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ABSTRACT

This thesis focuses on the 3D numerical analysis of the laterally loaded pile. For numerical
modeling/analysis, ABAQUS, a widely used commercial software, is used. Non-scour and scour
conditions are considered for this thesis. Two elastoplastic constitutive models, Mohr-Coulomb
model and Cam Clay model, are applied. Unknown material and interface properties are calibrated
based on two references which explained the numerical analysis of the laterally loaded pile under
the non-scour condition. Different cases of scour depth, Su, scour width, S, and scour slope angle,
a, are applied for the laterally loaded pile analysis under the scour condition.

From the results of the numerical analysis under the scour condition, scour depth, S4, can
be the main factor for the pile capacity changes. Scour width, S, and scour slope angle, ¢, are also
the other factors which have an influence on the reaction force changes of the laterally loaded pile.
This thesis also describes the plastic deformation/strain results of the laterally loaded pile analysis.
From the plastic strain results depending on the scour width, the plastic strain appears on the scour
slope when the scour width is narrow. On the other hand, when scour width is sufficiently wide,
the plastic strain distribution would be similar to the one when the scour width is infinite. This
strain distribution state can be shown in both Mohr-Coulomb model and Cam Clay model. In the
view of the scour slope angle, the plastic strain in Cam Clay model is more smoothly expanded

onto the scour slope than Mohr-Coulomb model.

X



CHAPTER 1. INTRODUCTION

1.1 Overview

Scour is the soil loss due to erosion in river bottoms or in waterfront areas (Coduto, 2001).
One of the possibilities that scour can be generated is the fact that soil around and beneath
foundations can be washed away due to the fluid flow. For a laterally loaded pile foundation, the
pile usually resists the lateral load by passive earth pressure in its surrounding soil, so scour is one
of the critical reasons for the stability of the laterally loaded pile. Based on this reason, scour is
one of the important factors to design shallow and deep foundations of bridge, piers, wind turbine,
and other structures. The AASHTO LRFD Bridge Design Specification (2010) mentions that scour
is the major reason for bridge failure in the United State (Chavan et al, 2022).

Many researches of the pile scour have been progressed by both experimental tests and
numerical analysis. For example, in particular the numerical analysis of pile scour, scour can be
modeled by reducing apparent fixity length, setting the stiffness corresponding to p-y and t-z curve
of Winkler models, or modeling the geometry by FE analysis (Jia, 2018). However, most
researches focus on pile deflection and p-y curves under the lateral loading, and it is seldom easy
to find researches which focus on soil, for example, soil deformation, especially plastic
deformation/strain, stress and pore water pressure distribution, etc. Further, although scour
geometry is also one of the pivotal factors for pile scour analysis, the scour geometry is less
considered.

Therefore, this study would discuss the numerical analysis of pile response under lateral

loading considering scour effect. Furthermore, numerical analysis would show lateral load-pile



deflection curves and the plastic strain distribution of soil depending on scour width, depth, and

slope slope.

1.2 Research Objective

This thesis describes pile response under lateral loading considering scour effect using
finite element method. For the finite element method, ABAQUS would be used to this study.

The objective of this thesis is as below:

a) Establish finite element modeling for the laterally loaded pile without scour effect. Two
elastoplastic constitutive models would be applied: Mohr Coulomb model and Cam Clay
model.

b) Calibrate material and interface properties for pile deflection numerical modeling. Finite
element analysis results will be compared to the field data results.

c) Establish finite element modeling for the laterally loaded pile with scour condition based
on the finite element analysis without scour condition. Scour depth, width, and scour slope
angle are considered in this finite element analysis. Furthermore, describe the laterally

loaded pile behavior and plastic deformation/strain of soil.

1.3 Research Procedure
This study has two main steps: numerical modeling of pile deflection without and with
scour conditions. The numerical analysis without scour condition would be performed first. In this

step, material and interface properties can be calibrated based on two field test data. After the



numerical modeling without consideration of the scour condition/effect, the numerical analysis

under scour condition would then be carried out. Parametric study would then be performed.

Details of this study would be followed as below (see Figure 1),

Numerical Analysis:
Laterally Loaded Pile
analysis without Scour
Effect

Numerical Analysis:
Laterally Loaded Pile

analysis with Scour Effect

Establish soil-pile
modeling without
scour condition using
ABAQUS

Calibrate material and
interface properties
based on the previous
studies (field test data)

Compare ABAQUS
results to field test
results

Establish soil-pile
modeling with scour
condition using
ABAQUS

Consider scour
geometry: depth (Sy),
width (S,,), and scour
slope angle (a)

Perform the parametric
study considering the
scour geometry

Figure 1. Details of this study

1.4 Thesis Outline
This thesis has 5 chapters as below,
a) CHAPTER 1 is introduction to explain the brief overview, study objective, and research
procedure.
b) CHAPTER 2 presents the literature review about a laterally loaded pile in soft clay and

numerical analysis of pile scour.



c)

d)

CHAPTER 3 describes laterally loaded pile analysis without scour effect. This chapter
shows the procedure of FE analysis. Calibration of material and interface properties is also
conducted. Results of FE analysis are shown pertaining to two elastoplastic constitutive
models, i.e., Mohr-Coulomb model and Cam-Clay model.

CHAPTER 4 presents laterally loaded pile analysis with scour effect. Parametric study is
carried out, and the three main parameters which are related to the scour geometry are
applied. The calibrated material and interface properties in CHAPTER 3 are used. Pile
response under the lateral loading and plastic deformation/strain distribution would be
presented.

CHAPTER 5 ends with the conclusions obtained/summarized from this thesis.

Recommendations for further study are given.



CHAPTER 2. LITERATURE REVIEW

2.1 Introduction

The objective of this thesis is the investigation of a laterally loaded pile response in clay
under the scour effect by numerical analysis. This chapter would describe the literature review
about the laterally loaded pile in soft clay and numerical analysis of the laterally loaded pile

analysis under the scour effect.

2.2 Laterally Loaded Pile in Soft Clay
2.2.1 Matlock (1970)

Matlock (1970) suggested the p-y curve for static loading in soft clay based on the field
test of a laterally loaded pile at Lake Austin, Texas. The formula proposed by Matlock (1970) is

as below (see Eq. (1)),

1

% ~ 05 (yl) (1)

where, p = lateral soil resistance, p, = the ultimate resistance of pile, y = pile deflection, y. = The
pile deflection at 50 % of maximum stress

In soft clay, the ultimate resistance of a pile, p., can be expressed as Eq. (2),
Py = Npcd (2)
where, ¢ = the soil strength, d = the pile diameter, and N, = a nondimensional ultimate resistance

coefficient



Matlock also suggests two formulae of N, (Eq. (3) and (4)), and the smaller value of N,

would be used.

N, =(3+24)%) 3)

N, =9 (4)
where, o = overburden pressure from the soil itself, J = coefficient (approximately 0.5 based on
studies of Sabine data), x = depth

The pile deflection at 50 % of maximum stress, y., can be calculated using Skepmtom’s

approach (see Eq. (5)),

Y. = 2.5¢.d ®))
where, ¢. = the strain at 50 % of maximum stress (the range of ¢. is between 0.005 and 0.02, 0.01

for most purpose)

2.2.2 Lin et al. (2014)

Lin et al. (2014) focus on two key parameters, the effective unit weight, y’, and the
undrained shear strength, C,, to establish the modified p-y curve. In scour condition, the effective
unit weight, y’, would be changed depending on void ratio and overburden stress. Further, the
changes of the undrained shear strength can be presented by Critical State Soil Mechanics, and the
changes would be expressed by overconsolidation ratio, OCR.

The modified formulae of the ultimate resistance of a pile, p., considering the effective unit

weight, y’, and the undrained shear strength, C,, are as below (Lin et al, 2014),

C
Puit1 = (OCR)A)’s,’cZBD +Jz) l(z l + YsczD (6)



C.):
Puirz = 9D(OCR)Ay., 2 (Cint l

o (7)
(Z + Sd)yl',nt

where, y'in: = soil effective unit weight before scour, y'sc = soil effective unit weight after scour,
(Cy)in: = undrained shear strength before scour, z = soil depth measured from the ground surface,

D = the pile width, 4 = approximately 0.8, J = coefticient, Sy = the scour depth

Overconsolidation ratio, OCR, can be obtained using Eq. (8),

F Sy +z
OCR:M (8)

VscZ
2.2.3 Zhang et al. (2017)
Zhang et al. (2017) also propose two equations of the ultimate resistance of a pile, pu,

considering both the effect of scour hole dimensions and stress history. The proposed formulae are

as below,

(3 — 2sin @")OCR )A‘l

=[3D +J(z — SICH in g’
Puit1 [ ](Z d)] u <1 + 2(1 —sin (p’)OCRSln(p

©)
, (3—2sin¢’)OCR
. (3-2singp)OCR  \""
= 9pCint — (10)
Pulez u (1 +2(1 — sing')OCRsn®

where, y’ = soil effective unit weight, vi,» = the specific volume before scour, ¢’ = soil internal
friction angle, C,” = undrained shear strength before scour, x = the swelling index, z = soil depth
measured from the ground surface, D = the pile width, A4 = approximately 0.8, J = coefficient, Sy

= the scour depth



2.3 Numerical Analysis of Pile Scour

Many researches of pile scour have been progressed: both experimental and numerical
research. According to Richardson et al. (2001) and Briaud et al. (1999), pile scour significantly
depends on the shear stress by fluid flow that the fluid flows tangentially to soil surface at soil-
water interface. Further, the shear stress, especially critical shear stress, 7., is also imposed by
water when pile scour is initiated. The method of SRICOS which means Scour Rate In Cohesive
Soils is applied to measure scour depth in cohesive soil, i.e. clay. Based on Briaud’s previous
research, Briaud (2015) and his team develop a measurement method of pile scour based on large-
scale laboratory tests. To measure the scour depth of piles in clay and sand soil, flow and soil
properties, in particular the critical velocity or critical shear stress, are important.

Chen et al. (1993) perform a numerical analysis that combines the infinite and finite
element method to better-understand pile-soil interaction under later loading using AVPULL
program. In this research, ungrained shear strength, cu, and normal and shear stiffness of interface
parameters between a pile and its surrounding soil are key parameters to measure the ultimate soil
resistance. Lin et al. (2019), Dao (2011), and Kim et al. (2011) choose PLAXIS, one of the world-
widely used finite element analysis software, to analyze lateral pile behavior. Lin et al. (2019)
analyze the lateral pile behavior in sand soil. The factors, which affect the lateral pile behavior, are
scour depth, scour width, scour slope, and pile dimension. The interesting thing is that Kim et al.
(2011) mention there is no significant influence between the interface properties and the modulus
of subgrade reaction. Li et al. (2013) choose FLAC3D to compare numerical results with field data
and perform the parametric study. In Li’s research, Mohr-Coulomb model is applied.

For interface properties, Kim et al. (2011) choose Riner, interface strength reduction factor,

which PLAXIS provides. In this paper, non-associated flow rule and Mohr-Coulomb model are



adopted for soil layers, so the bilinear Mohr-Coulomb model is employed for pile-soil interface
element properties. Yang et al. (2002) show one thin layer of element for an interface layer between
a pile and its surrounding soil, and Drucker-Prager model is applied to simulate and control
interface element properties, tangential and normal stiffness of the interface element. The widely
used commercial software, ABAQUS can also provide an interface model, and Mardfekri et al.
(2013) study nonlinear soil-pile interactions for laterally loaded single piles. In Mardfekri’s paper,
pile scour is not considered, but deformed mesh (soil deformation) depending on pile deflection
and soil-pile interface is shown. Further, Mohr-Coulomb model is applied for soil-pile interface
properties.

He et al. (2019) present the investigation of the stress history effect with a monopile
supported offshore wind turbine under scour condition in soft clay using a three-dimensional finite
element method. ABAQUS, the world-widely used numerical analysis software, is adopted. For
soil condition, an advanced hypoplastic clay model is applied for soil stiffness and strength on
stress history. Further, the interface behavior between the monopile and its surrounding soil is
simulated under the Coulomb friction law. Wang et al. (2020) also show ABAQUS scour effect
modeling with the Mises yield criterion and isotropic hardening model. However, a drawback of
He et al. (2019) and Wang et al. (2020) are that the whole scour layer is removed (S, = infinite),
and this is significantly different comparing with Zhang et al. (2017), Liang et al. (2018), and Lin
et al. (2016) that the scour hole is considered. Guo et al. (2022) also carry out 3D finite element
analysis using ABAQUS considering the scour depth and the angle of the scour hole.

Ashour et al. (1998) choose strain-wedge model to measure soil resistance with free-headed
pile in normally consolidated clay, and effective unit weight, plasticity index, effective friction

angle, the strain of 50 % maximum stress, and undrained shear strength are key parameters in this



paper. Skempton’s equation is applied to obtain the effective stress with excess pore water pressure.
Moreover, the strain wedge model depends on the modulus of subgrade reaction, Ey, which shows
the soil-pile interaction at any level during pile loading or soil strain. Lin et al (2016) show two
wedge models: wedge failure model considering scour hole and equivalent wedge failure model
without scour hole to measure soil resistance. The paper published by Zhang et al. (2021) show
the closed-form analytical solution using by Boussinesq’s point load solution, and this analytical
solution can obtain the reduced effective stress at any point depending on scour unloading.

Among Liang et al. (2018), Zhang et al. (2017) and Lin et al. (2014) choose the p-y curve,
which is purposed by Matlock (1970) and critical state soil mechanics for stress history in clay.
Still, effective unit weight, the strain of 50 % maximum stress, and undrained shear strength are
key parameters. The significant difference between Zhang et al. (2017) and Lin et al. (2014) is
whether the scour-hole geometry/dimension is applied to analyze a laterally loaded pile. For sand,
Yang et al. (2010) show that state-dependent shear strength, and effective friction angle can be
calculated by the theory of critical soil mechanics.

Most of the research show results of bending moment, pile deflection, and p-y curve along
the pile axis. Lin et al. (2020) show soil stress distribution depending on the laterally loaded pile.
In Lin’s work, stress distribution analysis of pile groups is carried out using by Mohr-Coulomb

model for the soil properties.

2.4 Summary
Based on previous studies, most studies focus on the bending moment of the pile, pile

deflection with respect to the depth, and p-y curve depending on pile scour width, depth, and slope;

10



however, the stress distribution study related to pile scour width, depth, and slope, pile type has
not been done yet. Further, Mohr-Coulomb model for soil properties is the main constitutive model
to investigate stress distribution, and especially there is the limited study of stress distribution

depending on stress history using by Cam-Clay model.
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CHAPTER 3. LATERALLY LOADED PILE MODELING WITHOUT
SCOUR CONDITION

3.1 Introduction

CHAPTER 3 would describe the preliminary numerical analysis of a laterally loaded pile
and its results about 3-dimensional finite element analysis without scour condition. For numerical
modeling, it uses ABAQUS, which is a widely-used commercial software, to analyze the laterally
loaded pile. The numerical analysis would be carried out with two elastoplastic constitutive models:
Mohr-Coulomb model and Cam-Clay model. A closed-ended steel pipe pile is adopted. There is
difficulty to put the lateral load on the center of the pile head due to the geometry of a pipe pile,
so a reference point with the rigid body constraint on the center of the pile head is used. DCM
(displacement control method) is applied to control the lateral load on the pile head. Scour
condition is not considered in this chapter. Results of numerical analysis are shown as pile

responses under the lateral load.

3.2 Laterally Loaded Pile Modeling without Scour Condition using ABAQUS
3.2.1 Step, Load, and Boundary module

There are three steps of laterally loaded pile modeling using ABAQUS: initial, geostatic,
and loading steps (see Figure 2). The initial step includes setting up initial geostatic stress, pore
water pressure, and void ratio. Boundary condition controlled by Displacement/Rotation would be
set up in the initial step. A roller type of boundary condition is placed in x and y directions, and a
fixed type of boundary condition is arranged in z direction. Ground water boundary by Pore

Pressure in Boundary Condition is also placed on the ground surface.

12



The second step is geostatic to verify initial stress equilibrium with pore water pressure.
The keyword *GEOSTATIC which ABAQUS provides is applied to check the initial stress
equilibrium in the geostatic step. Geostatic Stress in Predefined Field is adopted to set up initial
vertical and horizontal stresses with the lateral earth pressure coefficient, Ky, value depending on
the soil depth, z. In this case, the initial vertical and horizontal stresses are linearly distributed.
Pore water pressure can be defined by Pore Pressure in Predefined Field.

The third step is loading steps using keyword *Static, General in Mohr-Coulomb model
and *Soil, Consolidation in Cam-Clay model. Lateral load is applied in the loading steps, and the
total number of loading steps is 11 steps with respect to time, ¢. For the lateral load, DCM
(Displacement Control Method) is applied with the fact that loading speed is equal to 0.0005 m/s,

instead of LCM (Load Control Method).

= Setup initial geostatic stress, pore water pressure, and void ratio

Initial = Setup boundary condition by Displacement/Rotation and Pore
Pressure
\ 4
] = Check the initial stress equilibrium with pore water pressure
Geostatic

= Using keyword *GEOSTATIC

= Apply for the lateral loading on the pile head

= Use rigid body constraint and reference point at the pile head
= DCM (Displacement Control Method)

= Loading speed = 0.0005 m/s

Lateral Loading

Figure 2. The procedure of the laterally loaded pile FE analysis without the scour condition

13



3.2.2 Interface Elements and Properties for the Laterally Loaded Pile

One of the pivotal factors for the pile analysis is interface elements and interface properties
(see Figure 3). Interface element and properties allow the sliding motion between a pile and its
surrounding soil. This sliding behavior due to the interface elements and properties affect the
vertically loaded pile analysis results. Lee et al. (2014) perform 2D pile numerical analysis under
a vertical load, and this research shows the vertical load-pile displacement curve depending on
interface properties. Various vertical load-pile displacement curves are shown depending on
interface properties, and it means that both interface elements and properties are one of the
important factors for establishing the sliding behavior between a pile and its surrounding soil of
the vertical loaded pile analysis.

However, in the case of the laterally loaded pile analysis, it seems that the interface
properties of the laterally loaded pile analysis might have less influence on pile responses under a
lateral load compared with the vertically loaded pile analysis; nevertheless, the interface elements
and properties are still required because the sliding movement between a pile and soil still appears
in the front side of the pile along the lateral load. In addition, Potts et al. (2001) show the lateral
load-displacement curve for the undrained lateral loading of a single pile with and without interface
elements. The lateral load-displacement curve shows a large gap between the laterally loaded pile
analysis with and without interface elements. This gap can occur because interface elements cannot
sustain the tensile normal stresses, so the interface elements allow opening between a pile and its
surrounding soil when the interface elements have experienced the tensile normal stresses. Then,
this opening is called “gapping” as shown in Figure 4 (a). Figure 4 (b) shows ABAQUS U,
Magnitude result reproduced based on Li et al. (2013). Both sliding and gapping behavior are

visible in Figure 4 (b).
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ABAQUS provides zero-thickness interface elements and interface properties to model the
friction behavior between a pile and its surrounding soil based on Coulomb friction law. In this
study, penalty method (friction coefficient) in tangential behavior and “Hard” contact in normal
behavior are used. “Hard” contact in normal behavior can allow surface separation between pile
and soil when the contact pressure reaches to zero. Additionally, for interaction behavior, a master
surface on a pile and a slave surface on soil are selected based on the ABAQUS manual guideline
(see Figure 5), which mentions the surface on the stiffer body should act as the master surface.
Therefore, the pile surface would be master surface, and the slave surface would be placed in the

soil surface.

Zero-thickness

(@) (b) interface element
@ = o LTI T @ o .
P O P
() Pile () () Pile ()
Soil
O ® soil O
o o Ve \ AL C o I SR S %
b—o o

U
\—Small strain

QO: Initial position
:"+: Deformed position

Figure 3. Interface element for the vertically loaded pile: (a) no interface element, (b) zero-
thickness interface element between pile and soil (Potts et al, 1999)
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O Initial position Zero-thickness
:"+: Deformed position interface element

Figure 4. Interface element for the laterally loaded pile: (a) gapping between soil and a pile, (b)
gapping in ABAQUS results (Li et al. 2013)

(a) (b)

Pile - Soil
Master - Slave
surface - surface

Zero thickness interface
element

Figure 5. Interface elements between a pile and soil: (a) the location of master and slave
surfaces, (b) master and slave surfaces in ABAQUS
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3.3 Numerical Modeling with Mohr-Coulomb Model

The laterally loaded pile analysis with Mohr-Coulomb model is performed based on Kim
et al. (2011) and Li et al. (2013). Both Kim et al. (2011) and Li et al. (2013) perform the finite
element analysis of the laterally loaded pile based on the field test at Incheon grand bridge
construction site, South Korea. For the laterally loaded pile finite element analysis, Kim et al.

(2011) choose PLAXIS 3D Foundation, and Li et al. (2013) use FLAC 3D version 4.0.

3.3.1 Geometry and Mesh of Pile Deflection Analysis

As shown in Figure 6, there are 5 soil layers in the ground: upper marine clay, lower marine
clay, silt, residual soil, and weathered rock. Each soil layer has different depth. The total boundary
of soil is dimensioned by the width of 40 m and the depth of 27.4 m size. The pile is modeled by
the closed-ended steel pipe pile with the diameter of 1.016 m, the thickness of 16 mm, the
embedded length of 25.6 m, and the eccentricity of 1 m. The lateral load would be applied to the
reference point on the pile head.

Stress near the pile would be changed drastically when the lateral load is applied on the
pile head, so, for mesh, small mesh can be arranged to determine the exact result of stress changes.
For this reason, single-bias seeds are applied to arrange each seed and control the distance between
a seed and a seed. Short seed distance near the pile would be arranged, and this short seed distance
can create small mesh. Based on the seed distance, small meshes are placed near the pile The

element type is C3D8 (An 8-noded linear brick) for both soil and pile mesh (see Figure 7).
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Thickness, t=16 mm
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Figure 6. Geometry for FE analysis with Mohr-Coulomb model (Li et al, 2013)

Figure 7. Laterally loaded pile modeling with Mohr-Coulomb model by ABAQUS
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3.3.2 Material and Interface Properties

Mohr-Coulomb model is applied for upper and lower clay, silt, and residual soil, and

weathered rock and a pile are modeled by Linear-Elastic model. Material and interface properties

are summarized in Table 1 and Table 2. Material properties by Kim et al. (2013) are adopted.

Clay usually can be explained by cohesion, ¢, and friction angle, ¢, is the main parameter for sand,

so friction angle, ¢, for clay and cohesion, ¢, for sand can assume zero. Linear-elastic model does

not need cohesion, ¢, and friction angle, ¢. For interface properties (see Table 2), Kim et al (2011)

choose several interface properties for each soil layer, but Li et al (2013) choose single interface

properties. In this study, the single tangential behavior is used, and the value of tangential behavior,

U, 1s equal to 0.8.

Table 1. Material properties for FE analysis with Mohr-Coulomb model (Kim et al. 2011)

Young’s Cohesion Friction
Density, p | Modulus, | Poisson’s ’
Layer Model 3 . c Angle, ¢
(kg/m°) E Ratio, v (kPa) ©)
(MPa)
Upper Clay M-C 1750 10 0.3 18 0
Lower Clay M-C 1750 23 0.3 42 0
Silt M-C 1780 27 0.3 70 0
Residual Soil M-C 1780 35 0.3 0 34
Weathered Rock | L-E 2020 11 0.25 - -
Pile L-E 7200 200,000 0.2 - -

*M-C is Mohr Coulomb model, and L-E is Linear Elastic model.

Table 2. Interface properties for FE analysis with Mohr-Coulomb model (Li et al. 2013)

Interface Properties

Tangential Behavior

0.8

Normal Behavior

“Hard” Contact
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3.3.3 Results of FE Analysis

Figure 8 shows the lateral load vs. pile deflection curve comparing ABAQUS results to
Li’s numerical analysis results based on the calibrated material and interface properties. ABAQUS
result shows good agreement with Li et al. (2013), and this means that the material and interface
properties are calibrated and verified. These calibrated material and interface properties would be

used to the numerical analysis of the laterally loaded pile under scour condition in the CHAPTER

4.

1200

H M Lietal (2013)
e ABAQUS_results N

=
o
o
o

800
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400

200

Reaction Force of the Laterally Loaded Pile (kN)

0 L | L | L | L | L | L | L | L | L | L
0 20 40 60 80 100 120 140 160 180 200

Pile Deflection (mm)

Figure 8. Lateral Load vs. Pile deflection curve compared ABAQUS results to Li et al. (2013)
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3.4 Numerical Modeling with Cam-Clay Model

Laterally loaded pile analysis with Cam-Clay model is performed based on Lin et al. (2014
and 2016) using Matlock (1970)’s field test data. Matlock (1970) shows the results based on the
field test data at Lake Austin, Texas, and Lin et al. (2014) perform the finite element analysis of
the laterally loaded pile based on Matlock’s field test results using by the commercial software
LPILE 5.0.In Lin et al. (2016), FLAC 3D is used to analyze the laterally loaded pile response. This

numerical modeling with Cam-Clay model is performed based on Lin’s finite element analysis.

3.4.1 Geometry of Pile Deflection Analysis

As shown in Figure 9, there is a single layer in soft clay. The boundary of soil is
dimensioned by the width of 15 m and the depth of 15 m size. The pile is modeled by the closed-
ended steel pipe pile with the diameter of 0.319 m, the thickness of 0.0127 mm, the total pile length
of 12.8 m, and the eccentricity of 0.06 m. The lateral load would be applied to the reference point
at the pile head.

In the same manner as the previous pile analysis with Mohr-Coulomb model, short seed
distance near the pile would be arranged, and small meshes are generated near the pile. The element
type for soil is C3D8P (An 8-node brick, trilinear displacement, trilinear pore pressure), and the
pile element type is C3D8 (An 8-noded linear brick). ABAQUS modeling of Cam-Clay model is

shown as Figure 10.
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Figure 9. Geometry for FE analysis with Cam-Clay model (Lin et al. 2014)

Figure 10. Laterally loaded pile modeling with Cam-Clay model by ABAQUS
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3.4.2 Material and Interface Properties

Cam-Clay model is applied for soft clay, and a pile is modeled by Linear-Elastic model.
Material and interface properties are summarized in Table 3 and Table 4. Material properties are
based on Lin et al. (2014). Several unknown parameters, such as shear modulus, G, stress ratio, M,
OCR, and permeability, &, would be calibrated using the trial-error method. Lin et al. (2014) do
not mention interface elements and properties in Lin’s numerical analysis, but Lin et al. (2016)
mention that the interface stiffness would be high to minimize interpenetrating between soil and a
pile. Based on the calibration for the interface properties, the best fit shown in the solid line to the
existing literature when the value of tangential behavior, g, is equal to 0.9 for ABAQUS finite

element analysis.

Table 3. Material properties for FE analysis with Cam-Clay model (Lin et al. 2014)

Material Parameters Soil Pile
Model Cam-Clay Linear-Elastic
Density, p (kg/m?) 2000 7850
Young’s Modulus, £ (MPa) - 218,000
Poisson’s Ratio, v - 0.3
Shear Modulus, G (MPa) 10 -
Slope of unloading-reloading line, # 0.033 -
Slope of normal compression line, / 0.165 -
Stress ratio, M 1.2 -
OCR 2 -
Friction Angle, ¢ (°) 20 -
Permeability, £ (m/s) le-10 -
Void Ratio, e 1.64 -

23



Table 4. Interface properties for FE analysis with Cam-Clay model

Interface Properties

Tangential Behavior 0.9

Normal Behavior “Hard” Contact

3.4.3 Results of FE Analysis

Figure 11 shows the lateral load vs. pile deflection curve comparing ABAQUS results and
Matlock’s result. ABAQUS results show the good agreement with Matlock (1970). These good-
matched results show that some unknown properties, in particular interface properties, are well-
calibrated. All calibrated material and interface properties would be used to the numerical analysis

of the laterally loaded pile under scour condition in the CHAPTER 4.

120

H M Matlock (1970)
e ABAQUS results

100 |

Reaction Force of the Laterally Loaded Pile (kN)

0 L L

0 5 10 15 20 25 30 35 40 45 50
Pile Deflection (mm)

Figure 11. Lateral Load vs. Pile Deflection curve compared ABAQUS results to Matlock (1970)
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3.5 Summary

In this chapter, the 3-dimensional laterally loaded pile FE analysis without scour condition
is conducted using by ABAQUS. Two constitutive models are pertained: Mohr-Coulomb model
and Cam-Clay model. Some unknown material and interface properties are calibrated through trial-
and-error method. These unknown material and interface properties, which are obtained from the
calibration, would be used for the laterally loaded pile analysis under scour condition. The laterally

loaded pile analysis under scour condition also would be explained in the next CHAPTER 4.
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CHAPTER 4. LATERALLY LOADED PILE MODELING WITH SCOUR
CONDITION

4.1 Introduction

The laterally loaded pile analysis without scour condition is completed in the previous
CHAPTER 3. Next, the 3-dimensional laterally loaded pile analysis under scour condition would
be carried out in this CHAPTER 4. ABAQUS also would be used for the laterally loaded pile finite
element analysis in this chapter. The geometry would be changed depending on scour depth, scour
width, and scour slope angle. Material and interface properties of soil and a pile are based on
calibration results in the previous chapter. Initial, loading, and boundary conditions are as same as
the ones which are mentioned in the previous chapter. There is one difference between the previous
modeling in CHAPTER 3 and the current modeling in CHAPTER 4: one additional step, model
change, to model the scour condition depending on time, ¢. Results of pile responses under the
lateral load and plastic deformation depending on scour geometry would be described in this

chapter.

4.2 Laterally Loaded Pile Modeling with Scour Condition using ABAQUS

In the same manner as the laterally loaded pile analysis without scour condition, the same
step, load, and boundary conditions are applied for the laterally loaded pile numerical modeling
with scour condition, and these conditions are already explained in the previous chapter. The same
interface elements and properties in the previous chapter are applied. The differences between non-

scour and scour condition are adding scour geometry, such as scour depth, width, and slope angle,
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and one additional step, which would be called model change step, using keyword *MODEL
CHANGE.

The laterally loaded pile modeling with scour condition assumes that scour has already
been stable, and the processes of soil deformation and in-situ stress changes have been completed.
Because of this reason, this study supposes that there are no more soil deformation and in-situ
stress changes when the scour process has been finished, and soil deformation and stress changes

due to the lateral load are allowed.

4.2.1 Scour Geometry

Scour effect can explain the geometry changes due to the fluid flow depending on time, ¢.
Further, in real scour condition, the scour width, S, is not infinite, and the scour depth, Sy, and the
slope angle, a, would be also considered. Therefore, in this study, there are three main parameters
to model the laterally loaded pile finite element analysis under scour condition: scour depth, Sy,
scour width, Sy, and scour slope angle, . Figure 12 is the geometry of the pile analysis under
scour condition. Different scour depth, Ss, width, S, and slope angle, &, would be considered for

the laterally loaded pile numerical analysis under the scour condition.
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*MODEL CHANGE would be described in the next section 4.2.3.

4.2.2 Numerical Analysis Procedure of the Laterally Loaded Pile Analysis

Figure 12. The geometry of pile deflection analysis with scour depth, Ss, width, S, and angle,

There are four steps of the laterally loaded pile numerical analysis under the scour
condition. One difference compared with the previous pile numerical modeling is that one
additional step using keyword *MODEL CHANGE is added in between initial and geostatic steps.

Details of the pile analysis procedure with scour condition are shown as Figure 13. Keyword

This study supposes that no more soil deformation and in-situ stress changes due to the soil
loss allow when the scour process has been finished. For this reason, in the model change step, a

sufficiently large amount of time would be applied to complete the consolidation effect, i.e., soil



deformation (rebound behavior) and in-situ stress changes, which is generated by scour geometry

removal. After the model change step, the geostatic step would revalidate initial stress equilibrium,

horizontal and vertical in-situ stresses, with pore water pressure after geometry changes. No more

deformation due to the consolidation effect is allowed in the geostatic step. Additional soil

deformation and stress changes would appear when the lateral load on the pile head is applied

Initial

Setup initial geostatic stress, pore water pressure, and void ratio

Setup boundary condition by Displacement/Rotation and Pore
Pressure

Model Change

Change the geometry to model the scour condition considering
scour depth (Sy), scour width (S,,), and scour slope angle (a)

Using keyword *MODEL CHANGE

Geostatic

Check the initial stress equilibrium with pore water pressure
Using keyword *GEOSTATIC

Lateral Loading

Apply for the lateral loading on the pile head

Use rigid body constraint and reference point at the pile head
DCM (Displacement Control Method)

Loading speed = 0.0005 m/s

Figure 13. The procedure of the laterally loaded pile FE analysis with the scour condition
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4.2.3 Keyword, *MODEL CHANGE

It is hard to define initial stresses, especially the horizontal stress, on the uneven surface,
for example slope geometry in ABAQUS (see Figure 12). This issue may be solved when User-
Subroutine for initial stresses, SIGINI, is used. Bubel et al (2012 and 2012) choose User-
Subroutine, SIGINI, to set the initial stress state on the slope foundation. Therefore, User-
Subroutine, SIGINI, may be used to establish the exact initial in-situ stress on the uneven surface.

Scour is soil loss due to the fluid flow. This means that the geometry and stress distribution
would be changed with respect to time, . ABAQUS provides one of the tools for the geometry
change due to soil loss with fluid flow with respect to time, #, which is the keyword *MODEL
CHANGE. The keyword *MODEL CHANGE allows geometry changes during the analysis
procedure depending on step and time, 7. He et al (2019), Jia et al (2022), and Chavan et al (2022)
choose the keyword *MODEL CHANGE for establishing stress history depending on the
geometry change.

As shown in Figure 14, scour mudline with a specific scour depth, width, and slope angle
would be set up for a part of scour geometry in the initial step. In the initial step, the part of scour
geometry is not removed. After the initial step, ABAQUS keyword *MODEL CHANGE is applied
in the model change step. In the model change step, the part of scour geometry is deleted to
anticipate in-situ stress changes and soil deformation due to the unloading process. This unloading
process makes time-dependent changes of in-situ stress and soil deformation. For this reason, a
sufficiently large amount of time would be required to stabilized in-situ stress and soil deformation.
200 days is adopted in this model.

Therefore, the keyword *MODEL CHANGE can be used to establish the geometry and

stress distribution (or stress history) changes depending on time, . In this study, the keyword
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*MODEL CHANGE would be used to model the scour effect. The keyword *MODEL CHANGE

would be in between the initial step and the geostatic step.

(a) Initial step Setup mudline after scour (b) Model change step
in the initial step
X . . Remove a part of geometry
Original mudline for scour condition
M before scour M
v

z I / _ v - v
Sq| ™ “ fq Sq igd

. — Pile

ABAQUS keyword
*MODEL CHANGE

Soil \ Soil
\ In-situ stress changes due to

geometry remove (unloading process)

Pile

Figure 14. The process of ABAQUS keyword *MODEL CHANGE

4.3 Plastic Deformation/Strain Distribution depending on Scour Geometry

Plastic deformation results would be described depending on the scour geometry, scour
depth, width, and angle using PE which means the plastic strain in this chapter. PE is the tensor
measurement. Further, the plastic strain is increased depending on the pile deflection.

Zania et al. (2012) describe the plastic minimum principal strain contours with respect to
the laterally loaded pile analysis depending on the pile diameter. According to the paper by Zania
et al. (2012), the main failure zone is induced by the lateral load at the passive side of the pile

along the direction of the lateral load (see Figure 16 (a)). Moreover, another failure zone is also
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generated by the free-standing soil at the active side of the pile, not by the lateral load. The free-
standing soil can be shown due to the gap between a pile and soil to which the lateral load leads.
Figure 15 is ABAQUS PE, Max. Principal results in the non-scour effect based on both Li
et al. (2013) and Lin et al. (2014). As Zania et al. (2012) mention, ABAQUS shows the plastic
strain in both passive and active sides of the pile. The main plastic strain is shown in the passive
side of the pile due to the lateral load. Further, as shown in Figure 15 (c) and (d), the plastic strain
can be shown in the back side of the pile (the active side of the pile). This plastic strain can be

generated by the free-standing soil deformation (see Figure 16 (b)).

2%

NWWHZA7
) 7

3DEXPERIENCE R2018x  ThuNov 18 13:16:23 Central Standard Time 2021

Figure 15. PE results at pile deflection = 512 mm with non-scour condition: (a) and (b) Li et al,
2013, (c) and (d) Lin et al, 2014

32



=

Active side

N .
Passive

Passive
Loading side

direction Free standin

soil

Pile

3DEXPERIENCE R2018; Thu Nov 18 13

Soil

(a) (b)

Figure 16. (a) Outline of plastic deformation due to the lateral load, (b) Soil deformation results
(Lin et al, 2014)

4.4 Numerical Modeling with Mohr-Coulomb Model
4.4.1 Parametric Case of Geometry

The parametric study of the laterally loaded pile under the scour condition would be
performed depending on different scour depth, Ss, scour width, S, and scour slope angle, ¢, to
consider scour. This parametric study is also based on Kim et al. (2011) and Li et al. (2013). The
boundary dimension of soil and a pile is shown in section 3.3.1. Material and interface properties

are shown in Table 1 and Table 2 at the section 3.3.2.

4.4.2 Laterally Loaded Pile Response depending on Scour Depth, Sq

The laterally loaded pile analysis would be performed depending on different scour depths,
Sa. For Mohr-Coulomb model, there are 5 layers as shown in Figure 6, and the scour depth, Sg,
would be confined within the upper marine clay. For this reason, 4 cases of scour depth, as 1D,

2D, 4D, and 6D, are applied for comparing with non-scour case, and there is still remaining upper
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clay soil even for the extreme case of Sy = 6D. The pile diameter, D, is 1.016 m. Scour width, S,,
is infinite, and scour slope angle, ¢, is not considered.

The reaction force of the laterally loaded pile vs. pile deflection curves depending on the
scour depth, Sq, are as shown in Figure 17. Soil which supports the pile is removed due to the
scour effect, and this soil loss makes the reaction force decrease when the scour depth is increased
(Li et al, 2013). For example, the reaction force in the non-scour case is around 50 % higher than

the force when scour depth, Sy, is 6 D.
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Figure 17. Lateral load vs. Pile deflection curve depending on the scour depth, Ss, with Mohr-
Coulomb Model
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Figure 18 is the maximum principal plastic strain (PE) results depending on the scour
depth at the pile deflection is equal to 256 mm. The main PE is induced in the passive side of the
pile. The PE is also decreased when the scour depth is increased. Non-scour, 1D, and 2D cases
cannot see the PE at the active side of the pile, but the PE in 4D and 6D cases appears at the active

side of the pile because the free-standing soil at the active side of the pile is deformed.
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Figure 18. Plastic strain, PE, results depending on scour depth,

Sa, at pile deflection = 256 mm



4.4.3 Laterally Loaded Pile Response depending on Scour Width, S,

The laterally loaded pile FE analysis would be performed depending on different scour
widths, S.. There are 6 cases of scour width: 0 m, 0.5 m, 1 m, 2 m, 4 m, and infinite. Scour depth,
Su, 1s fixed, and 4D is chosen in this pile deflection FE analysis. Scour angle, ¢, is also fixed, and
26 ° which is a natural slope to be stable is applied (L1 et al, 2013).

As shown Figure 19, the reaction force of the laterally loaded pile is decreased when scour
width is increased. In particular, once the scour width reaches to 2 m, the reaction force results
between 2 m scour width and the infinite scour width are not much different (see Figure 20).
Further, the decreased reaction force is around 20 % when the scour width varies from 0 m to 4 m

and infinite scour width.
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Figure 19. Lateral load vs. Pile deflection curve depending on the scour width, S, with Mohr-
Coulomb Model
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Figure 20. Reaction force distribution depending on scour width, S, at the pile deflection =
0.256 m with Mohr-Coulomb Model

Figure 21 is the maximum principal plastic strain (PE) results depending on the scour
width at the pile deflection is equal to 256 mm. Based on the PE results, it seems that plastic
deformation can be expanded at scour slope when scour width is 0 m. Further, the plastic
deformation can be expanded near the edge of the scour width geometry when scour width is 0.5
m to 2 m. However, the plastic deformation shape when the scour width is 4 m would be similar

to the one when the scour width is infinite.
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Figure 21. Plastic strain, PE, results depending on scour width, S, at pile deflection = 256 mm
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4.4.4 Laterally Loaded Pile Response depending on Scour Angle, «

In this section, the key parameter of the laterally loaded pile FE analysis is scour angle, c.
There are 7 cases of the scour slope angle: 90 °, 75 ©, 60 °, 45 °, 26 °, 13 °, and 0 °. There are the
fixed 4D in scour depth is used. The fixed value of 0.5 m is chosen for the scour width, S,.

As shown Figure 22, the reaction force of the laterally loaded pile is gradually decreased,
and the reaction force results at the scour slope angle is equal to between 13 ° and 0 ° show similar
results, and this means that the lateral reaction force is converged when the scour slope angle is
equal to 13 °. Further, the decreased reaction force is around 8 % when the scour slope angle varies

from 90 ° to 13 ° and 0 ° (see Figure 23).
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Figure 22. Lateral load vs. Pile deflection curve depending on the scour slope angle, o, with
Mohr-Coulomb Model
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Figure 23. Reaction force distribution depending on scour slope angle, ¢, at the pile deflection =
0.256 m with Mohr-Coulomb Model

Figure 24 is the maximum principal plastic strain (PE) results depending on the scour slope
angle at the pile deflection is equal to 256 mm. When the scour slope angle is 90 °, the high PE
appears at the edge of the scour width geometry. Then, the PE at the edge of the scour width

geometry would be also decreased when the scour slope angle is decreased gently.
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Figure 24. Plastic strain, PE, results depending on scour angle, ¢, at pile deflection = 256 mm

4.5 Numerical Modeling with Cam-Clay Model
4.5.1 Parametric Case of Geometry

The parametric study of the laterally loaded pile under the scour condition would be
performed depending on different scour depth, Ss, scour width, S, and scour slope angle, ¢, to
consider scour. This parametric study is also based on Lin et al (2014) and Lin et al (2016). The
boundary dimension of soil and a pile is shown in section 3.4.1. Material and interface properties

are shown in Table 3 and Table 4 at the section 3.4.2.

4.5.2 Results of Pile deflection depending on Scour Depth, Sy

The laterally loaded pile analysis would be performed depending on different scour depths,
Sa. There are 4 cases of scour depth: 1D, 3D, 5D, and 8D comparing with no scour effect case. D
means the pile diameter which is 0.319 m. In the same manner of Mohr-Coulomb Model, scour
width, S, is infinite, and scour slope angle, ¢, is not considered.

The reaction force of the laterally loaded pile vs. pile deflection curves depending on the
scour depth, S, are as shown in Figure 25. When the scour depth is increased, the reaction force

of the laterally loaded pile is gradually decreased. Further, at the same manner of Mohr-Coulomb
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model, the reaction force in the non-scour case is around 50 % higher than the force when Sy is 8
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Figure 25. Lateral load vs. Pile deflection curve depending on the scour depth, Ss, with Cam-
Clay Model

The maximum principal plastic strain (PE) depending on the scour depth can be shown in
Figure 26. The maximum PE appears at a node which is located in a certain angle in the x-direction.
Further, the PE can be shown along the soil which is contacted with the pile surface. It seems that

this PE can be caused by the plastic deformation from the free-standing soil.
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4.5.3 Results of Pile deflection depending on Scour Width, S,

The laterally loaded pile analysis would be performed depending on different scour widths,
Sw. There are 6 cases of scour width: 0 m, 0.5 m, 1 m, 2 m, and infinite. Scour depth, Sy, is fixed,
and 5D is used in this pile deflection FE analysis. Scour angle, ¢, is also fixed, and 40 ° is applied.

As shown Figure 27, the reaction force of the laterally loaded pile is decreased when scour
width is increased. In particular, once the scour width reaches to 2 m, the reaction force results
between 2 m scour width and the infinite scour width are not much different (see Figure 28). The
amount of decreased reaction force is around 12 % when the scour width varies from 0 m to 2 m

and infinite width when the pile deflection is 512 mm.
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Figure 27. Lateral load vs. Pile deflection curve depending on the scour width, S, with Cam
Clay Model
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Figure 28. Reaction force distribution depending on scour width, S, at the pile deflection =
0.512 m with Cam Clay Model

Figure 29 is the results of the maximum principal plastic strain (PE) depending on the
scour width at the pile deflection is equal to 512 mm. The maximum PE also appears at a node
which is located in a certain angle in the x-direction as the previous scour depth case study. Based
on the PE results, plastic deformation can be expanded at the scour slope when the scour width is
0 m and 0.5 m, and the plastic deformation can be shown near the end of the scour width geometry
when the scour width is 1 m. However, the plastic strain/deformation shape when the scour width

is 2 m would be similar to the one when the scour width is infinite.
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4.5.4 Results of Pile deflection depending on Scour Angle,

In this section, the main parameter of the laterally loaded pile analysis is scour angle, c.
There are 6 cases of the scour slope angle: 75 ©, 60 °, 40 °, 20 °, 15 °, and 0 °. There are the fixed
5D in scour depth is used. The fixed value of 0.5 m is chosen for the scour width, S,.

As shown Figure 30, the reaction force of the laterally loaded pile is gradually decreased,
and the reaction force results at the scour slope angle is equal to between 15 ° and 0 ° show similar
results, and this means that the lateral reaction force is converged when the scour slope angle is
equal to 15 °. Further, the decreased reaction force is around 3.5 % when the scour slope angle

varies from 90 ° to 13 © and 0 ° (see Figure 31).
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Figure 30. Lateral load vs. Pile deflection curve depending on the scour slope angle, o, with
Cam Clay Model
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Figure 31. Reaction force distribution depending on scour slope angle, ¢, at the pile deflection =
0.512 m with Cam Clay Model

Figure 32 is the maximum principal plastic strain (PE) results depending on the scour slope
angle at the pile deflection is equal to 512 mm. Mohr-Coulomb model shows plastic
strain/deformation at the edge of the scour width geometry. Especially, the larger scour slope angle
is applied, the higher PE can be shown. However, as the different manner of Mohr-Coulomb model,

the PE in Cam Clay model is expanded smoothly onto the scour slope when the pile is deflected.
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4.6 Summary

In this chapter, the 3-dimensional laterally loaded pile FE analysis with scour condition is
performed based on the material and interface parameters which are calibrated in CHAPTER 3.
Two elastoplastic constitutive models are adopted: Mohr-Coulomb model and Cam-Clay model.

Based on the parametric study, both Mohr-Coulomb model and Cam Clay model show that
the reaction force of the laterally loaded pile is around 50 % decrease depending on scour depth,
Sa. Scour depth, Sy, has an influence on the 10~20 % reaction force decrease, and both Mohr-
Coulomb model and Cam Clay model show less than 10 % decrease depending on scour slope
angle, a. Based on the numerical results, scour depth, S, can be a significant factor to decrease
the reaction force of the laterally loaded pile.

Results of the maximum principal plastic strain (PE) are also described in this chapter.
Plastic strain/deformation can be shown in both passive and active sides. The main reason of the
PE in the passive side is the lateral load. Free-standing soil deformation can induce the PE in the
active side. Based on the PE results depending on the scour width, the plastic strain distribution at
a specific scour width would be similar to the one when the scour width is infinite, and this means
that the reaction force of the laterally loaded pile at the specific scour width is converged in the
reaction force at the infinite scour width.

From the PE results depending on the scour slope angle, Mohr-Coulomb model and Cam
Clay model show different PE distributions. In the same manner of the scour width cases, the
plastic strain distribution at a specific scour slope angle would be similar to the one when the scour
width is infinite. Mohr-Coulomb model shows certain plastic strain/deformation at the edge of the
scour width geometry. On the other hand, the PE in Cam Clay model is expanded smoothly onto

the scour slope.
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CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This thesis focuses on the 3D numerical analysis of the laterally loaded pile using the

widely-used commercial software, ABAQUS. Non-scour and scour condition are considered for

this thesis. In the scour condition, different cases of scour depth, Su, scour width, S, and scour

slope angle, ¢, are applied for the numerical modeling. From this case study, conclusions can be

drawn as follow,

a)

b)

d)

In the view of scour depth, Ss, both Mohr-Coulomb model and Cam Clay model show
significant the reaction force decrease. In Mohr-Coulomb model, the reaction force of
the laterally loaded pile in 6D case is around 50 % decreased compared with the
reaction force in non-scour case. Further, Cam clay model also shows that the reaction
force of the laterally loaded pile in 8D case is around 50 % decreased compared with
the reaction force in non-scour case.

For scour width, Sy, 10~20 % reaction force decrease can be shown. Mohr-Coulomb
model shows around 20 % decrease comparing 0 m to 4 m, and Cam-Clay model shows
around 12 % decrease in comparison 0 m to 2 m.

Both Mohr-Coulomb model and Cam Clay model show less than 10 % decrease
depending on scour slope angle, c.

Based on the parametric study, scour depth, Ss, would be the main factor to have an
influence on the changes of the pile capacity.

From the plastic strain results depending on the scour width, the plastic strain shape at

a specific scour width (2 m both in Mohr-Coulomb model and in Cam clay model)
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would be similar to the one when the scour width is infinite, and this means that the
reaction force of the laterally loaded pile at the specific scour width is also reached on
the reaction force at the infinite scour width.

From the PE results depending on the scour slope angle, Mohr-Coulomb model and
Cam Clay model show different PE distributions. The PE in Cam Clay model is more

smoothly expanded onto the scour slope than Mohr-Coulomb model.

5.2 Recommendations

This thesis discusses the reaction force and plastic strain distribution in scour geometry

with respect to scour depth, S, scour width, S, and scour slope angle, «.. There are several

limitations, i.e., scour stability, symmetric scour geometry, etc., Because of these limitations,

several recommendations would be proposed to improve this thesis.

a)

b)

This thesis describes the reaction force and plastic strain distribution in only the fixed
scour geometry which means that scour already exists and this scour is already stable.
However, scour effect is one of the time-dependent geometry change problems, so
scour geometry, as scour depth, width, and slope angle, can be gradually changed
depending on the time. Based on this idea, this thesis can be improved when the time-
dependent scour geometry changes are applied for the numerical analysis.

As the previous recommendation describes, this study assumes that scour has already
existed and this scour is stable. The fact that the scour is stable would mean that the
scour process has been already completed, and this is an ultimate case of the scour;

however, it is unknown whether the specific scour geometry which is chosen in the

54



parametric study is the ultimate case or not. Therefore, the future research could be
carried out in regard to the ultimate case of the scour geometry based on field and
experimental test data.

Only symmetric scour geometry is supposed for scour geometry in this thesis. However,
in reality, a variety of scour geometry exists. Because of this reason, the numerical
analysis for various scour geometry, i.e., asymmetric scour geometry, would be

conducted for the future research.
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