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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 



vii 

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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Introduction  
 

 

1.1  General 

1.2  Scope of the Present Study 

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 
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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.  

 

 
Fig. 1.2 Fenders in a Ship Berthing Structure 

(courtesy: http://www.portfenders.com) 

 

 
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).  

 

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.  

 

 
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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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] 



Literature Review 

 

12 

Chapter 2 

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

 

  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]. 

 

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. 

 
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. 

 
Fig. 2.4  Reissner Type Simplified Elastic Continuum 

Applied to Laterally Loaded Pile [47] 
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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.  

 

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 γ 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 
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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 et al. [141].   

 

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, 

𝐸𝐼
𝐴 = ∫ 𝐹𝐴(𝜔)

∞

−∞
|𝐴(𝜔)|2𝑑𝜔 𝑎𝑛𝑑 𝐸𝐼

𝑆 = ∫ 𝐹𝑆(𝜔)
∞

−∞
|𝐴(𝜔)|2𝑑𝜔  ......... (2.1) 

Where 𝐹𝐴(𝜔)𝑎𝑛𝑑 𝐹𝑆(𝜔) 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.  

 

∑ 𝑚𝑖(ü𝐺 + ü𝑖) + 𝑘𝑖
1
𝑖=0 (𝑢0

(𝐼) + 𝑢0
(𝑘) − 𝑢𝐺) + 𝑘𝑝(𝑢0

(𝐼) + 𝑢0
(𝑘)) = 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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Fig. 2.8 Building Pile System Supported by the Free-Field 

Ground through Winkler Type Soil Model [50] 

 

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. 

 

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 et 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 (Ep), interface 

property (Rinter), 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 (ν’), shearing resistance angle (φ’), effective cohesion (c’) and 

angle of dilatancy (ψ). 

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 = (
𝐸𝐼

𝑛ℎ
)

1
5⁄  ............................................................................................ (2.3) 

Where EI is the flexural rigidity of the pile material and nh is the coefficient of 

modulus variation (possible range values of nh from 2.5MN/m
3
 to 20MN/m

3
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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 (γ), shear modulus (Es), 

poisson’s ratio (ν), shearing resistance angle (φ), effective cohesion (c) and 

angle of dilatancy (ψ) 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 kh of the particular layer, 

𝑝 = 𝑘ℎ𝑦 ................................................................................................. (2.4) 

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]. 

𝑘ℎ = (0.48 𝑡𝑜 1.8)
𝐸𝑠

𝐷⁄  ....................................................................... (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-φ 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 θ 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 purpose. 
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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)
1/2

. 

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
4
) and 1.2 m sided square piles (M. I. = 0.05 m

4
) 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 =  
𝑄𝑔

𝑛𝑄𝑠
⁄  ....................................................... (2.6) 

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], 

𝐸𝐼
𝜕4𝑦

𝜕𝑥4 − 𝑘𝑦 = 0 ..................................................................................... (2.7) 

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 (ɛ) and hence the constant of 

proportionality ‘C’ is obtained from simple bending test.  The relation thus 

obtained can be expressed as, [14]   

𝑀 = 𝐶 ∗ 𝜀 .............................................................................................. (2.8) 
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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], 

𝑚𝑝
𝜕2𝑦

𝜕𝑡2 + 𝐶𝑝
𝜕𝑦

𝜕𝑡
+ 𝐾𝑑𝑠𝐷𝑦 + 𝐸𝑝𝐽𝑝

𝜕4𝑦

𝜕𝑥4 + 𝑁𝑝
𝜕2𝑦

𝜕𝑥2 = 0 .............................. (2.9) 
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Where,  mp -  mass of the pile per unit length  

Cp -  structural damping coefficient of the pile 

Kds -  dynamic stiffness of the soil 

Ep -  young’s modulus of pile 

Jp -  polar moment of inertia of the pile 

Np -  axial load on pile  

y     -  lateral deflection of the pile.  

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

𝑓1 =
𝑎𝑘1

2

2𝜋
 ............................................................................................. (2.10) 

Where, 𝑎 =
𝐸𝑝𝐽𝑝

𝑚𝑝

1
2⁄

, 𝑘1 =
1.875

𝑙𝑒
, le is the effective length of pile. 

 

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, 

𝑑4𝑦

𝑑𝑥4 + 4𝜆4𝑦 =
𝑞

𝐸𝐼
 ................................................................................... (2.11) 

Where EI is the flexural rigidity of the pile, q is the distributed force along the 

pile and λ 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 et al. have analysed the influence of change 

in bed slope of Kandla port which was observed to change from 1V:3 H to 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 

is 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 

(γ), shear modulus (Es), poisson’s ratio (ν), shearing resistance angle 

(φ), effective cohesion (c) and angle of dilatancy (ψ) 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. 



Literature Review 

 

37 

Chapter 2 

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

 

 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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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 1g 

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.  

C
o

n
te

n
ts

 



Experimental Investigation 

40 

Chapter 3 

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

 

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 π- theorem or using 

Rayleigh method. Both the methods derives the same relation among the physical 

quantities as follows, 
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The detailed procedure is as follows. 

3.2.1 Buckingham’s π- theorem 

The Buckingham’s π- 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 π 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  =  pile length (L) 

EI =  flexural rigidity (FL
2
) 

c  =  soil cohesion (F/L
2
) 

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

                      ..................................................................... (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 π terms. Hence, 

                      ..................................................................... (3.3) 

Step 2: 

In order to form these π-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
2
) 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. 

            .................................................................................... (3.4a) 

            ................................................................................... (3.4b) 

            .................................................................................... (3.4c) 

            .................................................................................... (3.4d) 

           .................................................................................... (3.4e) 
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Step 4: 

Expressing π dimensionally in F-L-T system,      . 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 π-terms 

                             
     

           

     

      

           

   
 

 
 

                                 
       

         

      

     

           

   
   

  
 

                                 
     

           

     

      

           

   
 

 
 

                              
 

  
  

       

           

      

     

           

   
   

  
 

                                 
     

           

     

      

           

   
 

 
 

 

Step 5: 

Since,                             

Substituting the   terms in the above equation, 
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)) ............................................................... (3.5) 
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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, x2, …….,xn then the functional equation can be written in the 

following general form, 

                 ....................................................................... (3.6) 

In this equation X is a dependent variable while x1, x2, …….,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, 

      
   

   
      

   ..................................................................... (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) 

EI =  Flexural rigidity (FL
2
) 

c  =  soil cohesion (F/L
2
) 

h  =  height of applied load from the ground surface (L) 



Experimental Investigation 

44 

Chapter 3 

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

 

The functional relationship in this method can be expressed expresses as follows, 

                       ................................................................. (3.8) 

Where, K is a dimensionless quantity. Substituting the proper dimensions for 

each variable in the exponential equation in F-L-T system, 

        (                   
 

  
      ) ...................................... (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) 

For F:         ........................................................................... (3.10) 

For L:               ........................................................ (3.11) 

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), 

         ...................................................................................... (3.12) 

       [      ]       ................................................... (3.13) 

Hence,  

              ................................................................... (3.14) 

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

   (                                ) 
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)) ......................................................... (3.15) 
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3.2.3 Scale Factors for the Present Study 

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

   
 

 
 ............................................................................................... (3.16 a) 

   
   

  
 ........................................................................................... (3.16 b) 

   
 

  
 .............................................................................................. (3.16 c) 

   
   

  
 ............................................................................................ (3.16 d) 

   
 

  
 .............................................................................................. (3.16 e) 

The scale factors (λ) are established by equating the model π-terms with 

the prototype π-terms (ie. λ=(  ⁄ )
 
 (  ⁄ )

 
 . 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 

π-terms will be same for both model and prototype. Considering equation no. 

(3.16c),  

 
 

 
    

 

 
                                    

Where,   
 

 
   is the length to diameter ratio of model and  

 

 
   is the length to 

diameter ratio of prototype. Assuming a prototype pile diameter of 1000 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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Table 3.2 Length of Prototype Piles used in the Present Model Tests 

   (mm)   (mm)  
 

 
     (mm)   (mm)   

 

 
      

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 
 

   (mm)   (mm)   (mm)  
 

 
     (mm)      

 

 
   

600 25.40 31.58e3 23.62 1337 

700 25.40 36.84e3 27.56 1337 

800 25.40 42.10e3 31.50 1337 

 

Similarly, considering equation no. (3.16.e), 
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Table 3.4 Height of Prototype Pile above the Ground Level 

   (mm)   (mm)  
 

 
    

 

 
     (mm)   (mm) 

50 19.00 2.63 2.63e3 1000 

50 25.40 1.97 2.63e3 1337 

 

Considering equation no. (3.16.e), 

 
   

  
    

   

  
                                 

Table 3.5 Scale factors to calculate Load on Prototype Pile 

   (N)    (mm)    (N/mm
2
)    (mm

4
)  

   

  
    

   

  
   

10 N 19.00 70e3 2298.21 2.24e-5 

150 N 19.00 70e3 2298.21 33.66e-5 

10 N 25.40 70e3 5716.54 0.90e-5 

150 N 25.40  70e3 5716.54 13.53e-5 

 

          √                     √               

Table 3.6 Load on Prototype Pile 

 
   

  
    

   

  
      (mm)    (N/mm

2
)    (mm

4
)    (N) 

2.24e-5 1000 26000 4.91e10 28.6e3 

33.66e-5 1000 26000 4.91e10 429.7e3 

0.90e-5 1337 26000 15.69e10 20.5e3 

13.53e-5 1337 26000 15.69e10 308.8e3 

 

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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  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.  

The scale factor    (
 

 ⁄ )
 
 (

 
 ⁄ )

 
  

 
   

    
 

 
     

  
 

⁄       …(3.20) 

Table 3.7 Comparison of Deflection of Prototype Piles used using Model Analysis 

and Analysis of PLAXIS-3D Model 

  , mm 

(PmN) 
  (mm)   (mm) Predicted   (mm) 

    mm (Pp kN) 

(PLAXIS-3D) 

1.5 (50 N) 19.0 1000 2.9 3.6(143 kN) 

3.455 (100 N) 19.0 1000 - 6.8(286 kN) 

7.763  (200 N) 19.0 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. 

 
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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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 IS 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 5mm, gauge factor 2 and resistance 120 Ω.  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. 

 

 

 

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



Experimental Investigation 

54 

Chapter 3 

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

 

 

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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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. 

          ........................................................................................... (3.21) 

Where, M  =  bending moment at various depths (Nmm) 

 C  =  bending constant (Nmm per microstrain) 

 ε  = 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 

y = 35.696x + 27.836 

R² = 0.9865 
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electronic device used to convert the change in resistance in strain gauges into 

micro strains.   

 

 

         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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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.  

 

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 

 

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

 

Fig. 3.17.a Bending Moment Variation in Model Piles (D= 25.4 mm & S= 1:1.5) 
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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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Fig. 3.17.c Bending Moment Variation in Model Piles (D= 25.4 mm & S= 1:2) 
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Fig. 3.17.d Bending Moment Variation in Model Piles (D= 19 mm & S= 1:2) 
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Table 3.9 Details of Model Tests Conducted and Test Results 

Sl.

No. 

Embedment 

Depth of Pile 

(mm) 

Diameter 

of Pile 

(mm) 

Slope of 

Soil 

Bed 

(1:S) 

Maximum 

Bending Moment 

(kNmm) 

Maximum 

Deflection 

(mm) 

1 550 19 1:2 10.9 4.5 

2 650 19 1:2 11.1 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 1:1.5 11.8 4.89 

9 750 19 1:1.5 12.1 4.55 

10 550 25.4 1:1.5 13.3 3.41 

11 650 25.4 1:1.5 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 

 

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

for different embedment depths. 

 

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 

 

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 

 

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 

C
o

n
te

n
ts

 



Analytical Investigation 

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

 

Chapter 4 

loading and to a pair of compressive forces Px 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, 

 

 

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

(    )               ..................................................... (4.1) 

Rearranging,  

  

  
   

  

  
     ............................................................................... (4.2) 

Differentiating with respect to x, 

   

   
   

   

   
 
  

  
   ........................................................................... (4.3) 
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Considering the following identities, 

   

   
   

   

   
 .......................................................................................... (4.4) 

and 

  

  
         ...................................................................................... (4.5) 

Substituting in Eq.4.1 

  
   

   
   

   

   
        .................................................................. (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 

EI =  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. 
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    𝑘    ........................................................................................ (4.7) 

As per the mathematical formulation the derivatives can be written in difference 

form as follows, 

  

  
 
         

  
 ............................................................................... (4.8) 

   

   
 
             

  
 ................................................................... (4.9) 

   

   
 
                      

   
 ............................................ (4.10) 

   

   
 
                         

  
 ............................................... (4.11) 

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 Eqn. no. 4.3 in Eqn.no.4.2, 

       (
                         

  
)     (

             

  
)         ...... (4.12) 

 

Fig.4.2 Finite Element Discretization of the Pile 

    Pt 
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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, 

    
   

   
        ........................................................................... (4.13) 

    (
                         

  
)        ................................... (4.14) 

                                                    
     .... (4.15) 

           [  
    

 

    
]                 ........................ (4.16) 

where, 

            𝑘   

                 

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+2 to yn-2. 

 

 

Fig. 4.3 Computed Values of Deflection and Bending 

Moment of the Validating Problem (Reese          

et al.) [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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Fig. 4.4 Deflection Variation along the length of the pile 
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Fig. 4.5 Bending Moment Variation along the length of the pile 

 

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
4
 for 25.4 mm pile and 2298 mm

4 
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 

Es 
      

       
 , where D is the diameter of the circular pile and k1 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 

Strength, 

qu kN/m
2
 

Modulus of Subgrade 

Reaction, 

k1 X 10
3 
N/m

3
 

Soil Modulus, 

Es N/m
2
 

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 
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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 1:1.5 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 1:1.5 13.64 15.2 

12 750 25.4 1:1.5 13.90 15.2 

Table 4.3 Comparison of Deflection at Pile Top 
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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 1:1.5 5.20 3.61 

8 650 19 1:1.5 4.89 3.61 

9 750 19 1:1.5 4.55 3.61 

10 550 25.4 1:1.5 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 et 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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Chapter 5 

Numerical Investigation 
 

5.1  Introduction 

5.2  Soil-Pile Modeling in PLAXIS-3D 

5.3  Modeling of a Laterally Loaded Single Pile in 
Sloping Bed 

5.4  Analysis Results of Parametric Study 

5.5 Multivariable Regression Equations 

5.6  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
o
 to 45

o
. 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.  

 

Fig. 5.1 Illustration 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
2
) and effective poison’s ratio. The 

strength parameters of the model are effective cohesion (kN/m
2
), effective 

friction angle (
o
) and dilatancy angle (

o
).   

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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Fig. 5.2 Embedded Pile inside Soil Volume [103]           

 

Fig. 5.3 Embedded Pile with Interface [103] 

 

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. Since1g test method          

is adopted for the experimental investigation, gravity is considered to be 1g        

with earth’s gravity 9810 N/mm
2
. Weight density of water is considered to be         

1e-5 N/mm
3
. 

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, K0 

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 

 

Fig. 5.6.a Load-Deflection Curve for 19 mm Diameter Model Pile with  
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550 mm Embedment Depth

 
Fig. 5.6.b  Load-Deflection Curve for 25.4 mm Diameter Model Pile with 550 mm 

Embedment Depth 

 

 
Fig. 5.6.c  Load-Deflection Curve for 30 mm Diameter Model Pile with 550 mm 

Embedment Depth 
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Fig. 5.6.d  Load-Deflection Curve for 19 mm Diameter Model Pile with 650 mm 

Embedment Depth 

 

 
Fig. 5.6.e  Load-Deflection Curve for 25.4 mm Diameter Model Pile with 650 mm 

Embedment Depth 
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Fig. 5.6.f  Load-Deflection Curve for 30 mm Diameter Model Pile with 650 mm 

Embedment Depth 

 

 
Fig. 5.6.g  Load-Deflection Curve for 19 mm Diameter Model Pile with  750 mm 

Embedment Depth 
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Fig. 5.6.h  Load-Deflection Curve for 25.4 mm Diameter Model Pile with 750 mm 

Embedment Depth 

 
Fig. 5.6.i  Load-Deflection Curve for 19 mm Diameter Model Pile with 750 mm 

Embedment Depth 
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5.4.2 Bending Moment Diagrams 

 

Fig. 5.7.a Bending Moment Diagram for 19 mm Diameter 

Model Pile with 550 mm Embedment Depth 
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Fig. 5.7.b Bending Moment Diagram for 25.4 mm 

Diameter Model Pile with 550 mm Embedment 

Depth 
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Fig. 5.7.c Bending Moment Diagram for 30 mm Diameter 

Model Pile with 550 mm Embedment Depth 
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Fig. 5.7.d  Bending Moment Diagram for 19 mm Diameter 

Model Pile with 650 mm Embedment Depth 
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Fig. 5.7.e  Bending Moment Diagram for 25.4 mm Diameter 

Model Pile with 650 mm Embedment Depth 
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Fig. 5.7.f  Bending Moment Diagram for 30 mm Diameter 

Model Pile with 650 mm Embedment Depth 
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Fig. 5.7.g  Bending Moment Diagram for 19 mm Diameter 

Model Pile with 750 mm Embedment Depth 
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 Fig. 5.7.h Bending Moment Diagram for 25.4 mm Diameter 

Model Pile with 750 mm Embedment Depth 
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Fig. 5.7.i  Bending Moment Diagram for 30 mm Diameter 

Model Pile with 750 mm Embedment Depth 
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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 

Sl. No. 

 S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

1 1  45 6.077 13.522 140.216 

2 1.5 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 

Sl. No. 

S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

1 1  45 5.994 13.51 140.17 

2 1.5 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 

Sl. No. 

S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

1 1  45 5.957 13.491 140.233 

2 1.5 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 

Sl. No. 

S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

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 4  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 

Sl. No. 

S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

1 1  45 4.01 15.841 179.809 

2 1.5 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 

Sl. No. 

S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

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 4  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 

Sl. No. 

S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

1 1  45 3.365 17.18 209.05 

2 1.5 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 

Sl. No. 

S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

1 1  45 3.205 17.426 209.526 

2 1.5 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 

 

 



Numerical Investigation 

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

 

Chapter 5 

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 

Sl. No. 

 S                

(slope          

1 V: S H) 

Slope (
o
) 

Maximum 

Deflection 

(mm) 

Maximum 

Bending 

Moment 

(kNmm) 

Depth of 

Fixity 

(mm) 

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.  

                                    ............................. (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
2
 corresponding to the regression      

is 0.88.  
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Fig. 5.8  Actual Value of Max. Deflection Vs Calculated Value of Max. 

Deflection 

 

                                    ............................ (5.2) 

Where,  is the maximum bending moment at the depth of fixity of the pile 

in Newton-meter unit and R
2
 corresponding to the regression is 0.90. 

 

 
 

Fig. 5.9  Actual Value of Max. Deflection Vs Calculated Value of Max. 

Bending Moment 
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                                  ................................ (5.3) 

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

and R
2
 corresponding to the regression is 0.88.  

 

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 IS 2911(Part 1/ 

Sec 1):2010, cl.6.5.1, the depth of fixity of pile embedded in soft soil is not more 
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Table 5.2  Variation of depth of fixity as per the suggested equation and the 

conventional method 

S (
0

) D (mm) L (mm) Df (mm) 10D 
% over 

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].  

 
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, IS4651-Part III-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 

Sl. No. Parameter Name Magnitude Unit 

1 Pile diameter  D 1 , 1.5, 2 m 

2 Pile length  L 50  m 

3 Compressive strength of concrete MIX 35  N/mm
2
 

4 Young’s modulus of concrete  E 30,000,000  kN/m
2
 

5 Poisson’s ratio of concrete  ʋc 0.15 - 

6 Unit weight of concrete  γc 25 kN/m
3
 

7 Skin resistance Tmax 200 kN/m 

8 Base resistance Fmax 200 kN/m 

9 Cross-sectional area of beam  Ab 0.15 m
2
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Table 6.2 Parameters of Soil 

Sl. 

No. 
Parameter Name Magnitude Unit  

1 Soil Model Mohr- Coulomb - - 

2 Saturated unit weight  γsat 18 kN/m
3
 

3 Dry unit weight  γunsat 17 kN/m
3
 

4 Soil modulus  Es 

1000,10,000, 

50,000  kN/m
2
 

5 Cohesion  c 12 kN/m
2
 

6 Angle of internal friction  φ 12 
o
 

7 Poisson’s ratio  ʋs 0.3 - 

8 Dilatancy angle  ψ 0 
o
 

9 Bed Slope 

1 in S  

(1 vertical in S 

horizontal) 

1 in 2 (26.5
o
),     

1 in 2.22(24.3
o
), 

1 in 2.5 (21.8
o
),  

1 in 2.86 (19.3
o
), 

1 in 3.33 (16.7
o
), 

1 in 4 (14.03
o
),   

1 in 5 (11.3
o
) 

 

o 

 

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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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 row2 

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 row1 there is a 

decrease in the depth of fixity since there is no shadowing effect for row1 of 

piles. 

 

 

P 

P P P 

P P P 

Us=0, Ls=0, 

Slope= 26.5
o
 

Us=1, Ls=0, 

Slope= 24.3
o
 

Us=2, Ls=0, 

Slope= 21.8
o
 

Us=3, Ls=0, 

Slope= 19.3
o
 

Us=0, Ls=1, 

Slope= 24.3
o
 

Us=0, Ls=2, 

Slope= 21.8
o
 

Us=0, Ls=3, 

Slope= 19.3
o
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Fig. 6.4 Variation of Depth of Fixity with Diameter of Pile (Es = 1000 kN/m
2
) 

 

 

 

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 row1 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 A5O < A4M < A3K < A2I. 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 row1 pile 

since there is no reduction in passive earth pressure acting on row1 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/m
2
) to stiff soil (50,000 kN/m

2
). 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 

 

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
o
 to 26.5

o
, 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 row1 and row2 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 row1 and row2 

piles. The depth of fixity decreases with increase of slope in row3, row4 and 
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row5 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 

 

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
o
 to 26.5

o
, 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 row1 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 row1 and row2 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 

                         (  )       (
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                          (  )       (
 

   ( )
)                   ......... (6.3) 

                         (  )       (
 

   ( )
)                 ....... (6.4) 

                         (  )       (
 

   ( )
)                 ....... (6.5)  



Numerical Analysis of Ship Berthing Structure 

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

 

Chapter 6 

 

 

Fig. 6.9 Actual Value of Depth of Fixity Vs Calculated Value 

of Depth of Fixity 
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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. 

 

 

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
2
), 

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
2
 to 50,000 kN/m

2
, 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.  

 



Numerical Analysis of Ship Berthing Structure 

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

 

Chapter 6 

6.11.1 Influence of Soil in the Upper Part of the Bed Slope 

 

 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 0m, 1m, 2m and 3m are 26.5
o
, 24.3

o
, 21.8

o
 and 19.3

o
.  

It can be noted from Fig. 6.11 that an increase in slope from 19.3
o
 to 26.5

o
 

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
o
 to 26.5

o
 

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. 
 

                         (  )       (
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)                    ........... (6) 
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                          (  )       (
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                          (  )       (
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                             (  )       (
 

   ( )
)                   ..... (10) 

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
2
 for the fourth and fifth 

row of piles (landside piles).  

    

 
Fig. 6.13 Actual Value of Bending Moment Vs Calculated Value of Bending Moment 
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6.13 Influence of Pile Diameter on Maximum Deflection 

 

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
2
 to 50000 kN/m

2
, 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 

                          (  )       (
 

   ( )
)                  .... (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. 

 

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
2
 to 50000 kN/m

2
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
2
 to   

50,000 kN/m
2
 there is around 40 % increase in the maximum bending 

moment on piles. 

 Failure of weaker soil bed (Es = 1000 kN/m
2
) 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.  

 

 

….. ….. 
 



Summary and Conclusions 

132 

Chapter 7 

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

 

 

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 Π-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 ∏ 

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 
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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
o
) to 45

o
 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
o
) to 45

o
. 

 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.  

𝑀𝑚𝑎𝑥 = 3.241 + 0.105𝑆 + 0.271𝐷 + 0.000326𝐿𝑒 

𝐷𝑓       = −52.116 + 1.477𝑆 + 5.745𝐷 + 0.0161𝐿𝑒 

𝑦𝑚𝑎𝑥 = 5.352 + 0.053𝑆 − 0.151𝐷 − 0.000107𝐿𝑒 

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
2 

to 50000 kN/m
2
, 

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
2
) 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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 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. 

 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 

Consistency Index,    
        

       
 

       

       
     

A.2  Unconfined Compression Testing (IS: 2720 (Part 10) – 1991) 

 

Fig. A.1 UCC Apparatus 
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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  

      
 

  ⁄          
  ⁄  
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A.4  Direct Shear Test (IS: 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
2
 and angle of friction is 

                   

 

 

Fig. A.4 Direct Shear Test 
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A.5  Specific Gravity(IS: 2720 (Part III/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 + 

water 

95.88 

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+ 

water, W1 

95.88-33.37 = 62.51 

  

 Specific gravity of soil sample is,     
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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, 
   

 
(Nmm) 

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 

 

 

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 

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 
 

 

 

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 :  1:1.5 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

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 :  1:1.5 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

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 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

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 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

0 -12 -12 0 0.0 

-130 -176 394 570 11.5 

-180 -207 -91 116 2.3 

-400 -168 -124 44 0.9 

-600 -32 -32 0 0.0 
 

Pile Length :  700 mm 

Pile Diameter :  19 mm 

Bed Slope :  1:1.5 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

0 23 23 0 0.0 

-80 -349 -161 188 3.8 

-180 -807 -222 585 11.8 

-400 65 65 0 0.0 

-600 528 538 10 0.2 
 

Pile Length :  800 mm 

Pile Diameter :  19 mm 

Bed Slope :  1:1.5 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

0 33 33 0 0 

-180 -1344 -742 602 12.1 

-400 -1416 -1341 75 1.5 

-800 0 0 0 0 
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Pile Length :  600 mm 

Pile Diameter :  25.4 mm 

Bed Slope :  1:2 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(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 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

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 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

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 
 



Appendices 

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

 

 

Pile Length :  600 mm 

Pile Diameter :  19 mm 

Bed Slope :  1:2 
 

Position of 

Strain Gauge 

from GL (m) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

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 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

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 
 

Position of 

Strain Gauge 

from GL (mm) 

Initial 

Strain 

Gauge 

Reading 

Final 

Strain 

Gauge 

Reading 

Strain (X10-

6 mm/mm) 

Bending 

Moment 

(kNmm) 

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 2.11 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 1.5 1.05 1.02 

60 1.9 1.51 1.26 

70 2.44 1.93 1.71 

80 3.1 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)=Dia; 

   XX(ii,3)=kpy; 

   XX(ii,4)=Load; 

 

   ep=200; 

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

   epip=ep*ip; 

   no1=(Length)/(Dia/2); 

   no=ceil(no1); 

   h=Dia/2; 

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

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

   epy(no)=0; 

   c(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,no)=1; 

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

   D(no+4,no+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,no+2)=-2;D(no+3,no+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==3 

     D(i,j)=c(i); 

     else 
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    D(i,j)= z(p); 

    end 

     j=j+1; 

   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 

  no1=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,j); 

     for k=1:no+4 

     B(k)=B(k)-D(k,j)*C(i); 

     end 

      no=no-1; 

    end 

   end 

  end 

  for x=1:no1+4 

   Y(x)=-(x-1)*Dia/2000; 

   A(x)=0; 

  end 

  for x=1:no1+4 

   AA(no1+5-x)=C(x); 

  end 

  for x=no1+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(no1+3)=0; 

  M(no1+4)=0; 
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  for i=1:no1+4 

   if M(i)==max(M) 

    zd=i; 

   end 

  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(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=ZD'; 

% 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,'o',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; 
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% MaxErr=max(abs(YY-M)) 

% plot(XX*B,YY,'o',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,'o',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 VAlues') 

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; 

   no1=(Length)/(Dia/2); 

   no=ceil(no1); 

   h=Dia/2; 

   z(1)=1;z(2)=-4;z(4)=-4;z(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,no)=1; 

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

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

   %D(no+4,no+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,no+2)=-2;D(no+3,no+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(no+2,4)=2;D(no+2,5)=-1; 

   for i=1:no 

    j=i; 
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    for p=1:5 

     if p==3 

      D(i,j)=c(i); 

     else 

      D(i,j)= z(p); 

     end 

      j=j+1; 

    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 

   no1=no; 

   for i=no+4:-1:1 

    for j=i:-1:i 

     if(D(i,j)~=0) 

     C(i)=B(i)/D(i,j); 

     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:no1+4 

   Y(x)=-(x-1)*Dia/2000; 

   A(x)=0; 

  end 

  for x=1:no1+4 

   AA(no1+5-x)=C(x); 

  end 

  for x=no1+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(no1+3)=0; 

  M(no1+4)=0; 

  for i=1:no1+4 

   if M(i)==max(M) 

    zd=i; 

   end 

  end 

 

  Ymax=AA(3) 

  Mmax=max(M) 

  for i=3:no1+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 

g=9.8; 

pi=(22/7); 

Ec= 30000000000; 

rc=25000; 
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%pile & mass system 

 

%variables 

mass=200000;%mass @top of pile 

*********************************************** 

%mass=204081; 

%Dia=1.5;%Diameter of pile   

*********************************************** 

 

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

****************************** 

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/((1/kp)+(1/km)); 

 

wp2=(kp/Mp); 

wm2=(km/mass); 
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%William T. Thomson, Theory of Vibrations with Applications, pp 281 

w0=sqrt(1/((1/wp2)+(1/wm2)));%w0=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  

%                       - A0 increases at natural frequencies 

%                       - A0 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/w0; 

 

A=(A0/k)*(1/sqrt((1-beta*beta).^2+4*DR.^2*beta.^2)); 

phi=atan(-2*DR*beta/(1-beta*beta)); 

wd=w0*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*w0*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'); 

************************** 
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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
2
 to 25e-6 kN/mm

2
.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. 

 

                                                            ,   

R
2
= 0.7960    .................................................................................................. (D.1)       

                                                        , 

R
2
=  0.9710   .................................................................... ……..………......(D.2)   

                                      ,  

R
2
= 0.9655 ..................................................................................................... (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 (  ) below the ground level.  

The equation to calculate the circular natural frequency (ω) of the pile, 

considering the mass (m), Young’s modulus (E), moment of inertia (I) and length 

(l) of the pile is, [148] 

          
  

   
  ................................................................................ (D.4) 

The natural frequency is, 

   
 

    
 ................................................................................................. (D.5) 

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

      N/m
2
 and density of concrete          kg/m

3
. The cross sectional 

area    
   

 
, the mass      ,    

   

  
 and         . 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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   [
     

  
√

 

 
]

 

  
  ................................................................................ (D.6) 

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

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

           
 

  
  ................................................................................. (D.7) 

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
2
 to 40000 N/m

2
 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 IS2911 

(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. 

 

 

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
2
 =0.94 as, 

                       ........................................................ (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
2
= 0.84 to represent the natural frequency of the 

pile.  

                        ........................................................ (D.9) 

 

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 
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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 

ɤunsat 17 kN/m
3
 

ɤsat 18 kN/m
3
 

Es 1000 – 200000 kN/m
2
 

 

   Table D.2 Material properties of pile 

Properties Pile 

Model Embedded Pile 

Type Massive circular pile 

ɤc 25kN/m
3
 

E 30000000 kN/m
2
 

 

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

2
, 10000 kN/m

2
, 50000 kN/m

2
, 

200000 kN/m
2
 

D 1 m, 1.3 m, 1.5 m 

h 3 m, 6 m, 9 m 

m 2 T, 4 T, 6 T, 12 T 

 

 

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.  

 

 

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  

 

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. 

 

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 

 
Fig. D.13 Variation of pile head displacement with variation in soil modulus 

Soil modulus was varied from very soft consistency (1000 kN/m
2
) to rock 

(200000 kN/m
2
). 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 (ώ) and the fixed base 

natural frequency of the pile (ωs) 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 (ώ/ωs), stiffness ratio (ratio of stiffness of the structure to that of the soil, 

(ωsh/Vs), slenderness ratio (h/D) and mass ratio (m/ɤsatD
3
) are calculated and the 

curves are plotted as suggested by Wolf [51]. 

 

 

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. 
 

 

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] 

 

Fig. E.2 Winkler Model [146] 

The response function for the Winkler model is, 

p(x,y) = k w(x,y) ..................................................................................... (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. 

 

 
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. 

 
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. 

 

 

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. 

 

ep= Me  +Mp log[  /(u-) ] .............................................................. (E.2) 

Where Meis the elastic strain modulus of soil, Mp is the plastic strain modulus of 

soil and u 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. 

 

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]. 

 
Fig. E.7 Kelvin Model [133] 

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

in each component are identical: 

total  = D = S ........................................................................................ (E.3) 

Where D is the strain the dashpot and  S is aht strain the spring. Similarly, the 

total stress will be the sum of the stress in each component. 

σTotal = σD + σS ....................................................................................... (E.4) 

From these equations we get that in a Kelvin model, stress σ, strain ε and 

their rates of change with respect to time t are governed by equations of the 

form: 

(t) = E (t) +  [d(t)/dt] .................................................................... (E.5) 
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where,  E is a modulus of elasticity and η 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 El-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-cal1ed 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.  

 
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 

9.5 m 

1.3 m diameter 

P 

Load Cells 
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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
7
 kN/m

2
, Poisson ratio ʋ= 0.2 and unit weight γ= 24 kN/m

3
.  

Table F.1 Model Parameters for Different Soil Data Sets 

Sl.No. Parameter Nomenclature OC Clay Unit 

1 Material Model Model HS - 

2 Type of Material Behaviour Drained Drained - 

3 Unsaturated soil weight γunsat 20 kN/m
3
 

4 Saturated soil weight γsat 20 kN/m
3
 

5 Secant Stiffness    
    4.5x10

4
 kN/m

2
 

6 Oedometer stiffness     
    2.715x10

4
 kN/m

2
 

7 Unloading reloading stiffness    
    9x10

4
 kN/m

2
 

8 Power m 1 - 

9 Unloading reloading poisson ratio     0.2 - 

10 Cohesion  c’ 20 kN/m
2
 

11 Friction angle φ’ 20 
0 

12 Dilatancy angle ψ 0 
0 

13 Lateral earth pressure coefficient 

for normal consolidation 
  

   0.658 - 

14 Lateral earth pressure coefficient    0.8 - 

15 Over-consolidation ratio OCR 1 - 

16 Pre-overburden pressure POP 50 kN/m
2
 

15  Interface reduction factor        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.  
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Table F.2. Material Properties of Embedded Pile 

Sl.No. Parameter Nomenclature Magnitude Unit 

1 Young’s modulus E 3x10
7
 kN/m

2
 

2 Weight γ 5 kN/m
3
 

3 Properties type Type Massive 

circular pile 

- 

4 Diameter φ 1.3 m 

5 Cross sectional area A 1.327 m
2
 

6 Moment of inertia against 

bending around the third axis 

I3 0.140 m
4
 

7 Moment of inertia against 

bending around the second axis 

I2 0.140 m
4
 

8 Moment of inertia against 

oblique bending 

I23 0 m
4
 

9 Skin friction distribution Type Linear - 

10 Maximum traction allowed at 

the top of the embedded pile 

Ttopmax. 19.18 kN/m 

11 Maximum traction allowed at 

the bottom of the embedded 

pile 

Tbottommax. 383.56 kN/m
 

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, K0 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. 

 

 

Fig. F.2 Plaxis 3D Curve Manager Output 

 

 

Fig. F.3 Comparison 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 et 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, c and φ. 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 

Parameter Nomenclature 

medium dense 

cemented silty 

sand layer 

Medium dense 

to very dense 

silty sand with 

cemented lumps 

Pile Unit 

Unsaturated sol 

weight 
γunsat 18 19 25 kN/m

3
 

Saturated sol 

weight 
γsat 18 19 - kN/m

3
 

Young’s modulus E 1.30E+04 1.30E+04 2E+09 kPa 

Poisson’s 

constant 
ʋ 0.3 0.3 0.15 - 

Cohesion c 20 1 - kPa 

Friction angle φ 35 45 - - 
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Fig. F.4 PLAXIS 3D Output 

 

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 

Sl.No. 
Length of Model 

Pile (mm) 

Diameter of Model 

Pile (mm) 
Slope of Soil Bed 

1 600 19 No slope 

2 600 19 1:5 

3 600 19 1:4 

4 600 19 1:3 

5 600 19 1:2.4 

6 600 19 1:2 

7 600 19 1:1.7 

8 600 19 1:1.5 

9 600 19 1:1 

10 600 25.4 No slope 

11 600 25.4 1:5 

12 600 25.4 1:4 

13 600 25.4 1:3 

14 600 25.4 1:2.4 

15 600 25.4 1:2 

16 600 25.4 1:1.7 

17 600 25.4 1:1.5 

18 600 25.4 1:1 

19 600 30 No slope 

20 600 30 1:5 

21 600 30 1:4 

22 600 30 1:3 
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23 600 30 1:2.4 

24 600 30 1:2 

25 600 30 1:1.7 

26 600 30 1:1.5 

27 600 30 1:1 

28 700 19 No slope 

29 700 19 1:5 

30 700 19 1:4 

31 700 19 1:3 

32 700 19 1:2.4 

33 700 19 1:2 

34 700 19 1:1.7 

35 700 19 1:1.5 

36 700 19 1:1 

37 700 25.4 No slope 

38 700 25.4 1:5 

39 700 25.4 1:4 

40 700 25.4 1:3 

41 700 25.4 1:2.4 

42 700 25.4 1:2 

43 700 25.4 1:1.7 

44 700 25.4 1:1.5 

45 700 25.4 1:1 

46 700 30 No slope 

47 700 30 1:5 

48 700 30 1:4 

49 700 30 1:3 

50 700 30 1:2.4 

51 700 30 1:2 

52 700 30 1:1.7 
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53 700 30 1:1.5 

54 700 30 1:1 

55 800 19 No slope 

56 800 19 1:5 

57 800 19 1:4 

58 800 19 1:3 

59 800 19 1:2.4 

60 800 19 1:2 

61 800 19 1:1.7 

62 800 19 1:1.5 

63 800 19 1:1 

64 800 25.4 No slope 

65 800 25.4 1:5 

66 800 25.4 1:4 

67 800 25.4 1:3 

68 800 25.4 1:2.4 

69 800 25.4 1:2 

70 800 25.4 1:1.7 

71 800 25.4 1:1.5 

72 800 25.4 1:1 

73 800 30 No slope 

74 800 30 1:5 

75 800 30 1:4 

76 800 30 1:3 

77 800 30 1:2.4 

78 800 30 1:2 

79 800 30 1:1.7 

80 800 30 1:1.5 

81 800 30 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. 

 

 

 

Fig. G.1 Work Plane Creation 

Since1G test method was adopted for the experimental investigation, 

gravity is considered to be 1G with earth’s gravity 9810 mm/s
2
. Density of water 

is considered to be 1e-5 N/mm
3
. 
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G.2.2 Bore Hole 

 

 

Fig. G.2 Borehole Details 
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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 

 
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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Fig. G.7 Embedded Pile Option in PLAXIS-3D 

 

 

Fig. G.8 Embedded Pile in PLAXIS-3D Model  
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Fig. G.9 Assigning the Material Properties to Embedded Pile 

 

 

Fig. G.10 Assigning the Sectional Properties to Embedded Pile 
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G.2.5 Mesh Generation 

 

 

 

 

Fig. G.11 Meshing the Model 
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G.2.6 Loads 

 

 

 

Fig. G.12 Application of Point Load 
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G.2.7 Boundary Conditions 

 

Fig.G.13 Initial Phase 

 

 

Fig.G.14 Excavation Phase (Phase_1) 

  



Appendices 

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

 

G.2.8 Staged Construction 

 

Fig.G.15 Construction Phase (Phase_2) 

 

 

Fig.G.16 Loading Phase (Phase_3) 

Initial phase follows the calculation type, K0 procedure. All the other 

phases are with calculation type plastic. 
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Fig.G.17 Analysis Phase 
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Appendix H 

Parametric Study of Berthing Structure 
 

 

Fig.H.1 Details of Parameters Varied in the Study 

Table H.1 Details of Maximum Bending Moment in Piles 

Sl.No. 

Us 

(m) 

Ls 

(m) 

D 

(m) 

Es 

(kN/m
2
) 

S 

(
o
) 

M1 

(kNm) 

M2 

(kNm) 

M3 

(kNm) 

M4 

(kNm) 

M5 

(kNm) 

1 0 0 1 1.00E+03 26.6 3152.22 2272.31 2187.55 2429.38 3257.08 

2 0 0 1 1.00E+04 26.6 3276.52 2964.15 2777.73 2982.82 3375.77 

3 0 0 1 5.00E+04 26.6 3235.98 3106.17 2899.78 3055.64 3447.60 

4 0 0 1.5 1.00E+03 26.6 4511.46 3026.61 2826.10 4006.69 6970.39 

5 0 0 1.5 1.00E+04 26.6 4669.67 3685.27 3388.11 3619.17 4567.03 

6 0 0 1.5 5.00E+04 26.6 4419.76 3698.72 3598.28 3732.61 4401.77 

7 0 0 2 1.00E+03 26.6 5473.79 3238.41 3145.71 4046.45 9403.94 

8 0 0 2 1.00E+04 26.6 5817.34 4285.57 3786.11 4073.53 5480.93 

P 

P P P 

P P P 

Us=0, Ls=0, 

Slope (S) = 26.5
o
 

Us=1, Ls=0, 

Slope (S) = 24.3
o
 

Us=2, Ls=0, 

Slope (S) = 21.8
o
 

Us=3, Ls=0, 

Slope (S) = 19.3
o
 

Us=0, Ls=1, 

Slope (S) = 24.3
o
 

Us=0, Ls=2, 

Slope (S) = 21.8
o
 

Us=0, Ls=3, 

Slope (S) = 19.3
o
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9 0 0 2 5.00E+04 26.6 5363.43 4282.28 3929.38 3943.72 4637.69 

10 0 1 1 1.00E+03 24.2 3063.12 2251.02 2155.49 2472.48 3292.13 

11 0 1 1 1.00E+04 24.2 3054.35 2685.34 2579.07 2923.34 3346.81 

12 0 1 1 5.00E+04 24.2 2968.78 2567.76 2595.27 2966.93 3491.50 

13 0 1 1.5 1.00E+03 24.2 4151.41 2910.51 2655.52 3813.04 6856.69 

14 0 1 1.5 1.00E+04 24.2 4350.69 3439.79 3183.82 3546.18 4417.00 

15 0 1 1.5 5.00E+04 24.2 4563.35 3539.92 3334.85 3456.28 4210.20 

16 0 1 2 1.00E+03 24.2 4774.75 3067.28 3034.80 4007.09 8868.23 

17 0 1 2 1.00E+04 24.2 5216.80 3953.66 3472.50 3860.97 5247.78 

18 0 1 2 5.00E+04 24.2 4687.20 3792.33 3472.02 3603.36 4174.50 

19 0 2 1 1.00E+03 21.8 2987.06 2149.01 2104.62 2439.00 3337.21 

20 0 2 1 1.00E+04 21.8 2919.10 2551.34 2578.10 2816.31 3270.86 

21 0 2 1 5.00E+04 21.8 2910.51 2552.53 2726.79 2860.44 3131.50 

22 0 2 1.5 1.00E+03 21.8 3780.18 2794.34 2737.46 3951.10 7007.21 

23 0 2 1.5 1.00E+04 21.8 3973.93 3261.26 3113.25 3450.06 4328.00 

24 0 2 1.5 5.00E+04 21.8 3745.71 3240.00 3258.56 3563.13 4136.34 

25 0 2 2 1.00E+03 21.8 3653.85 3008.34 3016.09 4039.19 9254.33 

26 0 2 2 1.00E+04 21.8 4848.08 3804.80 3439.47 3832.90 5272.68 

27 0 2 2 5.00E+04 21.8 4384.03 3695.60 3473.47 3529.77 4151.97 

28 0 3 1 1.00E+03 19.3 2800.65 2178.48 2048.26 2368.54 3273.23 

29 0 3 1 1.00E+04 19.3 2705.15 2581.62 2456.76 2748.77 3132.16 

30 0 3 1 5.00E+04 19.3 2795.74 2675.72 2651.38 2919.03 3005.46 

31 0 3 1.5 1.00E+03 19.3 3768.66 2924.34 2722.47 3978.60 7060.14 

32 0 3 1.5 1.00E+04 19.3 3944.25 3222.71 3050.73 3391.51 4335.35 

33 0 3 1.5 5.00E+04 19.3 3645.24 3184.92 3187.81 3491.38 3901.15 

34 0 3 2 1.00E+03 19.3 4363.66 3132.69 3029.79 4081.47 9248.06 

35 0 3 2 1.00E+04 19.3 4789.02 3765.09 3393.38 3799.30 5234.84 

36 0 3 2 5.00E+04 19.3 4216.02 3582.33 3368.59 3468.23 4048.51 

37 1 0 1 1.00E+03 24.2 3411.44 2356.78 2280.77 2510.74 3333.35 

38 1 0 1 1.00E+04 24.2 3417.15 3082.46 2958.66 3169.92 3475.39 

39 1 0 1 5.00E+04 24.2 3373.99 3130.45 3035.40 3501.47 3585.03 

40 1 0 1.5 1.00E+03 24.2 4794.21 3048.39 2839.41 4096.94 6962.84 

41 1 0 1.5 1.00E+04 24.2 4794.21 3048.39 3219.79 4134.08 6962.84 

42 1 0 1.5 5.00E+04 24.2 4539.48 3730.62 3587.79 3804.30 4349.47 
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43 1 0 2 1.00E+03 24.2 5249.42 3179.76 3219.79 4134.08 9402.14 

44 1 0 2 1.00E+04 24.2 5587.51 4167.52 3775.88 4083.97 5468.08 

45 1 0 2 5.00E+04 24.2 5084.45 4058.35 3798.70 3871.38 4573.48 

46 1 1 1 1.00E+03 21.8 3289.99 2379.36 2266.38 2546.50 3405.09 

47 1 1 1 1.00E+04 21.8 3198.71 2946.85 2781.14 2991.65 3556.56 

48 1 1 1 5.00E+04 21.8 3302.73 2912.95 2890.93 3043.18 3662.68 

49 1 1 1.5 1.00E+03 21.8 4794.21 3048.39 2697.95 3836.08 6962.84 

50 1 1 1.5 1.00E+04 21.8 4548.87 3759.88 3420.50 3420.50 4688.60 

51 1 1 1.5 5.00E+04 21.8 4305.52 3743.20 3526.92 3853.39 4590.55 

52 1 1 2 1.00E+03 21.8 5080.98 3074.00 3219.79 4134.08 8945.94 

53 1 1 2 1.00E+04 21.8 5442.34 4195.61 3601.29 3935.90 5356.64 

54 1 1 2 5.00E+04 21.8 4908.06 4053.90 3597.13 3695.73 4395.51 

55 1 2 1 1.00E+03 19.3 3095.23 2232.47 2213.89 2514.28 3413.67 

56 1 2 1 1.00E+04 19.3 3044.66 2697.45 2732.57 2921.64 3407.11 

57 1 2 1 5.00E+04 19.3 2943.60 2655.61 2902.05 2999.78 3345.19 

58 1 2 1.5 1.00E+03 19.3 3890.10 2804.91 2693.14 3813.52 6955.02 

59 1 2 1.5 1.00E+04 19.3 4110.84 3381.38 3250.51 3484.51 4435.81 

60 1 2 1.5 5.00E+04 19.3 3883.53 3413.30 3423.68 3655.22 4239.26 

61 1 2 2 1.00E+03 19.3 4456.80 2847.48 3075.66 4050.01 8902.19 

62 1 2 2 1.00E+04 19.3 4883.77 3862.61 3471.56 3775.64 5212.43 

63 1 2 2 5.00E+04 19.3 4409.29 3684.10 3472.24 3499.03 4108.94 

64 1 3 1 1.00E+03 16.7 2940.67 1999.32 2075.38 2435.35 3348.91 

65 1 3 1 1.00E+04 16.7 2754.70 2498.84 2539.35 2796.13 3295.78 

66 1 3 1 5.00E+04 16.7 2978.82 2794.46 2852.60 2795.67 3150.93 

67 1 3 1.5 1.00E+03 16.7 3632.56 2673.78 2798.75 4063.67 7056.29 

68 1 3 1.5 1.00E+04 16.7 3914.72 3207.21 3148.53 3421.64 4351.57 

69 1 3 1.5 5.00E+04 16.7 3611.96 3270.57 3207.92 3455.13 4057.11 

70 1 3 2 1.00E+03 16.7 4229.91 2984.04 3063.57 4121.33 9285.76 

71 1 3 2 1.00E+04 16.7 4876.06 3753.82 3555.16 3914.92 5353.46 

72 1 3 2 5.00E+04 16.7 4300.68 3626.19 3530.40 3588.18 4238.16 

73 2 0 1 1.00E+03 21.8 3644.24 2433.32 2353.37 2594.74 3431.65 

74 2 0 1 1.00E+04 21.8 3605.85 3233.51 3042.87 3242.06 3645.37 

75 2 0 1 5.00E+04 21.8 3614.66 3279.46 3245.29 3334.10 3647.70 

76 2 0 1.5 1.00E+03 21.8 5103.44 3134.24 2860.32 4118.15 7094.99 
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77 2 0 1.5 1.00E+04 21.8 5195.95 3921.27 3672.73 3911.20 4809.19 

78 2 0 1.5 5.00E+04 21.8 4818.38 3973.33 3907.37 4080.36 4721.16 

79 2 0 2 1.00E+03 21.8 6130.51 3251.28 3287.66 4238.11 9594.99 

80 2 0 2 1.00E+04 21.8 6261.73 4425.48 3938.84 4231.94 5615.61 

81 2 0 2 5.00E+04 21.8 5618.00 4324.27 4017.51 4089.38 4736.56 

82 2 1 1 1.00E+03 19.3 3376.78 2460.55 2363.69 2638.51 3504.20 

83 2 1 1 1.00E+04 19.3 3377.41 3020.54 2972.01 3075.53 3479.08 

84 2 1 1 5.00E+04 19.3 3405.92 2951.06 3081.32 3106.60 3568.11 

85 2 1 1.5 1.00E+03 19.3 3376.78 2460.55 2363.69 2638.51 3504.20 

86 2 1 1.5 1.00E+04 19.3 4617.40 3819.26 3532.46 3725.93 4590.27 

87 2 1 1.5 5.00E+04 19.3 4333.82 3750.70 3621.93 3714.09 4325.43 

88 2 1 2 1.00E+03 19.3 5267.01 3171.74 2906.52 4143.69 9396.25 

89 2 1 2 1.00E+04 19.3 5580.33 4332.87 3825.00 4187.45 5586.55 

90 2 1 2 5.00E+04 19.3 5085.93 4139.59 3881.58 3939.24 4553.43 

91 2 2 1 1.00E+03 16.7 4092.68 2854.14 3172.59 4148.51 7066.74 

92 2 2 1 1.00E+04 16.7 4377.46 3622.96 3411.61 3631.63 4609.51 

93 2 2 1 5.00E+04 16.7 4138.73 3637.93 3491.03 3676.98 4376.77 

94 2 2 1.5 1.00E+03 16.7 4092.68 2854.14 3172.59 4148.51 7066.74 

95 2 2 1.5 1.00E+04 16.7 4377.46 3622.96 3411.61 3631.63 4609.51 

96 2 2 1.5 5.00E+04 16.7 4138.73 3637.93 3491.03 3551.12 4376.77 

97 2 2 2 1.00E+03 16.7 4663.05 2886.41 2767.93 3875.41 8985.32 

98 2 2 2 1.00E+04 16.7 5140.16 4062.99 3635.84 3963.16 5430.14 

99 2 2 2 5.00E+04 16.7 4692.94 3931.69 3609.61 3672.08 4393.90 

100 2 3 1 1.00E+03 14.0 3146.26 2152.28 2185.40 2562.22 3487.63 

101 2 3 1 1.00E+04 14.0 3071.38 2679.91 2726.18 2910.30 3483.28 

102 2 3 1 5.00E+04 14.0 3145.81 2839.06 2703.65 2984.09 3427.59 

103 2 3 1.5 1.00E+03 14.0 3146.26 2152.28 2185.40 2562.22 3487.63 

104 2 3 1.5 1.00E+04 14.0 4207.67 3365.30 3343.59 3605.06 4575.24 

105 2 3 1.5 5.00E+04 14.0 3953.15 3402.53 3357.64 3651.69 4384.19 

106 2 3 2 1.00E+03 14.0 4427.53 2972.64 2907.78 4278.24 9549.02 

107 2 3 2 1.00E+04 14.0 5082.13 3920.85 3683.75 4071.00 5503.51 

108 2 3 2 5.00E+04 14.0 4582.06 3769.90 3609.80 3720.50 4417.92 

109 3 0 1 1.00E+03 19.3 3725.90 2357.79 2333.67 2606.52 3388.35 

110 3 0 1 1.00E+04 19.3 3659.40 3187.48 3006.22 3219.79 3436.29 
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111 3 0 1 5.00E+04 19.3 3429.95 3278.16 3293.23 3534.91 3303.45 

112 3 0 1.5 1.00E+03 19.3 5051.49 3040.37 3247.84 4169.18 6993.64 

113 3 0 1.5 1.00E+04 19.3 4998.37 3824.10 3520.11 3766.92 4619.77 

114 3 0 1.5 5.00E+04 19.3 4346.62 3639.04 3546.60 3761.25 4361.84 

115 3 0 2 1.00E+03 19.3 5973.53 3163.24 2842.88 4242.85 9565.57 

116 3 0 2 1.00E+04 19.3 6189.77 4337.63 3875.81 4230.65 5575.11 

117 3 0 2 5.00E+04 19.3 5501.02 4178.83 3750.26 3874.23 4491.93 

118 3 1 1 1.00E+03 16.7 3488.28 2432.57 2384.31 2698.71 3546.81 

119 3 1 1 1.00E+04 16.7 3528.39 3199.35 3064.61 3311.81 3557.62 

120 3 1 1 5.00E+04 16.7 3744.57 3300.63 3242.10 3643.07 3569.34 

121 3 1 1.5 1.00E+03 16.7 4678.89 3040.44 3286.00 4114.80 7101.49 

122 3 1 1.5 1.00E+04 16.7 4862.10 3961.82 3655.28 3932.47 4727.29 

123 3 1 1.5 5.00E+04 16.7 4627.23 3962.56 3824.15 4121.97 4471.37 

124 3 1 2 1.00E+03 16.7 5471.05 3126.36 2842.85 4276.07 9265.46 

125 3 1 2 1.00E+04 16.7 5888.49 4453.39 3840.41 4214.80 5599.57 

126 3 1 2 5.00E+04 16.7 5420.98 4418.22 4031.38 4159.76 4691.63 

127 3 2 1 1.00E+03 14.0 3368.82 2389.56 2333.16 2701.18 3594.02 

128 3 2 1 1.00E+04 14.0 3400.82 3032.52 2995.96 3145.30 3545.44 

129 3 2 1 5.00E+04 14.0 3561.54 3097.40 3151.08 3297.82 3681.89 

130 3 2 1.5 1.00E+03 14.0 4375.12 3053.29 3331.46 4259.99 7338.08 

131 3 2 1.5 1.00E+04 14.0 4679.61 3831.30 3612.25 3875.96 4745.17 

132 3 2 1.5 5.00E+04 14.0 4423.50 3819.33 3827.28 3918.23 4461.94 

133 3 2 2 1.00E+03 14.0 4886.43 3147.58 2879.78 4441.30 9533.00 

134 3 2 2 1.00E+04 14.0 5505.51 4308.99 3795.06 4208.86 5629.34 

135 3 2 2 5.00E+04 14.0 5052.55 4213.02 3989.52 3970.44 4644.51 

136 3 3 1 1.00E+03 11.3 3153.31 2138.48 2206.26 2581.99 3484.41 

137 3 3 1 1.00E+04 11.3 3070.41 2726.80 2754.93 3045.66 3489.36 

138 3 3 1 5.00E+04 11.3 2963.17 2698.43 3030.61 3208.75 3260.40 

139 3 3 1.5 1.00E+03 11.3 4027.86 2849.40 3258.28 4355.53 7262.90 

140 3 3 1.5 1.00E+04 11.3 4319.61 3517.28 3461.63 3751.43 4654.42 

141 3 3 1.5 5.00E+04 11.3 4036.81 3544.36 3570.18 3751.73 4523.87 

142 3 3 2 1.00E+03 11.3 4529.06 3006.38 3039.87 4403.39 9820.37 

143 3 3 2 1.00E+04 11.3 4691.02 3910.98 3758.52 3890.11 4568.37 

144 3 3 2 5.00E+04 11.3 4691.02 3910.98 3758.52 3890.11 4568.37 

 



Appendices 

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

 

Table H.2 Details of Depth of Fixity and Deflection in Piles 

No. 

Us 

(m) 

Ls 

(m) D (m) 

Es 

(kN/m
2
) S (

o
) 

Df1 

(m) 

Df2 

(m) 

Df3 

(m) 

Df4 

(m) 

Df5 

(m) 

ymax 

(mm) 

1 0 0 1 1.00E+03 26.55 13.981 19.406 20.309 17.371 12.801 102.23 

2 0 0 1 1.00E+04 26.55 13.435 13.291 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 0 0 1.5 1.00E+03 26.55 15.818 25.432 25.111 20.99 14.88 66.50 

5 0 0 1.5 1.00E+04 26.55 13.435 15.314 14.688 13.083 9.863 17.50 

6 0 0 1.5 5.00E+04 26.55 13.435 14.416 14.688 12.329 9.157 10.10 

7 0 0 2 1.00E+03 26.55 17.607 29.035 28.042 22.358 14.88 33.90 

8 0 0 2 1.00E+04 26.55 13.981 17.051 17.907 15.95 12.801 9.97 

9 0 0 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 20.515 17.692 12.638 102.55 

11 0 1 1 1.00E+04 24.22 13.832 14.888 13.812 11.913 7.72 38.11 

12 0 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 16.112 24.72 25.627 20.914 14.397 64.30 

14 0 1 1.5 1.00E+04 24.22 13.832 15.378 13.812 12.369 9.902 16.70 

15 0 1 1.5 5.00E+04 24.22 13.536 14.137 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 0 1 2 1.00E+04 24.22 14.429 17.001 17.556 15.901 11.963 9.49 

18 0 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 1.5 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 14.274 13.376 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 16.104 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 1.5 1.00E+03 19.28 17.934 25.481 24.884 20.238 14.476 65.80 
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32 0 3 1.5 1.00E+04 19.28 15.173 15.269 12.642 11.691 9.267 16.40 

33 0 3 1.5 5.00E+04 19.28 13.497 13.441 12.642 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 13.497 14.717 12.642 11.122 9.267 3.98 

37 1 0 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 1 0 1 5.00E+04 24.22 10 12.158 13.323 13.267 7.737 31.86 

40 1 0 1.5 1.00E+03 24.22 14.731 25.751 24.843 21.792 14.393 67.39 

41 1 0 1.5 1.00E+04 24.22 14.731 25.751 24.843 21.792 14.393 67.39 

42 1 0 1.5 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 

44 1 0 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 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 1 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 13.225 14.377 14.186 12.042 7.941 30.40 

49 1 1 1.5 1.00E+03 21.79 14.731 25.751 24.843 21.792 14.393 67.40 

50 1 1 1.5 1.00E+04 21.79 14.642 15.126 14.186 14.186 9.672 18.20 

51 1 1 1.5 5.00E+04 21.79 13.225 13.41 14.186 12.042 8.233 10.80 

52 1 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 13.225 14.377 13.74 12.042 9.672 4.29 

55 1 2 1 1.00E+03 19.28 17.377 19.404 20.335 17.867 11.897 107.10 

56 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 14.17 12.569 12.06 6.762 28.43 

58 1 2 1.5 1.00E+03 19.28 17.788 24.802 24.996 20.313 14.556 65.50 

59 1 2 1.5 1.00E+04 19.28 14.365 13.834 12.569 11.825 9.847 16.70 

60 1 2 1.5 5.00E+04 19.28 13.77 13.497 12.569 10.91 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 15.077 11.902 12.072 11.485 8.993 35.96 
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66 1 3 1 5.00E+04 16.69 11.388 11.902 11.282 11.485 8.268 25.55 

67 1 3 1.5 1.00E+03 16.69 18.173 26.072 24.245 20.499 14.13 65.70 

68 1 3 1.5 1.00E+04 16.69 16.525 13.162 12.861 12.062 9.818 16.40 

69 1 3 1.5 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 

73 2 0 1 1.00E+03 21.79 13.451 19.214 20.473 18.123 12.853 110.19 

74 2 0 1 1.00E+04 21.79 13.451 13.376 13.52 12.853 10.173 43.79 

75 2 0 1 5.00E+04 21.79 11.137 13.376 10.984 12.482 9.753 32.12 

76 2 0 1.5 1.00E+03 21.79 14.628 24.62 25.164 21.411 15.485 69.60 

77 2 0 1.5 1.00E+04 21.79 13.451 14.613 13.52 12.853 9.753 4.30 

78 2 0 1.5 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 0 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 13.451 15.435 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 13.532 14.269 13.14 11.66 8.152 42.88 

84 2 1 1 5.00E+04 19.28 13.025 13.935 13.14 11.66 8.152 31.29 

85 2 1 1.5 1.00E+03 19.28 16.681 18.884 19.843 17.451 13.395 111.5 

86 2 1 1.5 1.00E+04 19.28 14.039 14.269 13.14 12.19 10.152 18.00 

87 2 1 1.5 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 13.532 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 1.5 1.00E+03 16.69 17.781 23.892 24.628 21.439 14.773 67.20 

95 2 2 1.5 1.00E+04 16.69 14.353 14.693 13.025 11.965 9.821 17.70 

96 2 2 1.5 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 

99 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 13.683 13.216 12.932 11.829 9.062 39.05 

102 2 3 1 5.00E+04 14.03 13.683 13.216 12.932 12.688 9.062 28.50 

103 2 3 1.5 1.00E+03 14.03 17.488 18.905 19.897 16.827 12.548 106.8 

104 2 3 1.5 1.00E+04 14.03 16.475 13.216 12.368 11.49 9.619 18.10 

105 2 3 1.5 5.00E+04 14.03 13.683 13.216 13.751 12.688 9.062 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 0 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 12.731 13.238 11.132 11.628 31.71 

112 3 0 1.5 1.00E+03 19.28 15.315 25.505 25.939 21.56 15.22 69.70 

113 3 0 1.5 1.00E+04 19.28 12.913 14.494 13.238 12.264 10.465 18.60 

114 3 0 1.5 5.00E+04 19.28 12.913 12.731 13.238 11.132 8.896 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 0 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 12.913 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 13.06 12.034 13.6 13.314 11.518 35.03 

121 3 1 1.5 1.00E+03 16.69 15.849 24.432 24.952 22.007 15.278 69.10 

122 3 1 1.5 1.00E+04 16.69 13.626 14.433 13.6 12.801 10.837 18.80 

123 3 1 1.5 5.00E+04 16.69 13.06 12.034 13.6 12.288 10.837 10.90 

124 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 15.355 16.724 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 3 2 1 1.00E+03 14.03 16.73 18.877 20.273 17.691 13.684 113.2 

128 3 2 1 1.00E+04 14.03 14.976 14.286 13.149 13.093 10.497 44.09 

129 3 2 1 5.00E+04 14.03 13.536 14.286 12.653 13.456 11.179 34.12 

130 3 2 1.5 1.00E+03 14.03 17.646 23.51 24.64 21.443 15.345 71.30 

131 3 2 1.5 1.00E+04 14.03 14.976 14.286 13.149 13.093 10.497 19.20 

132 3 2 1.5 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 3 2 2 1.00E+04 14.03 16.135 15.771 15.583 16.121 13.399 10.24 

135 3 2 2 5.00E+04 14.03 13.974 14.286 11.696 12.731 9.772 4.93 

136 3 3 1 1.00E+03 11.31 17.328 18.62 19.238 17.354 13.078 107.30 

137 3 3 1 1.00E+04 11.31 14.408 13.661 13.206 11.685 10.018 39.76 

138 3 3 1 5.00E+04 11.31 13.096 14.808 10.497 11.685 10.018 29.42 

139 3 3 1.5 1.00E+03 11.31 18.504 24.163 24.007 20.545 15.426 69.6 

140 3 3 1.5 1.00E+04 11.31 16.175 13.661 13.206 12.561 10.018 17.90 

141 3 3 1.5 5.00E+04 11.31 14.408 13.661 11.15 11.685 8.688 10.10 

142 3 3 2 1.00E+03 11.31 19.852 27.643 26.051 21.943 15.907 51.96 

143 3 3 2 1.00E+04 11.31 14.408 14.808 13.206 11.685 9.353 4.58 

144 3 3 2 5.00E+04 11.31 14.408 14.808 13.206 11.685 9.353 4.58 
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Appendix I 

Multivariable Regression Analysis 

I.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. 

 

Fig.G.1 Graphical Representation of Regression 

The proportion of total variation,      
   

   
 

    ∑      ̂  
  

     ∑      ̅   
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As the number of independent variables increases the relationship between 

the dependent variable and the ‘k’ independent variables becomes, 

                             

I.2  Multivariable Regression Analysis 

{
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Hence, 

             

I.3  MATLAB Coding 

Consider the existing matrices [X] , [Y] and [β], 

    ; 
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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. = 0.0051x
2
 - 0.0136x + 0.9782, R² = 0.9946 

 
 

y = 0.0051x2 - 0.0136x + 0.9782 
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Design Chart  A1

 

 

Design Chart  A2 
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Design Chart  A3

 

 

Design Chart  A4 
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Sample Calculation: 

Input Parameters: 

Es = 1000 kN/m
2
  

D = 1 m 

F = 3000 kN 

U= 0 m 

L = 2 m 

Based on the above values, 

Z = 0.098214 

Ө = 21.8 
o 

 

          = 3 

Then the design chart selected is, 

Design Chart A1 

Intermediate Parameters calculated for the design chart is: 

                                     

Based on the parameter on x-axis, the parameter on y-axis is obtained as; 

                    
  

 
    

Hence the bending moment acting on row 3 pile is, 

  
       

    
 2201.835 kNm 
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Considering the moment factor for each row, design bending moments are, 

Sl. No. 
Row 

No. 

Distance from 

R3 x (m) 

Moment 

Factor 

Bending Moment 

(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; 

Sl. No. Row No. 

Actual Bending 

Moment 

(Appendix-H) 

(kNm) 

Calculated 

Bending Moment 

(kNm) 

Percentage 

Variation 

(%) 

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
2
 - 0.0093x + 0.9896 

R² = 0.9968 
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Design Chart  B1 

 

Design Chart  B2 

 

0.00

0.05

0.10

0.15

0.20

0.0 100.0 200.0 300.0 400.0 500.0 600.0
Thousands 

Design Chart for Row2 Piles 

U = 0 

L = 0 

L = 1 

L = 2 

L = 3 

D
f 

Ө
 /

 F
 

Es/ Z 

0.00

0.05

0.10

0.15

0.20

0.0 100.0 200.0 300.0 400.0 500.0 600.0
Thousands 

Design Chart for Row2 Piles 

U = 1 

 

L = 0 

L = 1 

L = 2 

L = 3 

D
f 

Ө
 /

 F
 

Es/ Z 



Appendices 

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

 

Design Chart  B3 

 

Design Chart  B4 
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Sample Calculation: 

Input Parameters: 

Es = 1000 kN/m
2
  

D = 1 m 

F = 3000 kN 

U= 0 m 

L = 2 m 

Based on the above values, 

Z = 0.098214 

Ө = 21.8 
o 

 

Then the design chart selected is, 

Design Chart B1 

Intermediate Parameters calculated for the design chart is: 

                    
    

 
 

    

        
       

Based on the parameter on x-axis, the parameter on y-axis is obtained as; 

                    
  

 
      

Hence the bending moment acting on row 3 pile is, 

   
         

    
 20.64 m 
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Considering the moment factor for each row, design bending moments are, 

Sl. No. 
Row 

No. 

Distance from R3 

x (m) 
Fixity Factor 

Depth of Fixity 

(m) 

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 R5 -15 0.6566 13.55222 

 

 

Comparing the calculated bending moments with the actual bending moments 

obtained from the numerical analysis; 

Sl. No. Row No. 

Actual Bending 

Moment 

(Appendix-H) 

(kNm) 

Calculated 

Bending Moment 

(kNm) 

Percentage 

Variation 

(%) 

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 

 

…..….. 
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