertia of the
pile. The generally adopted material properties for pile foundations are
concrete, steel and timber [109]. Depending upon the availability, cost and
the strength requirements, a suitable material will be selected. In India
concrete piles are widely used as onsite piles. Young’s modulus of concrete is

Ec = 500(fck)">.

Circular and square are the generally adopted cross sectional shapes of
pile. Square shape is adopted for precast piles. Most of the cast in situ piles are
circular in shape. Certain researchers has made a serendipitous finding that there
is a significant shape factor affecting the ability of pile to mobilize soil resistance
to lateral loads [39]. Under a given lateral load applied to free head piles having
approximately equal moment of inertia, those having circular cross sections were
more resistant to lateral movements than square or H-beam cross section.
Investigations were also done to study the effect of pile shape for both circular
and square cross section on pile response. In a particular study, the 1.2 m

circular piles (M.I. =0.03 m®) and 1.2 m sided square piles (M. L. = 0.05 m®) were
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considered and it was concluded that square pile is more resistant to lateral load
than a circular pile due to high contact surface area between the pile and the

surrounding soil and due to high bending resistance [52].

2.3.2.3 Arrangement of Pile

Single pile arrangement or group pile arrangement can be adopted to
transfer the structural load to the ground depending on the load to be transferred
and the type of soil. Researches show that the average pile group response was
softer than the single pile response. However the single pile test can be a good
indicator of the pile group behaviour. It was also found that the p multipliers

work well to account for the group effect [125,126].

Studies have already established the influence of pile group rigidity of
laterally loaded pile in marine clay. The group efficiency under lateral loading is
estimated from the ultimate lateral capacity of the pile group, Qg and ultimate
lateral capacity of single pile, Qs for a group of ‘n’ number of piles using the

formula,
Lateral group efficiency = C / JUQ e (2.6)
S

It was also concluded that short and rigid piles are more resistant to lateral
loads when they are arranged in a parallel configuration than in a series, whereas

the reverse is true in cases of long and flexible piles [88].

Researchers have developed p-multiplier concept which provides a
reasonable means of accounting for the reduction in capacity produced by group
effects and the resulting lateral group effect by considering the shadow stress
zone and soil gapping as shown in Fig. 2.10 [48, 124, 125]. The studies show
that p-multiplier is unity for pile spacing greater than 5D to 6D spacing.
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Fig. 2.10 Shadow Stress Zone and Gap Formation in LLP Group [124]

Certain studies show that the ultimate lateral capacity of pile group
depends on the length to diameter ratio of pile, pile friction angle, pile group
geometry, spacing of piles in a group and the sand placement density [93,
109]. The pile group deflection and the maximum bending moment under the
same average load per pile were investigated to be twice as that of a single
pile [124]. Experiments showed that in a pile group, trailing rows of piles
carried less loads in comparison to leading rows of piles [1, 2]. Back
calculated p-multipliers were 0.8 for front rows and 0.4 for trailing rows
[123]. It is interesting to note that group interaction effects vanish after
liquefaction [52]. Pile groups with pile cap showed more lateral resistance in
comparison to free head piles and it was observed that pile cap contributed

40% of the total resistance [35, 125].
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2.3.3 Type of Loading

The structure is designed to resist the external loads acting on it. The
structure may be subjected to static or dynamic loading. The behaviour of the

structure will be different under different loading conditions.

2.3.3.1 Static Loading

The magnitude and direction of the static loading on the structure are given the
prime consideration while designing the pile foundations and the structure as a
whole. Even though the pile material is considered to be linearly elastic, the
nonlinear behaviour of soil is to be incorporated in the load-deflection analysis of

piles.

The governing equation to represent pile under lateral static loading
incorporating the bending stiffness of the pile (EI), subgrade modulus of soil
(k) and deflection of the pile element considered (y) is expressed as [8, 20,
128],

Researchers have conducted full scale and model tests on laterally loaded
piles subjected to static loading. The basic arrangement of a laterally loaded pile
and soil resistance is shown in Fig. 2.11. Load will be applied at the pile top at
regular intervals of time and the pile top deflections were noted [134,135].
Corresponding to each load the dial gauge reading at the top of the pile and the
strain gauge readings along the length of the pile were studied. The bending
moment (M) is proportional to strain gauge reading (¢) and hence the constant of
proportionality ‘C’ is obtained from simple bending test. The relation thus

obtained can be expressed as, [14]
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v

Fig. 2.11 Lateral Load and Components of Resistance offered by Soil-Pile System [125]

The influence of axial loads on the lateral response of piles was studied and
it was found that the lateral deflection and the bending moment of the pile
increased with the increase in axial load [53]. The influence of combined loading
on lateral capacity decreases as the L/D ratio of the pile increases. The study was
extended in layered soil and the variation of displacement along the depth of pile
is studied. It was found that when a sand layer is present within a clay deposit,
there is reduction in displacement and when a clay layer is present within a sand

deposit there is increase in displacement [151].

2.3.3.2 Dynamic Loading

Dynamic loadings are time dependent in nature. The behaviour of
structure under dynamic loading depends on the natural frequency of the
structure. Hence the possible changes in the natural frequency of the structure
with the changes in the soil and the structure are to be studied. The dynamic
flexural differential equation of the pile under free vibration condition can be
written as [36],

92 a a4 a2
My =5+ Cp o+ KasDY + EpJy =2+ Np 55 = 0 s (2.9)
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Where, m, mass of the pile per unit length

Cp, - structural damping coefficient of the pile
Kgs - dynamic stiffness of the soil

E, - young’s modulus of pile

Jp - polar moment of inertia of the pile

N, - axial load on pile

y - lateral deflection of the pile.

The fundamental natural frequency of the pile for the first mode is,

ak?

T T T PP PTPPPPPPPR 2.10
fi Py (2.10)
E,J 1/2 1.875
Where, a = % k= 'z , L is the effective length of pile.
D e
superstructure
pile head /
free field
soil column
response

nonlinear p-v springs
and dashpots

horizontal base input motion

Fig. 2.12 Schematic Diagram of Dynamic p-y Analysis Model [18]

Dynamic p-y analysis was suggested for analyzing seismic soil-pile-
structure interaction [18]. A simplified analytical model for the lateral harmonic

response of single pile and pile group in layered soil was developed by Mylonakis
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et al. [89]. The predictions of the model are in agreement with the earlier results,
while its simplicity offers a versatile alternative to rigorous solutions. The

governing equation for the vertical elastic pile embedded in winkler medium is,

Where EI is the flexural rigidity of the pile, q is the distributed force along the
pile and A is the complex wave number associated with the propagation of

flexural waves along the pile.

The soil pile system behaves predominantly in a nonlinear fashion close to
the resonance region under dynamic loads [9, 10, 17]. The maximum dynamic
BM is magnified by about 1.5 times the maximum static BM for model piles in
clay. The maximum dynamic BM occurs at a depth of about 1.5 times the depth
of maximum static BM for model piles, which indicates an increase of active

length under dynamic load [17,22].

A new approach to model the material nonlinearity of soil media for the
dynamic analysis of pile foundations is proposed by Maheshwari et al. [72].
They incorporated the effects of material nonlinearity of soil on the free field
response which depend very much on the frequency of excitation [139]. Due to
the material nonlinearity of the soil, at low frequencies (as compared to the
natural frequency of the soil pile system) the seismic response increases as much

as 30% and at higher frequencies the reverse is true.

2.4 Review on Analysis of Ship Berthing Structures

Muthukkumaran et al. have developed a numerical model for plain strain
analysis of a berthing structure to simulate the effect of dredging and it was
concluded that the numerical model developed in PLAXIS agree well with full
scale field data [83]. Muthukkumaran et al. (2007) in another paper, have
addressed the problem of generating lateral forces by the lateral soil movement

due to dredging [84]. It was observed that lateral deflection of the berthing
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structure increases due to dredging and it was also found to increase further
during a course of three months. Hence it was concluded that the change in bed
slope due to dredging causes an increase in lateral deflection of the berthing
structure. Premalatha et al. have studied the influence of tie rod in reducing the
lateral deflection of a berthing structure. The study was conducted using a two
dimensional finite element program PLAXIS-2D, in which pile was modeled as a
5 node beam column element, soil as a 15 node element which incorporates
Mohr-Coulomb’s soil model and the structure was considered as a plane strain
model. The studies optimize the length of tie rod for an optimum deflection of
the structure [106]. Muthukkumaran ef al. have analysed the influence of change
in bed slope of Kandla port which was observed to change from 1V:3 Hto 1V to
1.5H during a course of time. The influence of large forces due to mud slide during
a course of earthquake was studied. It was observed that the magnitude of bending
moment increases considerably when the bed slope increases from 1V:3 H to 1V to
1.5H. It was also concluded that the bending moment during earthquake condition
1s 58% higher than that of a pre-earthquake condition [87]. Premalatha et al.
have studied the influence of tie rod in a berthing structure under lateral load by
conducting a series of model tests. It was commented that mooring pull is much
critical compared to other lateral loads in a berthing structure. The studies have
concluded that the tie rods can carry a significant amount of lateral loads when
the structure was embedded in sloping bed than in the case of a horizontal bed
[105]. Mostofi et al. have studied the response of fixed and floating piers to ship
berthing impact. The studies have developed a new approach for evaluating the
berthing force in floating piers. In traditional methods for fixed piers the reaction
force corresponding to energy absorption in fender is calculated as in references of
design of piers, eg. Tsinker (1989, 2004), OCDI2009, PIANC2002, EAU2004 and
etc.. It was concluded that the ratio of total static equivalent force to new method
for floating piers to traditional method for fixed piers was around 2 to 2.5 [80].
Kelesoglu et al. have analysed full height bridge abutments on pile foundations

installed through soft soils, with commercially available finite element software
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PLAXIS 3D Foundation and the results were compared with the available
centrifuge test results. The studies showed that even though the results were
comparable, numerical results were lower than the measured values. Numerical
findings revealed that arching of soil has a significant effect on the lateral loading
of the abutment wall. The bending moment results obtained for front and rear rows

of piles are found to be comparable in both the methods of analysis.

2.5 Summary

Based on the literature review following conclusions can be made:

=  Properties of soil and pile, type of loading, analysis methods etc., play

important roles in predicting the behavior of a soil-structure system.

=  The five significant soil parameters are identified such as, unit weight
(v), shear modulus (Es), poisson’s ratio (v), shearing resistance angle
(p), effective cohesion (c) and angle of dilatancy (y) which can
contribute to  soil behavior in a soil-structure system. Standard
methods such as ASTM, BIS etc. should be adopted to quantify the

above properties for the accurate analysis of the soil behavior.

= The vertical profile of soil is also very important in predicting the soil-
pile behaviour. However, for simplicity in conducting various studies,

soil profile may be considered to be either homogeneous or layered.

=  The gradient of the ground surface is also significant in predicting the

soil-pile behaviour under lateral load.

=  Pile stiffness contributes towards the lateral load carrying capacity of
pile. Stiffness of pile is mainly governed by the material property (E)
and the moment of inertia of cross section (I) of the pile. Hence pile
characteristics such as cross sectional shape, cross sectional area and
material properties are also significant in the structural behaviour of

laterally loaded piles.
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Seismic loads are considered to be the most complex dynamic loading
condition. It could be studied in a simplified manner using sinusoidal
loading condition. During the dynamic analysis of soil pile system, the
variations in the natural frequency of the system with the variation in

soil properties are to be studied and accounted.

A softer soil consistency causes an increase in the depth of fixity of
the pile which in turn decreases the natural frequency of the soil pile

system.

The method of analysis to study laterally loaded pile can be analytical,
experimental or numerical investigation of soil-pile system. Each of
the methods has its own advantages and disadvantages. Analytical
formulations are much developed now-a-days which demands

computer programs for the formulation and solution of the problem.

Experimental investigations on field pile are found to be superior to
all the other analysis methods. But it is found to be costly and time
consuming. Experimental investigations using model test set up is a
good alternative to study the present problem, if all the parameters
involved in the study could be modeled using the laws of similitude.

Numerical simulation and analysis of the problem solved using finite
element or finite difference methods are becoming popular with the
increasing computational power of computers and the availability of
reliable software particularly designed by considering the influence of
soil-structure interaction. Proper validation of model created in the

numerical software could ensure better results.

Based on the classical theories, the failure of a flexible pile occurs when

the moment at the depth of fixity of the pile exceeds the moment of resistance of

the pile. According to the findings in the recent literatures it is found that only a

few researchers have studied the effect of slopes on maximum bending moment
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as well as the depth of fixity of laterally loaded piles embedded in clayey soil.
Hence detailed analyses based on experimental, analytical and numerical
investigations are needed to be carried out to study the variations in the structural
behaviour of laterally loaded piles with the change in bed slope.
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Experimental Investigation

3.1 Introduction

3.2 Derivation of Scale Factors

3.3 Feasibility Study of Model Test

3.4 Materials and Instrumentation

3.5 Test Setup and Procedure

3.6 Plotting the Results

3.7 Observations from the Experimental Investigation
3.8 Summary

3.1 Introduction

An extensive literature survey conducted in Chapter2 recommends a
detailed analysis of laterally loaded piles in sloping clay bed. Based on the
previous studies of Gandhi et al. [29, 33, 35, 134, 135], it is decided to adopt 19
model tests in line with the procedure suggested in literature. The load-deflection
curves and the bending moment diagrams are plotted and studied. Using appropriate
scaling laws, the observed and measured parameters can be extrapolated to that of a
prototype.

3.2 Derivation of Scale Factors

Dimensional analysis is essential to 1g modeling in geotechnical engineering.
The basic principle is that any particular phenomenon can be described by a
dimensionless group of the principal variables. Similarity between the model and
the prototype is ensured when the dimensionless group has the same value in the

model and prototype.
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Model analysis is done using the principle of similitude so that a model
pile considered represents a realistic prototype. Premalatha et al. [106] have also
adopted this method for modeling the test setup similar to the present investigation.
Dimensional analysis can be done using Buckingham’s m- theorem or using
Rayleigh method. Both the methods derives the same relation among the physical

quantities as follows,

2 f((%)(%)(%)(%)) e oo (3.1)

The detailed procedure is as follows.

3.2.1 Buckingham’s #- theorem

The Buckingham’s n- theorem states that if there are n dimensional
variables involved in a phenomenon which can be completely described by m
fundamental quantities or dimensions (such as mass, length, time etc.) and are
related by a dimensionally homogeneous equation then the relationship among
n quantities can always be expressed in terms of exactly (n-m) dimensionless
and independent © terms. The method is now illustrated in the present case
study.

Step 1:

The physical quantities involved in the study are,
y = pile deflection (L)
P = applied lateral load (F)
D = outside pile diameter (L)
L = pilelength (L)
El = flexural rigidity (FL?)
¢ = soil cohesion (F/L?)

h = height of applied load from the ground surface (L)
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It can be written in general form as,

fi(V,P,D,LEL, C,R) = Cvoveeeeeee ettt (3.2

Thus the total number of variables is seven and these variables may be
completely described by the two fundamental dimensions F and L in F-L-T
system. Since there are seven variables (n) and two fundamental dimensions (m),

there should be five (n-m =5) dimensionless « terms. Hence,

fz(nl, 7T2,7T3,7T4, T[5) = Cl ..................................................................... (33)
Step 2:

In order to form these n-terms, we have to choose two repeating variables
since in this case m =2. As stated earlier these variables should be such that they,
among them, contain all the fundamental dimensions and they themselves do not
form a dimensionless parameter. Thus let us choose EI (FL?) and D (L) as
repeating variables, since the above noted requirements are fulfilled by these

variables.

Step 3:

Since the physical quantities of dissimilar dimensions can neither be added

nor subtracted the terms are expressed as a product as follows.

T = EIUTD Yy e (3.4a)
Ty = EIPZDD2P oot (3.4b)
T = EIPDP3 Lo (3.4c)
T = EI%DPHC oo (3.4d)
T = EIP DS Rocioioeoeeeeeeeeee e (3.4e)
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Step 4:

Expressing m dimensionally in F-L-T system,m = F°L°. Expressing
equation numbers (3a) -3(e) in F-L-T system and equating the exponents of F

and L of equation and solving,

Table 3.1 Derivation of w-terms

— op-1
al=0 al=0 | ™ =ELDTy
m = ElalDbly FOLO — (FLZ)alLblL y
2a1+b1+1=0 bl=-1 M=
m, = EI"1D?P

a2 nb2 070 2 aZ( )bZ a2+1=0 a2=_1
m, = EI®?DY2p | FOI0 = (FI2)%2(L)P2(F 2
z (FLY B aibz=0 | b2=2 HZZQ

El
a3 =0 a3=0 | m=EID7'L
m, = EI%3DP3], F0L0=(FL2)a3(L)b3(L)
3 2a3+b3+1=0 b3 =-1 7t3=%
Y
a4 b4 070 T ab+1=0 a4 = —1 my = EI""D*c
1w, = EI*DP*c | FOI0 = (F12)®4 ()P4 (— \
4 (FL*)**(L) (LZ) 204+ b4—-2=0| b4 =4 7-[4:3
El
a5=0 a5 =0 7'[5=E]0D—1h
T :EIaSDbSh FOLO =(FL2)a5(L)b5 L
5 () 2a5+b5+1=0 b5 =-1 7T5=g

Step 5:
SIHCE, fZ(Ttli 7'[2,77:3,77:4; T[S; n6t 77:7) = Cl

Substituting the 7 terms in the above equation,

=(

(GO TN ) E————— (35)
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3.2.2 Rayleigh Method

It is proposed by Lord Rayleigh in 1899. In this method a functional
relationship of some variables is expressed in the form of an exponential
equation which must be dimensionally homogeneous. Thus if X is some function
of variables X1, Xo, ....... ,Xn then the functional equation can be written in the

following general form,

In this equation X is a dependent variable while xi, Xo, ....... ,Xn are
independent variables. A dependent variable is the one about which information
is required while independent variables are those which govern the variation of

dependent variables. The above equation can be expresses as,
X = K(x8xbx§ ... ... g ) ettt ekttt (3.7)

Where, K is a dimensionless constant which may be determined from the
physical characteristics of the problem or from experimental measurements. The
exponents a, b, c, .., , n are then evaluated on the basis that the equation is
dimensionally homogeneous. The dimensionless parameters are then formed by

grouping together the variables with like powers.

The method is now adopted in the present case study and the physical

properties involved in the study are,
y = pile deflection (L)
P = applied lateral load (F)
D = outside pile diameter (L)
L = pile length (L)
El = Flexural rigidity (FL?)
¢ = soil cohesion (F/L?)

h = height of applied load from the ground surface (L)
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The functional relationship in this method can be expressed expresses as follows,
Yy = K(PEDPLE(EDYCORS) oo (3.8)

Where, K is a dimensionless quantity. Substituting the proper dimensions for
each variable in the exponential equation in F-L-T system,

(L) = FOL (F)* L) (L) (FL) (L) ) o (3.9)

For dimensional homogeneity the exponents of each dimension on both sides of

the equation must be identical. Thus, from equation no. (3.9)
FOrFiO =4 d 4 € (3.10)
FOrL: 1 =Db4Cc4+2d =2+ f oo (3.12)
Since there are seven unknown constants and two equations, two of the

unknown constants must be expressed in terms of the other five unknown

constants. From equation no. (3.10) and (3.11),

R (3.12)

I=b+c+2[—(@+e)] —2e4f e (3.13)
Hence,

I R S (3.14)

Substituting equation no. (3.12) and (3.14) in (3.8),

y = K(PaD(1+2a+c+4e—f)Lc(EI)—(a+e)Cehf)
2P a ke cDY\* h_,

OR

A (CONO N CHC) p——————— (3.15)

(o8
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3.2.3 Scale Factors for the Present Study

Considering the above two methods of model analysis the n-terms are,

n1=% ............................................................................................... (3.16 )
_ pp? 3.16 b

2 T o (3.16 b)
L

7-[3 = 3 .............................................................................................. (316 C)
cD*

TG o ot (3.16 d)

L5 = o oottt (3.16 )

The scale factors (L) are established by equating the model n-terms with

the prototype m-terms (ie. k=(L/D)p/(L/D)m). Since cohesion is not a function

of soil stress, it need not be scaled and hence the test soil is same as the prototype
soil.

For the present study model piles are selected with two different diameters
(19 mm, 25.4 mm) and three different lengths (600 mm, 700 mm, 800 mm).The
n-terms will be same for both model and prototype. Considering equation no.
(3.16¢),

L L

(G = (B et (317)

Where, (%)m is the length to diameter ratio of model and (%)p is the length to

diameter ratio of prototype. Assuming a prototype pile diameter of 2000 mm and
a concrete mix of grade M30, the following dimensions of prototype pile can be

modeled using the model analysis of the present study.
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600
Consider L,, = 600 mm and D,, = 19 mm then (B)m =19

L
= 31.58, since (=)™
D
= (B)p and considering a field pile with diameter D,

= 1000 mm, Ly is calculated as 31580 mm = 31.58 m

Table 3.2 Length of Prototype Piles used in the Present Model Tests

Ln(mm) | Dumm)  (Om Dpmm)  L(mm)= Q™+ D,
600 19.00 31.58 1000 31.58e3
700 19.00 36.84 1000 36.84e3
800 19.00 42.10 1000 42.10e3

Keeping the length corresponding to 600 mm, 700 mm and 800 mm
as 31.58 m, 36.84 m and 42 m the diameter of the field pile corresponding to

25.4 mm is calculated as 1337 mm.

Table 3.3 Diameter of Prototype Piles used in the Present Model Tests

L (MM) | Dp(mm) | Ly(mm) (%)m D,(mm) = L,/(ym
600 25.40 31583 23.62 1337
700 25.40 36,8463 | 27.56 1337
800 25.40 421063 3150 1337

Similarly, considering equation no. (3.16.e),

h h
(™= (G e (3.18)
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Table 3.4 Height of Prototype Pile above the Ground Level

h h
By (M) Dpmm) (=P hmm)  Dy(mm)
50 19.00 2.63 2.63e3 1000
50 25.40 1.97 2.63e3 1337

Considering equation no. (3.16.e),

(P—D2 m = (P—D2 p e e (3.19)
El El
Table 3.5 Scale factors to calculate Load on Prototype Pile
Pu(N) | Dm(mm)  En(Nmmd) Iy Em o PP,
El EI

10N 19.00 70e3 2298.21 2.24e-5

150 N 19.00 70e3 2298.21 33.66e-5

10N 25.40 70e3 5716.54 0.90e-5

150 N 25.40 70e3 5716.54 13.53e-5

E, = E. = 5000,/fck(IS 456 code) = 5000V30 = 25743 = 26000

Table 3.6 Load on Prototype Pile

(PDZ)m _ £ Dz)p D, (mm)  E,(Nmm?) | L,(mm% P, (N)
El El
2,245 1000 26000 4.91e10 28,663
33.666-5 1000 26000 491e10 = 429.7e3
0.90e-5 1337 26000 1569¢10 = 20.5¢3
13.53¢-5 1337 26000 1569¢10 = 308.8¢3

By performing a lateral load analyses of the prototype pile and correlating

it with the model test, scale factors for the output deflection could be obtained
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[ie. A, = '/ D)p /() D)m) In the present study, the prototype analyses is done

in PLAXIS-3D and the use of scale factor is verified.

To verify the model analysis three model tests and three prototype tests are
done in PLAXIS-3D with the following specifications. Model pile is having 19
mm diameter, 600 mm length, 50 mm height above the ground level subjected to
50N, 100 N and 200 N lateral loads. The corresponding prototype pile is having
1000 mm diameter, 31500 mm length and 2630 mm height above the ground
level subjected to 143 N, 286 N and 572 N lateral loads. Dimensions in model

pile are converted to prototype pile dimensions as per the similitude obtained.

The analysis was done in PLAXIS-3D and the scale factor is obtained by
keeping the model pile with 100 N as the reference.

6.8
The scale factor 1, = (y/D)p/(y/D)m) = (M)/(&SS) = 0.037...(3.20)
19

Table 3.7 Comparison of Deflection of Prototype Piles used using Model Analysis
and Analysis of PLAXIS-3D Model

)’(ngmm;n D,,(mm) D,(mm) Predicted y,(mm) 3; II;SAT(::FJ;DI\)I)

1.5(B0N) 19.0 1000 2.9 3.6(143 kN)
3455(100N) 190 | 1000 : 6.8(286 kN)
7763 (200N) 190 | 1000 15.1 14.4(572 kN)

A strict parallelism may not be maintained between the model pile and the
prototype pile, because the results of the model pile tests will be compared to the
predictions made by the finite element SSI analysis software PLAXIS-3D. Once
the software is validated for the experiments conducted, it can be used for further

extension of present study.
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3.3 Feasibility Study of Model Test

An experimental study on model pile in sloping sandy soil bed is conducted
to understand the behaviour of a laterally loaded pile as well as to verify the

feasibility of a model test.

3.3.1 Experimental Setup

The arrangement of test setup used for the feasibility study of the model
test is shown in Fig.3.1. To maintain a uniform density all through the tank
depth, sand was placed in the tank from a constant height of about 0.5 m. Natural
slope of sand (1V:1.456 H) was maintained. Model pile was placed after filling a
base layer of 15cm height. Sand was placed in such a way that pile comes at the
crest of the slope. After filling the tank, the upper surface of sand was leveled.
The lateral load was applied to the pile top through a pulley arrangement with
flexible wire. The other end of the wire was attached to the loading apron. Load
was applied by dead weight over the loading pan starting from the smallest with
gradual increase in steps. To measure the lateral and vertical deflection dial gauges
with a sensitivity of 0.01 mm were used. When step by step lateral loads were
applied on the pile it was deflected in the direction of the lateral load and the dial

gauge readings and the corresponding loads were recorded.

simooth
Dial Gauge pulley
ol
sand Fleuble
Write
Load
Model Pile

SAteel Tandk
Fig. 3.1 Schematic Diagram of the Experimental setup
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The model pile was a steel hollow pipe of 25.4 mm outer diameter and
2mm thickness. The experiment was done with an L/D ratio of 25. The
embedded length of pile was 635mm. The lateral load was applied at a height of
75 mm above the ground level. The soil sample used was river sand with a
placement density of 1.575 g/cc and specific gravity 2.63. Since the embedded
length 635 mm is more than 15 times the diameter (25.4 mm) of the pile, it is a

long pile. A natural slope was formed in the tank.

Fig. 3.2 Experimental Setup

3.3.2 Results

The ultimate lateral resistance of the pile was found out by plotting the
lateral load Vs deflection curve (Fig.3.3). At the ultimate resistance, pile
showed some deflection without any increase in load and this load was taken
as ultimate load for the pile. The curve obtained follows the standard pattern
of load deflection curve for a pile subjected to lateral load. At 109 N lateral
load the pile was showed a large deflection and it was taken as the ultimate
load.
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Lateral Load- Displacement Curve

1z
e e

B 3

= & //-'

2 4
(=)

-10 0 10 20 30 40 50 60

Displacement (mm)

Fig. 3.3 Lateral Load Vs Deflection Curve

3.3.3 Inference based on Feasibility Study

The behaviour of a single laterally loaded pile in sloping ground was
observed through a model study. Load-Displacement curve is in good agreement
with the same obtained in literatures. Hence it is decided to continue the work in
clayey soil sample for a detailed investigation of soil structure interaction

analysis of laterally loaded piles.

3.4 Materials and Instrumentation

The experimental investigation is carried out in model test piles embedded
in sloping clay bed. The model test piles are instrumented with strain gauges to
measure the strain variation along the length of the pile. Preparation of soil
sample and calibration of the strain gauges are to be done prior to the conduct of

experiments.

3.4.1 Preparation of Soil Sample

Dredged clayey soil is collected from Vallarpadam near Cochin Port. It
was sundried and powdered. The presence of large sized particles may adversely
affect the model test results. Hence the soil was sieved through 500 micron sieve

and used for the test.
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Fig. 3.4 Sundrying and powdering of soil sample

Laboratory tests were conducted on soil sample to determine the Atterberg
limits, specific gravity and other properties as per Indian standards 1S 2720 and

is included in Appendix-A.

3.4.2 Specifications of Strain Gauge

Electrical resistance type strain gauges were used for the study. It consists
of a grid of very fine wire that is bonded to a surface. The overall size of the
strain gauge is about 2 cm long. The image below shows an example of strain
gauge used for the present model study. The strain gauge has two terminals that
are the ends of the long piece of wire. The material that the strain gauge is
mounted to is called the backing or carrier matrix. This material is flexible like a
thin piece of plastic tape but durable so that it can hold the strain gauge wire in
its proper position. The backing also is the material that the adhesive is applied
to so that the strain gauge can be glued into place. On loading, the strain gauge
stretches along with the surface and the resistance of the wire changes. It was
measured and the change in resistance is converted to strain along the material

on which strain gauge is pasted.

The strain gauges used for the present model study were having gauge
length Smm, gauge factor 2 and resistance 120 Q. Strain gauges were always
pasted on the tension side of the pile to exhibit the maximum elongation on
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loading. They were pasted with the axis of the strain gauge parallel to the axis of

the pile.

Fig. 3.5 Strain Gauges

3.4.3 Model Pile Instrumentation with Strain Gauge

Aluminium pipes having outer diameter 25.4 mm and 19 mm with 1 mm
wall thickness were used as model piles. Both the ends of the pile were closed
with wooden cap to prevent soil to enter into the pile. The surface of the pile was
cleaned and the strain gauges were pasted at the tension side of the pile with the
axis of strain gauge parallel to the axis of pile. Special epoxy cyanoacrylate super
glue, Fevikwik was used to paste the stain gauge to the surface of aluminium
pile. The lead wires of strain gauges were then soldered to the wire, which is to
be connected to the channel of data logger. Strain gauges were well insulated to

prevent the entrance of moisture into it.

—a
— =

g
[ )
\

!
1

i

Cleaning Applying the Adhesive

Pasting the Strain Gange Providing the Protective Covering

Fig. 3.6 Typical Strain Gauge Bonding Method and Damp-proofing Treatment
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Fixing leadwire

Metal specimen

Fig. 3.7 Typical Installation with Bonding to Metal Surface in Wet Condition

-

Fig. 3.8 Model Pile instrumented with Strain Gauge

3.4.4 Calibration of Strain Gauge

Strain gauges were calibrated using a two point bending test for the
calculation of bending moment along the pile length. The details of bending test
for 25.4 mm diameter and 1000 mm length aluminium pile are described below.

The pile is arranged with two points loading at quarter span from both the
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support of the pile. Strain gauges were pasted on the tension side of the pile with

the axis of the strain gauge parallel to the axis of the pile.

Fig. 3.9 Bending Test Setup

For each load increment the corresponding reading on the data logger and
the deflection at the centre of the pile were recorded. Data logger reading gives
the micro stains on the pile. The readings are tabulated in Table 3.8. A typical
bending moment — strain curve is plotted in Fig.3.10 and it is found that the
strain response is linear with the bending moments for the applied loads. The
bending constant is obtained from the slope of the calibration curve and is equal

to 35.7 Nmm per microstrain.

Table 3.8 Strain Gauge Calibration Data

Load, W (N) Strain (10e-6 mm/mm) Bending Moment, # (Nmm)
0.00 0 0
0.74 2 178.752
2.12 14 508.032
3.49 25 837.312
4.88 33 1171.296
6.27 39 1505.28
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Calibration Curve for 25.4 mm Diameter Model Pile

1600
1400 ¢25.4mm y = 35.696x + 27.836 ¥
R? = 0.9865
1200
1000
800 *

600
200 ¢

0 10 20 30 40 50
Strain (10e-6 mm/mm)

Bending Moment (Nmm

Fig. 3.10 Strain Gauge Calibration Curve for 25.4 mm Diameter Model Pile

Hence to calculate bending moment from the strain gauge reading the

following equation is adopted.

Where, M = bending moment at various depths (Nmm)
C = bending constant (Nmm per microstrain)
€ = microstain (10e-6 mm/mm)

The bending constant for 25.4 mm pile is calculated to be 35.7 Nmm per
microstrain and that of 19 mm pile is calculated to be 20.1 Nmm per microstrain.
(Appendix-B.1)

3.4.5 Working of Data Logger

Model piles instrumented with strain gauges are subjected to lateral loads.
As a result the pile gets deflected and the deflection of piles causes elongation of
strain gauges pasted in the tension side of the pile. As the strain gauges get

elongated the resistance of the strain gauge wire increases. A data logger is an
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electronic device used to convert the change in resistance in strain gauges into

micro strains.

AI£000 Universal Data Aquisition System

——

0000 (ooooo
000| | 00000
0000| ( 00000

Computer Data Acquisition System Test Tank

Fig. 3.11 Data Logger Arrangement in Test Setup

3.5 Test Setup and Procedure

A test tank with dimensions 1 m X 1 m X 0.6 m is used for the model test.
It is made with mild steel sections and plate. One of the sides of the tank is kept
transparent by using 10 mm thick acrylic sheet, to allow visibility of soil packed
inside the tank. The uniform packing of soil can be seen in Fig.3.14. Soil bed is
prepared with unit weight of 1.778 g/cc [65].
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Fig. 3.12 Weighing and Placing soil in the tank

Fig. 3.13 Packing of soil in 10 cm layers
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‘v. '~"e/

Fig. 3.14 Soil Packed in the Tank

Soil required for filling 10 cm height of test tank was weighed and placed
inside the tank. It was then packed to the required height of 10 cm. Similarly the
subsequent layers were also filled. The soil-pile was completely removed after

each test and the tank was refilled as per the specifications.

The model piles preinstalled with strain gauges were placed in the tank
with a minimum bottom clearance of four times the pile diameter [68]. The
loading pulley was placed 50 mm above the level soil surface. The pulley was
greased properly to avoid frictional loss of the lateral load. Lateral load was
applied using static weight at free end of the flexible wire starting from the pile
top. Each load increment was maintained for 15 minute time interval to stabilize
the displacement without any movement. The horizontal displacement of the pile
top and the point at the level ground were measured using mechanical dial

gauges of 0.01mm sensitivity.

i g

Fig. 3.15 Dial Gauges fixed at top of the pile and at the ground level
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A static lateral loads of 10 N was applied and maintained for 15 minutes.
The corresponding dial gauge reading and the strain gauge readings were
noted. The load was applied in increments of 10 N. The details are included in
Appendix-B.2.

3.6 Plotting the Results

Based on twelve model tests on model piles of three different lengths, two
different diameters and two different bed slopes, the bending moment variation
along the length of the pile and load-deflection curves were plotted and studied
(Fig. 3.16 and Fig.3.17).

The twelve model tests consist of model piles with length 600 mm, 700 mm,
and 800 mm with 50 mm projection above the ground level having two different
diameters 19 mm and 25.4 mm embedded in two different bed slope of 1:2
and 1:1.5.

3.6.1 Load Deflection Diagrams

Load Deflection Curve
for 600mm pile

100
80
— 60
£ .
- 40 - Slope = 1:2 & Diameter = 25.4 mm
§ X Slope = 1:2 & Diameter =19 mm
20 - @ Slope = 1:1.5 & Diameter = 25.4 mm

M Slope = 1:1.5 & Diameter =19 mm
3 4 5 6

-20

Deflection (mm)

Fig. 3.16.a Load Deflection Curve of Model Piles with Length 600 mm
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Load Deflection Curve
for 700mm pile

100
80
Z 60
-g A Slope = 1:2 & Diameter = 25.4 mm
3 40 X Slope = 1:2 & Diameter =19 mm
20 =L =

M Slope = 1:1.5 & Diameter = 19 mm

0 1 2 3 4 5
Deflection (mm)

(o)}

Fig. 3.16.b Load Deflection Curve of Model Piles with Length 700 mm

Load Deflection Curve
for 800mm pile
100 A
90
80
70 -
£ 60 A Slope = 1:2 & Diameter = 25.4 mm
© 50
8 40 X Slope = 1:2 & Diameter =19 mm
—
30 ® Slope = 1:1.5 & Diameter = 25.4 mm
20
10 M Slope = 1:1.5 & Diameter = 19 mm
O T T T 1
0 1 2 3 4 5
Deflection (mm)

Fig. 3.16.c Load Deflection Curve of Model Piles with Length 800 mm
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3.6.2 Bending Moment Diagrams

Bending Moment (kNmm)

0 5 10 15
50 . I_.-r‘mﬂ
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=o—Le =550 mm
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Fig. 3.17.a Bending Moment Variation in Model Piles (D= 25.4 mm & S=1:1.5)
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Bending Moment (kNmm)
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Fig. 3.17.b Bending Moment Variation in Model Piles (D= 19 mm & S=1:1.5)
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Bending Moment (KNmm)

0 5 10 15
50

Load
N
S0

Fmbedment
Depth

R
o
o

)
=]
S

)
S
S

T
- //D= 254 mm & S=1:2

=o—Le =550 mm

A
S
S

Embedment Depth (mm)

-600

-#-Le =650 mm
-700

—4=Le =750 mm

-800

Fig. 3.17.c Bending Moment Variation in Model Piles (D= 25.4 mm & S=1:2)
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Table 3.9 Details of Model Tests Conducted and Test Results

3|, Embedment Diamfeter Slggfl of M_aximum Maxim_um
No. Depth of Pile of Pile Bed Bending Moment = Deflection
(mm) (mm) . (kNmm) (mm)
(1:5)
1 550 19 1:2 10.9 45
2 650 19 1:2 111 4.32
3 750 19 1:2 11.6 4.15
4 550 25.4 1:2 12.3 2.35
5 650 25.4 1:2 12.5 2.13
6 750 25.4 1:2 12.8 2.02
7 550 19 1:1.5 11.5 5.20
8 650 19 1:15 11.8 4.89
9 750 19 1:15 121 4,55
10 550 25.4 1:15 13.3 3.41
11 650 25.4 1:15 13.6 3.23
12 750 25.4 1:1.5 13.8 3.11

Table 3.9 tabulates the maximum values of deflection at the pile top and
maximum bending moment which could be further used to analyze the

results.

The load deflection curve for 600 mm, 700 mm and 800 mm long and 19
mm and 25.4 mm diameter piles which are embedded in clay beds of two
different slopes 1:2 and 1:1.5 were plotted and studied. In all the cases the load
deflection curves are found to be non-linear. It is observed that as the bed slope
increases from 1:2 to 1:1.5, the deflection of the pile top also increases. It is
observed to be true for all the diameters and lengths of piles. This may be due to
the fact that as the bed slope increases there is considerable reduction in the
passive wedge of soil which contribute in resisting the lateral load of piles. Also
it can be noted that as the pile diameter increases from 19 mm to 25.4 mm, there
is decrease in the deflection of pile top. As the diameter of pile increases there is
considerable increase in the moment of resistance of pile and it helps in reducing
the deflection of pile top. But as the length increases from 600 mm to 800 mm

there is no much change in the deflection of the pile top.
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The variation of the bending moment along the length of the pile is plotted for
all the twelve cases of model tests and it was observed that the bending moment
diagram shows the typical pattern of non-linear variation of bending moment for a
long pile. It is observed that the bending moment is zero at the pile top and it
increases upto a certain depth and then decreases to zero. The point at which the
maximum bending moment acts will be the point of bending failure of the pile at the

ultimate load. This point is referred to as the depth of fixity of the pile.

3.7 Observations from the Experimental Investigation
The following observations are made based on the model tests conducted.

3.7.1 Variation of Bending Moment with the Change in Embedment Depth
of Pile

14.00
13.50 e
13.00
12.50

=
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Maximum Bending Moment
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Embedment Depth of Pile (mm)

Fig. 3.18 Variation of Bending Moment with the Change in Embedment
Depth of Pile

Four groups of curves are plotted to study the variation of maximum
bending moment with the change in embedment depth (Le) of pile as shown in
Fig.3.17a — Fig.3.17d. Each group of curve is obtained from three model tests
conducted with the embedment depth of pile 550mm, 650 mm and 750mm. In
these curves, the diameter (D) of pile is either 25.4mm or 19mm and the bed
slope (S) is either 1:1.5 or 1:2. It can be observed from Fig.3.18 that as the

embedment depth of pile increases, the maximum bending moment increases

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Chapter 3 Experimental Investigation

marginally. The increase in bending moment is found to be only around 2 to 4 %

for different embedment depths.

B Le =650 mm

D=19mm S=1:1.5 D=19mm S=1:2

Fig. 3.19 Variation in Depth of fixity with Change in Length of Pile

It can be observed from Fig. 3.19 that beyond an embedment depth of
650mm the depth of fixity almost remains unchanged as the embedment depth of
pile increases. Hence the effect of embedment depth of flexible pile is marginal

in the case of long piles.

3.7.2 Variation of Bending Moment with the Change in Bed Slope

Passive Wedge of Sail
forms at an angle 45-¢/2

Slope 1:2

Typical
Pile = Lending Slope 1:1.5
moment

pattern

Clay bed

Fig. 3.20 Change in Passive Earth Presssure with Bed Slope
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The schematic diagram of the test setup showing different slopes is shown
in Fig.3.20. It can be observed from Table 3.9 that as the bed slope increases the
maximum bending moment increases, for both diameters of piles. A similar trend
was reported by Begum and Muthukkumaran [15]. There is an increase of 7 % to
8% in the maximum bending moment of pile as the bed slope increases from 1:2
to 1:1.5. Here, the increase in bending moment can be due to the reduction in the
passive resistance offered by the soil. As the slope increases from 1:2 to 1:1.5,
soil volume generating passive earth pressure decreases from ‘abd’ to ‘acd’ as

shown the Fig.3.20.

3.7.3 Variation of Bending Moment with the Change in Diameter of Pile
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Fig. 3.21 Variation in Bending Moment with Pile Diameter

Based on 12 model tests, the variation of maximum bending moment with
the change in diameter of the pile is studied. Each chart in Fig. 3.21 is obtained
from six model tests in a particular slope. It is observed that as the diameter of
pile increases, the maximum bending moment also increases [79]. It can also be
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observed that as the diameter increases from 19 mm to 25.4 mm, there is 13 %
increase in maximum bending moment when the bed slope is 1:2 and 15 %
increase in bending moment when the bed slope is 1:1.5. The depth of fixity also
increases with increase in diameter of the pile. The increase in depth of fixity

causes the increase in bending moment of the pile.

Here, when there is an increase in the pile diameter, there will be an
increase in the moment of resistance of the pile as per bending equation and it
is proportional to section modulus. Hence even though the increase in
diameter causes a marginal increase in the bending moment, the considerable
increase in moment of resistance will be highly beneficial to carry the lateral

loads.

3.8 Summary

The following are the summary of observations from the model
Investigations:
*  The maximum bending moment increases as the embedment depth of

pile, the diameter of pile and bed slope increases.

* There is only a marginal increase in bending moment when the
embedment depth of pile increases from 550 mm to 750 mm. Hence a
change in embedment depth of pile may not considerably affect the

lateral capacity of the pile.

*  The bending moment increases considerably when the diameter of the
pile increases from 19 mm to 25.4 mm. But since the moment of
resistance also increases considerably it will not adversely affect the

bending behaviour of the pile.

* The bending moment increases when the slope of soil bed increases
from 1:2 to 1:1.5, since the passive resistance of soil decreases due to

increase in bed slope.
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=  The depth of fixity moves down as the embedment depth of pile, the

diameter of the pile and bed slope increases.

* For a particular load, deflection is found to be more in a long pile,
smaller diameter pile as well as a pile embedded in a steeper bed

slope.
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Analytical Investigation

4.1 Introduction

4.2 Analytical Formulation

4.3 Validation of the Formulation
4.4 Analysis of Model Tests

4.5 Summary

4.1 Introduction

Classical theories suggested by Reese et al. [71] incorporate the influence
of soil-structure interaction in the structural behaviour of a laterally loaded pile.
The complexity of the formulations necessitates a computer program for the
solution of the problem. This chapter is aimed at developing a computer program
in MATLAB R2010a, for the analysis of laterally loaded pile. The program is
validated with an on-site pile load test suggested by Reese et al. The model pile
tests discussed in Chapter 3 are also analyzed using the program developed and
the results are compared.

4.2 Analytical Formulation

The finite difference method of analysis of the pile is used to calculate the
deflection at the top of the pile, bending moment variation along the length of the
pile and the depth of fixity of the pile [Reese et al.]. Since the method is highly
iterative a MATLAB R2010a code is developed and the curves are plotted.

The derivation of the differential equation for the beam column on a
foundation given by Hetenyi (1946) is considered for the present formulation. The

assumption made is that a bar on an elastic foundation is subjected to horizontal
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loading and to a pair of compressive forces Py acting in the center of gravity of the
end cross sections of the bar. If an infinitely small loaded element, bounded by two
horizontals a distance dx apart, is cut out of this bar (Fig. 4.1), the equilibrium of
moments (ignoring higher-order terms) leads to the equation,

i

M

1 \: \

V+dV
iy M + dM
]
X
Y A

Fig. 4.1 Element of a Beam-Column (Hetenyi et al.)

M+dM) =M+ Pedy —Vdx =0 ccoeeeieieeieeeeeeee e (4.1)
Rearranging,

aM dy _

prouii & Seoehul e USSR NI (4.2)

Differentiating with respect to x,
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Considering the following identities,

DU = EILZ ottt (4.4)

and

Z—Z S P = Epy Y (4.5)

Substituting in Eq.4.1

e R A T, (4.6)
Where,

Px = axial load on the pile,

y = lateral deflection of the pile at a point x along the length of the pile.

p = soil reaction per unit length

El = bending stiffness

Epy = Soil Reaction

The assumptions involved in the derivation are,

1) The pile is straight and has a uniform cross section.

2) The pile has a longitudinal plane of symmetry; loads and reflections
lie in that plane.

3) The pile material is homogeneous and isotropic.

4)  The proportional limit of the pile material is not exceeded.

5) The modulus of elasticity of the pile material is same in tension and
compression.

6) Transverse deflection of the pile is small.

7) The pile is not subjected to dynamic loading.

8) Deflections due to shearing stresses are small.

9) To represent a linearly increasing magnitude of soil reaction with

depth the following relation in adopted.

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Chapter 4 Analytical Investigation

As per the mathematical formulation the derivatives can be written in difference
form as follows,

4y _ Yn-1"Yn+1

............................................................................... 4.8
dx 2h (4.8)
dzy =:Yn—1_ZYn+yh+1 (4.9)
T2 P e .
d3y _ ~Yn—2+2Yn—-1—2Yn+1+Yn+2 (4.10)
3 DRE e .
d*y ::Yn—z—4Yn—1+6Yn—4Yn+1+Yn+2 (4.11)
v I .

Using the above expressions and by substituting in Eqn. no.4.6, the

differential equation for a pile under lateral loading in difference form is,

Substituting Eqgn. no. 4.3 in Eqn.no.4.2,

Yn—2=4Yn-1+6Yn—4¥Yn+1+¥n Yn—-1—2Yn+¥n
Eplp( . : e 2 +2) + Px(%)-l-ﬁvpyyn =0.... (4.12)

Fig.4.2 Finite Element Discretization of the Pile
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4.3 Validation of the Formulation

The validation of the present formulation is done using an example
problem suggested by Reese et al. [71]. The specifications of the problem are as

follows.

A 20 m length steel pipe pile of 380 mm outside diameter and 25mm
thickness that is free to rotate is considered for the study. It is subjected to a
lateral load of 300 kN to achieve an appropriate level of safety against failure of
the pile. The magnitude of the deflection of the pile at the ground line is
considered to be critical. Over consolidated clay is assumed to be at the site. The

effect of axial load is neglected for the study. Hence the governing equation

changes to,
d4
Eply =5 4 Epy ¥ = 0 i (4.13)
Byl (Lt EO It I ) Ly = 0 (4.14)

EplyYn-2 — 4E,Lyn_1 + 6EpL,yn — 4Epl,Yni1 + EplyYnia+Epyh*y =0 ... (4.15)

Epyht
Vnoz — 4yn_1 + [6 + ;;Ip ]yn —4Ypi1F Yz = 0o, (4.16)

where,
E =2.0X10% kPa

[ =4414X 10"*m*

There are two boundary conditions each at top and bottom of the pile.
The boundary conditions are as follows. At the bottom of the pile, bending
moment and displacement are considered to be zero. At the top of the pile, the
bending moment is the moment due to the point load applied at a height above

the ground level and the shear force is the applied load at the top of the pile
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contributes four more differential equations. Thus, for a pile, there exist (n+4)

differential equations and (n+4) unknowns,Yn+ t0 Yn-2.
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Fig. 4.3 Computed Values of Deflection and Bending
Moment of the Validating Problem (Reese

etal) [71]

The deflection profile and the bending moment profile along the length of

the pile is plotted. As per the reference the maximum deflection at the top of the

pile is 47.6 mm, the maximum bending moment is 410 kNm and the depth of

fixity is 2.7m from the top of the pile. The corresponding variables are compared
with the MATLAB program developed as per Fig.4.4 and Fig.4.5 and the

following output is obtained. The maximum deflection at the top of the pile is

47.6436mm, the maximum bending moment is 415.609 kNm and the depth of

fixity is 2.47 m from the top of the pile. The MATLAB program developed is

included in Appendix-C.
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4.4 Analysis of Model Tests

The computer program developed and validated for the problem suggested
by Reese et al. is further used to model the experimental investigation done in
Chapter 3.
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The experimental investigation includes model study on 25.4 mm and 19 mm
diameter hollow aluminium pipe with 1 mm thickness, as the model piles. The
length of the pile is varied fin the range 600 mm, 700 mm and 800 mm to have a
flexible behaviour of pile. The modulus of elasticity of aluminium is adopted
to be 70 GPa and the moment of inertia of the model pile is calculated to be

5717 mm* for 25.4 mm pile and 2298 mm* for 19 mm pile.

The un-drained shear strength (Cu) of soil used for the model experiment is
obtained from the laboratory tests [Appendix-A] and the sub-grade modulus of
soil is calculated based on IS 2911(Part 1/ Sec 2):2010. A co-relation between
the un-drained shear strength and soil modulus is obtained based on IS 2911
(Part 1/ Sec 2): 2010, Annex C, Analysis of laterally loaded pile. The recommended

values of soil modulus (Es) for cohesive soil are adopted as per the equation

k1x0.3
1.5xD "'

Es= where D is the diameter of the circular pile and k; is the modulus of

sub-grade reaction. Soil modulus values for a pile with diameter 1m are tabulated
in Table 4.1.

Table 4.1 Recommended Values of soil modulus as per IS 2911 (Part 1/ Section 2)

- 2010
Unconfined Compression Modulus of _Subgrade Soil Modulus,

Strength, Reaction, )
qu kN/m? ky X 10*N/m® Es N/m

25 4.5 900

50 9.0 1800

100 18.0 3600

200 36.0 7200

400 72.0 14400

Analytical study is performed for all the experimental investigations as in
Chapter 3 and a reasonable matching could be obtained in the behaviour of
pile (Table 4.2 and Table 4.3). Hence it can be understood that the model

investigations were done with reasonable accuracy.
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The program developed is also used for a few parametric studies on static
and dynamic analysis of piles and the details are included in Appendix-D.1 and
Appendix-D.2.1.

Table 4.2 Comparison of Maximum Bending Moment on Pile

oo - — ]

c T 5] 'S = =

3= EE % Sor £ Sot
S 25~ e E o ESes . ESgs=_
Z £BE &3 ss  z2E52E F2E¢EE
o ma E A »pa =a=8Z >Sas=<Z
1 550 19 1:2 10.88 13.14
2 650 19 1:2 11.04 13.14
3 750 19 1:2 11.54 13.14
4 550 25.4 1:2 12.42 14.9
5 650 25.4 1:2 12.60 14.99
6 750 25.4 1:2 12.85 14.99
7 550 19 1:1.5 11.40 13.34
8 650 19 1:15 11.70 13.35
9 750 19 1:1.5 12.04 13.35
10 550 25.4 1:1.5 13.36 15.1
11 650 25.4 1:15 13.64 15.2
12 750 25.4 1:15 13.90 15.2

Table 4.3 Comparison of Deflection at Pile Top
)

- e D_- —_— /_"‘g

c = b S S =
g  £E% EE &5 E28F XS EE
@ waE a8 E ® oD SQWE SAa<E
1 550 19 1:2 2.74 3.4
2 650 19 1:2 2.44 3.4
3 750 19 1:2 2.33 3.4
4 550 25.4 1:2 2.35 2.3
5 650 25.4 1:2 2.13 2.28
6 750 25.4 1:2 2.02 2.28
7 550 19 1:15 5.20 3.61
8 650 19 1:15 4.89 3.61
9 750 19 1:1.5 4.55 3.61
10 550 25.4 1:15 3.41 2.45
11 650 25.4 1:1.5 3.23 2.42
12 750 25.4 1:1.5 3.11 2.42
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4.5 Summary

* A MATLAB program is developed based on finite difference equation
suggested by Reese ef al. to formulate the behaviour of a single pile-

soil system.

»  The program is validated with the on-site pile load test suggested by

Reese et al.

»  The model tests conducted in Chapter 3 is also modeled using this
program and a reasonable matching between the results ensures that

the model tests are well simulated and executed.
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Numerical Investigation

5.1 Introduction

5.2 Soil-Pile Modeling in PLAXIS-3D

Modeling of a Laterally Loaded Single Pile in
Sloping Bed

Analysis Results of Parametric Study
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Summary

5.1 Introduction

The structural behaviour of laterally loaded pile in sloping clay bed is well
established in previous chapters through experimental and analytical investigations.
The investigations are further extended in the finite element software, PAXIS-3D
to incorporate the influence of bed slopes varying from 0° to 45°. Based on the
parametric study multivariable regression equations are developed to highlight
the influence of geometry of the pile and the bed slope on the structural behaviour of

soil-pile system.

5.2 Soil-Pile Modeling in PLAXIS-3D

PLAXIS 3D is a three dimensional finite element package intended for the
analysis of deformation and stability in geotechnical engineering. It deals with
various aspects of complex geotechnical structures and construction processes
using robust and theoretically sound computational procedures. The soil-pile
model created for the present study is validated with available onsite pile load
tests mentioned in literatures [Appendix-F].Proper selection of soil model and

pile model are the key factor influencing the analysis results.
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5.2.1 Soil-Pile Interaction Modeling Using Mohr-Coulomb Model

The features of various soil models available in literatures were studied
[Appendix-E] and it is decided to adopt the elasto-plastic Mohr-Coulomb model

for the analysis of the soil pile system in the preset study.

5.2.1.1 Formulation of Mohr-Coulomb Soil Model

Mohr-Coulomb model is a well-known linearly elastic perfectly plastic
soil model used as a first approximation of soil behaviour. A constant average
stiffness is estimated for the soil layer and hence the computations are relatively

fast.

MC failure line

Shear strength I TM) MC model

Shear strength: increase

A
model / J
c‘l_‘] __,—'-
reality —"(3) consolidation
reality (2)

V| (1) MC model

c,p -p'

Fig. 5.1 Hlustration of Stress Path in Mohr-Coulomb Soil Model [103]

The model will follow an effective stress path where the mean effective
stress, p’ remains constant upto failure. It is known that especially soft soils, like
normally consolidated clays and peat will follow an effective stress path in
undrained loading where p’ reduces significantly as a result of shear induced
pore pressure. As a result the maximum deviatoric stress that can be reached in
the model is overestimated in mohr-coulomb model. If at some stress state, soil
is consolidated the mean effective stress will increase. Upon further undrained

loading with the mohr-coulomb model the observed shear strength will be
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increased compared to the previous shear strength, but it is unrealistic in soft

soils.

5.2.1.2 Basic Parameters of Mohr-Coulomb Soil Model

Mohr-Coulomb soil model requires five parameters, two stiffness parameters
and three strength parameters. The stiffness parameters of the Mohr-Coulomb
model are effective young’s model (kN/m?) and effective poison’s ratio. The
strength parameters of the model are effective cohesion (kN/m?), effective

friction angle (°) and dilatancy angle (°).

5.2.2 Soil-Pile Interaction Modeling Using Embedded Pile Element

Pile was modeled using the three node embedded pile in PLAXIS-3D. An
embedded pile is a three nodded beam element with six degrees of freedom per
node that can be placed inside soil volume in any required direction. The element
allows deflections due to shearing and bending. The element can also change its
length due to axial force. The embedded pile is visualized as line element but the
actual volume of the pile is considered for analysis which is inputted to the pile

material data set.

The pile head will be free if it is not connected to any other element. The
interaction with the soil such as skin resistance and foot resistance are modeled
using special interface elements. The special interface elements creates virtual
nodes in the soil volume near the beam element nodes and a connection is
formed be formed between the three nodded beam element nodes and virtual
nodes. The beam element representing the pile crosses a ten nodded tetrahedron
element at any place with an arbitrary orientation. The material parameters of a
pile element that distinguishes it from a beam element are the skin resistance and
the foot resistance. Skin resistance represents the traction allowed along the skin
of the pile and the foot resistance is maximum force allowed at the foot of the

pile.
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10 nodded soil element embedded with

3 nodded pile element with virtual interface nodes

Fig. 5.2 Embedded Pile inside Soil Volume [103]

springs modelling
skin resistance

spring modelling
base resistance

Fig. 5.3 Embedded Pile with Interface [103]
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Fig. 5.4 Embedded Pile in PLAXIS-3D
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5.3 Modeling of a Laterally Loaded Single Pile in Sloping Bed

A work plane is created with the same dimension as that of the plan of
model tank used for the experimental investigation. The units are adopted to be
millimeter (mm) for length and Newton (N) for force. Sincelg test method
is adopted for the experimental investigation, gravity is considered to be 1g
with earth’s gravity 9810 N/mm?. Weight density of water is considered to be
1e-5 N/mm?®,

A sloping soil bed is to be created to study the effect of slope on the
structural behaviour of laterally loaded piles. A level ground with the known soil
properties is to be created first. Then two soil volumes are to be created and
deactivated to model the effect of extrusion of pile above the soil volume as well
as the slope of the soil bed. The deactivations of the two additional soil volumes

are to be done during staged construction.

Fig. 5.5 PLAXIS-3D Model of a Single LLP in Sloping Bed

Pile is modeled using the three node embedded pile in PLAXIS-3D. The
interaction with the soil such as skin resistance and foot resistance are modeled
using special interface elements. Initial phase follows the calculation type, KO
procedure. All the other phases are with calculation type plastic. After the
initial phase excavation phase is created where the soil volume to be removed
to create the required slope is deactivated. Then in the construction phase, the
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embedded pile is activated. Next is the loading phase where a lateral point load
of 100 N is applied at the pile top and it is activated. The details of model

creation are incorporated in Appendix-G.2.

5.4 Analysis of Results from Parametric Studies

A detailed parametric study has been conducted to the study the influence
of variation in bed slope, pile diameter and pile length in predicting the depth of
fixity, maximum bending moment and the pile top deflection. The details of
parameters varied for the analysis is tabulated in Table G.1, Appendix-G.1. The
Load-Deflection curves and the bending moment variation along the length of

the pile are presented here.

5.4.1 Load-Deflection Curves
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Fig. 5.6.a Load-Deflection Curve for 19 mm Diameter Model Pile with
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550 mm Embedment Depth
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5.4.2 Bending Moment Diagrams
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Fig. 5.7.a Bending Moment Diagram for 19 mm Diameter
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5.4.3 Tabulated Results

The details of parametric study and the results are grouped and tabulated as
follows,

Table 5.1.a Numerical Investigation Results of Model Piles (D=19 mm, L=600 mm)

Diameter of Pile =19 mm
Length of Pile = 600 mm

S Maximym '\gzﬁg?#gn Dept_h of
SI. No. . S!OS?—I) Slope (°) De(frlsrc;;on Moment l(:rlr):rlr?)/
| (KNmm)
1 1 45 6.077 13.522 140.216
2 15 33.7 4.327 11.968 105.775
3 1.7 30.5 3.967 11.588 98.396
4 2 26.6 3.453 10.333 98.729
5 2.4 22.6 3.57 11.08 118.419
6 3 18.4 3.304 10.791 90.349
7 4 14 2.819 9.623 92.466
8 5 11.3 3.04 10.361 88.061
9 nil 0 2.385 9.277 79.596

Table 5.1.b Numerical Investigation Results of Model Piles (D=19 mm, L=700 mm)

Diameter of Pile =19 mm
Length of Pile = 700 mm

S Maximum Néae)':'crj?#g] Depth of
SI. No. (slope Slope (°) Deflection Fixity
1V:SH) (mm) Moment (mm)
(kNmm)
1 1 45 5.994 13.51 140.17
2 15 33.7 4.283 11.961 105.492
3 1.7 30.5 3.967 11.588 98.396
4 2 26.6 3.432 10.333 97.315
5 2.4 22.6 3.553 11.067 117.391
6 3 18.4 3.288 10.777 92.165
7 4 14 2.81 9.632 91.561
8 5 11.3 3.022 10.392 86.924
9 nil 0 2.403 9.186 82.118
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Table 5.1.c Numerical Investigation Results of Model Piles (D=19 mm, L=800 mm)

Diameter of Pile =19 mm
Length of Pile = 800 mm

S Maxim_um NIIBae):]'(;T#;n Dept_h of
SI. No. (slope  Slope (°) Deflection Fixity
1V:SH) (mm) Moment (mm)

(KNmm)

1 1 45 5.957 13.491 140.233
2 15 33.7 4.263 11.968 105.736
3 1.7 30.5 3.938 11.574 98.431
4 2 26.6 3.428 10.273 97.099
5 2.4 22.6 3.542 11.059 89.604

6 3 18.4 3.3 10.792 91.1

7 4 14 2.806 9.62 91.763
8 5 11.3 3.027 10.355 88.135
9 nil 0 2.398 9.192 80.725

Table 5.1.d Numerical Investigation Results of Model Piles (D=25.4 mm, L=600 mm)

Diameter of Pile = 25.4 mm
Length of Pile = 600 mm

S Maxim_um I\/llgaeﬂcrj?xén Dept_h of
SI. No. (slope Slope (°) Deflection Fixity
1V: S H) (mm) Moment (mm)
(KNmm)
1 1 45 4,102 15.806 179.423
2 1.5 33.7 2.934 13.935 148.19
3 1.7 30.5 2.698 13.484 141.806
4 2 26.6 2.313 12.043 146.735
5 2.4 22.6 2.406 12.949 135.767
6 3 18.4 2.26 12.477 121.807
7 14 1.931 11.186 130.689
8 5 11.3 2.101 12.054 124.67
9 nil 0 1.678 10.787 123.037
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Table 5.1.e Numerical Investigation Results of Model Piles (D=25.4 mm, L=700 mm)

Diameter of Pile = 25.4 mm
Length of Pile = 700 mm

S Maxim_um Nl_l,?r(wlg:r?gq Dept_h of
SI. No. (slope | Slope (°) Deflection Fixity
1V:SH) (mm) Moment (mm)
(KNmm)
1 1 45 4.01 15.841 179.809
2 15 33.7 2.897 13.957 170.452
3 1.7 30.5 2.678 13.49 142.221
4 2 26.6 2.293 12.018 144.702
5 2.4 22.6 2.392 12.932 133.236
6 3 18.4 2.243 12.526 125.52
7 4 14 1.921 11.203 130.053
8 5 11.3 2.081 12.13 125.922
9 nil 0 1.695 10.741 125.166

Table 5.1.f Numerical Investigation Results of Model Piles (D=25.4 mm, L=800 mm)

Diameter of Pile = 25.4 mm
Length of Pile = 800 mm

S Maxim_um “g?;'g:#;n De|_ot_h of
SI. No. (slope Slope (°) Deflection Fixity
1V: S H) (mm) Moment (mm)
(KNmm)
1 1 45 3.975 15.825 179.794
2 1.5 33.7 2.874 13.955 170.963
3 1.7 30.5 2.664 13.479 142.112
4 2 26.6 2.821 13.328 152.145
5 2.4 22.6 2.387 12.926 136.348
6 3 18.4 2.251 12.533 127.922
7 14 1.919 11.2 129.968
8 5 11.3 2.091 12.056 124.74
9 nil 0 1.693 10.742 123.331
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Table 5.1.g Numerical Investigation Results of Model Piles (D=30 mm, L=600 mm)

Diameter of Pile = 30 mm
Length of Pile = 600 mm

S Maxim_um I\gae)r(:é?ﬁén Dept_h of

SI. No. (slope | Slope (°) Deflection Fixity

1V:SH) (mm) Moment (mm)

(KNmm)

1 1 45 3.365 17.18 209.05
2 15 33.7 2.382 15.264 189.098
3 1.7 30.5 2.172 14.592 161.716
4 2 26.6 1.873 12.97 146.735
5 2.4 22.6 1.967 14.174 176.421
6 3 18.4 1.848 13.629 167.548
7 4 14 1.57 12.059 134.566
8 5 11.3 1.715 12.978 130.02
9 nil 0 1.402 11.761 123.037

Table 5.1.h Numerical Investigation Results of Model Piles (D=30 mm, L=700 mm)

Diameter of Pile =30 mm

Length of Pile = 700 mm
Maximum

S . Maximym Bending Dept_h of
SI. No. (slope Slope (°) Deflection Fixity
1V:SH) (mm) Moment (mm)
(KNmm)
1 1 45 3.205 17.426 209.526
2 15 33.7 2.313 15.361 189.739
3 1.7 30.5 2.135 14.689 162.578
4 2 26.6 1.837 12.941 145.189
5 2.4 22.6 1.924 14.22 175.527
6 3 18.4 1.817 13.827 166.746
7 4 14 1.55 12.109 135.34
8 5 11.3 1.685 13.105 131.733
9 nil 0 1.426 11.831 125.166
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Table 5.1.i Numerical Investigation Results of Model Piles (D=30 mm, L=800 mm)

Diameter of Pile =30 mm
Length of Pile = 800 mm
Maximum

S . Maxim_um Bending De|_ot_h of
SI. No. (slope Slope (°) Deflection Moment Fixity
1V:SH) (mm) (mm)
(KNmm)
1 1 45 3.161 17.46 209.225
2 1.5 33.7 2.264 15.285 189.378
3 1.7 30.5 2.112 14.667 183.579
4 2 26.6 1.831 12.996 201.08
5 2.4 22.6 1.91 14.147 178.671
6 3 18.4 1.821 13.803 168.353
7 4 14 1.548 12.112 135.616
8 5 11.3 1.693 13.034 130.144
9 nil 0 1.408 11.762 123.331

5.5 Multivariable Regression Equations

A multivariable regression analysis (Appendix-I) was also done to develop
an equation to predict the variation of maximum deflection and maximum
bending moment with the change in bed slope, pile diameter and pile embedment
depth.

Vinax = 5.352 + 0.0535 — 0.151D — 0.000107 Ly vveoovverrreerrrennnee. (5.1)

Where, ymax IS the maximum deflection at the top of the pile in mm, S is the
bed slope with the ground surface in degrees, D and L are the diameter
and embedment depth of pile in mm. R? corresponding to the regression
is 0.88.
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Mgy = 3.241 + 0.105S + 0.271D + 0.000326L cvvveoorrerereree (5.2)

Where, M

in Newton-meter unit and R? corresponding to the regression is 0.90.

max |s the maximum bending moment at the depth of fixity of the pile

R? =10.90
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Dy = —52.116 + 1.477S + 5.745D + 0.0161Lg ccoceccevoccevverrrrrrnens (5.3)

Where, Dy is the depth at which maximum bending moment is acting in mm

and R? corresponding to the regression is 0.88.
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Fig. 5.9 Actual Value of Depth of Fixity Vs Calculated Value of Depth of Fixity

As in the case of static analysis, the change in the properties of soil and
pile influences the dynamic response of the soil-pile system and it is clearly

established in a parametric study discussed in Appendix-D.2.2.

Equation nos. (5.1), (5.2) and (5.3) can be used to predict the maximum
deflection, maximum bending moment and depth of fixity of a single pile embedded
at the crest of a slope of the range of values considered in the present study.
Variation of depth of fixity as per the suggested equation and the conventional
method as per IS code is studied and tabulated as follows. As per 1S 2911(Part 1/
Sec 1):2010, cl.6.5.1, the depth of fixity of pile embedded in soft soil is not more
than ten times diameter of pile.
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Table 5.2 Variation of depth of fixity as per the suggested equation and the
conventional method

0 % over
S() D (mm) L (mm) Df (mm) 10D estimation
0.000 19 600 66.639 190 285
45.000 19 600 133.104 190 143
0.000 30 600 129.834 300 231
45.000 30 600 196.299 300 153
0.000 19 800 69.839 190 272
45.000 19 800 136.304 190 139
0.000 30 800 133.034 300 226
45.000 30 800 199.499 300 150

5.6 Summary

The behaviour of laterally loaded piles was studied using model tests on

sloping clay bed in Chapter 3. The results were compared with the numerical

analysis results obtained in this chapter. For the numeric analysis, the diameter

and the embedment depth of pile were varied along with the bed slope and the

structural behaviour of the pile is studied. The following are the observations

from the present study:

The maximum bending moment on the pile increases as the embedment

depth of pile, the diameter of pile and bed slope increases.

The depth of fixity moves down as the embedment depth of pile, the

diameter of pile and bed slope increases.

Based on the parametric studies, equations are developed using
multivariable regression to find the magnitudes of maximum deflection,
maximum bending moment and depth of fixity in terms of bed slope,

the pile diameter and the pile embedment depth.

These equations can be used to predict the values of the output

parameters within the range of input parameters considered for the
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study. The parametric study may further extended for different soil
conditions and for different loading so that the results could be used

for the on-site design of the piles.

From the above observations the following conclusions can be made. The
change in embedment depth causes only a marginal increase in depth of fixity
and hence the bending moment. Though the change in diameter also causes an
increase in depth of fixity and bending moment, considerable increase in the
stiffness and moment of resistance will have a positive effect on the load
carrying capacity of the pile. Whereas, the increase in top deflection, bending
moment and depth of fixity due to the increase in slope can adversely affect the
load carrying capacity of the pile. The variation patterns of deflection and
bending moment can be predicted using analytical as well as numerical methods.
Hence piles embedded in slopes are to be critically analyzed if there is a

possibility of change in slope with time.
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6.1 Introduction

Berthing structures are generally constructed in coastal area where the soil
will be having soft consistency and the behaviour of a structure is dependent on
the stiffness properties of structure as well as the type of soil surrounding the
structure. The investigations in previous chapters have established the
contributions of influencing parameters in the structural behaviour of a soil-pile
system. From the studies it is evident that the pile diameter, soil modulus and the
bed slope are the major factors influencing a soil-pile system. Hence in this

chapter the influence of the above parameters in the structural behaviour of a
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typical frame of a ship berthing structure is studied. Multivariable regression
analysis is also done to quantify the contributions of each of the parameters on
the depth of fixity of pile, bending moment at the depth of fixity of pile and the
deflection of the structure.

6.2 Modeling and Analysis of a Berthing Structure

Based on the literature review a typical dimension is adopted for the analysis
of a berthing structure [83, 84, 87, 106]. The soil structure interaction was
modeled using the finite element software PLAXIS-3D. Berthing structure was
modeled as a frame with girder and pile arrangement as shown in Fig.6.1 and it was
embedded in a sloping bed of soil. The girders were modeled as three node beam
element. The pile was considered as a three node beam element with an interface
that can cross a 10 node tetrahedral soil element at any point in arbitrary orientation
[103].

& ©® & o O
1 '\ Load

\
x

Fig. 6.1 Typical Frame of a Berthing Structure Considered for the Present Study

A lateral load was applied at the beam level to represent a mooring pull of
3000 kN as per cl.5.3, Table 4, 1S4651-Part 111-1974. The structure was analyzed
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and the magnitudes of bending moment acting on piles at the depth of fixity were
studied.

Fig. 6.2 Meshed model and Deflection Pattern of the
Typical Berthing Structure Considered

6.3 Parameters of Soil and Structure

Table 6.1 Parameters of Pile and Beam

SI. No. | Parameter Name Magnitude Unit
1 Pile diameter D 1,15,2 m
2 Pile length L 50 m
3 Compressive strength of concrete MIX | 35 N/mm?
4 Young’s modulus of concrete E 30,000,000 kN/m?
5 Poisson’s ratio of concrete V¢ 0.15 -
6 Unit weight of concrete Ye 25 kN/m?
7 Skin resistance T max 200 kN/m
8 Base resistance Fmax 200 kN/m
9 Cross-sectional area of beam Ap 0.15 m?
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Table 6.2 Parameters of Soil

ﬁ:é Parameter Name Magnitude Unit
1 Soil Model Mohr- Coulomb - -
2 Saturated unit weight Yeat 18 kN/m?
3 Dry unit weight Yunsat 17 kN/m?®
1000,10,000,
4 Soil modulus Es 50,000 kN/m?
5 Cohesion c 12 kN/m?
6 Angle of internal friction 0 12 °
7 Poisson’s ratio Us 0.3 -
8 Dilatancy angle % 0 °
1in2 (26.5°),
1in2.22(24.3°),
. 1in 2.5 (21.8°),
LinS 1in2.86 (19.3°),
9 Bed Slope (1 verticalinS | 1in3.33 (16.7°),
horizontal) 1in 4 (14.03°%),

1in5 (11.3°

6.4 Parametric Study

A parametric study has been conducted to analyze the influence of the
parameters involved in the present study; pile diameter soil modulus and bed
slope. Bed slope variation was considered with a change in the upper part of the
slope (Us) as well as a change in the lower part of the slope (Ls) as shown
in Fig. 6.3. The depth of fixity, maximum bending moment and maximum
deflection were found to be changing with the change in pile diameter,
soil modulus and bed slope. The results are tabulated and are included in

Appendix-H.
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=P =P =P
=P
Us=1, Ls=0, Us=2, Ls=0, Us=3, Ls=0,
Slope=24.3° Slope= 21.8° Slope=19.3°
— P =P =P
Us=0, Ls=0,
Slope= 26.5°
Us=0, Ls=1, Us=0, Ls=2, Us=0, Ls=3,
Slope= 24.3° Slope= 21.8° Slope=19.3°

Fig. 6.3 Bed Slope Variation Adopted for Parametric Study

6.5 Influence of Pile Diameter on Depth of Fixity

A particular pattern of depth of fixity variation is observed among the rows
of piles as shown in Fig. 6.4. It can be seen that as we move from row5 to row?2
the depth of fixity increases. It is due to the reduction in the passive earth
pressure due to the presence of bed slope and the shadowing effect due to the
presence of another pile in front of the row of pile considered. In rowl there is a
decrease in the depth of fixity since there is no shadowing effect for rowl of
piles.
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Fig. 6.5 Passive Earth Pressure Acting on Piles in the Berthing Structure
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Fig. 6.5 shows the passive earth pressure acting on the piles when lateral
load is applied. The area A5BNO, BCLM, CDJK, DEHI and EFG are the
passive earth pressures acting on piles in row5 to rowl respectively. The
shadowing effect is also incorporated in the figure. The areas mentioned are
equal in magnitude and they resist the lateral force “P” acting at the top of the
structure. It is clear from the figure that AS0 < A4M < A3K < A2l. This
increase in depth of fixity is observed in row5 to row2, due to the presence of
bed slope which causes a reduction in passive earth pressure acting on the
corresponding rows of piles. There is a decrease in depth of fixity in rowl pile
since there is no reduction in passive earth pressure acting on rowl pile due to

the bed slope as well as shadowing effect.

It can be observed from Fig. 6.4 that the depth of fixity of piles increases
with the increase in pile diameter and the same is found to be true for all the soil
modulus and pile positions considered for the study. This is due to the fact that
as the pile diameter increases the lateral soil pressure on the pile increases and it
causes an increase in depth of fixity. When the diameter changes from 1 m to
2 m, it is observed that there is an average of 30 % increase in depth of fixity of

the pile in various rows of piles.

6.6 Influence of Soil Modulus on Depth of Fixity

For the parametric study the soil modulus is varied from weak soil (Es =
1000 kN/mP) to stiff soil (50,000 kN/m?). From Fig. 6.6 it is evident that as the
soil stiffness increases there is around 45% reduction in the depth of fixity of the

piles.
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Fig. 6.6 Variation of Depth of Fixity with Soil Modulus

6.7 Influence of Bed Slope on Depth of Fixity

Change in bed slope has two distinct effects as the variation at the upper
part of the slope and at the lower part of the slope.
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6.7.1 Influence of Soil in the Upper Part of Bed Slope

30
s Slope - 26.5 degree
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Fig. 6.7 Influence of Soil in the Upper Part of Bed Slope in Depth of Fixity

In this case the bed slope is increased from 19.3° to 26.5°, by adding the
soil in the upper part of the bed slope. It can be observed from Fig.6.7 that as the
slope increases the depth of fixity increases in rowl and row?2 piles. It is due to
the fact that an increase in slope is caused due to the addition of soil in the upper
part of soil bed which in turn causes lateral soil pressure on the rowl and row2

piles. The depth of fixity decreases with increase of slope in row3, row4 and
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rowb piles. It is due to the fact that an increase in slope caused by the addition of
soil in the upper part of soil bed helps row3, row4 and row5 piles to get
additional volume of passive earth pressure and it causes a decrease in depth of

fixity.

6.7.2 Influence of Soil in the Lower Part of Bed Slope

30
2
Es =1000 KN/m = Slope = 19.3 degree

23 =
D=1m i Slope = 26.5 degree

20

15

10

RS R3

2
Es =1000 kN/m

D=15m

Depth of Fixity (m)

RS R4 R3

Es =1000 kN/m’

25

D=2m
20

15 4

R3S R4 R3

Position of Pile

Fig. 6.8 Influence of Soil in the Lower Part of Bed Slope in Depth of Fixity
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In this case the bed slope is increased from 19.3° to 26.5°, by removing the
soil from the lower part of the bed slope. It can be observed from Fig.6.8 that as
the slope increases the depth of fixity decreases in rowl and row2 piles. It is due
to the fact that an increase in slope is caused due to the removal of soil from the
lower part of soil bed which in turn leads to a reduction in the active earth
pressure acting on the pile in rowl and row?2 piles. The depth of fixity increases
with increase in slope, in row3, row4 and row5 piles. It is due to the fact that,
increases in slope caused by the removal of soil from the lower part of soil bed
causes an increase in lateral soil pressure on piles at the landside. Hence in row3,

row4 and row5 piles the depth of fixity increases.

Hence it can be concluded that bed slope variation influences the depth of
fixity in such a way that, whenever soil is removed or added in the bed slope, an
unstable bed slope exerts additional lateral loads on piles which causes an

increase in depth of fixity.

6.8 Regression Equations to Predict of Depth of Fixity

1
tan(0)

Df1 = 20.54 + 1.60 D — 2.35 log(Es) + 0.13 ( ) —0.17 Us — 0.72 Ls.......(6.1)

1
tan(0)

Df2 = 35.94 + 3.98 D — 6.23 log(Es) + 0.55 ( ) — 0.48 Us — 0.59 Ls.......(6.2)

1
tan(8)

Df3 = 95.3 +984.1 D + 470.4 log(Es) = 57.7 (=) + 119.2 Us — 97.8 Ls........(6.3)

Df4 = 31.34 + 2.87 D — 5.09 log(Es) — 0.03 (@) +0.11 Us — 0.35 Ls.......(6.4)

Df5 = 20.36 + 1.82 D — 3.04 log(Es) — 0.16 (@) +0.48 Us — 0.12 Ls.......(6.5)
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6.9 Influence of Pile Diameter on Bending Moment

A particular pattern of bending moment variation is observed the rows of
piles as shown in Fig. 6.10. Row1 pile is subjected to the applied lateral load and
hence maximum bending moment is observed there. The influence of load and
hence the bending moment decreases in row2 and row3. When it comes to row4
and row5, the soil pressure from the land area causes an additional load and

hence the bending moment tends to increase.

Bending Momentin Piles at Fixity Depth
(U=0,L=0)

mD=1m
__mD=15m

mD=2m

Bending Moment (kNm)

RS Rs Rs'.'szf"R'l"
"% R4 R RZ“Rlv
RS R4 gp3 R2 erv
Es=50000 kN/m? Es=10000 kN/m? Es=1000 kN/m?

Position of Piles the Berthing Structure

Fig. 6.10 Variation of Bending Moment with Change in Diameter
and Soil Modulus

It can be observed from Fig.6.10 that the bending moment in piles increases
with the increase in pile diameter and the same is found to be true for all the soil
modulus and pile positions considered for the study. This is due to the fact that as
the pile diameter increases the lateral soil pressure on the pile increases and
which in turn causes an increase in bending moment. The influence of lateral soil
pressre is found to be more in higher diameter piles than in lower diameter piles,

since the surface area of contact with the soil is more in higher diameter piles
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than in lower diameter piles.When the diameter changes from 1 m to 2 m, it is
observed that there is an average of 40 % increase in bending moment acting
on the pile. It is also noticed that when the soil is very weak (Es = 1000 kN/m?),
the increase in bending moment is more than 150 % and it may be due to the

failure of bed slope.

6.10 Influence of Soil Modulus on Bending Moment

It is also evident from Fig. 6.10, that bending moment on piles increases
with increase in soil modulus. It may be due to the fact that as the soil modulus
increases the lateral soil pressure on pile from the land side soil increases
considerably and it leads to an increase in bending moment in piles. When the
soil modulus increases from 1000 kN/m? to 50,000 kN/m?, it is observed that the
bending moment increases around 40 %. It can also be observed in Fig.6.10 that
on the land side of the structure the bending moment on piles increses with
decrese in soil modulus. It is due to the fact that the land side soil bed with
weaker soil fails and exerts more lateral soil pressure than stiff soil. It causes
large lateral load on the piles and hence the bending moment on the land side
piles increases. The influence of lateral soil pressre is found to be more in higher
diameter piles than in lower diameter piles, since the surface area of contact with

the soil is more in higher diameter piles than in lower diameter piles.

6.11 Influence of Bed Slope on Bending Moment

Change in bed slope has two distinct effects as the variation is at the
upper part of the slope and at the lower part of the slope. When the soil from
the upper part of the slope is removed, the slope decreases but the volume soil
supporting the pile also decreases. It adversely affects the soil-pile system. But
when the soil is deposited in the lower part of the slope the bed slope decreases
and also the volume of soil supporting the pile increases. It benefits the

soil-pile system.
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6.11.1 Influence of Soil in the Upper Part of the Bed Slope

Bending Moment in Piles at Fixity Depth
(Es = 1000 kN/m?, L=0)
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Fig. 6.11 Variation of Bending Moment with Change in Bed
Slope by Removing Soil from the Upper Part of the
Slope

When the soil from the upper part of the slope is removed, the bed slope
decreases as shown in Fig.6.3. The bed slopes corresponding to the removal of
soil in the upper part for Om, 1m, 2m and 3m are 26.5°, 24.3° 21.8° and 19.3°.

It can be noted from Fig. 6.11 that an increase in slope from 19.3° to 26.5°
causes around 3-5 % decrease in bending moment. In this case the removal of
soil supporting the pile, from the bed slope causes a decrease in slope and hence

it causes an increase in bending moment.

6.11.2 Influence of Soil in the Lower Part of the Bed Slope

From Fig.6.12, it is clear that an increase in slope from 19.3° to 26.5°
causes around 3- 5 % increase in bending moment. In this case an increase in
slope is caused by the removal of soil supporting the pile, from the bed slope and

hence it causes an increase in bending moment.
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Fig. 6.12 Variation of Bending Moment with Change in Bed Slope
by Removing Soil from the Lower Part of the Slope

6.12 Regression Equations to Predict Bending Moment

Multivariable regression analysis is done to predict the magnitude of
bending moment in each of the rows. The factors influencing the bending moment
are the pile diameter (D), soil modulus (Es), bed slope (S), soil in the upper (Us)
and lower (Ls) part of bed slope. A parametric study is conducted by varying all
the influencing parameters and 144 tests were conducted. Based on the test results
a multivariable regression analysis was conducted and the equations to predict the

bending moments in each of the rows are derived as follows.

M1 =1812.3 + 1764.9 D + 8.8log(Es) — 67.6 (tanl( 9)) +194.9 Us — 247.8 Ls.......... (6)
M2 = 95.3 + 984.1 D + 470.4 log(Es) — 57.7 (tanl( 6)) +119.2Us — 97.8 LS evvvvvvenrnnn, 7
M3 = 2758 + 762.2 D + 413.0 log(Es) + 36.7 (tanl( 9)) + 882 US — 88.6 LS voovvvove. )
M4 = 1855.4 + 1024.9 D + 5.3 log(Es) — 58.4 (tanl(a)) +77.0US —92.6 LS crovrrveooo.. (9)

1
tan(8)

M5 = 6416.0 + 2834.5 D — 1470.0 log(Es) + 67.7 (

With reference to the Fig.6.10, it is clear that the landside piles are having very
high values of bending moment due to the failure of the weakest soil considered
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in the study. That may be the reason of less values of R? for the fourth and fifth
row of piles (landside piles).
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6.13 Influence of Pile Diameter on Maximum Deflection
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Fig. 6.14 Variation of maximum deflection with pile diameter and soil modulus

It can be seen from Fig. 6.14 that, as the pile diameter increases from 1m to
2 m there is around 70 % reduction in the deflection of the structure. The
reduction in deflection is due to the fact that an increase in pile diameter
increases the stiffness of pile and hence it helps the structure to resist the external

load acting on it.

6.14 Influence of Soil Modulus on Deflection

It can be seen from Fig. 6.14 that, as the soil modulus increases from
1000 kN/m” to 50000 kN/m”, there is around 80 % reduction in the deflection of
the structure. The reduction in deflection is due to the fact that an increase in soil
modulus increases the stiffness of soil and hence helps the structure to transfer

the load to the soil.
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6.15 Influence of Bed Slope on Deflection

The bed slope is having a very small influence on the deflection of the frame
considered whereas the diameter of the pile and the soil modulus are found to be

influencing the deflection of the frame considerably.

6.16 Regression Equation to Predict Deflection

1
tan(0)

Ymax = 237.6 — 36.7 D — 37.2 log(Es) — 0.18 ( ) +0.86 Us — 0.38 Ls ....(11)

It is evident from the regression equation that the diameter of the pile and
the soil modulus are contributing towards the deflection of the frame. The bed

slope is having only a very small influence in the deflection of the frame.
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Fig. 6.15 Actual Value Vs Calculated Value of Deflection of the Frame

6.17 Summary

A parametric study has been conducted on a two dimensional berthing
structure subjected to lateral load. The influence of different parameters on the
variation of depth of fixity, maximum bending moment and deflection were

studied and the following conclusions are made.

* An increase in pile diameter from 1 m to 2 m, causes around 30 %

increase in depth of fixity of the pile in various rows of piles.

»  As the soil stiffness increases from 1000 kN/m? to 50000 kN/m’there
is around 45 % reduction in the depth of fixity of piles,
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Bed slope variation influences the depth of fixity in such a way that, if
the increase in slope improves the volume of passive wedge, there will

be reduction in depth of fixity and vice versa.

Whenever soil is removed or added in the bed slope, an unstable slope
at the shore side exerts additional lateral loads on piles which cause an

increase in depth of fixity.

An increase in pile diameter causes an increase in bending moment on
piles. As the diameter of the pile increases from 1 m to 2 m, there is

around 40 % increase in maximum bending moment on piles.

An increase in soil modulus causes an increase in bending moment
on piles. When the soil modulus increases from 1000 kN/m’ to
50,000 kN/m? there is around 40 % increase in the maximum bending

moment on piles.

Failure of weaker soil bed (Es = 1000 kN/m?) in the landside causes

an increase in bending moment on the landside piles.

The change in bed slope may be due to the soil failure at land side as
well as soil deposition at the berthing side of the structure. Change in

bed slope has two distinct effects.

A decrease in bed slope due to the removal of soil from the upper part
of soil reduces the volume of soil supporting the pile and hence

increases the bending moment acting on the pile.

A decrease in bed slope due to the addition of soil in the lower part of
the bed slope increases the volume of soil supporting the pile and

hence decreases the bending moment acting on the piles.

The position of pile on bed slope considerably influence the magnitude

of depth of fixity and bending moment of the pile.
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= A weaker soil stratum in the land side causes an increase in maximum
bending moment on the landside piles and it demands an abutment
wall. Whereas a stiff soil in the land side does not considerably
influence the maximum bending moment on landside piles and hence

abutment wall is not mandatory under such circumstances.

= Based on the analysis results of the structure under investigation,
design charts are developed (Appendix J) to predict the maximum
bending movement and the depth of fixity of piles in a berthing

structure.
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Chapter 7

Summary and Conclusions

7.1 Summary
7.2 Conclusions
7.3 Scope of Future Work,

7.1 Summary

Ship berthing structures are heavy concrete structures embedded in weak
soil strata in coastal area. They are subjected to significant amount of lateral
loads in addition to axial loads. In the present study the influence of soil structure
interaction in the structural behaviour of a berthing structure is investigated. A
detailed analysis of such laterally loaded pile structures are carried out with
the help of model investigations, analytical formulations and numerical
investigations on single pile embedded in clayey soil bed. The influence of pile
diameter, pile length and bed slope on the structural behaviour of the pile is
studied. The numeric analysis has been extended for a typical frame in a berthing
structure to study the variation in depth of fixity, maximum bending moment and
deflection of pile in the structure with the change in the pile diameter, soil

modulus and bed slope.

Based on the literature review it was understood that experimental
investigations using model piles are a good option for the study of soil structure
interaction analysis of laterally loaded piles, if all the parameters involved in the
study could be modeled using the laws of similitude. The II-terms derived using
Buckingham’s Pi theorem was used in the present study to simulate the on-site

piles.
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A set of model tests were conducted on model piles in sloping clay
bedsubjected to lateral load. Scale factors developed using Buckingham’s T]
theorem was used to model the pile dimensions corresponding to the selected
onsite pile dimensions. The behaviour of the soil pile system was analysed from
the load deflection curve as well as the bending moment variation plot. The
experiments were repeated for two different diameters of pile, three different
embedment depth of pile and two different bed slopes. The experimental results were
compared with the program developed using the finite difference formulation of

laterally loaded pile by Reese et al. [71].

Numerical simulation and analysis using finite element or finite difference
methods, considering the influence of soil-structure interaction can also be used
for the study of soil-pile system. Proper validation of model created in the
numerical software using field data can ensure reliable results. In the present
study pile load test data available in literature, for two different sites, were
modeled and analysed in PLAXIS-3D to validate the numerical modeling of the
soil pile system. Based on the review of literature it was observed that elasto-
plastic Mohr-Coulomb soil model can be adopted to represent the clayey soil
used in the study. Moreover laboratory model tests conducted were also used to
validate the numerical simulation. Further a parametric study conducted was
used to develop a set of regression equations to predict the pile top deflection,

maximum bending moment and the depth of fixity of the pile.

Based on the results of model tests it was concluded that the diameter of
pile and the bed slope were having significant influence in the variation of
maximum deflection and maximum bending moment of the pile, whereas the
length of the pile was having only a marginal influence on the behaviour of pile.
Hence when the study was extended for the analysis of a laterally loaded frame
of a typical ship berthing structure, the influence of variation in pile diameter and
bed slope on the behaviour of the structure was analysed along with the variation

in soil modulus. Here also a set of regression equations were developed, based

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Summary and Conclusions

on the parametric study to predict the structural behaviour of the berthing
structure in terms of maximum bending moment of the pile, depth of fixity of the
pile and the deflection of the system considered. The studies revealed that the
pile diameter, soil modulus and bed slope are having significant contributions in

the structural behaviour of ship berthing structure.

7.2 Conclusions

The major conclusions drawn based on the study are given in the following

sections:
7.2.1 Review of Literature

Based on the extensive literature review it was found that the pile stiffness,
soil properties, soil profile and gradient, type of loading and analysis type play
important roles in predicting the behaviour of a soil-structure system.

7.2.2 Experimental Investigation

The major observations from the laboratory investigations on laterally

loaded single pile embedded in sloping clay bed are:

=  The maximum bending moment increases as the embedment depth of

pile, the diameter of pile and bed slope increases.

=  The maximum deflection decreases with increase in embedment depth
and diameter of pile. But maximum deflection increases with increase

in bed slope.

= There is only a marginal increase of 5 % in maximum bending
moment when the embedment depth of model pile increases from
550 mm to 750 mm, whereas the maximum deflection of the pile
decreases around 11 % with the increase in embedment depth of pile.

= The maximum bending moment increases on an average of 13 %

when the diameter of the pile increases from 19mm to 25.4 mm. But
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since flexural rigidity of the pile increases considerably there is a

reduction of around 40% in the maximum deflection of the pile.

The maximum bending moment increases on an average of 7 % when
the slope of soil bed increases from 1:2 to 1:1.5, since the passive
resistance of soil decreases due to increase in bed slope. An increase
in bed slope also causes an increase of 30% in the maximum

deflection of pile.

The increase in maximum bending moment as well as maximum
deflection with the increase in bed slope adversely affects the load

carrying capacity of pile.

7.2.3 Analytical Investigation

A program developed in MATLAB for the finite element formulation of

laterally loaded pile by Reese et al. [71] was used to analyse the model piles. The

results of the model tests and the analytical solution were found to be in good

agreement when the deflection and the bending moment were compared.

7.2.4 Numerical Investigation

. Based on the parametric study of laboratory model pile system in PLAXIS-

3D, the following conclusions are made,

As the embedment depth of pile increases from 550 mm to 750 mm
there is an average of 3 % reduction in maximum deflection, 5 %
increase in maximum bending moment and 3 % increase in depth of
fixity of pile. Hence the embedment depth is having only a marginal

influence in the structural behaviour of a flexible pile.

As the pile diameter increases from 19 mm to 30 mm there is an average
of around 42 % reduction in maximum deflection, 28 % increase in
maximum bending moment and 65 % increase in depth of fixity of

pile. The considerable increase in the stiffness of pile with the increase in
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pile diameter is having a positive effect in the reduction in deflection of

the pile.

A change in bed slope from horizontal (0°) to 45° causes around 130 %
increase in maximum deflection, 50 % increase in maximum bending
moment and 75 % increase in depth of fixity of pile. Hence piles
embedded in slopes are to be critically analyzed if there is a possibility of

change in slope with time.

The depth of fixity varies in the range of 4D to 7D when the slope of

soil bed increases from horizontal (0°) to 45°.

The contributions of each of the parameters such as bed slope (S), pile
diameter (D) and embedment length of pile (Le) are well established
using the regression equations (5.1) to (5.3) obtained based on the

parametric study.
Mooy = 3.241 + 0.105S 4 0.271D + 0.000326L,
Dy = —52.116 + 1.477S + 5.745D + 0.0161L,

Ymax = 5.352 + 0.0535 — 0.151D — 0.000107L,

7.2.5 Numerical Analysis of ship Berthing Structure

. Based on the analysis of a 2D frame in a typical berthing structure it can be

concluded that,

An increase in pile diameter from 1 m to 2 m, causes an average of
around 30 % increase in depth of fixity and 40 % increase in the
maximum bending moment on different rows of piles in the frame

considered.

As the pile diameter increases there is an increase in the contact area
between the soil and the surface of pile, which causes an increase in the
active earth pressure acting on the piles and it causes an increase in depth

of fixity and maximum bending moment on piles.
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As the soil modulus increases from 1000 kN/m* to 50000 kN/m?,
there is an average reduction of 45% in the depth of fixity of piles, a
decrease of 150% in maximum bending movement on landside piles
and an increase of 40% increase in maximum bending moment on other

piles.

The increase in soil modulus causes an increase in maximum bending
moment on piles other than land side piles. It may be due to the increase
in the active earth pressure acting on the piles with the increase in soil

modulus.

The increase in soil modulus causes increase in maximum bending
moment of piles. It is due to the increase in the active earth pressure

acting on the piles with the increase in soil modulus.

As the position of pile changes from crest of the bed slope towards the
bottom of the slope it is observed that the depth of fixity increases so as
to get the required volume of passive wedge of soil to support the

laterally loaded pile.

The maximum bending moment on piles decreases as we move away
from the berthing side of the frame considered. But the additional soil
pressure on the land side piles increases the maximum bending

moment acting on them.

The failure of weaker soil bed (Es = 1000 kN/m?) in the landside also

causes an increase in bending moment on the landside piles.

The bed slope is having a very small influence on the deflection of the
frame considered whereas the diameter of the pile and the soil modulus

are found to be influencing the deflection of the frame considerably.

Bed slope variation influences the depth of fixity in such a way that, if
there is a failure of bed slope at the land side, there will be a reduction
in passive earth pressure and hence it will increase the depth of fixity

and maximum bending moment on piles.
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e When soil is deposited at the bottom of the bed slope an unstable
slope will be created and it exerts additional lateral loads on piles
which causes an increase in depth of fixity as well as maximum

bending moment of piles.

e A weaker soil stratum in the land side causes an increase in
maximum bending moment on the landside piles and it demands an
abutment wall. Whereas a stiff soil in the land side does not
considerably influence the maximum bending moment on landside
piles and hence abutment wall is not mandatory under such

circumstances.

7.2.6 Multivariable Regression Equations

A set of regression equations are developed to predict the maximum bending
moment, depth of fixity and maximum deflection, for a single pile in sloping clay
bed as well as for a typical frame of a berthing structure. These equations can be
used to predict the values of the output parameters within the range of input
parameters considered for the study. The contribution of each of the parameters
in the regression equation is a clear indication of the influence of input

parameters in predicting the output parameters.

It can be concluded based on the present study that laterally loaded piles
in sloping soil bed needs to be critically analysed by incorporating the changes in
the behaviour of passive and active wedge of soil surrounding it with the changes
in bed slope as well as the soil properties. Also it is evident from the present
study of laterally loaded single pile as well as a frame of berthing structure that
pile embedded at the crest of the slope are always vulnerable to failure due to the
influence of bed slope and soil properties. The detailed analysis of such
structures in the present study and the regression equations developed based on
the parametric study will help to assess the influence of bed slope, soil properties
and pile stiffness in the structural behaviour of a laterally loaded pile in sloping

bed of soil.
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7.3 Scope of Future Work

The present study could be extended for,

=  The studies may be conducted for pile groups with varying number of
piles as well as varying orientations of pile groups subjected to lateral

load.

=  The studies can be extended to the changes in the behaviour of piles
with the changes in the bed soil properties other than soil modulus.

= The change in the behaviour of pile with the change in pile material

and inclined (raker) piles can also be investigated.

= Studies on prototype piles may yield a better understanding about the

structural behaviour of single pile as well as group piles.
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Appendix A

Experimental Investigation of Soil Sample

A.1 Atterberg Limits (IS: 2720 (Part 5) — 1985)
Liquid Limit, LL=45

Plastic Limit, PL= 30
Natural Moisture Content, nmc = 39

) __ (LL-nmc) _ (45-39) _
Consistency Index, I, = (LL-PL) _ (45-30)

0.4

A.2 Unconfined Compression Testing (1S: 2720 (Part 10) — 1991)

Fig. A.1 UCC Apparatus
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Load (Proving Ring Reading X Proving Ring Constant)

Stress, q, = Trea

AoL
" o — 1)

70 X 2.34
- L | =13101N/_ , =131.01 KN/ ,

(/4 X3.82)X7.5 /
7.5 — (7.5 — 6.8)

131.01

Undrained shear strength = = 65.505 kN/mz

A.3 Compaction Test (IS: 2720 (Part 7) — 1980)

Fig. A.2 Compaction Testing Apparatus

Density of the soil used in the experiment is obtained from compaction test as

1778 9/cc = 17.78 KN/
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A.4 Direct Shear Test (1S: 2720 (Part 13) — 1986)

Fig. A.3 Direct Shear Test

Direct shear test was conducted on the collected soil sample and
the cohesion is obtained to be 23.4 kN/m? and angle of friction is
tan1(0.424) = 22.99

70 n
Direct Shear Test -+

. //
¥ 50 -
S / y = 0.4248x + 23.42
=
s 40 R2=1
Q
&30
5 =0=Direct Shear Test
£ 20
w ——Linear (Direct Shear Test)

10

0
0 20 40 60 80 100 120
Normal Stress (kN/m2)

Fig. A.4 Direct Shear Test
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A.5 Specific Gravity(1S: 2720 (Part 111/Sec 2) — 1980)

Fig. A.5 Pycnometer used to test specific gravity of soil

Table B.1 Specific Gravity Test

Weights measured Weight (g)
Pycnometer + cap 33.37
Pycnometer + oven dried soil sample 55.61
Pycnometer + ovendried soil sample + 95.88
water
Pycnometer + water 82.27
Weight of dry soil, Ws 55.61-33.37 =22.24
Weight of water, W2 82.27-33.37 = 48.90
Weight of ovendried soil sample+ 95.88-33.37 = 62.51
water, W1

Ws
Ws+(W2-W1)

Specific gravity of soil sample is, G = =2.577
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Appendix B
Model Tests
B.1 Calibration Curve
B.1.1 Calibration of 19 mm Diameter Model Pile
Table B.1 Bending Test on 19 mm Diameter Model Pile
Load, W (N) Strain (10e-6 mm/mm) Bending Moment,
Wle
0.00 0 0
0.74 7 178.752
2.12 24 508.032
3.49 45 837.312
4.88 63 1171.296
6.27 71 1505.28

Bending Moment (Nmm)

Calibration Curve for 19 mm Diameter Model Pile

¢19mm y=20.077x +12.001 ¢
Rz=0.9876
.
3

/

0 10 20 30 40 50 60 70
Strain (10e-6 mm/mm)

80

Fig. B.1 Calibration Curve for 19 mm Diameter Model Pile
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B.1.2 Calibration of 25.4 mm Diameter Model Pile

Table B.2 Bending Test on 25.4 mm Diameter Model Pile

Bending Moment, ?

Load, W (N) Strain (10e-6 mm/mm)
(Nmm)

0.00 0 0

0.74 2 178.752
2.12 14 508.032
3.49 25 837.312
4.88 33 1171.296
6.27 39 1505.28

Calibration Curve for 25.4 mm Diameter Model Pile
1600
1400 #254mm y = 35.696x + 27.836 ¥
€ R2=10.9865
€ 1200
£
E’ 1000
£ *
£ 800
= 600
(@)]
c
2 400 /
(¢D)
D 200 ¢
0 / T T T T 1
0 10 20 30 40 50
Strain (10e-6 mm/mm)

Fig. B.2 Calibration Curve for 25.4 mm Diameter Model Pile
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B.2 Bending Moments in Model Piles

Table B.2 Strain Gauge Readings and Bending Moments in Model Piles

Pile Length : 600 mm
Pile Diameter :  25.4 mm
Bed Slope: 1:15
.. Initial Final .
Position of : . . Bending
Strain Gauge Strain Strain Strain (X10- Moment
from GL (mm) Gauge Gauge 6 mm/mm) (kNmm)
Reading Reading
0 2 2 0 0.0
-180 10 381 371 13.3
-230 8 68 60 2.2
-400 15 15 0 0.0
Pile Length : 700 mm
Pile Diameter :  25.4 mm
Bed Slope :  1:15
L. Initial Final .
Pos_.ltlon of Strain Strain Strain (X10- Bending
Strain Gauge Moment
from GL (mm) Gauge Gauge 6 mm/mm) (kNmm)
Reading Reading
0 7 7 0 0.0
-180 32 411 379 13.6
-400 32 137 105 3.8
-600 -54 7 61 2.2
Pile Length : 800 mm
Pile Diameter : 25.4 mm
Bed Slope : 1:1.5
. Initial Final .
Pos_.ltlon of Strain Strain Strain (X10- Bending
Strain Gauge Moment
from GL (mm) Gauge Gauge 6 mm/mm) (kNmm)
Reading Reading
0 7 7 0 0.0
-180 32 411 379 13.6
-400 32 137 105 3.8
-600 -54 7 61 2.2
-800 5 -2 -7 -0.2
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Pile Length : 600 mm
Pile Diameter : 19 mm
Bed Slope :  1:1.5
. Initial Final .
Sfr(;?glggﬂfe Strain Strain Strain (X10- I?/Ie(;]r(rj\:ar;g(
from GL (m?n) Gauge Gauge 6 mm/mm) (kNmm)
Reading Reading
0 -12 -12 0.0
-130 -176 394 11.5
-180 -207 -91 2.3
-400 -168 -124 0.9
-600 -32 -32 0.0
Pile Length : 700 mm
Pile Diameter : 19 mm
1:15
. Initial Final .
Position of . . . Bending
. Strain Strain Strain (X10-
ff;?'gf ?#1?1?) Gauge Gauge 6 mm/mm) (I\IA(KITn?:;
Reading Reading
0 23 23 0.0
-80 -349 -161 3.8
-180 -807 -222 11.8
-400 65 65 0.0
-600 528 538 0.2
Pile Length : 800 mm
Pile Diameter : 19 mm
1:15
L. Initial Final .
SE'(;SiIr;u(OBZSfe Strain Strain Strain (X10- E/Ie:rgler;]g[
from GL (m?n) Gauge Gauge 6 mm/mm) (kNmm)
Reading Reading
0 33 33 0
-180 -1344 -742 12.1
-400 -1416 -1341 15
-800 0 0 0
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Pile Length : 600 mm
Pile Diameter : 25.4 mm
Bed Slope :  1:2
. Initial Final .
Sfr(;?glggﬂge Strain Strain Strain (X10- I?/Ie(;]r(rj\:ar;g(
from GL (mm) Rigggrfg Rigggrfg 6 mm/mm) (kNmm)
0 54 54 0 0.0
-80 -4272 -4400 128 4.6
-180 -4340 -4685 345 12.3
-400 -687 -687 0 0.0
Pile Length : 700 mm
Pile Diameter :  25.4 mm
Bed Slope :  1:2
. Initial Final .
Sfr‘;f'rf'gglj’;e Strain Strain = Strain (X10- Eﬂmm
from GL (mm) Gau_ge Gau_ge 6 mm/mm) (KNmm)
Reading Reading
0 2 2 0 0.0
-130 -4 183 187 6.7
-180 32 382 350 12.5
-400 -4 112 116 4.2
-600 -3 -9 -6 -0.2
Pile Length : 800 mm
Pile Diameter : 25.4 mm
Bed Slope : 1.2
. Initial Final .
StF:’(z):i‘lr;m();r;Sge Strain Strain Strain (X10- :\B/Ie:n(:g:%
from GL (mm) Gau_ge Gau_ge 6 mm/mm) (KNmm)
Reading Reading
0 116 116 0 0.0
-130 -292 -120 172 6.2
-180 -458 -101 357 12.8
-400 -287 -227 60 2.2
-800 -294 -312 -18 -0.6
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Pile Length : 600 mm
Pile Diameter : 19 mm
Bed Slope :  1:2
. Initial Final .
sfrgsilr?(ogggfe Strain Strain Strain (X10- II\S/Ieoan\:er;gt
from GL (ng]) Gauge Gauge 6 mm/mm) (kNmm)
Reading Reading
0 7 7 0 0.0
-130 45 589 544 10.9
-230 -9 -130 -121 -2.4
-400 -13 -127 -114 -2.3
Pile Length : 700 mm
Pile Diameter : 19 mm
Bed Slope :  1:2
. Initial Final .
Sfrgsi"rf'gggfe Strain Strain  Strain (X10- Eﬂeg‘rﬂ'e’:g
from GL (m?n) Gauge Gauge 6 mm/mm) (kNmm)
Reading Reading
0 121 121 0 0.0
-180 -230 322 552 11.1
-400 -257 -124 133 2.7
Pile Length : 800 mm
Pile Diameter : 19 mm
Bed Slope :  1:2
. Initial Final .
SE'(;SiIr;u(OBZSfe Strain Strain Strain (X10- E/Ie;rgler;g[
from GL (m?n) Gauge Gauge 6 mm/mm) (kNmm)
Reading Reading
0 0 0 0 0.0
-180 0 577 577 11.6
-400 36 100 64 1.3
-800 11 11 0 0.0
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B3. Load and Deflection of Model Tests

Table B.3.1 Load- Deflection Details Model Pile with Diameter = 25.4 mm and
Bed Slope = 1:1.5

Load (kg) Deflection (mm)

P L =600 mm L =700 mm L =800 mm
0 0 0 0
10 0.08 0.06 0.01
20 0.2 0.33 0.23
30 0.39 0.6 0.5
40 0.75 0.9 0.89
50 0.98 1.05 1.15
60 1.3 1.4 1.23
70 1.8 1.67 1.42
80 2.25 2.1 1.73
90 2.73 2.69 2.46
100 3.41 3.23 3.11

Table B.3.2 Load- Deflection Details Model Pile with Diameter = 1.9 mm and Bed

Slope =1:1.5
Load (kg) Deflection (mm)

P 600 mm 700 mm 800 mm
0 0 0 0
10 0.15 0.13 0.08
20 0.74 0.25 0.32
30 1.21 0.78 0.62
40 1.63 1.21 0.93
50 211 1.77 1.3
60 2.69 2.27 1.7
70 3.32 2.9 2.13
80 3.95 3.44 2.9
90 4.67 4.24 3.99
100 5.2 4.89 4.55
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Table B.3.3 Load- Deflection Details Model Pile with Diameter = 25.4 mm and

Bed Slope = 1:2
Load (kg) Deflection (mm)

P 600 mm 700 mm 800 mm

0 0 0 0
10 0.14 0.1 0.03
20 0.39 0.23 0.1
30 0.62 0.34 0.21
40 0.78 0.61 0.47
50 0.99 0.91 0.94
60 1.13 1.06 0.94
70 1.31 1.2 1
80 1.67 1.6 1.43
90 1.99 1.96 1.9
100 2.35 2.13 2.02

Table B.3.4 Load- Deflection Details Model Pile with Diameter = 25.4 mm and
Bed Slope = 1:1.5

Load (kg) Deflection (mm)

P 600 700 800

0 0 0 0
10 0.19 0.12 0.09
20 0.5 0.31 0.33
30 0.95 0.55 0.35
40 1.18 0.85 0.7
50 15 1.05 1.02
60 1.9 151 1.26
70 2.44 1.93 1.71
80 31 2.3 2.32
90 3.62 3.2 2.83
100 4.5 4.32 4.15
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Appendix C

MATLAB Coding for the Analysis of Single Pile

C.1 Static Analysis of Single Pile

clear;

clc;

Load=300;

digits(30);format long;
Length=20000;

ii=1;

% input variables

% ‘Load’ is the applied load

% ‘Length’ is the pile length

% ‘Dia’ is the pile diameter

% ‘kpy’ is the soil modulus parameter
% ‘ep’ is the young’s modulus of pile
% ‘ip’ is the moment of inertia of pile
% output varables

% ‘ZD’ is the depth of fixity

% ‘YY" is the pile top deflection

% ‘MM’ is the bending moment

for Load=50:50:300

for Dia=200:100:600
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for kpy=0.000005:0.000005:.000025

% Dia=380;
XX(ii,1)=1;
XX(ii,2)=Dig;
XX(ii,3)=kpy;

XX(ii,4)=Load;

ep=200;

ip=((power(Dia,4)-power((Dia-50),4))*(22/7))/64;

epip=ep*ip;

nol=(Length)/(Dia/2);

no=ceil(nol);

h=Dia/2;

z(1)=1;z(2)=-4;z(4)=-4;2(5)=1;

T=power((epip/kpy),(1/5));

epy(no)=0;

¢(no)=6;

for i=no-1:-1:1
epy(i)=epy(i+1)+kpy*h;
c(i)=6+epy(i)*h*h*h*h/epip;

end

for i=1:no+4

for j=1:no+4
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D(i.j)=0;
end

end

for i=1:no+4
B(i)=0;

end

%B.C2 @top

D(no+4,n0)=1,;

D(no+4,n0+1)=-2;
D(no+4,n0+3)=2;D(no+4,no+4)=-1,;
B(no+4)=(Load*2*h*h*h/(epip));

%B/C1 @top
D(no+3,n0+1)=1;D(no+3,n0+2)=-2;D(no+3,n0+3)=1;
%B.C1 @bottom
D(no+1,2)=1;D(no+1,3)=-2;D(no+1,4)=1;

%B.C2 @bottom

D(no+2,1)=1;D(no+2,2)=-2;D(no+2,4)=2;D(no+2,5)=-1;

for i=1:no
J=i;
for p=1:5
if p==
D(i.j)=c(i);
else
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D(i.j)= z(p);
end
=it
end
end
DD=D;
for i=1:no+4
for j=1:no+4
if(j<i)
if(D(i,j) ~=0)
k=j;
m=D(i,k)/D(k,k);
for j1=j:no+4
D(i,j1)= D(i,j1)-(m*D(k,j1));
end
B(i)=B(i)-(B(k)*m);
end
end
end
end
nol=no;
for i=no+4:-1:1
for j=i:-1:i
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if(D(i,j)~=0)
C(i)=B(i)/D(i.));
for k=1:no+4
B(k)=B(k)-D(k,j)*C(i);
end
no=no-1;
end
end
end
for x=1:nol+4
Y (x)=-(x-1)*Dia/2000;
A(x)=0;
end
for x=1:no1+4
AA(nol1+5-x)=C(x);
end
for x=no1+2:-1:3
M(X)=(AA(x-1)-2*AA(Xx)+AA(x+1))*epip/(h*h*1000);
end
M(1)=0;
M(2)=0;
M(no1+3)=0;

M(nol1+4)=0;
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for i=1:nol1+4
if M(i)==max(M)
zd=i;
end
end

ZD(ii)=(zd-3)*h;

YY(ii)=AA(3);

MM(ii)=max(M);

li=ii+1;

% hold on

% plot(A,Y,'cx- AA,Y,'m*-);

% plot(M,Y,'k*-";

% title('Laterally Loaded Pile Behaviour")

% xlabel('Deflection(mm) & Bending Moment(kNm)")
% ylabel('Depth(m)’)

% legend(‘'location’,'SouthEast','Pile’, 'Deflection (mm)','Bending

%Moment (KNm)");
% grid on
end
end
end
MM=MM,
YY=YY"
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ZD=2D"

% A=XX"*XX;

% K=(XX*XX)"-1;

% B=K*XX"*MM,;

%B

% M=XX*B;

% E=MM-M;

% MaxErr=max(abs(MM-M))

% plot(XX*B,MM,'0', XX*B,M,"-")
% title("Analysis of Bending Moment (M)")
% xlabel('Actual Values of M")

% ylabel('Calculated Values of M")
% legend('location’,'SouthEast','Actual Values', 'Calculated VAlues')
% mu=mean(MM);

% SST=sum((MM-mu)."2);

% SSE=sum((M-MM)."2);

% r2=1-SSE/SST

% A=XX"*XX;

% K=(XX*XX)-1;

% B=K*XX"*YY;

%B

% M=XX*B,;

% E=YY-M,

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Appendices

% MaxErr=max(abs(YY-M))

% plot(XX*B,YY,'0',XX*B,M,-")

% title("Analysis of Top Deflection (y)")

% xlabel('Actual Values of y)

% ylabel('Calculated Values of y')

% legend('location’,'SouthEast','Actual Values', 'Calculated VAlues')

% mu=mean(YY);

% SST=sum((YY-mu)."2);

% SSE=sum((M-YY)."2);

% r2=1-SSE/SST

A=XX*XX;

K=(XX*XX)"-1;

B=K*XX"*ZD;

B

M=XX*B;

E=ZD-M,;

MaxErr=max(abs(ZD-M))

plot(XX*B,ZD,'0', XX*B,M,"-)
title("Analysis of Depth of Fixity (Zd)")
xlabel('Actual Values of Zd")
ylabel('Calculated Values of Zd")
legend(‘location’,'SouthEast','Actual Values', ‘Calculated VVAlues')

mu=mean(ZD);

SST=sum((ZD-mu).”2);

SSE=sum((M-ZD)."2);

r2=1-SSE/SST
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C.2 Calculation of Natural Frequency of Single Pile

Clear;

clc;

digits(30);

format long;

Length=40.000;

ii=1;

for Load=1000000:50:1000000

for Dia=1.5000:.100:1.5000

%Relation Between qu and E :- A. P. S. Selvadurai
% Elastic Analysis of Soil Foundation Interaction,pp 423
%Subgrade Modulus :- IS 2911(Part 1/ Sec 2) : 2010, ANNEX C
kpy=48000000;B=Dia;
K=kpy*0.3/(1.5*B);

for kpy=K:5000000:K
Ht=3.000;
Mt=Load*Ht;

mass=200000;

Px=mass*9.8;
ep=30000000000;
ip=(power(Dia,4)*(22/7))/64;
epip=ep*ip;
nol=(Length)/(Dia/2);
no=ceil(nol);

h=Dia/2;
z(1)=1;z(2)=-4;z(4)=-4;2(5)=1,;
T=power((epip/kpy),(1/5));
epy(no)=0;

c(no)=6;

for i=no-1:-1:1
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epy(i)=epy(i+1)+kpy*h;
c(i)=6+epy(i)*h*h*h*h/epip;
end
for i=1:no+4
for j=1:no+4
D(i.j)=0;
end
end
for i=1:no+4
B(i)=0;
end

%B.C2 @top

D(no+4,n0)=1;

D(no+4,n0+1)=(-2+(Px*h*h/epip));
D(no+4,no+3)=(2-(Px*h*h/epip));

D(no+4,no+4)=-1;

%D(no+4,n0)=1,

%D(no+4,no+1)=(-2);

%D (no+4,n0+3)=(2);D(no+4,no+4)=-1;
B(no+4)=(Load*2*h*h*h/(epip));

%B/C1 @top
D(no+3,no+1)=1;D(no+3,n0+2)=-2;D(no+3,n0+3)=1;
B(no+3)=(Mt*h*h/(epip));

%B.C1 @bottom
D(no+1,2)=1;D(no+1,3)=-2;D(no+1,4)=1;

%B.C2 @bottom
D(no+2,1)=1;D(no+2,2)=-2;:D(n0+2,4)=2;D(no+2,5)=-1;
for i=1:no

=
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for p=1:5
if p==3
D(i.j)=c(i);
else
D(i.j)= z(p);
end
=ity
end
end
DD=D;
for i=1:no+4
for j=1:no+4
if(j<i)
if(D(i,j) ~=0)
k=j;
m=D(i,k)/D(k,k);
for j1=j:no+4
D(i,j1)= D(i,j1)-(m*D(k,j1));
end
B(i)=B(i)-(B(k)*m);
end
end
end
end
nol=no;
for i=no+4:-1:1
for j=i:-1:i
if(D(i,j)~=0)
C(i)=B(1)/D(i));
for k=1:no+4
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B(k)=B(k)-D(k,j)*C(i);
end
no=no-1;
end
end

end

for x=1:nol1+4
Y (x)=-(x-1)*Dia/2000;
A(X)=0;
end
for x=1:nol1+4
AA(n01+5-x)=C(x);
end
for x=nol+2:-1:3
M(X)=(AA(X-1)-2*AA(X)+AA(x+1))*epip/(h*h*1000);
end
M(1)=0;
M(2)=0;
M(nol1+3)=0;
M(nol+4)=0;
for i=1:nol+4
if M(i)==max(M)
zd=i;
end

end

Ymax=AA(3)
Mmax=max(M)

for i=3:nol1+2
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Mo(i-2)=M(i);
Yo(i-2)=(i-2)*(Dia/2000);
end

ZD(ii)=(zd-3)*h;
YY(ii)=AA(3);
MM(ii)=max(M);
ii=ii+1;
% hold on
%plot(A,Y,'cx-" AA,Y,'m*-");
% plot(Mo,-Yo,'k*-");
% title('Laterally Loaded Pile Behaviour’)
% xlabel('Deflection(mm) & Bending Moment(kNm)")
% ylabel('Depth(m)’)
% legend(‘'location’,'SouthEast','Pile’, 'Deflection (mm)','Bending
%Moment (KNm)";
% grid on
end
end

end

Df=ZD

%DYNAMIC ANALYSIS
%constants

0=9.8;

pi=(22/7);
Ec=30000000000;
rc=25000;
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%pile & mass system

%variables

mass=200000;%mass @top of pile

R R R R R 2 R R R R R R R R R R R R R R R R R R S R R R R R R R R S S S S S S T S S S e S o
%mass=204081;

%Dia=1.5;%Diameter of pile

FhAIAEAAAEAAkAAAkAAAkAAhkhrhkhkihkhkhhkhkhhkhkrhhkihhihiiiiiiikx

%Ht=3;%Height of pile above the ground level

ek e ek e e ek e ek ke ek ke ok

L=Df+Ht;%L=Total effective length of pile, Df=Depth of fixity from static
analysis

%L=Df+Ht+1;

%SSI Effect-1

%L changes due to SSI

%L increases as the soil stiffness decreases

%natural frequency of the system
Ap=pi*power(Dia,2)/4;
Ip=pi*power(Dia,4)/64;

Mp=rc*Ap*L/g;
kp=(power(3.515,2)*Ec*Ip)/(power(L,3));
km=(3*Ec*Ip)/(power(L,3));

k=1/((L/kp)+(L/km));

wp2=(kp/Mp);

wm2=(km/mass);
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%William T. Thomson, Theory of Vibrations with Applications, pp 281
wO=sqrt(1/((1/wp2)+(1/wm?2)));%wO0=natural frequency of the pile mass system

fn=w0/(2*(22/7))

%dynamic load

w=2*(22/7)*3.3;

%A0=1;

A0=1000;

%SSI Effect-2

%A0 changes as the input wave travels through the soil

% - AO increases at natural frequencies

% - AO decreases due to damping

% Damping-----1.Material damping (prop to Damping Ratio)
% 2.Radiation damping (prop to 1/z)

%Damping Ratio

DR=0.05;

%S. K. Duggal,Earthquake Resistant Design of Structures
%pp64, Damping Ratio for Concrete Building=5%

beta=w/woO;

A=(A0/K)*(1/sqrt((1-beta*beta)."2+4*DR.A2*beta."2));
phi=atan(-2*DR*beta/(1-beta*beta));

wd=wO0*sqrt(1-DR."2);

i=1;

%keep the increment of t= time period of system i.e. ti=1/(w0/2*pi)
for t=0:.05:5
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%applied force
f(i)=A0*sin(w*t);

%transient motion

ut(i)=(A0/K)*(1/(((1-beta*beta)."2)+((2*DR*beta).”2)))* (exp(-
1*DR*wO0*t))*((w/wd)*(beta."2+2*(DR."2)-
1)*sin(wd*t))+(2*DR*beta*cos(wd*t));
%steady motion

us(i)=(A0/k)*(1/((1-beta*beta). 2+(2*DR*beta).”2))*((1-beta. 2)*sin(w*t)-
2*DR*beta*cos(w*t));

%total displacement

%u(i)=A*sin(w*t+(phi));
u(i)=ut(i)+us(i);
tt(i)=t;
i=i+1;

end

hold on

%plot(tt,f,'R");
plot(tt,u),'B";

%plot(tt,ut,"Y");
%plot(tt,us,'G";

khkhkhhkhkkkkhkhkhihiikhkhkhkhkhiiiikx
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Appendix D

Parametric Study based on Analytical and Numerical
Investigation

D.1 Parametric Study of Static Analysis

A MATLAB code has been developed (APPENDIX-C) for the static
analysis of a single pile.It is used for the parametric study of the laterally
loaded pile by considering the diameter of the pile and the subgrade modulus
of soil as independent parameters. The diameter was varied from 200mm to
600mm which keeps the pile in the long pile category. The subgrade modulus
of soil was varied from 5e-6 kN/mm? to 25e-6 kN/mm?®The variation of
deflection at the top of the pile (y), maximum bending moment (M) and the
depth of fixity (Df) are studied and the corresponding equations are

developed using multivariable regression analysis.

y = 40925 — 0.067467 x Dia —9.29235 * 10e5 * kpy + 0.01089 x Load,

RZZ0.7960 .o ee e sttt (D.1)

Dy = 1075.0 + 3.31 = Dia — 2.78 « 10e7 =* kpy,
RZZ 10,9655 ... seseessees s (D.3)

A correlation coefficient of 0.79 to 0.97 is obtained from all the
developed equations. The above equations enables predicting the analysis

results of laterally loaded piles.
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Fig. D.1 Regression Analysis of Parametric Study

D.2 Parametric Study on Dynamic Analysis of Single Pile

Two parametric studies conducted to study the influence of soil structure
interaction on the dynamic behaviour of a laterally loaded pile is discussed here.
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D.2.1 The Influence of SSI on the Natural Frequency of Single Pile

A MATAB program has been developed for the analysis of laterally
loaded single pile in sloping bed of soil (Chapter 4). It is used to calculate the
maximum bending moment and deflection of the pile.From the analysis it is clear
that for a particular pile, as the bed slope increases there is an increase in
maximum bending moment and pile top deflection. The increase in maximum
bending moment is due to the increase in depth of fixity of the pile with the
increase in bed slope. An increase in depth of fixity causes reduction in stiffness
of pile which in turn causes changes in the natural frequency and dynamic

behaviour of the pile.

The natural frequency of a structure depends on the stiffness and mass of
the structure. When the soil pile system is considered for the dynamic analysis,
the length of pile is considered to be the sum of the height (h) of the pile above
the ground level and the depth of fixity (D) below the ground level.

The equation to calculate the circular natural frequency (o) of the pile,
considering the mass (m), Young’s modulus (E), moment of inertia (I) and length

() of the pile is, [148]

02 = 35152(—) oo (D.4)

The natural frequency is,

Concrete circular piles are considered for this study with modulus of concrete

E = 3¢9 N/m? and density of concrete p = 2500 kg/m*. The cross sectional

nD*

2
area A= %, the mass m = pAl, I = v and | = (h+ Df). The natural

frequency of a soil-pile system with the pile head in level with the ground (h=0)

is calculated with as,
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£, = [% \E] O (D.6)

Hence, the natural frequency of the soil-pile system varies with diameter of

the pile (D) and the depth of fixity (Dy) as in equation no.(D.6)

Hence a change in bed slope causes a change in depth of fixity of pile

which in turn influences the natural frequency of the pile.

A parametric study has been conducted with the soil modulus ranging
from 500 N/m? to 40000 N/m? and the diameter of the pile was varied from
0.5 m to 2.0 m. The range of soil modulus has been considered as per 152911
(part-1/ sec-2)-2010, as listed in Table 4.2. This study can be used to predict
the variation of the depth of fixity of the system. The variation of depth of
fixity with the soil modulus and the diameter of the pile was plotted and
studied using surface fitting and multiple regression analysis.

1 Depth of Fixity

& DFws DIAES

Depth of Fixity (m)

L0 phia. of Pile (m)

L35

] < 0.5
Soil Modulus (x104N/m?) 03

Fig. D.2 Variation in Depth of Fixity with Soil Modulus and Diameter of Pile

From Fig.D.2 it is clear that, the depth of fixity increases with the

increase in diameter of pile and the reduction in the soil modulus. The variation
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of depth of fixity is predicted using multivariable regression analysis with
R*=0.94 as,

Dy = 481 4 5.89D — 1.22 T ESucoinniriiicriseneisnseseesssssin (D.8)
Where, D is the diameter of the pile in metre and Es is the soil modulus..

The parametric study is now extended to calculate the natural frequency of
the soil-pile system using equation no.D.7.The expected non-linear variation of
natural frequency of the pile with variation in Es and D is plotted using surface
fitting curve in Fig. D.3. It was extended to multivariable regression analysis and
an equation is predicted, with R?= 0.84 to represent the natural frequency of the

pile.

foo = 2.65 = 114D + 5.14€ 7 5ES cooooovveeereeeeeseeeeoeseeeoeeesesesese s, (D.9)

I watural Fraguancy
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Fig. D.3 Variation in Natural Frequency with Soil Modulus and Diameter of Pile

If the predominant frequency of the dynamic loading happens to be
same as the natural frequency of the soil-pile system, there is a possibility of
changing the natural frequency of the system by adjusting the diameter of the
pile as suggested by the equation no.D.9. A detailed study on soil-pile

interaction analysis is necessary for the satisfactory design and performance

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Appendices

of pile foundations, especially for low rise structures and for structures

embedded in soft soil.

D.2.2 The Influence of SSI on the Dynamic Response of Single Pile

The influence of bed slope variation in the depth of fixity of pile and he
natural frequency of pile are studied in the previous section. In this section the
influence of pile diameter, pile head projection, mass at pile top and soil modulus
on the dynamic response of the pile are studied. Dynamic response of soil
structure interaction is characterized by plotting frequency ratio and stiffness

ratio curves as suggested by Wolf et al. [51].

D.2.2.1Description of the present study

Numerical analysis of the present problem was performed using the
finite element software PLAXIS-3D. Assuming elasto-plastic behaviour of
soil, Mohr-Coulomb soil model was adopted to model the soil characteristics
in which the soil has a linear elastic relationship until failure and plastic
deformation beyond that. The pile was modeled as an embedded pile which
includes the pile model with the interface element. A linear skin resistance
was applied at the pile soil interface. In PLAXIS-3D, the pile was modeled as
embedded pile which is a three node beam element with an interface and soil
as a 10 node tetrahedron element. A medium meshing was adopted and it
creates around 30000 soil elements. A mesh refinement of ‘very fine’ was
also tried. Even though the execution time was more the results were almost
same when compared with that of medium mesh refinement. Hence a medium
mesh refinement is adopted for the present study. Standard fixities were
adopted at the boundary which fixes the bottom in all directions and the

vertical sides in horizontal directions.
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Table D.1 Material properties of soil

Properties Soil
Model Mohr-Coulomb
Type Drained
Vunsat 17 kN/m®
Fsat 18 kKN/m®
Es 1000 — 200000 kN/m®

Table D.2 Material properties of pile

Properties Pile
Model Embedded Pile
Type Massive circular pile

¥ 25kN/m®
E 30000000 kN/m?

A soil volume of 50m X 50m X 100m was created with a pile having 50m
embedment length and was dynamically analysed for a SHM. The natural
frequency and dynamic response of the structure was found out by varying the
following parameters. The shear wave velocity of the soil was varied by varying
the young’s modulus of soil to represent the very soft soil to rock. The analysis
consisted of four phases, including the initial phase, excavation phase,
construction phase and loading phase. The soil volume was introduced in the
initial phase. The soil volume below the pile head upto the ground level was
deactivated in the excavation phase. The pile and the pile cap were modeled and
activated in the construction phase. The self-weight of the structural elements
were considered in the analysis during the construction phase. The excitation

force was applied in the loading phase.
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Table D.3 Parameters Analyzed

Parameter variation adopted for parametric study
Es 1000kN/m?, 10000 KN/, 50000 kN/m?,
200000 kKN/m
D I1m,1.3m,15m
h 3m,6m,9m
m 2T,4T,6T,12T

Fig.D.9 PLAXIS-3D Model for Dynamic analysis

D.2.2.2 Structural behaviour of soil-pile system

The structural behaviour of soil pile system was studied by analyzing the
results of the parametric study. Considering different parameters as mentioned in
Table D.3, all together 144 analyses were conducted for the parametric study.
Analyses were repeated for different sets of soil modulus, pile head projection,
pile diameter and mass at pile top by changing only one parameter at a time and
keeping all other parameters constant. The typical results are discussed herein

corresponding to the variation of each parameter.

D.2.2.3 Influence of pile diameter

The pile diameters adopted for the study are 1 m, 1.3 m and 1.5 m. It can

be observed from Fig.D.10 that an increase in pile diameter causes a decrease in
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pile head displacement. Such behaviour is due to the increase in the stiffness of

pile as the pile diameter increases.
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Fig. D.10 Variation of pile head displacement with variation in diameter of pile

D.2.2.4 Influence of pile head projection above the ground level
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Fig. D.11 Variation of pile head displacement with variation in pile head projection

Pile head projection above the ground level was varied from 3 m, 6 m
and 9 m. It can be observed in Fig. D.11 that as the pile head projection increases
the pile head displacement also increases. It can be concluded that an increase in

the unsupported length causes an increase in the pile head displacement.
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D.2.2.5 Influence of mass at the pile top on the structural response

The mass at the pile head was varied from 2T, 4T, 6T and 12 T. It can be
observed from Fig. D.12 that increase in the mass at the pile head causes a
decrease in the pile head displacement. This behaviour is due to the increase in

the inertia of the system due to the increase in the mass at the pile top.
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Fig. D.12 Variation of pile head displacement with variation in mass at the pile top

D.2.2.6 Influence of soil modulus on the structural response
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Fig. D.13 Variation of pile head displacement with variation in soil modulus

Soil modulus was varied from very soft consistency (1000 kN/m?) to rock
(200000 kN/m?). It can be observed from Fig. D.13 that soil-pile system with
higher values of soil modulus (rock) is found to produce less deflection to the
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pile head compared to a soil with lower values of soil modulus (soft soil). It is
also observed from Fig. D.13 that in soft soil, excitation reaches the pile top
slowly compared to rock. It is due to the fact that shear wave velocity is
proportional to the soil modulus [10]. Hence in a soft soil profile the exciting
force travel slowly and hence pile head displacement initiates only at later time

compared to a rock profile.

D.2.2.7 Analysis of Interaction among Parameters

The parameters investigated in the present study are pile diameter (D), pile
head projection above the ground level (h), mass at the pile top (m) and the soil
modulus (Es). The natural frequency of the SDOF system (®) and the fixed base
natural frequency of the pile (ws) are obtained from the parametric study. Shear
wave velocity of soil (Vs) is calculated from soil modulus. To analyse the
interaction among the parameters, the dimensionless quantities such as frequency
ratio (®/ws), stiffness ratio (ratio of stiffness of the structure to that of the soil,
(@sh/Vs), slenderness ratio (h/D) and mass ratio (m/x¥sxD°) are calculated and the

curves are plotted as suggested by Wolf [51].
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Fig. D.14 Frequency ratio Vs stiffness ratio curve for different slenderness ratio
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Fig. D.15 Frequency ratio Vs stiffness ratio curve for different mass ratio

Frequency ratio can be considered as an indicator of the soil pile
interaction since it is the ratio of the natural frequency of the soil pile system to
that of pile alone which is fixed at the base. Hence the behaviour of the soil pile
interaction with different soil properties, represented by stiffness ratio can be
studied by examining the Fig. 5.35 and Fig. 5.36 for different slenderness ratio
and mass ratio respectively.

It can be observed from the figures that as the slenderness ratio increases
the frequency ratio decreases in general. The stiffness ratio which is inversely
proportional to the shear wave velocity of the soil increases as the soil modulus
decreases. A similar trend can be observed for any slenderness ratio and mass
ratio of the system studied. Hence it isconcluded that as the soil becomes softer
the natural frequency of the system comes down and there is a possibility of

resonance with the excitation force.

A SDOF system embedded in soil subjected to harmonic loading applied at

a depth within the soil mass has been investigated. The analysis was conducted
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by varying the diameter of the pile, pile head projection, mass at pile head and

the soil modulus. The study leads to the following conclusions,

=  Displacement of the pile head can be decreased by increasing the pile
diameter, decreasing the pile head projection or by increasing the

mass at the pile head.
= The stiffer soil can again decrease the displacement at the pile head.

=  As expected the excitation travels faster in a stiffer soil and in a softer

soil it reaches the pile head only at a later time.

= Dynamic response of soil structure interaction can be effectively
characterized by frequency ratio and stiffness ratio. Special care on the
above parameters should be given when a stiff structure is founded on

a soft flexible soil.
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Appendix E

Review on Soil Constitutive Models

E.1 Soil Constitutive Models

The complexity in the behavior of soils has led to the development of
many models of soil based on the classical theories of elasticity, plasticity and
visco-elasticity for the analysis of Soil-Structure interaction problems. The
elastic property of the soil is represented using a spring, the plastic property of
the soil is represented using a slider and the viscous property of the soil is

represented using a dashpot.
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Fig. E.1 Basic components of soil models[64]

E.2 Elastic Models

In this type of model, soil behaviour which exhibit purely elastic
characteristic is considered. The simplest type of idealized soil response is to
assume the behaviour of supporting soil medium as a linear elastic continuum.
Here the deformations are assumed as linear and reversible. Extensive research

has been done to obtain exact and approximate solutions of these models so that
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they can be used in soil-structure interaction problems. The basic elastic models

are Winkler model and Continuum model.

E.2.1 Winkler Model

In Winkler model soil is assumed as a system of identical but mutually
independent, closely spaced, discrete, linearly elastic springs. The characteristic
features of this representation of soil medium are the discontinuous behaviour of
the surface displacement. According to this idealization, deformation of the soil
medium due to the applied load is confined to the loaded region only. The
surface displacement of the soil medium at every point is directly proportional to
the stress applied to it at that point and completely independent of the stresses or
displacements at other or even immediately neighbouring point of the soil-
structure interface.Fig.5.2 shows the physical representation of Winkler model of

soil-structure interface.[2]
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Fig. E.2 Winkler Model [146]

The response function for the Winkler model is,

POGY) = K W(KY) ceeerveiiiesiieie et nas (E.1)

where, p(x,y) is the applied stress at a point, w(x,y) is the deflection at that point

and k is the sub grade modulus with units of stress per unit length.
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In this model displacement occurs immediately under the loaded area and
outside the region the displacements are zero. Applicability of Winkler model is
limited to such soil media which possesses cohesion or transmissibility of

applied forces.

E.2.2 Elastic Continuum Model

In elastic continuum model the continuous behaviour of soil is idealized as
three dimensional continuous elastic solid. In this case the soil surface deflections

due to loading will occur under and around the loaded region.
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Fig. E.3 Elastic Continuum Model [146]

The above figure shows the typical surface displacement profile of a soil
medium subjected to a uniform load ‘p’ of radius ‘a’. The distribution of
displacements and stresses in such media remain continuous under the action of
external force system. In this case some continuous function is assumed to

represent the behaviour of soil medium.

In continuum idealization, soil is assumed to be semi infinite and isotropic
for the sake of simplicity. However, the effect of soil layering and anisotropy

may be conveniently accounted for in the analysis.

This approach provides much more information on the stresses and
deformations within soil mass than Winkler model. However this idealization

has a major drawback of inaccuracy in reactions calculated at the peripheries of
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the foundation. It has also been found that, for soil in reality, the surface
displacements away from the loaded region decreased more rapidly than what is

predicted by this approach.

E.3 Elastic-plastic Models

In soil-structure interaction analysis, nonlinear behaviour of soil mass is
often modelled in the form of an elasto-plastic element.Here deformations occur
linearly and proportional to the applied stress up to a certain stress level. This

behaviour may be represented by an ideal reversible spring.

E.3.1 Mohr-Coulomb Model

It is an elastic-perfectly plastic model. The set of parameters adopted to
represent the model are: young’s modulus, poisson’s ratio, friction angle,
cohesion and the dilatancy angle[3]. For each sublayer a linear variation of the
young’s modulus has been assumed. As the model does not allow changing the
soil stiffness within the strain level, a reduced static stiffness has been adopted

during the preliminary costruction stage.

/"Pea.k Perfectly Plastic
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Fig. E.4 Elastic-Perfectly Plastic Assumption of Mohr-Coulomb Model [147]

Mohr-Coulomb model is a simple model applicable to three dimensional
stresses with only two strength parameters to describe the plastic behaviour.

Researchers have indicated by means of triaxial test that stress combinations
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causing failure in real soil samples agree quite well with the hexagonal shape of
failure contour. This model is applicable to analyse the stability of dams, slopes,

embankments and shallow foundations.

E.3.2 St.Venant’s Model

St.Venant’s model is formed when an elastic element is connected in series
with a plastic element. Use of such a single element generally shows an abrupt
transition from elastic to plastic state. The use of large number of St.Venant’s

units in parallel represents the Elasto-Plastic behaviour of soil more accurately.

SRR SRR .

‘ 4— FPlastic Element

Fig.E.5 St.Venant’s Elasto-Plastic Unit [147]

Use of a number of springs helps to facilitate the simulation of the gradual
transition of soil strain from elastic to plastic zone. The following expression

may be used in terms of strain modulai for elastic and plastic strains respectively.

£op= Me G +Mp 10G] G/(OU0) Tovverrrrrrrersseseseesreseeocceeerereeeeeesseeesesesseee (E.2)

Where Meis the elastic strain modulus of soil, My is the plastic strain modulus of
soil and oy is the ultimate load that can sustain.Conceptually, the above
mechanical model may appear to be useful enough. But the problem occurs in

the proper adjustment of such springs at the base of the structure.

E.3 Viscoelastic Models

The real deformation characteristics of fine grained soil media under the
application of any load are always time dependant to some extend depending on

the permeability of soil media. Loading applied to a saturated layer of clay, at the
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first instance, causes an increase in pressure in the pore water of soil. With time
the pore water pressure will dissipate resulting in progressive increase of
effective stress in soil skeleton. This leads to time dependent settlement of
foundation. Here are numerous instances of rheological processes in the foundation

leading to large and non-uniform settlement.

The mechanical models represent the rheological properties of the soil
skeleton by a combination of elastic, viscous and plastic elements. These models
are generally formed by a combination of springs and dashpots in
series.Displacement of retaining walls and the instability of slopes are two
classical examples apart from the time dependent settlement of framed
structures. Various models are available to describe the rheological properties of

clayey soils.

E.3.1 Generalized Maxwell’s Model

It is the most general form of the linear model for viscoelasticity. In this
model a spring and a dashpot are connected in series and subjected to loading.
For better results a number of such arrangements in parallel may be used.

Lo

E

P

Spring o

AAA A ! AN
ll'ull W ‘Illl."l ll':-'lllll'ul' !l"\'ll ﬁll'l'lllll'r' v I

Dashpot
coeficient @

T

Fig. E.6 Generalized Maxwell Model [147]
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E.3.2 Kelvin’s Model

It is a viscoelastic model having the properties of elasticity and viscosity. It
is named after the British physicist and engineer William Thomson, 1st Baron
Kelvin. It can be represented by a purely viscous damper and purely elastic

spring connected in parallel as shown in Fig. E.7 [4].
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Fig. E.7 Kelvin Model [133]

Since the two components of the model are arranged in parallel, the strains

in each component are identical:

GotAl = D = €5 eeeeeeeee e (E.3)

Where & is the strain the dashpot and & is aht strain the spring. Similarly, the

total stress will be the sum of the stress in each component.
OTotal — OD + ST (E4)

From these equations we get that in a Kelvin model, stress o, strain € and
their rates of change with respect to time t are governed by equations of the

form:

() = E &) + 17 [AEEVAL] oo eeeseseeeeesees s (E.5)
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where, E is a modulus of elasticity and 1 is the viscosity. The equation can be

applied either to the shear stress or normal stress of a material.

E.4 Interface Elements

Interface elements are numerical entities used in finite element technique
for modeling geometric discontinuities that are present in some boundaries of
structures. An interface element should be able to account for the relative motion
along the interface and thus to accurately simulate the deformations and physical
behavior of geomaterials. In finite element analysis of civil engineering
structures a large variety of applications for interface elements is present.
Interface elements can be used to model soil-structure interaction effect in a pile

foundation surrounded by soil media.

In numerical practice two types of interface elements are used. The first
class of elements contains the continuous interface elements (line, plane and
shell interfaces). It is a reduction from a classical volume finite element (thin
layer interface element) and the second class of elements contains the nodal or
point interface elements, which to a certain extend are identical to spring
elements. It is also called a surface element which is a zero thickness joint

element.

E.4.1 Zero-thickness Interface Element

It was developed by Goodman et al. in 1968. In this element the nodes at the
contact surface are separated and some normal and tangential springs are used to
connect them. Later, however, rheological elements were used in the form of springs

and dashpots operating between the nodes of the interface elements.

These rectangular elements possess four nodes and eight degrees of

freedom as shown in fig.5.8.
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Fig. E.8 Goodman’s Interface Element [91]

E.4.2 Thin Interface Element

It was suggested by Desai and Nagaraj. In this element it is assumed that
only a thin element of the weaker material at the contact undergoes a highly
localized shear strain along the contact surface. The formulation of this element
fits well in the context of finite element method and can easily be used to include
the nonlinearity and/or plasticity of the behavior of material and yield more

realistic results.
E.4.3 Line interface Element

This special isoparametric element has been developed (Beena 1994) with
a view to represent the friction between soil and reinforcement. The geometry of
the present element is such that it is a line with four nodes. The element has four
nodes and zero thickness as assumed by Goodman et. al., a linear variation of
displacement along the length of the element is assumed. Relative displacement
between the top and bottom notes is taken as the corresponding strain in the

element[5].

E.5 Discussions on Soil Models

The review of the different categories of the soil models as applied in

the soil-structure interaction analysis leads to the following inferences.

1) The effect of soil-structure interaction is to be considered for the

accurate estimate of the design force quantities. To obtain the same
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realistic and simplified modelling of the soil-structure system is

absolutely necessary.

2) Winkler hypothesis yields reasonable performance and it is very easy

to exercise. So for practical purpose this idealization may be used.

3) The clayey soil having low permeability possesses time dependent
behaviour under sustained loading, in such time dependent process of
soil-structure interaction, critical condition may occur at any time
during the process in some situation. Under such circumstances,
modelling soil as viscoelastic medium can only provide the crucial

input for the design.

4) For a particular problem which uses Kochi marine clay as the soil
medium one of the suggestion for modelling is to use the Winkler
model to start with and any one of the viscoelastic model or elasto-

plastic model to do the detailed soil-structure analysis.
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Appendix F
Validation of the Plaxis-3D Numerical Model

F. 1 Numerical Validationof PLAXIS-3D Model using Pile Load Test on
Axially Loaded Pile

F.1.1 Details of Pile Load Test

An onsite pile load test at EI-Mossallamy, Germany [150]has been analyzed
for the validation of numerical model created in PLAXIS-3D . The load test
investigated the load-settlement behaviour of a single pile. Figure F.1 gives the
layout of the pile load test arrangement. The upper 4.5 m subsoil consist of silt
(loam) followed by tertiary sediments down to great depths. These tertiary sediments
are stiff plastic clay similar to the so-called Frankfurt clay, with a varying degree of
over-consolidation. The groundwater table is about 3.5 m below the ground surface.
The considered pile has a diameter of 1.3 m and a length of 9.5 m. It is located

completely in the over-consolidated clay.

9.5m

} Load Cells

‘ 1.3 m diameter

Fig. F.1 Layout of the Pile Load Test

The loading system consists of two hydraulic jacks working against a

reaction beam. The loads were applied in increments and maintained constant until
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the settlement rate was negligible. Both the applied loads and the corresponding

displacements at the tested pile head were measured.

F.1.2 Modeling the Soil- Pile System

A soil volume of 50 m X50 m X16 m was considered for modeling the
site. The required soil parameters were determined based on literature (see TableF.1).
The concrete pile was modelled as a non-porous linear elastic material with Young’s
modulusE= 3X10" kN/m?, Poisson ratio v= 0.2 and unit weight y= 24 kN/m”.

Table F.1 Model Parameters for Different Soil Data Sets

SI.No. Parameter Nomenclature | OC Clay Unit
1 Material Model Model HS -
2 Type of Material Behaviour Drained Drained -
3 Unsaturated soil weight Yunsat 20 kN/m?®
4 Saturated soil weight Yeat 20 kN/m?®
5 Secant Stiffness Eso™ 4.5x10* kN/m?
6 Oedometer stiffness E,oq"f 2.715x10* = kN/m?
7 Unloading reloading stiffness E," ox10* kN/m?
8 Power m 1 -
9 Unloading reloading poisson ratio Vyr 0.2 -
10 | Cohesion ¢’ 20 kN/m?
11 Friction angle ©’ 20 0
12 Dilatancy angle v 0 0
13 | Lateral earth pressure coefficient K™ 0.658 -

for normal consolidation

14 Lateral earth pressure coefficient K, 0.8 -
15 Over-consolidation ratio OCR 1 -
16 Pre-overburden pressure POP 50 kN/m?
15 Interface reduction factor Rinter 1.0 -

Pile was modeled using the three node embedded pile in PLAXIS-3D. An
embedded pile is a three nodded beam element with six degrees of freedom per node
that can be placed inside soil volume in any required direction. The element allows
deflections due to shearing and bending. The element can also change its length due to
axial force. The embedded pile is visualized as line element but the actual volume of

the pile is considered for analysis which is inputted to the pile material data set.

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Appendices

Table F.2. Material Properties of Embedded Pile

SI.No. Parameter Nomenclature Magnitude Unit
1 Young’s modulus E 3x10’ kN/m?
2 Weight y 5 kN/m®
3 Properties type Type Massive -

circular pile

Diameter [0) 13 m
Cross sectional area A 1.327 m?
Moment of inertia against I3 0.140 m*
bending around the third axis

7 Moment of inertia against I 0.140 m*
bending around the second axis

8 Moment of inertia against los 0 m*
oblique bending

9 Skin friction distribution Type Linear -

10 Maximum traction allowed at Topmax. 19.18 kN/m
the top of the embedded pile

11 Maximum traction allowed at Toottommax. 383.56 kN/m
the bottom of the embedded
pile

12 Base resistance Fmax 1320 kN

F.1.3 Staged Construction

The analysis was done in three phases such as initial phase, construction
phase and loading phase. The soil volume alone will be active in initial phase.
Initial phase follows the calculation type, KO procedure. All the other phases are
with calculation type plastic. Construction phase activates the pile element and
loading phase activates each of the loads applied. In the present problem the load
deflection curve of the pile load test was available. From that curve the
maximum load was noted as 3250 kN. The load was applied at the top of the pile

and the analysis was done.

F.1.4 Comparison of Results

PLAXIS-3D curve manager is used to plot the load settlement curve of the

present analysis and is shown in Fig.F.2. The load settlement curve available
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from the literature [150] and the curve obtained from the present study are
plotted together using plot digitizer as shown in Fig. F.2. It was observed that
both the experimental and numerical results are in good agreement. Hence it can
be concluded that the software is capable of incorporating the non-linear soil

structure interaction effect.

Output Version 2012.0.8608 7564

1 =
0 ] Chart 1
L ~ NL1542(A)
o ]
o7
=
2 /
£ /
'E 04 /
1/
A
0.
0.01 0.02 0.03
settlement [m]
P LAXI S Alzéy Bridge Pile load test_validation 2/19/2014
e = e
3d foundation validation v2 ... ‘34 Cochin University of Science&Technology

Fig. F.2 Plaxis 3D Curve Manager Output
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Fig. F.3Comparison of the Alzey Bridge PLT results in Plaxis 3D models with
measured results.
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F.2 Numerical Validationof PLAXIS-3D Model using Pile Load Test on
Laterally Loaded Pile

A pile load test conducted by Ismael ef al. [50] has been modeled and
studied. The pile was 0.3 m in diameter and had a length of 5 m situated in
Kuwait. The surface soil was found to a depth of 3.5 m and was characterized
as having both component of shear strength, ¢ and ¢. The soil profile
consisted of a medium dense cemented silty sand layer to a depth 3 m. This
was underlain by medium dense to very dense silty sand with cemented lumps
to the bottom of the borehole. All properties of soil are listed in Table F.3.
Ground water was not encountered within the depth of the borehole. In
conclusion, the comparison between the PLAXIS 3D simulation and the
reported lateral data is shown in Fig.F.4 and Fig.F.5. The piles were
deflecting not in the same magnitude at the field test due to the variability of
soil properties. Also the numerical simulation is reasonably accurate for the
problem of laterally loaded piles and pile-soil interaction over a wide range of

deformation for 5 m piles.

Table F.3 Geotechnical Properties of the Soil Layers and the Pile

. Medium dense
medium dense
to very dense

Parameter Nomenclature  cemented silty = . . Pile Unit
silty sand with
sand layer
cemented lumps
Unsatur‘ated sol Yo 18 19 25 N/
weight
Saturated sol 3
weight Ysat 18 19 - kN/m
Young’s modulus E 1.30E+04 1.30E+04 2E+09 | kPa
Poisson's v 0.3 0.3 0.15 -
constant
Cohesion c 20 1 - kPa
Friction angle 0} 35 45 - -
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Cuiput Version 2012.0:3558.7564
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Fig. F.4 PLAXIS 3D Output
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Fig. F.5 Comparison of PLAXIS 3D with Field Test
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Plaxis 3D curve manager is used to plot the load deflection curve of the
present analysis and is shown in Fig.F.4. The load deflection curve available
from the literature [50] and the curve obtained from the present study are plotted
together using plot digitizer as shown in Fig.F.5. It was observed that both the
experimental and numerical results are comparable, especially in the working
range of loads. Hence it can be concluded that the software is capable of

incorporating the non-linear soil structure interaction effect.
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Appendix G

Parametric Study of a Single Pile Using PLAXIS 3D

G.1 List of Experiments
Table G.1 Details of Numerical Test on Single Model Pile

SI.No.

Pile (mm)
1 600
2 600
3 600
4 600
5 600
6 600
7 600
8 600
9 600
10 600
11 600
12 600
13 600
14 600
15 600
16 600
17 600
18 600
19 600
20 600
21 600
22 600

Length of Model

Diameter of Model
Pile (mm)

19
19
19
19
19
19
19
19
19
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
30
30
30
30

Slope of Soil Bed

No slope
1:5
1:4
1:3
1:2.4
1:2
1:1.7
1:1.5
1:1

No slope
1:5
1:4
1:3
1:2.4
1:2
1:1.7
1:15
1:1

No slope
1:5
1:4
1:3
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52

600
600
600
600
600
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700
700

30
30
30
30
30
19
19
19
19
19
19
19
19
19
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
30
30
30
30
30
30
30

1:2.4
1:2
1:1.7
1:15
11
No slope
1:5
1:4
1:3
1:2.4
1:2
1:1.7
1:1.5
11
No slope
1:5
1:4
1:3
1:2.4
1:2
1:1.7
1:1.5
1:1
No slope
1:5
1:4
1:3
1:2.4
1:2
1:1.7
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53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

700
700
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800
800

30
30
19
19
19
19
19
19
19
19
19
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
25.4
30
30
30
30
30
30
30
30
30

1:1.5
1:1
No slope
1:5
1:4
1:3
1:2.4
1:2
1:1.7
1:1.5
1:1
No slope
1:5
1:4
1:3
1:2.4
1:2
1:1.7
1:1.5
1:1
No slope
1:5
1:4
1:3
1:2.4
1:2
1:1.7
1:1.5
1:1
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G.2 Modeling of a Single Pile
G.2.1 Work Plane

A work plane was created with the same dimension as that of the plan of
model tank used for the experimental investigation. The units adopted were
millimeter (mm) for length and Newton (N) for force.

T
Project| Model

essential for geotechnical professionals [f

Project

Title Mode! Tests|

Directory D:\Research'plaxis modelimodel explitol.5 slopel19-600-1. 5%

File name project 19-600-1.5.P3D

Comments Company logo

Mo logo selected

[ set as default MNext ] [

Project| Model

Units General

Length Gravity 1.0 G (-Z direction)
Force Earth gravity 9810 mm/s 2

Time 7 weater 0.01000E-3  Nfmm >
Stress Mfmm 2

Contour
Weight Mfmm 3

X min

XM

¥ max

[ set as default

Fig. G.1 Work Plane Creation

SincelG test method was adopted for the experimental investigation,

gravity is considered to be 1G with earth’s gravity 9810 mm/s®. Density of water
is considered to be 1e-5 N/mm®.

Soil Structure Interaction Analysis of Laterally Loaded Piles in Ship Berthing Structures m



Appendices

G.2.2 Bore Hole

S Add H 3 Insert 3 Delete

soil layers | water | Initial conditions | Surfaces |

Layers Borehole_1
# Material Top Bottom
1 day 50.00 -1000

19 Boreholes - Materials. ’ oK

Material sets |

1
S8 ABONM e aald|4?
evel Staged construction Project materials
T Set type Soil and interfaces - —
Modify sail layers
Borehole_1 [ = Add ” et || B Dekte Epiey
: 500 Soillayers | water | Initial conditions | Surfaces | B ey
Head  0.000 Layers Borehole_1
o # Material Ton Bottom
1 day 50.00 -1000
[ [ o | foonet]
Copy Delete
L
[ #P Boreholes ] | Materials ][ oK ] L

Fig. G.2 Borehole Details
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General | parameters | Flow parameters | Interfaces | Initial |

Property Unit  Value
Material set
Identification [ay]
Material model Mohr-Coulomb
Drainage type Drained
Colour RGB 161, 226, 232

Comments

General properties
0.01800E-3

0.01800E-3

Void ratio

Dilatancy cut-off

Parameters | Flow parameters | Interfaces | Inital |

Property Unit Value
Stiffness
E Nfmm?2 |G

Set to default values
Stiffness

Fig. G.3 Soil Properties

G.5.2.3 Sloping Clay Bed

Fig. G.4 Initial Soil Volume
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Fig. G.5 Soil Volumes to be Deactivated

z
L
X

Fig. G.6 Soil Volume after incorporating the Bed Slope

A sloping soil bed is to be created to study the effect of slope on the
structural behaviour of laterally loaded piles. A level ground with the known soil
properties was to be created first. Then two soil volumes are to be created and
deactivated to model the effect of extrusion of pile above the soil volume as well
as the slope of the soil bed. The deactivations of the two additional soil volumes
were done during staged construction.

G.2.4 Embedded Pile

Pile is modeled using the three node embedded pile in PLAXIS-3D [103]. An
embedded pile is a three nodded beam element with six degrees of freedom per node
that can be placed inside soil volume in any required direction.
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File Edit View Structures Options Expert Help

CEH a7 X Easd0AMONM.

Selection explorer Q
o @D ey
..... 4
m
o e
boa
H
Model explorer °
[ @) Geometry
Materials Sl
Dynamic multipliers Q F
- (¥} Boreholes &7 {t‘
B} (& Embedded piles ”
[ @) Soils Yy %
B @) Point loads Ly, o
4
B
=5~ Create embedded pile
*y
& o
-2

» Show global
Project materials
Set type Embedded piles -

Group order None N

Fig. G.8 Embedded Pile in PLAXIS-3D Model
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1

Property Value

Material set
Tdentification bie]

Comments

Colour M Res 199,52, 193
Properties

E 70.00E3

Tt 0.02600E6

Pile type Predefined

Predefined pile type Circular tube

Diameter

Thickness

Rayleigh o

Rayleigh B

Fig. G.9 Assigning the Material Properties to Embedded Pile

i,

Property Value

Pie type Predefined
Predsfined pile type Circular tube

Diameter

Thickness

Rayleigh o
Rayleich B
Skin resistance
Skin resistance Linear

T

top, max

T bor, max

Multi-inear skin resistance

Fig. G.10 Assigning the Sectional Properties to Embedded Pile
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G.2.5 Mesh Generation

| PLAXIS 3D: projs

File Edit View Mesh Options Expert Help

TR

Soil >

Structures

Phases explorer

=% =B D ‘:

@OAMOND M e

IBEA

(%) excavation [Phase_1]

() loading [Phase_3]

Q;rj Initial phase [InitialPhase]

(.rr) construction [Phase_2]

[ A F

B
=
N

@

Boundary conditians

(€] Generate mesh

() Expert settings

Relative element size .

Element dimension mm
Polyline angle tolerance
Surface angle tolerance

Max cores to use 25

|<

®) Element distribution

[ PLAXIS 3D: proj

L‘T) Al existing phase calculation results will be lost by
regeneration of the mes!

o J[ o= |

File Edit View Mesh Options Bxpert Help

O EH -

soil

Phases explorer

A=A |

Alilas@BABON M aal

. Structures -

@ loading [Phase_3]

Q;g Iritial phase [[nitialPhase]
(-Ir) excavation [Phase_
() construction [Phase_3]

1

RERER NN

Boundary conditions

i1 0]
BaEpElxg

ew meshh

A
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{

Fig. G.11 Meshing the Model
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G.2.6 Loads

Structures  Options  Expert  Help.

H«* XE22DamO0N0M™

do| % A B @

Staged construction

Selection explorer
B @) Line_1
First: Point_1
second: Point_2 B
* Ads function: Automatic
Embeddedpile_1 o
m
FHH
Model explorer o
@) Geometry
Materisls ~
Dynamic multipliers Q
@) Boreholes
@) Embedded piles i
@ Soils f
) @) Pointloads w,
£l () Pointload_t
- Fy LO0DON B
Fv: 0.000N i—“
F:0.000N A
- [F|: 1.000N -}
@ DynPointLoad_1

Phases explorer

= %|E D

construction [Phase_2]

B
Initial phase [InitalPhase]
excavation [Phase_1]
loading [Phase_3]

Boundary conditions

Groundwater flow

¥min boundary open
¥max boundary open
¥imin boundary open
¥max boundary open

100

PlEAR PN

4 [l

Selection explorer (Phase_3)
@

Model explorer (Phase_3)

) s maer v
@[] Embedded pies
@) 5] soils
& @[ Pointloads
= @[] PointLoad_1
PointLoad_1_1

[ DynPointLoad_1_1

Command line

_gotostages
oK

_setcurrentphase Phase_3
Phose_3 set as current phase

~ || Command

Fig. G.12 Application of Point Load
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G.2.7 Boundary Conditions

File Edit View Phases Options Expert Help

O EH|

Structures Water levels Staged construction

Phases explorer
B ® B

Initial phase [InitialPhase]

excavation [Phase_1]
construction [Phase 2]
oading [Phase_3]

Boundary conditions

Groundwater flow

Ximin boundary open
¥max boundary open
¥min boundary open
¥may boundary open -

‘Selection explorer (InitialPhase)

@ ..

Model explorer (nitialPhase)
= @ ®] Geometry N
@ O points
(010 tines

Command line
Session | Model history

Initiglehase set as current phase -
_deactivate Volume_2 InitialPhase

ox

activate volume_2 InitialPhase

ok T ~ @
T ) ~ | Command ]T

Fig.G.13 Initial Phase

File Edit View Phases Options Expert Help

O &N X

Inital phase [initaPhase]
excavation [Phase_1]
construction [Phase_2]
loading [Phase 3]

Boundaryconditions

Groundwater fiow

Ximin boundary open
Xmax boundary open
Ymin boundary open
‘max boundary open

[ Selection explorer (Phase_1)
S|

Model explorer (Phase_1)

& @) W] Geometry
@ [ Points
(7] ] Lines

@) |1 surfaces
& [ [ volumes [or
7} 7 Volume_1 _activate volume_2 InitislPhase
GG vokme 2 .. sctcurrentphose phase_t
& @) B Soi volumes Fhase T set as current phase o

@& m e_1 -
F Polycurves == [:

Command line
Session | Model history

Fig.G.14 Excavation Phase (Phase_1)
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G.2.8 Staged Construction

Hpums 3D: projes

Phases  Options Expert Help - )

& Qlwn\x\@é\@lmamﬁa\w\a&m\&q =
Soil Structures Mesh . Waterlevels  Staged construction

Phases explorer P

® B ED [l

Initial phase [InitiaPhase]
excavation [Phase_1]

construction [Phase_2]
loating [Phase_3]

Boundaryconditions

Groundwater fiow

1 xmin boundzry open

¥imax boundary open

in boundary apen
max boundary open -

Selection explorer (Phase_2)

@ ..

Model explorer (Phase_2)

£, 0.000N

Dymarmic multpirs [E]
@) 5] Generated water levels
@[] User water levels Command line
@) [7] Embedded pies Session | Model history
@[] soils % =
& [T [ Point loads _setcurrentphase Phase_1
© M0 remsasss || g s e
= Gy PointLoad_1_1 Phase_7 set as current phase |
- Fyr LOOON r 5
(&

<] command

Fig.G.15 Construction Phase (Phase_2)

File Edit ‘}lew Pl\ass Options  Expert Help
@-g\-wmae\@-mamamwmaqu =
S Structures Mesh. Waterlevels  Staged construction

Phases. k
% % B \ B Iy
Initial phase [IntiaPhase] = ||
excavation [Phase_1] B
construction [Phase_2]
loading [Phase_3]
Boundary conditions V
Groundwater flow
] xmin boundary open =
[ ¥max boundary open
[7] ¥min boundary open D @
] ¥max boundary open i
Selection explorer (Phase_3)
®nm
2
L
Model explorer (Phase_3) *
) s wae v &
@[] Embedded pies
Soil
; g o Command line
ot loads
Session | Model histor)
= @[ Pointload_1 | Y =
& @[ Peintioad_1_t Phase_1 set as current phase -
Faiioon _setcurrentphase Fhase_2
* Phase_2 set as current phase
FV‘ 0.000N _setcurrentphase Phase_3 l:l
Fr0.000N =|| Prase 3 set as current prose E
Fl 110.0N |
Gy pynPointioad_1_1 [+ Command E

Fig.G.16 Loading Phase (Phase_3)

Initial phase follows the calculation type, KO procedure. All the other
phases are with calculation type plastic.
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Fig.G.17 Analysis Phase
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ndix H

Parametric Study of Berthing Structure

=P

Us=0, Ls=0,

Slope (S) = 26.5°

B

Us=1, Ls=0,

Slope (S) = 24.3° Slope (S) =21.8° Slope (S) =19.3°

— P

Us=0, Ls=1,
Slope (S) = 24.3°

=P

B

Us=2, Ls=0,

=P

Us=3, Ls=0,

=P

Us=0, Ls=2,

Us=0, Ls=3,
Slope (S) =21.8° Slope (S) =19.3°

Fig.H.1 Details of Parameters Varied in the Study

Table H.1 Details of Maximum Bending Moment in Piles

SI.No.
1

0N o o b w N

Us
(m)

0

O O o ol o o o

Ls
(m)
0

O O o o o o o

D

(m)

1
1
1
15
15
15
2
2

Es
(KN/m?)

1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04

S
©)
26.6
26.6
26.6
26.6
26.6
26.6
26.6
26.6

M1
(kNm)

3152.22
3276.52
3235.98
4511.46
4669.67
4419.76
5473.79
5817.34

M2
(kNm)

227231
2964.15
3106.17
3026.61
3685.27
3698.72
3238.41
4285.57

M3
(kNm)

2187.55
2777.73
2899.78
2826.10
3388.11
3598.28
3145.71
3786.11

M4
(kNm)

2429.38
2982.82
3055.64
4006.69
3619.17
3732.61
4046.45
4073.53

M5
(kNm)

3257.08
3375.77
3447.60
6970.39
4567.03
4401.77
9403.94
5480.93
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10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

| | PP P PO O O O O O O O OO0 0ooooooooolo|lo|o|o| o

o ol oo ol w w w W w wlw o doydNodONMSoMSNMDMNMNERERRPRIRPRIR PRI O

R R RN

15
15
15

=, N NN

1.5
1.5
1.5

P R, N NN

1.5
1.5
15

R R, R, N NN

1.5
1.5
1.5

5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04

26.6
24.2
24.2
24.2
24.2
24.2
24.2
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Table H.2 Details of Depth of Fixity and Deflection in Piles

Us Ls Es Dfl Df2 Df3 Df4 Df5 Ymax
No. (m) (m) D(m) (kN/m) | S¢)  (m  (m) (m) (M) (m) (mm)
1 0 0 1 1.00E+03 | 26.55 | 13.981 19.406 20.309 17.371 12.801| 102.23
2 /0 O 1 1.00E+04 | 26.55 |13.43513.291 14.688 | 12.329 | 9.157 @ 39.51
3 /0 0 1 5.00E+04 | 26.55 | 13.435|13.291 12.342  12.329 | 9.157 | 29.28
4 10 0 1.5 | 1.00E+03 | 26.55 | 15.818 25.432 | 25.111| 20.99 14.88 | 66.50
5 0 O 1.5 | 1.00E+04 | 26.55 | 13.435| 15.314 | 14.688  13.083 9.863 | 17.50
6 10 O 1.5 | 5.00E+04 | 26.55 13.435| 14.416 | 14.688 12.329 9.157 | 10.10
7 10 0 2 1.00E+03 | 26.55 | 17.607 | 29.035 28.042 | 22.358 14.88 | 33.90
8 10 O 2 1.00E+04 | 26.55 | 13.981 17.051 17.907 | 15.95 12.801| 9.97
9 10 O 2 5.00E+04 | 26.55 | 13.435 15.314 14.688 | 12.329 | 9.157 | 4.65
10 0 | 1 1 1.00E+03 | 24.22 |16.112  20.266 20.51517.692 12.638 | 102.55
110 1 1 1.00E+04 | 24.22 |13.83214.888 13.812 11913 7.72 | 38.11
12 |10 | 1 1 5.00E+04 | 24.22 | 13.232 | 14.888 | 11.904  11.913 | 7.332 @ 26.76
13 /0 1 1.5 | 1.00E+03 | 24.22 1 16.112  24.72 | 25.627 | 20.914 14.397 | 64.30
1410 1 15 | 1.00E+04 | 24.22 1 13.832 15.378 13.81212.369 9.902 | 16.70
15/ 0 | 1 1.5 | 5.00E+04 | 24.22 13.536|14.137 1 12.824 11.391 8.772 | 9.30
16 | 0 | 1 2 1.00E+03 | 24.22 | 17.649  28.738  27.901 | 23.238 14.397 | 43.30
17 10 | 1 2 1.00E+04 | 24.22 | 14.429 17.001 17.556 15901 11.963| 9.49
180 |1 2 5.00E+04 | 24.22 | 13.832  14.888 13.812 | 11.913 | 8.34 4.16
19 | 0 2 1 1.00E+03 | 21.79 |17.469 19.802 20.244 17.321 13.14 | 102.40
20 0| 2 1 1.00E+04 | 21.79 |14.339 | 14.523  13.376 | 10.842 | 8.568 @ 37.22
21 .0 | 2 1 5.00E+04 | 21.79 | 13.741 11.562 13.376  10.39 | 7.895  26.98
22 0 2 1.5 | 1.00E+03 | 21.79 | 17.469 24.044 | 25.505|20.391 14.659 | 64.80
23 0| 2 15 | 1.00E+04 | 21.79 | 15.423  15.473 |13.376 | 11.427 8.568 | 16.30
24 0| 2 1.5 | 5.00E+04 | 21.79 13.741|14.27413.376  10.39  8.568 | 8.90
25 0 2 2 1.00E+03 | 21.79 |20.682 | 28.35 | 27.285|21.765| 14.659  44.92
26 0| 2 2 1.00E+04 | 21.79 |16.734 15.473 17.424 116.104 12.04 | 9.16
27 0| 2 2 5.00E+04 | 21.79 | 13.741 14.523 13.376 | 11.427 | 9.093 | 4.07
28 0 3 1 1.00E+03 | 19.28 | 17.096 19.59 | 20.523 17.029 12.526 | 118.00
29 0 3 1 1.00E+04 | 19.28 | 13.497 | 13.441 13.903 | 11.691 | 8.875 @ 35.36
30 0 3 1 5.00E+04 | 19.28 | 13.497 | 13.441 13.903 11.691 6.941 @ 26.03
31 0 3 15 | 1.00E+03 | 19.28 ' 17.934 | 25.481 | 24.884 | 20.238 14.476| 65.80
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32 1 0 3 15 | 1.00E+04 | 19.28 15.173 15.269|12.642  11.691 9.267 | 16.40
33 0 3 15 | 5.00E+04 | 19.28 13.497 13.44112.642|11.122 8.483 & 8.70
34 0 3 2 1.00E+03 | 19.28 20.894  29.029  27.588 | 22.342 14.476  69.34
35 0 3 2 1.00E+04 | 19.28 17.934 | 16.56 | 17.077 |15.971 12.526  9.07
36 0 3 2 5.00E+04 | 19.28 1 13.497 14.717 12.642|11.122| 9.267 | 3.98
37 110 1 1.00E+03 | 24.22 | 14.07 | 19.859 | 20.281 | 18.095 11.869 105.90
38 1 0 1 1.00E+04 | 24.22 | 12.853|15.138 | 13.323 | 13.267 | 8.817 @ 41.88
39 10 1 5.00E+04 | 24.22 10 |12.158 13.323 | 13.267 | 7.737 | 31.86
40 1 O 15 | 1.00E+03 | 24.22 | 14.731 | 25.751 | 24.843 | 21.792 | 14.393 | 67.39
41 /1 0 15 | 1.00E+04 | 24.22 | 14.731 | 25.751 | 24.843 | 21.792 | 14.393 | 67.39
42 10 15 | 5.00E+04 | 24.22 | 12.296 | 13.745|13.934 | 13.267 | 8.817 | 10.69
43 1 0 2 1.00E+03 | 24.22 | 18.088 | 28.627 | 28.126 | 23.733 | 15.15 | 47.02
4 110 2 1.00E+04 | 24.22 | 13.41 18.287 17.371|16.673 11.869 9.94
45 1 0 2 5.00E+04 | 24.22 1 12.853 15.138 13.934|11.978| 9.459 | 4.53
46 1 1 1 1.00E+03 | 21.79 | 15.883|19.157 | 20.844 | 18.127 | 12.321  107.6
47 11 |1 1 1.00E+04 | 21.79 ' 13.225 14.751 14.186 12.042 8.233 | 41.00
48 1 1 1 5.00E+04 | 21.79 1 13.225 14.377 14.186|12.042 7.941 | 30.40
49 1 1 15 | 1.00E+03 | 21.79 14.731 25.751|24.843 1 21.792 14.393 67.40
5 1 1 15 | 1.00E+04 | 21.79 14.642 15.126 | 14.186 14.186 9.672 | 18.20
51 11 1 15 | 5.00E+04 | 21.79 13.225 13.41 |14.186 12.042 8.233 | 10.80
52 11 1 2 1.00E+03 | 21.79 | 17.626 | 28.982 | 27.652 | 23.554 | 14.505  50.58
53 1 1 2 1.00E+04 | 21.79 14.306 16.131 17.866 |16.023 12.321 9.42
54 1 1 2 5.00E+04 | 21.79 1 13.225 14.377 13.74 |12.042| 9.672 | 4.29
5 | 1] 2 1 1.00E+03 | 19.28 17.377 | 19.404 | 20.335|17.867 | 11.897 107.10
5 | 1| 2 1 1.00E+04 | 19.28 14.365| 14.17 | 12.569 | 11.825  9.847 & 39.33
57 | 1] 2 1 5.00E+04 | 19.28 | 13.77 H 14.17 | 12.569| 12.06 @ 6.762 @ 28.43
58 | 1| 2 15 | 1.00E+03 | 19.28 17.788 24.802 | 24.996 | 20.313 14.556  65.50
50 | 1] 2 15 | 1.00E+04 | 19.28 14.365 13.834 12.569 11.825 9.847 | 16.70
60 | 1 | 2 15 |5.00E+04 | 19.28 13.77 13.497 12569 | 1091 H 9.847 @ 9.30
61 | 1 | 2 2 1.00E+03 | 19.28 | 19.355|28.418 | 27.074 | 22.592 | 14.556  54.62
62 | 1| 2 2 1.00E+04 | 19.28 14.96 | 16.213 | 15.937 |15.673 11.897 9.01
63 | 1 | 2 2 5.00E+04 | 19.28 # 13.77 ' 13.497 12.569| 11.59 | 9.118 | 3.96
64 1 3 1 1.00E+03 | 16.69 17.354 | 19.486 | 20.149 17.303 11.988 101.93
65 1 3 1 1.00E+04 | 16.69 §15.07711.902  12.072|11.485| 8.993 | 35.96
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66 1 3 1 5.00E+04 | 16.69 111.388 11.902 11.282|11.485 8.268 @ 25.55
67 1 3 15 | 1.00E+03 | 16.69 18.173 26.072 | 24.24520.499 14.13 | 65.70
68 1 3 15 | 1.00E+04 | 16.69 16.525 13.162 | 12.861 12.062 9.818 | 16.40
69 1 3 15 |5.00E+04 | 16.69 13.628 11.902  12.861|11.485 8.268 @ 8.70
70 1 3 2 1.00E+03 | 16.69 | 21.636 | 28.955|26.632 | 21.95 | 14.926 45.56
71 1 3 2 1.00E+04 | 16.69 17.354  15.22 |15.581|15.903 11.988 9.41
72 1 3 2 5.00E+04 | 16.69 12.775 11.902 12.861|11.485| 8.993 | 4.12
7320 1 1.00E+03 | 21.79 ' 13.451  19.214 | 20.473 | 18.123  12.853  110.19
74 20 1 1.00E+04 | 21.79 ' 13.451 13.376 | 13.52 |12.853 10.173 43.79
720 1 5.00E+04 | 21.79 1 11.137 13.376  10.984|12.482 9.753 @ 32.12
7% 2 0 15 | 1.00E+03 | 21.79 14.628 24.62 |25.164 21.411 15.485 | 69.60
720 15 | 1.00E+04 | 21.79 13.451 14.613| 13.52 |12.853 9.753 | 4.30
7 2 0 15 | 5.00E+04 | 21.79 12.273 13.376| 13.52 | 12.482 8.558 | 11.00
79 2 0 2 1.00E+03 | 21.79 | 15.953 | 28.504 | 27.658 | 23.21 | 15.485 48.79
80 2 O 2 1.00E+04 | 21.79 ' 13.451 | 18.25 | 17.783|15.912  12.853  10.37
81 2 0 2 5.00E+04 | 21.79 1 13.451 15435 13.52 |12.482| 9.753 | 5.01
82 2 1 1 1.00E+03 | 19.28 16.681  18.884 | 19.843 | 17.451 13.395 111.50
83 2 1 1 1.00E+04 | 19.28 ' 13.53214.269 | 13.14 | 11.66 | 8.152 @ 42.88
8 2 1 1 5.00E+04 | 19.28 1 13.025 13.935 | 13.14 | 11.66  8.152 = 31.29
8 2 1 15 | 1.00E+03 | 19.28 16.681  18.884 |19.843 | 17.451 13.395 1115
86 2 1 15 | 1.00E+04 | 19.28 14.039 14.269| 13.14 | 12.19 10.152 | 18.00
87 | 2 1 15 | 5.00E+04 | 19.28 13.025 13.935| 13.14 | 12.19  8.152 | 11.10
88 2 1 2 1.00E+03 | 19.28 ' 18.518 | 28.041 | 27.398 | 23.129 | 15.832  47.75
89 2 1 2 1.00E+04 | 19.28 §15.464 | 16.392 | 15.084 | 15.617 | 12.775 10.15
90 2 1 2 5.00E+04 | 19.28 113.532 13.935 13.14 | 12.19 | 10.152| 4.76
91 | 2 | 2 1 1.00E+03 | 16.69 | 17.781 | 23.892 | 24.628 | 21.439 14.773 67.18
92 | 2 | 2 1 1.00E+04 | 16.69 § 14.353 | 14.693 | 13.025|11.965  9.821 @ 17.73
93 | 2 | 2 1 5.00E+04 | 16.69 13.806 14.693 13.025|10.885 9.821 @ 10.78
94 | 2 | 2 15 | 1.00E+03 | 16.69 17.781 23.892 | 24.628 21.439 14.773 | 67.20
95 | 2 | 2 15 | 1.00E+04 | 16.69 14.353 14.693|13.025 11.965 9.821 | 17.70
9% | 2 | 2 15 | 5.00E+04 | 16.69 13.806 14.693|13.025 13.659 9.821 | 10.80
97 | 2 | 2 2 1.00E+03 | 16.69 = 18.9 |28.236 | 26.56 |22.708 14.773 50.13
98 | 2 | 2 2 1.00E+04 | 16.69 §14.353  16.261  15.662 |16.125 12.272 9.44
9 | 2 | 2 2 5.00E+04 | 16.69 13.806 14.693 13.025|11.585| 8.938 | 4.26
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100 2 3 1 1.00E+03 | 14.03 ' 17.488 | 18.905 | 19.897 | 16.827 | 12.548 106.87
101 2 3 1 1.00E+04 | 14.03 4 13.683 | 13.216 | 12.932 | 11.829 | 9.062 & 39.05
102 2 3 1 5.00E+04 | 14.03 1 13.683 13.216 12.932|12.688 9.062 | 28.50
103 2 3 15 | 1.00E+03 | 14.03 | 17.488  18.905|19.897  16.827 | 12.548  106.8
104 2 3 15 | 1.00E+04 | 14.03 16.475 13.216/12.368 11.49  9.619 | 18.10
105 2 3 15 |5.00E+04 | 14.03 13.683 13.216 | 13.751|12.688 9.062 A 9.60
106 2 3 2 1.00E+03 | 14.03 ' 20.626 | 27.284 | 26.233 | 23.045 14.773 | 47.4
107 2 3 2 1.00E+04 | 14.03 ' 17.488  16.158  15.656 | 16.404 12.548 9.82
108 2 3 2 5.00E+04 | 14.03 13.683 13.216 12.368 | 11.151| 9.062 | 4.48
109 3 0 1 1.00E+03 | 19.28 12.913  19.304 | 20.49 | 18.403  14.499 109.40
110 3 ' O 1 1.00E+04 | 19.28 ' 12.309 | 14.494 | 13.238 | 11.132 | 10.465  43.49
111 . 3 ' 0 1 5.00E+04 | 19.28 10 12.73113.238 |11.132 | 11.628  31.71
112 3 ' 0 15 | 1.00E+03 | 19.28 15.315 25.505|25.939 | 21.56 @ 15.22 | 69.70
113 3 | 0 15 | 1.00E+04 | 19.28 12.913 14.49413.238 12.264 10.465 18.60
114 3 ' 0 15 | 5.00E+04 | 19.28 12.913 12.731/13.238 11.132 8.896 A 10.20
115 3 | 0 2 1.00E+03 | 19.28 16.952  28.14 | 27.899 | 23.19 16.305  49.74
116 3 | 0O 2 1.00E+04 | 19.28 13.517 | 16.43 | 18.028 | 16.913  13.376 10.51
117 3 | 0 2 5.00E+04 | 19.28 112.913 14.494 14.198 | 12.264| 9.302 | 4.69
118 3 | 1 1 1.00E+03 | 16.69 § 15.849  19.378 | 20.077 | 17.296 | 14.028 112.90
119 3 | 1 1 1.00E+04 | 16.69 §13.626  14.433 | 13.6 |12.801 11.518 45.25
120 3 | 1 1 5.00E+04 | 16.69 H 13.06 12.034 13.6 |13.314 11518 35.03
1211 3 1 15 | 1.00E+03 | 16.69 15.849 24.432|24.952  22.007 15.278 69.10
1221 3 1 15 | 1.00E+04 | 16.69 13.626 14.433 | 13.6 | 12.801 10.837 18.80
123 3 | 1 15 | 5.00E+04 | 16.69 13.06 12.034 | 13.6 |12.288 10.837 10.90
1241 3 1 2 1.00E+03 | 16.69 16.795 27.765|27.937 | 23.489 15.278 46.94
125 3 | 1 2 1.00E+04 | 16.69 14.193 15.35516.724 | 16.058 12.892  10.14
126 3 | 1 2 5.00E+04 | 16.69 13.626 13.986 13.6 |12.288| 9.553 | 4.82
127 1 3 | 2 1 1.00E+03 | 14.03 | 16.73 | 18.87720.273 |17.691  13.684  113.2
128 3 | 2 1 1.00E+04 | 14.03 1 14.976 | 14.286 | 13.149 | 13.093  10.497  44.09
129 3 | 2 1 5.00E+04 | 14.03 1 13.536 14.286 12.653|13.456 11.179 34.12
130 3 | 2 15 | 1.00E+03 | 14.03 17.646 23.51 | 24.64 | 21.443 15.345  71.30
131 3 | 2 15 | 1.00E+04 | 14.03 14.976 14.286|13.149 13.093 10.497 19.20
132 3 | 2 15 | 5.00E+04 | 14.03 13.974 14.286|11.696 13.093 11.179 12.00
133 3 | 2 2 1.00E+03 | 14.03 | 19.145 | 28.005 | 26.726 | 22.763 | 15.704 | 50.85
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134
135
136
137
138
139
140
141
142
143
144

W W W w w w w w w w w

W W W w w w w w w NN

PR R, NN

15
15
15

1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04
1.00E+03
1.00E+04
5.00E+04

14.03
14.03
11.31
11.31
11.31
11.31
11.31
11.31
11.31
11.31
11.31

16.135
13.974
17.328
14.408
13.096
18.504
16.175
14.408
19.852
14.408
14.408

15.771
14.286
18.62
13.661
14.808
24.163
13.661
13.661
27.643
14.808
14.808

15.583
11.696
19.238
13.206
10.497
24.007
13.206
11.15
26.051
13.206
13.206

16.121
12.731
17.354
11.685
11.685
20.545
12.561
11.685
21.943
11.685
11.685

13.399
9.772
13.078
10.018
10.018
15.426
10.018
8.688
15.907
9.353
9.353

10.24
4.93
107.30
39.76
29.42
69.6
17.90
10.10
51.96
4.58
4.58
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Appendix |

Multivariable Regression Analysis

.1 Regression Analysis

Regression Analysis is a statistical tool used to estimate the relationships
among variables. There are many methods for modeling and analyzing several

variables, focusing on the relationship between a dependent variable and one or
more independent variables.

et
i

Dependent Variable
|

mean line ()

Independent Variable X

Fig.G.1 Graphical Representation of Regression

The proportion of total variation, R? = 1 — 2o

SST
SSE = Z()’i - ¥)?
SST= ) = 7)?

y=Bo+Bix+e
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As the number of independent variables increases the relationship between

the dependent variable and the ‘k’ independent variables becomes,

y = Bo + B1xy + Baxz + Bsxz + - +Prxx + €

1.2 Multivariable Regression Analysis

yl 1 x12 xlk ﬁl gl
1 . X £
Yn 1 xp, Xnid \Pn €n
Y = X8
XTY = XTXB

Hence,

B =X"X)"1xTy

1.3 MATLAB Coding

Consider the existing matrices [X] , [Y] and [B],
M = XB;
B=(X"*X)"D)*X"+Y
MU = mean(Y);
SST = sum((Y — MU)."2);

SSE = sum((M —Y).2);

MaxErr = max(abs(Y — M))

plot(X*B,Y, o', X «B,M,—")
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Appendix J

Design Chart for the Analysis of Ship Berthing Structure

A. Design Charts for Bending Moment Based on the Numerical Analysis
of Ship Berthing Structure

Numerical analysis of ship berthing structures are carried out as
explained in Chapter 6. The values obtained in the parametric study are tabulated
in Appendix-H and is used to develop design charts to calculate the bending

moment acting on middle row (R3) of pile.

A parabolic variation of bending moment is observed among the different
rows of piles and row-3 piles are always at the vertex of the parabola with
minimum values of bending moment. Hence design charts are developed for
row-3 pile and the value of bending moment thus obtained is multiplied with the

moment factor for each row to obtain the bending moment of that row.

Moment Factor for each row

M.F. = 0.0051)(2 - 0.0136x + 0.9782, R*> = 0.9946

Moment Factor Curve

+ Moment Factor

-

D

[en)

[en]

D
w-3 Piles

(0}

y = 0.0051x? - 0.0136x + 0.9782

/

11 /
-15 -10 -5 0 5 10 15
Distance from Row-3 Piles

AR
N ' ' '
[en)
[es]
D
Moment Factor w,r.t
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Design Chart Al

35
Design Chart for Row3 Piles L=0
oo —
30
L=1
25 L=2

/
20
-

15 -
10

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0

log10(Es) Z
Design Chart A2
35
Design Chart for Row 3 Piles
u=1 —

30 . L=0

\\

15 /

0.0 05 10 15 20 25 3.0 35 40
log10(Es) Z
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Design Chart A3

35
Design Chart for Row 3 Piles
u=2
30
/——_ L = 0
25
L=1
u? '//——/7 L=2
g / L=3
e —————
) ,/
10
0.0 0.5 1.0 15 2.0 25 3.0 35 4.0
log10(Es) Z
Design Chart A4
35
Design Chart for Row 3 Piles
u=3
30
25
L=0
— L=1
20
TR
(e} / L=2
s //"
15
/ L=3
0.0 0.5 1.0 15 2.0 2.5 3.0 35 4.0
log10(Es) Z
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Sample Calculation:
Input Parameters:
Es = 1000 kN/m?
D=1m
F = 3000 kN
U=0m
L=2m
Based on the above values,
Z=10.098214
©0=218"°
log10(Es) =3
Then the design chart selected is,
Design Chart Al

Intermediate Parameters calculated for the design chart is:
Parameter on x — axis:log10(E,)Z = 0.295

Based on the parameter on x-axis, the parameter on y-axis is obtained as;

M6

Parameter on 'y — axis: = 16

Hence the bending moment acting on row 3 pile is,

_16%3000

M = ——— =2201.835 kNm
21.8
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Considering the moment factor for each row, design bending moments are,

Sl No. Row Distance from Moment = Bending Moment
No. R3 x (m) Factor (KNm)
1 R1 10 1.3522 2912.42
2 R2 5 1.0377 2235.03
3 R3 0 0.9782 2153.83
4 R4 -5 1.1737 2527.96
5 R5 -10 1.6242 3498.26

Comparing the calculated bending moments with the actual bending moments

obtained from the numerical analysis;

Actual Bending

Moment Calculated Percentage
SI. No. = Row No. . Bending Moment = Variation
(Appendix-H) (kNm) (%)
(KNm)
1 R1 2987.06 2912.42 2.5
2 R2 2149.01 2235.03 4.0
3 R3 2104.62 2153.83 2.3
4 R4 2439.00 2527.96 3.6
5 R5 3337.21 3498.26 4.8
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B. Design Charts for Depth of Fixity Based on the Numerical Analysis of
Ship Berthing Structure

Numerical analysis of ship berthing structures are carried out as
explained in Chapter 6. The values obtained in the parametric study are tabulated
in Appendix-H and is used to develop design charts to calculate the depth of
fixity acting on second row (R2) of pile.

A parabolic variation of depth of fixity is observed among the different
rows of piles and row-2 piles are always at the vertex of the parabola with
maximum valued of depth of fixity. Hence design charts are developed for row-2
pile and the value of depth of fixity thus obtained is multiplied with the fixity
factor for each row to obtain the depth of fixity of that row.

Fixity Factor for each Row
F.F. =-0.0021x" - 0.0093x + 0.9896
2=10.9968

Fixity Factor Chart

* Fixity Factor
1

R
y =-0.0021x2 - 0.0093x + 0.9896 .
R2=0.9968

-20 -15 -10 -5 0 5 10
Distance from Row-3 Piles

e}
©

D
o)

ty Factor w.r.t. Row-2 Piles

[«
[e))
EiXi
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Design Chart B1

Design Chart for Row?2 Piles

u=0
0.15
0.10 -
w L=0
o} L=1
Y
o L=2
L=3
0.05
0.00 ‘ ‘ ‘ ‘ ‘ ‘
0.0 100.0 200.0 300.0 400.0 500.0 600.0
ES/ Z Thousands
Design Chart B2
0.20 T—
Design Chart for Row?2 Piles
u=1
0.15
L 010 -
o =0
(Vi
D =
0.05 =
=3
0.00 ‘ ‘ ‘ ; ; ‘
0.0 100.0 200.0 300.0 400.0 500.0 600.0
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Design Chart B3

0.20 -

Design Chart for Row?2 Piles
u=2

L=0
L=1
0.05 L=2
L=3
0.00 ‘ ‘ ‘ ‘ ‘ ‘
0.0 100.0 200.0 300.0 400.0 500.0 600.0
ES/ Z Thousands
Design Chart B4
0.20
Design Chart for Row2 Piles
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0.00 ‘ ‘ ‘ ‘ ; ‘
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Sample Calculation:

Input Parameters:
Es = 1000 kN/m?
D=1m
F = 3000 kN
U=0m
L=2m

Based on the above values,
Z=10.098214
©0=218"°

Then the design chart selected is,
Design Chart B1

Intermediate Parameters calculated for the design chart is:

(E) 1000
Z  0.098214

Parameter on x — axis: = 10182

Based on the parameter on x-axis, the parameter on y-axis is obtained as;

Parameter ony — axis: 7 = 0.16

Hence the bending moment acting on row 3 pile is,

Df _ 0.15%x3000 —20.64 M
21.8
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Considering the moment factor for each row, design bending moments are,

31, No. Fli\lo(;/lv Distar;(c?r:‘];om R3 Fixity Factor Depth(g:‘)Fixity
1 R1 5 0.8906 18.38198
2 R2 0 0.9896 20.42534
3 R3 -5 0.9836 20.3015
4 R4 -10 0.8726 18.01046
5 RS -15 0.6566 13.55222

Comparing the calculated bending moments with the actual bending moments

obtained from the numerical analysis;

Actual Bending

Moment Calculated Percentage
SI. No. Row No. : Bending Moment = Variation
(Appendix-H) (kNm) (%)
(KNm)
1 R1 17.47 18.38 5.21
2 R2 19.80 20.43 3.17
3 R3 20.24 20.3 0.28
4 R4 17.32 18.01 3.98
5 R5 13.14 13.55 3.12
TORR.....
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