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ABSTRACT

TWGDIMENSIONAL DEPAYERAGED BEACH EVOLUTION MODELLING

.Felrtx / NySed
Ph.D., Department of Civil Engineering
{ dzZLISNIDA &A2NY t NBTOS5NXP ! @86Sy 9NHAY
February2012,174 pages

In this study,a two-dimensional deptkaveraged beach evolution numerical model is
developed to study thenedium and long ternrmearshore sea bottom evolutiodue to non
cohesive sediment transpounder the action of wind waves gnover the arbitrary land and
sea topographies around existing coastal structures and formationsd@&heloped beach
evolution numerical model is composed of fosub-models: a nearshore spectral wave
transformation modelbased on energy balance equatiorcluding random wave breaking
and diffraction termsto compute the nearshore wave characteristics, a nearshore wave
induced circulation moddbased on the no#linear shallow water equation® compute the
nearshore depth averaged waveduced current velcities and mean water level changes, a
sediment transport model to compute the loctdtal sediment transport ratesccurring
under the action of wind waveand a bottom evolution model to compute thieed level
changes irtime due to gradients of sedimenitansport ratesin crossshore and longshore
directions.The governing partial differential equations are solved utilizing finite difference
schemes. The developed models are applied successfully to several theoretical and
conceptual benchmark cases and an extensive data set of laboratory and field
measurements.As an alternative approach to be used in beach evolution problems, a
distributed total sediment loadormulais proposed based on the assumption that tbeal

total sediment transport rates across the surf zone are proportional toptteeluct of the

rate of dissipation of wave energies due to wave breaking and swvalieced current
velocities.The proposed diribute loadapproachis validatedwith the available laboratory

and field measurements.

Keywords: Spectral Wave Modelling, Nearshore Wadkduced Circulation, Croshore

Distribution of Longshore Sediment Transport, Numerical Modeling of Beach Broluti
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CHAPTER 1

INTRODUCTION

1.1. General Description

The continuous geomorphological evolution of coastaasis the result of a dynamic

and highly complex balance between the anthropogenic activities at coastal areas and
various physical processes occurring due to the interactions between the three masses
of earth: land, water and atmosphere. Among these procgstiee sediment transport

due to wind wave action plays an important role in this evolution. The prediction of this
evolution for various temporal and spatial scales and for various types of problems such
as erosion/accretion around coastal structures, igation channels, river mouths or

tidal inlets has been a great concern of scientists and engineers for decades. Advances in
the numerical computing techniqgues and the computer technology increased the
popularity of the use of numerical modeling techniquiesthe estimation of beach

evolution problems.

Coastal erosion or accretigroblems are among the major problentbat almost every

country with some kilometers of coastline faces and spends millions of dollars to solve

as in the case of Miami Beach in Florida, U@#ere $64 million USDBvere spent in the
nourishment of the Miami Beach by 100 m in width over a length of 16 km as a remedial
measure between the years 194081 Deanand Dalrymple, 200 Miami Beach is a
typicalexample to coastal erosion problemssulting from imbalance i K Sdirdént

budgeQof coastal areasn the world In Turkey, the Bafra alluvial plain, wheitee

YPIT Pt PNXYI 1 wA@SNI RA g beNgBeh s ah gxargple sefed . € | O
coastal erosion problems. Almostkm wide band of shorelinkas vanishegince 1988

under the action of storm waves and due to the flow regulation structures on the
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Erosion or accretiorproblems atcoastalareasare mainlydue tothe imbalance between

the sources and sinks (losses) of the sediment budifethe coastal area The
weathering of cliffs by waveand other steady or quasiteady currents like windor
tide-induced circulationwind-blown material from cliffs, dunes and inland, sediments
carried by surfacerdin waters) and groundwater flowdreezethaw processsediment
carried by rivers, biogenic materiaissulting from the decay of organinatter such as
shells and coral fragments especially in some tropical areas and human induced sources
like artificial nourishment, disposal of dredged soil and industrial waste tipgri@eghe
main sources of sediment at coastal arebikewise, eosion bymarine action yaves,
tides and currents submarine canyons, human extraction along rivers (sand mining)
and at nearshoreareasfor commercialand navigationapurposes, damming of rivers
and streams, fishing by the use of explosives and trapping of saniteompistream side

of the coastal structuresre the main sinks of the sediment budget at coastal areas
(CIRIA, 1996Baykal et al., 2031 Among the above given wide variety of physical
processes of sources and sinks, wind waves play an important rolérbtith short and
long term morphological evolution of coastal areas such as recession of shpreline
sedimentationaround coastal structurgeseasonal changes in the nearshore sea bottom
topography (bathymetryKamphuis, 2000; Masselirdnd Hughes, 2003)ln temporal
scale, the variation in the amount and direction of the longshore movement of sand
grainsunder the action of wind wavess constitutive in long term changes, whereas
crossshore transport of sediment plays important role in short term changes at coastal

areas.

For the purpose of understanding and prediction of temporal and spatial morphological

changes at coastal areas due to the vaoiatin the amount and direction afrossshore

and longshoresediment transport(hereafter LSTNJ 6§ S&> &G NI AY 3I- FNRY wm(
Considere, 1956) till nowadayRdelvink et al.2009 Nam et al., 2009, 20)Qhere has

been numerous attempts to model th@ature physicallyin small or large scale

laboratories ornumericallyin computer mediumthe details of which are discussed in

the following chapter.



However, these efforts are stifar from the re-production of the nature withinthe
desired limits ofaccuracy, computation time and cosnhd the numerical modeling
efforts should be supported by physical modeling of governing mechanisms isolated for
various wave, current, bottom topography and structural conditidasdeepen our

understanding in sedimemhotion.

1.2. Objectives othe Study

This thesis study is focused on the numerical modeling of the coastal erosion and
accretion processes both in short and long terms due to sediment transport under the

action of wind waves onlyf’he main objectives dhe study are;

I To develop awo-dimensionalphaseaveraged spectral wave transformation
model based on energy balance equatifom the simulation ofirregular wave
shoaling, refraction, diffraction and breakipgocesses around coastal defense
structuresover arbitrary bathymetries,

1 To develop atwo-dimensional depth-averaged numerical circulation model
based onnon-linear shallow water equationdor the computation of wave
inducednearshorecurrent fields and the changes irmean water levebround
coastd defense structures over arbitrary bathymetrjes

1 To investigate the relationship betweethe energy dissipation rates due to
random wave breaking ardistributed totalLSTrates,

1 To construct a deptlaveraged twedimensional beach evolution modehich is
applicable to bothmediumterm (weeks to monthgand longterm events (years
to decades)

1 To validatethe developed beach evolution model with the availakdéoratory

and field measurements artd apply to real a case study of beach evolution.

1.3.Contents of Chapters

In the following chapters, the work carried out for the above given objectives

throughout this thesis study is presented.



The fcond chaptergives theavailable information irthe literature related to each
stage of the study. Startg with the types of modeling techniques of wave
transformation, available methodologiefocused on phasaveraged modeling of
propagation of directional random waves from offshore to the shore are presented.
Detailed literature survey on irregular waveebking and diffraction is giveRegarding

to the irregular wave diffraction, the methodologies used in the action/energy balance
equation models are emphasizeldoreover, the studies in the literature carried out for
the determination of wavenduced neashore current velocities and mean water levels
over arbitrary bathymetries are summarized. Finally, the available literature on beach
evolution modeling is given within the perspective of dime models, limitations and
improvements of these models, andaent studies on two dimensional dep#iveraged

beach evolution models.

In the third chapter, the structure of thdwo-dimensional depth-averaged beach
evolution model is presented in the order of the flowchart of the model structlitee

main assumptions and limitations of the model are discussed first. The governing
equations and the numericatructure of thetwo-dimensional phasaveraged spectral
wave transformationmodel is given and followed by the surface roller model and the
depth-averaged nearshore circulation model which solves -logar shallow water
equations. Later, the theoretical background and the numerical application of the
sediment transport and bottom evolution modules of the beach evolution madel

presented indetail.

Fourth chapter is the part where the developed models are benchmarked with the
analytical solutions, several data sets of laboratory and field experiments and

benchmark problems such as modeling of rip currents around beach cusps.

In the fifth chapter, a comparative study to validatthe numerical beach evolution

model is given and discussethe case study area is selected as the Bafra alluvial plain
GKSNBE (GKS YPIPtPN¥Y¥IF{ wAOBSNI RAaAOKINBSaE Ayiz
measuredat the groin field to the east of the river moutbetween the years 1999 and

2003 are studied by the developed beach evolution model.



In the last chapter, the performed thesis work is summarized in the light of achieved and
recommended future research agenda fiurther development of thetheoretical and

numerical background of the beach evolution model.



CHAPTER 2

LITERATURE SURVEY

2.1.Numerical Modeling oRandom Wave Transformation

Starting from 1960s, umerical computationtechniques are commonly used in solving
various problems regarding water waves (Goda, 2010). Wave hindcasting and
forecasting problems including generation, growth and decay of wind waves,
propagation of waves (i.e. wind waves, tsunami) from deep watehé¢oshore, wave
structure interactions (i.e. diffraction, transmission, reflection, overtopping), wave
sediment interactions and beach morphology problears some of these problems
Over the years, numerical techniques developed to solve these probleavges great
variety with respect to the problem in concern equations solved, techniques and
approaches implemented to solve specffigints (i.e. wave breaking, diffractigrgreas

of interest (i.e. harbor agitation, wind wave generation, tsunami propagdt and
temporal and spatial scalel the investigation ohearshore wavenduced currents and
beach morphology changes, numerical methods for two dimensional wave

transformationsare commonly used.

Two dimensional ave transformation model§¢Goda, 2010¢an be classified into two
main groups as phaseesolving and phasaveraged models. Boussinesgodels
(Boussinesq, 187Mei and L&lehaute, 1966; Peregrine, 196@hd nonlinearor time-
dependent mild slope models(Smith and Sprinks, 1973odj, 1981; Kirby and
Dalrymple,1983;1984; Copeland, 1985; Tang and Quellet, 1992; Tang, 1B&dg and
Quellet, 1997)are examples to the phasesolving models which give both spatial and
temporal variations of wave profiles over a regidrhese modelare commonly used in
the applications of harbotranquility and resonance problems. Although they provide a

very high degree of sophistication in wave transformation modeling, this type of models



are not practical to be applied to large scale regions duextessive computational load
and often lack stability. The size of the computational area is limited by the
computationalcapacity ofavailablecomputer.The computational grid spacing is in the
order of a few hundredths of the wavelength and the timepste a few percent of the

wave period for this type of models.

Phaseaveraged models give only the spatial variation of wave amplitude and direction
without computing wave profiles. These models are widely used in nearshore wave
transformation problems iad are applicable to large scale coastal areas as coarser grid
spacing(one-tenth of the wavelength or largean be used. Mild slope models and

action/energy balance models are examples to phase averaged m@iaiis, 2010)

The mild slope equatioMSE hereafter), originally in elliptic form, was first proposed by
Berkhoff (19720 analyze the transformationf regular waveslue to combined wave
refraction and diffraction In deep water MSEreduces to HiEnholtz equation, which

was developed tgolve harbor tranquility problemf®r monochromatic waves France

in the 1960s, and reduces to shallow water equations (SWE hereafter) in shallower
depths {Troch, 1998 Radder (199) proposedthe parabolic type of MSE,which
disregaré the wave reflecton, yet, proviés numerical efficiency and redas the
excessive computational demands of M$ke hyperbolic form of the MSE is solved in
Nishimura et al. (1983 opeland, (1985), Madsen and Larsen (1987), Panchang et al.,
(1991). 1t includes wave refldon and requires reduced computing effort compared
with the elliptic form (Bokaris and Anastasiou, 2008)major limitation of usingmild

slope equationsis the grid spacing that should be considered with respect to
wavelengthswhich may lead spacing ancbmputation time problems in large regions

(larger than 1km x 1km)

t A SN& 2 ystudy (1952) brdiie &valuation of wave refraction in the northern New
Jersey coastvas the first attempt onthe modelingof transformation of directional
random wavesln 1969, Karlsson introducdtle energy balancequation of directional
wave spectral density fahe solution ofshoaling and refractiof directional random

waveswhenthey propagate from deep water towarthe shore.Goda and Suzuki (1975)

used KarlssstRd Y2 RSt (2 O02YLJziS GKS NBFTNI OGAZ2Yy 02°¢



with the Mitsuyasutype directional spreading functiofMitsuyasu et al.1975) The
energy balance equatioimtroduced by Karlssois only for the solution of shoaling and
refraction of drectional random waves, andoes notinclude the effects ofdepth
limited wave breaking, wave diffraction, bottom friction, nonlinear wavave
interactions, white-capping or ambient currents Effects of hese processesn waves
were later added to thalifferential equation as sourcer sink terms(Booij et al., 1999;
Mase, 2001; Holthuijsen et al., 2003)

Energy density spectrumis the distribution of energy of the sea surfac®emposed of
waves with different heights, periods anddirections (Goda,2010) In the presence of
ambient currents,the energy density is not conserved as there might be an energy
transfer between the wave motion and the mean fluid motion, e action density,
defined as the ratio of energy density to the relative frequenegonservedBretherton

and Garrett, 1968; Whitham, 1974)Therefore the action balance equatignthe
evolution of action densities over arbitrary sea bottom topographigsyore commonly

used in thstype of models, called asction/energy balance ndels.

The concept ofaction/energydensity is also used in wave generation models. WAM
(WAMDI Group, 1988)HISWA (Holthuijsen et al., 198aAVEWATCH Il (Tolman,
1991), TOMAWAC (Benoit et al., 199WAN (Booij et al., 1998nd STWAVE (Smith
and Zuwlel, 200§ are some of the wave generatiand transformationrmodels solving
the action/energybalance equation with the source and sinks terms including wind
stresses over the sea surface additive to the otphysical sources or sinkExcept
SWANand STWAVHEnodel, which are essentially developed for nearshore wave
transformation of directional random waves including generation by wintese
models are notealisticallyapplicable to coastal regions with horizontal scales less than
20-30 km and water depths less than 280 m fiearshore coastal aredse. estuaries,
GARIFE AyfSdaz oF NNASNI Aaf Iy Reimlartd SViRAdAd b (& =
STWAVHENodels, there exist several other wave transformation models solving the
action/energy balance equation such a¥ABED Mase and Kitano, 2000Jase, 2001)
GHOST (Rivero et al., 199fd CMSNave (Lin et al., 2008The above given models

mainly differ from each other with respect taheir numerical schemes, directional

¢



sectoss of wave popagation, methods used to defirthe depth induced wave breaking,

wave diffraction, bottom frictiorand other physical processes

2.1.1.1rregular Wave Breaking

As the waves approach to the shore, they increase in steepinatss of wave height to

the wave lengthdue to decreasing water depth¥/hen theincreasingvave steepness

of a single waveeachesto a limiting value the wave breaks dissipating energy and

inducing nearshore currents and an increaséhemmean waterlevelat the shore (CEM,

2003) Regular waves brealilmost at a certain location, called astbreaking depth

approximately equal to the wave heightlepending on the bottom slope, the wave

steepness and the approach angle. Hdirectional random wavescomposed of

individual waves with different heights, periods and directiodepthinduced wave
breakingbecomesa continuous process of dissipation of wave energy due to bottom

effect and wave steepnesserl $A RS ySIFNAEK2NB IoNBF > OFffSR |

Rardom wave breakings mostlystudied or modeled with eithethe similarity method,

assuming a constant heigho-depth ratio O £ f SR | & & orNslatist@ald A Y RSE
(individual wave or wave height distribution) approach (CEM, 2003)he similarity

method, the ratios of wave heights to the water depths are assumed toelp@alto or

smaller than the breaker index within the surf zone atitk wave heights are
determinedaccordingly The STWAVE model usegh an approacka modified Mche

Criterion (Miche, 1951)to representthe depth-induced wave breakinfpr directional

random waves.

Statistically, waves in natuean bedescribed using the Rayleigh distributiouatside the
surf zone The distribution of waves within the surf zowgan be obtainedransfoming
the wavesindividualy and reevaluating their distribution (Dally, 1990; Larson and
Kraus, 1991; Dally, 1992) or assuming a truncated/modified distrib@atlins, 1970;
Battjes, 1972; Goda, 19@5 Battjes and Janssen, 1978hornton and Guza, 1983;
Baldock et al., 199&0da, 20@; Janssen and Battjes, 2007).



As it is given in Goda (2010Tollins (1970) was the first to truncate thayleigh
distribution beyond the breaker height. Battjes (1972) and Goda @9fthlowed the
same methodology using different approaches to deform the probability density
function (df) of the wave heightsGoda (1975#) used a gradational breaker index
providing for a smoother cubff of the pdf of the waves compared tmthers to
represent the varidion in breaker heights due to the variation of individual wave
periods and other characteristick this approach, for a given incident offshore wave
height, M levels of wave heights are set by equally dividing the Rayleigh cumulative
distribution. Breaker index values are computed for each level of wave height
considering bottom slope (negative or positive in propagation direction) Corresponding
dissipated wave energy for each level of wave height is then comptuiterimethod has
been verifiedwith several laboratory and field data (Goda, 19%t§andhas beenater

improved to be used also ftwo dimensionalarying bathymetries (Goda, 2004)

Battjes and Jansserlq78 (BJ78 hereafterused the boretype analogy, originally
suggested by LeMeatute (1962), to approximate the dissipated energy due to wave
breaking similar to the head loss due to hydraulic jump uniform flow.BJ78assumed
that the wave heights of the breaking or broken wawgsa certain depthare equal toa
maximumdepth limitedwave height and the distribution of waves would like a clipped
version of Rayleigh distributiorBattjes and Stive (1985) and Nairn (1990) further
calibrated BJ7@ amodel with an extensive data sebf laboratory and field
measurements also elating the breaker index parameter used in the model to the
incident wave steepnesghndthe authorsfound the model applicable for a wide range
of wave conditionsAlthough describing the distribution of waves within the surf zone
with a clipped Rayleigtistribution does not reflect the reality in nature (Thornton and
DdZl ' = Mdpyo0uX . WryQad | LILINRIIOK Aa adatt dzaSR

for random waves within the surf zone. SWAN model, one of the mostwerfled and

widely usedkr Yy R2Y 6+ @S GNI yaFT2NYF A2y Y2RStas dzass

the depthinduced wave breaking phenomenon in the nearshore areas.
Thornton and Guza (1988]J G83hereatfter) observedin the field experimentscarried

out at Torrey Pine8eachat Califania that the distribution of thewave heights within

surf zoneis similar toa full Rayleigh distribution rather thaa clippedone. Based on the

10



observations,the authors proposed a weighting function describing the fraction of
waves breaking for eaclvave classn the pdf. Baldock et al., (1998) (Ba98 hereafter)
followed the same approach proposed b{8B to improve BJ7& &nodel for steep
beachesas it underestimates the dissipation rates at the inner surf zone for steep
slopes and thus ovegstimatesthe fraction of breaking waves (even greater than 1). To
avoid from such an unrealistic condition, BJ78 used a depth limited wave decay
approach to estimate the wave heights at the inner surf zone after the saturation is
reached (the root mean square waweight isassumed to besqual to the maximum
depth limited wave heighto satisfy fraction of wave broken is less than or equal to

unity).

As a matter of fact, the surf zone on steep beaches is frequently very narrow and there
is insufficient time for kthe incident wave energy to be dissipated and an unsaturated
breaking condition exists (the root mean square wave height is smaller than the
maximum depth limited wave heightBaldock et al., 1998)n order to improve the

. WryQa VY2RSft TBAMRUsadiaS&atlipped Ray@ighSdistiibution with a
weighting function which assumes the fraction of waves breaking for the wave classes
greater thana maximum depth limited wave heiglg equal to wity and for the smaller
wave classes is equal to zefiis assumption also assures that the fraction of waves
broken cannot exceed unity at the shorelifiéhe difference between the BJ78 and Ba98

is given by Jansse@(11) that BJ78 assumes that all theeaking waves have a fixed
depth limited breaking wave heighitl(), which results in a delta function B in the pdf

for breaking waves, whereas in Ba98 (and in JB0O7), the complete Rayleigh distribution is

used, but waves wherkl > H, are assumed as bken.

Janssen and Battjes (2007) followed the approach proposed by &ab8&moved the
algebraicsimplification made by Ba98 in the derivation of dissipation rate and obtained

a more consistent formula for the energy losses due to wave breakBfy/ stats that

othe resulting parameterization predicts vanishing wave height as the shoreline is

I LILINB I OKSRX S@Sy Ay GKS LINBaASyOS 2F WakKz2NEB
nearshore on steep beach@sthis approach solves the above mentioned inconaiste

in Ba98 and provides a moreunified solution for the irregular wave breaking
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phenomenon. Therefore, JB0O7 is used in theumerical nearshore wave model

developed in this study

Recently, Apotsos et al. (2008vgan intercomparison of some of the widely used
parametric wavebreakingmodels including above given approach&E OSLJi D2 Rl Qa
(1975a or 2004)using six field experiments: SandyDuck (Elgar et al., 2001), Duck94
(Raubenheimer et al., 1996), Egmond (Russit al., 2001), Terschelling (Ruessink et

al., 2003; Ruessink et al., 1998), NCEX (Thomson et al., 2006) and SwashX measurements
(Raubenheimer, 2002).he authorgested the modelsusing the field data foboth the

default values of breaker index valuas given by authorand the tuned values using

the available dataThey have stated that all the models show similar accuracy with the
median rootmeansquare wave height errors between 10% and 209@ model errors

might be reduced by roughly 50% tuningethreaker indexes with the field dat.is

also stated thanone of the models predicts the wave heights in the surf zone with the

highest accuracy for all cases in all of the field experiments

2.1.2.1rregular Wave Diffraction

As the vaves encounter to an obstacle such as breakwaters or islands, some of their
energy is blocked and reflected back and the rest of their energy is dissipated on the
obstacle. The waves passing through the edge of the obstacle or the openings on the
obstacle (i.eseries of offshore breakwaters) tend to turn around and enter into the
shadow zone of the obstacle. The wave heights inside the shadow zone of the obstacle
differ from the incoming wave height$he diffraced wave heights ofegular waves can

be computedusing theSommerfeld §.896)solution which is originally developddr

the diffraction of light passing the edge of a sdnfinite screen(Goda, 2010)Penny
YR t NAOS oOmMppHUO | LILXASR GKS {2YYSNFStRQa acz
at a caoistant depth and past a senmfinite obstacle. Wiegel (1962) summarized the
solutionof Penny and Price (1952) and tabulated the diffraction coefficients for regular
waves around a senmfinite breakwater and prepared graphs for the diffraction
coefficients with different approach angles given in Wiegel (1962) and the Shore
Protection Manual (1984) (SPM, 1984 hereafteks the sea surface in nature is

composed of waves with different heights, periods and directioms,direct application
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of these graphgo real situations is not recommendeand may lead to erroneous
results (Goda, 2010Goda et al. (1978pllowed the same methodology as in Wiegel
(1962) to obtain the diffraction coefficients of irregular waweigh different directional
spreading propdies. The authorscomputed the regular diffraction coefficients of each
wave classn the directional wave spectrurand divided the sum of diffracted wave
energy densitiesto the incoming wave energy density to find the effective or irregular
wave diffra¢ion coefficient. They prepared diffraction diagrams for random waves with

different directional spreading parameters.

As discussed in earlier sectiottise wave diffraction around coastal structuresreadily
accounted 6r in the mild-slope or Boussingstype modelswhich are widely used in
harbor agitation problemsAs forthe action/energy balance modelsarious methods
have been proposed for thémplementation ofwave diffraction Holthuijsen et al.
(2003) categorize these methods into two such that one approatieisntroduction of
a spatial or spectraliffusioninto the model(Resio, 1988; Booij et al., 1997; Mase, 2001
to take the diffraction process into account. This methedsimply smoothing of the
wave energy with respect to spatial coordinateShe ®cond approachis the
modification of group velocity componentsbth geographical and directional group
velocities) based on mild slope equatiofBooij et al.,, 1997; Riveret al., 1997;
Holthuijsen et al., 2003he second method changes terergy balance equation from
asecondorder differential equation to a fourtforder equationand thus requires higher
order numerical schemes and more computational ldddwever,compaed to the mild
slope approximationthe smoothing approach lacks turning of the wave directionthe

sheltered zones of the obstacles and also suffers from numerical diffusion

The wave diffraction process in SWAN is solved usingmife slope approximation

given byHolthuijsen et al(2003). STWAVE model uses the smoothing method proposed

by Resio (1988)CMSWave and WABEF 2 RSf a F2ff 26 al a5Q& | LILINE
considers the wave diffraction with dissipation ternmformulated from parabolicmild

slope equation Although above mentioned methodsave improved the capability of

the action/energy balance models teolve wave diffraction aroundobstacles like

breakwaters, headlands or islandhe wave diffraction inthese models still needs
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detailed considerationto be usedinstead of MSE or Boussinesq modéds more

complex diffraction problems

An important note in the literature abounodeling ofg | @S RAFFNI OG A2y 3IA DS\
and Guza (19919gtatesthat, in the case of very broad direohal spreading, diffraction

effects become unimportant, and in such situations a simpler spectral refraction model

with a sink term to account wave breaking would be more preferable to the more

complex refractiordiffraction model.

2.2.NumericalModeling of Nearshore Wavdnduced Currents

As the waves approach to the shorney change in height and direction due to
shoaling, refraction, diffractionbreaking and other processeaglated to site specific
conditions Accordinglythe radiation stressegelated to the wave momentum flux vary
spatially and the variation of radiation stressess the main forcing mechanism,
generaesnearshore currents in longshore and crat®re directiols and changes in the
local mean water level@Goda, 2010)Moreover, Ruessink et al. (200ipte that winds
(Whitford and Thornton, 1993}idal forcing (Feddersen et al., 1998; Houwman and
Hoekstra, 1998and bottom shear stressamay contribute significantly to the nearshore
currents though the breaking waves govern thearshore circulation in the surf zone in

storm conditions

The changes in the local mean water levels and the daptraged nearshore wave
induced current velocities can be obtained by solving one conservation of mass and two
conservation of momentunequations, which are called as the nbimear shallow water
equations (NSWE hereafter), also called as Sémiant (1871) equations derived from

the NavierStokes equationsifter LonguetHiggins and Stewart (1964) introduced the
radiation stress concepthumerous analytical and numerical models have been
developed for the prediction of wave@duced currentsand mean water levelstilizing

one dimensional (1D) or two dimensional (2D) and linearized or nonlinear forms of the

shallow water equations
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Longtet-Higgins (1970) computed longshore current velocities induced by regalszs
at planar beachesising the radiation stress concepie alsointroduced the turbulent
eddy viscosity concept to take horizonfiteral)mixing into accounand to avoid from
physically unrealistic and discontinuous variation of longshore current velocity around

the breaker depth

Battjes (1972romputedthe longshore current velocities for random waves and showed
that, contrary to the Longuet A 3 3 A \itioM) for régd@dr wavesthe crossshore
variation of longshore current velocities is continuous even if the lateralnmiis
disregarded Thornton and Guza (188 compared the longshore current velocities
measured at Leadbetter Beach, at Santa Barbaadifothia, in 1980 with the analytical
and numerical models derivagsing their irregular wave breaking model (Thornton and
Guza, 1983)Reiner and Battjes (1997) investigated the longshore current velocities on
barred and norbarred planar beaches with ¢hlaboratory measurements for regular

and random waves.

Kraus and Larson (1991) developed the NML@mgl (ater NMLongCWby Larson and
Kraus, 200pmodel for computing the nearshore wave heights, mean water levels and
the longshore current velocities ¢tuding windinduced setup and setdown and the
effects of interaction between waves and currents (occurring independently by winds

and tides) are considered within the model.

Balas et al., (2006) compared the results of aNEBWE nearshore current modsblved
numerically using the Rund€utta-Fehlberg method and coupled with a MSE wave

N} yaF2NXYEFGAZY Y2RSfS 6AGK GKS t1 062N G2NE
coastal waters located at the Mediterranean coast of Turkey for regular waves. Tang et

al. (2008) carried out a similar study coupling the NSWE with a MSE wave model and
compared the computed longshore current velocities with the laboratory measurements

for irregular waves.

Goda (2006) examined the available irregular wave breaking modeltuabulent eddy

viscosity formulations on the longshore currents induced by irregular waves and
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demonstrated the importance of the random wave model and the surface roller concept

(Svendsen, 1984) for reliable predictions of longshore current velocities.

Surface roller concept was introduced by Svendsen (1984) to explain the increase of
NBiGdzNYy b2g @St20AG8 20aSNBSR Ay GKS adaNF 1
balancing the purely wave 8 a2 OA I (SR @2f dz2¥YS bdzE 3IAGSYy oO¢!|
Incluson of the variation of the kinetic energies of the surface rollers in the surf zone in

the computations of nearshore currents and mean water levels shifts the location of the
maximum longshore currents toward the shoreline and increases the current spseds

observed especially in case of barred beaches (Goda, 2006). Surface rollers are simply

the white foams (vortices) in front the breaker with a kinetic energy proportional to the

celerity of the breaker and surface area of the roller. They gradually gycabsorbing a

part of the energy dissipated through the wave breaking process, and then decay by

losing its energy by turbulence (Goda, 200Bally and Osiecki (1994) and Dally and

Brown (1995) Tajima and Madsen (2008i)ve mathematical expressi@for the growth

and decay of the kinetic energy of the surface rollers similar to the energy balance

equation.

De Vriend and Stive (1987) developed a gqd&simodel for nearshore currents which
combines the two dimensional depth integrated nearshore circulation with the effects
of vertical distribution of nearshore current&imilarly, Van Dongeren et al. (1994)
developed a quas3D nearshorecirculation model called as SHORECIR&pable of
simulating a wide variety of nearshore phenomena, such as $@dts, longshore
currents, infragravity waveshear wavesflows arounddetached breakwatrs and rip

currents(Svendsen et al., 2004).

Determination of depthaveraged nearshore current velocities and mean water levels by
means of numerical solution of NSWE requires a separate run of wave transformation
for the determination of forcing mechams. The reliability of the results of the NSWE
models mostly depends on the wave transformation model coupled with and the
numerical techniques used in the NSWE solutlaraddition tothis approach,couping

of wave and currentmodels the time-dependent (phaseresolving) extended

Boussinesq equations are also used in the wiadeiced nearshore circulation problems.
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As an example, FUNWAVE, developeKiogy et al. (1998) based on the fully nonlinear
Boussinesq model of Wei et al. (1995)capable ofimulating surf zone hydrodynamics
as it includes energy dissipation due to wave breaking basdgeomedy et al.,2000.
Extended Boussinesq equationsemove the necessity of coupling the wave
transformation with the nearshore current models, and give ttepthaveraged current
velocities in time for the respective the water surface elevations of regular or irregular
wave trains.However, he extensive computational time required for large scale and

long termapplicationsstands as anajor limitation of sich models.

2.3. Sediment Transpoiinh the Surf Zone

Sedimenttransport in the surf zone occurs mainly in two modes as suspended and bed
loadsboth in crossshore and longshore direction&Komar (1997) gives that the ratio of
suspended to the totatediment load varies from 0.07 to 1.0 based on the available field
data. For the storm conditions, it can be said that the suspended sediment transport
which is mainly due to breaking wavemverns the processf sediment transport and
beach evolutior{Goda, 2010)The short term changes in the beach morphology such as
bar formationafter a storm event or severe erosion at beaches in seasonal scale are
governed mainly by crosshore sediment transport processes, wherghs long term
changes such asontinuous recession of a shoreline or accretion/erosion of sediments
around coastal structuresare mainly due tothe LST processes occurred during

successive storm eventser the years (Kamphuis, 2000; Masseéink Hughes, 2003).

Over the years, numeroustimulas have been developed for the predictionL&Trates

within the surf zone due to waves aiod currents. Inmarand Bagnold (1963)).S. Army
OYyIAYSSNAE 21 GSNBl&a O9ELISNAYSy(d {GFidrazyQa [/ 2
CERC) formul&PM 1984, and Kamphuis (1991) formulas are the most weibwn and

utilized formulas for the prediction of total LST rates within the surf zone due to

breaking waves for the problems where the knowledge of cebese distribution of LST

is not the primary concern.é. oneline models).

Both Inman and Bagnold (1963) and CERC formulas relate the total LST to the breaking

wave energy flux. Inman and Bagnold (1963) atemrporate the ratio of the mean
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longshore current velocity to the maximum horizontal orbital waselocity to the total

[{¢P YI YLIKdZA aQa omMmdbpdmy F2NXdzZ = 2y GKS 23G§KSN
of the results of the threelimensional model tests carried out for both regular and

random waves. Wang et al. (2082 a G+ S ( KI fulaY199) jKedmtsitiizd T 2 NJ
total LST rates more consistently compared to the CERC formula for both spilling and

plunging breaking wave conditions as it includes the effect of wave period in the
expression. It is also stated in Wang et al. (2p@Rat Kamphda & Qa F2 N¥ dzf I 62 NJ a
for the low-energy events compared to the CERC formula, but not for the high energy

events.

Recently, Bayram et al. (2007) proposed a formula for the to8rate based on field
measurements including storm conditionShe autlors assumed that the suspended
load dominates in the surf zone, steady states conditions prevail and the total work
needed to keep sediments in suspension is done by the wave energy flux before wave
ONBI 1 Ay3d . formuMI2007) Shbwet highd® @elation with the used data

points compared to other commonly uséatal LSTormulas

Advances in computer technology and numerical modeling encouraged the
development and use of more sophisticated formulas and approaches for the
computation of spatialand temporaldistribution of sediment transport rates ithe
nearshore environment$ocusing onthe different modes of transport such as bed or
suspended loads to be used mostly in complex nhumerical models for sediment transport
and bottom evolution problms. Bijker (1967, 1971), Engelund and Hansen (1967),
Ackers and White (1973), Bailard and Inman (1981), Van Rijn (1984), Watanabe (1992)
and more recently Camenen and Larson (2005, 2007 and 2R08ayashi et al. (2007)

and Kuriyama (2010) are some of fedocal sediment transport ratéormulas.Bodge
(1989)statesthat almost all the distributed load transport approaches shares the same
concept that the sediment is mobilized with a mechanism and transported with the
existing current velocitiesThese approaches are mainly divided into two categories; the

d SY SNHS G A @Rich assuth&® tBd raabilizing mechanism isuaction of wave
SYSNHE RAAAALI GA2YS YR &aidNBan#eébottomRSt a3 Ay

waves and currents mobiézsediment.

18



Bayram et al. (2001) gives an evaluation of the former sabof/e giverocalsediment

transport formulas and compares their capabilities in predicting the esbsse

distribution of LST rates for the selectethta setsfrom DUCKS85, SUPBRCKand
SANDYDUGC#perimentsg KA OK F NB OF NNASR 2dzi 4 GKS ! of
Field Research Facility at Duck, N&n Maanen et al. (2009) compared the longshore

transport formulas given by Bailard (1981) and Van Rijn (1984) with the field
measurements carried out at Egmond site, in Netherlandsccording to the

comparisonof Bayram et al. (2001) aridan Maanen et al. (2008) =y wA 2y Qa T2 N
performed the best overatheasurementslespitethe fact that its application requires a

comprehensie understanding of sediment transport processé3n the contrary

Camenen and Larroude (2003) states that the Bijker and Van Rijn formulae consider only

current related sediment transport and should not be usaednearshore morphology

models. Another disg@l y G 3S 2F Iy wAayQa F2N¥dzZ I Aa Gf
suspended load over the depth increasing the computational load (Camenen and

Larroude, 2003).Among the above mentioned local sediment transport formulas,

2 4FylFo6SQa o6 wmddasihe mastNsimlibtic aphd@higageR on the

exceedance of critical shear stress at the bottdon the prediction of total local

sediment transport rates. & a G 6 SR Ay . I & NI Yeld&lithe belstd O H AN A M
predictions for the storm conditiondut markedly overestimated the transport ratésr

swell wave® ¢

Katayama and Goda (1992000 studied the suspended sediment transport due to

breaking waves estimating the mean suspended sediment concentration based on CERC
expression and the sediment pickl) NJ S o6& OoONBIF{Ay3 ¢4 #Sa o
energetics modelThe authorg2002) later modeled the morphological changes around
AaSOSNIf RSO OKSR ONBI16lGSNE O2yaARSNAY3I a2y
of suspended sediment that has been pidke by breaking wavesé

Kobayashi et al. (2007) developed a model to simuldte suspendedsediment
transportcaused byhe roller dissipation rate and energy dissipation rate due to bottom
friction from outside the surf zone to the lower swash zoiiée model wascompared
with a verylimited field data(Thorton and Guza, 1986@hd the laboratory testef Wang

et al. (2002a)
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Kuriyama (2010assumed tht the total LSTis composed of suspended sediment load

induced by surface roller energy dissipaticater and bed load due to nedmottom

velocity (Bailard, 1981) and nebottom acceleration (Hoefel and Elgar, 2003he

developedF 2 NX¥dzf | 61 & SEIF YAYSR g¢®)idivenviok stead/NA vy | Q&
Ft2sas . FeNIY SO FfoQa G224t [{¢ F2NNdzZ | oH
(1998). The approach was found to be able to predict the LST rates measured in the field

almost completely within a factor @f(Kuiyama,2010).

Camaen and Larson (2005, 2007, 2008) (hereafter CL0O8) developed a general formula
for the bed and the suspended loads in the surf zone under the action of waves and
currents. The authors disregarded the contribution of waves for the bed load and
assumed thatthe suspended load is governed by the energy dissipation due to wave
breaking and bottom friction due to currents and waves. The authors also applied their
formula to an extensive data set of laboratory and field measurements and obtained
overall better pedictions compared to the other existing widely used formulae.
Moreover, Nam et al., (20099omputed the bed load using CLO8 formula and the
suspended load solving the advectidiifusion equation and also the sediment
transport in the swash zone with tHermula given by Larson and Wamsley (2007) and

obtained reasonable predictions for the laboratory tests of Gravens and Wang (2007).

2.4. Beach Evolution Modeling

58S +#NASYR SiG Ff®d O6mppoy aleé& GKIG aO2Fadlt o
processes anchechanisms which act and interact on a variety of space and time dtales
wSljdzSe2 SiG Ff® oHnnyo 3IAAGSE GKS OkdalaairFAOl
(centimeters, decimeters), messrale (tendhundreds of meters) and macsrale

(kilometers) according to the space scale; and as gieom (hours to days), medium

term (weeks to months) and lorigrm (years to decades) according to the time sdede

Usually, he applicability ofa beach evolution model is limited with the actipfyscal

processes within respective time and space sgateimber and size of thenput

parameters efficiency of the numerical solution techniques and the available
O2YLddzi F GA2y It OFLI OAGEd 1 yazy SiG +tf® 0HANNOU
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for analyzing and predicting coastal evolution and its governing processes to be used for
the complete scale range, from the shéerm to the longterm® &As an examplethe
long term changes in the shoreline could be studied fastest usinglioeemodels,
whereas dune erosion, bar formation or seasonal changes in the shoreline, swash zone

dynamics could be studied with mediumr shortterm beach evolution models.

Numerical modeling obeach evolutionwas first studied byPelnardConsidere (1956)
who introduced theone-line theoryfor the prediction of shoreline changes next to a
groin. In oneline theory, it is assumed thadhe spatial and temporal changes along the
bottom profile such as storAnduced erosion, bar formation, or shoreline changes due
to seasonal variation of the wave climate cancel over the éneriods of time. It is
also assumed that the bottom profile along the shoreline can be represented with a
single equilibrium beach profile defined between two boundaries: depth of closure at
seaand berm height on land, where the sediment transport procesaks place In this
concept, the shoreline changes are assumed to be due to the variatib8 hates and
local sources or sinks along the coasty. The one-line theory has beerverified ard
further improved with the addition oftombined wave refractiowiffraction theory
(Dabees and Kamphuis, 1998¢diment transport due tdidal and windinduced local
currents,and tombolo formationbehind Fshaped or detached breakwaterslgnson et
al.,2006).

Over the yearsthe applicability ofone-line modelsover a wide rangef spatial and

temporal scaleslesser computational load compared to 2D or 3D modahsl eamess

in calibrationto actual problemshave made them preferablefor preliminary research

and design purposes many coastal engineering applicatioi®everal models based on

one-line theory exist in the literature (Hanson and Kraus, 1989; Dabees and Kamphuis,

1998; DHI, 200L Moreover, | FI 1 OHnAnnc L3 aykaNJR0OA)layd Eéea n nc 0 =
(2007) mainly studied the available methods used in wave transformation ofime

models determination of the representativevave dataand the effects of therder in

series of wave events dhe shoreline changes around varioupés of coastal defense

structures and they developeda oneline numerical shoreline change model, CSIM
(acronym for Numerical Model for CoastliSructure Interaction) The developed

numerical model was appliedo 1 KS &aK2NBf AyS OKLImfiagkRiver 20 &a SNIBS

21



Mouth, and in several other researchtudiesé6 9 NHAY S F f > HAncT
Baykal et al., 2Q1).

A major limitation of ondine models, which is due to its basic assumption of
equilibrium beach profile conceptis that these models disregard the spatial and
temporal changes in the bottom profile and thuse used in longerm shoreline
evolution problemsonly. To cope with this limitation and increase the applicability of
one-line models to mediumto shortterm ewvents, one-line modelsincluding crosshore
sediment transport terms (Hanson et al., 1997; Hanson and Larson,,1@%8)ine
models coupled with one dimensional beach profile evolution models (Larson et al.,
1990) multiple-line models(Hanson and Larso2000; Dabees and Kamphuis, 2000) or
one-line models linked to two dimensional depth averaged (2Dd}els (Shimizu et al.,

1996; DHI, 200yere developed

Another major problem of the ondine modelsis that they are not easily applicable to
the irreguar shorelines and they tend to smooth the existing irregularities in the
shorelinethroughout the simulations.Thislimitation was remedied by Hanson et al.
(2007 introducing a fixed representative contour lire later by Larson et al., (2002)
and Larson et al., (2006) introducing regional contour orientatltat the waves are
transformed accordingly As a result the shoreline without any structure evolves
preserving its orientation rather than transforming dan@a straight line(Hanson and
Kraus, 2011)The above given limitation is also encountered in the application of one
line models to shoreline changes around complex coastal structuréleas models
usually use geometrical or empirical approximations tfa variation of wave heights
around these structures. To overcomeetielimitations, a phas@veraged type random
wave model based on either mild slope or action/energy balance might be used to
predict the wave height gradientia the surf zone and arountthe coastal structures. A
NBEOSyid &aidzRe oeé& 12Fy oOownmno dziAf Al Sa (GKS
compute the wave heights inshore to be used in a-tne model applied to several real

case studies.

Advances in computer technology and numerigeldeling techniques encouraged the

development of more sophisticate®D or 3Dtools for the prediction of morphological
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changesn medium to shortterm and to overcome the above given limitations of ene
line modelsBasically, 2D or 3D models are compbeéseveral separate models for the
computation of wave transformation, nearshore current, sediment transport and
bottom evolution. Quasi3D (Q3D)models or fully 3D models are more preferable for
short term eventqless than a yeawhere the vertical distribution of current velocities
and concentrations become important for accurate modelingQ3Dmodel is simply a
2DH model with an additional one dimensional vertical profile model (1DV) to include
the effects of return flows (und#ow) in crossshore dynamics (Briand and Kamphuis,
1993). A fully 3D model solves the governing hydrodynamic equations in three
dimensions (Warner et al., 2008DH or 2DV models require less computational loads
compared to 3D models and provide the siatidn of longer term event¢Shimizu et

al., 1996) Some of the recent studies on BDmodeling of beach evoluticare Militello

et al. (2004), Buttolph et al. (2006), Bruneau et al. (2007), Roelvink et al. (R2D9)kt

al. (2009, 2010).

Militello et al.(2004) and later Buttolph et al. (2006) developed the M2D molaédr(
called as CM#12D) for simulating the nearshore hydrand morphadynamics such as
currents due to waves, tide, wind, and rivers, sedimerangport and morphology
changesThe models a two dimensional depth averaged (2DH) model solving NSWE for
nearshore currents and including sediment transport, Rbottom and avalanching

modules. The model is coupled with STWAVE or WABED for the wave forcings.

Bruneau et al. (2007¢onstructeda 2DH nearshore morphology modetouping the
spectral wave model SWAN with a NSWE model MRBi®r{ne, 200band a sediment
transport nodule based oiMORPHODYN (Saibiast, 2002)The authors applied their

model only to some theoretical cases with complathymetrical features.

Roelvink et al. (2009) developedBHnumerical nearshore modgetalled as XBeactn
simulatehydrodynamics andnorphological changeis the surf anl swash zonesgluring
storms and hurricanes, including dune erosion, overwash bhrehching. XBeach
consists ofa wave transformationmodel based on action balance equation, a flow
model based on NSWE, a sediment transport model solthegadvectionrdiffusion

equation for the depth averaged concentrationspttom evolution and avalandhg
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modulesto predict the morphological changes during storm eveiitee model has been
validated through several analytical, laboratory and field case studies (Roelvink et al.,

2009).

Recently,Nam et al. (2009, 2010) developed2®H nearshore morpholog model for
simulating nearshore waves, curreng)d sedimentransport andbottom changesThe

I dzi K2 NB dzaSR al aSQad ownnm0 &LIS@BNanérgys I S
dissipation term, a surface roller (Dally and Brown, 1995; Larson and,Kx@@2) and a
nearshore current model (Militello et al., 2004). Sediment transport rates within the surf
and swash zones are included as discussed earlier. The developed model is applied to
the laboratory measurementsf Gravens et al(2006), Gravens andNang, (2007) in
Largescale Sediment Transport Facility (LSTF) at the US Army Corps of Engineer
Research and Development Center in Vickshdigsissippi USA
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CHAPTER 3

MODEL DEVELOPMENT

In this chapter, the theoretical and the numeridadckgroundof the developedtwo-

dimensional deptkaveraged beach evolution model is presented.

3.1. Model Structure

The two-dimensionaldepth-averaged (2DHBeah Elution Numerical MoDel (COD)
developed is composed four masnb-models:

1 NearshoreSpectralWaveModel (NSW)

1 Nearchore drculationModel (NSC)

1 SedimentTransportModel (SED)

1 Bottom EVQution Model (EVO).

The numerical model COD RS @St 2 LJSR Ay a!l ¢ tilizingfintSy A NP Yy Y
difference schemeso numerical solutions of governinggeations ofthe above given
sub-models.The main inputs of th&€ODare the offshore/nearshore wave conditions

(wave height, period, approach angle and directional spreaditigg initial two-

dimensional sea bottom and land topographiegincluding informatbn about
existing/planned coastal structuregnd controlling parameters based on siad case

specific conditionsuch aspacing in time and spacereaker index, diffraction intensity
parameter,kinematic viscositysedimentporosity,median grain sizdiameter, densities

of sediment and water, bottom roughness andtriction parameters, lateral mixing

coefficient andenergy transfer factor for surface rollerBhe model structure is given in

Figure3.1.
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Figure3.1 Beach Evolution Numerical Mod@€@OD Structure

As shown irFigure3.1, in numerical modeling of beach evolution, the first step is to set
the site and casespecific controlling parameterghe initial bathymetry and offshore

wave conditions

Second step is t@wompute the nearshoresignificant (or root mean square asns
hereafter)wave heightsmmean wavealirections, dissipated energies due to random wave
breaking, fraction of broken wavemaximum orbital velocities at the bottom, radiation
stress termsfor the givenwave conditionaround existing coastal defense structures
over the initial arbitrary bathymetry. The computed wavelated parameters are
assumed to be constamiuringthe givenwave conditionTherefore it is called as phase

averaged or stationgrapproach.
Third step is to comput¢he growth and decay of th&inetic energies of the surface

rollers, the friction and radiation terms obtained fronthe outputs of thewave and

surface roller modelsUsing these terms, the timaveragedlocal nearshoe wave
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induced current velocities and mean water level chanfgeshe givenwave condition

over the initial arbitrary bathymetrare computed in this step.

In the fourth step, he computed nearshore current velocitiesnd waverelated
parameters are used in the computation of degitieragedtotal sediment transport

rates both in crosshore and longshore directions.

In the last step, tB computed sediment transport rates are used i continuity
equation to update the bdtymetryand new bathymetry is used for th@receding wave

conditions

3.2.Model Assumptionsand Limitations

Almost every numerical model is based on some assumptions to simplify and optimize
the computational work needed for the solution of actual perbl For thedeveloped

numerical model, the basic assumptions made can be listgivas below.

3.2.1.NearshoreSpectralWave Transformation

Nearshore wave parameters are computed as pkaseraged which means that the

variation of wave parameters within a wave period or during the time series of irregular
wave trains is disregardedNearshore wave parameters are assumed to be constant
during the duration of the wave condition which might be selected as an hour or the
duration of a single storm or the occurrence in hours in a year from a particular

direction.

Along the offshore boundary (not the lateral sea boundariés@ wave conditiongwave
height and period, mean approach angle and the directional spreadighssumed to

remainconstant(Smith et al., 2001).

Toreducethe computational work in the numerical modeling of wave transformation,
the energy distribution over thdrequencydomainis disregarded, and the directional

random waves are representedvith a singlesignificant or peak wave period only
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Therefore, the transfer of wave energy fluxn frequency domain isiot considered

(wavewave interactions)

Thedirectionaldomain of the spectrum of the directionalavesis defined from-- k v { 2
b kH SAGK | RANBOI nigey byMitsuydsING &l. RLAABEherdfdreNJ Y S G S NJ

waves can propagate within this directional domain only.

Wave transformation over tharbitrary battymetry and around structures considers
linear waveshoalingand refraction, depthinduced random wave breaking aidegular

wavediffraction processesnly.

The random waves in the surf zone are assumepgdssess full Rayleigh distributin
(Figure3.2) where the wave classes in the distribution greater than a maximum depth
limited wave height are assumed to be broken (Baldock et al., 1998; Janssen and Battjes,
2007). Figure 3.2 shows theistribution of waves and portion of the waves breaking
when H/Hns % o/Hims = 0.8, where H is the individual wave height,shs the root

meansquare wave height andyks the maximum depttimited wave height.
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Figure3.2 Theoretical distributions of nebreaking (solid line) and breaking wave
heights (shaded area: HiHX v/Hms (Baldock et al., 1998)

Wavecurrent interactions that can be observed at the river mouths or tidal inletst or a
locations with strong ocean, wiAdduced or tidal currents are not considered in the
wave transformation computations. Inclusion of the wastgrent interactions might be
done by the adoption of the action balance equatiahich isalso recommended as

future work.
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Wave reflection from shoredue to sharp bottom gradientsnd coastal structures,
dissipation due to bottom frictionwhite-capping(steepness controlled dissipation in
deep water)and bottom vegetation, transfer of wind energyd Coriolis effectare not

considered irthe wave transformation model.

3.2.2.Nearshore Circulation

Nearshore local current velocities and mean water level changes are computed solving
the depthaveraged nodinear shallow water equations, of whichain assumption is

the water depthdhé is small compared to the wavelength[ € 220§ adition to the
inviscid and incompressible assumptiotismeans that thevertical accelerations of the

fluid particlesare negligible and thepressure distributionis hydrostatic over the flow

depth. This assumption is often violated for short waves in shallow water depths.

Vertical structure of the crosshore current velocities is disregarded and thus undertow
(seaward return of the wavenduced) velocity in theurf zone that significantly affect

the bar formation is not taken into consideration. This assumption limits the model
applicability where the crosshore movements of sediments govern the morphological
changes such as short term events. Goda (2010)&tatél K § G RSGF AT SR 20aSN
revealed the presence of the onshore flow (mass transport) near the surface within the
surf zone, and the offshore return flow which compensates the mass transport in the
middle to the lower layer of water bodygherefoe, the effects of undertow or the 3D
structure of flow(Figure3.3) is considered as a recommended subject for future work.
Similarly, Luijendijk et al. (2010) staté K |-a§ depthaveraged computations do not
resolve the 3D effects in the surf zone, like e.g. undertow, the balance between offshore
and onshoredirected transports is not accurately solved. As a result, the development
and evolution of breaker bars, laty governed by the delicate balance of wave
asymmetry and skewness related onshore transport and undertow relateghoffe
transport, cannot be modeled accurately with a purely 2DH appro&@bssshore

profiles in depthaveraged computations typicaly @S G KS G(Sy RSy Oe G2 Fft
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Figure3.3 The threedimensional structure of the nearshore flow velocities in the surf
zone (Svendsen and Lorenz, 1989)

In the surf zone, a fraction of the dissipated wave energies due to wave breiaking
assumed to be used in the growth and decay of kinetic energies of the surface:rollers
vortices (white foams) in front of the breaking wavésg(re 3.4). Effects of surface
rollers both in crossshore and longshore directionare included in the nearshore
circulation computationdo obtain better representationsof flow conditionsnear bar

formations in the surf zone.

Effects of tidal, wind and Cotis terms are disregarded as the effects of these
mechanisms are often negligible compared to wave forcing over small to medium scale

areas respectively (up to tens of kilometers).

In the numerical modekhe non-linear shallow water equations asolved till reaching a
steady state solution for givenwave condition as during which the nearshore wave
conditions are assumed to be constant. The solution of the NSWE gives the degth

time-averaged values of nearshore current velocities and meatemtevel changes.
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Figure3.4 Formation of surface rollers in front of breaking waves (Basco and Yamashita,
1986)

3.2.3.Sediment Transport

Sediment transport rates are computed as tiamecraged valuesvhich mean that
steady conditions prevail during the wave cdiuatis. Briand and Kamphuis (1993) say

0 KI G indedaverdgediapproach omits two aspects of sediment transport under an
oscillatory flow. It ignores the@resence of phase shift betweesediment and water
motions. This aspect is not expected to affect the calibrated tameraged transport
results significantly. It also ignores the asymmetry in the oscillatory flow (a higher peak
velocity in the direction of wave propagation than in tleverse direction). This effect is
mostly noticeable outside the surf zone under relatively calm weather conditions, when

small waves carry sediment toward the shore and reconstruct the beach gpdfile

The sediment transportomputationsare carried out fo non-cohesive sediments only
(i.e. quartz sand). The naohesivecohesive mixtures or cohesive bed material
transport is not covered in this study and recommended as a future study for further

development of the sediment model.
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3.2.4.Bottom Evolution

The morphological evolution of coastal areasassumed to begoverned bythe
continuity equation deptkaveragedlongshore and crosshore sediment transport

mechanisms induced by the wind waves only.

Non-erodible bottoms are disregarded. The overbach area where the sediment
transport rates are computeda( thewet points andthe wet-dry boundary) is assumed
to be eroded infinitely till the end of the simulaticand there exist no hard substrate
under the surface of the bathymetryThis assumptio is not realistic for most of the

beaches and should be considered as a recommended work in future studies.

Based on above the given assumptions, a numerical model of depttaged twe
dimensional beach evolutiocomposed of several suimodelsfor wavetransformation,
surface rollers, nearshore circulation, sediment transport and bottom evolutfon
developedh y a! ¢[ ! . t Sy @ Kinit® differéngelischemeldhe nuinfeBcal

solutions of governing equatiorg submodels

3.3.NearshoreSpectralWave Model NSW

In this part, the theoretical and numerical background of the-tlimensional nearshore

spectral wave transformation model is given.

3.3.1. Energy Balance Equation

The temporal and spatial scales of the problem under consideratimhthe numerical
complexity and stability of the schemes applied to solve the governing equatiqose

the methodologies and assumptiorfellowed. As an examplethe phaseaveraged
models for nearshore random wave transformatioare more preferablefor the
medium to longterm beach evolution models as thegquire less computational
demands compared to the phasesolving modelsor numerical stability of
action/energy balance models are less dependent on the grid spacing compared o mild

slope models ath therefore posseskigh numericattability.
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Determination of nearshore wave parameters is the primary step in the modeling of
beach evolution under the wave action. Therefore, a numerical model for the nearshore
transformation of directional randonwind waves is developed. For this purpose,
numerical model solving thenergy balanceequationis written based on the above
mentioned considerations and assumptiod$eoriginal version of theenergy balance
equation is a firsbrder homogeneous lineapatrtial differential equation It gives the
variation of the energy flux at every location over an arbitrary bathymetry and in angular
domain. It wasintroduced by Karlsson (1969) iavestigatethe shoaling andefraction

of directional random waves. Mase(O@1) gives theenergy balance equatiowith the

additionalterms for breaking and diffractioas

S
KV, S) + “(Vy ) + H(VqS) =D, - D, (3.1)
KX Ky Hg

where Sis the directional wavespectral density(in nf/Hz/rad) that variesin x and y
horizontal coordinateqcrossshore and longshore directions respectiveiigure 3.5)
and with respect tal, the angle measured counterclockwise fromaxisandf, the wave
frequency.D, is the dissipation rate due to random wave breakfdgnssen and Battjes,
2007) and Dy is the diffraction term introduced by Mase (2001). The propagation

velocities ¥, v, Vo) are given as

(V2 ) =(C, cosq,C, sing) (3.2
C, & uC
=—2gmin co 3.3
v, - ? qux sq 8 (3.3

where G is the group velocity an@is the wave celerityboth in m/s), both of which can

be computed with the following equations

c =9 tanh(kh) (3.4)
2p
19T ] 2kh
c. == tanh(kh) @1+ —=2 35
¢ 22p anh(k) @ sinh(2kh)) 85
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k=2p/L (3.6)

where g is the gravitational acceleration (taken as 9.81%ksis the waveumber (in
rad/m) and L is the wavelength (in metenshich can be found iteratively with the
following dispersion equatiofor a given wave period of T (in seconds) and at a water

depth of h (in meters).

g -2
L =—=T“tanh(kh 3.7
> (kh) (3.7)
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Figure3.5 Coordinate system used in the numerical model (Mase, 2001)

3.3.2.Directional Wave Soectra

The directional wavespectral density S(fd) (m%Hz/rad), describes the energy
distribution of the random sea waves both frequency and direction domaiFigure

3.5). It is often desdbed applying a directional spreading functiog(d f), to a

frequency spectrumS(f)

S(f.g)=S(f)&B(q| ) (3.8)
There exist several standard expressions for the frequency spec8(fimf the random

sea waves, e.g., Piersdfoskovitz (1964), Bretschneidéfitsuyasu (Bretschneider,

1968; Mitsuyasu, 1970; Goda, 1988) and JONSWAP (Joint North Sea Wave Project;
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Hasselmann et al., 1973). As an example, the frequency spectrum given bylG88a (

and also used in the numerical model is as follows,

S(f)=0.257CH2, (T * ¢ ° Gaxyd- 1.03QT, ¢ )| (3.9)
whereH;ois the significant wave heights is the significant wave perio(cﬂoerI" MdPHpi ¢
and f is the frequencyl'he directional spreading function defs#ne relative magnitude

of directional spreading of wavenergy in variation with the frequencyand is

normalized as

rj“““G(q| f)@lg=1 (3.10)

Mitsuyasu et al. (1975pives the following O2 & Ay S LJ2 6 SNJ &HtleQ RA &G N

directional spreading functigrwhich isoriginally introduced by Longuédiggins et al.

(1963)and also used in the numerical mogdel

G(q| f)=G,cos(q! 2) (3.11)
— &g 25 o B
G, = & cos®(q/ 2)®qu (3.12)

where G is a constant defined within the limits of directiorddmain d,, and sy Sis
the degree of directional energy concentratitaking a peak value at the spectral peak
frequency,f,. Goda and Suzukil475 relates the spreading parameteto the peak

frequency f,, andits maximum valugsnmay, at the peak frequencwgs follows.

CB(F/ ) s i fET,

Mitsuyasu et al. (1975) relates the maximwspreading parametersg,,) to the wind

speed V) as follows.

Smax=115@20 & @ / g)*'? (3.14)
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f,©1/(1.050,) (3.15)

Goda (2010)yives the relation between the deep water wave steepnesates (the
ratio of deep water wave height to the deep water wave lendtiil,) ands,.xvaluein
Figure3.6 utilizing2 A f a 2 y Q a 1966 )M diaf the gowth of wind waves-or
engineering applications, the typical valuessgf; parameter for wind waves and swell

waves with different range afecay distances are givenTable3.1 (Goda, 2010).
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Figure3.6 Relationship between spreading panater and deep water wave steepness
(Goda, 2010)

Table3.1 Directional spreadig parameter in deep watesf,,) for different wave types
(Goda, 1985)

Wave Type Smax

Wind waves 10

Swell with short to mediundecay distance o5
(with relatively large wave steepness)

Swell with medium to long decay distance
(with relatively small wave steepness)

75
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In the numerical, the total wave energy is assumed to be concentrated in a single
representative frequency (pedkequency) and distributed over the directional domain

(directional bin) which is bounded between k H | YFIQUre3.®).H 0

ES)
L =4s
£ . : g
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Figure3.7 The directional bin used to represethie directional wave spectrum in the
numerical model

The fact that the peak wave period of the random waves may slightly vary as they
approach to the shore due to waweave interactions is disregarded. The peak wave
period is assumed to be representatiead constant. Therefore, the directional wave

spectral density is defined &) (in mf/rad) which is simply the integration dB(f)

over the frequency domain

S(q)=[ S f.q)@f (3.16)
Thesignificant wave height{) can be caldated by the following equation,
H, =4.004,/m, (3.17)

where themg is the total wave energgensitythat can be found integrating th&¢l)

over the direction domain
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_’3/2 ..
m =q,,,Xq)Wg (3.18)

Kuik et al (1988) defines thmean wave direction for directional random waves with

the below given equation.

/
nerL,zsquS(q)qu”

ey’?
én,, coquS(q)CDquu

g = arcta

(3.19)

3.3.4.Random Wave Diffraction

Wave dffraction aroundland features (i.e. headland, islands) or the maade coastal
structures such as breakwateos groinsplays an important role in the nearshoveave
transformationand related processes: circulation and sediment transf@aised on the
parabolic mildslope equation (Radder, 1979), Mase (2001) introduced the wave
diffraction term, Dy, to include the wave difaction process in action/energy balance

models as
N ) 1 B
D, _E/%CCg cosqs,), - CC,c08 G (8,0 (3.20)
(} =

where ¢ 0 X i8 the diffraction intensity parametethe subscriptsy and yy are the first
and second order derivativesf spectral densitiesrespectively with respect to y

direction and. is the angular frequencgiven below.
w# = gktanhkh (3.21)

The diffraction intensity parametef, is a free parametecontrolledwith respect to the
intensity of the diffraction.If the ¢ is taken as equal to O, the diffraction term is
disregarded in the equationThis condition might be faced with thgaves with a very
wide directional spreading wils (G KS RAFFNI OGA2Yy LINROSaa
and Guza, 1991Mase (2001)sed a constant value &éfequal to 2.5 in the application
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of the proposed term tavave diffraction through narrow and wide gaps between the
breakwaters and laboratory &periments of Vincent and Briggs (1989) on wave
transformation over elliptical shoaln the absence of field or laboratory data for the
intensity of wave diffraction, the recommended value for thes given as 2.5 by Mase
(2001).

3.3.5.Random WaveBreaking

Dissipation of wave energy flux due to random wave breaking is described using the
methodology given by Janssen and Battjes (20b@¥ed on the method proposed by
Baldock et al. (1998)n this method, thalistribution ofrandom waves in the stizone

is assumed to be a full Rayleigh distributiaith a weighting function which assumes
the waves greater tham maximum depth limited wave heiglare broken The given
method satisfies thathe fraction of brokerwavescannot exceed unity at the sheline

even for thesteep beachesvhere there is not enough time for all the incident wave

energy to be dissipated and an unsaturated breaking condition exists

The dissipation rate of wave energy fl3,)(due to random wave breaking given by

Janssen anBattjes (2007)s as follows

3Wp, H:E 4 @H & 38H P. ©84H 62 &H &

D, = f,—meyl+ % -8 +-H - J@xpé ﬁb g u- erfgg—> 8_]

16 h T 3\'10@; rms ~+ 2(; rmsﬂ 8 C rmsTH C A
(322)

where H,s is the root mean square wave height at water depthf, is the peak

frequency erfis the error functiorand H; is the maximum deptiimited wave height

=gh (3.23)

The selection of the correct breaker index parameter is an important step in the wave
transformation modeling, the resultsf which significantly affect the nearshore current

velocities and sediment transport ratébhe breaker index,,, might betaken as 0.78 for
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flat beachesand might exceed..0 depending on beach slope (Weggel, 193ahssen
and Battjes (2007) uses tHellowing equation given by Nairn (19%0or the breaker

indexwhich is related to deep water wave steepness vahgs(/Lo)

g, =0.39+0.56tanh(33H,,., / Ly ) (3.24)

whereL, is the deep water wave Iengtlho(:l.SGsz). The fraction of waves brokenq,,

is giverexplicitly withthe followingformula by Baldock et al. (1998).

e [}
Q, =expé u (3.25)
§

The above given expression is the integration of the Rayleigh distribug{btiH.s),

over all waves for which/H,s XX Hy/H,s. Therefore, as the ratio dfl,/H,s increases,

the fraction of waves breakin@,, approaches t® andas the ratio oH,/H,s decreases

to 0, @ approaches to 1Furthermore, ifHy/H:ns is equal to 1,Q, becomes 0.4, in
contrary to BJ78 modethich enforces a saturated surf zord,H:ms) andgives that all

the waves are broken,=1). Overestimation of the fraction of waves in BJ78 model is
mainly due to the fact that BJ78 underestimates of the dissipation rates, predicts the
Hms greater thanH, and obtainQ,=1 before reaching to the shoreline which is physically

unrealistic.

3.36. Numerical Solution of Energy Balance Equation

In order to estimate the nearshore wave parameters, the energy balance equation
(Eq3.1)) is solved numerically utilizindinite difference scheme. The arbitrary
bathymetry is discretized using a Cartesianrdinate system where x is the cressore
direction and y is the longshore directioBimilarly, the angular domain of the spectral
density is discretized into finite angular gridghe grid systenused in the numerical

solutionis shown irFigure3.8.
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Figure3.8 The grid systemised in the numerical solution

As it is seen fronFigure3.8, the propagation velocitiegv, V%, W) and the spectral
densities S¢l), are defined at the same grid pointghere the water depthgh;)) are
defined and wave celeritig€ ), group velocitie€G,;;) and angular frequencies ;) are
computedat the respective water depthusing therepresentative peak frequencyn
Figure3.8, indicesi andj are the grid numbers in x and y coordinates respectivelg,
the angular component numbem En Eand nd are the grid spacing in x and y

coordinates and angular domain, respectively.

In the numerical solution, first order backward scheme in x direction, and first order
centered schemes are utilized in y direction and angular domains which yields an explicit
upwinding scheme in croshore direction and an implicit scheme for the unkmow
density components in longshore direction and angular domiBiire numerical solution

of the equationcan be gven as
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where Dy(S.1,4) is the rate of dissipation due wave breaking of each angular component
of spectral densityat a particular location (xy;). The rate of dissipation due wave
breaking,D,, is computed for the sum of spectral densities of each angular component
using the £0.3.19. Based on several laboratory observatiofddeberky and Battjes
(1995)states that the shape of the spectrum is barely sensitivéh®depth induced
random wave breaking. They define the rate of dissipation due to random wave
breaking for each rgular component of spectral density at a particular locatiqry,Xx

with the following equation

I:)b(s,j,k)zs,j,kNdi (3.27)

é. S,j,k
k=1
where Ny is the number of components imgular domain frong™ K H”™ Ki 2 P

Regarding the boundary conditions applied in the numerical solution of the wave
transformation model, there are three types of boundary conditions: offshopen sea

and dissipativéoeachboundary conditiongFigure3.9).
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Figure3.9 Boundary conditions used the wave transformation model

The offshore boundary conditios a Dirichlettype boundary conditionvhere the wave
conditionsare predefined. The open sea boundary condition is applied whaere

exiss no pre-defined wave conditions anthe water depth is greater than a minimum
water depth fi,i,) at the boundary of the computational areadt is a Nemann type
boundary condition that the spectral densities outside the computational area are
assumed to be equal to the ones at the edge of the computational ditea.dissipative
beach boundary conditiofdry points: land, islands and structurés)appliel at the grid

cells where the water depth is less than a minimum water depif,)(at any location of

the computational area. The spectral densities at these boundaresassumed to be
fully dissipated and are equal to zero. In the numerical model, waflection from
structuresand beaches is disregarded; hence, no specific boundary condition is applied
at reflective boundaries such as coastal structures or steep beaches. Instead, dissipative

beach boundary condition is applied at such boundaries.

3.4. NearshoreCirculationModel: NSC

In this part, the theoretical and numerical background of the “imensional depth

averaged nearshore circulation model is given.
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3.4.1. Nonlinear Shallow Water Equationand Governing Stress Terms

Waveinduced neashore current velocities and changes in mean sea level at a particular
location at the nearshore can be found solving the nonlinear shallow water equations
which are conservation of mass and momentum in x and y directions. The nonlinear

shallow water equabnsare given as

%+“—t[u(h+ﬁ)]+%[v(h+ﬁ)]=o (3.28)
MU U U iz 1 A =
E+u&+vw+ga+ r(h+ﬁ)[rbx+ F]- A =0 (3.29)
SN A e V) 1 A =
E+u&+vw+ gw+ r(h+h‘)[[by Fy] A =0 (3.30)

where t is time (in seconds)) and v are the depth averaged current velocities xn
(crossshore) andy (longshore) directions respectivehfis the change in mean sea level,

h is the water depth fronstill water level (Figure3.10), “ is the density of waternjight

be taken as =1025 kg/nf for salt waterand “=1000 kg/n for fresh wate}, g is the
gravitational accelerationge9.81 m/3), _ux and_p, are the bottom shear stresseg,and

F, are the sum of radiation stresses and stresses acting on the water body due to surface
rollers,Acand A, are the lateral mixing stressels, and F, terms are the governing stress
terms in these set of equationSamplecrossshore distributions of these terms fawo

different bottom profiles(uniform slopeand barprofile) are givenin Appendix A.

—MWL

bottom profile

Figure3.10 Definition sketch for the deptlaveraged current velocities and the changes
in the mean water level
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Eq3.28 is the ejuation of conservation of mass which means that the net change in
mass in a water column is proportional to the difference beatwehe influxes and
outfluxes both in x and y direction&ffects of tideand wind-induced stressesnd

Coriolisforcesare disregardedGoda (2010) gives the waieduced stress terms; and
F, as

_&ys,  HS,8 71+ (E sin2g)p
Fx_%L, x 4 Py +—(2EsrC052q)+_(Eer|n2q)l:J (3.31)
&S, 0 e )0
F, =& +&§ ﬁ(Esr3|n2q)+£(2Esrsm2q)u (3.32)
& WX W X Hy u

where Sy is the radiation stress acting in thedirection along thex axis, Sy is the
radiation stress acting in thg direction alongx axis,Sx is the radiation stress acting in
the x direction alongy axis andS, is the radiation stress acting in tlyadirection alongy
axis,E, is the kinetic energy of the surface rollefis the mean approach angle with
respectto the x axis positive in counterclockwise directionTheradiation stress terms,

Sw Sy Sxand§, are computedas

S, =/g ('Z'iﬁ:/zzS(c,')C[)n(cos2 g+1)- O.S]C'dq (3.33)
S, =79 C"fi’/zzS(q)c'[h(sin2 g+1)- 0.5]C"Diq (3.34)
S, =S, =050g9 Qi/IZZS(q)QnGinZL? YQlg (3.35)

where n is the ratio of group velocity to wave celerity and can be computed at a given

depth (h) for a given wave periofl,) using the below given equation.

~

_g_} 2kh o
c 2% sinh2khs (339

Surface rollers are the vortices (white foarmg)h a thickness of occurring in front of

the breaking waves and moving with the wasaderity (Figure3.11) and the bottom part
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moves with thedepth- and phaseaveragedvelocity (u) Tajima and Madsen (2003) give

the kinetic energy athe surface rolle (E,) with the following equation

E - L 3-3; ,
Sf 2T (

where A is the surface roller are&is the wave celerityT is the wave period which is

taken as the peak wave perigd,) in the numerical model.

1

Figure3.11 The surface roller in front of a breaking wave andaksumedhase
averagedvelocity profile (Svendsen, 1984)

The evolution of the kinetic energy of surface rollever an arbitrary bathymetrys

givenas

eu —. M . -7 eu —. M N}
a g, ( C COSQ)"‘—( C San)‘+ 5 (EsrCCOSQ)+_(EsrCSInq)\
T TR -T by 0
- KSFESI'C
h

(3.39)

where " is the energy transfer coefficierftaking values between 0 and &dntrolling
the transferred energy to the suréa roller,m, is the total energy densityk is the
energy dissipation rate of the surface roll@fajima and Madsen (2003) relate tKgto

the bottom slopem, as follows.
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K, = g(o.3+ 2.5m) (3.39)

In the numerical model, the bottom shear stress termg,and _,,, are computed with
the following equations given by Longdiggins (1970) due to their simplicity in use

compared to many other expressions.

t =26 @, (3.40)
p

foy :3("7 @, O, (3.41)
p

In the above given equations; is the friction coefficient varying between 0.005 and
0.010,u and v are the depth averaged wavMaduced current velocitiesy, is the
maximum horizontal orbital velocity at the sea bed and is computed with the below

given equation

uy =P Pims (3.42)
T Ginhkh)

where H,¢ is the rootmeansquare wave height which is approximatelgual to1//c
times the significant wave heighitlf). Aithough the ratio of H.,s to Hs slightlychangesn
shallow waterand the breaking zonén/H; XX (Battjes and Groenendijkk000) it is

kept constant from deep water to shoreline in the numerical model

Regarding to the use of above given expressions for bottom shear stress teaua,

OHnnyuv atkeéea GKIFaG adKS @I Nhedvdzgd mobel, Gvalgahdh & dzOK |
of eddy viscosity, inclusion of surface roller.etexercise far greater influence on the

predicted longshore current velocity than the formulation of bottomeah stress.

Adjustment of the bottom friction coefficient can also compensate any inadequacy in

the linear approximation, as indited by Thornton and Guza (1986§

The lateral mixing terms and A, inx andy directions respectively are given with the

following equations
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_He Wug pe uug
A, == Zm—+ 2 s (3.43)
wE wl wE
_He g pe o
== M —t— @ (3.44)
A7 € ol €l

where > is the turbulent eddy viscosity termy and v are the depth averaged current
velocities inx and y directions respectivelyGoda (2006) compares the effect of the
available expressions for turbulent eddigcosity (Longueitliggins, 1970; Battjes, IS,
Larson and Kraus, 1991) on the crehsre profies of longshore currents on planar
beaches, and he recommends the empirical expression given by Larson an{1Red)s

for practical applications

m=LuH, (3.45)

where[ isanempiricalconstant taking values between133.0 (Ding et al., 2006

3.4.2. Numerical Solution of bih-linear Shallow Water Equations

NSWE give the variation of nearshore current velocities and local mean water levels
both in time and space consideriniget varying stresses acting on the water mass. If the
stress terms are kept constant such that an average sea state throughout a etemh
occursand respective wavinduced stresses are assumed to act constantly on the water
mass then a steady statsolution exists for the given set of equations that gives the
time-averaged values of the nearshore current velocities and local mean water level

changes.

As mentioned in previous sechs, the two dimensional depthveraged nearshore
circulation model isused to determinetime-averaged values of the nearshore current
velocities and local mean water level changés specific site during each stoewent
over the yearsThe obtained velocity components are used to compute the sediment

fluxes andater bedlevel changeslue to sediment flux gradients
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In the nearshore circulation model, the above mentioned governing equations are
solved numericallytilizing finite differencemethods In order to solve the NSWE, the
stress terms are evaluated firsthe raliation stress terms, maximum horizontal orbital
velocities, the total wave energy densities, mean approach angles, significant and root

meansquare wave heights are obtained from the wave transformation model outputs.

As a second step, the variation kihetic energy of surface rollers over the arbitrary
bathymetry is evaluated solvinthe equation of evolution of surface roller kinetic
energy numerically (Eq3.38). An implicit finite difference scheme is employed in the
numerical solution of surface tlel kinetic energies such that for all grid points with the
samex, and the water depth greater than the minimum water depti.f), a system of

linear equations (in the form o&x=B is obtained and solved.

&mC,cosq ) - (mC,cosq).,; (MC,sing) .- (mC,sing) o
a ge + u+

X 20y 0
g( EsrC Cosa )i,j - ( EsrC COS& )i-l,j + ( EsrCSina )i,j+1 - ( EsrC Sina )i,j-lg
g Dx 20y y
— é-KersrC Q
=-&——0
¢ h 5
(3.46)

At the offshore boundary cornitlon, E; is assumed to be equal to zero as the random
wave breaking has not started yet. At the lateral (open sea) boundaries, the rates of
change ofE; in x andy directions are assumed to be constant. At dry points where the

water depth is less thah,,, E;is assumed to be equal to zero again.

In the numerical solution of NSWE, an explicit scheme of two time stejVeaxroff
finite difference methodn astaggered grid systepwhich is second order accurate and
recommended especially for nonlinear problenis,used(Burkardt, 2010. Two time
step LaxWendroff method divides the spacing in time and space into two, thus there

exists three time levels (n, nf2, n+1) and the current velocity componentsandv and
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the change in mean water levelhare evaluated at the cell faces (i+1/2,j and i,j+1/2) at

n+1/2 time levelsThe grid systemsedin time and space is illustrated igure3.12.

- Ax =

—t—————O——

Vy i+1/2,
Uyis1/2,]

Iﬁx,i+1/2,j

O ————
Qe ——
-
(22

Figure3.12 Thegrid system used in the nearshore circulatrondel (Burkardt, 2010)

The solution scheme consists of twalf time steps. At the firshalf time step(n+1/2)
NSWE arsolvedfor the midpoints of cell face¢+1/2,j and i,j+1/2 using the values at
initial time step (n).For the midpoints of cell faces ix direction (¥1/2, i+1/2, i+3/2,
Eq3.47-3.49 are used. For the migoints of cell faces ig diredion (-1/2, j+1/2, j+3/2,
Eq3.50-3.52 are used.At the second half time step (n+1), NSWE are so(t&e8.53-
3.55) for the gridpoints (i,j) using the values computed at the first time step initiald

step (n+1/2) for the derivatives of the unknownnv and—{

ey - (g +h%)12
15
(U +uily) (h+ﬁ)in+l,j ) (h+h‘):j + [(h+h_)in»i +(h+h‘)i”+”](ui”+” ~ui) =0

2 X 2 X

(3.47)
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uiT11//22,j - (u +uin+1,j )/ 2+(uin,j +uin+1,j )(uin+1,j - uiljj )+g(ﬁl+lj ﬁlnj )+
15 2 Lx X
l _ 2 gio, C"Qf éuirjj +uirlrl,j )éug,i,j +ug,i+1,j )g+
rlh+a)+(h+a ), eo 2 a
1 ) 2 ES)TXI+1] XXIJ (2E COSZQ)+1J (2Esr COSZ&)ir,]j g_
rlh+a) +h+a)le DX Ix
n?ll,j - /ﬁj (ui+1,j,n - l'Ii,j )_ n?ll] /7?1 (u|+21 |+1] uir,lj +uin—1,j ) :0
x x 2 (Dx)*
(3.48)
ViT;LlIIZZ.j (V +V|+l] )/ 2 (U +u|+1] )(VI+1J \/Inj )+
15 2 X
1 2 i ggo, Ca (-J(Vln] +Vin+1,j )éug,i,j +ug,i+1,j )8_'_
r (h+ﬁ)l (h+ﬁ)l+lj @0 f L)I
1 2 i es)r/]xwlj yX| j (E Slnzq )+1] (Esr Sinza)irjj g
j— u-
rlh+a), +(h+a), | é Dx Dx 0
/77] /7?1 ( i+1,j i,j) /771-1J+,7?] (V|+21 |+lj V| +V| 1]) O
X X 2 ([X)?
(3.49)
mas - (B +10.,)] 2.
o
(V +VJ+1)(h+ﬁ) j+i o (h+ﬁ)lnj +[(h+ﬁ)ln] +(h+ﬁ)in,j+1](virjj+1_ Vlnj)zo
2 Dy 2 Dy
(3.50)
U, - (Ul +ul,,) /2 (V V) (W - W)
o 2 Dy
1 2 O éulj |J+1)C£UO|J+uO|]+1)ﬂ
r (h+ﬁ)| (h+h_)| ,j+1] 2 g
1 2 - gsgyl j+1 " xyl j (E Slnzq )| L+l (Esr Sinz&)ir,]j g+
r (h+h_)| (h+h_)| ,j+1] é q/ QI l:l
) n?,]j+1_ /7711 (Uin,j+1' ui,j )_ n?jj+1+n?jj (Uin,j+2' ij+1 " u +U|J 1) =0
Dy Dy 2 (Dy)
(3.51)
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/12
|n;i1/2 (V +V J+1)/2 (V +V ]+1)(V| j+1 Vir,]j) (h_i?j+1_ ,"_Inj)

+ g +
o 2 Dy Dy
1 2 O cs |]+1)éu0|1 uO|J+l)g
r (h+ﬁ)lj+ln (h+ﬁ|] 2 g
1 2 es;w J+1 yy| j (2E SIn q)l L+l (2Esr S|n25)|rj] ‘g_'_
—F u
r (h+ﬁ) (h+ﬁ|]+1J@ q’ Q/ g
n?]1+l n?] (VIJ+1 VI]) n?lj+1 /7?1 ( IJ+2 I]+l Vl +V] :L)
Dy oy 2 (D))
(3.52)
]7i3+1 (U|'1_+11//22] |n+11//22,j ) (h +ﬁ)in:11//22,j - (h+ﬁ)in—+11//22,j +
5 2 Lx
[(h+ﬁ).":;’§, F(hem e oz - uz) |
2 X
n+ n+ n+ n+ (353)
(VIR + V) (s, - (e,
2 Ly
(e mpyi, + e my ot - v
2 Ly
uln;rl (u|n++11//22] |m:—L]}/22] )(u|n++11//22] - |n+1]}/22,j )
15 2 Lx
o Qa2 V) (Wi - Wiz | o (Fray = Aa5)
2 Dy X
11 86 aran vt L ng”m, Soa-1s 4 Syign” Synya®,
0,
r(h+n) cp 12 r(h+a), &  20x 20y
1 1 E(ZE COSZq)HlJ (2Esr Cosza)irjl,j g_l_
r(h+n) é 20X i
l 1 g(E SIHZC] )| L+l (E SII’]ZQ )| - lu
r(h+n) & 20y N
nﬂl i /7?1 1,j (ungl.l//22 i~ |n;.]}/22,j ) _ ”?1 (ulr:r:%lllz2 i |T;I.l//22,j " uirjil.]}/;,j + uirjzl//ZZ, i ) _
20y X ! (DX)?
/7?|+1 ”i?J 1 (ulnjrﬂ/zz - |n;rl{/22 ) ”?1 (ulnﬁé/zz - ulnTi{/ZZ - ulnrli/zz |n;lé/22 ) =0
20y Dy ! (By)?
(3.54)
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l 1 S(ZE Sln q)|]+1 (2E Sln q)lj lu
r(h+n), & 20y N
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(3.55)

At time t=0, all the unknown parameters v and - are assumed to be equal to zero.
The below given equations are solved till a steady state is reached for the unknowns.
The steady state is controlled with a user defined accuracy limit such that the difference
between the values of unknown parameter ftre two time steps (n and n+1) is less

than the limit value for each unknown parameter.

The time incrementp fifor the solution is selected to satisfy the numerical stability in
the solution, which is defined with the following equatifor two-dimensional square
grids(Syme 1991)

o min(Lx,Dy)

v2gmax(h)

(3.56)

where n Eand n &are the grid spaces ix and y directions respectivelyg is the
gravitational acceleration and is the water dgth (positive for wet points). The above

given equation satisfies the speed of the numerical solution is less than the maximum
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physical speed in the problem which is also knownCasirantFriedrichsLewy (CFL)

condition

As for the boundary conditionst the offshore boundary where the wave conditions are
defined, the mean water level is set to zero. At the offshore and open sea boundaries,
the velocity component gradients are set to zero. At the dry cellsy and [ are
assumed to be equal to zero. Moreover, at the wet cells neighboring dry cells such as
shoreline or the wet cells around structures and the wet cells with a very steep bottom
slope which is also controlled by the user (such as bottom slopes steepefiih@),u, v

and are assumed to be the average of the values of the neighboring cells. Thus,
instability problems close to the structures and the moving boundary condition at the
shoreline due to the ruup of waves is achieved although the physicamimenon is

not fully reflected. Detailed studies for both the moving boundary condition at the
shoreline and the instability problems faced around the structures, where the bottom
slopes are steep due to uniform discretization (constant grid spacing amadx y

directions over the arbitrary bathymetry), are required in future.

3.5. Sediment Transport ModelSED

The sediment transport model computes the local sediment transport rates under the
action of wind waves over the arbitrary bathymetry to be usedhe computation of
bottom evolution. As mentioned in the literature survey, there exist various approaches
for the computation of sediment transport rates in the surf zohe.the sediment
transport model,the Watanabe(1992) formulation is used to compe the local total
sediment transport rates. The method is based on the shear stress co(mepower
model concept}hat the total loadboth in crossshore and longshore directionsydax

and Gytary in bulk volume including porgss proportional tothe residual between the
meanbed shear stress under waweirrent field (,qy) Over a wavecycleand the critical

bed shear stress () that is required to mobilize the sediment grains at the sea bed.

q — A¢b,cw_ [chCDI
totalx — ; Cg

(3.57)
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Acp‘bcw - [ch®
qtotal,y = ’/’ @

(3.58)

The Watanabe famula has been widely used for the pretien of beach eviution
around coastal structuresand deposition in harbors and navigation channél$ias
been calibrated and verified for a variety of laboratory and field data @&stanabe
1987; Watanabe et all991, Bayram et al., 2001; Buttolph et al., 2006; Nam et al.,
2009. However, the depedency of the empirical parameteA) in the formula has not
beenwell estallishedandis given as 0.5 for monochromatic waves and 2.0 for random
waves. The current velocitiesi and v are the depthaveraged wavénduced current
velocitiesin crossshore andlongshore directionsThe critical shear stress for incipient

motion is given as

[cr :(rs_ r)®®50 ¢ cr (359)

where "s and ~ are the densities of sediment grains and water respectivély2650
kg/m® for quartz sand; =1025 kg/m for salt water and =1000 kg/m for fresh water)g
is the gravitational acceleratiom£9.81 m/$), ds, is the median grain diameter ard} is
the critical Shields parameteBoulsby and Whitehoug&997) defines thecritical Shields

parameters based on a dimensionless median grain size diameter paramgtpa&d

0.3 - .
=————+0.055(1- exp(- 0.02d 3.60
G 1+12d., C[)l p( 50 )] (3.60)
. /3
. ag@r r-1)g
dso - d50 n? H (3.62)

whereAAd G KS 1Ay SYIFPnis® (0 waé fedgeriatdrd. 6 mi mn

The bed shear stresses acting on the sand grains mainly consist of two different velocity
components as existing steady currerftg) and the oscillatory motions of the water
body due to progressive wavés,). Theinstantaneous combined waweurrent velocity

over a wave cycle is the vectoral sum of these two componani3. (The schematic

diagram of instantaneous velocity is showrFigure3.13.
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Figure3.13 Schematic diagram dfistantaneous velocity at the sdwedon top of the
wave boundary layefLiu, 2001

In Figure3.13, u. is the steady current velocity which is theectoral sum of depth

averaged wavenduced current velocitie® 6 U), u, isthe wave orbital velocity in
the direction of mean wavepproach anglgu, is the maximum horizontal orbital
velocity at the sea be#vhich can be found usingq.3.2, . is the angle between the
mean wave approach angle and the steady current ampgis the instantaneous

combined wavecurrent velocitydefined as

U,, =+/UZ +U2 +2u,u, cosf (3.62)
The instantaneous combined bed shatiess( ) is

t,, @, (3.63)

cw
Bijker (1971) gives thmean bed shear stress over a wameele as

t,, Q@tor + %r (3.64)

w,max

~

I
=l
D

bcw
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whereTis the wave period,. is the bed shear stress due to steady currepand _y, max
is the maximum bed shear stress due to waves only. The bed shear stress due to depth

averaged wavenduced resultant currentu) is given as

1
t, —gr . Qu,) (3.65)
wheref.is the current friction factodefined byVan Rijn (1998) as

(3.66)

QOO

f. =0.24log ?

VOE)&QJO

24
ks

in whichd is the total water depthd=h+J andksis the bed roughneséNikuradsesand
grain roughnessmight be tak& as equal to k=H ® g, flaRbeds The maximum bed

shear stress due to wavésgiven by

= % r &, Qu, )’ (3.67)
wheref,, is the wave friction factogiven byNielsen (1992as:
f, =exd5.50R %2 - 6.3] (3.69)

Ris the relative roughness defined as:

R=w (3.69)
K,

where A, is the wave orbital semi excursion defined as:

_ YT,

AN—Zp

(3.70)
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3.5.1.An Alternate Approach for the Distributedotal Longshore Sediment Transport

To developan alternative approach to be implemented in theach evolution mode|s
the crossshore distribution of the totalLSTrate is investigated with the available
laboratory and field measurementsased on an energetics type of approach within the
scope of ths thesis study The main assumption of the proposed approach is that t
localtotal sediment transport rates across the surf zone are proportional to the rate of

dissipation of wave energies due to wave breaking and wiagheced current velocities

The poposed approach follows similar assumptions as given in Bayram et al. (2007).
Suspended sediment transport is assumed to be the governing mode of transpbg

surf zone where the strong the wave action mobilize the sediment and keep in
suspension sohat transported by the currents. The sediment transport outside the surf
zone is assumed to be insignificant compared to the surf zone. The total amount of work
(W) needed to keep the sediment in suspension is related to a certain portion of the

energy flx of the breaking waves\(=1E,Cy,lcost,).

Similary, in the proposed approachhet total work (v*) needed to keep sediments in
suspension per unit length in creskore direction is done by a certain p&¥) of the

rate of dissipation in wave enerdhux due to wave breakingwt=¢ §), and the steady
state conditions prevail for the respective unit length and the sediment concentration in

the water column is carried with a deptdveraged longshore current velocity) (

The total amount of workw*) needed to keep the sediment in suspension per unit
length f1X) in crossshore direction is given by the Bayram et al. (2007) as the product of

the concentration €) of the submerged weight of the particle with the fall speeg)(
[L(X)c(x,z)q)rs- r )@ Qv, @lzCIx (3.72)

where x is a crosshore coordinate originating at the shoreline and taken positive
offshore,zis the vertical coordinate originating at the stilater level,d(x) is the water
depth including mean water level changat x. Ahrens (2000) gives thall speedwith

the following set of equations:
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S =%,/(s- 1)rg (3.72

C, =1.06tanh0.064S exp(- 7.5/ %) 3.73)
C, =0.22tanH2.34S **¢ exp(- 0.006457 )| (3.74)

w, =./(s- 1)rgdc, +C, (8 | (3.75)

The total LSTrate per unit length in crosshore direction can be expressed as the

product of concentrationd) and longshore current velocity)(

+ak

X 0 " . .
qtotal,y = r’j ﬁj(x)C(X,Z)@( X,Z)GﬂZGﬂX (3.76)

Using a depth averaged longshoarelocity §) varying in crosshore direction only and
replacing the integral if£q3.76 with a certain fractiony) of rate of dissipation in wave
energy flux due to wave breakin®,j similarly varying in crosshore direction as the

depth changes andriggular wave breaking occurs, the following expression is obtained,

e®d,

o = (@1 p)Gu Gy @77

where Qualy IS thelocal totalLSTrate in bulk volume per time per unit length in cross
shore direction ang is the inplace sediment porosityBayram et al. (2007) defines the
8 parameter(hereaftertsg,o) for their total LSTformulae through dimensional analysis

based on an extensive data set ofdasitory and field experimentas

sh 6 -5
29410 (3.78)

where H;, is the significant breaking wave heigfi},is the peak wave period ands is

the fall velocity of the median grain size diameter.

59



In order totest the abovegiven proposed approach and determine th@arameter to

be used in EQ.78 the laboratorymeasurements carried out dtargescale Sediment
Transport Facility (LSTF) aetU.S. Army Engineer Research and Development Center
(Wang et al., 2002 Gravens and Wang, 2007) and field measurements carried out at
Duck site North Carolina, USAetween years 19984998 (Miller, 1999)where the
breaking wave conditions dominates tsediment transportare used.For the available
data sets of the measured transport rates, it is found that thearameter ranges
between 0.0018).0026.The proposed approach where thiteparameter istaken as
constant (i.e.5=0.002 is denotedasW{ 95 M Q | LILIN® L, 0tKks dengt€dasT 2 NJ
W{ 95HQ IThdlddtRldd drfordmation about the experiments and comparisons of
results for the wave heights, longshore current velocities, mean water level changes,
and LSTrates are given in the followg chapter where the different features and

components of the numerical model are benchmarked for various cases.

3.6. Bottom Evolution Model EVO

In the bottom evolution model(EVO) the gradients of the computedocal total
sediment transport ratesncluding poresat the cell boundariepoth in longshore and
crossshore directions are used to the compute the bed level chaingéme. The depth

change in timecan begiven with the following continuity equation,

n n n n
hn.".l _ hn- +0 ¢ total X,y qtotal,xiyi + qtotal,yivj+l - qtotal,yiyj
! ’ LX by

] m

(3.79)

ogRe
-|-O: OO

where n {iis the time step used in the bottom evolutian terms of hours gax and
Ouotaly are the phaseaveraged locatotal sedimenttransport rates in terms of bulk
volume transported per unit area at the cqil,Eandn &re the grid spacing in the x and

y directions, respectively.
As the changes in the water depths are computed, the bottom slopes the arbitrary

bathymetryare catrolled againsthe exceedance of a limiting slope at which the sand

grains begin to roll. This critical slope is called as the angle of repose (or internal angle of
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friction). The angle of repose is given as®21 ¢ F2 NJ RNE & | ypRa@ilscl Yy R

underwave action (Reeve et aR004 Roelvink et al., 2009)

The exceedance of the critical slope results in bottom avalanche at the sea battom.
order to take the bottom avalanching into account in the beach evolution model, an
algorithm based onButtolph et al. (2006and Roelvink et al. (20099 followed.After
every morphological time steg (i), for all cells where the water depth is defined in the
middle of the cell, the bottom slopes in four directions (in positive and negative x and y
directions) using the neighboring cells are computetrting the from the bottom slope

in the negative xdirection in clockwise direction, the four bottom slopes are checked. If
one of the four bottom slopes is greater than equd to the userdefinedcritical slope

and the other three slopes, the avalanching is assumed to take place in the direction of
the steepest slopeand the water depths of the respective slope aeecomputed and

the four slopes of these two cells are-cemputed. Thiscontrol process is repeated
iteratively until all the critical slopes areliminated and the water depths where

avalanching took placare re-evaluatedfor the respectivenorphological time step

When thebottom slopebetween two cellexceed the userdefinedcritical slopg(my,),

E _ h,j - h-l,j
D(| —‘—D( >m, (3.80)

an avalanching is assumed take place and the bed upga# due to avalanchinis

given by

A Lh Q..
Ch = - X _
a é%‘ mcr@ (3 81)

and the water depths ithe respective cells aree-computedas follows
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a —pa _ D]a (]
h: h,Ja E or Dso (382)
h—l,j :h—l,j +D’]a{] X

a —hKa +£h g

LYV RSN S % <0 (383)

a a u
h-l,j :h—l,j - D]a{]

The computation of bottom topography and the control for bottom avalanching is
carried on until a user defined maximum bottom level change occurs and the wave and
current fields are recomputed according to the updateathymetry. The computations

are carried out till the end of the wave condition under consideration.
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CHAPTER 4

MODEIBENCHMARKING

In this chapter, the validity of the developechumerical wave transformatignwave-
inducedcirculation sedimentand bottom evolution modelsire tested with the linear
wave theory, a fulhspectral wave mode(SWANby TU Delft, The Netherlanyi&nd
several laboratory and field experiments available in the literatdilee details of the

model validation study are given in the following parts.

4.1. Theoretical Comparisorsf the Wave Transformation Model

In this part, the NSW model is compared with the linear wave theory and the SWAN
model, a fullyspectral wave model for various basic wave processes: shoaling,

refraction, random breaking and diffraction.

4.1.1.Wave Shoaling

2| @S aK2FfAy3a Aa RSTAYSR a4 GKS adGKS OKIy3sS
Goda (2010). Athe waveenters into shallower depthsit start to feel the bottom and
decrease in length and celerity, thuacrease in height till reaching maximumwave
steepness (heightto-length ratio) or maximum heightto-depth ratio where wave

breaking takes place and it starts to dissipate its gger

In order to test the performance of thiSWmodel for pure wave shoaling, a series of
runs on planar bottom slopes is carried out for different bottom sloi&20, 1/50 and
1/100) and spreading parameter valueSya.x (10, 25 and 75)The deep watermean

approach anglé-F) is taken as zerdegrees
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In the comparisons, the original energy balance equation given by Karlsson (1969) is
solved numerically irx coordinate only with a very small grid spacingx(>k1 m) to
obtain the shoaling characteristics of waves with respect to linear wave theory for

different bottom slopes and. .« values. The equation solved is

W(EC, cosq) _ 0
X

4.1)

where G is the group velocityd is the approach angle measured with respectxto

(crossshore) axiskEis the total wave energy given as

2
E=/9ms g:fms 2)

where “ is the density of water (might be taken 451025 kg/m for salt water and
"=1000 kg/i for fresh water),g is the gravitational acceleratiom$9.81 m/$), Hums is
the rootmeansquare wave heightwhich is approximately equal to i€ times the
significant wave height+) in deep waterIn the comparisons, the numerical solution of

the above givemmne-dimensionakquation Eg4.1) is calledas1D.

The shoaling performance of the numerical wave transformation model ss al
compared with the SWAN modé@lersion 40.51for the same wave condition$n the
simulations, Piersoivioskowitz (1964}ype frequencyspectruml- Yy BoS"(tde.)Qype
directionalspreading functiorare used. The directional domain is definfedm -~ k ta
- k with 5 degreesdirectional resolution. The frequency domain is defined between

0.04 and 1.0 Hz.

The deep watesignificantwave steepnesgH; /Lo) values aretaken as 0.0358, 0.0264
and 0.0105or the runs withs,« values equal to 10, 25 and 7&spectively usingrigure
3.6 that adds up nine simulations in tota\ppliedwave conditions argjiven from deep
water andsummarized inrable4.1. For all simulations,he spatial resolution in SWAN,

1D andNSWis taken as 1 meteiThe directional spectrum used in tidSWmodel is
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obtained from the given twalimensional (déned in both direction and frequency
domains) offshore spectrum in SWAN usiBg3.16. The variation of the significant
wave height with respect to depth is presentéd Figure4.1 and Figure4.3 for the

selected three of the ninsimulations The depthinduced wave breaking is turned off

for three models.

Table4.1 The applied wave conditions in tilsenulations of pure shoaling

Deep Water Significant Wave Heigh, kin) 4.0
0.0358, 0.0264 and 0.0105
Deep Water Significant Wave Steepness/lld (for smax=10, 25 and 75
respectively)
Deep WateMeanApproach Angless (degrees) 0
Maximum Directional Spreading Paramet®f.y 10, 25 and 75
Bottom Slopes (m) 1/20, 1/50 and 1/100
4 [
35 H/HsO - 1D
3 = = = H/HsO - NSW
5 2.5 ‘\ ......... H/HsO - SWA
5 27
T1s \\\
1 R e S S
0.5
0
0 0.5 1 15 2 2.5 3

h/Hgp

Figure4.1 The variation of significant wave height in case of pure shoaling on planar
bottom slope of 1:20 for directional spreaded waves veith=10

35 H/HsO - 1D
; - — —H/Hs0 - NSW
25 \ ......... H/HsO - SWA
I 243
T \
1 ----------------- bt had
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0
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Figure4.2 The variation of significant wave height in cas@ufe shoaling on planar
bottom slope of 150 for directional spreaded waves with,=25
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Figure4.3 The variation of significant wave height in case of pure shoaling on planar
bottom slope of 1100 for directional spreaded waves wisha,=75

In Figure4.1 and Figure4.3, the horizontal axis is the relative depth) (vith respect to
the deep water significant wave heigfis ) and the vertical axis gives the variation of
significant wave height with respect to deep water significant wave hefgubserved
from the simulations carried out for pure shoalirtge difference between 1D andSW
solutions gets smaller ag,., increases and the two solutions are close to each other as
only directional spreading is consideredNisWsolution. The difference between the
NSWand SWAN solutions increase as thegincrease as the directional spreading gets
narrower, waves become more udirectional and theNSWsolution gets close to the
1D solution. It is also observed that difference betwddB8Wand SWANsolutions
increaseas the bottom slope gets mildewhereas no significant difference is observed
between the1D and 2D solutions=a all cases, themaximum error in the relative
significant wave heightH/H; o) at the relative depthh/Hs=0.1, is 6.8%etween 1D and
2D solutionsand 14.3%betweenSWAN andNSWsolutions

4.1.2.Wave Shoaling,Refractionand Breaking

TheNSW modeis tested with theone-dimensional solution and SWAbF variousdeep
water approach angledo observe the performance of the model where shoaling,
refraction anddepth-induced random wave breakirage active in the transformation of

waves.

Refraction ofwater waves is the change in the direction of a wave moving in shallow

water at an angle to the depth contours. The part of the wave advancing in shallow
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water moves more slowly than that part still advancing in deeper water, causing the
wave crest to bed toward alignment with the underwater contouré\s the approach
angle in deep water increases the effect of refraction gets stronger and the wave heights
changemore rapidly.Each angular component in a directional spectrum is subjected to
wave refractiondifferently with respect to itsangular value in deep water. Hence,
irregular wave refraction has stronger influence on mditectional waves compared to
uni-directional wares. Similarly, as the wave period increases, the effect of refraction is
felt more strongly by the waves. Each frequency component in a directional spectrum is
subjected to wave refraction differently with respect to its frequency. Therefore,
irregular wave refraction differs also from regular wave refraction with respect to the

frequency spectrum.

In order to test the performance of the numerical wave transformation modelter
cases wherahoalingis active withboth refraction and depthinduced bre&ing, a series
of runs ona planar bottomwith a bottom slope of 1/5@s carried out for differentieep
water mean approach anglest0, 15, 30, 45, and 60 degreem)d the maximum
spreading parameteis,,=25.

In the comparisons, theght hand side othe original energy balance equati¢&qg4.1)
is assumed to be equal to Pggi’) to include the dissipation of deptinduced wave
breaking.For the computation of thebreaker index;,, used in the computation db,

valuesin 1D andNSWmodels Eg3.24is used.

SWAN model utilizes Battjes and Janssen (1978) methothdéodepth-induced wave
breaking with a recommended value of 0.73 for the breaker index param@tes.
variation of the ratio of nearshore significant wave height to the deep water wave
height (H/Hs o and nearshore mean approach ang{epwith respect to relative water
depth (/Hs ) is given for the deep water mean approach angiés15, 30, 45, and 60
degrees, irFigure4.4 andFigure4.7.
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Figure4.7 The variation of significant wave height (left) and mean approach angle (right)
on planar bottom slope of 1:50 f@,,=25 andPy=Cc 1 c
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Figure4.4 and Figure4.7 show that the difference between 1D andNSWsolutionsand
between SWAN an8iSWsolutionsincreaseasthe deep water mean approacangle
(b increasesFor all cases, the maximupercent errorin the relative significant wave
height HyHs o at the relative deptls, h/Hs =0.1-5.0, is 61%for —-Kn jaral increases up
to 30.0% for—H' ¢ batween1Dand NSWsolutions The maximunpercent errorin the
relative significant wave heighH{Hs o) at the relative depthsh/Hs=0.1-5.0, is9.8% for
—DKn mod increases up to 27.6% fedl' ¢ n ¢ ah SWANS andNSW solutions.
Similarly,the maximumpercent errorin the nearshore mean approach angld ét the
relative depths,h/Hs=0.15.0, is in between 17:38.9% for m peF»&Oc between 1D
and NSWsolutions. The maximunpercent errorbetween SWAN anblSWsolutions at

the relative depthsh/Hs =0.15.0, is in between 16:85.4%for m p -€-¥§0c

Asitis seenfromtheresultdzLld G2 npc 2F RSSLI dperbeBtmior LILINE I OK
between three models is less than 10% for the sigant wave heights nearshore. The

percent errorin the mean approach angles, however, is greater than 10% and increases

up to 30% which might be considered as a limitatddrthe numerical scheme applied

wave transformation model.

4.1.3. Wave Diffraction

As mentioned in previous sections, wave diffraction is the decrease in wave energy due
to an obstacle (i.e. islands, headlands, breakwaters etc.) in the direction of propagation
of waves. In the shadow zone of such obstacles, the diffractecevieights can be
computedusingthe available charts given for regulaiiggel 1962 or irregular waves
(Goda et al., 1978)n benchmarking the numerical wave transformation model for the
case of pure wave diffraction, the charts given for irregulareMay Goda et al., (1978) is

used.

D2RI S It Q& 6 mdpT ycoefidedtydflimyai wailek @preRenedr NI O A 2

with a directional spectrunS(fd), with the below given formula.
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where (Kyert denotes the irregular diffraction coefficient (the ratio of diffracted to
incident wave height)Ky(f,d), is the regular diffraction coefficient computed for a given
spectral energy density compone8i(fd) with frequency,f, and directiond, andmy is
the total wave energy (zero moment of the directional spectruch), and dy, are the

limits of the directional domain (Goda, 2010).

In the benchmark study, the wave diffraction charts given by Goda et{1878) for
irregular waves behind a sesnifinite breakwater defined within the limits of
100%/LDKMm 1 OMYDRH mwizere the water depth is constant/L is the distance along
the breakwater from the tip,y/L is the distance perpendicular to the breakwat
alignment from the tip of the breakwater aridis the wavelength corresponding to the
significant wave periodnd water depth are used. The given charts are digitized in 0.1

increments ofx/Landy/L.

In the simulations of theNSWand SWAN modelghe deep water significant wave
height is taken as 1.0 meter, the significant wave periods are determined with respect to
the maximum directional spreading parametessg=10, 25 and 75. The water depth
over the two dimensional bathymetry is taken as greatiean the deep water limit
(h0.78TSY). The grid spacing in x and y directions,and ny, are taken as variable (5,

10, 20, 50 and 100 meters) for simulations of M®&Wmodel. The grid spacing in SWAN

is taken as the minimum grid spacing that gives a stable solutiothe NSWmodel,
various values fothe diffraction intensity parameter(x n istaken between 0 and 5

For ¢ is equal tozero the diffraction term (Dy) in Eg3.1 is disregarded, hence, the
irregular wave diffraction is not considerea the solution The relative mean percent
errors betweenthe diffraction coefficient (Kyerr, givenatD 2 R+ SG £ ®#Qa omdpTy O
charts andthe diffraction coefficients computed with theiSWand SWAN models are

given inTable4.2.
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Table4.2 The relative rean percent errorsn the diffraction coefficient (B in the
domain of-10<x/L<10 and 0<y/L<20

Sna=10,1x (M) Snax=25,)1x (M) Snax=75,1X (M)
5 10 20 50 100/ 5 10 20 50 100/ 5 10 20 50 100

¢

0.0 |58 55 6.0 13.730.9/9.0 89 9.2 17.244.3]16.512.411.711.812.4
05 |45 43 55 13.630.774 7.8 84 17.044.2/13.4 9.6 9.3 10.412.2
1.0 |40 39 52 13.430.5 6.7 7.4 8.2 17.044.2/112.1 8.6 8.6 10.312.4
15 (3.8 3.7 50 13.3304/ 6.4 73 8.2 17.144.211.3 81 8.3 10.412.7
20 | 3.7 3.7 49 13.330.3/6.2 7.3 83 17.244.210.8 7.9 8.3 10.713.1
25 36 3.6 48 13.230.1/6.2 7.4 85 17.344.3]105 7.8 8.4 11.013.4
3.0 |36 3.7 48 13.230.006.2 7.5 8.7 17.544.3]10.3 7.9 8.6 11.313.8
35 (36 3.7 48 13.229.9/ 6.3 7.6 89 17.644.3]10.3 8.1 8.8 11.714.2
40 | 3.7 3.7 49 13.129.8 64 7.8 9.1 17.844.4/10.3 8.3 9.0 12.114.6
45 | 3.7 3.8 49 13.129.76.6 8.0 9.3 18.044.4/104 85 9.3 12515.0
50 3.7 3.8 49 13.129.6/6.7 82 9.6 18.144.4/10.5 8.8 9.6 12.915.5

SWAN 3.5 6.4 10.6

As it is seen fronTable4.2, the relative percent erroin the decrease as the grid spacing
decrease foisha €qual to 10 and 25. The relative percent error is within an acceptable
limit of 10% up tca grid spacingf 20 meters(for both n Endn  SWAN modagives
also similamean percent errorslt is also seen fronTable4.2 that the mean percent
error is minimum fof =2.02.5. Maseet al. (2001)state that® value should be less than
15 to minimize the error and theyse a constant value 6£2.5 inseveral comparisons.
Lin et al. (2008) and Demirbilek et al. (2008)that =4 is appropriate fothe cases of
strong diffraction e.gsemtiinfinite breakwaterand narrow gaps (inlets) with openings
equal or less than one wavelength. For wider gaps withopening greater than one
wavelengthf =3 is recommended-or various types dftructural geometry, bathymetry
and incident wave condition$,value need to be calibratedith the actual field data to
minimize the error in diffraction computatiorlheresults of diffraction simulations of
NSWand SWAN models are shown kigure 4.8 and Figure 4.9 together with the
digitized diffraction chart®f Goda et al. (1978)n these figures, the tip of the semi
infinite breakwater is at the point ok/L=0 andy/L=0. The serdnfinite breakwater

extends along the positive/L direction.
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Figure4.9 Diffraction diagrams of a sennfinite breakwater fors,,=75

As shown fromFigure 4.8 and Figure 4.9, the contours of diffraction coefficients

computed usingNSW and SWAN r@ in good agreement both qualitativelgnd

guantitatively with the diffraction coefficients given by Goda et al. (1978). Although,

these two models are not sufficient for detaileshalysisof harbor agitation problems,

they are quite capable of simulatirthe diffraction process around coastal structures.

Further detailed analyses of théSWmodel with the laboratory measurements such as

elliptic and circular shoal experiments where shoaling, refraction and diffraction

processes are important in the tramsmation of waves.
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4.2. Laboratory Experiments

The hiree main modules of the twalimensional depthaveraged beach evolution model
(COD) spectral wave transformatioNSW),nearshore circulatiofNSC) and sediment
(SED)models, are tested with the laboraty experimentsavailable in the literature
(Okayasu and Katayama, 1992; Baldock et al., 1998; Battjes and JansseN,iiiGx8;
and Briggs, 1989; Chawla et al., 1998; Hamilton and Ebersole, P8064;et al., 2008;
Reniersand Battjes, 199AVang et al.2002a;Gravens and Wang, 2007he laboratory

data setused in this part is categorized as giveifable4.3.

Table4.3 Characteristics of the laboratory data set used in the model benchmarking

Laboratory Data WaveProcesse: Waves Type of Bottom Profile  Test No
Set Data
Okayasu and Shailing, Uni-Directional H Uniform, 1/20 Case2
Katayama (1992  Breaking Random Barred Beach  Case3
Baldock et al. . . . .

(1998) a a H Mixed Uniform  J2& J3
Battjes and 4 4 H and[ Uniform, 1/20 R2& R3
Janssen (1978) Barred Beach R13& R15

Vincent and Brigg Rser;?aﬂinogr; Multi-
ge mewaction, = hirectional H Elliptic Shoal  N1& B1
(1989) Diffractionand
. Random
Breaking
Chawla et al. . . . : T3 T4 T5&
(1998) a a a Circular Shoal T6
. Shaling L
Hamilton and L Uni-Directional .
Ebersole (2001) Break|r_19, Random H,—[andv Uniform, 1/30  TESBE
Refraction
. . Uniform, 1/40 Casel
Tang etal. (2008 . . Uniform, 1/100  Case2
Reniersand . . .
Battjes (1997) a a a Barred Beach S0014
Wanget al. . H,—{v,and T-C1 T3C1,
(20024) a a Irregular T5C1, &
qtotal,y T6C1
Gravens and . . ,
Wang (2007) a a a Irregular TESBC1
Shoaling, Irregular, a
Gravens and Refraction, . H,vuand . '
Wang (2007)  Diffractionand a h single offshore Testl-Caséd
. breakwater
Breaking

Table 4.3 gives the characteristics of the laboratory data set usedthe model

benchmarkingAs it is seen fronTable4.3, the selected laboratory data set consists of
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variety of wave and bottom conditions where different wave transformation
mechanisms are activ8.he data set i€ategorizedwith respect to theeffective wave
transformation proceses (shoaling, refraction, breakingnd diffraction), types of
spreading of waveguni-directional or multidirectional) the types of data measured in

the experiments and used in the benchmarking study, the channel or basin bottom
configuration and thename of thetest used in this studylhe first five of the nine data

sets (Okayasu and Katayama, 1992; Baldock et al., 1998; Battjes and Janssen, 1978;
Vincent and Briggs, 1989; Chawla et al., 1998) umed in benchmarking the wave
transformation model NSW Thenext three of the data sets (Hamilton and Ebersole,
2001; Tang et al., 200&eniersand Battjes, 1997) arased in benchmarking both the
NSWand NSC modelsThe last two of the data se{®Vang et al., 2002a; Gravens and
Wang, 2007) are used favestigate the performance of the NSW, N&©@ SEDmodels.

For the SED model, differeapproactesare usedio compute thelocaltotal longshore
sediment transport ratesThese approaches are the Watanabe (1992) formulation which
utilizes the critical sheastress concept, SE4=0.002 and SEDZs=¢,,;) approaches
which utilizethe dissipation rates of wave energies due to random wave breaKing.

data set of Gravens and Wang (2007) experiments on the morphology change around

the offshore breakwater is @sl to the validate the COD model.

Thebottom friction (), eddy viscosity constant X and the energy transfer coefficient
(M) used in the nearshore circulatiamomputations to obtain mean water elevations and
current velocities are given ifiable4.4. Tang et al. (2008jives the values of these
parameters for their experimentsFor Reniersand Battjes (1997) and Hamilton and
Ebersole (2001) experimenthesevaluesare takenfrom Goda (2006) ForGravens and

Wang (2007)thesevalues are taken from Nam et al. (20@®)d similar values are used
for Wang et al. (2002a) experimentsSorBattjes and Janssen (197&3periments, these

values are taken accortj to the experimental sedp.
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Table4.4 The computational data given in the literatui@ the laboratory data set

Laboratory Data Se  Test No Bottom Friction Eddy Viscosity Energy Transfer

. Coefficient,c Constant, Coef.h
Battjeilzr;céjlansse R2, Rs,lsle» at 0.007 0.50 0.5
Jomionard, TESSE o007 o
Tang et al. (2008) ggzg 00000055 822 8:
Renie;igd?)Ba“jes S0014 0.015 0.30 0.5
Wanget al. (2023) TTéCCll ;3%1(’:: 0.015 0.50 0.5
Gravens and Wanc  TESBC1 0.015 0.50 0.5

(2007) TESTLASE1L

4.2.1.0kayasu and Katayama (199Experiments

Okayasu and Katayama (1992) carried out laboratory measurements onsb@es
wave heightdistributions in the surf zone on a 17 m long and 0.5 m wide wave flume
with both regular and random wave$or perpendicular wave approach (wave
orthogonals are perpndicular to the bottom contours)The wave heights across the
surf zone were obtained applying zedown crossing method to the time series of
surface elevation measured with the capacitastgpe wave gauges. Thei-directional
random waveswere generaté with a BretschneideMitsuyasu type frequency
spectrum.Theexperiment conditions are summarizauTable4.3 and Table4.5 and the

setup is showrin Figure4.10.

Table4.5 Summary oflaboratoryincident wave conditions faDkayasu and Katayama

(1992)

Offshore Offshore Sig Sig.Wave De.ep Water Peak Deep Water Breaker
Test No Water Wave Period.T SigWave  Wave Wave Index

Depth,h  Height, Hs (seci ® Height,Hso Period, Steepness, '

(m) (m) (m) T (sec) Sos brineo

Case? 0.35 0.083 1.26 0.090 1.323 0.036 0.753
Case3 0.32 0.057 0.945 0.059 0.992 0.042 0.79
SsHK MPHci ¢
T,=141.05
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Figure4.10 Side view of the wavlume of Okayasu and Katayama (1992) Experiments

The NSWmodel is compared with the two of the measurements givet®kayasu and
Katayama (1992). One of these measurements (Qaseas carried out for a uniform
bottom slope of 1/20 and the other one (Ca3f had a barred type beach profile as
shown inFigure4.10. In the NSWmodel computations, wave are given from deep water
assuming that the beach hdse same bottom slope up to the respective deep water
wave limit of the experiment. The given deep water wave height§ahle 4.5 are
obtained dividing the measured wave heights at offshore gauge to the respective
shoaling coefficients computed for the respective depth and peak pefiad. the
computation of wave heights across the surf zone in the wave model, two breaker index
values are used, one of which is equal to 0.78 and the otherisrieund usind I A N3/ Q a
(1990) equation(Eq3.24, hereafter ‘,,ng9). IN the numerical model, the directional
spectrum of the waves is assumedhavea triangular shapevhere the energy density

has a peak value af’ nand zero elsewhereThe computed nearshore wave heights

with the NSWmodelandthe measurements are given Figure4.11 andFigure4.12.
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Figure4.11 Measured ancomputed significant wave heights for C&séOkayasu and
Katayama, 1992)
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Figure4.12 Measured and computed significant wave heights for €a@@kayasu and
Katayama, 1992)

As seen fromFigure4.11 and Figure4.12, the computed wave heights are in good

agreement with the measureents for both experiments.

4.2.2.Baldock et al. (1998xperiments

Baldock et al. (1998) studied the crest®ore variation of wave heights at steep beaches
to investigate the fraction of waves breaking and the distribution of waves in
unsaturated surzones. They carried out the experiments in a 50 m long, 3 m wide and
0.9 m deep wave flume of which the last 6 m is-slabded into three sections and a 0.9
wide channel is formed for the measuremenit$ie wave approach is perpendicular for
all casesThe experiment conditions are summarizedTiable4.3 and Table4.6. Figure

4.13 shows theplan and side view®f the wave flumeof Baldock et al. (1998)

experiments.

Table4.6 Summary oflaboratoryincident wave conditions for Baldock et @l998)

Offshore  Offshore Sig. Deep Water Deep Water
. PeakWave Breaker
Test No Water RMS\Nave nge Slg Wave Period T Wave Index
Depth,h Height,H.,s Period, Height,Hs, (sec') P Steepness, | '
(m) (m) Ts (sec) (m) Sos PriNgo
J2 0.45 0.074 1429 0.114 1.5 0.036 0.749
J3 0.45 0.046 0.952 0.069 1.0 0.049 0.823
Sos=Hy oK M Cbﬁ ci ¢
T=T,/1.05
HeHnd K H
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The given deep water wave heights for the experimentsTable 4.5 are obtained
dividing the measured wave heights at offshore gauge to the respective shoaling

coefficients computed for the respective depth and peak period.

Swash gauges
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Figure4.13 The side and plan views of the wave flume of Baldock et al. (1998)
experiments

The uni-directional random waves were generateldlased on Jonswap spectrumith
varyingHs and T, and measured with resistandgpe wave gaugesThe giveroffshore
wave conditiois in Table4.6 are measured at the offshore wave gauge at 0.45 m water
depth Figure4.13). Both experiments (J2 and J8gre carried out for the same mixed
uniform bottom as shown inFigure4.13 for different offshore wave steepness values
Ss=0.03F for J2 experiment andy,s=0.08 for J3 experimentin the 2D wave model
computations, wave are given from deep water assuming that the beach has the same
bottom slope up to the respective deep water wave limit of the experiment. The given
deep water wave heights ihable4.5 are obtained dividing the measured wave heights
at offshore gauge to the respective shoaling coefficients computed for the respective
depth and peak periodlheNSWmodel is compared with the twofdhe measurements

J2 and J3given inBaldock et al. (1998)n the comparison of J2 measurementso
breaker index values are used, one of whichalken as0.78 and the!,,g IN the
comparison of J3 measurements, the results of three simulations with difféneatker
index values arshown 0.78 ' ,,ne0and 1.2 as bothhe waves and the bottom slope is

so steepthat unsaturated breaking condition occurs close to shorelife comparisons
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of the 2D wave model with the wave measurements are givefigare4.14 and Figure

4.15.
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Figure4.14 Measured and computetbot-meansquarewave height{H¢ for J2
experiment(Baldock et al.1998)
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Figure4.15 Measured and computed roaheansquare wave heightd,,s for J3
experiment (Baldock et 2l1998)

As it is seen fronfigure4.14 and Figure4.15, the measued wave heights close to
shoreline are greater than the omputed wave heights due to unsaturated breaking
wave conditions, wheréhe root mean square wave height is smaller than the maximum
depth limited wave heightlt is seen that the breaking method used in the wave model

over-estimates the dissipation ratesif steep beaches.

4.2.3.Battjes and Janssen (197Bxperiments

Battjes and Janssen (1978) studied the estimation of energy dissipation in random waves

due to depthinduced wave breakingintroduced an irregular breaking modeind
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compared the model with laboratory experiments carried out in 45 m long, 0.8 m wide
and 1.0 deep wave flumé&igure4.16 shows the side view of the wave flume of Battjes
and Janssen (1978) experimenie incident wave spectrum used in experiments is
AIAGSYy Ay . lFGGe2Sa | yR Wkpygwerb&gwidth mapat PS5 of & | ay
peak frequency), virtually unimodal except a bulge in the range of frequencies twice the
peak frequenc® i the experiments, the wave heights and mean water elevations are
measured during the experiments. The time series of surfelexations along the
bottom profile were measured with resistantgpe wave gauges and the mean water
elevations at beach face were measured by means of piezometer tappings. The deep
water wave heights given ifable 4.7 by Battjes and Janssen (1978) are obtained
dividing the measured wave heights at the reference gauge 1.5 m offshore from the toe
of the bottom slope to the respective shoaling coefficients. R2 andxB&rienents were
carried out on a uniform bottom slope of 1/20 on a smooth cemsamd mortar layer.

R13 and R15 experiments were carried out with the addition of a bar to the uniform
profile as shown ifrigure4.16. The experiment conditions are summarizedliable4.3
andTable4.7.

wave

generator
—1/20 —gauge nr.1 \

1/40 |’

: 1120 ’ |

0,88m

9.8m 4.4m 10.0m 1.5m | 15.3m

45.0m

Figure4.16 The side view of the wave flume of Battjes and Janssen (1978) experiments

Table4.7 Summary ofaboratoryincident wave conditions fdBattjes and Janssen

(1978)
Deep
Offshore Water RMS Sig.Wave De.ep Water PeakWave Deep Water Breaker
Water : Sig Wave . Wave
Test No Wave Period, T ; Period, T, Index,
Depth,h : Height, Hso Steepness,
(m) Height, (sec) m) : (sec) % brN9O
Hrms,O (m) °
R2 0.705 0.157 1.75 0.222 1.838 0.046 0.812
R3 0.697 0.126 2.34 0.177 2.457 0.021 0.621
R13 0.762 0.113 1.916 0.160 2.012 0.028 0.687
R15 0.616 0.154 1.796 0.219 1.886 0.043 0.797
Sos=Hy oK M Cbﬁ ci ¢
T=T,/1.05
He=Hnd K H
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In the computations, the water depths are extended considering a 1/20 bottom slope to
the deep water limit of the experimenBoth theroot-mearnsquarewave heightgH:s)

and the mean water elevations) computed with thenumericalwave and circulation
modelsare compared with the measurementf R2, R3, R18ndR15 The computations

are carried out forthree different breaker index valuesyhich are0.78 *y,n90 @nd
another breaker index value that givélse best result The omputed and measured
wave heights and mean water elevations are given in dimensionless form as given in
Battjes and Janssen (1978)Higure4.17 - Figure4.20. The computed wave heights with

the two-RA YSy aA 2yl € g1 @S (NI yaT2NNKSWA 2ty RY 20RSS
computed mean water elevations with the twdimensional depthaveraged nearshore
OANDdzE A2y Y2RI® I NB RSy2G4SR o0& W

12
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Figure4.17 Measured and computed roanheansquare wave heightd,) and mean
water elevations(t) for R2experiment (Bttjesand Janssernl978)
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Figure4.18 Measured and computed roanheansquare wave heightd,) and mean

Hrms/H rms0 and n/Hrms.’J

water elevatbns (L) for R3 experiment (Battjes and Janssen, 1978)
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Figure4.19 Measured and computed roanheansquare wave heightd,) and mean

water elevations(t) for R13experiment (Battjes and Janssen, 1978)
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Figure4.20 Measured and computetbot-meansquare wave heightd,,) and mean
water elevations(t) for R15experiment (Battjes and Janssen, 1978)

Figure4.17 and Figure4.18 shows that the wave heights computed for the experiments

R2 and R3 using both the deft breaker index value of 0.78 and,.g are
overestimated in the surf zone. It is also seen that as the wave steepness decreases the
error due to breaker index value used increases and smaller values for breaker index

need to be usedor better estimdion of breaking wave heights.

In the barprofile experiments, R13 and R¥+gure4.19 and Figure4.20 shows that the
computed wave heights using,,ng are in good agreement with the meared ones
both qualitatively and quantitativelyrorbetter prediction of breaking wave heightihe

breaker indexmay be selectedonsidering the deep water wave steepness raiial the

bottom slope

4.2.4.Vincent and Briggs (198%xperiments

Vincent and Briggs (1989) studied the wave transformafgmoaling, refraction and

diffraction) of regular and multdirectional random waves passing over an elliptic shoal
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through laboratory experiments carried out in 35 m wide 29 m long directionatispec

ol aAry Fd '"o{d ! Nyeé O9y3IAYSSNE 2| GSNBIea

Research Center (CERO)e water depth in the experiments is given as 0.4572 m. The
center of the shoal is at x=6.10 m and y=13.72 m. The perimeter of the shoal isddefine

as
(X /3.05)+(y/396)* =1 4.49)
where E @nd & @re the local coordinates centered on the shoal, denoting minor and

major axes, respectively. The water depthy Over the shoal are gén with the

following equationwhich gives the water depth at the center of the shoal is 15.24 cm.

0.5

h=-04572+0762q 1- &% 8 &y gt (4.5)
' T (3812 T 92 g

The experiment conditions are summarizedable4.3 and Table4.8. Figure4.21 shows
0KS LIy @OASg 2F (GKS / 9w/ Qad RANBOGAZ2YI f

setup of Vincent and Briggs (1989) experiments.

Table4.8 Summary of incident wave conditions fgincent and Briggs (1989)
Experiments

Water Significant Peak Wave Sig.Wave Peak Dir. Spread
Test No Depth,h Wave Height, Period,T, Period,Ts Enhancerpent Par.,” , (deg)
(m) Hs (M) (sec) (sec) Cl Ou 2 I(Borgman, 1984
N1 0.4572 0.078 1.300 1.24 2 10
B1 0.4572 0.078 1.300 1.24 2 30

T=T,/1.05
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Figure4.21 The plan view of the directional wabasinof CERC and experiment sg1
in Vincent and Briggs (1989) experiments

The frequency spectrum in the experiments is selected as the TMA shallow water
spectrum (Bouws et al., 1983For te directional spreading of the wavea wrapped

normal function isuised (Borgman, 1984

1 128 e (js.)’e . f
D(q)=—+24 fexpe U2n)Eeosj(g- g, )l @6)
p Pl € 2 §

where J is the number of arbitrary number of harmonics chosen to represent the Fourier
series ", is the spectral width parametex, is the mean approach angl&or broad
directional spreading, the speet width parameter is selected ag=30c (Snaf M 0 &g 0

for narrow spreading ,=10c(snwaf M Q The time series of surface elevations around the
shoal as shown ifigure4.21 were measured with resistandgpe wave gaugedn the

2D wave model computationghe breaker index value is taken as 0.Z8d the

diffraction intensityparameter ¢, is takermas 2.5.
The measured (N1 and B1l) and comput®&tb¥Y normalized wave height ratios are

contoured as a function of (x,y) Figure4.22 and Figure4.23. Thedashed lines on the

measured contour plots at below given figures #re perimeter of shoa.
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Figure4.22 Themeasured (left) and computed (righibrmalized wave height ratgfor
the N1 experiment (Vincent and Briggs, 1989)
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Figure4.23 The measured (left) and computed (right) normalized wave height ratios for
the B1 experiment (Vincent and Briggs, 1989)

As it is seen fronfrigure4.22 and Figure4.23, the computed wave height ratios are in
agreement with the measured wave heights tonse extent Although,there exist
differencesbetween the computed and measured wave height ratiepecially at the
center of the shoal where the wavese blockedand increase in heighthe location of
the second peak and the order of magnitude in thmalized wave height ratios are

predicted well in computed results.

4.2.5.Chawla et al. (1998xperiments

Chawla et al. (1998¥eveloped a parabolic nearshore wave transformation model
(REF/DHS) for multidirectional random waves antbmpared the nmerical model with
the results of laboratory experiments of muttirectional random waves passing over an
circular shoal carried out in a 18 m long and 18.2 m wide directional wave. Gd&n
water depth in the experiments is given as@m. The center bthe shoal is at ¥5:0m

and y-8.98m. The perimeter of the shoal is defined as
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(x- 5)2 +(y- 8.98)° =(257)° @.7)

and the water depths i) over the shoal are given with the following equatishich

givesthe water depth at the center of the shoal is 3.0 cm.

h=0.40+8.73- ,/8281- (x- 5)°- (y- 8.98)° 4.8)

The experiment conditions are summarized aible4.3 and Table4.9. Figure4.24 shows
the plan view of transects of wave gauge positions and the layout of the experimental

setup of Chawla et al. (1998) experiments.

Table4.9 Summary of incident wave conditions for Chaefal.(1998) Experiments

Water Deep Water Peak Significant Deep Water Dir. Spreading
Test No Depth,h Sig Wave Wave Wa\g/ePeriod, Wave Par.,” m (deg)
(Fr)n)’ Height,Hso Period, T, T, (s€9 Steepness, (Borgman,
(m) (sec) s Sos 1984)
T3 0.40 0.014 0.730 0.695 0.019 5
T4 0.40 0.016 0.730 0.695 0.021 20
T5 0.40 0.023 0.730 0.695 0.031 5
T6 0.40 0.025 0.710 0.676 0.035 20
T=T/1.05
18
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Figure4.24 The plan view of the directional wave basin and experinsetup in Chawla
et al. (1998) experiments

The spectral sea statis defined by using a TMA shallow water frequency spectrum

(Bouws et al., 1985)yith a spectral width parameter of=10 and a wrapped normal
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function (Borgman, 1984) for the directional spding of spectral waveg$-or broad
directional spreading, the spectral width parameter is defined,ap Csn,¥® p paimost
unidirectional) and for narrow spreading=H N &nf 0 M Phe tirdke series of surface
elevationsalong thetransects shown irFigure4.24 were measured withcapacitance
type wave gaugesn a movable framdn the 2D wave mode computation$i@ breaker
index value is taken as 0.78 and ttiéfraction intensity parameter<, is aken as 2.5.
The measured and computed normalizsgynificantwave height ratios(H/Hso are
given for transects A Q> QI (M5 (B9 FEQ G R Figure4.25 and Figure
4.26. The circles in these figures represent the measured data anddfliglines are the
computed normalized significant wave height ratadong these transectsomputed by

the 2D wave model.
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Figure4.25 The measured and computégdolid line)normalized wave height ratios for
the T3 and T4&xperimens (Chawla et al.1998)
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Figure4.26 The measured and computgdolid line)normalized wave height ratios for
the T5 and T@&xperimens (Chawla et al.1998)

As it seen fromFigure 4.25 and Figure 4.26, the computed wave heights are in
agreement with the measurements both qualitativelgd quantitatively, except for the
D5Q (N}QyasSoOi 6KSNB /KFgtl SG Fftd omphyov LI2AY
which is more apparent for narrow spreaded waves (T3 and T5). It is also seen that as
the deep water wave steepness increases, thenerical model tends to overestimate

the wave heights which might be also due to depibduced random wave breaking
method and the breaker index value taken as constant for all simulations. The breaking
method used in the wave model is not originally dedvfor the cases where the water
depths get deeper and waves stop breaking and reform. In the numerical wave model,
the nonlinear wavewave interactions are taken into account. These interactions are
stated as to be responsible of growth of higher harnesnaround the shoal where

focusing occurdoy Chawla et al. (1998). The disparity between the measured and
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computed wave heights might be due to the lack of #imear wavewave interactions
in the wave model. It should also be noted that more accurate rijgtsan of the
diffraction around the shoal might be achieved with the use of a more sophisticated

wave model such as Boussinggge of time dependent notinear mild slope models.

4.2.6.Hamilton and Ebersole (200Experiment TESBE

Hamilton and Ebesole (2001) conducted physical model experiments at the Lscgke
Sediment Transport [Edity (hereafter LSTF) at CERC to evaluate the performance of the
recirculation system in the laboratory and to obtain uniform longshore current
conditions as seenrolong straight beaches before the sediment transport experiments.
The LSTHs given as to havdimensions of approximately 30 m creswre by 50 m
longshore by 1.4 m deefHamilton and Ebersole, 200Ihe plan view of the LSTF is
given inFigure4.27.
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Figure4.27 The plan view of the LSTF and a conceptual diagram of longshore flow
conditions (Hamiltorand Ebersole, 2001)

In the experiments, the urdirectional random waves are generated with four piston
type wave makersnakingl0 degres to the beach.The concrete beach had a uniform

slope of 1:30In the experiments, significant wave heights, longghourrent velocities
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and the mean water elevations were measured across the bathymetry at several
locations alongshore to evaluate the uniformity of flow and wave conditions. The wave
and current measurements were carried out with ten capacitatype wavegauges and

ten acoustiedoppler velocitimeters (ADV) docated in a crosshore array on the
instrumentation bridgeat the sections as Y1639 given irFigure4.27. They have also

put wave gauges in front of wave pistons. The mean water elevations were obtained
TNRY (GKS GAYS aSNASa NBO2NRSR o0& GKS ¢l @S 3
approximately one third of the water depth above the betich is near the levation of
depth-averaged current velocity if a logarithmic velocity profile is assumed to take.place
For the unidirectional random waves, a TMA spectrum was used to define the frequency
spectrum with a spectral width parameter of£3.3. The experiment conditions are

summarized inable4.3 and Table4.10.

Table4.10 Summary of incident wave condition$ TES-BE Hamilton and Ebersoje

2001)
Offshore Peak Deep Deep

Offshore Mean Qﬁshore Wave Water Sig Sig.Wave Water Sig. Breaker

Water Sig Wave . .
Test No Approach ~ % Period, Wave Period, T Wave Index,

Depth,h Height, Hs . ,

(m) Angle,P (m) T,  Height,Hsg (sec) Steepness N9
(deg) (sec)  (m) Sos

TESBE 0.67 10 0.225 2,500 0.233 2.38 0.0% 0.69
SsHK M®HcT ¢
T=T,/1.05

The computations arearried out for twodifferent breaker index valuesyhich are0.78

and ‘pnee FOr the computational parametersb@ttom friction and energy transfer

coefficients and eddy viscosity constamsed in the circulation model, the values given

in Goda (2010) are used which are previously listedahle4.4. The omputed and

measured wave heights, mean watelevations and longshore current velocities are

given inFigure4.28. The data used in the comparisons is the average of the measured

data at the sections Y1935.The computed wave heights with the twbmensional

g @S GNIyatT2NXYIF A2y NSRSty Rl NiXK SR O22YULER SRe Y8
elevations and longshore current velocities with the tdimensional deptkaveraged
YSINEK2NE OANDdzZ I i N8 PdY2RSE I NBE RSy2G4SR o0& VY
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Figure4.28 The measured and computesignificantwave heighs H), mean water
elevations £) and longshore current velocitie)(for the TESIBEexperiment(Hamilton

Figure4.28 shows that the computed results are in agreement with the measured data

and Ebersole, 2001)

and the accuracy of estimation fefand V increases as the wave heighaad mean

approach anglem the surf zone are predictedell with the selection of an appropriate

breaker index parameter considering the deep water wave steepness aatiothe

bottom slope

4.2.7. Tang et al. (2008Experiments

Tang et al. (2008ktudied the propagation of random waves and wawaduced

nearshore currentsboth numerically and physically. The authatsveloped a wave

transformation model based on parabolic mitbpe equation and a twdimensional

depth-averaged nearshore circulation mddeThey have compared the numerical

models with themeasurements ofaboratory experimentgonductedat a 55 m long and

34 m wide wave basin as shown Figure 4.29. The experiment conditions are

summarized inrable4.3 and Table4.10. In the experiments, the urdirectional random

waves are generated with a wave generator making 30 degrees to the beach. In the

experiments, significant wave heights, longshore current velocities and the mean water

elevations were measured acrogdsetbathymetry at several locations. The mean water

St 8@l irzya

% SNB

200FAYSR FTNRY

iKS

GAYS

were set at elevations approximately one third of the water depth above the badd

2011). For the unidirectional raadom waves, JONSWAP spectrum was usedefme

the frequency spectrumThe experiment conditions are summarizedTiable4.3 and

Table4.11.
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Figure4.29 The plan view of thavave basir(Tang et al.20(B)

Table4.11 Summary of incident wave conditions for Tang et al. (2008) Experiments

Offshore Offshore Offshore Water Deep
Mean Significant _. " PeakWave Sig.Wave Water Sig. Breaker
Test Water Significant . :
Approach Wave Period,T, Period, T, Wave Index,
No Depth,h . Wave
Angle,P Height,Hs ,, . (sec) (sec) Steepness ‘prngo
(m) Height,Hso
(deg) (m) (m) Sos
Casel 0.45 30 0.050 0.061 2.10 2.00 0.010 051
Case2 0.18 30 0.030 0.035 1.05 1.00 0.022 0.64
SeHK MOFci ¢
T=T,/1.05

The computations are carried otar two different breaker index valuedor each case,

such that',=0.78 4 ,,=0.51 and ,n0=0.64 for Casé& and Case&, respectivelyFor the

computational parametersbpttom friction and energy transfer coefficients and eddy

viscosity constantused in the circulation model, the values given in Tang et al. (2008)

are used which are previously listed Tiable4.4. The omputed and measured wave

heights, mearnwater elevations and longshore current velocities for Chsand Cas@

are given inFigure4.30 and Figure4.31. The computed wave heights with the two
RAYSyaAaz2ylrft g+ @S (NI yaT2NSW) O Ay2R/ (YK2SR S 2 YHLBHED SRRS
water elevations and longshore current velocities with the {limensional depth

averaged nearsh@ OA NDdzf F GA2Yy YNSRSE | NBE RSy20iSR o0& W
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Figure4.30 The measured and computeignificantwave heighs H), mean water
elevations ) and longshore current velocitieg)for Casel (Tang et al2008)
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Figure4.31 The measured and computeignificantwave heighs H), mean water
elevations £) and longshore current velocitie®)(for Case2 (Tang et al., 2008)

Figure4.30 and Figure4.31 show that the computed results are in agreement with the
measured data and the ac@acy of estimation forandVincreases as the wave heights
and mean approach angles in the surf zone are predicted betterthitlselection of an
appropriate breaker index parameter considering the deep water wave steepness ratio
and the bottom slopeOn the contrary to theHamilton and Ebersol@001) experiment,

the computedH,, —[and Vusing the default value of breaker index (0.78) represent the

nearshore wave and current conditions more accurately.

4.2.8.Reniersand Battjes (1997Experiment 30014

Reniers and Battjes (1997)conducted laboratory experiments on waireduced
longshore currents on both barred and nbarred beaches with urdirectional

obliguely incident random waves in a directional wave basin, approximately 25 m wide
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and 40 mlong as shown inFigure4.32. The experiment conditions are summarized in

Table4.3 and Table4.10.

‘2 = 5 low

pipaline pump]
Bm

-+

Figure4.32 The plan view of thevave basinReniersand Battjes1997)

Table4.12 Summary of incident wave condition§ SO014Reniersand Battjes1997)

Offshore Offshore Offshore Peak Deep Deep
Mean RMS Water Sig Sig.Wave Water Sig. Breaker
Test Water Wave .
Approach Wave . Wave Period, T Wave Index,
No Depth,h . Period, | .
(m) Angle,P  Height, T, (sec) Height,Hs, (sec)  Steepness. ‘pnno0
(deg)  Hms(m) P (m) Sos
S0014 0.5 30 0.07 1.200 0.108 1.14 0.053 0.84
SeHK MPHci ¢
T=T,/1.05
He=Hmd KH

In the experiments, the urdirectional random waves are generated with mifiléip

wave maker making 30 degrees to the beach. The measurements used in the
comparison(SO014with the wave and circulation models were performed obhaared
concrete slope wh a 120 slope offshore on which a Gaussian bar profile with a crest
height of about 0.1 m was superimposed, resulting in a slope of approximately 1/8 on
the seaward side of the baRéniersand Battjes, 1997)In the experiments, wave
heights, longshore wrent velocities and the mean water elevations were measured
across the bathymetry at severldcations alongshoreThe alongshore uniformity of
flow conditions were obtained by a pump recirculation system (Visser, 1988)wave

and current measurementsvere carried outat five different crossectionswith ten
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resistancetype wave gauges arglght electromagnetic flow meters (EMé&§-locatedon
a mobile carriage The mean water elevations were obtained from the time series
recorded by the wave gaugeshdcurrent velocity measurements ateld atelevations

approximately one third othe water depth above the bed

The computations are carried out for tvabfferent values obreaker index!,=0.78and

1one—0.84 For the computational parametersdbd@ttom friction and energy transfer

coefficients and eddy viscosity constamsed in the circulation model, the values given

in Goda (2006) are used which are previously listedahle4.4. The omputed and

measured wave heights, mean water elevations and longshore current velocities for the
experiment SO014 are given kigure4.33. The computed wave heights with the two
RAYSyaArz2ylf g+ @S GNI yaT2NSW) U Ay2R/ (YK2SR G2 YHLBHEI SRRS
water elevations and longshore current velocities with the flimensonal depth
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Figure4.33 The measured and computedot-meansquarewave heighs H,s), mean
water elevationst) and longshore currentelocities ) for SO014 Reniersand Battjes,
1997)

Figure4.33 shows that the computed results are in agreement with the measured data
and the accuacy of estimation for[and V increases as the wave heights and mean
approach angles in the surf zone are predictesll with the selection of an appropriate
breaker index parameteconsidering the deep water wave steepness raiad the
bottom slope Similar to the Tang et al. (2008) experiments, the compiigd —{and V
valuesusing the default value of breaker index (0.78) represent the nearshore wave and

current conditions more accurately.
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4.29. LSTF Movable Bed Experimen®ang et al. (20028 and Gravens and Wang
(2007)

Wang et al. (2002aand Gravens and Wang (200@pnductedseries ofphysical model
experimentsat the LSTF at CERC to generate data sets for testing and validation of
sediment transport formulas in the presence of waves andemts. The experiments

were carried on movable bed with wedbrted quartz sand having a median grain size
(dsg) of 0.15 mmfor various flow and wave conditionsThe beach profile was
constructed based on the equilibrium profile of the incident wave dtons and
sediment propertiesin this study, the measurements of the Teg€tasel, TestBasel,
TestbCasel and Test6 from Wang et al. (2002a) and-B€4t from Graven and Wang
(2007) areusedt KS RFGF aSGa 2F 21y3 SiG ledfdfda OHANNH
the website of Coastal and Hydraulics Laboratory of U.S. Army Corps of Engineers (URL
1) and Smith (2006)The data set for the Te®C1 experiment is kindly provided by
Marc B. Gravens (2010healongshordocations of measurements are slightlifferent

than the Hamilton and Ebersole (20Qi)d are shown ifrigure4.34.
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Figure4.34 The plan view of the LSTF aaldngshore locations of measuremerf¥ang
et al., 2002aGravens and Wang, 2007)

Duringthe experimentsnearshorewave heights, longshore current velociti#ise mean
water elevationsand the total longshore sediment flag were measured across the

bathymetry at severahlongshordocations(from Y14 to Y38) with theapacitanceype
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wave gaugesacoustiedoppler velocitimeters (ADV)iber optical backscatter (FOBS)
sensorsco-located in a crosshore arry on the instrumentation bridgeand the
sediment traps at the downstream of the basin selected experiments,onexternal
longshore current is applied to wave conditions and only the wadaced longshore
currents are generated and measurethe mean water elewsmns were obtained from
iKS GAYS &SNASaE NBO2NRSR o0& (GKS gt @S
approximately one third of the water depth above the bdd the experimentsthe
crossshore distribution oftotal longshore sediment fluxes are also aseired with the
use of sediment traps at thdownstream endf the beach.The mean approach angles
in front of wave pistons (offshorddr all experiments argiven aslOc The data used in
the comparisons is the average of the measured data between théoss Y14Y38.
The experiment conditionghe water deptls and the incident wave conditions in front

of the wave pistonsire summarized iffable4.3, Table4.13 and Table4.13.

Table4.13 Summary of incident wave conditionstbe selected LSTF Movable Bed
Experiments

Offshore  OffshoreSig. Peak Wave D;prvgiger Sig.Wave D;Zp\yv\/:\ir
Test No Water Wave Height Period, T, Heiaht H Period, T Steé ness
Depth,h(m)  Hs(m) (sec) gnt.Feo (sec) PNess,
(m) Sos
T1C1 0.9 0.25 15 0.293 1.435 0.091
T3C1 0.9 0.27 3.0 0.262 2.517 0.027
T5C1 0.9 0.16 1.5 0.172 1.412 0.055
T6 0.9 0.19 3.0 0.194 2.727 0.017
TESBC1 0.67 0.225 1.459 0.243 1.39 0.081
" T=T/1.05

SesHK MPJci ¢

Table4.14 Summary of breaking conditions and breaker index values of the selected
LSTF Movable Bed Experiments

Sig BreakingWave Breakerindex, Breaker Index,
TestNo  BreakerType ieightHy(m)  *p (bestiit) e
T1C1 Spilling 0.26 0.78 0.928
T3C1 Plunging 0.27 0.62 0.620
T5C1 Spilling 0.18 0.78 0.847
T6 Plunging 0.21 0.50 0.565
TESBC1 Spilling 0.26 0.78 0.914

TheNSW modetomputations are carried out for differeftreaker index valuesyhich

are 0.78 ', no0 @nd the best fitting value of,. For the computational parameters
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(bottom friction and energy transfer coefficients and eddy viscosity congtarsed in
the NSGnodd, the values given iNam et al(2009) are used which are previously listed
in Table4.4. The omputed and measureé, —[and Vare given inFigure4.35 - Figure

4.39. In Figure4.35 - Figure4.39, the computed nearshore significant wave heights with

the wo-RAYSYyaArz2yl t

mean water elevations and longshore current velocitieshwthe two-dimensional
depthl GSNIF ISR ySINAK2NBE OANDdzZ I GA2Yy Y2RSt
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Figure4.35 The measured and computesignificantwave heighs H), mean water
elevations £) and longshore currdrvelocities ) for T1-C1 (Wang et al20(2a)
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Figure4.37 The measured and computesignificantwave heighs H), mean water
elevations ) and longshore current velocitieg)for T5C1 (Wang et al20(2a)
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Figure4.38 The measured and computeignificantwave heighs Hs), and longshore
current velocities ) for T6 (Wang et al2002a)
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Figure4.39 The measured and computesignificantwave heighs H), mean water
elevations £) and longshore current velocitie®)for TESIBBC1 Gravens and Wang,
2007)

Figure4.35 - Figure4.39 shows that the computed results are in agreement with the
measured data and the accuracy of estimation-famdV increases as the wave heights

and mean approach angles in the surf zone are predicted bditesselecting an
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appropriate breaker index parameter considering the deep water significant wave
steepness for all cases exceptTB

For the computation ofocd total sediment fluxes,he significant ormswave heights,
maximum orbital velocities at the bottom, mean approach angles and the rates of
dissipation of wave energies due to random wave breaking computed with the NSW
model together with the measured@urrent velocities interpolatecat the respective
positions of the measured sediment transport rates are usdte A coefficient in the
Watanabe (1992) formulation is given as 0.5 for regular waves and 2.0 for the random
waves. For the LSTF movable bedeskpents where the waves are udirectional
random waves, the A is set to be equal to 1.0 (Nam et al., 200@).omputed local

total longshore sediment fluxeSj.,) in bulk volumes (Afs/m) usingthe Watanabe

(1992) SED18E0.002) and SEDZ=fy.y) approachesfor the LSTF movable bed
experimentsare given irFigure4.40 - Figure4.42.
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Figure4.40 The measured and computéacal total sediment transport rates {g;,,) for
T1-BC1 (left) and F&1 (right) experimentdNanget al, 20@Ra)
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Figure4.42 The measured and computéakcal total sediment transport rates {g;,,) for
for TESBBC1 Gravensaand Wang, 200y

As it is seen fronFigure4.40 - Figure4.42, the predicted flux values with theSED1
approach are in good agreement with the meased data both qualitatively and
quantitatively especiallyfor the plunging breaker casg33C1 and T6up to where the
abrupt changes in wave heights are obserofoke to bar locationslue to maximized
dissipation ratesof breaking waves. The differences between the measured and
computed fluxesvhere the dissipation rates are maximizedn be explainety Figure
4.36 and Figure4.38 which indicate that the dissipation rates of such steep waves are
not computed accurately by the NSW madeor the spilling breaker cases {T1, T&C1
and TESBC1)the differences between the measured and computed flux vatlese

to the swash zone (at the shorelifi®m the limit ofwaverun-down to the limit ofwave
run-up) for all approachesmight be due to the fact that the increased sediment
concentrations and the net transport resulting from onshaféshore sediment
movementsin this zoneare not fully coveredin the applied approachesrhus, he
improvement of the predictive capability of the SED miloidr themodeling of sediment
transport in the swasland inner surf zoneshould beconsideredin future studies The
overall quantitative performanceof the SED2approachis observed to be lowasthe
parameterused in this approachctually depends omhe ratio of mobilizing forces to
the resisting forcesThe wave conditionsn the experimentsare less effectivdo exceed
the critical stresses to mobilize the sediment grains used in the experimehtsh is

also noted as a scale effect Bynith (2006)n the LSTExperiments.

The computed sediment flux values with the Watanabe formulaiaiso in agreement
with the measured valuegualitatively except for therossshore locations Wwere the
dissipation rates of breaking waves are maximiZ€8C1 and T6)even with higher

discrepancy compared to SED1 results.
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To investigate theaelation between the measuredtransport ratesand the computed
Dyi @« 00 w)ww values the measuredtransport rates are plotted againstthe
computedD,i @ 00 K)Ywavaluesand using the least squares approathe slope of
the best fitting line (y=mx) for the data gives thgarameter to beequal t00.0026
(Figure 4.43). Predicted flux values with théVatanabe (1992), SED1 and SED2

approachesre plotted againsthe measured fluwalues inFigure4.44 - Figure4.46.

0.16

o
[EEY
IS

©
=
N

o
=

o
o
oo
(®2)
\

o
8
O
\
\
\

Measuredgyy,, (M3/hr/m)
<]
1
o
o
o
N

0.04 o / .--~ |y =0.0020x

Uo L d
° o ,Q"’&O
0.02 Fas o

8 Q
[ 2i¥'e [e]
oO o

0 5 10 15 20 25 30 35 40
Di @ &)/ (@-p) I,

Figure4.43Measured flux values are plotted agailsi @& 60" k)dwavaluesfor LSTF
Movable Bed Experiment&(avens and Wang, 20@hdWanget al, 20a)
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Quantitative and qualitativecomparisons are made through computing the mean
absolute percent errorBpe.0 = & Ol )labdStinvd pércent discrepancy ratieghich
gives the percentage of the number of data points outlying the limi3.%2.0, 0.254.0
and 0.25.0 of the measuredldix valuegTable4.15). Themean absolute erroand the
scatterness(as given in Bayram et al. 200&je computed with the below given

equatiors respectively where N is the number of data used.

Emean — 100Cg qtotal,y,measu red” qtotal,y,predicteJ S (49)
g qtotal,y,measured H
- 5 112
_ Ea. [Iog( qtotal,y,measurecb - |Og( qtotal,y,predicted)] g
rms < N-1 l;l (4'10)
e ¢!
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Table4.15 Summary of accuracy of the formulias the LSTMovable Bed Experiments
(Gravens and Wang, 20@ndWanget al., 20@a)

Mean Absolute

DiscrepancyRatio (%
Formula Percent Fror, Sc\:atter, pancR (%)
Enean (%) " 1/2-2.0 1/4 -4.0 1/5 ¢ 5.0
SED1¥=0.003 39.5 0.49 19.2 9.0 7.7
SED (5=*p407) 62.6 0.77 75.6 321 25.6
Watanabe (1992)
(A=1.0) 56.0 0.47 35.9 12.8 9.0

As it is seen fronTable 4.15, the SEDlhas the smallest mean absolute errand
discrepancyratio such that 80%1-Disc.Ratiopf the predicted data lies within a factor

of 0.52.0 of the measured valueget, it has a @% mean absolute error which may be
decreased with further calibration through measurements carried out for a particular
site under considerationWatanabe (1992) approackhows similar scatter with the
SED1 and habe meana similar high mean absolufgercent error of 56%vhich might

be decreased further with the adjustment of the coefficientAs it is seen from the
mean absolute errors and the discrepancy ratios, there exists a high uncertainty in
predicting the sediment transport rates, which is @ranonly known fact that almost

any type of sediment transport formulas as afl them depend oncalibrating an
approach with the available data set. The A coefficient given in the Watanabe (1992)
formulation is an example for this uncertainty as it mayéaws for regular waves and

2.0 for random wavesAs another typical example to this uncertainty, the K coefficient

in the CERC formula is given 0.395iPM(1984) based on field study oKomar and
Inman (1970)whereasSchoonees and Theron (1993, 699gives the Kequal t0 0.2
based on the most reliable field measurements, and Miller (1998) indicates the value of
K might be higher than 0.39 for storm conditiodarthermore, Smith et al. (2004)
compares themeasuredtotal longshore sediment transport rated Wang et al. (2002)
experiments with the CERC (1984formula and statesthat the CERC formula
overestimates the transport rates by a factor up&dor K=0.39 and by a factor of up to

4 using the method of Bailard (1981, 1984) which comptitesK valueas a function of

breaker angle and the ratio eklocity magnitude to sediment fall speed
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4.2.10. LSTF Experiments on Morphology Charageund Headland Structures: Testl
Casel, Gravens and Wang (2007)

Gravens and Wang, (2007) carried out series of experimeritee LSTF basin at CERC
generate data sets to be used in the validation of predictive numerical models for the
morphology changes around headland type structureshgdd groin and offshore
breakwater). The experiments were carried on movable bed with welited quartz
sand having a median grain sizg of 0.15 mm. In this study, the measurements of the
first case (@sel) of the seconderies of experimentsTest]) are used.Testlexperiment

is composed of eighseparateruns of approximately 190 mieachon a natural beach
with a 4m-long impermeablerubble-mound breakwatemwith a 0.3 m height from still
water level centrally located in the alongshore direction of the model beach and
positioned 4 m offshore of the initial shorelingpetween alongshorgosition Y=22 m
and Y=26 m and at creshore position X=7 m4 m offshore of the initial shoreline
position at X=3 mFigure4.47). During TestiCasel(a 185 min run), wave and current
conditions and the bottom topographypefore and after the rurwere measuredat 13
crossshore transectas shownalongshore position$4, 18, 30, 34, and atih intervals
between alongshore position 20 and 28ing the same equipment as in tAiestBC1
experiment where no structures exist¥ he data set for the TestCasel experiment is
kindly provided by Marc B. Gravens (2011).

The experimental wave conditions for the TesClhsel are given same with T€sE1
(Gravens and Wang, 2007) as giveitable4.13. The significant wave height measured

in front of the wave pistons is around 0.23 m, the peak period is 1.46 sec, and the wave
LIAad2ya YF1S |y Fy3atsS 2F wmnexandthéidntralliKgS & K2 NB-
parameters are taken as the same with the values used inB@4&t given iTable4.4

and Table 4.14. The measured bathymetries before and after the Te3&kel are
discretized to a 0.2x0.2 m rectangular grids from Y14 to Y34 and from X=1.6 to X=21.4
where the offshore gaugesra located. The diffraction intensity parameter is taken
¢=2.5 for the run. The computed and measured significant wave heights are given in
Figure4.48. The computed nearshore current field and the measured average current
velocities are given iRigure4.49. For the computation of the beach evolution after 185
min, Watanabe (1992) total distributed load formulation (A=1) is used. The computed

and measured bathymetry after 185 min is giverfrigure4.50.
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As it is seen fronfrigure4.48, the computed significant wave heights are in agreement
with the measurements. The wave height contours in the lee of the offshore breakwater
has a shift towards the downstream of the basin (Y14) as expected due to the oblique
wave approach in the experint. Figure4.49 shows that he computed current field is

in agreement with the measured current velocities (bold blue arrayuglitatively. he
separation of the Bw field at the upstream end of the breakwat¢¥26) and the
general trend in the current field are represented well in the model result. Besides, the
diverted flowat the downstream end ofhe structure(Y22)slows down anctreates a
return flow directedto the lee of thestructure whichmight bealso expected for such
structures Thesereturn flow conditionsdirected to the lee of the structure or slowed
down flowsare the governing mechanissin the formation of salients and tombolos
behind headland typ structures.At the region from the structure to the offshore
boundary the computed current velocities are not agreement with the measured
velocities quantitatively. The computed current velocities decrease at this region similar
to the results of comparison of the NSC model with the measured current velogities

the experiment TESBC1(Gravens and Wang, 200@)Figure4.39.

The computecturrent velocitiesnight be improved further by improving the numerical
schemesand controlling the friction terms in shallower water depths and around
structures where the bottom slope changes rapidsed for the solution of NSWE in the
NSC modelAsit is seenfrom Figure4.50, the computed bottom contour linedy the

COD modedre in agreement with the measurements qualitativedflecting the beach
evolution pattern behind the offshore breakwateProgress of sheline towards the
structure with a shift towards upstream and erosion of beach at downstream end,
changes in the contour lines of 0.05 and 0.10 m water depths in accordance with the
measured bathymetry, the initiation of scour at the upstream end of tteakwater are

the prominent results of the EVO model.

4.3. Field Experiments

The third stage in the model benchmarking studies is to test the performance of the
three main modules of the twalimensional depthaveraged beach evolution model

NSW NSCand SEDmodels are tested with thefield measurementsavailable in the
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literature (Kuriyamaand Ozaki, 199; Thorntonand Kim, 1993 Smith et al., 1993Miller,
1999.

4.3.1. HOR ExperimentgKuriyamaand Ozaki, 193)

The firstdata set offield experiments used in the comparisons is field experiments
conducted by Kuriyama and Ozaki (1993) at the Hazaki Oceanographical Research
Facility (HORF), &ashimanadacoast which faces to the Pacific OceamMarch 28 and
April 4, 1989 The field measrements are carried along the HORF Pier of 427 m long and
6.9 m above the low water levelhe data of bathymetry, nearshore and deep water
wave parameters and the longshore current velocities were kindly provided by Prof.Dr.
Yoshimi Goda (2009T.he contolling parameters used in NSC computations are taken
from Goda (2008)The wave measurements were carried out by ultrasonic wave gauges
before and after the longshore current measurements. The longshore current velocities
were measured 1 m below the watsurface with a spherical float having a diameter of
0.2 m.The location of the HORF Pier and the nearshore bathymetiManch 31, 1989

is given inFigure 451. The deep water and nearshoravave conditions and the
controlling parameters used in the simulations are giveiable4.16, Table4.17 and

Table4.18 respectively

Table4.16 Offshore Wave Conditianfor the HORF Measurements (Kuriyama and Ozaki,
1993)

Mean Offshore Offshore Offshore Sig. Wave Dir.

Bottom Water Sig. Wave Mean :
Date Slope, Depth,h H(—?ight, H,  Approach Period, T, PSpread.
1/m (m) (M)  Angle.p (deg) %) ar-+Smex
March 28, 1989 1:59.9 6.1 2.47 25 8.86 40
April 04, 1989 1:59.9 6.1 2.03 10 8.40 45

Table4.17 Deep WateWave Conditions for the HORF Measurements (Kuriyama and

Ozaki, 1993)
Dgep Water Sig. Wave  Deep Water Deep Water Sig. Breaker
Sig. Wave .
Date X Period,T; Mean Approach Wave Steepness, Index,
Height, Hs o
(m) (SEC) Angle,P (deg) Sos Tor

March 28, 1989 2.68 8.86 47.6 0.022 0.63*
April 04, 1989 2.05 8.40 18.7 0.019 0.53

FY [/ 2YLIziSR 6AGK bl ANYQa ombdnd F2Nydz |
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(Kuriyama and Ozaki, 1993)

Table4.18 Controlling parameters used in tidSW and NSC simulations fioe HORF
MeasurementsGoda, 2008

Bottom Friction Energy Transfer Coef Eddy Viscosity
Date _
Coefficient,c h Constant,[
March 28,1989 0.0075 0.5 1.0
April 04, 1989 0.0075 0.5 1.0

The computations are carried out for different valuesboéaker index* ,,=0.78 " y.n90

andthe best fitting',,. The omputed and measuredearshore significamvave heights

and longshore current velocities for the experiments are giveFignre4.52 and Figure

4.53. The computed wave heights with the twdimensional wave transformation model

are der2 G SR Wh{2Q FtYR (GKS 02YLJzi SR f-2y3aK2NJI
dimensional deptd SN} ISR ySI NEK2NBE OANDdzZ I GA2y Y2RSH

0é
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Figure4.53 The measured and computesignificantwave heighs ) and longshore
current velocities ) for the HORF April 04, 1989 Measuremeitarfyama and Ozaki,
1993

Figure4.52 and Figure4.53 shows that the computed results are in agreement with the
measured data and the accuracy of estimation ¥ancreases as the wave heights and
mean approach angles in the surf zone are predidetter with the selection of an
appropriatebreaker index parametdsetween 0.40.8 (even higher for steeper beaches)
consideringthe deep water wave steepness (April 04, 1989 measuremédmyts) triat
error processAs it is seen from above givéiigure4.53, the nearshore wave heights in
the surf zoneare slightly overestimated for,= ,,,ne @S the deep water wave steepness

isvery small (swell wave condition®y the given wave conditions

4.3.2. DELILABxperimentgThorntonand Kim, 1993 Smith et al, 1993

The second set of fielexperimentsused in the benchmark studies is the DELIL2tK
Experiment on Lowfrequency and Incidentband Longshore and Acreskore

Hydrodynamick measurements conducted on October 11 and 14, 199GhatU.S.
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Army Engineer WaterwayExperiment Station, Coastal Engineering Reseé&rehter
(USACEJField Research Facility (FRF) located irkDNorth Carolinawhich faces the

Atlantic Ocean on a long, sandy, barigand beach{Figure4.54). The beach is aligned

from north-west to southeast making an agie of 69.7 degrees clockwise with the north
direction. The wave climatet the site, dominated by the violent’y 2 NI §Dokarii S N&E Q
and Davis, 1992and the close passage of tropical hurricanisspoted as one of the

most energetic on the & East Coashy Leffler et al.(1996). The tides at the FRF are

given as semiliurnal with a spring range of 1.2 m (Mill&999)

The wave measurements were carried out pyessure gaugesand the current
measurementswere carried out by electromagnetic current metefBhe nearshore
bathymetry was surveyedaily with an amphibious buggy (called as CRARB).data of
bathymetry, nearshore wave heights, deep water wave parameters and the longshore
current velocities fothe measurements carried on October 11 and 14, 1990 were kindly
provided by Prof.Dr. Yoshimi Goda (200%he location of theFRF Pier and the
nearshore bathymetryogether with the positions of current meters and wave gauges
are given in Figure 4.54. The wave conditiongprovided by Goda (2009&nd the
controlling parametergGoda, 2008ysed in the simulations are givenTiable4.16 and
Table4.18.

Table4.19 Wave Conditions for thBELILAMeasurementsBirkemeieret al.,1997;

Goda, 2008
Mean  Deep Water Deep Water Peak Deep Water Dir.
Date Bottom Sig. Wave Mean Wave Sig. Wave  Spread.

Slope, Height, Hs Approach  Period, Steepness, Par.,

1/m (m) Angle,P (deg) T, (sec) Sos Smax
Octoberl11,1990 1:75.2 1.55 39 8.60 0.015 50
October14,1990 1:75.2 1.15 20 12.0 0.006 100
T=T,/1.05

ssHK M®Fci ¢

Table4.20 Controlling parameters used in the NSW and NSC simulatiotisef@ELILAH
MeasurementsGoda, 2008

Breaker Breaker Bottom Energy

Date Index,” o Index, Friction Transfer Egg)r/]g::is:to[sny
(best fit) ‘oenoo  Coefficient,ce  Coef. b ’
October 11, 1990 0.67 0.56 0.005 0.5 1.0
October 14, 1990 0.56 0.46 0.005 0.5 1.0
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Figure4.54 Location oDuck Site and FRiRg nearshorebathymetryand the positions
of the sensorgBirkemeieret al.,1997 Miller, 1999

The computations are carried out for different valuesboéakerindex, + ,,=0.78 1 y.n90

andthe best fitting' ,,. The omputed and measured wave heights and longshore current
velocities for the experiments are given kigure4.55 and Figure4.56. The computed

wave heights with the twalimensional wave transformation model adenoted by
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Figure4.55 The measured and computeignificantwave heighs Hs) and longshore
current velocities ) for the DELILAH October 11, 1990 Measurements
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