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ABSTRACT

The rise in sea levels and the increase in extreme weather events due to cli-

mate change have emerged as signi�cant issues for society. It is imperative to account

for their e�ects when designing coastal structures and formulating resource manage-

ment strategies. Rapid coastal morphodynamic changes during storms, such as beach

erosion and scouring around critical infrastructure like bridge piers, are of particular

interest. To address these concerns, this study employs advanced computational 
uid

dynamics techniques within a multi-phase 
ow framework, with the aim of deepening

our understanding of complex physical processes.

This research �rst evaluates the capability of turbulence-resolving simulations

for a near-prototype scale wave 
ume experiment under random waves, investigating

key processes during wave-swash interactions for two stages of beach pro�les observed

during a storm event. The �ndings indicate that large bottom shear stress (represented

by the Shields parameter), horizontal pressure gradient (the Sleath parameters), and

a robust turbulence-berm interaction (characterized by high turbulent kinetic energy

directly contacting the bed) leading to signi�cant sediment transport events are caused

by intense interaction between backwash and incoming breaking waves. These results

provide valuable insights into the underlying causes of berm erosion.

This study proceeds to utilize the Eulerian two-phase model, SedFoam, to simu-

late the initiation of scour beneath a 2D pipeline and the subsequent back�lling process.

It has been demonstrated via laboratory experiments that the seepage 
ow underneath

the pipeline, called piping, initiates the scouring process. Previous simulations based

on single-phase models required arti�cial adjustments to account for the onset of scour.

In contrast, this study demonstrates the capability of the two-phase model in quanti-

tatively simulating piping, validated through comparisons with a series of laboratory
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measurements. To further con�rm the model's capability to simulate the back�ll pro-

cess, we arti�cially descent the pipeline into the scour hole. This represents an idealized

representation of the complex sinking process that occurs during scour. The resulting

burial depth due to back�ll aligns with predictions derived from empirical formulas.

SedFoam is further applied to simulate wave-induced scour around a vertical

cylinder. Through detailed model validation and grid convergence study, we provide

evaluations for future scour simulations concerning the choice of turbulence modeling

methods and grid resolutions. Speci�cally, a higher resolution and turbulence-resolving

model, such as large-eddy simulation, is preferred to capture key vortices, namely the

horseshoe vortex and lee-wake vortices. A higher resolution and turbulence-resolving

model are also suggested for scour simulations, as they can predict a more accurate

scour hole in both depth and width. For more e�cient Reynolds-averaged simulation,

the k-! (2006) model yields reasonable predictions for scour hole depth development.

However, it tends to over-predict the scour hole width.

The present study establishes a simulation framework, based on a multi-phase


ow methodology, for selected coastal applications. It is suggested that future research

e�orts focus on enhancing the modeling of dune erosion by integrating more extensive

soil mechanics formulations. Additionally, improvements to wave runup and breaking

predictions in regional-scale models are recommended.
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Chapter 1

INTRODUCTION

Sea level rise and extreme weather caused by climate change have become a

major societal concern and their impacts need to be incorporated into the design of

coastal structures and resource management. Generally, the concerns are associated

with rapid coastal morphodynamic change during storms, such as beach erosion as

well as sand overwash and 
ooding in the coastal communities. Of particular concern

is the scouring e�ect around critical infrastructure such as bridge piers and seawalls,

necessitating the development of new design guidelines to mitigate these risks. The

primary objective of this study is to develop novel numerical simulation tools based on

the state-of-the-art computational 
uid dynamics in the multi-phase 
ow framework,

aiming to enhance understanding of intricate physical processes and to provide a next-

generation design tool.

This chapter begins with an overview of the nearshore hydrodynamic modeling

approach, followed by a discussion of sediment transport modeling, focusing speci�cally

on scouring processes. Through this review, research gaps are identi�ed, leading to the

outline of the scope of the dissertation.

1.1 Nearshore Hydrodynamic

Beaches are a natural protection against extreme weather events, such as storms.

However, beach pro�les are highly dynamic and they can change dramatically during

storms. The physical processes often involve complicated interactions between hydro-

dynamics and complex bathymetry. Waves, currents, and turbulence generated from

breaking waves directly drive sediment transport and shapes coastal morphodynamics.

Various nearshore hydrodynamic modeling approaches have been developed to predict
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waves and currents. Given that sediment transport originated from the seabed and sed-

iment particles can react to 
ow forcing across a broad spectrum of timescales, these

diverse modeling approaches o�er distinct information available for sediment transport

modeling.

Coastal wave modeling approaches can be classi�ed into two major categories,

Wave-resolving and wave-averaged models, and some of them further apply a depth-

integration [81]. Wave-resolving models resolve the instantaneous free surface elevation

mainly focus on the sea-swell band, while wave-averaged models, such as SWAN [11]

and WAVEWATCH III [141] are based on solving wave action balance equations and

do not resolve instantaneous free surface. Thus, they highly rely on empirical formulas

to parameterize many unresolved key processes, such as wave breaking, and nonlinear

wave evolution (wave skewness and asymmetry). Recently, surfbeat models such as

XBeach-Surbeat [121] and COAWST-InWave [147, 47] become very popular as they

are a hybrid with incident sea-swell waves modeled as wave-averaged and low frequency

(infragravity) waves modeled as wave-resolving to better model beach processes. How-

ever, wave-breaking and shoaling processes are still parameterized. Wave-resolving

models, such as Boussinesq-type wave models [126] have been widely used. More re-

cently, non-hydrostatic wave models, such as SWASH [159] and NHWAVE [86] are

developed which include non-hydrostatic pressure to better predict wave dispersion.

Non-hydrostatic wave models also include depth-resolving capabilities via a sigma-

coordinate transformation. However, such an approach treats free-surface as a single

value function, meaning that they can at best capture shocks but are not able to

resolve wave over-turning and the following wave-breaking. Thus, parameterizations

for the wave-breaking induced turbulence are required since the vertical variations of

turbulence will a�ect undertow pro�les [31].

The need for parameterizations for roller dissipation and the wave-breaking gen-

erated turbulence in the aforementioned models has introduced additional uncertain-

ties into nearshore wave modeling and the related coastal processes, such as sediment

transport. With the growing computer power, computational 
uid dynamics (CFD)
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with surface tracking techniques (e.g. the volume of 
uid (VOF) method [50] and the

level set method [138]) is increasingly used to study surf zone processes. Reynolds-

averaged Navier{Stokes (RANS) equations models parameterize all scales of turbulent


uctuations with a turbulence closure scheme which generally requires a lower compu-

tational cost relative to turbulence-resolving models, such as the large eddy simulation

(LES) and direct numerical simulation (DNS). A variety of turbulent closure models

for RANS has been applied for nearshore processes, in whichk� " [80, 14, 49, 155, 15]

and k � ! [96, 55, 49, 15] two-equation turbulence closure models are most popular.

Among these RANS model studies of surf zone dynamics, there is a collective tendency

of an over-prediction of turbulence level even prior to wave-breaking which implies the

limitation of using RANS for long time-scale modeling or to model regions that are

not fully turbulent [72]. This persistent issue of turbulence over-production can a�ect

coastal hydrodynamics prediction (e.g. wave height, undertow pro�le) but was not fully

analyzed. Larsen and Fuhrman (2018) [72] proved that nearly all two-equation mod-

els are unconditionally unstable in the potential 
ow region beneath (non-breaking)

surface wave which leads to the generation of unphysical turbulence. The realizable

k� " model [127] is an exception which was proved to be conditionally unstable in such

regions [44]. A reformulation of the eddy viscosity closure in two-equation models is

suggested and this is the so-call \stabilized" two-equation turbulence models [72, 44].

The stabilized models have shown improvement in predicting turbulence and undertow

pro�le [72, 74]. However, the predicted turbulence in the inner surf zone remains to be

less satisfactory even with the stabilized models [77]. Thus, in this study, we adopt a

turbulence-resolving approach via large-eddy simulation.

With the increasing use of three-dimensional large eddy simulation, many stud-

ies have successfully simulated wave transformation and breaking [27, 48, 148, 26, 83,

71, 30, 158, 65, 157, 110]. However, most of the studies either simulated individual

wave-breaking events or a small number of waves. The turbulence structure under dif-

ferent breaker types in the surf zone was investigated [27, 148, 26, 71] and some studies

speci�cally focused on air entrainment during wave-breaking [83, 30]. Di�erent than
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most of the studies using monochromatic waves, Zhou et al. (2014) [158] simulated a

solitary wave-breaking event and carried out a detailed analysis of the wave-breaking-

induced turbulent coherent structure. Their results show how the two-dimensional

turbulent coherent structure generated during breaking evolves into three-dimensional

hairpin vortices. Some of them may even interact with the bed implying an important

e�ect on to sediment transport. Later, a more complex bathymetry (i.e. the pres-

ence of a sandbar) was introduced to the simulations [157, 110]. The aforementioned

studies do not focus on swash zone processes. A unique LES study carried out for a

dam-break-driven swash simulation by Kim et al. (2017) [65] provides insights into

swash zone hydrodynamics. For a single swash event generated by a dam-break wave

[103], their results show that turbulent characteristics are very di�erent from those in

the surf zone due to the limited water depth during swash. The strong interaction

between the turbulent coherent structure and the bed may a�ect sediment transport.

The interaction between the backwash 
ow and incoming waves in the inner

and swash zone has been identi�ed as a key process driving major sediment transport

events [52, 28, 4]. In a recent �eld study conducted by Florence et al. (2022) [38],

they observed vertical pore pressure gradients in the inner-surf zone that exceeded

the liquefaction criteria. These measurements were made during the passage of a

breaking wave/bore, which occurred shortly after a signi�cant decrease in water level

within a large wave trough. The observed timing may result in a signi�cant onshore

transport of sediment. Additionally, the interaction between wave-backwash 
ow may

cause the formation of a hydraulic jump, along with 
ow separation near the bed

[130, 135, 113]. In fact, it remains an open question as how the wave breaking-driven

turbulence in
uences near-bed sediment transport processes and a�ects beach pro�le

evolution for di�erent stages of the beach pro�le evolution. This study carries out

high-�delity simulations based on LES for a large-wave 
ume experiment and focuses

on improving the understanding of wave-swash interaction and their impacts on the

seabed for two stages of beach erosion during a storm event (Chapter 3).
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1.2 Scour around Structures

Scour and burial of o�shore and coastal structures, such as pipelines and foun-

dations, and smaller objects, such as sea mines due to sediment transport driven by

waves and currents can cause many maintenance and mitigation problems. Since the

past decade, a great amount of research has been devoted to studying scour burial

processes through laboratory experiments [137, 146, 29, 140, 94, 120] and empirical

parameterizations have been developed [149, 42]. A recent work by Mattioli et al. [94]

provides a comprehensive evaluation of several existing empirical formulas for scour

around a surface-touching cylinder with their physical experiments. While some of the

observed burial events may be caused by large-scale migration of sandbars, sandwaves

and smaller bedforms [102, 142], many pipeline failures and burial of objects are caused

by the local scour/burial processes.

Sumer and Freds�e [133] provided a comprehensive literature review, including

�eld surveys, on how pipeline scour can cause the sinking and its eventual burial. In

general, the scour under a submarine pipeline is classi�ed into three stages, the on-

set, the tunneling and the lee-wake erosion. The tunneling stage describes the rapid

breaching and erosion processes between the pipeline and sediment bed after the scour

onset. The lee-wake erosion signi�es the subsequent erosion downstream of the scour

hole dominated by vortex shedding in the wake of the pipeline [88]. As the presence

of the pipeline itself can cause disturbance of the bottom boundary layer and local

enhancement of bottom shear stress, scour holes underneath the pipelines can be initi-

ated by the so-called piping mechanism [88, 24]. Sumer et al. [137] reported a series of

laboratory experiments investigating the onset of scour of 2D pipelines triggered by the

piping processes. When a pipeline is slightly buried in the seabed, the onset of scour is

due to pore water 
ow (seepage) passing underneath the pipeline caused by the pres-

sure di�erence between upstream and downstream. In this case, it is the presence of the

pipeline and the resulting 
ow separation on either side of the pipeline that establish a

su�cient upstream-downstream pressure gradient and trigger the scour onset, while the

bottom shear stress plays a minor role. By including seepage 
ow in the bed boundary
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condition of a Reynolds-averaged computational 
uid dynamic (CFD) model, Li et al.

[78] further provide quantitative evidence that the width of the equilibrium scour hole

is proportional to the magnitude of upward seepage 
ow. Using measured laboratory

data for the onset of pipeline scour driven by waves, Sumer et al. [137] also proposed

the critical condition for the onset of scour using two nondimensional parameters, the

embedment-to-pipe-diameter ratioe=D, and the Keulegan-Carpenter number, de�ned

as KC = U0T=D, whereU0 is the wave orbital velocity amplitude andT is the wave

period. For a comprehensive CFD simulation of scour, sinking, back�ll and �nal burial

processes, capturing the realistic scour onset is an important part of the integrated

numerical simulation.

Mattioli et al. [95] use particle tracking velocimetry and demonstrate the impor-

tance of turbulent coherent structures during the scouring process around the pipeline.

Due to tightly coupled 
uid-particle and inter-particle interactions covering the full

range of particle concentration, developing a high-�delity model for scour burial pro-

cesses is a challenging subject. When sediment concentration is low, usually some

distance away from the bed, sediment transport is dominated by turbulence, while the

turbulent eddies are also a�ected by the particles. In moderate to high concentration,

transport is dominated by various types of intergranular interactions from intermittent

collisions to long-duration contacts. Through contributions from both particle inertia

and interstitial 
uid viscosity, various rheological closures are required [84, 13, 57]. In

very high sediment concentration, sediment particles are nearly immobile and particle

stresses serve as a critical role to model the 
uid-like to solid-like transition and the

overburden eventually is supported completely by the particle phase. In the mean-

time, 
uid 
ow can pass through the pore space but experiences the drag force from

the granular skeleton. Due to these highly complex processes, conventional single-

phase computational 
uid dynamics (CFD) models for sediment transport split the

transport into the suspended load and bedload regions. The suspended load transport

can now be highly resolved to investigate the interaction between turbulent eddies

and suspended sediments [106] and the characteristics of turbidity currents [17, 99].
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However, the bedload transport is often parameterized with an empirical power law

formula. While these conventional models had made progress in predicting sediment

transport, including bedform evolution and migration [89, 25, 62], and scour around

a vertical pile [6], it is di�cult to apply them to simulate scour onset due to piping

because of the inherited assumption to treat transport layers of di�erent concentration

in an arti�cial manner.

Speci�cally, the single-phase models have been applied extensively to simulate

pipeline scour in the tunneling and lee-wake erosion stages [79, 43]. However, in these

single-phase models, the submerged pipelines cannot be directly attached to or buried

in the sand bed and a small gap has to be arti�cially introduced. Hence, these models

cannot directly simulate realistic scour onset triggered by pore water 
ow (seepage)

passing underneath the structure caused by the upstream-downstream pressure di�er-

ence. What is needed is an explicit inclusion of a seabed module allowing the simula-

tion of seepage 
ow within the existing CFD model for 
ow, turbulence and sediment

transport [28]. Therefore, the modeling of realistic scour onset and subsequent scour

development and burial processes is a highly complex problem.

A wide variety of industrial and geophysical 
ow applications, such as gas-liquid


ows (e.g., [85]), 
uidized bed (e.g., [32]), and sediment transport, require descriptions

based on the multiphase formulation. Signi�cant progress has been made in the past

several decades regarding the theoretical and numerical modeling approaches for mul-

tiphase systems. For sediment transport applications, the Euler-Lagrange formulation

(e.g., [37]), Eulerian-Eulerian two-
uid formulation (e.g., [58, 22, 19]) and mixture

formulation (e.g., [104]) have been successfully applied. A sediment transport model

based on the multiphase formulation is able to resolve the full transport processes and

allows seamless integration of turbulence, particle-
uid, particle-particle interactions,

and seabed dynamics [58, 33]. Although the Euler-Lagrange approach is the most ac-

curate in resolving the process of interest, the scour problem to be addressed in this

study may involve at least several hundred millions of particles and hence it is not

computationally feasible. Both the Eulerian two-
uid formulation and the mixture
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formulation can be applied to the present problem. The mixture approach is compu-

tationally e�cient, however, its closures on the interaction between phases are more

complex and generally limited to particles of lower inertia. Therefore, we adopt the

Eulerian two-
uid formulation in this study. SedFoam is an Eulerian two-phase model

for sediment transport applications developed in the open-source OpenFOAM model-

ing framework. SedFoam has been shown in the past several years to be capable of

simulating current and wave-driven sheet 
ow transport [22, 21, 63, 64]. SedFoam is

built in the OpenFOAM framework and hence it is relatively easy to add other ca-

pabilities in the two-phase solver. For instance, SedFoam has been expanded for 3D

large-eddy simulation capability to better resolve 
ow instabilities during 
ow reversal

under waves in sheet 
ows [22]. SedFoam was also extended to resolve the air-water

interface using the volume-of-
uid (VOF) type method in order to directly include sur-

face wave processes in modeling sediment transport [63, 64]. Recently, SedFoam has

been extended to simulate scour below a submarine pipeline [92], 3D scour around a

cylindrical pile [98], and wave-driven bedform evolutions [124].

Over the last decade, two-phase 
ow models have been applied to scour below

the submarine pipeline to demonstrate the capabilities of the approach to reproduce

di�erent stages of the process. Using ak � " model and a Bagnold rheology, Kazem-

inezhad et al. [61] were able to successfully reproduce the tunneling stage of scour

under oscillatory 
ow conditions. Lee et al. [75]developed ak � " model and the

dense granular 
ow rheology� (I ) [45] and successfully reproduced the tunneling stage

of scour driven by a unidirectional 
ow. However, the model under-predict erosion

during the lee-wake erosion stage. Ouda and Toorman [104] developed a mixture drift-


ux model using a k � " closure and the dense granular 
ow rheology coupled with a

VOF method to resolve the free surface waves. The authors successfully validated their

model for the scour below pipelines under realistic free surface waves. The agreement

with measured data regarding the erosion induced by the two intermittent large-scale

vortices was not satisfactory and this discrepancy has been attributed to the limitation
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of k � " turbulence closure in accurately resolving the vortices. More recently, Math-

ieu et al. [92] implemented ak � ! model and evaluated the di�erent combination

of turbulence model (k � " or k � ! ) and granular stress model (� (I ) or kinetic the-

ory) for the scour below pipelines in unidirectional currents. While the granular stress

models have little in
uence on the results, the turbulence model is demonstrated to

be sensitive. Using ak � " model leads to better prediction of the scour depth during

the tunneling stage but shows large discrepancies during the lee-wake erosion stage.

On the contrary, using ak � ! model, the scour depth is under-predicted during the

tunneling stage but the model shows a good skill in the lee-wake erosion stage. This

is due to the better prediction of vortex shedding withk � ! model compared tok � "

model. It remains ongoing research to develop a robust two-equation closure in the

Reynold-averaged two-phase models for simulating scour around structures.

Vortices generated around the structure play an important role in driving scour.

RANS approach has been widely used to model 
ow around around a vertical pile

[6, 7]. However, it is well-known that the RANS approach struggles with predicting

the horseshoe vortex in front of the cylinder and also tends to predict weaker lee-wake

vortices due to a high di�usivity [70, 56]. Thus, a turbulence-resolved approach, such as

LES may be needed. This study investigates the importance of concurrently resolving

the primary vortices and their subsequent evolution into turbulent coherent structures

in scour modeling, especially the choice between the so-called large eddy simulation

(LES) approach or Reynolds-averaged Navier{Stokes (RANS) approach.

In the more computationally e�cient RANS approach, the averaged motions of

primary vortices are resolved, but their evolution into turbulent coherent structures,

in the so-called energy cascade typically shown in the kinetic energy spectrum as -5/3

slope, is completely parameterized via a turbulent di�usion. The main research need

is to evaluate an appropriate choice of advanced two-equation closures that is able to

resolve the primary vortices and the appropriate grid resolution and parameterization of

eddy viscosity that can preserve the resolved primary vortices. On the other hand, LES

approach is designed to not only resolve the primary vortices but also their evolution

9



into large and medium-sized coherent structures. Only the very small eddies ready to

be dissipated is parameterized by di�usion. The LES approach is by design having less

closure assumptions than the RANS approach. However, the grid resolution needed

to carry out a high quality LES may be high and a critical evaluation for scour burial

application is necessary.

1.3 Scope of This Dissertation

This dissertation addresses several research needs identi�ed in this chapter via

high-�delity numerical simulations in the multiphase 
ow framework developed using

OpenFOAM. The remaining content of this dissertation is organized as follows.

Chapter 2 focuses on the methodology of this research. The model framework

for including the free-surface resolving capability to simulate nearshore hydrodynamics

using OpenFOAM is presented in Section 2.1. A detailed discussion on the model for-

mulation of the Eulerian two-phase model SedFoam for sediment transport applications

is presented in Section 2.2.

Chapter 3 demonstrates the capability of using turbulence-resolving simulations

for a near-prototype scale wave 
ume under random waves, and investigates key pro-

cesses during wave-swash interaction for two stages of beach pro�les observed during

a storm event. Insights into the enhanced bottom stress stress and horizontal pressure

gradient that may lead to large sediment transport events are presented for di�erent

types of wave-swash interactions.

In this study, two signi�cant research gaps in scour modeling are also targeted.

In Chapter 4, the Eulerian two-phase model SedFoam is �rst applied to simulate scour

onset of a 2D pipeline via the piping process and the subsequent scour and back�ll.

This endeavor represents an important step towards demonstrating the e�ectiveness of

the two-phase modeling framework in accurately simulating the response of the seabed

to soil-structure interaction, surpassing the limitations of the conventional single-phase

model framework. In Chapter 5, SedFoam is benchmarked with a comprehensive lab-

oratory experiment of scour around a vertical pile driven by waves. Through detailed

10



model validation and grid convergence study, we provide evaluations for future scour

simulation regarding the choice of turbulence modeling methods and grid resolutions.

Chapter 6 provides the main conclusions of this study and preliminary e�ort to

expand the existing research for a comprehensive model framework that merges 
uid

mechanics and soil mechanics principles and more practical coastal applications.
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Chapter 2

METHODOLOGY

2.1 Air{Water Interface{Resolving Model for Coastal Hydrodynamics

2.1.1 Model Formulation

To resolve wave shoaling and breaking in the nearshore in Chapter 3, we adopt

a 3D air-water interface-resolving large-eddy simulation (LES) approach. The air-

water interface-resolving model solves two immiscible 
uids, namely air and water,

concurrently by assuming a singular 
uid phase of one another. For LES, the gov-

erning equations comprise the �ltered continuity equation and momentum equations,

expressed as follows:

@ui
@xi

= 0 (2.1)

and

@�ui

@t
+

@�ui uj

@xj
= �

@p
@xi

+
@

@xj

�
��

@ui
@xj

�
+

@�ij
@xj

+ �g i + ��
@�
@xi

(2.2)

in which ui denotes the �ltered 
uid velocity and x i stands for the Cartesian coordi-

nates, with the subscriptsi and j representing 1; 2; 3 for the x, y, and z directions,

respectively. The 
uid density and viscosity are indicated by� and � , respectively. p

and � represent the pressure and sub-grid stress of the 
uid, respectively.gi corre-

sponds to gravitational acceleration, and the last term in Equation (2.2) signi�es the

surface tension force at the free surface. Here,� denotes the surface tension coe�cient

of the air-water interface and is set to be 0.07 kg s� 2 [55]. The surface curvature, de-

noted by � , is de�ned as� = � @ni =@xi (ni signi�es the normal vector of the interface).

For air-water modeling,� denotes the volumetric concentration between the two 
uids
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(i.e., water and air). Here, � = 1 corresponds 100% water and 0% air, while� = 0

corresponds to 0% water and 100% air. Any intermediate value represents a mixture

of the two, but it should be noted that this situation only occurs at the interface (see

Section 2.1.3 for more detail).

2.1.2 Sub-Grid Scale Modeling

The LES approach is adopted here, and� ij is the subgrid-scale stress, which

captures the e�ects of unresolved small-scale turbulent motions. The most commonly

used Smagorinsky model [129], is utilized in the application presented in Chapter 3.

As such,� ij is parameterized as follows:

� ij = 2�� sgsD ij (2.3)

where D ij is the strain rate tensor of the resolved velocity �eld de�ned asD ij =
1
2

�
@ui
@xj

+ @uj
@xi

�
and � sgs represents the subgrid-scale viscosity calculated as:

� t = ( Cs�)
2 p

2D ij D ij (2.4)

whereCs is the Smagorinsky coe�cient set to be 0.167 in the application presented in

Chapter 3 and the �ltering length � = 3
p

� x� y� z is the characteristic length of the

grid size in which � x, � y and � z are the grid size inx, y and z directions,respectively.

2.1.3 Air{Water Interface Reconstruction

The interface between two immiscible 
uids, speci�cally water and air, is cap-

tured using the volume of 
uid (VOF) method [50]. The 
uid properties in the nu-

merical model, including velocity (ui ), density (� ), and viscosity (� ), are obtained as

weighted averages of the air and water phases. The volumetric concentration of wa-

ter is represented by� . Thus, 
uid properties can be expressed as follows through

weight-averaging:
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ui = �u w
i + (1 � � ) ua

i (2.5a)

� = �� w + (1 � � ) � a (2.5b)

� = �� w + (1 � � ) � a (2.5c)

where the superscriptw refers to the water phase anda refers to the air phase. In this

study, we set the density of water,� w , as 1000kg m� 3 and the density of air, � a, as

1kg m� 3. Similarly, the viscosity of water, � w , is set to 10� 6m2 s� 1 and the viscosity of

air, � a, is set to 1:48� 10� 5m2 s� 1.

An arti�cial compression term is introduced to solve the interface evolution, and

it is called the surface compression method [123, 9]. This enhancement contributes to

preserving the interfaces during the evolution, circumventing the need for the adoption

of a surface reconstruction scheme [9]. The transport of the volumetric concentration

of the water phase, denoted by� , in the surface compression method is governed by

an advection equation, which is expressed as follows:

@�
@t

+
@(�u i )

@xi
+

@[� (1 � � ) ur
i ]

@xi
= 0 (2.6)

in which ur
i = uw

i � ua
i represents the relative velocity between the two 
uid phases. The

last term in Equation (2.6), known as the "compression term," exclusively contributes

around the interface, thereby limiting the smearing e�ect at the interface. For an

in-depth explanation of ur
i , the readers are encouraged to refer to Rusche (2002) and

Berberovi�c et al. (2009) [123, 9].

The boundary conditions of the model, particularly the surface wave generation

and absorption method will be discussed in Chapter 3 for a speci�c application.

2.2 Eulerian Two-Phase Model for Sediment Transport

2.2.1 Governing Equations

This section describes the governing equations for modeling sediment transport,

which are based on Eulerian two-phase formulation for two miscible phases between
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uid (water) and solid (sediment) adopted by the open-source model SedFoam (https:

//github.com/sedFoam/sedFoam) [22, 19]. The applications of SedFoam to model

scour are presented in Chapter 4 and 5.

The two-phase 
ow equations consist of the 
uid and sediment continuity equa-

tions. They are �rst presented using generic primary variable of velocities, pressure and

sediment volumetric concentration. When a speci�c turbulence modeling/simulation

approach is indicated later, they are interpreted either as Reynolds-averaged quantities

(RANS approach) or �ltered quantities (LES approach). The continuity equations for


uid and sediment phases are written as

@(1 � � )
@t

+
@(1 � � ) uf

i

@xi
= 0 (2.7)

@�
@t

+
@�us

i

@xi
= 0 (2.8)

@�f (1 � � ) uf
i

@t
+

@�f (1 � � ) uf
i uf

j

@xj
= �

@pf

@xi
+

@�fij
@xj

+ � f (1 � � ) gi +(1 � � ) f i � M i (2.9)

@�s�u s
i

@t
+

@�s�u s
i u

s
j

@xj
= �

@ps

@xi
+

@�sij
@xj

+ � s�g i + �f i + M i (2.10)

in which the superscriptsf and s denote the 
uid and sediment phases, respectively,

while the subscript i = 1; 2; 3 represents thex; y; z components, respectively.� repre-

sents the sediment volumetric concentration,� denotes density,g is the gravitational

acceleration, andu is the velocity. p and � represent the normal stress (pressure) and

the deviatoric stress (shear stress), respectively. An external pressure gradient,f i , is

used to drive the 
ow.

The inter-phase momentum transfer term,M i , represents the drag force and

pressure gradient force coupling the two phases, which is expressed as:

M i = � �
@pf

@xi
+ � (1 � � ) K

�
uf

i � us
i

�
� � i (2.11)
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where K is the drag parameter. The �rst term on the right-hand side represents the

buoyancy force. The next two terms are due to drag force. The second term represents

the drag induced by the (Reynolds-averaged or resolved) velocity di�erence between

the 
uid and sediment phases. The third term, �i results from unresolved correlations

between 
uid velocity and sediment concentration 
uctuations. In RANS, it is the well-

known turbulent 
ux term and is modeled using a gradient-di�usion model. However,

in LES, � may be neglected when the grid size is on the order of the particle diameter

[107]. In this dissertation, this term is written as:

� i =

8
<

:
(1 � � ) K � f

t
Sc

@�
@xi

, for RANS

0 , for LES
(2.12)

in which � f
t is the 
uid turbulent viscosity in RANS model to be determined by a

selected turbulence closure and Sc is the Schmidt number which is set to be a constant

value, Sc = 1 for simplicity [22, 19, 124]. Several options ofK are available in SedFoam,

we adopt the formulation of Ding and Gidaspow (1990) [32] which is written as

K =

8
<

:

150�� f � f

(1� � )d2 +
1:75� f juf

i � us
i j

d , � � 0:2

3
4Cd

� f juf
i � us

i j
d (1 � � )� 1:65 , � < 0:2

(2.13)

in which � f is the 
uid viscosity, d denotes the particle diameter, andCd denotes the

drag coe�cient which is given by

Cd =

8
><

>:

24
�

1+0 :15Re0:687
p

�

Rep
, Rep � 1000

0:44 , Rep > 1000
(2.14)

and the particle Reynolds number Rep expressed as

Rep =
(1 � � ) d

�
�
�uf

i � us
i

�
�
�

� f
(2.15)
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2.2.2 Turbulence Modeling

The variables in the governing equations, Equations (2.7), (2.7), (2.9), and

(2.10) are either Favre-averaged (for RANS) or Favre-�ltered (for LES) depending on

the chosen turbulence modeling approach. Closure models for these two approaches

are discussed as follow.

2.2.2.1 Reynolds-Averaged Navier-Stokes (RANS)

The RANS approach conceptualizes turbulence as a di�usion process and the

Reynolds stress is calculated by the eddy viscosity assumption. Hence, the 
uid stress

consists of Reynolds stress and viscous stress and it is calculated as:

� f
ij = � f (1 � � )

�
2

�
� f + � f

t

�
Sf

ij �
2
3

k� ij

�
(2.16)

whereSij is the deviactoric strain rate tensor de�ned asSij = 1
2

�
@ui
@xj

+ @uj
@xi

�
� 1

3
@uk
@xk

� ij ,

� t is turbulent (eddy) viscosity, and k is the turbulent kinetic energy. The commonly

used two-equation modelk-! model [150, 152], is employed, and thus the turbulent

viscosity can be calculated as follows:

� f
t =

k

max

"

!; C lim

r
2Sf

ij Sf
ij

C�

# (2.17)

where ! is the speci�c turbulent energy dissipation rate andClim is a stress limiter

coe�cient. k and ! are calculated by their balance equations, written as

@k
@t

+ uf
j

@k
@xj

= P � C� !k +
@

@xj

� �
� f + � k � f

t

� @k
@xj

�

�
2K (1 � tmf ) �k

� f
�

1
1 � �

� f
t

Sc
@�
@xj

�
� s

� f
� 1

�
gj

(2.18)

and
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@!
@t

+ uf
j

@!
@xj

= C1!
!
k

P � C2! ! 2 +
@

@xj

� �
� f + � ! � f

t

� @!
@xj

�
+ A

� d

!
@k
@xj

@!
x j

� C3!
2K (1 � tmf ) �!

� f
� C4!

!
k

1
1 � �

� f
t

Sc
@�
@xj

�
� s

� f
� 1

�
gj

(2.19)

whereP is the turbulent production which is calculated by multiplying Reynolds stress

and velocity gradient.

P =
�

2� f
t Sf

ij �
2
3

k� ij

�
@ufi
@xj

(2.20)

The second term on the right-hand-side of Equation (2.18) represents turbulent

dissipation while the third term is the di�usion term. The third term on the right-

hand-side of Equation (2.19) is the cross-di�usion term andA is the coe�cient that

deactivates the cross-di�usion term close to and inside of the sediment bed [98]. It is

only present in the two-phase 
ow version of thek-! model to avoid instabilities since

the sediment bed is no longer a rigid wall. It is speci�ed as:

A =

8
<

:
1 , � � 0:15

0 , � < 0:15
(2.21)

The fourth term on the right-hand side of Equation (2.18) and the �fth term on the

right-hand side of Equation (2.19) are damping terms that take the particle inertia

into account as particles may not completely respond to the turbulent 
uid velocity


uctuations. Thus, the parameter tmf is introduced to parameterize the degree of the

particles following 
uid 
uctuations [22], and it can be expressed as:

tmf = e� B �St (2.22)

whereB is a model coe�cient. The Stokes number St is used to quanti�ed the degree

of correlation between particles and turbulence [8], which can be written as

St =
tp

t l
(2.23)
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in which tp = � s

(1� � )K is the particle response time andt l = k
" is the characteristic time

scale of the 
uid turbulence [68]. The rest of the coe�cients in Equations (2.17), (2.18)

and (2.19) depend on di�erent versions ofk-! model. In this study, three versions are

to be tested in Chapter 5 and their coe�cients are shown in Table 2.1.

Table 2.1: Coe�cients for di�erent k-! models.

k-! (2006) [152] k-! (2006), no Pope correction k-! (1988) [150]
Clim 0.875 0.875 0
C� 0.09 0.09 0.09
Ck 0.6 0.6 0.5
C! 0.5 0.5 0.5

Cd

(
0 , @k

@xj
@!
x j

� 0
0:125 , @k

@xj
@!
x j

> 0

(
0 , @k

@xj
@!
x j

� 0
0:125 , @k

@xj
@!
x j

> 0
0

C1! 0.52 0.52 0.52

C2!

C2! 0 � f � ,
C2! 0 = 0:0708,
f � = 1+85 � !

1+100 � !
,

� ! =
�
�
�


 ij 
 jk Sf
ki

(C� ! )3

�
�
� ,


 ij = 1
2

�
@ufi
@xj

�
@ufj
@xi

�
0.0708 0.072

C3! 0.25 0.25 0.25
C4! 1 1 1

2.2.2.2 Large-Eddy Simulation (LES)

Contrary to the RANS approach, the Large Eddy Simulation (LES) method

resolves turbulence larger than a certain �lter length, typically determined by the grid

size. The formulation for the shear stress, including the viscous stress and sub-grid

stress, of this approach is provided below:

� f
ij = 2 (1 � � ) � f � f Sf

ij + � f; sgs
ij (2.24)
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where � f; sgs
ij is the subgrid-scale stress (sgs), which captures the e�ects of unresolved

small-scale turbulent motions. For Chapter 5, we employ the dynamic Lagrangian

subgrid closure model [97], which is expressed as follows:

� f;sgs
ij = � f (1 � � ) � 2

�
�
�Sf

ij

�
�
�

�
2Cf

1 Sf
ij �

2
3

Cf
2 Sf

kk

�
(2.25)

in which C1 and C2 are dynamically computed model coe�cients averaged over stream-

lines. More details of the dynamic Lagrangian model are referred to Mathieu et al.

(2021) [90].

2.2.3 Sediment Stress Modeling

The �rst and the second terms on the right-hand-side of sediment momentum

Equation (2.10) are the gradient of particle pressure and shear stress, respectively. The

physical mechanisms driving these particle stresses are highly concentration dependent.

In this study, particle stresses are modeled as a summation of a shear-rate-independent

component when sediment concentration is larger than the random-close-packing con-

centration of 0.57, and a shear-rate-dependent component when the concentration is

lower. The transition of these two types of stress somewhat depends on how the shear-

rate-dependent stress is modeled. In Subsection 2.2.3.1, we focus on the discussion of

the particle stress closure associated with using the kinetic theory of granular 
ows.

Then, in Subsection 2.2.3.2, we describe the shear-rate-dependent closure based on

dense granular-
ow rheology.

2.2.3.1 Kinetic theory of granular 
ows

In the kinetic theory of granular 
ows, sediment stresses (pressure and shear

stress) are decomposed into two components [59], namely collisional-kinetic (super-

script \ sc") and frictional (super-script \ sf ") components:

ps = psc + psf (2.26)

� s
ij = � sc

ij + � sf
ij (2.27)
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The frictional component dominates in the high-concentration regime, arising from the

enduring contact between particles. The frictional component of particle pressure is

shear-rate independent and it is described by an empirical formula provided by Johnson

and Jackson (1987) [59], given as:

psf =

8
<

:
0 , � < 0:57

F (� � � min )m

(� max � � )n , � � 0:57
(2.28)

in which F , m, n, � min , � max are model coe�cients and the values are speci�ed as 0.05,

3, 5, 0.57, and 0.635. Following Srivastava and Sundaresan (2003) [131], the shear

stress� sf
ij is calculated by

� s
ij =

psf sin'
q

2Ss
ij Ss

ij + D 2
small

Ss
ij (2.29)

where ' is the friction angle set to be 32� and Dsmall is a very small nominal strain

rate which serves numerically to avoid dividing by zero.

The kinetic theory assumes binary intergranular collisions for low to moderate

sediment concentration regimes. Thus, the collisional-kinetic component is most pro-

nounced in the lower concentration regime, where particles experience kinetic stresses

resulting from momentum transfer due to 
uctuating motions and collisions between

particles [18]. This component is represented by the granular temperature, �. Follow-

ing the work of Mathieu at al. (2022) [93], the pressurepsc and shear stress� sc
ij induced

by collisions and kinetic e�ects are given by

psc = � s� [1 + 2(1 + e)�g 0] � � � s�
@usk
@xk

(2.30)

and

� sc
ij = 2� s

�
d

5
p

�
96

(� �
k + � �

c + � �
b)

p
�

�
Ss

ij (2.31)
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with � , � �
k , � �

c and � �
b the compressible, kinetic, collisional and bulk viscosity contribu-

tions following

� =
4
3

� 2� sdg0(1 + e)

r
�
�

(2.32)

� �
k =

48=(5
p

� )� � 2=5(1 + e)(1 � 3e)�g 0

(1 � 1=4(1 � e)2 � 5=24(1� e2))g0
(2.33)

� �
c =

4
5

(1 � e)�g 0� �
k (2.34)

� �
b =

384
25�

(1 � e)� 2g0 (2.35)

wheree is the restitution coe�cient for binary collisions (0.8 for sand particles), and

g0 =
2 � �

2(1 � � )3
+

2:71� 2

(� b � � )3=2
(2.36)

is the radial distribution function adapted for sand particles.

The granular temperature � is obtained by solving the following transport equa-

tion [32],

3
2

�
@��s�

@t
+

@��sus
i �

@xj

�
= � R + � q + Jint � 
 (2.37)

where � R is the production of granular temperature and �q is the di�usion of the

granular temperature 
ux analogous to the Fourier's law of conduction. They can be

expressed as follow:

� R =
�
� P c� ij + � s�� cSs

ij

� @usi
@xj

(2.38)

� q =
@

@xi

�
� � �

@�
@xj

�
(2.39)

in which � � is the conductivity of the granular temperature calculated by

� � = � sd
225

p
�

1152
(� �

k + � �
c + � �

b)
p

� (2.40)

with � �
k , � �

c and � �
b being the kinetic, collisional and bulk conductivity contributions

given by
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� �
k =

2[576=(225
p

� )� + 3=5(1 + e)2(2e � 1)�g 0]
(1 � 7=16(1� e))(1 + e)g0

(2.41)

� �
c =

6
5

(1 + e)�g 0� �
k (2.42)

� �
b =

2304
225�

(1 + e)� 2g0 (2.43)


 is the dissipation rate of granular temperature given by


 = 3(1 � e2
ef f )� 2� sg0�

"
4
d

r
�
�

�
@usj
@xj

#

; (2.44)

with eef f = e � 3=2� p exp(� 3� p) the e�ective restitution coe�cient for dissipation

taking into account the e�ect of friction through the friction coe�cient � p (0.4 for sand

particles).

Finally, Jint the 
uid-particle interaction term representing the dissipation or

generation of granular temperature due to drag is given by [51]

Jint = �K (2tmf k � 3�) (2.45)

2.2.3.2 Dense granular-
ow rheology

The dense granular 
ow rheology is developed based on dimensional analysis

and empirical data to model granular 
ow with a liquid-like behavior [45, 39]. Instead

of separating the collisional shear stress and frictional shear stress, the total particle-

phase shear stress� s
ij is related to total particle pressureps by a dynamic friction

coe�cient � [60]:

� s
ij =

ps� (I )
q

2Ss
ij Ss

ij + D 2
small

Ss
ij (2.46)

where� is a function of the inertial numberI = d
p

� s=ps
�
�Ss

ij

�
� an be calculated through

� (I ) = � s +
� 2 � � s

I 0=I + 1
(2.47)

where� s, � 2, I 0 are model coe�cients with the values of 0.63, 1.13, 0.6.
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For � (I ) rheology, the frictional component of the particle pressurepsf still

follows Johnson and Jackson (1987) [59], while a shear-induced contribution to the

particle pressurepsc can be calculated as follow [19]:

psc =
�

B � �
� max � �

� 2

� sd2
�
�Ss

ij

�
� (2.48)

24



Chapter 3

LARGE EDDY SIMULATION OF CROSS-SHORE HYDRODYNAMICS
UNDER RANDOM WAVES IN THE INNER-SURF AND SWASH

ZONES

3.1 Method

In this Chapter, we use 3D LES to simulation a near prototype-scale large

wave 
ume experiment that applied random waves with a more realistic bathymetry.

The main objective of this study is to demonstrate the capability of LES for a more

realistic nearshore application via a comprehensive model validation with measured

data [54, 36, 111] and to improve the understanding of wave-swash interactions and

implication to sediment transport and cross-shore beach pro�le evolution.

3.1.1 Physical Experiments

A series of wave 
ume experiments were conducted at the Large Wave Flume

in the O.H. Hinsdale Wave Research Laboratory, Oregon State University, Oregon,

USA. The initial dune pro�le for this experiment was obtained by scaling down a dune

pro�le originally from Mantoloking, New Jersey, USA before Hurricane Sandy. Beach

sand from Newport, Oregon, USA was used during the experiment. Its median grain

diameter (d) is 0:21 mm and the speci�c gravity (s) is 2.67. The scaling process followed

van Rijn et al. (2011) [144] with the geometry scaling factor being approximately 2.8

and the temporal scaling factor being approximately 1.7. This experimental campaign

is named DUNE3 [54, 36, 111].

Hurricane Sandy was chosen as the forcing condition to mimic beach erosion

during a storm. The wave conditions of Hurricane Sandy, i.e., water level, wave height,

and wave period were obtained from two products of NOAA (National Oceanic and
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Atmospheric Administration, USA). The water level was obtained from a tide station

(station ID: 8534720) located approximately 150 m away from the New Jersey coast-

line. Since most of the buoys are too far from the coastline which may not re
ect

nearshore wave conditions, wave height and period were obtained from the WAVE-

WATCH III Production Hindcast database. Wave height and period were extracted

from a nearshore location (approximately 680 m away from the coastline) which is close

to where the foreshore beach pro�le was obtained. The rising limb of the storm hy-

drograph (i.e., water level, wave height, and wave period) was selected and discretized

into 47 individual wave trials that each contain 300 irregular waves (Figure 3.1). A

piston-type wavemaker with a built-in active absorption system was used during the

experiment. The Texel-Marsen-Arsloe (TMA) wave spectrum [12] was used to generate

random waves during each trial.

Figure 3.1: Hydrograph of the designed wave condition in the DUNE3 experiment,
i.e. signi�cant wave height (Hs, in black), peak wave period (Tp, in red),
water level (h, in blue).
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Geomorphology surveys were taken between each trial (Figure 3.2a) using the

combination of the multiple transducer array (MTA) which is an array of acoustic

transducers that measures underwater bathymetry and the LiDAR system for subaerial

dune pro�le. A concrete slab was placed at the end of the pro�le (on the o�shore

side). It is used as a reference point for the MTA and also prevents sediment from

migrating toward the wavemaker causing damage. A large number of sensors were

deployed during the experiment. The data used in this study include those measured

by capacitance wave gauges (WG) and ultrasonic wave gauges (USWG) for tracking

free water surface elevation, acoustic Doppler velocimeters (ADV) and acoustic Doppler

pro�ling velocimeters (ADPV) that measure 
ow velocity (Figure 3.2b).

Figure 3.2: (a) Geomorphology pro�les from the physical experiment during the berm
erosion stage (trial no. 1-13). (b) Geomorphology pro�les from the phys-
ical experiment during the sandbar formation stage (trial no. 13-34). (c)
Geomorphology pro�les of Case I (trial no. 5, black solid line) and Case
II (trial no. 20, black dashed line) and their water levels (blue solid and
dashed lines). The sensor locations (only sensors relevant to this numer-
ical study are shown here) of wave gauges (WG) are shown in orange,
ultrasonic wave gauges (USWG) are shown in yellow, acoustic Doppler
pro�ling velocimeters (ADV) are shown in green, and acoustic Doppler
pro�ling velocimeters (ADPV) are shown in purple.
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According to the fundamental morphological behaviors, the entire experiment,

consisting of 47 trials, can be categorized into three stages: berm erosion and initial

sandbar formation (trial no. 1-13), sandbar growth and o�shore migration (trial no.

14-35), and dune erosion (trial no. 36-47) (Figure 3.1). According to the storm im-

pact scale [125], the berm erosion and sandbar formation stages fall into the swash

regime in which the wave runup does not reach the dune foot. On the other hand, the

dune erosion stage falls into the collision regime. Wave runup collides with the base

of the dune, and dune scrap forms during this stage in the physical experiment. This

study aims to investigate the roles of wave-swash interaction and wave-generated tur-

bulence in determining key physical parameters driving sediment transport and hence

the mechanisms causing berm erosion and sand bar formation. Trial no. 5 and no. 20

are chosen to represent the �rst two stages correspondingly and will be referred to as

Case I and II in this study.

3.1.2 Model Setup

The numerical model domain is similar to the physical 
ume with a length

of 85 m, a width of 3.66 m, and a height of 5 m. In this study, the x-direction

denotes as wave propagation direction (cross-shore direction, positive landward) with

x = 0 de�ned at the inlet boundary of the numerical domain (Figure 3.2). Thez-

direction denotes vertical direction (positive upward) withz = 0 de�ned as the bottom

of the wave 
ume. The y-direction denotes the spanwise (alongshore) direction of the


ume with y = 0 de�ned at the right sidewall of the 
ume when facing landward.

The �rst 21 m of the numerical domain is a relaxation zone that acts like a sponge

layer to absorb re
ected waves from the dune. Essentially, the relaxation zone mimics

the active absorption system of the wavemaker. More detailed formulations of the

relaxation zone are described in Jacobsen et al. (2012) [55]. The bed elevation in the

relaxation zone is set to be the same as the height of the concrete slab in the physical

experiment (z = 0:17 m). The schematic plot for boundary conditions of the numerical

wave 
ume is shown in �gure 3.3. The top boundary is speci�ed as zero-gradient.
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A series of irregular waves is sent from the inlet boundary. The time series of wave

forcing is obtained from the physical experiment and then post-processed to �lter out

the re
ected waves and match the measured time series at wave gauge 1 located at

x = 21:51 m (see Figure 3.2). More details will be discussed in section 3.1.2.1. The

lateral, bottom, and end walls are speci�ed as �xed walls. The near-wall modeling

approach is applied to model the near-wall behavior of 
uid and, meanwhile, saves

computational costs in such near prototype-scale simulation. More details regarding

the near-wall modeling can be found in section 3.1.2.2.

Figure 3.3: The schematic plot of the numerical wave 
ume with 85 m in length, 3.66
m in width, 5 m in height, and the applied boundary conditions. The
computation domain includes a 21 m long relaxation zone from the inlet
boundary, and the blue surface shows the free water surface. The dune
and beach pro�le (dark tan) is the bottom of the model domain and is
considered a �xed wall.

3.1.2.1 Wave Forcing on the Inlet Boundary

For wave generation, the goal is to match the measured time series of the surface

elevation. To specify the correct waves at the inlet boundary, we use the re
ected waves

�ltering method [156] which uses multiple gauges and still includes higher harmonics.

Considering the wave �eld as a simple linear superposition of �rst Stokes waves

which consists of an incident and re
ected wave, the time series of the surface elevation

� at any given gauge locationxm can be expressed in the following form
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� (xm ; t) = � I (xm ; t) + � R (xm ; t)

=
X

n

aIn cos (� knxm + n!t ) +
X

n

aRn cos (knxm + n!t )
(3.1)

where m is the number of the wave gauge,a is the wave amplitude, k is the wave

number and ! is the wave frequency. The subscriptI and R denote incident and

re
ected components, respectively. The time series of the incident and re
ected waves

are both expanded tonth harmonics.

Now applying the Fourier transformation, we have

F f � (xm ; t)g =
X

n

Fmn =
X

n

FIn e� ik n xm +
X

n

FRn eik n xm (3.2)

To be noticed, in equation (3.2),Fmn is known since it is the measured data with Fourier

transform applied. FIn and FRn are unknown that yet to be solved. By comparing

each harmonic (n), we then rewrite equation (3.2) into a matrix form as

2

6
6
6
6
6
6
4

F1n

F2n

...

Fmn

3

7
7
7
7
7
7
5

=

2

6
6
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6
6
4

e� ik n x1 eik n x1

e� ik n x2 eik n x2

...
...

e� ik n xm eik n xm

3

7
7
7
7
7
7
5

2

4
FIn

FRn

3

5 (3.3)

With basic matrix multiplication, we can then obtain FIn and FRn as follow

2

4
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3

5 =

0
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B
B
B
@
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(3.4)

Finally, by applying inverse Fourier transformation, we obtain the incident and re
ected

wave time series at any given locationx as
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� I (x; t ) = F � 1

(
X

n

FIn e� ik n x

)

(3.5a)

� R (x; t ) = F � 1

(
X

n

FRn eik n x

)

(3.5b)

In this study, we use four wave gauges (xm = 21:51; 24:98; 31:20; 32:42 m) on

the o�shore side (closest to the wave maker) to obtain the incident wave time series at

the location of the wave generator (x = 0). We then specify the resulting time series

as the inlet boundary condition to generate waves during the simulations.

3.1.2.2 Near-Wall Modeling for the Wall Boundary

Typical LES re�nes the mesh near the wall boundary down to the wall unit

(z+ � 1) to fully resolve the viscous sublayer (i.e., wall-resolved LES). However, the

wall-resolved LES requires an enormous amount of grid points in our highly turbulent

and near prototype-scale simulations. Therefore, the near-wall modeling approach is

applied to the wall boundary in this study. The idea of near-wall modeling is to use an

approximated method to obtain the best-estimate of wall shear stress. By assuming

the velocity pro�le follows a certain wall function, we can then use the information of

the distance from the wall to the �rst cell and the corresponding velocity to further

estimate the e�ective viscosity on the wall and the corresponding wall shear stress.

A logarithmic law of the wall (log-law for short) for the rough wall is used to

represent the sediment bed and rough concrete side walls of the physical 
ume. The

velocity pro�le is assumed to follow

u+ =
1
�

ln
Ez+

f n
(3.6a)

f n =

8
>>>>><

>>>>>:

1 , if K +
s � 2:25

�
K +

s � 2:25
87:75 + csK +

s

� sin (0:4258 ln K +
s � 0:3453)

, if 2:25 < K +
s < 90

1 + csK +
s , if K +

s � 90

(3.6b)
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where Equation (3.6a) is the formulation of the log-law which takes the roughness

into account by the roughness function parameterf n . In Equations (3.6), � is the

von K�arm�an constant equals 0.41 andE is the wall roughness parameter speci�ed

to be 9.8 andcs is the roughness constant with a value of 0.5 used in this study.

The nondimensional parameters (in terms of wall-unit)z+ = zpu� =� , u+ = up=u� ,

and K +
s = K su� =� are estimated using wall-normal height from the bedzp, near wall

velocity perpendicular to the wallup, and sand-grain roughness heightK s, respectively.

K s is speci�ed to be 2:5d.

The subgrid-scale turbulent viscosity on the wall is then obtained by the Boussi-

nesq assumption,

� w

�
= ( � + � sgs)

@up
@zp

�
�
�
�
0

(3.7)

3.1.2.3 Numerical Mesh

Three-dimensional unstructured meshes are adopted in this study, not only to

match dune pro�les but also to reduce computational costs compared with using the

structured mesh. Unstructured mesh (Figure 3.4) allows local re�nements to cover

regions requiring higher resolution (i.e., free water surface and near-bed region). Global

mesh size is speci�ed as 12� 12� 4 cm3. A local re�nement with a grid size of 6� 6� 2 cm3

covering from the wave trough to crest is set to better capture the geometry of the

wave shape. Finally, a bottom-�tted local re�nement along the bed with a three-layer

3 � 3 � 0:333 cm3 mesh is adopted. The total number of grid points for Cases I and II

are 8.19 and 8.74 million, respectively.

3.2 Model Validations

Model validations for the three-dimensional large eddy simulation of irregular

waves interacting with the near prototype-scale bathymetry (following Section 3.1.1)

are �rst presented. In this section, Case I (Trial no. 5,h = 2:10 m, Hs = 0:58 m,

TP = 4:54 m) and II (Trial no. 20, h = 2:20 m, Hs = 0:72 m, TP = 5:43 m) are chosen
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Figure 3.4: The mesh of the numerical domain for Case I. (a) Side view of the mesh
(x-z plane), (b) side view of the mesh looking from the inlet boundary
(y-z plane), and (c) zoom-in view at the berm.

to investigate numerically. Time series of surface elevation, 
ow velocity, and wave

spectra between the model and experiment are compared in this section and followed

by the higher-order statistical hydrodynamic quantities.

In the physical experiment (Section 3.1.1), free surface elevation was recorded

at 22 locations along the wave 
ume (Figure 3.2b). Flow velocity was measured at

8 di�erent cross-shore sections. Vertical ADV arrays were deployed in the �rst three

sections and �ve ADPVs were deployed close to the bed in the inner surf and swash

zones. Comparison of the selected time series of free surface elevation and 
ow velocity

are shown in Figure 3.5 and 3.6. To quantify the model performance, a statistical

parameter, the index of agreement [154] is applied here. The index of agreement (IA )

is written as

IA = 1 �
P n

i =1 (Pi � Oi )
2

P n
i =1

� �
�Pi � �O

�
� +

�
�Oi � �O

�
�� 2 (3.8)

in which Pi is the model estimations or predictions andOi is the pairwise-matched

observations, fromi to n data points.
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Figure 3.5a, 3.5d, 3.6a, and 3.6d show the comparison of free surface elevation

and 
ow velocity of Case I and II in the most o�shore location (WG1, ADV2). The

index of agreement is approximately 0.9 which indicates the correct setup of numerical

wave generation. Figure 3.5b, 3.5e, 3.6b, and 3.6e show the results in the surf zone

where wave breaking occurs. Even so, the index of agreement still remains at approxi-

mately 0.85 showing the model's capability of capturing wave-breaking events. Figure

3.5c and 3.5f show the results of Case I located in the swash zone, whereas Figure 3.6c

and 3.6f show the results of Case II located in the inner surf zone (WG14, ADVP1).

The wave height is smaller than those in the o�shore locations, and the wave period

increases. This is the evidence that the incident waves have transferred from the sea-

swell waves to infragravity waves. The model results still agree with data with the

index of agreement at approximately 0.8 for the velocity time series very near the bed

(26 mm above the bed for Case I and 5 mm above the bed for Case II) in the wet-dry

area (Figure 3.5f and 3.6f).

The randomness of irregular waves leads to the varying wave breaking point

and forms infragravity waves [139]. Larger waves break slightly o�shore than smaller

waves. This forces a time-varying radiation stress which is balanced by a time-varying

wave setup and partially transfers energy from sea-swell frequencies (typical periods

of 2-20 sec) to infragravity frequencies (typical periods of 25-250 sec). Wave energy

shifting from the sea-swell band to infragravity band along the cross-shore direction

can be observed in both the physical experiment and numerical simulation (Figure 3.7).

The peak frequency on the o�shore side before wave breaking is approximately 0.2 for

each case. Waves start breaking when reaching the surf zone, and the peak frequency

becomes lower indicating wave energy is dissipated (Figure 3.7b and 3.7f). The wave

spectra are even lower when reaching the inner surf zone (Figure 3.7c and 3.7g), showing

more dissipation. Importantly, once waves propagate close to the shoreline, the sea-

swell frequencies almost vanish and infragravity frequencies have become the dominant

frequencies (Figure 3.7d and 3.7h).

Higher-order wave quantities and undertow are key parameters in modeling
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Figure 3.5: Time series data comparison between model results (solid blue lines) and
observations (dashed orange lines) for Case I. Panels from the top (a)
to bottom (f) panel denote WG1, WG12, WG14, ADV2, ADV10, and
ADPV1, in which, the ADPV1 measurement is taken from 26 mm above
the bed.

coastal processes such as the parameterization of onshore transport [121, 118]. To

be complete, mean water level (MWL ), root-mean-square wave height (HRMS ), wave

skewness (Sk) and asymmetry (As), o�shore-directed mean currents (undertow,u),
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